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The family of vertebrate Mef2 transcription factors is comprised of four members named Mef2a, Mef2b, Mef2c, and Mef2d.
These transcription factors are regulators of the myogenic programs with crucial roles in development of skeletal, cardiac
and smooth muscle cells. Mef2a and Mef2c are essential for cardiac development in mice. In Xenopus, mef2c and mef2d but
not mef2a were recently shown to be expressed during cardiogenesis. We here investigated the function of Mef2c and
Mef2d during Xenopus laevis cardiogenesis. Knocking down either gene by corresponding antisense morpholino
oligonucleotides led to profound heart defects including morphological abnormalities, pericardial edema, and brachycardia.
Marker gene expression analyses and rescue experiments revealed that (i) both genes are required for proper cardiac gene
expression, (ii) Mef2d can compensate for the loss of Mef2c but not vice versa, and (iii) the y domain of Mef2c is required for
early cardiac development. Taken together, our data provide novel insights into the function of Mef2 during cardiogenesis,
highlight evolutionary differences between species and might have an impact on attempts of direct reprogramming.
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Introduction

In the mouse, the heart arises from two populations of cells
referred to as the first and second heart field, respectively [1-3].
Cells of the first heart field (FHF) localize in the cardiac crescent
and later form the linear heart tube that grows by continuous
addition of cells from the venous as well as the arterial pole. These
newly added cardiac cells originate from the so-called second heart
field (SHF) that is characterized by the expression of transcription
factors Islet-1 (Zs/7) and T-box factor 1 (7bx1) [4]. From lineage
labeling studies, it is known that cells of the SHF contribute to
most of the right ventricle and the outflow tract and contribute to
the aortic sac, the endocardium, the ventricular and atrial septum
as well as to the atrial myocardium whereas the other parts of the
heart are mainly derived from cells of the FHF [5]. Data gained
from work in mouse ES cells suggest that the FHF and the SHF
are established from a common cardiac progenitor cell (CPC)
population.

Cardiac development in Xenopus starts at the onset of
gastrulation with the induction of two bilaterally located cardiac
progenitor cell populations on either side of the Spemann
Organizer [6,7]. During gastrulation, these cells migrate towards
the anterior-ventral side of the embryo and fuse to a single
common CPC population located adjacent and posterior to the
cement gland anlage [8]. During further development, this CPC
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population becomes more and more heterogenic, so that at stage
24, two populations of cells can be distinguished by differential
gene expression. Lineage labeling experiments have revealed that
these two separate cell populations correlate to the first and the
second heart field in mice, respectively. At this stage, cells of the
Xenopus FHF already express genes indicating cardiac differenti-
ation such as cardiac troponin (n:3) and myosin heavy chain
(myh6). Upon further development, these cells will later contribute
to forming the single ventricle, the two atria and the inflow tract
[8]. Cells of the SHF are localized anterior to the first heart field
adjacent to the cement gland and express is// and thx] as well as
bone morphogenetic protein 4 (bmp4). These cells have been
shown to develop into the outflow tract [8].

Mef2 (myocyte enhancer factor 2) proteins belong to the MADS
(MCM1, agamous, deficient, serum response factor) family of
transcription factors. Members of the Mef2 family contain a
common MADS-box and a Mef2-type domain at their N-
terminus. The MADS-box serves as a minimal DNA-binding
domain that requires the adjacent Mef2-type domain for
dimerization and high-affinity DNA binding [9-11]. These
proteins also contain a transactivation domain at the C-terminus
which is involved in the regulation of transcriptional activity. The
four vertebrate Mef2 genes - referred to as Mef2a, b, ¢ and d- are
expressed in precursors of the three muscle lineages as well as in
neurons [10]. The vertebrate Mef2 gene products share about
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50% overall amino acid identity and are about 95% similar
throughout the highly conserved MADS-box and Mef2-type
domain. In contrast, they are more divergent in their C-terminal
regions [10,11]. Additionally, each Mef2 gene gives rise to multiple
isoforms through alternative splicing that are expressed in different
embryonic and adult tissues [12]. In mammals, three major exons
are alternatively spliced in Mef2 genes: the two mutually exclusive
exons al and a2, and the short exons B and y. The function of
these isoforms depends on the exon composition after splicing. In
particular the amino acids coded by the ¥ exon have been shown
to function in gene repression [12]. The predominantly expressed
Mef2¢ isoform in the adult murine heart as well as during
differentiation of mouse C2C12 into myocytes is lacking this y
domain [12]. For Xenopus mefZe¢, three exons are alternatively
spliced: two exons corresponding to the mammalian B and y
exons, as well as the so-called & exon. No mef2d splice variants were
detected in Xenopus [13].

Mef2 transcription factors regulate a wide array of genes
including numerous muscle-specific enzymes, structural proteins
and other transcription factors, e.g. MyoD or MHCa. Loss of
function mutations in the single mef2 gene in the Drosophila embryo
result in an abnormal development of all muscle cell types
including cardiomyocytes [14]. In mouse, Me¢f2a, ¢ and d are
detected in the cardiac mesoderm [15]. Mef2d knock out mice do
not exhibit any obvious embryonic phenotypes and a Mef2b knock
out mouse has not yet been generated. In contrast, Mef2a or
Mef2c¢ null mice show defects in cardiac development [16,17]. In
particular, Mef2a knock out mice die perinatally from an array of
heart defects including severe cardiac cytoarchitectural defects and
right ventricular chamber dilation [18]. Mef2c null mice die at
embryonic day 10.5 due to failure in cardiac development, e.g.
cardiac edema, defects in cardiac looping, brachycardia and
deficits in the development of the right ventricle. The animals also
exhibit vascular defects [17,19-21]. Meanwhile, Mef2¢ has been
integrated into a complex gene regulatory network acting through
carly cardiogenesis [22]. The important role of Mef2¢ during
cardiac development was also recently demonstrated by showing
that Mef2c together with other transcription factors can cooper-
atively reprogram adult mouse tail-tip and cardiac fibroblasts into
beating cardiomyocyte-like cells in vitro and  vivo [23-25]. In adult
mice, Mef2a and Mef2d represent the major isoforms expressed
[26]. Gain and loss of function studies in genetically modified mice
indicated an important function of Mef2d for stress-dependent
cardiac growth. Overexpression of Mef2d also resulted in
reactivation of fetal cardiac gene expression in the adult heart
[26], whereas loss of Mef2a in contrast is lethal [18]. Understand-
ing the molecular function of these transcription factors in more
detail is thus crucial for gaining deeper insights into cardiac
development as well as cell reprogramming.

