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The Enigma homolog (ENH) gene generates several splicing variants. The initially identified ENH1 pos-
sesses one PDZ and three LIM domains, whereas ENH2�4 lack the latter domains. The splicing switch
from ENH1 to LIM-less ENHs occurs during development/maturation of skeletal and heart muscles. We
examined for the roles of ENH splicing variants in muscle differentiation using C2C12 cells. Cells stably
expressing ENH1 exhibited significantly higher MyoD and myogenin mRNA levels before differentiation
and after 5 days in low serum-differentiating medium than mock-transfected cells. ENH1-stable transfor-
mants also retained the ability to exhibit elongated morphology with well-extended actin fibers follow-
ing differentiation. In contrast, cells stably expressing ENH3 or ENH4 did not show myotube-like
morphology or reorganization of actin fibers following culture in the differentiating medium. Transient
overexpression of ENH1 using adenovirus supported the increased expression of muscle marker mRNAs
and the formation of well-organized stress fibers, whereas ENH4 overexpression prevented these mor-
phological changes. Furthermore, specific suppression of ENH1 expression by RNAi caused a significant
reduction in MyoD mRNA level and blocked the morphological changes. These results suggest that
ENH1 with multiple protein–protein interaction modules is essential for differentiation of striated mus-
cles, whereas ectopic expression of LIM-less ENH disrupts normal muscle differentiation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

PDZ–LIM proteins play pivotal roles in differentiation and func-
tion of various cell types. The primary action of these proteins is
thought to arise from their ability to interact with multiple struc-
tural and functional molecules. PDZ domains bind to cytoskeletal
and membrane proteins, whereas LIM domains interact with vari-
ous signaling molecules including protein kinases and transcrip-
tion factors. Therefore, PDZ–LIM proteins act as scaffolds to
localize and assemble various functional molecules at cytoskeletal
structures and underneath the plasma membrane for effective
sorting and coupling of intracellular signaling events. Several
PDZ–LIM proteins are highly expressed and play important roles
in striated muscles. For example, PDZ domains of CLP36 (PDLIM1),
ALP (PDLIM3) and Cypher (PDLIM6) tether their associated pro-
teins at the Z-disk by binding to a-actinin [1–3]. LIM domains of
these proteins appear to interact with protein kinase Cs. These
localized assemblies are essential for the formation of proper mus-
cle structures [4,5]. Since Ca2+ concentrations are much higher near
the Z-disk, the PDZ–LIM protein-based scaffolding of these kinases
may confer their localized activation, and as a result, the proper
organization and functioning of striated muscles.

Enigma homolog 1 (ENH1/PDLIM5) is another member of
PDZ–LIM proteins that is highly expressed in skeletal and heart
muscles. ENH1 possesses a PDZ domain in the N-terminal region
and three LIM domains in the C-terminal portion [6]. Similarly to
other PDZ–LIM members in striated muscles, the PDZ domain of
ENH1 binds to a-actinin, whereas its LIM domains bind to several
protein kinase Cs [6,7] and protein kinase D [8]. In addition, we
identified that ENH1 simultaneously binds to protein kinase D
and L-type calcium channel in cardiac tissue [8]. This ENH1-based
ternary complex is required for effective protein kinase D-depen-
dent inhibition of the channel activity. Finally, the study in neuro-
carcinoma revealed that the transcription regulator Id2 binds to
the ENH1 LIM domains [9]. The high level of ENH1 in these cancer
cells is proposed to trap this factor in cytosol, preventing neuronal
differentiation and promoting cell proliferation. Thus, the abilities
of ENH1 to localize at certain subcellular sites and to interact with
multiple functional proteins are important for its biological
functions.

