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TBXS is a transcription factor which plays important roles in the development of the heart and upper limbs.
Mutations in this gene produce the inherited disorder Holt-Oram syndrome. Here, we report a physical
interaction between TBX5 and MEF2C leading to a synergistic activation of the a-cardiac myosin heavy chain
(MYH6). Mutants of TBXS, TBX5G80R, and TBX5R279X that produce severe cardiac phenotypes impair the
synergy. Using fluorescence resonance energy transfer, we demonstrate the interaction of TBXS and MEF2C
in living cells. We also show that they physically associate through their DNA-binding domains to form a
complex on the MYH6 promoter. Morpholino-mediated knockdowns of Thx5 and Mef2c in zebrafish suggest
that the genetic interaction of these proteins is not only required for MYH6 expression but also essential for
the early stages of heart development and survival. This is the first report of a functional interaction between
a T-box protein and a MADS box factor that may be crucial in cardiomyocyte differentiation.

The T-box genes encode transcription factors that play cru-
cial roles in morphogenesis in a wide range of species (36, 40).
They share a highly conserved DNA-binding motif, or T do-
main, of 180 to 200 amino acid residues at their N termini that
interact with specific DNA sequences (4, 19, 33). At least 20
members have been identified in humans, and six of these
members are linked to developmental disorders (5, 35). Mu-
tations in the gene 7BX5 result in Holt-Oram syndrome, an
autosomal-dominant condition in humans featuring severe
heart and forelimb abnormalities (2, 23). A direct role for
TBXS in heart and forelimb development has been revealed in
animal models (1, 8, 13, 16, 37). The Tbx5 heterozygous knock-
out mutant mouse represents a phenocopy of Holt-Oram syn-
drome (8). Interestingly, although TBX5 is expressed in the
heart, forelimbs, lungs, and eyes, known mutations in 7BX5
affect only the heart and forelimbs. TBXS specifically interacts
with an 8-bp consensus sequence, (A/G)GGTGT(C/G/T)(A/G),
to activate the transcription of downstream genes. Thus far,
of the few TBXS targets to have been identified, the cardiac-
specific genes ANF and cx40 are the best characterized (8,
14, 15).

Members of the myocyte enhancer factor 2 (MEF2) family
are transcription factors that bind a conserved A/T-rich DNA
sequence, (T/C)TA(A/T),TA(G/A), and transactivate a series
of muscle-specific genes (3). In vertebrates, there are four
family members, MEF2A, -B, -C, and -D. They share a highly
conserved MADS box at their amino termini and an adjacent
sequence, known as a MEF2 motif, which together mediate
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DNA-protein and protein-protein interactions. MEF2C is ex-
pressed in heart precursor cells before linear heart tube for-
mation. Targeted disruption of this gene in the mouse results
in abnormal looping morphology, and the future right ventricle
does not form (24). In Drosophila, Mef2 is expressed through-
out the mesoderm following gastrulation. Genetically modified
Drosophila embryos that lack Mef2 show a dramatic absence of
myosin heavy chain (MHC)-expressing myoblasts and differ-
entiated muscle fibers (6), and Myh6 is downregulated in
Mef2c¢~'~ mice (24). MEF2s associate with myogenic bHLH
proteins, such as MyoD, myogenin, Myf5, and MRF4, and
induce muscle cell differentiation. This process is regulated by
the interplay of histone deacetylases (25, 27, 41, 44) and cal-
cium calmodulin-dependent protein kinase signaling (25, 26).
Recent data also point to interactions between MEF2C and
the notch coactivator MALM1 for normal myogenesis (39).
TBXS is known to interact with the homeodomain protein
NKX2.5 (15) and the zinc finger protein GATA4 (12) to co-
activate the ANF gene and promote cardiomyocyte differenti-
ation. TBXS also associates with TBX20 (7), TAZ (34), SALL4
(20), and LMP4 (21). Recent studies have shown that the
functional cooperation of TBXS and NKX2.5 on the Id2 pro-
moter is important for the development of the cardiac conduc-
tion system (32). Furthermore, MEF2C is known to cooperate
with GATA4 to activate ANF expression (30). Previously, we
identified putative binding sites for TBXS in the upstream
regions of several cardiac-specific genes. Some of these encode
structural proteins, including «-MHC and MYH6 (14), sug-
gesting a possible role for TBXS in their transcriptional regu-
lation. Structural proteins such as MYH6 are the building
blocks of cardiomyocytes and are essential for their structure
and function. MYH6, which is expressed abundantly in the
atrium, contains at least 16 putative TBX5-binding sites in its
upstream region. Recent studies point to the importance of
MYHG6 in heart development and congenital heart disorders
(10). In addition, reduced levels of MYH6 also produce an
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atrial septal defect in morpholino-based knockdown experi-
ments in chicks (10). Other proteins are known to be involved
in the regulation of MYH6. For example, MYHG6 is synergisti-
cally activated by MEF2, the thyroid hormone receptor (22),
GATA4, and dHAND (11) and repressed by Yin Yang 1 alone
or in conjunction with the Ku protein complex (42, 43).

In view of the roles of TBXS and MEF2C in the regulation
of MYH6 expression, we examined a potential interaction be-
tween these proteins. In this paper, we describe the physical
interaction between TBXS5 and MEF2C that leads to the syn-
ergistic activation of MYH6, and we map the respective inter-
action domains of both proteins. We show that TBXS and
MEF2C interact in vivo and that the double knockdown of
Tbx5 and Mef2c in zebrafish produces a significantly increased
death rate, severely affecting a-MHC expression and heart
development.

MATERIALS AND METHODS

Plasmid construction. Reporter plasmid pGL3-MYHG6-I was generated by
amplifying a 4.5-kb fragment of the MYH6 promoter, using the primer pair
comprising GCCCTGATTGAAGCCGAGATCCTGA and CTGTCCTCAAAG
CTCCAGTTCCTTT, and subsequent cloning into pGL3-basic (Promega). Re-
porter pGL3-MYHG6-1V, which contains a deletion of the region comprising
bases —1491 to —1530 from the wild-type reporter pGL3-MYH6-1, was gener-
ated using a QuikChange site-directed mutagenesis kit (Stratagene).

In vivo promoter analysis. For in vivo analysis of the MYHG6 promoter in
zebrafish, we cloned both the wild-type and the mutated promoter sequences
into the promoterless reporter vector pEGFP-1 (Clontech). For cloning, the
4.5-kb wild-type and mutated promoter fragments were released from the con-
structs pGL3-MYH6-I and pGL3-MYHG6-1V, respectively, and subcloned into
the BglII site of pEGFP-1 to obtain pEGFP-MYH6WT and pEGFP-
MYH6MUT. The plasmid DNAs were linearized and injected into one- or
two-cell-stage zebrafish embryos (100 to 150 pg per embryo). The injected em-
bryos were analyzed for green fluorescence protein (GFP) expression at 48 hours
postfertilization (hpf).

