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Background: The FAK protein level decreases, but its mRNA level remains constant, during skeletal myogenesis, suggesting

that an E3 ligase could induce FAK ubiquitination.

Results: The E3 ligase MG53 induces FAK ubiquitination and degradation.
Conclusion: MG53-mediated FAK ubiquitination and degradation is induced during myogenesis.
Significance: This work provides a molecular mechanism for the negative feedback regulation of skeletal myogenesis.

The striated muscle-specific mitsugumin 53 (MG53) is a novel
E3ligase that induces the ubiquitination of insulin receptor sub-
strate 1 (IRS-1) during skeletal myogenesis, negatively regulat-
ing insulin-like growth factor and insulin signaling. Here we
show that focal adhesion kinase (FAK) is the second target of
MG53 during skeletal myogenesis. The FAK protein level grad-
ually decreased, whereas its mRNA level was constant during
myogenesis in C2C12 cells and MyoD-overexpressing mouse
embryonic fibroblasts. The FAK protein was associated with the
E2 enzyme UBE2H and the E3 enzyme MG53 in endogenous and
exogenous immunoprecipitation experiments. FAK ubiquitina-
tion and degradation was induced by MG53 overexpression in
myoblasts but abolished by MG53 or UBE2H knockdown in
myotubes. Because RING-disrupted MG53 mutants (C14A and
AR) did not induce FAK ubiquitination and degradation, the
RING domain was determined to be required for MG53-in-
duced FAK ubiquitination. Taken together, these data indicate
that MG53 induces FAK ubiquitination with the aid of UBE2H
during skeletal myogenesis.

Focal adhesions are cellular compartments that anchor
mammalian cells to the extracellular matrix. Focal adhesion
complexes containing integrin, talin, vinculin, paxillin, focal
adhesion kinase (FAK)” and Src are necessary for transmitting
signals from the extracellular environment to the cell interior
for actin remodeling and gene activation. FAK is a non-receptor
protein-tyrosine kinase (PTK) that functions as a scaffold pro-
tein during organismal disease and development (1-3). FAK is
the first kinase to be identified as an integrin-regulated protein-
tyrosine kinase, and its activity and phosphorylation status are
regulated by integrin-dependent cell adhesion (4). FAK itself is
regulated by its tyrosine phosphorylation state and intracellular
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distribution (5). FAK is also known to regulate skeletal myogen-
esis. For example, FAK regulates heterochromatin remodeling
to modulate myogenin expression and skeletal myogenesis in
C2C12 cells (6). In mouse primary myoblasts, FAK plays an
essential role in skeletal myogenesis by regulating the expres-
sion of profusion genes, including caveolin 3 and the 1D integ-
rin subunit (7).

Precise temporal and spatial control of protein synthesis,
processing, and degradation plays a fundamental role in regu-
lating skeletal muscle structure and function (8, 9). In fact, the
turnover rates and steady-state concentrations of all cellular
proteins are controlled by protein degradation (9). The most
widely known degradation process is proteolysis via the ubiq-
uitin proteasome system. Initially, free ubiquitin (Ub) is acti-
vated by the formation of a thiol ester linkage between the E1
ubiquitin-activating enzyme and the carboxyl terminus of ubiq-
uitin. The activated ubiquitin is then transferred to one of sev-
eral different E2 ubiquitin-conjugating enzymes. A specific E3
ubiquitin protein ligase interacts with the E2 to transfer the
ubiquitin to its specific substrate. The polyubiquitinated sub-
strate protein is then susceptible to degradation by the protea-
some complex (10, 11).

