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Myogenesis is regulated by the basic helix-loop-helix (bHLH) myogenic regulatory factor MyoD, which
induces muscle-specific gene expression by binding to the E-box sequence as a heterodimer with ubiq-
uitous bHLH E2A (E12/E47) proteins. Here, we report that a 31-kDa caspase-generated cleavage product
of Crk-associated substrate (p130Cas), herein called 31-kDa, is downregulated during muscle cell differ-

Keywords: entiation. 31-kDa contains a helix-loop-helix (HLH) domain that shows greater sequence homology with
p13|?casf Id (inhibitor of DNA binding) proteins than with bHLH proteins. This HLH domain, lacking the basic
31:/11_0DDa ragment region required for DNA binding, mediated the direct interaction of 31-kDa with MyoD. Overexpression
bgLH of 31-kDa in C3H10T1/2 cells inhibited not only the transcriptional activation of p21W¥"/¢P! and E-box-
Myogenesis dependent muscle-specific genes by MyoD and/or E2A but also MyoD-induced myosin heavy chain

expression and myogenic conversion. In sum, our results suggest a role for 31-kDa as a negative regulator

of MyoD in the muscle differentiation program.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The 130-kDa adaptor molecule Crk-associated substrate
(p130Cas) plays an important role in various cellular processes,
including migration, proliferation, apoptosis, transformation, and
invasion. It is composed of multiple protein-protein interaction
domains, including a Src homology 3 domain, a proline-rich
domain, a serine-rich domain, a Src-binding domain, and a large
tyrosine kinase substrate (SD) domain. The SD domain contains
15 tyrosine-Xaa-Xaa-proline (YXXP) motifs that are the major sites
of p130Cas tyrosine phosphorylation [1,2]. Tyrosine phosphoryla-
tion of p130Cas plays an essential role in various cellular
responses, including receptor-receptor crosstalk [3,4]. We previ-
ously reported that the C-terminus of p130Cas contains a helix-
loop-helix (HLH) domain that can mediate dimerization with
another HLH protein [5]. During etoposide-induced apoptosis, cas-
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pase-mediated cleavage of p130Cas generates a C-terminal 31-kDa
fragment (31-kDa) [5,6]. This cleavage is regulated by p130Cas
tyrosine phosphorylation [7]. The phosphorylation of tyrosine
and serine residues at the cleavage site confers resistance to
caspase-3-mediated cleavage, and dephosphorylation of p130Cas
precedes its cleavage during apoptosis [7].

31-kDa is highly conserved among proteins in the Cas family and
promotes caspase-mediated cell death [5]. Sequence alignment of
several HLH proteins and 31-kDa has revealed that 31-kDa contains
a HLH domain lacking a basic region responsible for DNA binding.
Further functional studies have shown that this domain mediates
the formation of nonfunctional heterodimeric complexes with E12
and E47 [5], which are basic HLH (bHLH) transcription factors en-
coded by the E2A gene. These ubiquitously expressed E-proteins
serve as partners within heterodimers with tissue-specific classes
of bHLH proteins [8]. Once coupled to E12 and E47, 31-kDa is trans-
located into the nucleus, where it antagonizes their activity by
sequestering them into an inactive state. This suggests that 31-
kDa and bHLH transcription factors play opposing roles in the reg-
ulation of cell function [5]. 31-kDa has been shown to inhibit
E2A-mediated transcription of p21¥¥"/¢P! owing to the formation
of the aforementioned inactive heterodimers. It has also been found
that 31-kDa-mediated cell death is diminished by ectopic expres-
sion of p21Wafl/CiPl syggesting that 31-kDa serves as a dominant-
negative inhibitor of bHLH transcription factors [5].
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The bHLH family of transcription factors is involved in cell cycle
regulation and cell fate specification, including skeletal muscle dif-
ferentiation, and regulates the expression of tissue-specific target
genes [9]. Differentiation of myogenic cells (myogenesis) is a
well-characterized example, relying on tissue-specific bHLH tran-
scription factors [10,11] and regulated by multiple factors acting
either positively or negatively on the cells [12]. The most thor-
oughly characterized muscle-specific bHLH transcription factor is
myoblast determination protein 1 (MyoD), also called myogenic
factor 3 (Myf-3), which plays an important role in the commitment
of a cell to the myogenic lineage and the initiation of myogenesis
by coordinating muscle-specific gene expression [12,13]. MyoD-in-
duced transcription of muscle-specific genes requires either homo-
dimerization of MyoD, or heterodimerization with the gene
products of the E2A gene, a process mediated by the HLH motif
[8,14]. The homo- and heterodimers bind efficiently to the E-box,
a consensus DNA sequence (CANNTG) that is a functionally impor-
tant element in the upstream regulatory sequences of many mus-
cle-specific genes [15]. The ability to bind the E-box as a homo- or
heterodimer is regulated by the presence of negative regulators,
including inhibitor of DNA binding (Id) proteins, a distinct subfam-
ily of HLH proteins, while the ability of homo- or heterodimeriza-
tion depends on the relative abundance of each transcription factor
and/or the presence of other factors that inhibit dimerization
[12,16]. The Id proteins can associate efficiently with MyoD and
E2A to form nonfunctional heterodimers, impeding the ability of
MyoD and E2A to bind the E-box, because Id proteins lack the basic
region required for DNA binding. This suggests that Id proteins
function as dominant-negative regulators of bHLH proteins,
including MyoD and E2A [16].