Cell transfection and reporter assays. Rat cardiomyocyte cell line H9¢2 and
COS7 cells were transfected using Polyfect (Qiagen) according to the manufac-
turer’s protocol. Cells received 1.5 pg of reporter plasmid, 1.0 pg of expression
plasmids pcDNA-TBXS5 (wild type or mutant) and/or 0.25 ng pcDNA-MEF2C,
and 4 ng of plasmid pRL-TK as an internal control to normalize the variation in
transfection efficiency between the plates. The total amount of plasmid DNA in
each well was adjusted to 3.0 pg by using empty vector pcDNA3.1 as appropriate.
Twenty-four hours after transfection, cells were harvested and luciferase activity
was measured using a dual luciferase assay kit (Promega). Each transfection
experiment was carried out in duplicate and repeated at least three times. Values
shown in the histograms are means * standard deviations. Significance analysis
was performed using the Student ¢ test.

EMSA. Full-length TBX5-His, protein was purified as described previously
(14). A His-tagged T domain (Hiss-T,4) was generated by cloning the sequence
for amino acids 1 to 237 of TBXS5 into pET28 (Novagen). Purification of His tag
protein was performed with Ni-nitrilotriacetic acid agarose columns (Qiagen).
Electrophoretic mobility shift assays (EMSAs) were performed as described
previously (14), using a DNA probe corresponding to bases —1491 to —1530 of
the MYH6 promoter. This fragment (designated T1-M-T2) contains two TBX5
sites flanking an A/T-rich site. Probes containing wild-type sequence and mu-
tated transcription factor binding sites were prepared by annealing the oligonu-
cleotides shown in Table 1 to their complements. For supershift assays, we used
2 to 5 pl of polyclonal antibody to either TBXS5 (14) or MEF2C (Santa Cruz).

Protein expression constructs. Expression constructs pcDNA-TBXS, pcDNA-
TBX5G80R, pcDNA-TBX5G169R, pcDNA-TBX5R237Q, and pcDNA-TBXS5
R279X have been described previously (14). A full-length MEF2C expression
construct, pcDNA-MEF2C, was generated from IMAGE clone AI879046. The
MEF2C clone that we have generated expresses a muscle-specific isoform that
lacks the beta peptide in the C-terminal region. Truncated versions of TBX5 and
MEF2C were amplified from pcDNA-TBX5 or pcDNA-MEF2C as appropriate
and then cloned into pcDNA3.1 (Invitrogen). Maltose-binding protein (MBP)-
TBXS5 and glutathione S-transferase (GST)-MEF2C fusion proteins were gen-
erated by cloning the full-length coding sequences of TBX5 and MEF2C into
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TABLE 1. Oligonucleotides used to generate probes for EMSAs”

Probe Oligonucleotide sequence

T1-M-T2 CAC CTC CAC ACC CTG GAG CTA TAT
TGA GAG GTG ACA GTA AAC

T1 mutant..........cceeeeee CAC CTC CAG TAC CTG GAG CTA TAT
TGA GAG GTG ACA GTA AAC

T2 mutant..........ceoceuee CAC CTC CAC ACC CTG GAG CTA TAT
TGA GAG ACT ACA GTA AAC

Double mutant.............. CAC CTC CAG TAC CTG GAG CTA TAT
TGA GAG ACT ACA GTA AAC

A/T mutant..........cc.c.... CAC CTC CAC ACC CTG GAG CTG

CGT TGA GAG GTG ACA GTA AAC

“ Underlined bases denote mutations.

either pMAL-c2X (MBP tag; New England Biolabs) or pGEX-4T-1 (GST tag;
Pharmacia). Truncated fusion proteins were constructed in a similar manner.
MBP and GST fusion proteins were synthesized in Escherichia coli following
IPTG (isopropyl-B-p-thiogalactopyranoside) induction and purified on amylose
resin (New England Biolabs) and glutathione Sepharose columns (Pharmacia),
respectively. Protein quantifications were carried out by a Bradford assay (Bio-
Rad). Plasmids pcDNA-MEF2A and pcDNA-MEF2D were kind gifts from
Francisco J. Naya (Boston University) and Xiang-Jiao Yang (Montreal Univer-
sity), respectively.

In vitro coupled transcription/translation. In vitro synthesis of full-length and
truncated TBX5 and MEF2C proteins was performed using coupled reticulocyte
lysate (Promega) according to the manufacturer’s protocol. Briefly, 1.0 to 2.0 ug
of template DNA was incubated at 30°C for 90 min in a 50-pl reaction mixture
containing [**S]methionine (Amersham). Following incubation, protease inhib-
itors phenylmethylsulfonyl fluoride (1 mM), leupeptin (1 pg/ml), pepstatin (1
pg/ml), and aprotinin (1 pg/ml) were added to protect samples from proteolysis.
Proteins were visualized using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), followed by autoradiography.

In vitro pulldown assays. Full-length or truncated versions of TBX5 proteins
were generated as MBP fusion proteins in bacteria following IPTG induction.
These fusion proteins were partially purified from bacterial lysates on amylose
resin. Their integrity on PAGE gel was checked by Coomassie blue staining of
the gel. MBP-TBX5 fusion proteins were immobilized on amylose resin, and
GST-MEF2C was immobilized on glutathione Sepharose beads for interaction
studies. Equivalent amounts (2 to 5 pg) of immobilized MBP or GST fusion
proteins were incubated with *>S-labeled full-length MEF2C or TBXS (wild type
or mutant) in binding buffer (50 mM Tris [pH 7.4], 100 mM NaCl, 0.05% NP-40,
1 mM dithiothreitol [DTT], 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride,
1 pg/ml aprotinin, 1 wg/ml pepstatin, 1 pg/ml leupeptin, 0.05% bovine serum
albumin [BSA]) for 2 h at 4°C. Beads were washed four times with binding buffer
without BSA before the bound proteins were released from the beads by boiling
with SDS sample buffer. Eluted proteins were subsequently resolved on SDS-
PAGE gel, followed by scanning on a Storm PhosphorImager (Amersham Bio-
science), and band intensity was quantified using ImageQuant software (Molec-
ular Dynamics).

Immunoprecipitation and Western blot analysis. COS7 cells were transfected
with the pcDNA-TBXS5, pcDNA-TBX5-Myc, pcDNA-MEF2C or pcDNA-
MEF2C-hemagglutinin (HA) expression vector by using Polyfect (Qiagen). Cell
extract was prepared after 24 or 48 h by using cell lysis buffer (100 mM NaCl, 20
mM Tris, 10% glycerol, 1% NP-40, 1 mM DTT, and protease inhibitors). For
immunoprecipitation, cell extracts were incubated with 30 pl of anti-HA Agarose
conjugate (Sigma) overnight at 4°C with gentle shaking. Agarose beads were then
washed four times with binding buffer to remove nonspecific interactions. Bound
proteins were released from the beads by boiling with sample buffer, resolved on
SDS-PAGE gels, and then transferred to polyvinylidene difluoride membranes.
Western blot analysis was carried out with either anti-Myc antibody or anti-HA
antibody (Sigma), using an ECL Plus kit (Amersham Bioscience).

