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Abstract
Syntrophins are adaptor proteins that link intracellular signaling molecules to the dystrophin based
scaffold. In this study, we investigated the function of syntrophins in cell migration, one of the
early steps in myogenic differentiation and in regeneration of adult muscle. Hepatocyte growth
factor (HGF) stimulates migration and lamellipodia formation in cultured C2 myoblasts. In the
migrating cells, syntrophins concentrated in the rear-lateral region of the cell, opposite of the
lamellipodia, instead of being diffusely present throughout the cytoplasm of non-migrating cells.
When the expression of α-syntrophin, the major syntrophin isoform of skeletal muscle, was
reduced by transfection with the α-syntrophin-specific siRNA, HGF stimulation of lamellipodia
formation was prevented. Likewise, migration of myoblasts from α-syntrophin knockout mice
could not be stimulated by HGF. However, HGF-induced migration was restored in myoblasts
isolated from a transgenic mouse expressing α-syntrophin only in muscle cells. Treatment of C2
myoblasts with inhibitors of PI3-kinase not only reduced the rate of cell migration, but also
impaired the accumulation of syntrophins in the rear-lateral region of the migrating cells.
Phosphorylation of Akt was reduced in the α-syntrophin siRNA-treated C2 cells. These results
suggest that α-syntrophin is required for HGF-induced migration of myoblasts and for proper PI3-
kinase/Akt signaling.
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Introduction
Cell migration is one of the essential steps in muscle regeneration in adult myofibers as well
as in embryonic development. The satellite cells, myogenic stem cells in adult skeletal
muscle, can be activated to proliferate in response to various stimuli such as injury and
exercise [1, 2]. The activated cells migrate to the injured sites by chemotaxis and start to
proliferate. Hepatocyte growth factor (HGF) is one of the chemo-attractants released in
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response to muscle injury [1, 3]. In addition, HGF facilitates both non-directional and
directional migration of cultured C2C12 myoblasts [4]. In response to the stimulus to
migrate, the actin-cytoskeleton is reorganized and lamellipodia form in the direction of the
leading edge of migrating cells. Other proteins, including PTEN, accumulate at the rear of
the migrating cell or trailing edge, opposite of the lamellipodia [5]. Inhibitors of PI3-kinase,
LY294002 and Wortmannin, prevent HGF-induced lamellipodial formation and cell
migration [4, 6].

The syntrophins are a family of scaffolding proteins that link signaling proteins to the
dystrophin protein complex [7]. They interact with multiple signaling proteins via two
pleckstrin homology (PH1) domains, a PDZ domain, and a conserved syntrophin unique
(SU) domain [8–10]. Both the SU domain and second PH domain are required for binding to
dystrophin and other members of the dystrophin protein family (utrophin, dystrobrevins, and
DRP2) [10]. The PDZ domain of syntrophins can bind to a variety of signaling proteins,
including kinases, various channels, and nitric oxide synthase [11–17]. Syntrophins also
have been reported to associate with actin, calmodulin, and phosphatidylinositols [18].
There are five different syntrophin isoforms (α, β1, β2, γ1, and γ2). Four isoforms (all except
γ1) are expressed in skeletal muscle, but α-syntrophin is the predominant isoform in this
tissue [8].

Studies on syntrophin function have largely focused on mature myofibers and the
neuromuscular junction. In the cultured myoblasts, however, α-syntrophin is expressed from
the early stages of differentiation when dystrophin, a major binding protein of syntrophin,
has not yet been expressed [19]. Little is known about the function of syntrophin in the early
stages of muscle development. Recently, we have shown that α-syntrophin is involved in the
expression of myogenin, a key myogenic regulatory factor, by interaction with MLL5 in the
early stages of myogenic differentiation [20]. In this study, we have focused on the
intracellular localization of syntrophin, particularly in the migrating muscle cells. We
investigated the changes in intracellular localization of syntrophin following HGF
stimulation. By using cultured C2 myoblasts and primary myoblast cultures from α-
syntrophin knockout mice, we investigated the function of syntrophin in promoting cell
migration in response to HGF. Our results demonstrate that α-syntrophin is required for the
HGF-induced migration of cultured myoblasts.

