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Background: The genetic basis of most congenital heart defects (CHDs), especially non-syndromic and non-famil-
ial conditions, remains largely unknown.

Methods and Results: DNA samples were collected from immortalized cell lines and original genomes of 256 non-
syndromic, non-familial patients with cardiac outflow tract (OFT) defects. Genes encoding NKX2.5, GATA4, GATAS,
MEF2C, and ISL1, essential for heart development, were analyzed using PCR-based bidirectional sequencing. The
transcriptional activity of proteins with identified sequence variations was analyzed using a luciferase assay. A novel
sequence variant (A103V in MEF2C) was identified, in addition to 4 unreported non-synonymous sequence variants
in 3 known causative genes (ABV in NKX2.5, T330R and S339R in GATA4, and E142K in GATA®) in 5 individuals.
None of these was found in 500 controls without CHDs. In vitro functional assay showed that all proteins with iden-
tified sequence variations exhibited significant changes in transcriptional activity and/or synergistic activity with other
transcription factors. Furthermore, overexpression of the A103V MEF2C variant in a fish system disturbed early
cardiac development.

Conclusions: New mutations in the transcription factors NKX2.5, GATA4, GATASG, and MEF2C that affect their
protein function were identified in 2.3% (6/256) of patients with OFT defects. Our results provide the first demonstra-
tion of MEF2C mutation and suggest that disturbances in the regulatory circuits involving these cardiac transcription
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factors may cause a subset of non-syndromic and non-familial CHDs.

(Circ J 2012; 76: 1703—1711)

Key Words: Congenital heart defects; Genetics; Genotype; Pediatrics; Screening

ongenital heart defects (CHDs) account for the major-
C ity of human birth defects, with an incidence of 4-10
per 1,000 live births, and are the leading non-infec-
tious cause of mortality in newborns.! Despite their clinical
importance, little is known about the genetic basis of CHDs.
Results from recent studies in animal models suggest that
changes in the functioning of transcription factors essential for
cardiac progenitor lineages (eg, NKX2.5, MEF2C, ISL1, T-
box, and GATA families) may result in various CHDs.>!!
These transcription factors exhibit overlapping expression pat-
terns, to some degree, and intricate cross-talk during heart de-
velopment, suggesting that they constitute a core regulatory

network for normal cardiac morphogenesis, and making them
good candidates as the genetic cause of variable CHDs.12-15
Based on knowledge gained from linkage analyses and
animal models, causative genes have been identified for sev-
eral syndromes and/or familial conditions. For example, Basson
et al identified mutations in TBXS, as autosomal dominant
traits, that are frequently associated with atrial septal defects
(ASD), ventricular septal defects (VSD), and upper limb de-
fects in Holt-Oram syndrome.'6 Others have demonstrated that
TBX] is a major genetic determinant of CHDs associated with
22q11.2 deletion syndrome.' In non-syndromic conditions,
using linkage analysis of familial cases, Scott et al have iden-
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tified mutations in NKX2.5 in four families with ASD and
atrioventricular conduction disturbance,'® whereas Garg et al
have identified mutations in GATA4 in 2 families with ASD
and VSD.Y However, the genetic basis of most types of CHDs
is yet to be determined because the overwhelming majority of
CHDs are non-syndromic with no segregation in Mendelian
ratios.

Recently, we identified 2 mutations in GATA6 by screening
DNA from 21 non-syndromic patients with persistent truncus
arteriosus (PTA), which is the most severe outflow tract (OFT)
defect.?? We also demonstrated a molecular basis for the patho-
genesis of PTA, whereby mutations in GATAG6 resulted in a
disturbance of direct regulation of semaphorin 3C (SEMA3C)
and plexin A2 (PLXNA?2), which mediate essential neurovas-
cular signaling in the development of the OFT.2® To further
explore the genetic causes of non-syndromic and non-familial
CHDs, we undertook a genetic analysis of selected essential
cardiac transcription factors, focusing on lesions involving the
OFT. OFT defects constitute approximately 30% of CHDs!
and are often difficult to repair surgically because of complex
morphological abnormalities, resulting in an unfavorable prog-
nosis. In the present study, we report our findings in 256 non-
syndromic patients with OFT defects.

Methods

A detailed description of the methodology used is available as
online supplemental information for this paper (Data S1).

Mutation Analysis and Clinical Evaluation of Patients

The establishment of a genomic bank with different cell lines
and the extraction of genomic DNA samples have been de-
scribed previously.?? All exons and flanking introns of NKX2.5,
GATA4, GATA6, MEF2C, and ISLI were amplified by poly-
merase chain reaction (PCR) and were sequenced using direct,
bidirectional sequencing (Data S1). The mutations identified
were subsequently confirmed using original genomic DNA
extracted from the patients’ peripheral blood leukocytes. Prim-
er sequences are given in Table S2. In all, 256 samples were
collected from patients with CHDs involving OFT defects.
Phenotypic data for the affected individuals and their family
members were obtained from detailed clinical evaluations
based on echocardiography, cardiac catheterization, and/or sur-
gical findings. Genomic samples from available family mem-
bers, 206 healthy Japanese volunteers with no CHDs (controls),
and 294 samples of control genomic DNA (BioChain, Hay-
ward, CA, USA) were analyzed using the same protocol. This
investigation conformed with the principles outlined in the
Declaration of Helsinki, and the clinical evaluations and ge-
netic studies of the patients and their families were approved
by the Internal Ethics Committee of Tokyo Women’s Medical
University and were undertaken only after the patients and their
family members had provided informed consent.