Although it is clear that ENH1 acts as an anchoring protein, the
gene for ENH1 generates several splicing variants (ENH2�4) that
lack all three LIM domains. In particular, LIM-less ENHs are
predominant in striated muscles of adult animals [10]. Our recent

http://dx.doi.org/10.1016/j.bbrc.2013.05.016
mailto:maturana@agr.nagoya-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2013.05.016
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


484 J. Ito et al. / Biochemical and Biophysical Research Communications 435 (2013) 483–487
analysis revealed the splicing switch from three LIM-containing
ENH1 to LIM-less ENHs during postnatal heart development and
differentiation of C2C12 cells [11]. Therefore, LIM-less ENHs must
possess important, yet unknown, functions in mature striated
muscles. These findings also suggest that distinct ENH splicing
variants play different roles in developing and mature striated
muscles. To address this issue, we altered the levels of ENH splicing
variants in C2C12 cells to test for their effects on myogenic differ-
entiation. ENH1 appeared to promote expression of myogenic
genes and myotube formation, whereas LIM-less ENH4 disrupts
myotube-like morphological changes.
2. Materials and methods

2.1. Cell culture

Mouse skeletal C2C12 cells were obtained from RIKEN BRC Cell
Bank (Ibaraki, Japan). Cells were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum (Gibco,
Auckland, NZ), 50 U/ml penicillin and 50 lg/ml streptomycin (Nac-
alai Tesque, Kyoto, Japan) under 5% CO2 atmosphere at 37 �C. For
differentiation, cells were passed on plastic or glass-bottom dishes
at �50% and cultured until semi-confluence (�90%). Culture med-
ium was then switched to 2% fetal bovine serum-containing med-
ium. The medium was changed once every three days during the
entire experimental period.

2.2. Plasmid constructions and isolation of stable ENH-expressing cells

To establish stable ENH variant-expressing cells, we con-
structed cDNAs for ENH variants with 3xFlag tag at the N-terminus
(p3xFLAG-CMV-10 vector, Sigma–Aldrich). Briefly, ENH1, ENH3
and ENH4 cDNAs were amplified from the previously obtained
rat clones [12] as a template by PCR using primers with a restric-
tion enzyme site: 50-GACAAGCTTATGAGCAACTACAATGTGTCA
TTGG-30, and 50-GAGCGGATATCTCAGAAATTCACAGAATGAGCATG-
30 for ENH1 or 50-GAGATGATATCTCACTGTACATTAAGAGCACG-30

for ENH3 and ENH4 (the underlined sequences indicate HindIII
and EcoRV sites). Following digestion with HindIII and EcoRV, the
digested PCR fragments were cloned into the corresponding sites
of the p3xFLAG-CMV-10 vector.

C2C12 cells were transfected with 2 lg of the generated con-
structs or pcDNA3 vector as a mock control using the lipofectamine
2000 Reagent (Invitrogen). Stable transformants were obtained
and maintained with the standard culture medium supplemented
with 800 lg/ml of G418 (Nacalai Tesque, Kyoto, Japan).

2.3. Western Blotting

Lysates were prepared from cultured cells using Lysis buffer
(50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
50 mM NaF, 1 mM Na3VO4, 1% Triton-X100, and protease inhibitors
(Roche)). Proteins were separated on a 10% SDS–polyacrylamide
gel and transferred to polyvinylidene difluoride membrane (Milli-
pore). The membrane was coated with 5% nonfat dry milk, probed
with anti-FLAG M2 monoclonal antibody (Sigma–Aldrich), and
then with anti-mouse donkey IgG linked to horseradish peroxidase
(Jackson Immuno Research). Immunoreactive proteins were de-
tected using chemiluminescent reagents (Thermo-Fisher).

2.4. Adenovirus vector constructions and infection

The ‘hairpin strategy’ was used to design small interfering RNA
towards ENH1. We chose the target sequence from the coding re-
gion unique in both mouse and rat ENH1, but not present in other
splicing variants in either species, corresponding to the positions
1698–1718 (GenBank Accession # NM_053326.1). A synthetic oli-
gonucleotide containing the target hairpin sequence inserted with
a 9-bp loop and a 6-bp adenosine tandem at the 50end was cloned
behind the U6 promoter of the vector, as described previously [8].
Adenoviruses carrying full-length ENH1 or ENH4 cDNA, as well as
control GFP-expressing viruses, were prepared as described previ-
ously [12]. We infected C2C12 cells two day after switching to low
serum-containing differentiation medium. Infection efficiency was
�90% judged by the ratio of GFP- or anti-Flag antibody-positive
cells to total cells one day after infection.