As 31-kDa contains a HLH domain lacking a basic region and
antagonizes E2A activity by forming a nonfunctional heterodimer
[5], we speculated whether 31-kDa could also associate with MyoD
and antagonize its function. In this study, we show that 31-kDa
directly associates with MyoD and inhibits its function during
myogenesis, similar to Id proteins.

2. Materials and methods
2.1. Cell culture, transfection, and luciferase assay

C2C12 and C3H10T1/2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Invitrogen) unless otherwise stated. E63 cells, myo-
genic clones of L8 rat skeletal myoblasts, were grown in DMEM
supplemented with 10% horse serum (HS), 100 units/mL penicillin
G, 100 pg/mL streptomycin sulfate, and 250 pg/mL amphotericin,
as described previously [17]. To induce differentiation in E63 and
C2C12 cells, the cells were transferred from growth medium to dif-
ferentiation medium (DMEM, 2% HS).

Transient transfections were carried out using Lipofectamine
Plus (Invitrogen) according to the manufacturers’ instructions.
C3H10T1/2 cells were transiently transfected with reporter and
expression vectors encoding p21W¥VCP!  promoter-luciferase
(p21-Luc), troponin I promoter-luciferase (Tnl-Luc), or muscle cre-
atine kinase-luciferase (MCK-Luc). The amount of DNA in each
transfection was equalized by the addition of empty parent vector.
Following transfection, luciferase activity was determined using a
luciferase assay system (Promega) and normalized to B-galactosi-
dase activity.

2.2. Western blot analysis

Cells were lysed in modified RIPA buffer (50 mM Tris-HCl at pH
7.4, 150 mM Nacl, 1% NP-40, 0.25% sodium deoxycholate, 10 mM

NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium
orthovanadate, 10 pM leupeptin, 1.5 pM pepstatin, and 10 pg/mL
aprotinin). Proteins were separated by electrophoresis in 8-10%
acrylamide gels and then analyzed by Western blot using anti-
Cas antibody (BD Transduction Laboratories), anti-myosin heavy
chain (MHC) antibody, or anti-tubulin monoclonal antibody (Sig-
ma). Detection was performed using the ECL chemiluminescence
kit (Amersham).

2.3. Immunoprecipitation

To detect interactions between 31-kDa and MyoD, C3H10T1/2
cells were transiently transfected with FLAG-tagged 31-kDa and
MyoD. The cells were then lysed for 1 h at 4 °C in 1 mL of Triton
X-100 buffer (10 mM Tris—HCl at pH 7.4, 5 mM EDTA, 150 mM Na(l,
1% Triton X-100, 10% glycerol, 1 mM PMSF, 1 mM sodium orthovan-
adate, 10 uM leupeptin, 1.5 uM pepstatin, and 10 pg/mL aprotinin).
After centrifugation, cell extracts were immunoprecipitated using
anti-FLAG-M2 antibody (Sigma), and then analyzed by western blot
using anti-MyoD antibody (Santa Cruz Biotechnology).

2.4. C3H10T1/2 cell myogenic conversion and immunofluorescence

To assay C3H10T1/2 cells for myogenic conversion, the cells
were transiently transfected with expression vectors encoding
the indicated proteins. Two days after transfection, cultures were
transferred from growth to differentiation medium. Five days later,
MHC expression was detected by immunofluorescence and Wes-
tern blot analysis.

Immunostaining for MHC and MyoD was performed as de-
scribed previously [4]. Cells were fixed, permeabilized, blocked,
and incubated with anti-MHC antibody (Sigma) and anti-MyoD
antibody (Santa Cruz Biotechnology), followed by staining with
FITC- and TRITC-conjugated goat anti-mouse and anti-rabbit sec-
ondary antibodies (Invitrogen). Nuclei were visualized with Hoe-
chst dye 33258 (Sigma). Images were obtained using a Leica
fluorescence microscope (Leica Microsystems) and a CoolSNAPfx
CCD camera equipped with MetaMorph imaging software (Molec-
ular Devices).