Materials and methods
Materials

HGF was purchased from Peprotech (Rocky Hill, NJ). Anti-PTEN and anti-actin antibodies,
control siRNA, α-syntrophin-specific siRNA, and protein A/G were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-p85, anti-Met, anti-pMet (Y1234), and anti-pMet
(Y1349) antibodies were from Cell Signaling (Danvers, PA). LY294002, Wortmannin and
collagen type I were obtained from Sigma (St. Louis, MO). Lipofectamine 2000, rhodamine-
phalloidin, propidium iodide (PI), 4′,6-diamidino-2-phenylindole (DAPI), fluorescein
isothiocyanate (FITC)-conjugated, and tetramethyl rhodamine isothiocyanate (TRITC)-
conjugated antibodies were from Invitrogen (Carlsbad, CA). pGFPN3 was from Clontech
(Mountain View, CA). HindIII and BamHI were from Fermentas (Hanover, MD). Anti-pan-
syntrophin and anti-α-syntrophin antibodies were used as previously described [21]. All of
the reagents for primary cell culture were also from Invitrogen. Strainers, 24 well plates, and

1Abreviations
PH-pleckstrin homology, SU-syntrophin unique, HGF-hepatocyte growth factor, C57-C57bl6/J, αKO-α-syntrophin knockout, AB-α,
β2-syntrophin double knockout, FLA-transgenic mouse expressing full length α-syntrophin only in muscle cells, DMEM-Dulbecco’s
modified Eagle’s medium, DAPI-4′,6-diamidino-2-phenylindole, PI-propidium iodide.
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cell culture inserts for three dimensional chamber assay were from BD Falcon (San Jose,
CA). The polyvinylidenedifluoride (PVDF) membrane was from Millipore (Billerica, MA).
Bradford assay kit was from Bio-Rad (Hercules, CA).

Primary culture of skeletal muscle cells
Primary culture of the skeletal muscle was performed as previously described [20]. In brief,
skeletal muscle cells were isolated from the forelimbs and hindlimbs of neonatal mice (0–1
day old) from C57BL6/J wild-type (C57), α-syntrophin-knockout (αKO) [22], α-syntrophin
transgenic (FLA) [23], and α/β2-syntrophin-double knockout mice (AB) [24]. Skeletal
muscles were dissected free of other tissues including skin, lipid, and bone then minced with
forceps. Single muscle cells were isolated with treatment of 0.05 % trypsin EDTA in
phosphate buffered saline (PBS) for 45 min and passed through a 70 μm strainer. Cells were
pre-plated on a 100 mm culture dish to remove fibroblasts and to enrich for muscle cells
twice for 1 h each. Experimental procedures performed on mice were approved by the
Institutional Animal Care and Use Committee of the University of Washington.

Three-dimensional migration chamber assay
A three-dimensional migration chamber assay was performed using a tissue culture insert
(8.0 μm pore size) in 24-well plates. The upper surface of the membrane was coated with
collagen type I and 300 μl of cell suspension (5.0 x 104 cells/ml) was applied to the coated
membrane. The lower chamber of the insert contained serum free medium (200 μl) with or
without HGF (50 ng/ml). After incubation at 37ºC for 1 h, the cell suspension was removed
from the chamber and the surface of the lower chamber was fixed with ice-cold methanol.
To recognize moving cells, the lower surface was stained with a hematoxylin solution and
cells in the upper chamber were removed with a cotton tip. The hematoxylin-stained cells in
the lower surface of the membrane were counted using an inverted microscope. Each
experiment was independently carried out four times.

HGF-induced migration assay
C2 myoblasts were seeded on 6-well tissue culture plates with 1.0 x 104 cells/ml. Cells were
grown in 10% fetal bovine serum (FBS) containing Dulbecco’s modified Eagle’s medium
(DMEM) for 6 h. Cells were serum-starved by incubating in 0.5% FBS containing DMEM
for 3 h. Cells were incubated with HGF (50 ng/ml) for 1 h and then fixed with 4%
paraformaldehyde. To visualize the cytoskeleton, F-actin was stained with rhodamine-
phalloidin. Migrating cells with lamellipodia were quantified by visual analysis on at least
10 randomly selected fields, such that >300 cells were counted per field.

Immunofluorescence assay
Cells were seeded on a cover-slip in 6-well plates (1.0 x 104 cells/ml) and grown in a 5%
CO2 humidified incubator for 6 h. Cells treated with or without HGF were fixed with 4%
paraformaldehyde in PBS for 10 min and permeabilized with 0.5% Triton X-100 in PBS.
Cells were blocked with 10% normal goat serum in PBS for 10 min. All of the primary
antibodies were incubated for 1 h and TRITC- or FITC-conjugated secondary antibodies
were incubated for 40 min at room temperature. All of the primary antibodies were diluted
1:50 and secondary antibodies were diluted 1:100. Both DAPI and PI were used to stain
nuclei. Images were taken with a Zeiss LSM510 confocal laser scanning microscope or
Zeiss Axioskop 40 FL microscope.

siRNA transfection
Transfection of α-syntrophin-specific siRNA was performed as described previously [20]. In
brief, C2 myoblasts were grown in 24-well plates at a density of 5.0 x 104 cells/ml for 24 h.
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Cells were transfected with control siRNA or α-syntrophin-specific siRNA by incubation
with lipofectamine 2000 for 6 h. The cells were allowed to recover from the transfection by
transferring into fresh 10% FBS-containing medium and incubated for 18 h. Subsequently,
cells were treated with HGF (50 ng/ml) and incubated for 1 h.