2.5. Real-time PCR analysis

Real-time PCR analysis was used to determine steady state
mRNA levels of ENH splicing variants and myogenic marker genes.
Individual ENH variant mRNAs were amplified using previously
described primers which reacted with both endogenous mouse
and exogenous rat cDNAs [11], whereas skeletal marker genes
were detected with primers as follows: mouse myogenic differen-
tiation 1 (MyoD) (GenBank Accession #: NM_010866.2), 50-
CTGCTCCTTTGAGACAGCAGAC-30(Nucleotide 259–280) and 50-TTG
CGCTTGCACGCCTTGCA-30(Nucleotide 491–510); and myogenin
(GenBank Accession #: NM_031189), 50-TCACATAAGGCTAACACC-
CAGC-30 (Nucleotide 876–896) and 50-GCACTCATGTCTCT-
CAAACGGT-30 (Nucleotide 1090–1069). Synthesis of cDNA and
PCRs were performed as described previously [11].

The mRNA levels were normalized using cyclophilin mRNA as a
control. Statistical analysis was performed by one-way ANOVA, fol-
lowed the layered Bonferroni’s test. Data are presented as the
mean ± SEM. ⁄p < 0.05, ⁄⁄p < 0.01 and ⁄⁄⁄p < 0.0001 compared to
control samples.

2.6. Fluorescent immunostaining

Cells in a collagen-coated 35-mm2 glass-bottom dish (Matsun-
ami Glass Ind.) were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100. Cells were probed with
anti-FLAG M2 monoclonal antibody (Sigma–Aldrich). Immuno-
staining was revealed with Alexa Fluor 488-conjugated secondary
antibody (Invitrogen). Staining of F-Actin was performed using
rhodamine-conjugated phalloidin (Cytoskeletons). Nuclei were
visualized with 40,6-diamidino-2-phenylindole (DAPI, Dojindo
Molecular Technologies). Images were captured and processed
with Fluoview FV1000 confocal laser scanning microscope
(Olympus).
3. Results

3.1. Myogenic differentiation of C2C12 cells stably expressing ENH
splicing variants

Expression of ENH variants changes during differentiation of
C2C12 cells [11]. Three LIM-containing ENH1 declines during
differentiation, while LIM-less ENH4 gradually increases during
differentiation. Thus, these cells provide a useful system to test
for the roles of distinct ENH splicing variants in myogenic differen-
tiation. We first established C2C12 cells that stably expressed Flag-
tagged ENH1, ENH3 or ENH4 (Fig. 1A). Stable transformants
contained significant and similar amounts of anti-Flag antibody-
reactive proteins with the expected molecular weights (Fig. 1B).
In the standard growth medium, these transformants, as well as
mock-transfected cells, showed no apparent morphological differ-
ences compared to untransfected original C2C12 cells (Fig. 1C). All
ENH variants detected with anti-Flag antibody were localized at
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the edges of cells with some stress fiber-like structures. This local-
ization is consistent with the presence of PDZ domain in all vari-
ants which binds to cytoskeleton via a-actinin. Upon serum
reduction, control mock cells changed morphology, forming elon-
gated tube-like structures. ENH1-expressing cells also showed
similar elongated morphology, though the change was less dra-
matic. Exogenously expressed ENH1 proteins were found in muscle
fiber-like structures. In contrast, the switching to low serum-con-
taining medium failed to produce myotube-like morphological
changes in ENH3- or ENH4-expressing cells. ENH3 and ENH4 pro-
teins in cells cultured in the differentiation medium were seen at
the periphery of the nucleus in addition to cell edges and cytoskel-
etons, suggesting that some overexpressed LIM-less ENHs were
localized in non-actin-based structures. Thus, stable expression
of PDZ- and LIM-containing ENH1 undisturbed myotube-like
morphological transformation, whereas LIM-less ENHs disrupts it
during differentiation of C2C12 cells.