In vivo interaction studies of TBX5 and MEF2C, using FRET. For fluores-
cence resonance energy transfer (FRET) studies, we used two well-characterized
FRET partners, cyan fluorescence protein (CFP) and yellow fluorescence pro-
tein (YFP). The coding sequence of TBX5 was cloned into the Nhel site of the
pEYFP-N1 vector and the MEF2C coding sequence was cloned into the Xhol
and BamHI sites of the pECFP-N1 vector (BD Biosciences) to produce fusion
plasmids pTBX5-YFP and pMEF2C-CFP, respectively. In order to generate the
pTBX5G80R-YFP construct, we introduced the relevant mutation into the wild-
type construct pTBX5-YFP by site-directed mutagenesis using a commercial kit
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(Stratagene). The concentration of plasmids pTBXS-YFP and pMEF2C-CFP or
pTBX5G80R-YFP and pMEF2C-CFP was optimized for transfection to prevent
speckle formation. In control experiments, we transfected COS7 cells with the
basic vectors pEYFP-N1 and pECFP-N1. Forty-eight hours after transfection,
cells were washed in HEPES-buffered saline and imaged live at 37°C. A Zeiss
LSM 510 confocal microscope (Carl Zeiss, Germany) operating with a 25-mW
argon laser was used for imaging. The laser was tuned to lines 458 and 514 to
excite CFP (458 nm) and YFP (514 nm). With a META spectral detector,
emission profiles were generated by scanning emission spectra of MEF2C-CFP
and TBX-YFP across a series of wavelengths (462 to 633 nm). FRET was
measured using acceptor photobleaching according to the method of Karpova et
al. (17). To correct for spectral bleed-through, the images were processed using
the linear unmixing emission fingerprinting software for the LSM 510 META
apparatus. We selected those cells that show comparable levels of fluorescence
for both CFP and YFP. The efficiency of FRET was calculated as a percentage,
using the formula E. = (I — Is) X 100/I4, where I, is the CFP intensity at the
nth time point. As the bleach occurred between time points 5 and 6, this formula
yields the increase in CFP fluorescence following a YFP bleach normalized by
CFP fluorescence after the bleach. As a control, we measured and performed a
similar calculation for nonbleached regions of the specimen, using the formula
Cp = (I4 — Is) X 100/I,. We analyzed at least 10 cells from each group to derive
the significance between the groups. The results are presented as the means *
standard errors of the means, and the significance was calculated using Student’s
t test.

Microinjection of zebrafish embryos and Western blot analysis. Wild-type
zebrafish were kept and staged according to reference 45. Morpholinos for
targeting zebrafish tbx5 (5'-GAAAAGTGTCTTCACTGTCCGCCAT-3") and
mef2c (5'-CCTTCCTCTTCCAAAAGTACAGTCC-3") mRNA were designed
and obtained from Gene Tools, LLC. To assess the dose-dependent effects of
each morpholino, various dosages of tbx5-MO and mef2c-MO were titrated
initially. Wild-type zebrafish embryos at the one- or two-cell stage with an intact
chorion were injected with approximately 1.2 to 1.7 nl of stock morpholinos,
which ranged from 1 ng/nl to 10 ng/nl in deionized water. The injected embryos
were kept at 28.5°C for 2 or 3 days postfertilization. The images of live 3-day-
postfertilization zebrafish were captured using a Zeiss Stereo Lumar V12 micro-
scope with a Hamamatsu digital camera.

For Western blot analysis, zebrafish embryos were collected and microinjected
with antisense morpholino oligonucleotides for tbx5 (1.2 ng) or mef2c (1.86 ng)
or both. At 48 h postinjection, embryos were screened for morphants, collected
into Microfuge tubes, washed three times with cold phosphate-buffered saline
(PBS), and homogenized five or six times in SDS sample buffer (63 mM Tris
buffer [pH 6.8], 10% glycerol, 2% SDS, 1 mM DTT, and protease inhibitors)
until uniform in consistency. Following incubation on ice (10 min), the extract
was boiled for 5 min and briefly homogenized, followed by centrifugation at 4°C
for 10 min at 12,000 rpm. The supernatant was stored at —80°C. The protein
concentration of the extract was estimated using a DC protein assay kit (Bio-
Rad). For Western blot analysis, 30 ng of total protein from each sample was
fractionated on a 4 to 12% Bis-Tris Nu-Page gel (Invitrogen) and electrophoreti-
cally transferred to a polyvinylidene difluoride membrane (Invitrogen). The
membranes were blocked with 5% nonfat dried milk (Santa Cruz) in Tris-
buffered saline containing 0.1% Tween 20 for 2 h at room temperature. The
membranes were washed three times (10 min each) in Tris-buffered saline-0.1%
Tween 20 and incubated at 4°C overnight with primary antibodies TBX5 (Ab-
nova), Mef2c (Cell Signaling), S46 (Hybridoma Bank), MLC2 (Santa Cruz),
cardiac actin (Progen), and a-tubulin (Santa Cruz). Protein detection was carried
out with the ECL Plus detection kit (Amersham Bioscience). Protein levels were
quantified by scanning band intensities, using ImageQuant 5.2 software.

Immunohistochemistry. Zebrafish embryos (48 hpf) were fixed in 4% para-
formaldehyde in PBS overnight at 4°C. The embryos were then washed in
PBS-0.1% Tween20 (PBS-T); dehydrated in 25%, 50%, 75%, and 100% meth-
anol; and finally stored overnight in 100% methanol at —20°C. Next day, the
embryos were rehydrated by washing them in PBS-T. Embryos were blocked for
4 h at room temperature in blocking solution (5% BSA, 1.0% dimethyl sulfoxide,
and 0.1% Tween 20 in PBS), washed briefly in PBS-T, and then incubated
overnight at 4°C in a 1:20 dilution of S46 antibody (Developmental Studies
Hybridoma Bank) in antibody dilution buffer (3% BSA in PBS-T). The embryos
were washed six times at room temperature in PBS-T, followed by 4 h of
incubation with secondary antibody (immunoglobulin G-horseradish peroxidase;
Sigma) in a dilution of 1:200. After the embryos were washed in PBS-T, diami-
nobenzidine (Sigma) staining was carried out for color development.