mef2¢ and mef2d expression was recently shown in cardiac tissue
of Xenopus laevis embryos whereas mefZa is not expressed in the
heart [8,13], suggesting a role of Mef2c and Mef2d during Xenopus
heart development. This is in contrast to the situation in mouse
where, as discussed above, Mef2a and Mef2c¢ but not Mef2d knock
out mice display an embryonic cardiac phenotype. By loss of
function studies, we show here for the first time that both Mef2c
and Mef2d are required for cardiogenesis in Xenopus. In addition,
knocking down Mef2¢ or Mef2d leads to a down-regulation of
characteristic genes in both, the first and second heart field.
Furthermore, we observed that depletion of Mef2c can be rescued
by Mef2¢c and MEF2D, while Mef2¢ cannot compensate for the
loss of Mef2d in Xenopus embryos. Equally important, we also show
for the first time that the ¥ domain of Mef2c 1s essential for correct
cardiac development.
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Results

mef2c and mef2d are expressed in the developing heart
in Xenopus laevis

To initiate this study we first analyzed available sequence
information on mef2 genes in Xenopus laevis and Xenopus tropicalis.
Comparing the synteny of the Mef2a, Mef2¢, and Mef2d genes in
the human and the mouse genomes with the corresponding
homologs in Xenopus confirmed that the available genomic
sequences and EST clones code for the corresponding homologs
in Xenopus (Fig. 1 A, C and D, Table S1) and that the current
annotations of these mef2 family members in Xenopus are correct.
For mef2b, no EST sequences were reported so far and no homolog
has been identified in the Xenopus tropicalis genome. Therefore, we
analyzed the genomic region of the Xenopus tropicalis genome where
mef2b should be localized in more detail. In humans, Mef2b is
localized on chromosome 19 and the neighboring genes are well
known. This synteny is well conserved between the human and the
mouse genomes (Fig. 1 B, Table S1). Using this information, we
were able to identify one scaffold that should contain the genomic
information for Xenopus mef2b. Whereas the orthologs of the mef2b
flanking genes could be identified on this scaffold, no sequences
coding for mef2b were found. Interestingly, a region spanning
about 277 kb was inverted in comparison to the human and mouse
genomes. One DNA break point required for this inversion covers
the region where mef2b should be located. This observation and
the lack of any mef2b ES'T suggest that the gene coding for mef2b
was lost in Xenopus during evolution.

RT-PCR experiments revealed that Xenopus mef2¢ and mef2d
transcripts are maternally supplied and expressed during the entire
embryogenesis (Figure S1 A, B). We next confirmed the spatio-
temporal expression pattern of mef2¢ and mef2d during Xenopus laevis
cardiac development as previously published [8,13]. Xenopus mef2c
transcripts were faintly detected in the common cardiac progenitor
cell (CPC) population at stage 20 whereas mef2d transcripts were
strongly detected in CPCs (Figure S1 C, L). During further
development, mef2c and mef2d are continuously expressed in
cardiac tissue (Figure S1 D-M, K-T). At stages 28 and later, both
genes are expressed in the first heart field (FHF) region (Figure S1
F-K, O-T), whereas only mef2c is expressed in the more lateral
region of the second heart field (SHF) (Figure SI G, red
arrowhead). Transverse sections revealed that mef2¢ is expressed
in the myocardium (arrowhead) as well as in the endocardium
(arrow) during tailbud stages (Figure S1 h), while stronger mef2d
expression is restricted to the myocardium at this time point
(Figure S1 q, arrow). At stage 36, expression of both, me¢fZ¢ and
mef2d, was observed in the myocardium (Figure S1 j, s, arrows).

Loss of either Mef2c or Mef2d results in cardiac
malformations

For loss of function studies we relied on morpholino oligonu-
cleotide (MO) based antisense strategies. To test the binding
efficiency and functionality of the MOs used, the MO binding sites
of Xenopus mef2¢ (here denoted as xmef2c), and Xenopus mef2d (xmef2d)
were cloned into the pCS2+ expression vector in front of and in
frame with the GFP gene. The RNAs of these constructs were
bilaterally co-injected with either Control MO or Mef2c MO or
Mef2d MO into two-cell stage embryos. GFP expression was
monitored at stage 20 (Figure S2). Co-injection of the xmef2¢-GFP
fusion construct together with Mef2c MO blocked the translation
of GFP, whereas co-injection of a Control MO had no effect on
the expression. Similar, co-injection of the xmef2d-GFP fusion
construct together with Mef2d MO also blocked the translation of
GIP. In order to rescue the observed phenotypes seen after

January 2014 | Volume 9 | Issue 1 | e87294



Mef2 Function during Cardiac Development

H . FAM169B IGF1R PGPEP1L SYNM TTC23 LRRC28 MEF2A LYSMD4 ADAMTS17 CERS3 LINS ASB7 LRRK1 CHSY1 PCSK6
. sapiens

---t-—3-4--4---0O--H--Hl--1--l-i-1-8---0---
(Chromosome 15) —< > —< > =< > > - —< - < > > < —<

Fam169b Igfir Pgpep1l Synm Ttc23 Lrrc28 Mef2a Lysmd4 Adamts17 Lass3 Lins Asb7 Lrrk1 Chsyl Pcsk6
M. musculus
e - - ----O--O-- B - - - - - - B - - -0 - -

(Chromosome 7))

—< > > > - > > - —< - - > > - -
synm Irrc28  mef2a lysmd4 adamts17 Lass3 lins asb7 Irrk1 chsyl Pcské
X. tropicalis
P e 40- - .- - - - - - - - - - - -
(Scaffold_3: > > > < < > < > > < <

31331649...32232962)

H. sapiens GATAD2A MAU2 SUGP1 TM6SF2 HAPLN4  NCAN NR2C2AP RFXANK MEF2BNB MEF2BTMEM161A SLC25A42 ARMC6
(C.hromosome19)'* L m— F-----4 O--.—1---- -0 - - - - I - - - - .-
- - > > > - > - > > > - -

Gatad2a Mau2 Sugp1 Tmé6sf2  Hapin4 Ncan Nr2c2ap Rfxank Mef2bnb Mef2b Tmem161a Sic25a42 Armc6
M. musculus

| — F -4~ -~ - 0O --—1--F---00 - - 140- - 1 - - - - -
(Chromosome 8) < =< - - - < - < > > > < <
X tropica lis gatad2a mau sugp1 mef2bnb rfxank nr2c2ap ncan hapin4  tm6sf2 tmem161a Sic25a42 armc6
(Scaffold_1: -1 1 — - - 6 --i1-E=E=.-a---0------------ - - - I - .-
= < —< > < > —< > < —< > —< —<
127726028...128324645)
. MCTP1  ANKRD32 FAM172A GPR98 POLR3G CETN3 MEF2C CCNHRASA1COX7C EDIL3
H.
(C.hsaplens g 1 - - - [ I -k O---4--4- - B - - - -4 - - - - - -
romosome
< LYSMD3 MBLAC2> > TMEM161B >
M I Mctp1 Ankrd32 Fami172a Gpr98 Polr3G Cetn3 Mef2c Ccnh Rasal Cox7c Edil3
- muscuius 1 - O-- [ [ - - - - - - - - .- - - - - - - - -
(Chromosome 13) < >

> >
Lysmd3 Mblac2 Tmem161b

. . cetn3 mef2c ccnh rasal cox7c  edil3
X. tropicalis $--4- -0 -- - - -0 - - | -
(Scaffold_1: mblac2 > > tmem161b >