It has been proposed that mitsugumin 53 (MG53), also
known as tripartite motif-containing 72 (TRIM72), is a novel E3
ligase that induces ubiquitination and proteasomal degradation
of insulin receptor substrate 1 (IRS-1) in skeletal muscle (12—
14). MG53 is highly up-regulated during skeletal myogenesis
because its promoter contains E-box- and myocyte enhancer
factor-binding sites, which are binding sites for MyoD and
myocyte enhancer factor, respectively (15). With the catalytic
RING finger domain in its N terminus, MG53 induces IRS-1
ubiquitination with the aid of the E2 enzyme UBE2H, negatively
regulating myogenesis and insulin signaling in C2C12 cells,
mouse embryonic fibroblasts (MEFs), and mouse skeletal mus-
cles (13). MG53 is also associated with dysferlin and caveolin 3
(Cav-3), forming membrane repair machinery after acute
membrane damage in skeletal and cardiac muscles (16-18).
Indeed, recent studies indicate that MG53 is a promising ther-
apeutic target protein for muscular dystrophy, cardioprotec-
tion, and insulin resistance (13, 16, 18).
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In this study, we provide evidence that FAK protein was
down-regulated, but its nRNA level remained constant, during
skeletal myogenesis in C2C12 cells and MyoD-overexpressing
MEFs. In addition, FAK formed a complex with its E2 enzyme,
UBE2H, and E3 enzyme, MG53. Such interactions promote
FAK ubiquitination and proteasomal degradation. Overall, this
study demonstrates that MG53 is necessary for FAK ubiquiti-
nation during skeletal myogenesis.

EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation—The mouse myoblast cell
line C2C12 and HEK 293 cells were obtained from the ATCC
and cultured in growth medium containing DMEM supple-
mented with 2% penicillin/streptomycin and 10% FBS in a 5%
CO, incubator at 37 °C. Approximately 90-100% confluent
C2C12 myoblasts were differentiated into myotubes by shifting
to differentiation medium (DMEM supplemented with 2% pen-
icillin/streptomycin and 2% horse serum). Every 48 h, the myo-
tubes were fed with fresh differentiation medium. MEFs were
prepared according to a method described previously (19). The
differentiation of the MEFs was induced by adenoviral MyoD
overexpression at a dosage of 5 X 10° viral particles/ml, and the
cells were incubated with differentiation medium.

Antibodies—The anti-MG53 antibodies were generated as
described previously. The anti-Cav-3 antibody was obtained
from BD Transduction Laboratories. The anti-MyoD, UBE2H,
GAPDH, HA, Myc, FLAG (rabbit polyclonal), and Ub antibod-
ies were obtained from Santa Cruz Biotechnology. The anti-
FLAG antibody (mouse monoclonal) was obtained from Sigma.
The anti-FAK antibody was obtained from Millipore. The anti-
pFAK Tyr-576/577 antibody was obtained from Cell Signaling
Technology. The anti-MyHC antibody was obtained from the
Developmental Studies Hybridoma Bank. The anti-Mgn anti-
body was obtained from BD Biosciences.

Adenovirus Preparation and Infection—Adenoviruses har-
boring MG53, C14A, and AR were produced according to a
method described previously (12). Adenovirus containing
MyoD was obtained from Cell Biolabs. To amplify the virus,
viral stocks were reinfected into AD293 cells and purified by
double cesium chloride-gradient ultracentrifugation. Cesi-
um-banded virus stocks were dialyzed against 10 mm Tris
(pH 8.0), 2 mm MgCl,, and 5% sucrose. The stocks were then
aliquoted and stored at —80 °C until use. C2C12 myoblasts
or MEFs were infected with adenovirus at a dosage of 5 X 10°
viral particles/ml.

Plasmids and Transient Transfection—FAK, ubiquitin,
MG53, and UBE2H ¢DNA constructs were generated by PCR
and cloned into the pCMV-Tag2b and pCMV-3Tag4a vectors.
Different MG53 and FAK mutant constructs were prepared as
described previously (12, 20).

Plasmids for pRK5-HA-Ubiquitin-WT, pRK5-HA-Ubiqui-
tin-K48, pRK5-HA-Ubiquitin-K48R, and pRK5-HA-Ubiqui-
tin-KK29R were purchased from Ted Dawson. DNA transfection
was performed using Polyfect (Qiagen) or electroporation
(Invitrogen) according to the protocol of the manufacturer.

RNA Interference—siRNA oligomers targeting MG53 (si-
MG53) or UBE2H (si-UBE2H) and a scrambled oligomer (si-
control) were obtained from Ambion. The target sequences of
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MG53 and UBE2H were 5'-AAGCACGCCUCAAGACACAGC-3’
and 5'-CUAUGAUCUUACCAAUAUALt-3', respectively. C2C12
myoblasts were transfected with si-control, si-MG53, or si-UBE2H by
electroporation (Invitrogen) according to the protocol of the
manufacturer.