Rescue experiment with zebrafish Myh6. Zebrafish Myh6 is encoded by a
single exon. We amplified the entire coding sequence of zebrafish Myh6 by using
PCR and cloned it into the pPGEM-T vector (Promega). Capped mRNA tran-
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scripts were synthesized from the T7 promoter of the Notl-linearized pGEM-
Myh6 plasmid DNA by using an mMessage mMachine kit (Ambion). As a
control, we used Xenopus elongation factor la mRNA (Xef-1). Purified Myh6 or
Xef-1 mRNA (500 pg per embryo) was coinjected with Tbx5 (1.5 ng per embryo)
and Mef2c (2.0 ng per embryo) morpholinos into zebrafish embryos. At 48 h
postinjection, embryos were screened for heart morphology. The rescue exper-
iment was carried out blind. All the reagents for this experiment were set up by
T. Ghosh and coded as X or Y. The actual embryo injection and morphology
analysis were carried out by a different person (S. Buxton), without prior knowl-
edge of the reagents, to ensure that the experiment was free from any bias.

RESULTS

TBXS5 and MEF2C cooperatively activate transcription of
MYHG6. Previous studies from our laboratory identified MYH6
as a target for TBX5 regulation (10, 14). Although TBXS5
activates the transcription of at least two other promoters,
ANF and CX40, it shows only weak effects on its own. How-
ever, in conjunction with other proteins, TBXS acts synergis-
tically to produce a severalfold increase in transcription (8, 12,
15). Our promoter analysis suggests that the 4.5-kb upstream
region of MYHG6 contains at least 16 putative sites for TBXS,
which are clustered into the central and distal intervals. There
are also six NKX-binding sites and three GATA sites. Previous
work has shown that synergy between neighboring sites is an
important feature of cardiac transcriptional regulation (15),
but neither NKX- nor GATA-binding sites are in close prox-
imity to the TBXS5 sites on the MYH6 promoter (Fig. 1A).
However, within the central region (bases —1491 to —1530), a
40-bp fragment (termed T1-M-T2) containing two TBXS sites
flanking an A/T-rich element, characteristic of a binding site
for a cardiac MADS box transcription factor, such as MEF2C,
is strongly conserved between human, mouse, hamster, and
rabbit (Fig. 1B). In view of the proximity of two TBXS sites to
a putative MEF2C binding site within the MYH6 upstream
region, we performed reporter studies to determine whether
the two transcription factors cooperatively activated this gene.
The MEF2C expression construct pcDNA-MEF2C was co-
transfected with pcDNA-TBXS and pGL3-MYHG6-I in COS7
cells, producing synergistic activation of the myosin reporter
gene (Fig. 1C, left). Western blot analysis of the total cell lysate
generated from the transfected cells suggest that ectopic ex-
pression of either TBX5 or MEF2C does not affect the level of
expression of the other protein (Fig. 1C, inset). The TBXS5-
and MEF2C-mediated synergy was also reproduced in rat
HO9c2 cells (data not shown). The functional synergy was abol-
ished when we deleted the 40-bp conserved fragment from the
wild-type reporter construct, thereby suggesting that the func-
tional interaction of these proteins occurs on this specific re-
gion (Fig. 1C, right). This finding is further supported by the in
vivo analysis of the 4.5-kb promoter fragment with and without
the 40-bp T1-M-T2 section in zebrafish. Full-length and de-
leted constructs were generated upstream of a promoterless
GFP. Deletion of the 40-bp section containing TBX5 and
MEF2C sites significantly reduced (P < 0.01; wild type versus
mutant) the proportion of embryos showing heart fluorescence
and the overall level of fluorescence observed (Fig. 1D and E).

Binding site requirement for TBXS and MEF2C synergy. In
order to understand the binding site requirements for TBX5
and MEF2C on the MYH6 upstream region, we performed gel
mobility shift assays. The strongly conserved 40-bp DNA frag-
ment T1-M-T2, corresponding to bases —1491 to —1530 of the
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FIG. 1. MHC 6 (MYHO) is activated by TBXS and MEF2C. (A) Schematic representation of myosin wild-type and mutant promoter showing the
distribution of putative cis elements for TBXS, MEF2C, GATA4, and NKX2.5. (B) The sequence of the human MYH6 promoter region comprising bases —1530
to —1491, which contains two TBX5 sites flanking an MEF2C site, is conserved in mouse, hamster, and rabbit. (C) Histogram showing the synergistic effect of
TBXS and MEF2C on the wild-type MYH6 promoter and the need for the T1-M-T2 region of pGL3-MYH6-I for TBX5/MEF2C mediated synergy of MYH6
in COST7 cells. The presence or absence of TBXS5 and MEF2C is shown beneath each column. The wild-type reporter construct, pGL3-MYH6-, is shown on
the left and the deleted construct, PGL3-MYHG6-IV, on the right. (Inset) Protein levels of TBXS and MEF2C are shown by Western blot analysis using
anti-TBXS5 and anti-MEF2C. (D) In vivo promoter analyses of MYHG6 in zebrafish. The wild-type (pPEGFP-MYH6WT) and 40-bp deletion mutant promoter
(pPEGFP-MYH6MUT) constructs are injected into one- or two-cell-stage embryos and the 48-hpf embryos screened for GFP expression. Panels i and ii are
bright-field and fluorescence images, respectively, of the same embryo injected with the wild-type promoter (lateral view). Panels iii and iv are bright-field and
fluorescence images, respectively, of the same embryo injected with the mutant promoter. GFP expression is visible in the heart regions of the embryos (arrow).
(E) Table showing the percentages of embryos expressing GFP in the hearts injected with wild-type and mutant constructs.

2208



VoL. 29, 2009

- -
8

TBX5 AND MEF2C SYNERGY ON MYH6 PROMOTER 2209

<« C

1234 56 7 9 1011 12 13 14 15 16 17 18 19 20
T1-M-T2
Probe o0~ Hoo- oo ¥ No¥- -oXo-

FIG. 2. Binding site requirement for TBXS5 and MEF2C synergy on the MYH6 promoter. (A to D) Gel mobility shift assays using T1-M-T2,
the 40-bp fragment comprising bases —1491 to —1530 of the MYHG6 upstream region (Fig. 1B), as a probe. (A) TBXS (T) produces fast (F) and
slow (S) complexes (lane 2), which can be specifically supershifted using an anti-TBXS antibody (Ab) (lane 3, arrow). (B) A shifted complex is
produced with MEF2C (M) (lane 2) and can be supershifted using an anti-MEF2C antibody (lane 3, arrow). (C) TBXS (T) and MEF2C
(M) together (T+M) form a complex (arrow) on the T1-M-T2 fragment (lane 4). (D) A complex is formed on the T1-M-T2 fragment in the
presence of MEF2C (M) and truncated TBXS containing residues 1 to 237 (Td) (lane 4, arrow). (E) Gel mobility shift assays showing the binding
site requirement for complex formation with TBXS and MEF2C. Wild-type or mutated versions of the T1-M-T2 fragment DNA fragments are
shown beneath each set of four lanes. Squares represent TBXS sites and triangles MEF2C sites. Crosses indicate mutation sites. The arrows
indicate the positions of the shifted fragments (C) in lanes 4, 8, 12, and 20, with TBX5 and MEF2C together.