27614688...29279097)

D

H. sapiens
(Chromosome 1)

GPATCH4 APOA1BP TTC24 IQGAP3 MEF2D RHBG CCT3 SMG5 PMF1 SEMA4A LMNA RAB25 UBQLN4
----O----d- - - O - - -
-< >

< > < >

Gpatch4 Apoalbp Ttc24 Iqgap3 Mef2d Rhbg Cct3 Smg5 Pmfl Semada Lmna Rab25 Ubqin4

ShisEsciiee e O- - - -l - - - .- - - - - - - -
> < > - > < >

(Chromosome 3)

X. tr opicalis gpatch4 apoalbp ttc24 iqgap3  mef2d
(Scaffold_27: ----0----4---{---—F-1l- - - endofscaffold

132993...356667) > = >

Figure 1. Synteny analyses of Mef2a, b, ¢, and d. A. Synteny analysis of mef2a. Schematic overview comparing the mef2a gene in Homo sapiens
(chromosome 15), Mus musculus (chromosome 7) and Xenopus tropicalis (scaffold_3, Xenbase G-Browse). B. Synteny analysis of mef2b. Schematic
overview comparing the mef2b gene in Homo sapiens (chromosome 19), Mus musculus (chromosome 8) and the mef2b neighboring genes in Xenopus
tropicalis (scaffold_1, Xenbase G-Browse). C. Synteny analysis of mef2c. Schematic overview comparing the mef2c gene in Homo sapiens
(chromosome 5), Mus musculus (chromosome 13) and Xenopus tropicalis (scaffold_1, Xenbase G-Browse). D. Synteny analysis of mef2d. Schematic
overview comparing the mef2d gene in Homo sapiens (chromosome 1), Mus musculus (chromosome 3) and Xenopus tropicalis (scaffold_27, Xenbase
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G-Browse). In all panels conserved genes are indicated by a color code. The orientation of the open reading frames of some genes is depicted by
arrowheads. Gene length or distances between genes are not drawn to scale. A list of gene abbreviations used here is given in Table S1.

doi:10.1371/journal.pone.0087294.g001

knocking down either Mef2c or Mef2d, we relied on RNA coding
for murine Mef2¢ or human MEF2D that were not targeted by
either MO due to sequence differences in the 5'UTR (mMef2¢) or
due to introduced silent point mutations in the coding sequence
(RMEF2D). Again, the efficiency was tested as described above.
The expression of mMef2¢-GFP or hMEF2D-GFP was not blocked
by Mef2c MO. The Mef2d MO did not have an inhibitory effect
on RMEF2D-GFP or mMef2¢-GFP (Figure S2). Taken together,
these results support the idea that (I) both MOs specifically block
the translation of the corresponding Xenopus mef2 gene, (II) Mef2c
MO neither inhibits mMef2c nor hMEF2D translation and (III)
the Mef2d MO does not interfere with mMef2c or hMEF2D
expression. In conclusion, RNA coding for murine Mef2¢ and
human MEF2D can be used as gene specific rescue constructs.

To interfere with Mef2c or Mef2d function during heart
formation, either Mef2c or Mef2d MOs were injected bilaterally
into both dorso-vegetal blastomeres of eight-cell stage Xenopus
embryos to target cardiac tissue [27]. In all experiments, 0.5 ng
GFP RNA was co-injected as a lineage tracer and to identify
correctly injected embryos. Mef2c and Mef2d morphant embryos
revealed abnormalities during cardiogenesis whereas Control MO-
injected siblings showed a normal cardiac development (Fig. 2 A
D). Embryos depleted of Mef2c or Mef2d developed pericardial
edema and malformed hearts and additionally showed a reduced
heart rate at stage 42 (Fig. 2A, B). To take a closer look at
morphant hearts, we isolated the hearts of fixed Xenopus embryos.
We observed that the heart tube was formed and the looping
process was initiated in both Mef2c and Mef2d morphant
embryos. However, during later development, defects during the
looping process as well as smaller cardiac chambers were observed
in Mef2c and Mef2d MO injected embryos (Figure 2 A-D). These
results indicate that both members of the Mef2 family are required
for cardiogenesis in Xenopus, and are particularly important for
cardiac morphogenesis and heart looping.

Mef2c or Mef2d are required for cardiac gene expression

in the common cardiac progenitor cell population

Mef2 transcription factors have been shown to be important
regulators of cardiac differentiation [14,16,17]. To pinpoint the
time point of when a loss of either Mef2 factor affects
cardiogenesis, we analyzed the expression of different cardiac
marker genes at different time points of cardiogenesis. For this
purpose, we injected Mef2c or Mef2d MO unilaterally into one
dorso-vegetal blastomere of eight-cell stage Xenopus embryos and
analyzed marker gene expression at different stages by whole
mount i situ hybridization. In this experimental setting, the
uninjected side served as an internal control. The injected side was
identified by co-injecting GFP RINA as a lineage tracer. We started
our analysis at stage 20 when the CPC population is located on the
ventral side of the embryo [8]. At this stage, the expression of thx20
was found to be down-regulated on the injected side of Mef2c or
Mef2d-depleted embryos as compared to the uninjected side and
Control MO-injected siblings (Fig. 3). Loss of Mef2d but not
Mef2c reduced tbx! expression at this stage. The expression of isl/
and nkx2-5 however was not affected in either Mef2c or Mef2d
deficient embryos (Fig. 3). This observation indicates that both
Mef2¢c and Mef2d are required for proper expression of cardiac
genes in the Xenopus CPC population.

At stage 28, when the CPC population has split into the FHF
and SHF [8], both Mef2c MO and Mef2d MO-injected embryos
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revealed reduced expression of FHF marker genes such as thx20
and gata6b as well as SHF marker genes such as tbx/ and usi].
Marker genes indicating terminal differentiation of cardiomyo-
cytes, namely actel, myh6 and tnmi3, were also down-regulated upon
loss of either gene (Fig. 4).

The y domain of Mef2c is required for embryonic
cardiogenesis

While cloning the Xenopus lacvis mef2¢ gene from heart enriched
explants, we isolated two different splice versions of this gene that
differ in either the presence or absence of the y domain, mef2cy-
and mef2cy+, respectively. qPCR analyses with primer pairs
specifically recognizing either splice variant revealed that both
1soforms of Mef2c are expressed in heart tissue enriched explants
cut at stages 24, 28, and 32 (Fig. 5 A). Please note that cardiac
explants cannot be cut at stage 20 of development as the cardiac
tissue at this stage is a thin layer of cells underlying the ectoderm in
the anterior region of the embryo in close proximity to other sites
of Mef2 expression. Interestingly, mef2cy- was expressed at higher
levels on RINA level than the mef2¢y+ variant. This is in agreement
with previous data showing that mef2¢y- is the predominantly
expressed variant during murine embryogenesis and the only
1soform that was found to be expressed in the murine adult heart
[12]. Moreover, also mef2d could be detected by qPCR experi-
ments. (Iig. 6A).