Differentiation of C2C12 cells is associated with ordered
changes in the expression of various skeletal muscle marker genes.
We measured mRNA levels for the two key skeletal muscle tran-
scription factors, MyoD and myogenin, during differentiation of
ENH variant-expressing cells. The basal myogenin mRNA level be-
fore differentiation was higher in the ENH1-expressing cells than
mock cells (Fig. 1D, Day 0). Stable ENH1 expression also enhanced
mRNA levels of the two transcription factors upon differentiation
(Fig. 1D, Day 5). Consistent with its morphological effects, stable
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Fig. 1. Differentiation of C2C12 cells stably expressing individual ENH splice variants. (A)
symbols represent a region common among all LIM-less ENHs. Round and pentagon sy
analysis indicates the expression of Flag-tagged ENH splice variants in stable transforma
laser scanning images of stable transformants before (Day 0) and after 10 days in low-seru
antibody (Flag mAb), rhodamine-conjugated falloidin (F-actin), as described in Materials
mRNA levels for skeletal muscle specific transcription factor, MyoD and myogenin in the
and error bars indicate the mean ± SEM (n = 4).
ENH4 expression reduced the induction of myogenin mRNA after
culture in differentiation medium for 5 days. However, stable
ENH3 expression resulted in increased expression of MyoD mRNA
after culture in low serum medium. Likewise, stable ENH3 trans-
formants, as well as ENH4 transformants, tended to have higher
MyoD and myogenin mRNA levels following culture in low serum
medium than mock cells. These results indicate that stable expres-
sion of ENH1 promotes the transcription of skeletal transcription
factor genes. LIM-less ENH-stable transformants, however, appear
to exhibit apparent mismatches between morphological changes
and skeletal marker gene expression.
3.2. Differentiation of C2C12 cells transiently expressing ENH splicing
variants or shRNA against ENH1

Selection of stable transformants is often associated with adap-
tive or compensatory changes. To further test for the stimulatory
and inhibitory roles of ENH splicing variants, we used adenovi-
rus-mediated transient overexpression of ENH1 and ENH4, as well
as shRNA against ENH1. Altered exogenous and endogenous ENH
variant mRNA levels were confirmed by real-time PCR analysis
with primers that reacted with both exogenous rat and endoge-
nous mouse transcripts (Fig. 2A). Selective changes in ENH splicing
variant mRNAs were seen one day after infection (total three days
in low serum medium, Day 3), whereas altered ENH variant mRNA
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levels were returned to the levels in control GFP-expressing virus-
infected cells five days after infection (Day 7).

As expected, tube-like morphological changes were seen in con-
trol GFP virus-infected cells following extended culture in low ser-
um-containing medium. ENH1-overexpressing cells were also
capable of forming elongated actin fibers. However, we observed
little tube-like multinucleated cells typical in control or uninfected
C2C12 cells. ENH4 overexpression, as well as suppression of endog-
enous ENH1 expression by shRNA prevented the formation of elon-
gated morphology or actin fibers (Fig. 2B). We next determined
mRNA levels for MyoD and myogenin in these virus-infected cells
(Fig. 2C). After three days in differentiation medium, overexpres-
sion of ENH1 and ENH1 shRNA increased and decreased MyoD
mRNA level, respectively. Similar tendencies were seen with
myogenin mRNA level, though no significant changes were
day 0
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Fig. 2. Differentiation of C2C12 cells transiently expressing individual ENH splice varian
time PCR were performed with primers that detected both endogenous and exogenous E
GFP. Bars and error bars indicate the mean + SEM of ENH mRNA levels relative to GFP m
adenovirus carrying individual ENH variants or GFP. C2C12 cells were infected by adeno
performed as described in the legend for Fig. 1. Bars indicate the scale of 20 lm. (C) Graph
by cyclophilin mRNA, and are presented as the values relative to GFP (n = 3).
detected. Increased myogenin mRNA level became significant at
7 days in differentiation. Overexpression of ENH4 had no effects
on MyoD or myogenin mRNA level at the early or late days in
the low-serum medium. Taken together, LIM-containing ENH1
stimulates the expression of myogenic transcription factors and
the formation of extended actin fibers, whereas LIM-less ENH4 dis-
rupts morphological changes without alterations in the expression
of the myogenic transcription factors.
4. Discussion

Deletion of the ENH gene appeared to cause disorganized Z-disk
structures and contraction defects of the heart [13]. However, the
presence of distinct ENH splicing variants makes it hard to identify
day 7
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ts or shRNA against ENH1. (A) Graphs show mRNA levels of ENH1 and ENH4. Real-
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specific molecular defects that lead to these morphological and
functional abnormalities. ENH1 is abundant in less-differentiated
immature striated muscles, whereas ENH3 and ENH4 are predom-
inant forms in adult heart and skeletal muscle, respectively [11].
These splicing switches during development/maturation of striated
muscles raised the possibility that distinct ENH splicing variants
might play distinct biological functions in immature and mature
muscle cells [11]. The present study tested this possibility using
differentiation of C2C12 cells. Our results indicate that multiple
domain-containing ENH1 is essential for the expression of myo-
genic genes and the formation of elongated actin fibers during
C2C12 cell differentiation. Furthermore, ectopic expression of
LIM-less ENH disrupts morphological changes. Thus, the abundant
expression of ENH1, along with the lack of LIM-less ENHs, in imma-
ture striated muscles promotes their proper differentiation/
maturation.