MYHG6 upstream interval (Fig. 1B), was used as probe in these
studies. Bacterially expressed His-TBXS produced fast and
slow mobility complexes on the T1-M-T2 fragment. These
complexes were supershifted by an anti-TBXS-specific anti-
body (Fig. 2A). A shifted complex was also observed with
GST-MEF2C on T1-M-T2, which was supershifted with anti-
MEF2C antibody (Fig. 2B). In order to establish whether
TBXS and MEF2C could bind together on the target fragment,
we performed EMSAs in the presence of both proteins. Figure
2C shows that MEF2C and TBXS together form a strong
complex, indicating cooperative binding on the DNA target
(Fig. 2C, lane 4). A truncated version of TBX5 containing the
T domain was sufficient for complex formation with MEF2C
on this target (Fig. 2D). In order to determine the binding site
requirement for the TBX5-MEF2C interaction, we generated
variants of the T1-M-T2 fragment in which the binding sites for

TBXS5 and MEF2C were mutated in various combinations.
Figure 2E shows gel mobility shift assays with wild-type T1-
M-T2 and other fragments containing mutant binding sites.
The TBXS5-MEF2C complex is present in lanes 4, 8, 12, and 20
of Fig. 2E. This shows that mutations in single TBXS sites
(lanes 8 and 12) or in the MEF2C site (lane 20) do not affect
complex formation. However, it is affected by mutation in both
TBXS sites (lane 16). These experiments suggest that forma-
tion of the complex requires at least one of the TBXS sites to
be intact, whereas the A/T-rich site is not essential.
Association of TBX5 and MEF2C. The synergistic activation
of the MYH6 promoter by TBXS5 and MEF2C and the gel
mobility shift assay data prompted us to investigate whether
there was direct physical association between these proteins by
using in vitro pulldown and coimmunoprecipitation assays. Fu-
sion proteins MBP-TBXS5 and MBP-LacZ were generated and
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FIG. 3. Physical association of TBXS and MEF2C. (A) Autoradio-
graphs of pulldown assays showing the extent to which radiolabeled
proteins Luciferase (Luc), NKX2.5, GATA4, and MEF2C associate
with MBP-TBXS or MBP-LacZ. The left panel shows a gel containing
50% of the input proteins. The right panel displays the output from the
pulldown with MBP-LacZ (control) or MBP-TBX5 and shows the
interaction between MBP-TBXS and MEF2C as well as the interac-
tions between MBP-TBX5 and NKX2.5 or GATAA4. The control pro-
tein, MBP-LacZ, did not interact with any of these proteins. (B) Sim-
ilar pulldown assays show that TBXS also interacts with other MEF2
isoforms, MEF2A and MEF2D. The left panel shows the input gel.
The middle and the right panels show the output gels from the
pulldown experiments with MBP-LacZ and MBP-TBXS, respec-
tively. (C) Coimmunoprecipitation studies with TBX5-MYC and
MEF2C-HA in COS7 cells. The presence or absence of pTBX5-MYC,
pPMEF2C-HA, or pcDNA3.1 in transfected cells is indicated on the
matrix above the Western blots. The lysates from transfected cells were
subjected to immunoprecipitation with anti-HA-conjugated agarose
beads, and TBX5-MYC was detected using an anti-MYC antibody
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immobilized on amylose resin beads. Following incubation
with either in vitro-synthesized, **S-labeled MEF2C or lucif-
erase proteins, specific interactions were monitored on SDS-
polyacrylamide gels. As shown in Fig. 3A, the MBP-TBXS5
fusion protein specifically retained the labeled MEF2C protein
but not the luciferase control. Under similar conditions, MBP-
LacZ failed to interact with MEF2C, indicating that the inter-
action was specific to TBXS5. Figure 3A also illustrates the
interaction of TBXS with NKX2.5 and GATA4 for comparison
in parallel assays. Additional pulldown experiments reveal the
interaction of MBP-TBX5 with other MEF2 isoforms, such as
2A and 2D (Fig. 3B). Semiquantitative analysis from our pull-
down experiments suggests that the affinity of TBXS for
MEF2C is almost two times lower than its affinity for GATA4
and NKX2.5. We also analyzed the affinity of TBXS for
MEF2A and MEF2D. TBXS shows a similar affinity for
MEF2A and MEF2C, but its affinity for MEF2D is almost
two-thirds lower.

Coimmunoprecipitation assays were carried out to assess the
in vivo association of TBX5 and MEF2C. COS7 cells were
transfected with expression constructs pcDNA-TBX5-MYC
and pcDNA-MEF2C-HA, either singly or together. At 48 h
posttransfection, cell extracts were prepared and immunopre-
cipitation was carried out using anti-HA-conjugated agarose
beads. As shown in Fig. 3C, panel ii, MEF2C-HA could spe-
cifically pull down TBX5-MYC in the lysate from the cells
coexpressing both proteins, indicating that MEF2C and TBXS5
associate in vivo. Our immunoprecipitation studies also sug-
gest that this interaction is particularly salt sensitive (see Fig.
S3 in the supplemental material).

Interacting domains of TBX5 and MEF2C. In order to iden-
tify the domain of TBXS that interacts with MEF2C, we gen-
erated constructs containing deletions of the N or C termini of
TBXS (Fig. 4A). The truncated versions of TBX5 were ex-
pressed as MBP fusion proteins in bacteria and immobilized
on amylose beads. Pulldown assays were performed follow-
ing incubation of the fusion proteins bound to the gel matrix
with in vitro-translated, *°S-labeled full-length MEF2C.
Whereas N-terminal amino acid residues 1 to 237 of TBX5S
interacted with MEF2C, C-terminal residues 238 to 518
failed to do so (Fig. 4A). To fine map the minimal interact-
ing region of the TBXS T domain, we analyzed further
deletion constructs. Deletion of amino acids 1 to 53 did not
prevent binding, but further truncation of the T domain
from either end resulted in clear reduction of binding ac-
tivity (Fig. 4B). These results suggest that the DNA-binding
domain of TBXS (residues 54 to 237) is required for medi-
ation of the interaction with MEF2C.