We next aimed to show the specificity of the observed
phenotypes. To generate a mMef2¢y- construct, we deleted this
domain in the mMef2cy+ construct. Western Blot experiments
using a Mef2c¢ antibody showed that both variants of mMef2c are
expressed at similar levels upon RNA injection (Fig. 5 B). The
same holds true for the injected hMEF2D RNA which was
detected by a specific MEF2D antibody (Fig. 6B). For rescue
experiments, we co-injected in a first set of experiments Mef2c
MO together with RNA coding for murine Mef2¢y+ and examined
expression of myh6 and i3 at stage 28. This co-injection led to a
significant rescue of marker gene expression (Fig. 5 C, D).
Intriguingly, the mMef2¢y- version failed to rescue the observed
changes in gene expression upon Mef2¢ knock down (Fig. 5 E, I).
These data indicate for the first time that the y domain of Mef2¢
has an important role during early cardiogenesis in Xenopus. The
restored expression of myh6 and tnmi3 was also observed in embryos
co-injected with the Mef2d MO together with AMEF2D mRNA
(Fig. 6 C, D).

Mef2d can compensate for the loss of mef2c but not vice
versa

Given the similarities of the phenotypes observed upon
depletion of either Mef2c or Mef2d but also taking into account
the differences in the effects of either MO on gene expression in
the CPC population, we aimed to further characterize the
interplay of both factors. First, we injected low doses of Mef2c
and Mef2d MO either alone or in combination into both dorso-
vegetal blastomeres of eight-cell stage embryos (Fig. 7 A, B).
Interestingly, whereas neither a low dose of Mef2c MO nor Mef2d
MO resulted in a phenotype, the co-injection of both MOs at this
low dose together resulted in a robust phenotype in a more than
additive manner indicating a synergistic activity of both transcrip-
tion factors. We furthermore performed cross-rescue experiments
by co-injecting Mef2c MO together with ZAAMEF2D or Mef2d MO
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Figure 2. Depletion of either mef2c or mef2dleads to severe cardiac defects. A, C. Mef2c- or Mef2d MO-injected embryos developed cardiac
edema and morphological heart defects at stage 42, as compared with Control MO-injected sibling embryos. The amount of MO injected in total (two
blastomeres) is given in ng. In addition, cardiac beating was reduced upon Mef2c or Mef2d MO depletion. The dotted dark gray lines indicate the
heart. a: atria; v: ventricle; oft: outflow tract. B, D. Quantitative presentations are shown. N: number of examined embryos; n: number of independent

experiments.
doi:10.1371/journal.pone.0087294.g002

with mMef2cy or mMef2¢y RNA and analyzed marker gene
expression at stages 20 and 28. By co-injecting the Mef2c MO
together with AMEF2D, the expression of thx20 at stage 20 and
bmp4, myh6 and tnni3 at stage 28 was significantly restored (Fig. 7
C, D). However, co-injection of Mef2d MO with mMef2¢ failed to
rescue the observed phenotypes independent of the mMef2¢ splice
variant used (Fig. 7 E-H). These data clearly indicate that Mef2d
can compensate for a loss of Mef2c but not vice versa.

Overexpression of mMef2y+ or hMEF2D but not
mMef2cy- accelerates the onset of cardiac differentiation
Finally, we performed gain of function experiments by injecting
RNA coding for either Mef2 variant unilaterally into eight-cell
stage embryos. In a first set of experiments we examined the
expression of mm3 at stage 24 when expression of this gene
commences. Injection of mMef2¢yy or A(MEF2D RNA resulted in a
slight increase of expression on the injected side. This was not
observed in case of RNA coding for mMef2ey- (Fig. 8 A, B). In
contrast, we did not see any significant differences between the

PLOS ONE | www.plosone.org

injected and the uninjected side when analyzing /nni3 expression at
stage 28 (Fig. 8 C, D). Taken together, these data indicate that
overexpression of mMef2cy+ or RMEF2D but not mMef2¢y- rather
accelerates the onset of cardiac differentiation than resulting in
ectopic cardiomyocyte formation.

Discussion

Members of the Mef2 family of transcription factors are critical
regulators of cardiac development in different species. However,
no functional studies on mef2 genes during cardiogenesis have been
performed in Xenopus laevis so far. A detailed synteny analysis as
well as a comprehensive comparison of cDNA sequences
confirmed the correct assignment of mef2a, ¢, and d homologs in
Xenopus. This correct assignment is certainly important for the
interpretation of the cross species rescue experiments performed in
this study. Surprisingly, we were not able to identify any genomic
sequence or any EST coding for mef2b in Xenopus and it is very
likely that mef2b does not exist in Xenopus. It is possible, however,
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embryos (arrowheads). In addition, Mef2d- but not Mef2c-depleted embryos showed reduced tbx1 expression (arrowhead). Expression of is/T as well
as bmp4 remained unchanged upon loss of Mef2c or Mef2d. Anterior views of embryos are shown. B. Quantitative presentation of observed
phenotypes in A is given. N: number of examined embryos; n: number of independent experiments; *, p=<0.05.

doi:10.1371/journal.pone.0087294.9003

that due to the lack of sequence information available in current
public sequence databases, the assembly of the corresponding
scaffold might not be complete yet. We argue, however, that as
long as no mef2b ortholog is identified in Xenopus, it is likely that this
gene was lost during evolution in this species.

In mice, Mef2a and Mef2c are functionally important for
cardiac development as assessed by the phenotypes in genetically
modified mice that lack either of these genes [17,18]. Knock out
mice of either Mef2a or Mef2¢ die during embryogenesis due to
problems in cardiac development. In contrast, Mef2d null mice
develop normally until birth. Interestingly, mef2a expression was
recently found not to be present during cardiac development in
Xenopus [13], whereas mef2¢c and mef2d were robustly expressed
during cardiogenesis [8]. Our functional analyses performed in
this study indicate that indeed both members are needed for
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proper heart formation in Xenopus. Moreover, based on our results,
we speculate that in Xenopus, Mef2d has taken over the function
that Mef2a has in mice. A more detailed analysis of marker genes
of Mef2a-deficient mice might shed more light onto this
evolutionary difference. In addition, the identification of genomic
regions bound by Mef2a in mice and Mef2d in Xenopus might help
to verify or falsify this hypothesis.

Of interest is also the observation that loss of Mef2¢c can be
rescued by an overexpression of Mef2d but not vice versa. Mef2
transcription factors have been shown to form homo- and
heterodimers [9,10]. It is therefore very likely that Mef2c/Mef2d
and Mef2d/Mef2d dimers or Mef2d monomers are functionally
important during early cardiac development in Xenopus. In this
scenario, Mef2c/Mef2¢ dimers, or Mef2¢ monomers, would not
be similarly efficient in transcription. Our findings therefore
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Figure 4. Cardiac differentiation is affected upon loss of Mef2c or Mef2d. A. At stage 28, depletion of Mef2c or Mef2d led to a reduced
expression of cardiac markers including is/1, bmp4, nkx2.5, tbx1, tbx20, gataéb, myh6, actcl, and tnni3 (arrowheads). Ventral views of embryos are
shown. B. Quantitative presentation of the observed phenotype in A is given. N=number of examined embryos; n=number of independent

experiments; *, p=0.05; **, p=0.01.
doi:10.1371/journal.pone.0087294.g004

should foster more detailed analysis of this issue not only in Xenopus
but in mouse as well.