2.5. Statistical analysis

Quantitative data are presented as the mean + SEM. The differ-
ences between mean values were compared statistically by Stu-
dent’s t-test, using GraphPad Prism (GraphPad Software). A p
value of <0.05 was considered statistically significant.

3. Results and discussion
3.1. 31-kDa is downregulated during myogenesis in culture

Speculating whether 31-kDa plays a role in myogenesis, we fo-
cused on MyoD as a possible target for inhibition by 31-kDa. To
investigate the level of 31-kDa during differentiation of myogenic
cells, we first examined the abundance of 31-kDa during differen-
tiation of C2C12 cells, an immortalized mouse myoblast cell line
derived from adult skeletal muscles [18]. The conversion of
C2C12 myoblasts into post-mitotic multinucleated myotubes was
induced by withdrawal of serum from the culture medium. The
abundance of 31-kDa and MHC, a differentiation marker in
C2C12 cells, was then analyzed by Western blot after 3, 5, and
7 days of serum withdrawal. Expression of MHC was upregulated
under conditions in which the generation of 31-kDa was reduced,
corresponding to the period of serum withdrawal (Fig. 1A). We fur-
ther confirmed the reduction in the levels of 31-kDa using E63 cells
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Fig. 1. The 31-kDa caspase-generated cleavage product (31-kDa) of Crk-associated
substrate (p130Cas) is downregulated during skeletal muscle differentiation. Cell
lysates were prepared from (A) C2C12 or (B) E6 cells after incubation in
differentiation medium for 3, 5, and 7 days. The levels of p130Cas, 31-kDa, and a
myogenesis marker (myosin heavy chain; MHC) were assessed by Western blot
analysis.

(Fig. 1B). This expression pattern is similar to that of Id proteins
during myogenesis [16,19]. Consistent with their negative regula-
tory role, the downregulation of Id proteins has been shown in
myoblasts during myogenesis [16,19]. Conversely, the ectopic
expression of Id proteins has been reported to inhibit the differen-
tiation of muscle cells [19]. In addition, we have previously re-
ported that caspase-mediated generation of 31-kDa is reduced by
tyrosine phosphorylation of p130Cas at the cleavage site, and that
conversely, dephosphorylation of p130Cas increases its cleavage
[7]. Therefore, the reduction in 31-kDa is likely due to increased
tyrosine phosphorylation of p130Cas during myogenesis [20].
Based on those findings, our results suggest that 31-kDa might
not be required for the activation of muscle differentiation.

3.2. 31-kDa directly interacts with MyoD

To test whether 31-kDa associates with MyoD, C3H10T1/2 cells
were transfected with expression vectors encoding FLAG-tagged
31-kDa and MyoD. Subsequently, cell lysates were subjected to
co-immunoprecipitation using selected doses of anti-FLAG anti-
body, followed by Western blot analysis using anti-MyoD anti-
body. As expected, 31-kDa was found to associate with MyoD
(Fig. 2A). To determine whether this association was direct and

to identify which domain in 31-kDa mediated the association, we
analyzed the ability of several 31-kDa deletion mutants to associ-
ate with MyoD, using in vitro glutathione S-transferase (GST)
pull-down assays (Fig. 2B and C). Recombinant GST-fused 31-kDa
mutant proteins were incubated with 3>S-labeled MyoD generated
by in vitro transcription and translation. We found that the full-
length 31-kDa, as well as its mutant proteins truncated at the C-
terminus or N-terminus (GST-31AC and 31AN, respectively), were
all able to pull down MyoD. However, MyoD did not bind to the
GST protein (Fig. 2C), indicating a direct and specific association
of 31-kDa with MyoD. Moreover, MyoD primarily bound to the
HLH domain of 31-kDa truncated at the C- and N-termini (GST-
31HLH) (Fig. 2C). This result demonstrates that the HLH domain
of 31-kDa mediates the association with MyoD. Furthermore, as
31-kDa contains a HLH domain lacking the basic region required
for DNA-binding, the data strongly suggest that 31-kDa acts as a
dominant-negative regulator of MyoD by forming inactive
heterodimers.

3.3. 31-kDa inhibits MyoD-dependent gene activation

In light of the inhibitory activity of 31-kDa, we next examined
whether it might function as a transcriptional repressor of MyoD.
Cell cycle exit, characterized by the activation of the cell cycle
inhibitor p21Waf1/€iP1 s required for differentiation of muscle cells
and is triggered by MyoD-induced expression of p21Waf1/ciP1 [21],
Hence, we performed a reporter gene assay, using a luciferase con-
struct, to test the effect of 31-kDa on MyoD-induced transcription
of p21Wal/Cirl The p21-Luc construct contains eight putative E-
boxes and is transactivated by MyoD and E2A [5,21,22]. In agree-
ment with previous reports [5,21], we found that p21-Luc was
activated to high expression levels by either MyoD or E47, as well
as by the co-expression of MyoD and E47 (Fig. 3A). In contrast, 31-
kDa showed no transcriptional activity on its own, and similar to
Id2 proteins, interfered with the ability of MyoD and E47 to acti-
vate transcription (Fig. 3A).