Plasmid Gonstruction and Site-Directed Mutagenesis
Site-directed mutagenesis was performed using a QuikChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA) according to the manufacturer’s instructions. GATA6-
pcDNA3.1,2 NKX2.5-pcDNA3.1, GATA4-pcDNA3.1 or Mef2c-
pcDNA were used for mutagenesis. Mef2c-pcDNA was kind-
ly provided by Dr Brian Black (Cardiovascular Research
Institute, University of California, San Francisco, CA, USA).
Mouse Mef2c wild-type (WT) and A103V mutant cDNA were
subcloned into a pCS2+ plasmid.?® All vectors constructed
were verified by sequencing.

Luciferase Assay

HelL a cells were transfected using Lipofectamine LTX and Plus
reagent (Invitrogen, Carlsbad, CA, USA) with 400ng reporter
vector, 800ng expression vectors, and 0.25ng pSV-Rluc inter-
nal control vector, as described previously.? Luciferase activ-
ity was measured 36h after transient transfection by using the
Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. Ex-
periments were repeated at least 3 times.

Co-Immunoprecipitation Assays

COS-1 cells were transiently transfected with lipofectamine
LTX (Invitrogen), collected after 48 h in lysis buffer (Tris-buff-
ered saline (TBS), 0.4% Nonidet P-40 (NP-40), and EDTA-
free complete protease inhibitor cocktail; Roche Diagnostics,
Basel, Switzerland), incubated with monoclonal anti-FLAG
M2 antibody (Sigma-Aldrich, St. Louis, MO, USA) and Dyna-
beads protein G beads (Invitrogen), immunoblotted with mono-
clonal anti-GATA6 (R&D systems, Minneapolis, MN, USA)
or monoclonal anti-FLAG M2 antibodies, and detected by
western blotting.

Overexpression of Mef2¢c mRNA in Medaka Fish

The plasmid mouse Mef2c WT or A103V mutant-pCS2+ was
digested with Not I, and RNA samples of the Mef2¢ with polyA
were prepared using the mMessage mMachine Kit (Invitrogen)
for injections. Medaka embryos were fertilized in vitro and
injected at the 1-cell stage (215 eggs) as previously described.?
Pressure was adjusted to inject approximately 1nl at a concen-
tration of 0.2 ug/ul. Injected embryos were transfered into heat
type of container where they were held at 28.5 degrees celsius.
Embryos were observed, scored daily, and investigated for
cardiac phenotypes at 5 days post-fertilization.

Statistical Analysis

For luciferase assays, all experiments were performed at least
in triplicate and data are reported as normalized relative light
units (fold activation) together with the SEM. For promoter
activity assays, all experiments were performed at least in trip-
licate and data are reported as the ratio of normalized relative
light units for coexpression with NKX2.5, GATA4, GATAS,
or Mef2c to that with mock (pcDNA3.1). In all Figures, error
bars indicate the SEM. Data were analyzed by 2-tailed un-
paired t-test or chi-square test. P<0.05 was considered signifi-
cant. For non-synonymous GATA4 and GATAG6 nucleotide
changes found in patients and controls, frequencies were com-
pared between patients and controls by chi-square test. P<0.05
was considered significant.

Results

Novel Sequence Variants of Genes Encoding Cardiac
Transcription Factors Identified in Patients

With Non-Syndromic CHDs

In our genetic analysis of selected essential cardiac transcrip-
tion factors (NKX2.5, GATA4, GATA6, MEF2C, and ISLI) in
256 patients with non-syndromic OFT defects, including 125
with tetralogy of Fallot (TOF), 84 with pulmonary atresia with
VSD, 23 with double outlet the right ventricle, and 24 with
PTA, we identified 5 new sequence variants in 6 individuals
(6/256; 2.3%). These variants included an NKX2.5 variant
(A6V), 2 GATA4 variants (T330R and S339R), a GATAG vari-
ant (E142K), and a MEF2C variant (A103V; Figure 1) that
were not found in the 500 normal controls without CHDs, sug-
gesting that these variants are potentially involved in the etiol-
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ogy of OFT defects. The results of the genetic analyses and the
associated phenotypes are summarized in Table 1. As indicated
in Table 1, the GATAG variant E142K was found in 2 unrelated
patients with OFT defects whose phenotypes were somewhat
variable. We also identified non-synonymous variations in the
coding regions of GATA4 and GATA6 in both patients and
controls (Table 2), as well as numerous known sequence poly-

morphisms in all genes, although none of these non-synony-
mous sequence variants showed significant difference in the
frequency between patients and controls. We did not find any
new sequence variants of ISL/ in our patient group.
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Gene GenBank Patient Nucleotide Amino acid Transcriptional Cardiac Extracardiac Race Sex
accession number no. change change activation phenotype  anomalies