Similarly, we performed pulldown assays to map the domain
of MEF2C involved in interaction with TBX5. We generated

(ADb). (i) Expression of TBX5-MYC in the input protein. (ii) Copuri-
fied TBX5-MYC following HA immunoprecipitation (arrow). (iii)
MEF2C protein bound to the beads that copurified the TBX5-MYC
protein. Asterisks indicate either nonspecific protein bands (blot ii) or
immunoglobulin heavy-chain bands (blot iii). IB indicates the antibody
used to probe the relevant blot. IP indicates the antibody used in the
immunoprecipitation.
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FIG. 4. Mapping the interacting domains of TBX5 and MEF2C.
(A) Fragments of TBXS fused to MBP are shown, with the T domain
(residues 1 to 237) in black, alongside an autoradiograph from a
pulldown assay. Lane 1, MEF2C input; lanes 2 to 4, MEF2C output
with different MBP-tagged TBXS fragments. (B) Further mapping of
residues 1 to 237 of TBX5 by using additional TBXS deletion con-
structs fused to MBP. The region of TBXS present in each case is
shown in black. Lane 1, MEF2C input; lanes 2 to 7, MEF2C output
following pulldown with the various MBP-tagged fragments of TBXS.
(C) Full-length and deletion fragments of MEF2C, tested for binding
to full-length TBX5-MBP, are shown schematically alongside an au-
toradiograph of the pulldown assay. Lanes 1 to 3, MEF2C input pro-
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constructs to produce truncated versions of MEF2C by in
vitro-coupled transcription-translation. The truncated proteins
were incubated with MBP-TBXS, immobilized on amylose
resin, and tested for binding activity. As shown in Fig. 4C, the
N-terminal deletion fragments of MEF2C retaining amino ac-
ids 87 to 465 and 61 to 465 showed markedly reduced interac-
tion with TBXS. These proteins lack the MADS box motif at
the N-terminal end of the protein (residues 1 to 60). To con-
firm the interaction of the MEF2C MADS box with TBX5, we
performed pulldown assays using TBXS with MEF2C (residues
1 to 86) and TBXS5 with a fused peptide containing a small
fragment of MEF2C (residues 1 to 60) with a carrier protein
GST. MEF2C (residues 1 to 86) and the GST fusion of
MEF2C (residues 1 to 60) demonstrated binding to TBXS,
whereas GST alone did not interact under similar conditions
(Fig. 4D). These data suggest that the TBX5-binding activity of
MEF2C lies in the MADS box region between amino acids 1
and 60.

We also examined the effects of various TBXS mutations
in promoter reporter and pulldown assays (see Fig. S1 and
associated information in the supplemental material). The
TBXS5/MEF2C synergy was lost when TBX5R279X, a C-
terminal deletion construct, was used. TBX5G80R also
showed a significant reduction in synergy with MEF2C,
compared to the level for wild-type TBXS, whereas
TBX5G169R, TBX5R237Q, and TBX5S252I retained syn-
ergistic activation of MYH6, but at reduced levels. Further-
more, in reporter assays, TBX5R279X competes in a dom-
inant-negative fashion with wild-type TBXS for binding to
MEF2C and MYH6 reporter activation (see Fig. S1D in the
supplemental material).

TBXS5/MEF2C interaction visualized by FRET. To examine
whether there is direct interaction of TBX5 and MEF2C under
physiological conditions, we performed FRET studies using
acceptor photobleaching (Fig. 5). COS7 cells were cotrans-
fected with pTBX5-YFP and pMEF2C-CFP constructs. Fol-
lowing transfection, both proteins were found to colocalize to
the nucleus (Fig. 5A and B). Figure S2 in the supplemental
material shows images of colocalized pixels only, with signifi-
cantly increased numbers in the pTBX5-YFP/pMEF2C-CFP-
transfected cells. In the colocalized areas, we measured the
FRET efficiency from bleached regions (E) of at least 10 cells.
Control FRET (C) from unbleached areas of the same cells
was measured. Comparison of these two values provides a
clear indication of FRET between TBX5-YFP and MEF2C-
CFP (E, = 12.53 £ 2.02and C,. = 0.16 = 0.16) (Fig. 5A to C).
FRET was also evident in the control proteins CFP and YFP
(Ep =5.83 =138 and C, = 2.44 = 1.17), possibly due to the
nonspecific interactions and/or weak heterodimerization be-
tween CFP and YFP molecules (Fig. 5D to F). However, the

teins; lanes 4 to 6, outputs from these proteins following pulldown with
MBP-TBXS5. (D) Residues 1 to 60 of MEF2C are essential for binding
to TBXS5. MEF2C (residues 1 to 86) and the GST-linked MEF2C
fragment (residues 1 to 60) are shown schematically, with the MADS
box in black, alongside an autoradiograph of the pulldown assay. Lanes
1 to 3, input proteins; lanes 4 to 6, outputs following pulldown with
MBP-TBXS5.
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pTBX5-YFP indicates FRET activity. (G) Histogram showing that FRET activity is significantly higher with TBX5-YFP and MEF2C-CFP than
with control proteins CFP and YFP (P < 0.05) and that TBXS5 mutant protein TBX5G80R-YFP has significantly reduced FRET activity with
MEF2C-CFP compared to that with wild-type TBX5-YFP (P < 0.01).
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TABLE 2. Comparison of death rates in single- and double-
knockdown embryos treated with tbx5 and
mef2c morpholinos”

No. of o
Expt and morpholino dose embryos RaZeS (h/az by
injected P
Single knockdown
None (wild type) 2,304 3
5 ng tbx5 140 5°
9 ng tbx5 107 14°
16.5 ng tbx5 88 11°
3 ng mef2c 109 8
7.5 ng mef2c 136 10°
8.3 ng mef2c 43 4°
Double knockdown
3 ng each (6 ng total) 30 37°
4 ng each (8 ng total) 332 65”
5 ng each (10 ng total) 297 79°
Single and double knockdown at lower
doses
1.24 ng tbx5 533 21¢
1.86 ng tbx5 mis 302 1€
1.86 ng mef2c 245 6¢
1.86 ng mef2c mis 233 3¢
1.24 ng tbx5 + 1.86 ng mef2c 420 52¢
1.24 ng tbx5 + 1.86 ng mef2c mis 358 19¢
1.24 ng tbx5 mis + 1.86 ng mef2c 381 21¢
1.24 ng tbx5 mis + 1.86 ng mef2c mis 285 1¢

“One- or two-cell zebrafish embryos were injected with morpholino, and
mortality by 48 hpf was recorded.

* Death rate.

¢ Morphant rate.

FRET efficiency was significantly higher with the TBX5-YFP
and MEF2C-CFP pairs (Fig. 5A to C) than with the control
proteins YFP and CFP (12.53 *+ 2.02 versus 5.83 £ 1.38; P <
0.05) (Fig. 5D to F). In addition, we also performed FRET
studies with a TBX5 mutant, TBX5GS80R, as pulldown assays
indicate that TBX5G80R mutant protein has a significantly
lower affinity for MEF2C than does wild-type TBXS. In FRET
assays, the FRET efficiency of TBX5G80R with MEF2C was
significantly lower than that for wild-type TBXS (5.86 = 0.97
versus 12.53 = 2.02; P < 0.01) (Fig. 5G). Overall, these results
suggest that TBXS5 directly interacts with MEF2C in a cellular
environment.