Although Mef2a and Mef2c¢ knock out mice have a cardiac
phenotype, the role of both genes in regulating cardiac gene
expression in the CPC population has not been reported and also
the expression of Mef2 proteins in the early embryo has not yet
been described. However, Mef2c has been shown to be expressed
in early differentiating murine ES cell cultures suggesting a
possible role for Mef2¢ in the CPC population [28]. In line with
these findings is the observation that the use of a dominant
negative Mef2 protein that blocks the activity of all four members
of the Mef2 family in mice inhibits cardiac differentiation in P19
cells [29]. These data clearly indicate a functional redundancy of
Mef2 members in mice. Interestingly, the loss of Mef2c is
additionally accompanied by an up-regulation of Mef2b. Our
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data shown here clearly indicate that the loss of either Mef2¢ or
Mef2d results in early defects during Xenopus cardiac differentiation
thus suggesting that this functional redundancy is not so prominent
in Xenopus. This statement is also supported by the observation of a
more than additive phenotype after simultaneously knocking down
both Mef2c and Mef2d, which thereby implies that these two
transcription factors are acting synergistically rather than redun-
dantly. The apparent lack of Mef2b in Xenopus might contribute to
this disparate situation as well.

Transcriptional targets of Mef2 factors that have been identified
in different species include alpha cardiac myosin heavy chain,
alpha cardiac actin and cardiac troponin I [30-32]. Notably, the
expression of these genes was down-regulated in our experiments
after knocking down the mef2 genes (see Fig. 4, myh6, actcl and
tnmi3,) suggesting that their regulation by Mef2 factors is also
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Figure 5. Specificity of phenotype observed upon knock down of Mef2c. A. mef2cy- and mef2cy+ isoforms are expressed on RNA level in
heart tissue enriched explants at stages 24, 28, and 32 as revealed by qPCR. Expression is shown relative to gapdh. B. mMef2cy- and mMef2cy+ are
expressed on protein level upon RNA injection into Xenopus embryo at comparable levels. B-Tubulin served as loading control. Note that the Mef2c
antibody used does not recognize endogenous Xenopus Mef2c protein. The asterisk indicates unspecific background. C-F. Mef2c MO was unilaterally
injected together with GFP, mMef2cy+ or mMef2y- RNA as indicated. G E Expression of the cardiac marker genes myh6 and tnni3 was monitored at
stage 20 or stage 28. Black arrowheads indicate reduced marker gene expression, white arrowheads highlight the rescued situation. Ventral views of
embryos are shown. D, F. Quantitative presentations are shown. N: number of examined embryos; n: number of independent experiments; st: stage;
** p=<0.01.

doi:10.1371/journal.pone.0087294.9005

conserved in Xenopus. In the case of myh6, a recent study identified The y domain of mMef2¢ has been shown to function as a
a conserved Mef2 binding site in its promoter region [33]. transcriptional repressor [12]. Our rescue experiments suggest that
Altogether, the loss and down-regulation of marker gene Mef2cy+ but not Mef2cy- is required for early cardiogenesis. This
expression in our morphant embryos is clearly in line with what finding is unexpected because we found mef2y- to be expressed
previous studies have shown. Of particular interest as a target of higher on RNA level than the mef2y+ isoform. Also in adult
Mef2 factors is Nkx2-5 [29]. Interestingly, we have not observed muscle and during skeletal myogenesis the y version has been
any down-regulation of nkx2-5 expression in the CPC population described to be predominantly expressed and to be of functional
at stage 20, but we have seen a down-regulation at the stage 28. relevance [12]. Of note, we cannot exclude other functions for the
This might suggest that nkx2-5 is a target gene of Mef2 proteins mef2cy- variant that were not tested in our study. Interestingly,
only at later stages of development or this observation might point overexpression of a Mef2 engrailed repressor fusion protein
to diverse functions of Mef2 proteins as discussed in the next (MEF2/EnR) in P19 cells results in an activation of Nkx2-5
section. during early phases of cardiogenesis whereas this construct inhibits
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Figure 6. Specificity of phenotype observed upon knock down of Mef2d. A. mef2d isexpressed on RNA level in heart tissue enriched
explants at stages 24, 28, and 32 as revealed by qPCR. Expression is shown relative to gapdh. B. hMEF2D is expressed on protein level upon RNA
injection into Xenopus embryo. B-tubulin served as loading control. Note the Mef2d antibody used does not recognize endogenous Xenopus Mef2d
protein. C. Mef2d MO was unilaterally injected together with GFP or hMEF2D as indicated. Expression of cardiac marker genes myh6 and tnni3 was
monitored at 28. Black arrowheads indicate reduced marker gene expression, white arrowheads highlight the rescued situation. D. A quantitative
presentation of results is given. N: number of examined embryos; n: number of independent experiments; **, p=0.01.
doi:10.1371/journal.pone.0087294.9006
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Figure 7. Cooperation of Mef2c and Mef2d in Xenopus. A, B. The injection of 7 ng Mef2c MO or 7 ng Mef2d MO (in both cases 3.5 ng per
blastomere) did not result in cardiac defects. The co-injection of 7 ng Mef2c together with 7 ng Mef2d MO led to a significant increase of the
phenotype. The dotted black lines indicate the heart. C, D. Mef2c MO was unilaterally injected along with RNA coding for hMEF2D. Expression of
cardiac marker genes was monitored at stages 20 (tbx20, bmp4; anterior views) or stage 28 (myhé, tnni3; ventral views), respectively. E, F. Mef2d MO
was unilaterally injected along with mMef2cy+ RNA. Expression of cardiac marker genes was monitored at stages 20 (tbx1, tbx20; anterior views) or
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stage 28 (bmp4, myhé, tnni3; ventral views), respectively. G, H. Mef2d MO
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was unilaterally injected along with mMef2cy RNA. Expression of cardiac

marker genes was monitored at stage 28 (ventral view). In all cases, black arrowheads indicate reduced marker gene expression, white arrowheads
highlight the rescued expression. B, D, F, H. Quantitative presentations of the experiments shown in C, E, G are shown. N: number of examined

embryos; n: number of independent experiments; *, p=<0.05; **, p<0.01.
doi:10.1371/journal.pone.0087294.g007

cardiogenesis at later time points [29]. This is in line with our
findings obtained here and implies that different splice variants of
Mef2 transcription factors might be expressed during different
phases of cardiac development. This has not been analyzed, at
least to our knowledge, in a time and cell type specific manner
during vertebrate cardiogenesis. The functional differences of two
of these splice variants in our study indicate the requirement of
additional expression and functional studies in the future to
complete our understanding of Mef2 function during cardiogen-
esis. The ¥ domain has also been shown to be subject to regulation
by phosphorylation [12] suggesting that this type of regulation
occurs during early cardiac development adding another layer of
complexity to Mef2 function during this time period. The fact that
human MEF2D that also harbors a sequence similar to the 7y
domain of Mef2¢ is able to rescue the Mef2c MO phenotype
might trigger further experiments to analyze this short stretch of
amino acids in MEF2D in more detail. Finally, the discovery that
Mef2d is involved in Xenopus cardiogenesis may also be useful as
another model suitable to gain further insights into the function of
Mef2d during cardiac remodeling in mice, particularly in the
reactivation of a fetal gene expression program.