NKX2.5 NM_001166175 1 17C>Y A6V Loss of function TOF None Japanese Male
GATA4 NM_002052 2 989C>S T330R Loss of function PTA None Japanese Female
3 1017C>S S339R Loss of function PAVSD None Japanese Female
GATA6 NM_005257 4 424G>R E142K Loss of function PAVSD, MAPCA None Japanese Female

5 424G>R E142K Loss of function  DORV, VSD, None Japanese Male

PS, dextrocardia

MEF2C NM_002397 6 308C>Y A103V Gain of function PAVSD None Japanese Female

TOF, tetralogy of Fallot; PTA, persistent truncus arteriosus; PAVSD, pulmonary atresia with ventricular septal defect (VSD); MAPCA, major
aorticopulmonary collateral arteries; DORV, double outlet right ventricle; PS, pulmonary stenosis.

nymous ¢ ATAG de Cha
Nucleotide Amino acid No. of alleles with nucleotide changes
Gene change cha?\ge Patients Controls : Significance Refse;ﬁ,nce
GATA4 1128C>S H376Q 2/256 1/500 NS 1s116414842
1138G>R V38om 5/256 6/500 NS rs114868912
1220C>M P407E 8/256 18/500 NS 15115099192
GATA6 43G>S G15R 38/256 30/500 NS Unreported
151G>R E51K 1/256 1/519 NS Unreported
551G>R S184N 3/256 4/500 NS Unreported
584G>R G195A 1/256 1/500 NS Unreported

NS, not significant.

*Statistical significance in frequency between patients and controls.

Functional Analyses of Cardiac Transcription Factors With
the Identified Sequence Variations

To examine the clinical relevance of the identified sequence
variants to non-syndromic OFT defects, luciferase assays were
performed to evaluate the transcriptional activity of each fac-
tor exhibiting a sequence variation. First, we analyzed basal
transcription activities using the common cardiac-specific pro-
moter NPPA. The NKX2.5 variant A6V exhibited a 50% de-
crease in transcription activity compared with the WT protein
(Figure 2A; P=0.0066, 2-tailed unpaired t-test; n=3). In addi-
tion, this variant exhibited a significant decrease in synergistic
effects when it was cotransfected with GATA4 compared with
WT NKX2.5 cotransfected with GATA4 (Figure 2A; P=0.011,
2-tailed unpaired t-test; n=3).

The 2 GATA4 variants T330R and S339R exhibited sig-
nificant decreases in synergistic effects on the NPPA promoter
compared with WT GATA4 when they were cotransfected
with NKX2.5 (Figure 2B; P=0.015 and P=0.026, respectively
2-tailed unpaired t-test; n=3), although, alone, neither variant
exhibited any significant decrease in transcription activity on
the NPPA promoter. The GATA4 variant S339R also exhib-
ited a significant decrease in its synergistic effect with GATA6
(Figure 2B; P=0.044, 2-tailed unpaired t-test; n=3), whereas
the GATA4 variant T330R did not.

The GATAG variant E142K exhibited significantly decreased
transcriptional activity on the NPPA promoter (Figure 2C;
P=0.0045, 2-tailed unpaired t-test; n=3). Furthermore, the
GATAG variant E142K exhibited significantly decreased syner-
gistic activity with GATA4 on the NPPA promoter compared
with WT GATAG6 (Figure 2C; P=0.0010, 2-tailed unpaired t-
test; n=3). In addition to synergistic effects between GATA6 and
GATAA4 on the NPPA promoter, we also found synergistic ef-
fects for GATAG6 with TBXS on the NPPA promoter (Figure 2C;
P=0.034 for GATA6 WT with TBXS5 v. GATAG alone; P=0.031

for TBXS alone, 2-tailed unpaired t-test; n=3). Furthermore,
results from the co-immunoprecipitation assay revealed that the
GATAG protein was able to physically associate with the TBXS
protein (Figure 2D; WT), suggesting that the strong synergistic
effect on the expression of NPPA was due to a direct interaction
between GATA6 and TBXS. The GATAG variant E142K ex-
hibited significantly decreased synergistic activity with TBXS
on the NPPA promoter compared with WT GATAG6 (Figure 2C;
P=0.00092, 2-tailed unpaired t-test; n=3), although the interac-
tion between the GATAG variant E142K and TBXS was unaf-
fected (Figure 2D; E142K). Moreover, compared with WT
GATAG, the GATAS variant E142K exhibited significantly
decreased transcription activity on the SEMA3C promoter
(Figure 2E; P=0.029, 2-tailed unpaired t-test; n=3) and the
WNT2 promoter (Figure 2F; P=0.040, 2-tailed unpaired t-test;
n=3), both of which are downstream targets of GATAS.