Immunoblotting and Immunoprecipitation—Cells were col-
lected and washed once with ice-cold PBS and lysed with lysis
buffer (PBS containing 0.5% Nonidet P-40, protease inhibitor
mixture, and phosphatase inhibitors (Roche)) for 30 min on ice.
After microcentrifugation (14,000 rpm) for 10 min at 4 °C, the
proteins in the whole cell lysate were separated by SDS-PAGE
and transferred to a PVDF membrane. The membranes were
blocked for 1 h at room temperature with 5% w/v nonfat dry
milk in TBS containing 0.1% Tween 20 and subsequently
allowed to react with a sequence of specific primary antibodies
and HRP-conjugated secondary antibodies. The signals were
visualized with ECL reagents using an automatic image analysis
system (LAS 3000, Fuji Life Science). For immunoprecipitation,
1 mg of the whole cell lysate was incubated with 2 ug of the
designated antibody overnight at 4 °C and subsequently incu-
bated with 30 ul of protein A-agarose (Roche) on a rotator for
1 h at 4°C. The immunoprecipitates were then analyzed by
immunoblotting. To determine whether FAK phosphorylation
was required for the formation of MG53, UBE2H, and FAK
complex, the whole cell lysates were obtained from 3-day dif-
ferentiated C2C12 myotubes and incubated with or without A
phosphatase (1000 units, Calbiochem) for 30 min at 30 °C. The
reaction was stopped by the addition of 5 mm of sodium
orthovanadate. Molecular interactions among MG53, UBE2H,
and FAK were determined by immunoprecipitation.

RT-PCR—Total RNA (1-2 pg) was isolated from C2C12
myoblasts and myotubes in addition to MEFs using TRIzol
reagent (Ambion) and was reverse-transcribed into cDNA
using Moloney murine leukemia virus reverse transcriptase
(Invitrogen). Semiquantitative PCR was performed using Tagq
polymerase (Genemed) with the following primers: FAK, 5'-
GTGGTCCTACCAGCACTTTTGGG-3" and 5'-CGATCGC-
AGGTGACTGAGGCG-3"; MyHC, 5'-AGAAGGAGGAGGC-
AACTTCTG-3" and 5'-ACATACTCATTGCCGACCTTG-3';
and GAPDH, 5'-CTGCACCACCAACTGCTTAGC-3" and
5'-CTTCACCACCTTCTTGATGTC-3'.

FAK Ubiquitination—HEK 293 cells were cotransfected with
FLAG-FAK and His-Ub along with Myc-UBE2H and
HA-MG53, HA-C14A, or HA-AR. After 36 h of transfection,
the cells were treated with MG132 (5 um) for another 12 h and
then harvested with lysis buffer. The lysates were immunopre-
cipitated with an anti-FLAG antibody, and the immunoprecipi-
tates were immunoblotted with an anti-His antibody. Adenovi-
ral MG53- or siRNA-treated C2C12 cells were treated with
MG132 (5 um) for 12 h and lysed with lysis buffer. Whole cell
lysates were immunoprecipitated with an anti-FAK antibody.
Endogenous FAK ubiquitination was detected by immunoblot-
ting with an anti-ubiquitin antibody.

RESULTS
FAK Protein Is Down-regulated during Skeletal Myogenesis—

There are conflicting data regarding the expression level of FAK
during skeletal myogenesis. For example, the FAK expression
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FIGURE 1. The protein expression level of FAK decreases during skeletal
myogenesis. A and B, C2C12 myoblasts were differentiated into myotubes
for the indicated days. The expression levels of FAK, phospho-FAK (p-FAK) at
Tyr-576/577, MG53, UBE2H, MyHC, Mgn, and Cav-3 were determined by
immunoblotting using GAPDH as a loading control (A). The mRNA levels of
FAKand MyHC were determined by RT-PCR using GAPDH as a loading control
(B). Cand D, MEFs were infected with adenoviral MyoD for 12 h and differen-
tiated into myotubes for the indicated number of days. The protein levels of
FAK, p-FAK, MG53, UBE2H, MyHC, Mgn, Cav-3, and GAPDH were determined
by immunoblotting (C), and the mRNA levels of FAK, MyHC, and GAPDH were
determined by RT-PCR (D).