Cellular differentiation and morphological changes of skeletal
muscle is controlled by a set of transcription factors called myo-
genic regulatory factors [14]. The myogenic factor 5 (Myf5) and
muscle-specific regulatory factor 4 (Mrf4, also known as Myf6) de-
fine early skeletal muscle precursor cells. The myoblast determina-
tion protein (MyoD) and myogenin are then expressed in
differentiating myofibers. C2C12 cells are Myf5-positive muscle
precursor cells, often considered as muscle satellite cells present
in mature muscle. Therefore, the key event in muscle differentia-
tion of C2C12 cells and native Myf5-positive precursors is the
expression of MyoD and its related factors, such as myogenin. In
this study, we found that ENH1 overexpression led to upregulation
of MyoD and myogenin, although the degrees of changes were var-
iable depending on the experimental conditions. In addition,
knocking down ENH1 expression significantly reduced MyoD
expression. These data suggest that the primaryaction of ENH1
might be stimulation of the transcription of MyoD and/or myoge-
nin genes. These myogenic transcription factors are bHLH proteins,
which are known to increase own transcription [15]. Morover,
ENH1 has been shown to trap the transcription repressor Id2 that
forms complexes with bHLH proteins [9]. Thus, one possibility is
that ENH1 traps Id2 or related transcription repressor to the cyto-
sol, allowing positive autoregulation of MyoD and myogenin gene
transcription to proceed.

The present study also suggests the inhibitory action of LIM-less
ENH in myogenic differentiation. Our previous work identified
similar agonistic and antagnonistic actions of ENH1 and LIM-less
ENH in cardiomyocyte hypertrophy [12]. In cultured neonatal
myocytes, ENH1 overexpression increased the expression of hyper-
trophy marker genes and the cell size, whereas ENH4 overexpres-
sion prevented these hypertrophic changes induced by stimulation
with several hormones [12]. In both cases, the inhibitory actions of
LIM-less ENH might arise from its forced replacement of ENH1
from the site of action. This dominant-negative action of PDZ-only
ENH against ENH1 is easily imaginable; however, muscles appear
to express many other PDZ–LIM proteins that bind to a-actinin.
For example, CLP36 (PDLIM1), ALP (PDLIM3) and Cypher (PDLIM6)
are a-actinin-binding PDZ domain-containing proteins abundant
in skeletal and heart muscles [1–3]. Therefore, LIM-less ENH might
act as a dominant-negative subunit against not only ENH1 but also
other PDZ-LIM proteins.

It is also important to note that overexpression of LIM-less ENHs
resulted in inconsistent changes in cell morphology and expression
of myogenic transcription factors. Both stable and transient expres-
sion of LIM-less ENHs blocked the appearance of myotube-like mor-
phology and elongated actin fibers during C2C12 cell differentiation.
In contrast, their influences on expression of MyoD and myogenin
genes appeared variable and in some cases inconsistent with their
prevention of myogenic morphological changes. Although the rea-
sons for these variable outcomes remain unclear, the observations
suggest that LIM-less ENHs act at the downstream of these tran-
scription factors to block the morphological changes. Given that
the stimulation of differentiation by ENH1 is likely due to its activa-
tion of myogenic genes, the simple antagonism against this ENH1
action could not account for the inhibitory action of LIM-less ENHs.
Rather, LIM-less ENHs may inhibit expression of downstream genes
or structural organization of actin fibers.

Taken together, the present study shows that ENH1 with the
two distinct interaction domains is essential for myogenic gene
expression and morphological transformation during myogenic
differentiation of C2C12 cells. On the contrary, PDZ-only ENHs ex-
hibit the inhibitor action against these morphological changes with
unknown mechanisms. Further understanding about physiological
actions of LIM-less ENHs in mature striated muscles may provide
the clues for the molecular mechanisms.
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