Transfection of GFP fusion α-syntrophin
To determine the localization of exogenous α-syntrophin, the full-length α-syntrophin cDNA
[8] was cloned into the HindIII and BamHI site of pGFPN3. For transfection of GFP fusion
α-syntrophin, C2 cells were grown in 6-well plates (5.0 x 104 cells/ml) for 24 h in an
antibiotics-free DMEM and transfected with GFP fusion α-syntrophin by incubation with
lipofectamine 2000 for 6 h. Cells were allowed to recover from the transfection by
transferring in 10% FBS-containing medium for 18 h. Subsequently, HGF (50 ng/ml) was
added into 0.5% FBS-containing medium and incubated for 1 h.

Immunoprecipitation assay
At the indicated culture time, cells were rinsed with cold PBS, harvested with a scraper, and
disrupted by ultrasonication in RIPA buffer, pH 7.4, containing 9.1 mM Na2HPO4, 1.7 mM
NaH2PO4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, and 0.1%
protease inhibitor cocktail. Cell lysates were centrifuged at 15,000 x g for 3 min to remove
cell debris and then protein concentration was determined by Bradford assay. For pre-
clearance, cell extracts (500 μg/500 μl) were incubated with 20 μl of protein A/G for 30 min
on ice. The proteins were incubated with anti-PTEN or anti-syntrophin antibodies overnight
at 4ºC. Protein A/G (20 μl) was added and incubated for 1 h at 4ºC. The immune-complexes
were collected by centrifugation and washed with cold PBS for 3 times, then the proteins
were separated with SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Immunoblot assay
To determine protein expression, cells were rinsed twice with cold PBS and mixed with
SDS-sample buffer (1.0 M Tris/HCl, pH 6.8, containing 10% glycerol, 2% SDS, 0.025%
bromo-phenol blue, and 5% β-mercaptoethanol) and boiled in 100ºC for 5 min. Equal
amounts of protein were separated by SDS-PAGE and transferred onto PVDF membrane.
The membranes were pre-blocked with 5% bovine serum albumin (BSA) and incubated with
the indicated primary antibodies. After incubation with peroxidase-conjugated secondary
antibodies, the immunoreactive protein bands were visualized by enhanced
chemiluminescence detection with Digital Luminescent Image Analyzer LAS-1000 (Fuji
film, Japan). Band intensity was determined by Scion image (Fredrick, MD).

Statistical analysis
Results are presented as mean ± S.E.M. For the statistical analysis of cell migration, two
tailed Student’s unpaired t test was performed. A value of p<0.05 was considered to be
significant.

Results
Syntrophins specifically concentrates at the trailing edge of migrating C2 myoblasts

HGF has been reported to regulate cell migration in a variety of cell types [4, 6, 25, 26]. We
examined whether HGF can induce migration of C2 cells under our culture conditions.
Myoblasts cultured on a cover-slip with HGF were stained with rhodamine-phalloidin which
detects actin stress fibers. The cytoskeleton has to rearrange for morphological change in
migrating cells [27] and the lamellipodia are formed in the direction of the moving cells [28,
29]. As shown in Fig. 1A, typical morphology of migrating cells with lamellipodia (arrows)
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were found following HGF incubation. To examine how many cells respond to HGF under
the same conditions, cells were exposed to HGF for the indicated periods in a low serum
media (Fig. 1B). The cells with lamellipodia were counted in randomly chosen fields. Just
before HGF treatment (0 min), approximately 23% of cells in the fields showed
lamellipodia. After incubation with HGF for 30 min, however, the percentage of
lamellipodia-forming cells increased to 39%, and remained relatively constant at 60 min. In
contrast, without HGF, the percentage of cells with lamellipodia did not increase with 60
min incubation.