Although no disease-associated mutation in MEF2C has
been reported to date, we identified a non-synonymous MEF2C
sequence variant (A103V) in the present study. A recent ani-
mal study reported that Mef2c directly regulates Smyd!, which
is essential for early cardiomyocyte differentiation during de-
velopment of the OFT.? To investigate whether the MEF2C
variant A103V results in a disruption of Smyd! regulation, we
used a Smydl promoter that included an Mef2c-dependent
consensus sequence?’ (Figure 2G) in our luciferase assay. The
results suggest that the MEF2C variant A103V has a signifi-
cant gain-of-function activity on the Smyd] promoter com-
pared with WT MEF2C (Figure 2H; P=0.040, 2-tailed un-
paired t-test; n=3). The results of all functional analyses are
summarized in Table 1.

Abnormal Heart Development in Medaka Fish With
Overexpression of Mef2¢
MEF2C is a highly conserved protein across species (Figure 3A)
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daka. Red box indicates MADS box domain and percentage shows amino acid similarity across species. (B-E) Frontal view of
medaka embryos at 5 days after fertilization. The heart morphogenesis is shown in illustration to see the phenotype of cardiac
development in each embryo. In control embryos without injection, atrium (a) and ventricle (v) are segmented in the looped heart
tube (B). On the other hand, cardiac formation was disturbed in medaka with Mef2c wild-type (WT; C) or A103V mRNA injection
(D,E). h, premature heart. Scale bars=500um. (F) The frequency of abnormal cardiac phenotype in medaka embryos injected with
Mef2c WT and A103V mutant. Numbers of observed embryos are indicated in white. Medakas injected with Mef2c A103V mRNA
showed abnormal cardiac phenotype more frequent than those injected with Mef2c WT (P=0.015, chi-square test).
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and alanine 103 is well conserved (Figure 1D). In order to as-
sess the gain-of-function of MEF2C A103V variant protein
during heart development in vivo, we used a fish system. Over-
expression of Mef2c WT or A103V protein in medaka by
mRNA injections showed a range of abnormal cardiac devel-
opment (Figures 3B-E; Movies S1,S2). Approximately 25%
of embryos injected with WT Mef2c and 40% of embryos in-
jected with A103V variant Mef2c developed cardiac defects
ranging from disorganized cardiac chamber formation in the
straight heart tube to ectopic beating tissues with no formation
of the heart tube, suggesting that overexpression of Mef2c may
disturb early cardiac development. Consistent with A103V
variant having a gain-of-function effect on the transcriptional
activity of Mef2c, abnormal cardiac development was observed
more frequently in transgenic medaka embryos injected with
the variant Mef2c than those with the WT (Figure 3F; P=0.015,

chi-square test).

Discussion

Herein we report on the identification and characterization of
multiple sequence variants of the transcription factors, that are
essential for cardiac development, in non-syndromic patients
with cardiac OFT defects. Each variant exhibited changes, to
varying degrees, in the transcriptional activity of its protein
products on downstream target genes involved in heart devel-
opment. The results suggest that the sequence variations iden-
tified in NKX2.5, GATA4, GATAG, and MEF2C in the present
study are likely to be involved in some aspect of the etiology
of OFT defects, accounting for approximately 2.3% of cases
of non-syndromic OFT defects (6 cases of 256 patients in the
present series). These findings suggest that a subset of CHDs
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may be caused by disruption of cardiac transcription factor
regulation. The approach we used in the present study may
prove useful in identifying new genetic causes and exploring
unknown molecular mechanisms underlying non-syndromic
and non-familial CHDs, despite the known difficulties in de-
termining the genetic basis of most such cases of CHDs.

A previous study has indicated that mutations in the home-
odomain of NKX2.5 are likely to cause ASD, whereas muta-
tions located outside the homeodomain may be associated with
OFT defects.26 Benson et al first identified mutations in the
N-terminal region of NKX2.5 in patients with TOF, and this
region may be a hot spot for mutations responsible for TOF?’
(Figure 4A). Consistent with this notion, in the present study
we identified the novel sequence variant A6V in the N-termi-
nal region of NKX2.5 in a patient with TOF. It is known that
the N-terminal region is required for NKX2.5 activity essential

for cardiomyogenesis.”® The NKX2.5 variant A6V exhibited
significantly decreased transcriptional activity, which likely
resulted in TOF in our patient.