Of note, our experiments have additional implications as Mef2c
was used as one of three components in direct reprogramming
experiments to generate cardiomyocytes out of cardiac fibroblasts
[25]. Our findings should therefore also foster research that
examines different Mef2 splice variants and their potential roles

and functions in this setting with the aim to increase the efficiency
of reprogramming.

Materials and Methods

Xenopus embryos

Xenopus laevis embryos were obtained by i witro fertilization,
cultured and staged according to Nieuwkoop and Faber [34]. All
procedures were performed according to the German animal use
and care law (Tierschutzgesetz) and approved by the German state
administration Baden-Wiirttemberg (Regierungsprasidium Tiibin-

gen).

Cloning

The mMef2¢ and hMEF2D constructs were purchased from
ImaGenes GmbH and the open reading frames were subcloned
into pCS2+ [35]. To obtain a rescue construct which is not
targeted by the Mef2d MO, we inserted two additional silent point
mutations in the A5'UTR AMEF2D by mutagenesis using the
QuickChange II Site-Directed Mutagenesis Kit (Stratagene). All
constructs were verified by sequencing. The mMef2cy- deletion
construct was generated by inverse PCR using the mMef2ey+/
pCS2+ rescue construct as template and the proof reading Phusion
DNA polymerase (Finnzyme) followed by re-ligation. The primers
used for the inverse PCR were: for: 5'-GAC CGT ACC ACC
ACC CCT TCG A-3'; rev: 5'-GCT GAG GCT TTG AGT AGA
AGG CAG G-3'. For cloning full length mef2¢ from heart enriched

A C
wT GFP mMef2cy+  mMef2cy- hMEF2D mMef2cy+  mMef2cy- hMEF2D
A\ /\>
4;.«:‘ f
P | A» ~ ‘ Y
i N
B
100 100
o Kk o
2 ] 2
] n.s. 7]
8 . 8
% 80 ] % 80
2 2
S =
£ £
= 60 3 60
=} ©
= =
£ £
g 40 g 40
= =
w o
S =3
5 2 £ 20 ’_L‘
E | E ]
o o
ES ES
0 _i T _ r r - . 0 _*_,_. i
wT GFP  mMef2cy+ mMef2cy- hMEF2D wT GFP mMef2cy+ mMef2¢>{- hMEF2D
n= 5 3 4 4 4 n= 5 2 4 4 4
N= 143 89 93 13 139 N= 125 42 149 80 110

Figure 8. Gain of function analyzes reveals an earlier onset of cardiac differentiation. A, C. RNA coding for mMef2cy+, mMef2cy- or

hMEF2D was injected unilaterally into the dorsal-vegetal blastomere at eigh

t cell stage and tnni3 expression was monitored at stages 24 (A) or 28 (C).

Ventral views of embryos are shown. B, D. The percentage of embryos with enhanced expression of tnni3 on the injected side is given. N: number of

examined embryos; n: number of independent experiments; **, p=<0.01.
doi:10.1371/journal.pone.0087294.g008
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explants the following primers were used: Mef2¢ cloning for: 5'-
GTT GGA GCA GAG GGG AAA AT-3’, Mef2c cloning rev: 5'-
GGT ATA AGC ACA CAC ACA CTG CA-3".

Morpholino oligonucleotide (MO), MO specificity tests
and RNA injections

All MOs were purchased from Gene Tools, LLC, OR USA,
resuspended in DEPC-HyO and stored as aliquots at —20°C.
Mef2cMO: 5-CCA TAG TCC CCG TTT TTC TGT CTT C-
3’5 Mef2dMO: "-AAT CTG GAT CTT TTT TCT GCC CAT
G-3'5. For knock down approaches, we injected the MOs (10 ng)
into both dorso-vegetal blastomeres of eight-cell embryos to target
the presumptive heart region [27]. For lineage labeling and to
identify the injected side, we co-injected 0.5 ng GFP RNA. Only
correctly injected embryos were considered for the experiments.
For control injection experiments, the standard Control MO of
Gene Tools was used. Control MO: 5-CCT CTT ACC TCA
GTT ACA ATT TAT A-3’ For rescue experiments, mRNA
(0.5 ng) was injected together with MO. The binding specificity of
MOs was tested i vivo were cloned in frame with and in front of
the GFP open reading frame in pCS2+. The indicated RNA and
MO were co-injected bilaterally into two-cell stage embryos and
GFP translation was monitored at stage 20 using a fluorescence
microscope.

Whole Mount in situ Hybridization (WMISH)

Probes for mef2¢ and mef2d were used as previously described
[8]. Digoxigenin-labelled antisense RNA probes of analyzed genes
were synthesized by restriction digestion and subsequent tran-
scription with Sp6 or T7 RNA polymerase (Roche). To analyze
marker gene expression at stages 20 and 28, MOs (10 ng) were
unilaterally injected in one dorso-vegetal blastomere together with
0.5 ng GFP RNA. The uninjected side served as internal control.
Wild type or injected embryos were fixed at +4°C in MEMFA
(0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4, and 4%
formaldehyde) at indicated stages. WMISH experiments were
performed according to a standard protocol as previously
described [36,37]. BM-Purple (Roche) was used for staining.
Stained embryos were then bleached with 30% HyOq. For
sections, stained embryos were embedded in gelatine/albumine
overnight at +4°C, sectioned using a vibratome with a thickness of
25 pm, coverslipped, and imaged with an Olympus BX60
microscope.