level gradually decreases during myogenesis in primary mouse
myoblast cultures but remains constant during C2C12 myo-
genesis (7, 21). To reconcile this difference, we re-evaluated the
level of FAK expression during C2C12 myogenesis. Immuno-
blot analysis revealed a significant decline in the FAK protein
expression level during C2C12 myogenesis (Fig. 1A4). After day
3, the FAK protein level gradually decreased and reached a low
level after 5 days. However, other myogenic marker proteins,
such as myosin heavy chain (MyHC), myogenin (Mgn), and
caveolin 3 (Cav-3), were gradually increased during myogen-
esis, indicating that skeletal myogenesis was well induced.
Interestingly, the E2 enzyme UBE2H and the E3 enzyme MG53
were up-regulated during myogenesis. Although the FAK pro-
tein level was down-regulated, its mRNA level was nearly con-
stant throughout C2C12 myogenesis (Fig. 1B). We also recon-
firmed the decrease in FAK expression level during MyoD-
driven myogenesis in MEFs. After adenoviral overexpression of
MyoD, the MEFs were induced to differentiate into myotubes.
As shown in Fig. 1C, the levels of myogenic marker proteins,
such as MyHC, Mgn, and Cav-3, were increased greatly during
myogenesis, indicating that MyoD overexpression led to myo-
genesis induction. On days 5 and 7, the FAK expression level
was decreased greatly, whereas its mRNA level was constant, in
the MyoD-induced myotubes of MEFs. In addition, UBE2H and
MG53 were up-regulated during MyoD-induced myogenesis of
MEFs. The data in Fig. 1, A-D, indicate that FAK is degraded
during skeletal myogenesis in C2C12 cells and MyoD-overex-
pressing MEFs.

FAK Interacts with MG53 and UBE2H—MG53 regulates
skeletal myogenesis and insulin signaling via its E3 ubiquitin
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ligase activity, which leads to IRS-1 ubiquitination in C2C12
cells, MEFs, and mouse skeletal muscle (13, 14). Indeed, levels
of MG53 and the E2 enzyme UBE2H were increased during
skeletal myogenesis in C2C12 cells and MyoD-overexpressing
MEFs, as shown in Fig. 1, A and C. These observations
prompted us to investigate the involvement of MG53 in FAK
ubiquitination and degradation in skeletal muscle cells. To
explore this hypothesis, we first examined whether there was a
molecular interaction between FAK and MG53. Evidence for
this molecular interaction was revealed by reciprocal endoge-
nous immunoprecipitation in 3-day differentiated C2C12 myo-
tubes (Fig. 2, A and B). Because UBE2H is an E2 partner for
MG53 (13), we also confirmed whether the FAK complex con-
tained UBE2H and MG53. As shown in Fig. 2C, UBE2H inter-
acted with FAK and MG53 in 3-day differentiated C2C12
myotubes.

Next, we tested whether FAK phosphorylation was required
for the complex formation of MG53, UBE2H, and FAK after
treating the whole cell lysates of C2C12 myotubes with or with-
out A phosphatase. As shown in Fig. 2, D—E, the phosphorylated
FAK disappeared after the treatment of A phosphatase. How-
ever, the reciprocal immunoprecipitation showed that molec-
ular interactions among MG53, UBE2H, and FAK were not
prevented by the addition of A phosphatase (Fig. 2, D—E). These
data indicate that the complex formation of MG53, UBE2H,
and FAK is not dependent on FAK phosphorylation.