Syntrophins can bind to filamentous actin (F-actin) via its internal domains such as the
second PH and the SU domains in cardiac and skeletal muscle [18]. We therefore examined
the intracellular localization of syntrophins during actin reorganization in the HGF-induced
migrating cells. Without HGF, syntrophins were distributed throughout the cytoplasm of
non-migrating cells (Fig. 2A). However, when the cells were incubated with HGF,
syntrophins concentrated to the rear and lateral part of the cells, distinctly separate from the
lamellipodia (arrowheads in Fig. 2A). Because PTEN is known to accumulate in the rear and
lateral part of cells stimulated with chemo-attractant [30, 31], it is widely used as a marker
for the rear-lateral part of the migrating cells. In contrast, PI3-kinase localizes at the leading-
edge of cells treated with chemo-attractant and stimulates cell migration in various cell types
[6, 32–34]. We also found that PTEN is localized in the rear-lateral region of the HGF-
induced C2 cells (asterisks in Fig. 2A), while it dispersed in the cytoplasm without HGF. To
show the localization of PI3-kinase, cells were stained with anti-p85 antibody, the PI3-
kinase regulatory subunit. As expected, p85 was found in the region of lamellipodia in the
HGF-induced cells (arrows in Fig. 2A). In co-immunolabeling experiments, PTEN and
syntrophins co-localized in the rear-lateral part of the migrating cells (arrows in Fig. 2B).
However, syntrophins and p85 separated in the HGF-induced migrating cells (asterisks in
Fig. 2B). To confirm the localization of syntrophin in the HGF-induced migrating cells, C2
cells were transfected with GFP fusion α-syntrophin and visualized under confocal laser
scanning microscope. The GFP protein can be seen in the rear part of the migrating cells
(arrow in Fig. 2C). Then we examined whether syntrophins associate with PTEN by
performing an immunoprecipitation assay. α-Syntrophin was precipitated by the anti-PTEN
antibody, and conversely, PTEN was precipitated by the anti-pan-syntrophin antibody (Fig.
2D). These results suggest that syntrophins concentrate at the rear-lateral part of the HGF-
induced migrating cells.

α-Syntrophin is required for HGF-induced migration of myoblasts
To explore the role of syntrophins in migrating cells, a knockdown experiment using α-
syntrophin-specific siRNA was performed. C2 myoblasts grown in 6-well tissue culture
plates for 24 h were transfected with control siRNA or α-syntrophin-specific siRNA. The
transfected cells were incubated with or without HGF for 1 h. The control siRNA-
transfected cells responded to HGF to form lamellipodia (arrows in Fig. 3A) and α-
syntrophin was concentrated in the rear-lateral region of the cells (asterisk). In contrast,
many of the α-syntrophin-specific siRNA-transfected cells did not form lamellipodia in
response to HGF. To gauge the number of cells responding to HGF, cells with lamellipodia
were counted from randomly chosen fields. In control siRNA-transfected cells,
approximately 28% cells were found to form lamellipodia without HGF. Following
treatment with HGF, lamellipodia-forming cells increased to about 49% of the fields. In
contrast, the ratio of lamellipodia-forming cells did not significantly increase with HGF
treatment in the α-syntrophin-specific siRNA-transfected cells, suggesting that those cells
did not respond to HGF (Fig. 3B). The expression of syntrophin in cells transfected with α-
syntrophin-specific siRNA is reduced to approximately half the level observed in control
siRNA-transfected cells (inset of Fig. 3B).
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To confirm the role of syntrophin in the HGF-induced migration, we performed the
migration assay using primary cultured myoblasts isolated from syntrophin knock-out mice.
Skeletal muscle cells of neonatal pups were isolated from wild-type (C57), α-syntrophin
knock-out (αKO), α-syntrophin transgenic (FLA), and α/β2-syntrophin double knock-out
(AB) mice. To reduce a possible contamination of non-muscle cells including fibroblasts,
pre-plating was done twice (see Methods). Isolated myoblasts were seeded on a migration
assay chamber with or without HGF, incubated for 1 h and the number of migrating cells
was quantified. In the C57 myoblasts, the proportion of migrating cells increased
approximately 25% with HGF compared to the non-treated cells (Fig. 4). In myoblasts from
αKO, however, the proportion of migrating cells did not increase with treatment of HGF.
We then examined migration of the myoblasts from AB to see whether β2-syntrophin
contributes to the migration response in the absence of α-syntrophin. The migration ratio
was similar to that of αKO and the ratio did not change with treatment of HGF.
Interestingly, myoblasts from FLA mice which express α-syntrophin only in muscle cells,
showed a response to HGF similar to that of the C57 control myoblasts. The proportion of
FLA migrating cells without HGF treatment is similar to that of the other cells, but increases
approximately 29% following HGF treatment; this increase corresponds to that of C57
myoblasts. Taken together with the results from α-syntrophin knockdown experiments, these
results strongly suggest that α-syntrophin is required for the HGF-induced migration of
skeletal muscle myoblasts.