RNA isolation, RT-PCR and gqPCR

Total RNA was isolated from whole Xenopus embryos at
different stages with peqGOLD RNAPure (peqlab) according to
the manufacturer’s protocol. To analyze mef2¢ variants in Xenopus
cardiac tissue, the anterior-ventral part of stage 24, 28, and 32 of
wild type embryos (heart-enriched regions) posterior to cement
gland were dissected and total RNA was isolated using peqGOLD
RNAPure (peqLab). ¢cDNA was synthesized using random
hexamers and the SuperScript II reverse transcriptase (Invitrogen).
PCR was performed with the Phire Hot Start II DNA Polymerase
(Thermo scientific). Primers for amplification were: gapdh_for: 5'-
GCC GTG TAT GTG GAA TCT-3’; gapdh rev: 5'-AAG TTG
TCG TTG ATG ACC TTT GC-3'; H4 for: 5'-CGG GAT AAC
ATT CAG GGT ATC ACT-3'; H4 rev: 5'-ATC CAT GGC
GGT AAC TGT CTT CCT-3"; Xenopus mef2c for: 5'-AGA GCG
CAC GGA CTA CTG AT-3'; Xenopus_mef2c_rev: 5-TCA
CCT GTC GGT TAC GTT CA-3'"; Xenopus mef2d for: 5'-GCA
GCT TTA AAT TCC GCA AG-3; Xenopus rev: 5'-CGG TGT
CAC TTG GCC TTT AT-3'; Quantitative PCR was performed
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on RNA isolated from heart-enriched regions using SYBR Green
Master Mix (Fermentas) and a Roche Light Cycler 1.5. gapdh was
used as housckeeping gene. Each sample was analyzed in
triplicate. Primer pairs used were: Xenopus gapdh for: 5'-GCC
GTG TAT GTG GAA TCT-3"; Xenopus gapdh rev: 5'-AAG TTG
TCG TTG ATG ACC TTT GC-3'; Xenopus mef2cy+ for: 5'-
GCACAATATGCCTCATTCAGCC-3"; Xenopus mef2cy+ rev:
5'-GGAGGAGAAACAGGTTCTGACTTG-3'; Xenopus mef2cy-
for:  5-TGGCTCAGTTACTGGCTGGCAGC-3';  Xenopus
mef2cy-rev:  5'-TAGTACGGTCTCCCAGCTGGCTGAG-3';
Xenopus mef2d for: 5’AGA CCT GGC ATC CCT CTC TA-3;
Xenopus mef2d rev: 5'TTG CGG TTG GTT ATG TTG TT-3".

Western Blot

30 embryos injected with RNA were homogenized in 300 pl
lysis buffer (20 mM Tris/HCI, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 1 mM PMSF) and incubated on
ice for 5 min. Protein samples were cleared at 13,000 rpm at 4°C
for 5 min. For removal of lipids, the supernatant was mixed with
50 ul Freon followed by centrifugation at 13,000 rpm at 4°C for
5 min. The upper protein containing phase was collected.
Concentration of protein samples was determined by Bradford
assay with BSA as standard. Western blotting was performed
according to standard procedures and proteins were visualized
using a Li-COR ODYSSEY Imager. Primary antibodies were
purchased from Abcam (rabbit polyclonal Mef2C, directed against
residues 450 to the C-terminus of human MEF2C), Santa Cruz
(mouse monoclonal anti Mef2D, H11, epitope mapping within an
internal region of MEF-2D of human origin) and Serotec (y-
Tubulin, clone YL1/2). Secondary antibodies used were IRDye
conjugates from Li-COR.

Synteny analysis

For synteny analysis, genomic structure and chromosomal
organization of Mef2a, b, ¢ and d in human, mouse and X. tropicalis
were compared using NCBI and Xenbase G Browse.

Statistics

Data were obtained from at least three independent experi-
ments and analyzed with statistical program GraphPad Prism. The
number of embryos (N) and the number of independent
experiments (n) performed for each experiment is indicated in
the corresponding figures. For rescue experiments, embryos of the
same batch were evaluated upon injection either with either MO
or MO along with the RNA of interest. The nonparametric
Mann-Whitney rank sum test was used to determine statistical
differences. A p value of =0.05 was considered to be significant.

Supporting Information

Figure S1 Spatio-temporal expression of mef2c¢ and
mef2d in Xenopus. A. Temporal expression of mef2c. mef2c is
maternally supplied. Mef2¢ embryonic expression starts at stage 9
and increases until stage 40. gapdh was used as loading control. —
RT serves as negative control. B. Temporal expression of mef2d.
mef2d 1s maternally supplied. Mef2d embryonic expression starts at
stage 12. H{4 was used as loading control. -RT serves as negative
control. G—j. Spatial expression of mef2¢. C. Anterior view with the
dorsal side to the top. c. Sagittal section. D, F, H, J. Lateral views
with anterior to the right. E, G, I, K. Ventral views with anterior
to the top. Black arrowheads indicate the expression in the FHF,
the red arrowhead highlights mef2¢ transcripts at the lateral sides of
the SHF. C. Parasagittal section. d, f, h, j. Transverse sections.
Black arrowheads indicate cardiac expression; the arrowhead in h
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shows mef2¢ expression in the endocardium, the black arrow in the
myocardium. L—s. Spatial expression of mef2d. L. Anterior view
with the dorsal side to the top. 1. Sagittal section. M, O, Q, S.
Lateral views with anterior to the right. N, P, R, T. Ventral views
with anterior to the top. m, o, q, s. Transverse sections. White
arrows indicate mef2d expression in cardiac progenitor cells. The
white arrowhead indicates cardiac cells with low mef2d expression.
Black arrows indicate mef2d expression in the myocardium, black
arrowheads show mef2¢ expression in the first heart field (FHF). St:
stage

(TIF)

Figure S2 In wivo MO specificity test. Two-cell stage
embryos were bilaterally injected and GFP fluorescence was
monitored at stage 20. MO binding sites of Xenopus, mouse and
human are indicated. Red letters indicate different bases in the
MO binding sites, green letters indicate the ATG start codon.
Upper panels show the light view, lower panels provide the
fluorescent view. A. GFP fluorescence was observed upon injection
of mef2¢-GFP together with Control MO but not with Mef2c MO.
Neither mMef2¢-GFP nor hMEF2D-GFP were targeted by Mef2¢c

References

1. Buckingham M, Meilhac S, Zaffran S (2005) Building the mammalian heart
from two sources of myocardial cells. Nat Rev Genet 6: 826-835.

2. Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR (2008) Isletl
cardiovascular progenitors: a single source for heart lineages? Development 135:
193-205.

3. Srivastava D (2006) Making or breaking the heart: from lineage determination to
morphogenesis. Cell 126: 1037-1048.

4. Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, et al. (2003) Isl1 identifies a cardiac
progenitor population that proliferates prior to differentiation and contributes a
majority of cells to the heart. Dev Cell 5: 877-889.

. Kelly RG, Brown NA, Buckingham ME (2001) The arterial pole of the mouse
heart forms from Fgfl0-expressing cells in pharyngeal mesoderm. Dev Cell 1:
435-440.

6. Sater AK, Jacobson AG (1989) The specification of heart mesoderm occurs
during gastrulation in Xenopus laevis. Development 105: 821-830.

7. Sater AK, Jacobson AG (1990) The role of the dorsal lip in the induction of
heart mesoderm in Xenopus laevis. Development 108: 461-470.

8. Gessert S, Kuhl M (2009) Comparative gene expression analysis and fate
mapping studies suggest an early segregation of cardiogenic lineages in Xenopus
laevis. Dev Biol 334: 395-408.

9. Molkentin JD, Black BL, Martin JF, Olson EN (1996) Mutational analysis of the
DNA binding, dimerization, and transcriptional activation domains of MEF2C.
Mol Cell Biol 16: 2627-2636.