The molecular interaction between FAK and MG53 was fur-
ther confirmed by exogenous immunoprecipitation in HEK 293
cells overexpressing both HA-FAK and Myc-MG53 (Fig. 34).
To identify the MG53-interacting FAK domain, we overex-
pressed different FAK deletion mutants with MG53 (Fig. 3B,
top panel) and monitored their molecular interaction by coim-
munoprecipitation. The immunoprecipitation assays in HEK
293 cells showed that His-FAK interacted with Myc-MG53
through its 4.1 protein/ezrin/radixin/moesin (FERM) and
kinase domains (Fig. 3C). We next determined the FAK-inter-
acting MG53 domain by immunoprecipitation in cells overex-
pressing FAK and different deletion mutants of MG53 (Fig. 3B,
bottom panel). As shown in Fig. 3D, the B-box of MG53 might
be a FAK-interacting domain because Myc-MG53 deletion
mutants lacking a B-box (CC-SPRY (coiled-coil domain and
spla and ryanodine receptor domain) and SPla and RYanodine
receptor domain) did not interact with His-FAK.

MG53 Induces FAK Degradation—To confirm MG53-in-
duced FAK degradation, we next monitored the expression
level of FAK protein after transient expression of different com-
binations of HA-FAK and Myc-MG53 in HEK 293 cells. The
FAK protein level was decreased drastically by overexpressing
MG53 and was fully restored when the proteasome inhibitor
MG132 was added (Fig. 4, A and B). MG53-induced FAK deg-
radation occurred in a MG53 concentration-dependent man-
ner in the absence of MG132 (Fig. 4C). These results suggest
that MG53-induced FAK degradation is dependent on the pro-
teasome pathway.

We demonstrated previously that the RING domain of
MG53 is required for its E3 ligase activity because RING-dis-
rupted MG53 mutants (C14A and AR) did not degrade the
IRS-1 protein (13). Thus, we tested the requirement of the
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FIGURE 2. FAK interacts with MG53 and UBE2H. A-C, the molecular association of FAK with MG53 and UBE2H was determined by endogenous immunopre-
cipitation with anti-FAK, MG53, and UBE2H antibodies in 3-day differentiated C2C12 myotubes. WCL, whole cell lysates. D-F, the molecular interaction of MG53
and UBE2H was independent of the phosphorylation status of FAK. Whole cell lysates were obtained from 3-day differentiated C2C12 myotubes and incubated
with or without 1000 units of A phosphatase for 30 min at 30 °C. The reaction was stopped by adding 5 mm sodium orthovanadate, and the reactants were

analyzed by immunoprecipitation.

RING domain for MG53-induced FAK degradation after over-
expressing His-FAK together with HA-C14A or HA-AR in HEK
293 cells. As shown in Fig. 4, D and E, C14A and AR did not
degrade FAK, indicating that the RING domain is necessary for
MG53-induced FAK degradation.

The RING Domain of MG53 Is Required for FAK
Ubiquitination—Next, we tested MG53-induced FAK ubiquiti-
nation in HEK 293 cells after the transient expression of HA-
FAK, Myc-MG53, and His-Ub in the presence of MG132. As
shown in Fig. 54, FAK ubiquitination was gradually induced
with increasing amounts of MG53, suggesting that MG53
induced FAK ubiquitination in a concentration-dependent
manner. Because Lys-48 in ubiquitin is critical for protein ubiq-
uitination, we tested MG53-induced FAK ubiquitination after
overexpressing HA-ubiquitin WT, Lys-48, K48R, or K29R
along with Myc-MG53 and His-FAK in HEK 293 cells. In the
Lys-48 mutant, all lysines except for amino acid position 48 are
substituted for arginines. As shown in Fig. 5B, only the K48R
ubiquitin mutant abolished FAK ubiquitination, indicating that
the Lys-48 is a critical lysine for MG53-induced FAK
ubiquitination.
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We also tested whether the RING domain of MG53 is
required for MG53-induced FAK ubiquitination in HEK 293
cells after the overexpression of FLAG-FAK and His-Ub with
HA-C14A or HA-AR. MG53 induced FAK ubiquitination,
whereas C14A and AR did not, in the presence of MG132 (Fig.
5C), indicating that the RING domain of MG53 is required for
FAK ubiquitination. We also demonstrated the requirement of
the RING domain for MG53-induced FAK ubiquitination in
C2C12 myoblasts after adenoviral overexpression of MG53,
C14A, and AR (Fig. 5D). Furthermore, FAK ubiquitination was
completely abrogated in C2C12 myotubes after MG53 knock-
down (Fig. 5E). These findings suggest that MG53 could
directly participate in FAK ubiquitination via its RING domain,
which has ubiquitin ligase activity.