Syntrophin modulates the PI3-kinase/Akt pathway during HGF-induced migration
HGF, a known ligand of the c-Met receptor, can induce phosphorylation of c-Met, which
then activates the PI3-kinase signaling pathway [35]. To examine whether the effect of
syntrophin on the migration of myoblasts is also dependent on PI3-kinase activity, cells
were pretreated with LY294002 or Wortmannin, inhibitors of PI3-kinase, and then treated
with HGF. When C2 myoblasts were cultured for 3 h under a low serum condition (0.5%
FBS), approximately 15% cells of the fields formed lamellipodia. With treatment of HGF,
however, 26% of the cells formed actin-enriched lamellipodia (Fig. 5A). However, when
cells were pre-incubated with LY294002 or Wortmannin, the ratio of the lamellipodia-
forming cells reduced to approximately 8%. The ratio remained near this level even with
HGF. To examine the localization of syntrophin in the presence of PI3-kinase inhibitor, cells
pre-treated with LY294002 were incubated with HGF for 1 h and the cells were labeled for
syntrophins and PTEN. Both proteins localized to the rear-lateral part (asterisks in Fig. 5B)
of migrating cells in response to HGF (Fig. 5B Top Panel). In the LY294002-pretreated
cells, however, syntrophins and PTEN remained dispersed throughout the cytoplasm with no
apparent response to HGF.

Akt is a key downstream mediator of PI3-kinase, therefore, we next examined whether
syntrophin is involved in the phosphorylation of Akt in response to HGF. C2 myoblasts
were transfected with control siRNA or α-syntrophin-specific siRNA and then treated with
HGF. Transfection of α-syntrophin-specific siRNA reduced the expression of α-syntrophin
in a dose-dependent manner (Fig. 6A). Phosphorylated Akt (S473) was detected in control
siRNA-transfected cells even without HGF, but it increased more than twice level with
treatment of HGF (compare control (C) columns in Fig. 6A). In contrast, the
phosphorylation of Akt disappeared in the α-syntrophin-specific siRNA-transfected cells in
a dose-dependent manner regardless of HGF treatment. The reduction of phosphorylated
Akt occurs even though the total protein level of Akt is unchanged. When the level of the
phosphorylated Akt was measured, it raised approximately twice with response to HGF in
the control siRNA-transfected cells. In contrast, the level in the cells transfected with α-
syntrophin-specific siRNA (100 nM) was less than 10% that of the control siRNA-
transfected cells and did not significantly increase with HGF treatment.
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To further establish the relationship between α-syntrophin and Akt signaling, we examined
the localization of PTEN in α-syntrophin knock-down cells. In control siRNA-transfected
cells without HGF, both α-syntrophin and PTEN were distributed throughout the cytoplasm
(Figure 7). With the HGF treatment, control siRNA-transfected cells formed lamellipodia
(arrows in Fig. 7) and both α-syntrophin and PTEN concentrated in the rear-lateral part of
the cells (asterisks in Fig 7). In contrast, α-syntrophin knock-down cells did not form
lamellipodia. Furthermore, PTEN remained distributed throughout the cytoplasm rather than
concentrating in the rear-lateral part (similar to control siRNA-transfected cells without
HGF). These results indicate that α-syntrophin is intimately involved in the PI3-kinase/Akt
pathway in the HGF-induced migration of myoblasts.

Discussion
Previous studies by us [20] and others [36] have indicated that in the absence of α-
syntrophin muscle regeneration is slowed. We postulated that the slow regeneration could be
a result of a defect in myoblast migration, an early step of muscle regeneration. Therefore,
we designed a series of experiment to investigate how α-syntrophin affects myoblast
migration. Our initial experiments showed that while α-syntrophin is diffusely present in the
myoblast cytoplasm, it is specifically targeted to trailing edge of myoblasts induced to
migrate by treatment with HGF. This localization of syntrophin is similar to that of PTEN,
which is restricted to the sides and the rear of migrating cells [30, 31]. Furthermore,
immunoprecipitation experiments demonstrated that a portion of the PTEN and α-syntrophin
are in a complex together. This observation suggested that these two proteins are not only
co-localized but may also participate in the same signaling pathways.