Mutations in GATA4 are known to cause intracardiac septal
defects, probably as a result of disruptions to interactions with
TBXS5. Although only a few reports have demonstrated an
association between GATA4 mutations and OFT defects,?® in
the present study we identified 2 novel GATA4 sequence vari-
ants in patients with OFT defects (Figure 4B). Both GATA4
variants (T330R and S339R) were located in a common basic
region of the GATA transcriptional factors and both variants
resulted in a disruption of the synergistic activity between
GATAA4 and NKX2.5 or GATAG, although the correlation
between the genotype and phenotype was unclear. It is of note
that each variant alone did not exhibit any significant decrease
in transcription activity. It has been reported that reciprocal
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regulation between GATA4 and NKX2.5, as well as a syner-
gistic activity between them, is essential for several cardiac-
specific genes.3-34 Other studies have indicated that GATA4
plays a role in cardiovascular development in collaboration
with GATA6.9353¢ Loss of both GATA4 and GATAG blocks
cardiac myocyte differentiation, resulting in acardia in mice.’
GATA4 and GATAG regulate MEF2C by binding directly to
its enhancer and via calcium-dependent pathways;8 in turn,
MEF2C plays a role in the differentiation of the OFT myocar-
dium and vascular smooth muscle cells from their progenitor
pool (ie, the second heart field).® These observations suggest
that GATA4 and GATA6 may function redundantly as well as
cooperatively in multiple steps of cardiovascular develop-
ment, ranging from the differentiation of cardiac progenitor
cells to the development of the OFT. On the basis of the re-
sults obtained in the present study, we believe that a decrease
in the synergistic activity of GATA4 with NKX2.5 or GATA6
may result in some type of OFT defect.

The novel GATAG variant E142K exhibited significantly
decreased transcriptional activity, as well as decreased syn-
ergistic activity with other cardiac transcription factors, mak-
ing this variant a strong candidate for a subset of OFT de-
fects. Since our initial report of the first mutations in GATA6
associated with OFT defects,? a further 3 mutations have
been reported, with 2 of them associated with OFT defects04!
(Figure 4C). These findings indicate that mutations in GATA6
may be mainly associated with OFT defects, probably as a
result of the dysregulation of the SEMA3C-PLXNA?2 path-
way.2 .

The present study revealed that GATAG binds directly to
TBXS3, which is the first demonstration of a direct physical
interaction between GATAG6 and TBXS leading to synergistic
activity. The GATAG variant E142K exhibited decreased syn-
ergistic activity with TBXS; however, its direct interaction with
TBXS was not altered. These results suggest that TBX5 binds
to GATAG normally via the zinc finger domain, like other co-
factors, but the sequence variation E142K in the N-terminal

domain of GATAG6 changes transactivation on the target gene

independent of binding to TBXS.

The present study also reports the first sequence variation
in MEF2C associated with CHDs (Figure 4D). MEF2C is es-
sential for the development of the right ventricle and the OFT
interacting with NKX2.5.# Loss of Mef2c in mice results in
hypoplasia of the right ventricle and the OFT.1%!! Furthermore,
Mef2c is thought to have an essential role in ventricular car-
diomyocyte differentiation,** and, recently it was reported that
a transduction of Mef2c together with Gata4 and Tbx5 rapidly
and efficiently reprogrammed postnatal fibroblasts directly
into differentiated cardiomyocyte-like cells.* Intrigningly,
Mef2c overexpression assay using fish in this current study
showed defects of cardiac development, including disorga-
nized cardiac chamber formation and ectopic cardiomyocyte
differentiation. These findings indicate that the level of tran-
scriptional activity of Mef2c should be critically controlled for
normal cardiac development. In our study, the A103V variant
of Mef2c identified in a patient with OFT defect showed gain-
of-function in transcriptional activity on the promoter of its
downstream target, Smyd!, which is essential for early cardio-
myocyte differentiation of development of the right ventricle
and OFT.? Consistently, abnormal cardiac development was
observed more frequently in transgenic fish embryos overex-
pressing the A103V variant of Mef2c than in those with the
WT Mef2c. Taken together, our findings suggest that the gene
mutation causing the A103V variation of MEF2C is likely to
be implicated in the OFT defect as a result of altered transcrip-
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tional activity of MEF2C.

Of note, we did not identify any sequence variants in ISLI.
During development, Isl! is expressed in the splanchnic meso-
derm comprising the second heart field, which gives rise to the
OFT, right ventricle, and most parts of the atria, but is down-
regulated in the heart proper. In contrast, Nkx2.5, Gata4,
Gata6, and Mef2c are expressed continuously in the heart dur-
ing development.!?>-14 One could speculate that this may be
why no CHD-associated sequence variant was found in ISL]
in the present study, although this finding does not rule out the
possibility that ISL! is responsible for some type of OFT de-
fect in humans. Clearly, in the present study we did not attempt
to incorporate the effects of all factors relevant to heart devel-
opment. Further genetic screening and functional assays for a
comprehensive range of transcription factors essential for heart
development in patients with all types of CHDs would reveal
more precise genotype—phenotype correlations, and eventu-
ally provide new insights into the molecular mechanisms un-
derlying CHDs.