Effect of Mef2c and Tbx5 knockdown on heart development.
To determine the effect of tbx5 and mef2c reduction, we con-
ducted knockdown studies with one- and two-cell zebrafish
embryos by using antisense morpholinos against tbx5 and
mef2c. Initially, we performed dosage sensitivity studies to op-
timize the concentration of morpholino employed. Table 2
shows the death rates found for various concentrations of
Tbx5-MO and Mef2c-MO when applied singly or in combina-
tion. The death rates for embryos following single-morpholino
application ranged from 4% to 14%, compared to 3% in con-
trols. In contrast, we observed a strikingly high death rate in
embryos in the double-knockdown experiments. Table 2 shows
that in the concentration range of 3 ng to 5 ng of each mor-
pholino, the death rate at 48 hpf rose from 37% to 79% in the
double knockdowns. This is highly significant, even when the
single morpholino with the highest death rate (9 ng Tbx5-MO,
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in which case 15 of 107 died) (Table 2) is compared to the
double knockdown with the lowest death rate (3 ng of
Tbx5-MO and 3 ng of Mef2c-MO, in which case 11 out of 30
embryos died) (P = 0.008; Fisher’s exact test). Because of the
very high death rate, we used reduced concentrations (1.24 ng
of Tbx5-MO and 1.86 ng of Mef2c-MO) and both were applied
simultaneously.

Table 2 shows a comparison of the numbers of morphants
observed at 48 hfp in double-knockdown studies using reduced
concentrations of targeted and mismatched tbx5 and mef2c
morpholinos. The phenotype of the Tbx5 knockdown was as
described by others (13), with a stringlike heart, a failure of
looping, pericardial edema, and absent or reduced fin buds
(Fig. 6). The Mef2c knockdown produced a similar heart phe-
notype, with looping defects and pericardial edema but normal
pectoral fin development. We also conducted experiments with
mismatched morpholinos in conjunction with the targeting
morpholinos to provide better controls for comparative pur-
poses at lower morpholino concentrations. Tbx5-MO morpho-
lino (1.24 ng) with mismatched Mef2c-MO morpholino (1.86
ng) or Mef2c-Mo (1.86 ng) with mismatched Tbx5-MO (1.24
ng) produced significantly fewer morphants, with generally
milder phenotypes, than the double knockdowns, which con-
sistently produced many embryos with a linear unlooped heart.
Figure 6 shows the effects of gene knockdown on heart devel-
opment for a range of zebrafish embryos.

Atrial MHC (myh6) is an in vivo target of Thx5 and Mef2c.
Biochemical and cell transfection studies suggest that TBXS5
and MEF2C physically interact and synergistically promote
transcription of atrial MHC (MYHG6). Furthermore, simulta-
neous treatment with Tbx5-MO and Mef2¢c-MO morpholinos
produced significantly increased levels of death in zebrafish
embryos and a more severe phenotype in survivors than treat-
ment with equivalent concentrations of individual morpho-
linos. Thus, we generated protein extracts from 48-h-postinjec-
tion embryos to analyze the levels of putative tbx5 and mef2c
targets by Western blot analysis. As shown in Fig. 7, «-MHC
(myh6) was significantly reduced following tbx5 and mef2c
knockdown, whereas a-cardiac actin and myosin light chain la
were unaffected. We also compared the effect of the single tbx5
(Fig. 7D, lane 2) or mef2c (Fig. 7D, lane 3) morpholino to that
of the double (Fig. 7D, lane 4) morpholinos on myh6 with
Western blots. Each single morpholino reduced the level of its
target, endogenous tbx5 or mef2c, compared to the level in
wild-type embryos. Figure 7D shows that while knockdown of
tbx5 or mef2c moderately reduced the level of myh6 (by 16%
or 36%, respectively), knockdown of both proteins together
reduced the level of myh6 by 68%, suggesting that tbx5 and
mef2c cooperatively activate the expression of mhy6 in vivo. In
addition, we also performed immunostaining of the tbx5 and
mef2c knockdown embryos by using S46, a myho6-specific
monoclonal antibody. While both wild-type and mismatched-
morpholino-treated embryos show strong myh6 expression in
the heart, the antisense morpholinos drastically reduced the
myh6 protein in the heart (Fig. 7E).

Myh6 partially rescues the heart phenotype of Tbx5 and
Mef2c double-knockdown embryos. Myh6 is significantly
downregulated in Tbx5 and Mef2c knockdown embryos. In
order to investigate whether the reduced level of Myho6 is at
least partly responsible for the heart phenotype in the double-
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FIG. 6. Knockdown of zebrafish tbx5 or mef2c disrupts looping of the heart tube. (A, B) Wild-type zebrafish showing a tightly looped heart tube
and development of the pectoral fins. Zebrafish injected with ~5 ng Tbx5 morpholino show pericardial edema and an unlooped heart tube (C) and
no pectoral fin development (arrows indicate absence of fins) (D). (E) Zebrafish treated with ~5 ng Mef2c morpholino also have an unlooped heart
tube, but pectoral fin development is unaffected. (F) Embryo following double knockdown with ~1.86 ng of tbx5 and mef2c morpholinos, showing
pericardial edema and an unlooped heart tube. a, atrium; v, ventricle; f, fin.

knockdown embryos, we performed rescue experiments with
Myh6 RNA. As a control, we used Xenopus elongation factor
la (Xef-1) mRNA. When injected singly, neither Myh6 nor
Xef-1 mRNA shows any heart phenotype at the concentration
range of 50 to 300 ng. We then coinjected the capped Myh6
mRNA with Tbx5 and Mef2c morpholinos, and in the control
group, we coinjected Xef-1 mRNA along with Tbx5 and Mef2c
morpholinos. We screened the morphants following both treat-
ments and assigned them to one of four categories (normal,
mild, moderate, or severe), based on the severity of heart
defects (Fig. 8). Embryo morphology was scored without prior
knowledge of the treatment used. Table 3 shows the summary
of the rescue experiments. Overall, the data suggest that in
comparison to Xef-1, Myh6 RNA significantly (P < 0.001;
chi-square test) rescued the severity of the heart phenotype in
double-knockdown embryos.