The E2 Enzyme UBE2H Is Essential for MG53-induced FAK
Ubiquitination—We demonstrated previously that UBE2H is
an E2 partner of MG53 for IRS-1 ubiquitination (13). Thus, we
tested the involvement of UBE2H in MG53-induced FAK ubigq-
uitination after UBE2H knockdown in C2C12 myotubes. As
shown in Fig. 6, A and B, the expression level of FAK protein
was increased 3-fold after UBE2H knockdown. Furthermore,
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cells. MG53-induced FAK ubiquitination was enhanced by
overexpressing UBE2H (Fig. 6D). Taken together, these data
indicate that the UBE2H and MG53 complexes are required for
FAK ubiquitination and degradation.

FAK ubiquitination was abrogated after UBE2H knockdown in
C2C12 myotubes (Fig. 6C). Next, we monitored the increase
in FAK ubiquitination after overexpressing FLAG-FAK,
HA-MG53, and His-Ub along with Myc-UBE2H in HEK 293
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Lys-48 in ubiquitin is critical for FAK ubiquitination. HEK 293 cells were cotransfected with Myc-MG53 (0.5 ng) and His-FAK (1.5 ng) along with ubiquitin WT,
Lys-48, K48R, or K29R (0.5 g for each) for 24 h. All lysines, except for amino acid position 48, were substituted for arginines in the ubiquitin Lys-48 mutant. After
MG132 treatment, FAK ubiquitination was determined by immunoprecipitation. EV, empty vector. Cand D, the RING domain is required for MG53-induced FAK
ubiquitination. HEK 293 cells were cotransfected with FLAG-FAK (1.5 ng) and His-Ub (0.5 ng) along with HA-MG53, HA-C14A, or HA-AR (0.5 ng) for 24 hin the
indicated combinations. Twelve hours after MG132 treatment, FAK ubiquitination was determined by immunoprecipitation (C). C2C12 myoblasts were
transfected with adenoviral LacZ, MG53, C14A, or AR for 24 h. Twelve hours after MG132 treatment, FAK ubiquitination was determined by immunoprecipi-
tation (D). E, MG53 knockdown abolishes FAK ubiquitination. C2C12 myoblasts were treated with si-control or si-MG53 (200 nm) for 24 h and then further
differentiated into myotubes for 3 days. After MG132 treatment for 12 h, FAK ubiquitination was determined by immunoprecipitation.

DISCUSSION gering Mgn expression and muscle differentiation (6). As myo-

FAK has an essential role in skeletal myogenesis. For exam- tubes matured, the FAK protein level decreased, beginning as
ple, knockdown or overexpression of the dominant-negative early as 3 days in C2C12 cells and MyoD-overexpressing MEFs
focal adhesion targeting domain of FAK prevents cell fusionin ~ (Fig. 1, A and C) and as early as 2 days in mouse primary myo-
mouse primary myoblasts (7). Early in C2C12 myogenesis, FAK ~ blasts (7). Thus, the decreased FAK protein level might be nec-
is phosphorylated, activated, and, subsequently, translocated ~essary for negative feedback regulation of skeletal myogenesis,
into the nucleus. In the nucleus, the activated FAK interacts ~preventing excess Mgn transcription and myogenesis.
with methyl CpG-binding domain protein 2 (MBD?2), seques- Proteasomal activity is increased during skeletal myogenesis
tering histone deacetylase complex 1 (HDAC1) from MBD2. in primary myoblast cultures (22). In this study, we demon-
Subsequently, the free HDAC1 regulates heterochromatin strated that the expression levels of the E2 enzyme UBE2H and
remodeling at the methyl CpG site in the Mgn promoter, trig- the E3 enzyme MG53 were increased during skeletal myogen-
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FIGURE 6. UBE2H is required for MG53-induced FAK ubiquitination. A and B, C2C12 myoblasts were treated with si-control (si-con) or si-UBE2H (100 nm) for
24 h and then differentiated into myotubes for 3 days. The expression levels of FAK, UBE2H, MyHC, Cav-3, and GAPDH were determined by immunoblotting (A).
The expression of FAK was also quantified by densitometry. These experiments were repeated three times (Student’s t test; *, p < 0.01) (B). C, UBE2H knockdown
C2C12 myotubes were treated with MG132 (5 um) for 12 h, and FAK ubiquitination was determined by endogenous immunoprecipitation (/P). WCL, whole cell
lysate. D, UBE2H overexpression increases MG53-induced FAK ubiquitination. HEK 293 cells were cotransfected with different combinations of FLAG-FAK (1.5
ng), His-Ub (0.5 ug), HA-MG53 (0.5 ng), and Myc-UBE2H (0.5 ng) for 24 h. After MG132 treatment for 12 h, FAK ubiquitination was determined by immuno-
precipitation with an anti-FLAG antibody and immunoblotting with an anti-His antibody.