Conclusions

Genetic and functional analyses of essential cardiac transcrip-
tion factors in 256 patients with non-syndromic and non-fa-
milial CHDs that could not be evaluated using conventional
chromosome and/or linkage analysis identified new gene mu-
tations of NKX2.5, GATA4, GATA6, and MEF2C in 6 patients.
These mutations may account for approximately 2.3% of OFT
defects.
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Abstract

Muscle is a contractile tissue of animals, dedicated to produce force and cause
motion. In higher animals, there are two types of muscle tissue: (a) striated muscle,
including all voluntary skeletal muscles and involuntary cardiac muscle, and (b)
smooth muscle consisting of involuntary muscles, including those of the viscera,
blood vessels, and uterus. Although muscle growth and regeneration take place
throughout vertebrate life, the heart is the first organ to start functioning, with
continued development until delivery. Skeletal muscles, on the other hand, develop
in four successive, temporally distinct phases of embryonic, fetal, neonatal, and
adult muscle with the postnatal phase being basically hypertrophy. Unlike
terminally differentiated skeletal and cardiac muscles in adults, smooth muscle
cells retain their plasticity and the phenotype can change reversibly in response to
environmental changes. For the past 20 vyears, the availability of gene
recombination technology directed the focus of studies on transcription factors
and signaling molecules, and we would like to review what has been explored by
recent studies on myogenesis.

Key Words: Myogenic regulatory factor, Serum response factor, CArG box, Skeletal
muscle,Cardiacmuscle,Smoothmuscle,Head muscle. 2012Elsevierinc.

1. Introduction

Muscle is a contractile tissue of animals, dedicated to produce force
and cause motion by converting chemical energy into mechanical energy.
In higher vertebrates, there are two kinds of muscle tissue: striated or
striped muscle and smooth or plain muscle. Skeletal muscle and cardiac
muscle have rod-like contracting structures arranged in units called
sarcomeres aligned to give a striated appearance. A sarcomere consists of
a bipolar myosin (thick) filament and two actin (thin) filaments, in which
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the thin filaments are pulled by the thick filament such that the sarcomere
shortens and generates force during contraction (Huxley, 1969). In smooth
muscle (SM), myosin II and actin filaments form less organized contractile
bundles without a striated appearance.

Myogenesis is the formation of muscle tissue. In the last century,
grafting experiments were instrumental for prospective cell lineage
analysis using chicken embryos. Recombinant technology in recent years
has provided
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different tools with respect to the understanding of factors governing the
development of each muscle type. Myogenic regulatory factors (MRFs) in
skeletal muscle(myf5, MyoD, myogenin,and MRF4) havebeen
instrumental in forming the basis of a paradigm for the existence of a
“master gene” specific for lineage development (Olson, 1990). This
paradigm has been extensively studied in cardiac muscle (e.g., dHAND)
(Olson and Srivastava, 1966) and subsequentlyin SM (e.g., serum
responsefactor(SRF)and myocardin) (Wang et al., 2003). Over the past
two decades, this paradigm has been put to the test byexperimental
depletionofthese genes, andthese experiments have not only
advancedourunderstandingofmyogenicprocesses butalsouncoveredhidden
compensatory and redundant pathways (Tohsato et al., 2010). Furthermore,
the technological advancement in fluorescent markers and sophisticated
imaging allowed for more refined means for tracking cell lineage in
developmental biology (Buckingham and Meilhac, 2011).

Two epoch-making accomplishments in the first decade of the present
century are changing the scope of biological investigation. The first impact
is the completion of the human genome project (IHGSC, 2004), followed
by genome sequencing of many biological species. The genome sequence
information of a variety of bioorganisms has enabled “Omics,” which
takes advantage of computer technology to try and grasp the entirety of the
biological processes under investigation. “System Biology” or the
integrative approach has been proposed to overcome the limitation of
reductionism (Kitano, 2002). Although present analytical and computation
technologies require further development to fulfill expectations, the
approach is already boosting a new horizon of studies such as epigenetics
and regulatory RNA. Notably, noncoding RNAs (ncRNAs), such as
micro-RNAs (miRNA), short interfering RNAs, and long ncRNAs, have
been revealed to be important members of posttranscriptional regulators
in gene expression (Amaral and Mattick, 2008).

The second impact was introduced by Yamanaka and his colleagues,
who demonstrated that the developmental fate of cells could be reversed
to pluripotent stem cells by introducing a limited number of factors into
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mouse and human cells (Takahashi and Yamanaka, 2006; Takahashi et al.,
2007). The induction of stem cells from several differentiated cell types
revealed the remarkable plasticity retained in differentiated cells, and this
raised the expectation for cell fate manipulation to developing
“regenerative medicine” and drawing concomitant enthusiasm in the
economy and politics. The social demands for the field of muscle
development are high, such as transplantable organs to extend life,
increasing meat production in the domestic animal industry, and boosting
muscle efficiency in sports medicine. The technology for cell fate
manipulation requires an understanding of the key factors for the induction
of specific cell types.