10. Black BL, Olson EN (1998) Transcriptional control of muscle development by
myocyte enhancer factor-2 (MEF2) proteins. Annu Rev Cell Dev Biol 14: 167
196.

11. McKinsey TA, Zhang CL, Olson EN (2002) MEF2: a calcium-dependent
regulator of cell division, differentiation and death. Trends Biochem Sci 27: 40—
47.

12. Zhu B, Gulick T (2004) Phosphorylation and alternative pre-mRNA splicing
converge to regulate myocyte enhancer factor 2C activity. Mol Cell Biol 24:
8264-8275.

13. della Gaspera B, Armand AS, Sequeira I, Lecolle S, Gallien CL, et al. (2009)
The Xenopus MEF2 gene family: evidence of a role for XMEF2C in larval
tendon development. Dev Biol 328: 392-402.

14. Lilly B, Zhao B, Ranganayakulu G, Paterson BM, Schulz RA, et al. (1995)
Requirement of MADS domain transcription factor D-MEF2 for muscle
formation in Drosophila. Science 267: 638-693.

15. Edmondson DG, Lyons GE, Martin JF, Olson EN (1994) Mef2 gene expression
marks the cardiac and skeletal muscle lineages during mouse embryogenesis.
Development 120: 1251-1263.

16. Arnold MA, Kim Y, Czubryt MP, Phan D, McAnally J, et al. (2007) MEF2C
transcription factor controls chondrocyte hypertrophy and bone development.
Dev Cell 12: 377-389.

17. Lin Q, Schwarz J, Bucana C, Olson EN (1997) Control of mouse cardiac
morphogenesis and myogenesis by transcription factor MEF2C. Science 276:
1404-1407.

18. Naya FJ, Black BL, Wu H, Bassel-Duby R, Richardson JA, et al. (2002)
Mitochondrial deficiency and cardiac sudden death in mice lacking the MEF2A
transcription factor. Nat Med 8: 1303-1309.

19. Lin Q, Lu J, Yanagisawa H, Webb R, Lyons GE, et al. (1998) Requirement of
the MADS-box transcription factor MEF2C for vascular development.
Development 125: 4565-4574.

wr

PLOS ONE | www.plosone.org

Mef2 Function during Cardiac Development

MO. B. GFP expression was observed after the injection of
Control MO. Co-injection of xmef2d-GFP and Mef2d MO led to
an inhibition of GFP expression. Neither the expression of
RMEF2D-GEFP nor mMef2¢-GFP was influenced by Mef2d MO.

(TTEF)
Table S1 Gene abbreviations used in Figure 1.
(PDF)

Acknowledgments

We thank Petra Dietmann and Karin Botzenhart for technical support and
Helen Tauc for critical reading of the manuscript. Thanks to Roger
Patient, Brian Parr, Maria Pagratis, Kathryn Ronissen and Paul A. Krieg
for providing plasmids.

Author Contributions

Conceived and designed the experiments: SJK MK. Performed the
experiments: YG SJK ASP WC SD LBM. Analyzed the data: YG SJK
ASP MK. Wrote the paper: YG SJK MK.

20. Verzi MP, McCulley DJ, De Val S, Dodou E, Black BL (2005) The right
ventricle, outflow tract, and ventricular septum comprise a restricted expression
domain within the secondary/anterior heart field. Dev Biol 287: 134-145.

21. Vong L, Bi W, O’Connor-Halligan KE, Li C, Cserjesi P, et al. (2006) MEF2C is
required for the normal allocation of cells between the ventricular and sinoatrial
precursors of the primary heart field. Dev Dyn 235: 1809-1821.

22. Herrmann F, Gross A, Zhou D, Kestler HA, Kuhl M (2012) A boolean model of
the cardiac gene regulatory network determining first and second heart field
identity. PLoS One 7: ¢46798.

23. Qian L, Huang Y, Spencer CI, Foley A, Vedantham V, et al. (2012) In vivo
reprogramming of murine cardiac fibroblasts into induced cardiomyocytes.
Nature 485: 593-598.

24. Song K, Nam Y]J, Luo X, Qi X, Tan W, et al. (2012) Heart repair by
reprogramming non-myocytes with cardiac transcription factors. Nature 485:
599-604.

25. leda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, et al. (2010)
Direct reprogramming of fibroblasts into functional cardiomyocytes by defined
factors. Cell 142: 375-386.

26. Kim Y, Phan D, van Rooij E, Wang DZ, McAnally J, et al. (2008) The MEF2D
transcription factor mediates stress-dependent cardiac remodeling in mice. J Clin
Invest 118: 124-132.

27. Moody SA, Kline MJ (1990) Segregation of fate during cleavage of frog
(Xenopus laevis) blastomeres. Anat Embryol (Berl) 182: 347-362.

28. Herrmann F, Bundschu K, Kuhl SJ, Kuhl M (2011) Thx5 overexpression favors
a first heart field lineage in murine embryonic stem cells and in Xenopus laevis
embryos. Dev Dyn 240: 2634-2645.

29. Karamboulas C, Dakubo GD, Liu J, De Repentigny Y, Yutzey K, et al. (2006)
Disruption of MEF?2 activity in cardiomyoblasts inhibits cardiomyogenesis. J Cell
Sci 119: 4315-4321.

30. Morin S, Charron F, Robitaille L, Nemer M (2000) GATA-dependent
recruitment of MEF2 proteins to target promoters. EMBO J 19: 2046-2055.

31. Molkentin JD, Markham BE (1993) Myocyte-specific enhancer-binding factor
(MEF-2) regulates alpha-cardiac myosin heavy chain gene expression in vitro
and in vivo. J Biol Chem 268: 19512-19520.

32. Di Lisi R, Millino C, Calabria E, Altruda F, Schiaffino S, et al. (1998)
Combinatorial cis-acting elements control tissue-specific activation of the cardiac
troponin I gene in vitro and in vivo. J Biol Chem 273: 25371-25380.

33. Garriock RJ, Meadows SM, Krieg PA (2005) Developmental expression and
comparative genomic analysis of Xenopus cardiac myosin heavy chain genes.
Dev Dyn 233: 1287-1293.

34. Nieuwkoop P, Faber J (1975) External and internal stage criteria in the
development of Xenopus laevis. Elsevier: Amsterdam.

35. Rupp RA, Weintraub H (1991) Ubiquitous MyoD transcription at the
midblastula transition precedes induction-dependent MyoD expression in
presumptive mesoderm of X. laevis. Cell 65: 927-937.

36. Gessert S, Maurus D, Kuhl M (2008) Repulsive guidance molecule A (RGM A)
and its receptor neogenin during neural and neural crest cell development of
Xenopus laevis. Biol Cell 100: 659-673.

37. Hemmati-Brivanlou A, Frank D, Bolce ME, Brown BD, Sive HL, et al. (1990)
Localization of specific mRNAs in Xenopus embryos by whole-mount in situ
hybridization. Development 110: 325-330.

January 2014 | Volume 9 | Issue 1 | e87294