esis in C2C12 cells and MyoD-overexpressing MEFs (Fig. 1, A
and C). We also demonstrated MG53-induced FAK ubiquitina-
tion. First, FAK was determined to be associated with MG53
and UBE2H by reciprocal endogenous and exogenous immu-
noprecipitation (Figs. 2 and 3). Second, MG53-induced FAK
ubiquitination and degradation was demonstrated by MG53
and UBE2H overexpression in HEK 293 cells and C2C12 myo-
blasts and MG53 or UBE2H knockdown in C2C12 myotubes
(Figs. 4—6). Third, we showed that the RING domain was
required for MG53-induced FAK ubiquitination after overex-
pressing RING-disrupted MG53 mutants (C14A and AR) in
HEK 293 cells and C2C12 myoblasts (Figs. 4 and 5). Taken
together, these data indicate that FAK is ubiquitinated and
degraded by the E2 enzyme UBE2H and the E3 enzyme MG53,
which are up-regulated during skeletal myogenesis.

It is well known that FAK is also ubiquitinated and degraded
by other E3 ligases, such as suppressor of cytokine signaling
proteins and Casitas B-lineage lymphoma (Cbl) (23-25). Sup-
pressor of cytokine signaling protein-induced FAK ubiquitina-
tion inhibits FAK-dependent signaling events, such as cell
motility on fibronectin (23). Cbl-induced FAK ubiquitination
leads to anoikis in myocytes and prevents integrin-mediated
T-cell adhesion (24, 25). However, there have been no reports
of E3 ligases involved in FAK ubiquitination during skeletal
myogenesis. This study is the first report demonstrating that
FAK is ubiquitinated and degraded through the MG53-depen-
dent proteasomal pathway during skeletal myogenesis.
Although it has been characterized as a putative E3 ligase,
MG53 has a limited number of protein substrates. IRS-1, the

JANUARY 7,2014+VOLUME 289-NUMBER 6

first protein identified as a target of MG53, is also degraded by
suppressor of cytokine signaling and Cbl (13, 26, 27), suggesting
that IRS-1 and FAK may share additional common E3 ligases.
Indeed, MG53 is another common E3 ligase for the ubiquitina-
tion of IRS-1 and FAK.

Although FAK and IRS-1 share a common E2 ligase (UBE2H)
and E3 ligase (MG53) during skeletal myogenesis, their MG53-
interacting domains are different. For example, among the dif-
ferent domains of MG53, the coiled-coil domain is utilized for
IRS-1 interaction, and the B-box domain is utilized for FAK
interaction. Although the FAK expression level decreased dur-
ing myogenesis of C2C12 cells and MyoD-overexpressing
MEFs, phosphorylation of FAK at Tyr-576/577 was increased
gradually (Fig. 1, A and C). These findings suggest that FAK
ubiquitination might require its phosphorylation because many
proteins are ubiquitinated and degraded in a phosphorylation-
dependent process (28). However, the molecular interaction
between MG53 and FAK was not prevented in the presence of A
phosphatase (Fig. 2, D—F), indicating that MG53-induced FAK
ubiquitination is not dependent on the phosphorylation of
FAK. We also observed previously that MG53-IRS-1 interac-
tion is not altered after IGF stimulation in C2C12 myotubes.
With all these data, we can conclude that the molecular associ-
ation of MG53 to IRS-1 or FAK is independent of the phospho-
rylation status of substrate proteins.
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