In the polarization step during initiation of cell migration, the molecular processes at the
front and the back of a moving cell are different; Cdc42, Rac, PI3-kinase, PIP3 and
microtubules are concentrated in the front of the cells whereas PTEN and myosin II are
concentrated in the rear-part of the cells [5]. Activation of PI3-kinase is required for the
HGF-induced adherence junction disassembly, lamellipodia formation, and subsequent
migration or scattering of MDCK epithelial cells [37, 38]. At the trailing edge of the
migrating cells, many proteins function by either modulating tension force or rear retraction
by disassembly of focal adhesion assemblies. Myosin light chain kinase (MLCK)
phosphorylates myosin light chain, which regulates myosin II activity during regulation of
the tractional force at the trailing edge [5]. Recent work identified a novel mechanism of
action for PTEN, whereby the C2 domain of PTEN is involved in the inhibition of cell-
migration [39]. The binding of syntrophins with PTEN has not been reported before in spite
of the PDZ-binding domain of PTEN [40]. In this study, we show that syntrophin can
interact with PTEN by co-immunoprecipitation and co-immunostaining results (see Fig. 2).
However, the interaction of the two proteins was reduced by HGF treatment in the co-
immunoprecipitation assay (see Fig. 2D) (although both proteins moved and concentrated at
the trailing edge of the HGF-induced moving cells). Our results do not show whether the
binding is direct or indirect. In mature skeletal muscle, α-syntrophin can bind many
signaling molecules and kinases including the microtubule-associated serine/threonine
kinase (MAST), syntrophin-associated serine/threonine kinase (SAST) [11], stress-activated
protein kinase 3 (SAPK3) [12], diacylglycerol kinase δ (DGKδ) [13], neuronal nitric oxide
synthase (nNOS) [14], and water channel aquaporin-4 [15–17]. Less is known about the
proteins associating with α-syntrophin during muscle development or regeneration. It has
been reported that PDZ domains within SAST and MAST can bind to the C-terminal region
of PTEN and stabilize its function [40]. Therefore, α-syntrophin may interact with PTEN
indirectly via several other binding proteins, or by direct interaction or even a combination
of both.
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Cell migration is important for various biological functions of muscle cells including
differentiation, muscle development, and muscle regeneration. During skeletal muscle
regeneration, satellite cells are activated and migrated by chemotaxis to wounded regions of
myofibers, from which HGF is released [41, 42]. Wounded muscles require regenerating
and/or proliferation of cells. HGF inhibits myogenesis and promotes cell proliferation of
cultured C2 myoblasts [43] and chicken skeletal muscle satellite cells [44]. In addition, HGF
plays a crucial role in the regulation of limb myogenic cell migration [45, 46]. In this study,
we also have shown that HGF stimulated migration of C2 myoblasts and primary cultured
myoblasts (see Fig. 1 and Fig. 4). The observation that syntrophins concentrate on the rear-
lateral part of those migrating cells imply that it may be involved in the cell polarization
preceding cell migration. To investigate the role of α-syntrophin in cell migration, we
performed experiments using cells with reduced α-syntrophin expression. In both C2 cells
and primary cultured myoblasts from transgenic mice, migration could not be stimulated by
HGF. Neither α-syntrophin siRNA-transfected C2 cells nor myoblasts from α-syntrophin
knockout mice increased to formation of lamellipodia in response to HGF. Based on these
results, we conclude that α-syntrophin is required for the HGF-induced migration of cultured
myoblasts.

The c-Met, receptor tyrosine kinase is the receptor of HGF and it is also called HGF-
Receptor. c-Met is a disulfide-linked heterodimer composed of an α subunit (50 kDa) and β
subunit (145 kDa) with tyrosine-kinase activity [47]. On binding of HGF, c-Met forms a
dimer and is induced to autophosphorylate tyrosine residues generating protein docking sites
[37]. Both Ras and PI3-kinase/Akt pathways are important signaling pathways in HGF-
induced cell migration [35, 48]. The phosphorylation of tyrosine 1349, 1356, and 1365 in C-
terminal on c-Met makes docking sites for interaction with scaffolding and signaling
molecules such as PI3-kinase, Ras and PLC-γ [49, 50], while the phosphorylation of
tyrosine 1234 and 1235 are related with c-Met kinase activity [51]. We initially examined
whether the phosphorylation of c-Met on tyrosine 1234 and 1235 is altered by HGF
treatment of C2 myoblasts. Using western blotting with the phosphorylation specific
antibody, we could not detect a significant difference on the level of phosphorylation on
tyrosine 1234 and 1235 with treatment of HGF (see Supp Fig. 2). We subsequently turned
our attention to the effect of α-syntrophin on the PI3-kinase/Akt signaling pathway because
the phosphorylation of c-Met on tyrosine 1349 was increased by HGF treatment in C2
myoblasts (see Supp Fig. 2). First, we demonstrated that inhibitors of PI3-kinase blocked the
HGF-induced lamellipodium formation (see Fig. 5). The phosphorylation of Akt (Ser 473), a
downstream effector of PI3-kinase, increases with HGF incubation (see Fig. 6).
Interestingly, when C2 cells are transfected with α-syntrophin-specific siRNA,
phosphorylation of Akt was dramatically reduced regardless of HGF stimulation. In the α-
syntrophin knock-down C2 cells, the distribution of PTEN in the rear-lateral part of the cells
was disrupted even with HGF treatment (see Fig. 7). In this case, it could be that PTEN
dephosphorylates PIP3, which inhibits phosphorylation of Akt. These results suggest that
syntrophin is involved in the PI3-kinase/Akt pathway in the HGF-induced lamellipodium
formation.