We next examined the inhibitory effects of 31-kDa on the
MyoD-activated, myogenic-specific transcription of the troponin I
and muscle creatine kinase promoters. As expected, both MyoD
and E47 produced increased levels of the Tnl-Luc and MCK-Luc
constructs, and their activity levels were further increased by the
co-expression of MyoD and E47 (Fig. 3B and C). Similar to Id2
proteins, 31-kDa significantly repressed MyoD- or E47-induced
transcriptional activation of Tnl-Luc and MCK-Luc (Fig. 3B and C).
Taken together, our results suggest that 31-kDa acts as a powerful
transcriptional repressor of MyoD.
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Fig. 2. Association of the 31-kDa with MyoD. (A) C2C12 cells were transfected with expression plasmids containing FLAG-tagged 31-kDa. Cell lysates were then
immunoprecipitated with anti-FLAG antibody and analyzed by Western blot using anti-MyoD antibody. (B) Schematic representation of various 31-kDa mutants. (C)
Interaction of 3>S-labeled, in vitro translated MyoD with glutathione S-transferase (GST)-fusion mutant proteins of 31-kDa. The Coomassie Blue-stained gel in the lower panel
confirms the integrity and equal loading of the GST-fusion proteins.
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Fig. 3. The 31-kDa represses MyoD-mediated transcriptional activation of muscle-specific gene expression. C3H10T1/2 cells were transiently transfected with reporter and
expression vectors encoding (A) p21"¥"/CP! promoter-luciferase (p21W3"/SP1_Luc), (B) troponin I promoter-luciferase (Tnl-Luc), or (C) muscle creatine kinase-luciferase
(MCK-Luc). The amount of DNA in each transfection was kept constant by the addition of empty vector. Luciferase activity was measured 36 h after transfection and
normalized to the activity of B-galactosidase. Data are shown as the mean + SEM from three independent experiments. *P < 0.05; **P < 0.01.
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Fig. 4. The 31-kDa represses MyoD-induced expression of MHC and myotube formation. C3H10T1/2 cells transfected with expression vectors encoding MyoD and/or 31-kDa
were incubated for 5 days in differentiation medium. The amount of DNA used for transfection was adjusted with empty vector. MHC and MyoD expression was analyzed by

immunofluorescence staining and Western blot analysis.

Using an electrophoretic mobility shift assay in an earlier study,
we found that 31-kDa represses the transcriptional activity of E2A
by forming inactive heterodimers incapable of binding to the E-box
[5]. Thus, the most likely explanation for our new results is that 31-
kDa prevents MyoD from forming functionally active homodimers,
or heterodimers with E2A. When functionally active, such dimers
bind with high affinity to the p21W4"/CP! promoter and the mus-
cle-specific enhancers, and positively regulate their expression,
leading to cell cycle arrest and commitment to muscle
differentiation.

3.4. 31-kDa blocks the ability of MyoD to activate myogenesis

We finally tested whether 31-kDa inhibits MyoD-induced MHC
expression and myotube formation in C3H10T1/2 cells. C3H10T1/2
cells transiently transfected with expression vectors encoding
MyoD with or without 31-kDa were transferred from growth to
differentiation medium, and MHC expression was detected by
immunofluorescence and Western blot analysis. As shown in
Fig. 4, MyoD induced MHC expression and myotube formation in
C3H10T1/2 cells. When 31-kDa was expressed together with
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MyoD, however, the ability of MyoD to induce MHC expression and
myotube formation was inhibited, suggesting that 31-kDa acts as a
negative regulator of MyoD-induced myogenesis.

The finding that 31-kDa is an inhibitor of MyoD-induced differ-
entiation of muscle cells and is downregulated in the early steps of
the myogenic pathway is similar to the finding that Id proteins act
as negative regulators of MyoD and E2A to block the activation of
muscle-specific genes and muscle cell differentiation [16,19].
Therefore, our results demonstrate another mechanism by which
31-kDa inhibits muscle cell differentiation by forming inactive het-
erodimers with MyoD or E2A. Providing the cells with an addi-
tional level of control in the network of bHLH protein regulators
of myogenesis, this regulatory mechanism may operate to control
cell cycle exit, commitment to cell lineages, and the timing of
differentiation.
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