There are extensive research reports and many excellent reviews
available in the field of skeletal myogenesis and cardiomyogenesis.
Traditionally, reviews on myogenesis covered the developmental process
of skeletal muscle formation. Recently, however, the commonalities
between three principal muscle types are gaining attention: mechanisms
such as the involvement of SRF as the master regulator of all muscle types
(Lietal., 2005; Miano et al., 2007), and the common lineage relationships
between head skeletal muscles and the second heart field (SHF), an origin
of cardiac muscle (Lescroart et al., 2010). By compiling all three muscle
types, we hope that an integrative approach will become feasible leading
to new insights and views. Due to limitations in our ability, this review
covers cardiac development with a brief coverage of skeletal and SM
development, mostly on murine myogenesis with some reference to that

2. Cells Involved in Myogenesis

E)f humans. Readers are asked to refer to other reviews for invertebrate
(Hooper and Thuma, 2005) and zebrafish myogenesis (Chong et al., 2009).

2.1. Cardiomyogenesis

The vertebrate heart is an organ with four chambers, constituted by a
multilayered striated myocardium with an external epicardium and an
internal endocardium. This is in contrast to the invertebrate heart which
usually consists of a single tubular structure composed of myoepithelium
with peristaltic contraction (Pe’rez-Pomares et al., 2009). In cardiac
myogenesis in vertebrates, presumptive heart cells originate in the early
primitive streak, migrate to form the cardiogenic mesoderm, and develop
into cardiomyocytes. Cardiomyocytes adhere to each other forming linear
myofibrils with intercalated discs (IDs), which connect single
cardiomyocytes to form myofibrils with an electrochemical syncytium.
IDs contain gap junctions for metabolic coupling and permitting the
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passage of ions between cells. Cardiac muscle cells, however, remain
mononuclear with IDs responsible for force transmission generated by
synchronized contraction. The resulting cardiac tube is the first organ to
exhibit its specific function by beating, at day 9 postcoitus (E9) in mice
and at day 22 in humans, to meet the need to deliver nutrients throughout
the developing embryo. From the beating tubal heart, the shape changes to
create a cardiac loop, followed by steps to create a four-chambered
structure in vertebrate animals in harmony with concomitant
vasculogenesis. The cardiac tube is shaped with progenitor cells from the
first heart field (FHF). During chamber formation, progenitor cells from
the SHF are recruited at the poles of the tube. The left ventricle is derived
from the FHF while the right ventricle and outflow tract are derived from
a distinct SHF, thus the original straight heart tube constitutes a part of the
developed heart (Buckingham et al., 2005). Maintaining pumping function
with concomitant shape changes during
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development may make the cardiovascular system relatively susceptible
to a variety of mistakes. It is known that morphological anomalies of heart
are the highest among congenital diseases, affecting about 1% of delivered
children. Immediately after delivery, usually around 270 days after
conception in humans and at about 20 days in mice, the cardiovascular
system switches the course of blood circulation for an oxygen source from
the placenta to the lung, which involves closure of the ductus arteriosus,
ductus venosus, and foramen ovale. Cardiac muscle cells function in
response to its pace makers residing within the heart without the direct
involvement of the central nervous system, and therefore, are called
involuntary muscle.

The mammalian heart after delivery has been regarded as a terminally
differentiated organ. Recent evidence, however, indicates that it has
resident stem cells with a self-renewing capacity, which could replenish
cells damaged by heart failure or myocardial infarction (Beltrami et al.,
2003). Bergmann and colleagues used samples of heart muscle from
people born before the atmospheric radiocarbon increase due to nuclear
bomb tests during the Cold War. By tracking the amount of *C fixed in
cardiomyocyte DNA, the authors estimated that 20 year olds renew about
1% of heart muscle cells per year and that about 45% of the heart muscle
cells of a 50-year-old were generated after birth (Bergmann et al., 2009) ,