α-Syntrophin knockout mice do not have specific symptoms for muscular dystrophy
although they do have aberrant neuromuscular junctions [22]. Previously, we have shown
that both differentiation of α-syntrophin siRNA C2 cells and the regeneration of muscle in
the α-syntrophin knock-out mouse is delayed compared to controls [20]. In this study, we
show that both α-syntrophin siRNA C2 cells and the myoblasts from the α-syntrophin
knockout mice do not respond to HGF stimulation to initiate cell migration (see Fig. 3 and
4). These results suggest that deficiency of α-syntrophin results in insensitivity to HGF,
which may cause delayed differentiation and regeneration.
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Based on our observation that syntrophin is concentrated at the trailing edge of migrating
myoblasts, we can propose mechanisms for syntrophin function. Intracellular calcium levels
are implicated in the disassembly of adhesions at the trailing edge [52]. Important targets of
calcium are the calcium-regulated phosphatase, calcineurin [53] and calcium-activated
protease, calpain [54], which is involved in adhesion disassembly. Syntrophin can bind to
calmodulin via C-terminal 24 amino acids in the SU domain in a Ca2+-dependent manner
and α-syntrophin also can bind to plasma membrane Ca2+/calmodulin-dependent ATPase
(PMCA) [55, 56]. Both syntrophin and dystrophin are phosphorylated in vivo and in vitro by
Ca2+/calmodulin dependent kinase II (CamKII) [57] which is also required for the migration
of PDGF-stimulated vascular smooth muscle cell [58]. Together these reports suggest that
syntrophins have a role in trailing edge retraction in a calcium-dependent manner. The PH1
domain of α-syntrophin also binds phosphoinositol 4, 5 bisphosphate (PtdIns(4,5)P2) [59,
60] which is formed by phosphatidylinositol phosphate 5 kinase or PTEN. PtdIns(4, 5) P2 is
involved in actin organization and focal adhesion formation [61, 62]. In addition, the
heterotrimeric Gαβγ is bound by syntrophin in a laminin-dependent manner [63]. It is likely
that syntrophins function by linking these diverse signaling molecules to form a functional
complex at the trailing edge that can modulate cell migration.
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Fig 1. HGF induces lamellipodia formation of C2 myoblasts
(A) C2 myoblasts cultured on cover-slips for 6 h in growth media were transferred into
serum-starved DMEM, pre-incubated for 1 h, then treated with HGF (50 ng/ml) for 1 h. The
formation of lamellipodia (arrows) detected by labeling with rhodamine-phalloidin (red).
Orange arrow indicates the direction of cell migration. Nuclei were stained with DAPI
(blue). Scale bar is 10 μm. (B) Under the same conditions, cells were incubated with (+) or
without (−) HGF (50 ng/ml) for the indicated times (0 min is the time point of HGF
treatment). Cells with lamellipodia were counted from 20 randomly selected fields and the
formation of lamellipodia was expressed as a ratio to the total nuclei in the fields (*p <
0.001).
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Fig 2. Syntrophins are localized at the trailing edge of the migrating cells
(A) C2 myoblasts on coverslips were prepared as described in Fig 1. Cells were incubated
with (+) or without (−) HGF (50 ng/ml) for 1 h and then labeled with anti-pan-syntrophin,
anti-PTEN, or anti-p85 antibodies. Arrowheads and asterisks indicate syntrophin and PTEN
in rear-lateral part of the cell, respectively. Arrows show p85 in lamellipodia of the cell.
PTEN is used as a marker for the trailing edge whereas p85 is used for the lamellipodia at
the leading edge of migrating cells. Rhodamine-phalloidin was used to stain F-actin (red).
Fluorescence images were taken on a Zeiss LSM 510 confocal laser scanning microscope or
Zeiss Axioskop 40 FL microscope. The scale bar indicates 10 μm. (B) Under the same
culture conditions, cells were co-labeled with anti-pan-syntrophin and anti-PTEN antibodies,
or anti-pan-syntrophin and anti-p85 antibodies. Arrows indicate co-localization of
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syntrophin and PTEN. Asterisks indicate p85 in lamellipodia. Bar is 10 μm. (C) C2 cells
transfected with GFP fusion α-syntrophin were incubated with or without HGF (50 ng/ml).
An arrow indicates GFP fusion α-syntrophin in rear-lateral part of the cell. To visualize the
cytoskeleton and nuclei, cells were labeled with rhodamine-phalloidin (red) and DAPI,
respectively. The scale bar indicates 10 μm. Orange arrow indicates the direction of cell
migration. (D) Cells cultured as above were harvested for immunoprecipitation with anti-
PTEN or anti-pan-syntrophin antibodies. The immunoprecipitated proteins were separated
on SDS-PAGE and subjected to western blot analysis with anti-α-syntrophin or anti-PTEN
antibodies. Lane ‘Total’ shows the western blot of the protein extract prior to
immunoprecipitation and indicates the size of the expected proteins.
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Fig 3. α-Syntrophin siRNA-treated C2 cells do not respond to HGF stimulation
(A) Cells were cultured on a 24-well tissue culture plate for 24 h and transfected with
control siRNA or α-syntrophin-specific siRNA (100 nM) for 6 h. Cells were then treated
with HGF (50 ng/ml) for 1 h and were labeled with rhodamine-phalloidin (red) and anti-α-
syntrophin antibody. Arrows indicate lamellipodia and the asterisk shows α-syntrophin in
the rear-lateral part of the cell. Big arrow in orange color indicates the direction of migrating
cell. Scale bar is 10 μm. (B) Under identical culture conditions, the cells with lamellipodia
were observed using a fluorescence microscopy. Cells were counted from 20 randomly
selected fields. (*p<0.001). Cell lysates were subjected to western blot to determine protein
level of α-syntrophin after siRNA transfection. Actin is used as a loading control.
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Fig 4. Myoblasts from the α-syntrophin-knockout mice do not respond to HGF stimulation
Skeletal myoblasts were isolated from C57, α-syntrophin-knockout (αKO), α/β2-syntrophin-
double knockout (AB), and α-syntrophin transgenic (FLA) mice and seeded on the insert of
a three dimensional chamber assay as described in “Materials and Methods”. After
incubation for 1 h, cells were fixed with cold methanol and stained with hematoxylin. The
cells migrating to the lower chamber were counted using an inverted microscope. Values are
expressed as means ± S.E.M. from four independent experiments (*p<0.01, **p<0.001).