2.2. Skeletal muscle development

All skeletal muscle is derived from progenitors originating in the somite,
except for head muscles. Somite formation depends on a “clock and wave”
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signal, provided by the Notch and Wnt pathways for “clock,” and
fibroblast growth factor (Fgf) for “wave.” The progenitor cells for all trunk
and limb skeletal muscles are derived from the dorsal portion of the somite,
the dermomyotome, and they migrate into their destinations and
proliferate to give muscle and endothelial cells (Buckingham and Vincent,
2009 ; Buckingham et al., 2003). Cells destined for skeletal muscle are
specified to become myoblasts, and differentiate into mononuclear
myocytes, which subsequently fuse with each other to form multinucleated
myofibers or myotubes. Four distinctive stages of skeletal myogenesis are
observed in mice, namely embryonic (E10.5-E12.5), fetal (E14.5-PO0; P,
postnatal day), neonatal (P0—P21), and adult stages (after P21) (Biressi et
al., 2007a,b; Murphy and Kardon, 2011; Tajbakhsh, 2005). The postnatal
increase in muscle mass is achieved by an increase in fiber diameter and
an increase in nuclear number per fiber. Consequently, there is no net
increase in the number of muscle fibers, and maturation of skeletal muscle
takes place after birth by instinctive and arbitrary training (Saccone and
Puri, 2010). The exception to this is a population of muscle progenitors
called myosatellite cells or satellite cells that does not differentiate into
skeletal muscles during embryogenesis. Satellite cells are small
mononuclear cells found sandwiched between individual skeletal
myofibers. These cells are typically quiescent in adult muscle and form a
pool of “reserve” muscle stem cells. In response to damage, they
proliferate, give rise to myoblasts, progress through differentiation steps,
and fuse with damaged myofibers or generate new myofibers. When
regeneration fails, however, adipocytes infiltrate damaged cells and
generate a fibrotic scar (fatty degeneration) (Natarajan et al., 2010).
Muscle fibers are composed of aligned functional units, sarcomeres,
which are bundled together to form myofibrils consisting of
multinucleated long fiber-like cells anchored by tendons to bones at both
ends (Clark et al., 2002). Previously, muscle fibers were classified as fast-
twitch muscles, characterized by glycolytic metabolism also called white
muscles, and slow-twitch muscles, characterized by oxidative enzymes,
rich in myoglobin and were also called red muscles (Needham, 1926).
More recently, fibers are typed using histochemical staining for the
identification of myosin heavy chain (MyHC) isoforms (Table 4.1). This
typing led to the original division of muscle fibers into Type I (slow-
twitch) and Type II (fasttwitch), with further divisions of three
subpopulations of Type II skeletal muscle fibers, referred to as Type IIA,
IIB, and IIX, in rat skeletal muscle (Gorza, 1990). A fiber type profile
similar to that present in rat skeletal muscle has been observed in different
mammalian species including mouse, rabbit, and guinea pig (Gorza, 1990).
Human muscles are different from rat, however, with no detection of Type
IIB (Scott et al., 2001). The four major fiber types in mammalian skeletal
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muscles, together with several minor types, are reviewed extensively by
Schiaffino and Reggiani (2011).

An important characteristic of skeletal muscle types is plasticity.
Muscle is able to change its fiber type profile to adapt to physiological and
functional demands. When skeletal muscle changes its fiber type profile,
MyHC isoform transformation follows the pathway: Type ISType
ITASTypellX/DSType-1IB. Hybrid muscles are detected with coexpression
of different MyHC chains in a single fiber (Erz’en et al., 2001).

Skeletal muscle is the most abundant tissue in the vertebrate body. The
average adult human is made up of roughly 40% skeletal muscle as a
percentage of body mass (Marieb and Hoehn, 2007). Individual muscles
perform different tasks, and muscles are comprised of a variable number
of contracting myofibers, with variable proportions of the different types
of fiber, determining the appropriate force and contraction (Biressi et al.,
2007a,b). The fetal stage is crucial for skeletal muscle development, and
maternal nutritional status is decisive in determining postnatal muscle
quality, a very important factor in the livestock industry (Du et al., 2011).
( See
Table 4.1 for a list of actomyosin components.)
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Table 4.1 The genes for muscle actomyosin components in vertebrates and their chromosome locations in human and mouse

MYH 1

MYH 2
MYH 3
MYH 4
MYH 6

MYH 7

MYH 8
MYH 9
MYH 10
MYH 11
MYH 13
MYH 14 (7b)
MYH 15
MYH 16

MYL1

MYL?2
MYL3
MYL 4
MYL 5

Myosin II heavy chain type

Adult sketetal muscle type IIX fibers

Adult sketetal muscle type IIA fibers

Fetal sketetal muscle

Adult skeletal muscle type IB, fibers®

Cardiac muscle, a; fast isoform
some jaw muscle®

Cardiac muscle, b; slow-twitch
Type I (slow) muscle fibers

Neonatal skeletal muscle

Nonmuscle; kidney

Nonmuscle; postsynaptic

Smooth muscle; intestinal

Eye muscle (extraocular)

Heart, skeletal slow, extraocular

Adult eye muscle (extraocular)

Jaws (Temporalis and Masseter)?

Myosin light Chain type

Alkali, skeletal, fast

Smooth muscle, Cardiac regulatory

Alkali, ventricular, skeletal, slow

Alkali, atrial, embryonic

Regulatory,

Human

Chr 17p13.1
Chr 17p13.1
Chr 17p13.1
Chr 17p13.1
Chr 14q12

Chr 14q12

Chr 17p13.1
Chr 22q12-13
Chr 17p13

Chr 16p13

Chr 17p13-p12
Chr 19q13.33
Chr 3q13.13
Chr 7g22

Human

Chr 2q34

Chr 12q24.11
Chr 3p21.31
Chr17¢21.32
Chr 4p16.3

OMIM

160730

160740
160720
160742
160710

160760

160741
160775
160776
160745
603487
608568
609929
608580
OMIM

160780

160781
160790
160770
160782

Mouse

Chr 11

Chr 11
Chr 11
Chr 11
Chr 14

Chr 14

Chr 11
Chr 15
Chr 11
Chr 16
Chr 11
Chr 7
Chr 16
N/A

Mouse

Chr1

Chr 5

Chr 9

Chr 11
N/A