Kim et al. Page 17

Exp Cell Res. Author manuscript; available in PMC 2012 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5. Inhibitors of PI3-kinase block the HGF-induced migration of C2 cells
(A) C2 myoblasts cultured on coverslips were treated with LY294002 (20 μM) or
Wortmannin (0.5 μM) for 30 min. Then the cells were incubated with (+) or without (−)
HGF for 1 h. Migrating cells were observed by staining with rhodamine-phalloidin. Cells
were counted from 20 randomly selected fields (*p<0.001). (B) Under the same culture
conditions, cells were labeled with BSA solution containing the anti-pan-syntrophin or anti-
PTEN antibodies. Then cells were incubated with fluorescence-conjugated secondary
antibodies and DAPI for 40 min at room temperature. The specimens were observed with a
Zeiss LSM 510 confocal laser scanning microscope. Asterisks indicate co-localization of the
two proteins. Orange arrow indicates the direction of cell migration. Bar indicates 10 μm.
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Fig 6. Akt phosphorylation is reduced in the α-syntrophin-specific siRNA transfected cells
(A) C2 cells were transfected with control siRNA (lane C) or increasing concentration of α-
syntrophin-specific siRNA and treated with HGF for 1 h. The cells were harvested and the
levels of α-syntrophin, Akt, and phosphor-Akt (pAkt) were determined by western blotting.
Actin was used as a loading control. (B) Cells transfected with control siRNA or α-
syntrophin-specific siRNA (100 nM) were treated with (+) or without HGF (−) for 1 h. Akt
phosphorylation (S473 residue) was determined by western blotting. The intensity of
phosphor-Akt band was measured with Scion image software. The level of the phosphor-Akt
in control siRNA-transfected cells without HGF is expressed as 1.0. Values are expressed as
means ± S.E.M. from four independent experiments (*p<0.05).
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Fig 7. Localization of PTEN is disrupted in the α-syntrophin knock-down cells
Cells grown on a 24-well tissue culture plates for 24 h were transfected with control siRNA
or α-syntrophin-specific siRNA (100 nM) for 6 h. Cells were then incubated with (+) or
without (−) HGF (50 ng/ml) for 1 h and were labeled with anti-α-syntrophin and anti-PTEN
antibodies. Dotted line indicates shape of the cell. Small arrows indicate the lamellipodia of
cells and the orange arrow indicates the direction of cell migration. Asterisks indicate co-
localization of α-syntrophin and PTEN in the rear-lateral part of the cell. The scale bar is 10
μm.
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