DISCUSSION

MHC proteins are the major contractile proteins of the
heart. They occur predominantly as two specific isoforms:
a-MHC, encoded by MYH6, and B-MHC, encoded by MYH?7.
In humans, the two forms are uniformly expressed in the early
stage of heart tube formation before finally being restricted
predominantly to the atrium (in the case of a-MHC) and the
ventricle (in the case B-MHC). MYH6 and MYH?7 are arranged
in tandem on human chromosome 14, separated by 4.5 kb of
intergenic sequence. Although the two proteins are highly ho-
mologous, their 5’ flanking sequences are quite divergent, in-
dicating different regulatory mechanisms for MYH6 and MYH7
transcription (46). Our previous studies identified the presence
of several putative binding sites for TBX5 in the MYH6 up-
stream region, suggesting that TBXS might have a direct role
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FIG. 7. Effect of tbx5 and mef2c knockdown in zebrafish. Western blots showing the effect of Tbx5 and Mef2c knockdown on the expression
levels of anti-MHC (A), anti-cardiac actin (B), and myosin light chain 1a (C). In panels A, B, and C, lane 1 shows the marker (M) (Magic marker;
Invitrogen), lane 2 the protein extract from untreated zebrafish embryos (WT), and lane 3 the anti-Tbx5 and anti-Mef2c morpholino-treated
samples (T+M-MO). a-Tubulin is shown as a loading control. (D) Western blot analysis showing the effects of Tbx5 and Mef2c single and double
knockdown on Myh6 in zebrafish. The blot was probed with antibodies against myho6, tbx5, mef2c, and a-tubulin. Lane 1, wild-type extract (WT);
lane 2, tbx5 knockdown extract (T-MO); lane 3, mef2c knockdown extract (M-MO); lane 4, extract from a tbxS-and-mef2c¢ double knockdown
(T+M-MO). a-Tubulin is shown as a loading control. (E) Immunostaining of 48-hpf zebrafish embryos showing the expression of Myh6 in the heart
(ventral view). (i) Wild-type embryo (WT). (ii) Embryo injected with tbx5 and mef2c mismatch morpholinos (tbx5-Mis MO + mef2c-Mis MO).
(iii) Embryo injected with tbx5- and mef2c-targeted morpholinos (tbx5-MO + mef2c-MO), showing a stringlike heart with very little expression
of Myh6. The inset shows enlargement of the respective heart regions. a, atrium; v, ventricle.

in the transcriptional regulation of this gene (14). Although
TBXS activates the transcription of at least two other promot-
ers, ANF and CX40, it shows only weak effects on its own.
However, in conjunction with other proteins, TBXS acts syn-
ergistically to produce a severalfold increase in transcription
(8, 12, 15). In this study, we report the physical interaction and
functional cooperation of TBX5 with MEF2C on the MYH6
promoter.

The human MYH6 promoter is not well studied, though one
report has shown that it is repressed by the transcription factor

Yin Yang 1 (YY1) (43). The 5’ upstream region of the rat
a-MHC gene contains regulatory elements for transcription
factors, such as serum response factor, E box, MEF2, and
GATAA4 (31), and several of these are present in the human
promoter. The proximal region of the rat promoter contains
two A/T-rich motifs at positions —219 and —300. The motif at
position —300 has little effect (22), whereas the site at position
—219, which differs from the MEF2 consensus sequence at a
single base (ACTAAAAAAAGQG), is indispensable (29) and
important for synergy with the thyroid hormone receptor (22).
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FIG. 8. Heart defects observed in morphants following rescue experiments with Myh6 mRNA in zebrafish. (A) Normal phenotype. Both the
atrium and the ventricle are clearly defined (in some cases, it is even possible to observe myocardial and endocardial layers) and tightly packed
into a figure eight configuration. (B) Mild phenotype. The atrium and ventricle are clearly distinguishable, but looping is noticeably relaxed and
slight pericardial edema is seen. (C) Moderate phenotype. The atrium and ventricle can still be identified but are irregular in shape and/or size.
Looping is lost, and pericardial edema is observed. (D) Severe phenotype. Complete malformation is seen, with no defined atrium or ventricle.
The heart is stretched to a thin tube. Large pericardial edema is often observed, and the heart rate is notably slower. Many other morphological

observations may also be seen (e.g., spinal defects).

We have identified another A/T-rich motif at position —1510 of
the human MYH6 promoter that is flanked by two TBXS sites
(T1-M-T2) and conserved in mouse, hamster, and rabbit. Our
promoter search also reveals the presence of six serum response
factor sites (positions —4152, —4151, —3723, —2198, —980, and
—268) and two SALL sites (positions —3717 and —3025), but
neither of the sites is in close proximity to a TBXS site.

The heterodimerization of various proteins at promoter sites
is an effective modulator of gene expression. In some cases, the
cognate DNA-binding elements for both protein partners are
required for functional cooperation, whereas in other situa-
tions, only one site is required to be intact, as the second
partner can be recruited to the promoter by physical interac-
tion with the first. The functional cooperation between MEF2
and MyoD (28) and MEF2C and GATA4 (30) requires only
one intact cognate site, whereas both DNA-binding sites are

TABLE 3. Distribution of morphants showing heart phenotypes in
the Myh6 rescue experiments

No. of embryos showing

hes h Total
Treatment eart phenotype o, of
Normal Mild Moderate Severe CSMPIYOS

Tbx5-MO + Mef2c-MO + 31 62 136 172 401
Xef-1 mRNA

Tbx5-MO + Mef2c-MO + 46 105 150 118 419
Myh6 mRNA

required for synergistic activation of ANF by TBXS5 and
NKX2.5 (8) and of rat a-MHC by MEF2C and TR (22). In the
present study, we have shown that TBXS5 and MEF2C form a
ternary complex on a promoter fragment containing their cog-
nate sites. The direct recruitment of these two proteins on to
the MYHG6 promoter results in the observed synergy. This syn-
ergy is abolished when a mutated promoter construct, deleted
for the T1-M-T2 region (bases —1491 to —1530) that contains
two TBXS sites and a A/T-rich sites, is used in cotransfection
assays. Thus, the assembly of the heterodimer complex in this
region of the promoter is obligatory for full transcriptional
activation. The EMSAs of the mutated target sites show that
the assembly of the TBXS-MEF2C heterodimer complex re-
quires an intact TBXS site whereas the A/T-rich site is dispens-
able. We have used FRET to determine whether TBXS and
MEF2C interact in vivo. Studies of transfected cells show that
the two proteins interact and that this interaction is signifi-
cantly reduced with the TBX5G80R mutant. In vitro studies
show that the functional cooperation between TBXS and
MEF2C is abrogated by C-terminal deletion of TBXS and that
the mutant TBX5R279X competes with wild-type TBXS for
MEF2C binding, reducing the synergistic effect. Thus, our func-
tional interaction studies with TBXS5 mutants and MEF2C sug-
gest that the TBXS mutant proteins can inhibit transcription of
cardiac genes by impairing the synergy with MEF2C. The studies
as such provide an important insight into the mechanism of heart
defects observed in Holt-Oram syndrome patients.
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Members of the MEF2 family are key regulators of myogen-
esis. Depending upon local signals, they associate with differ-
ent groups of repressors or activators and trigger cell prolifer-
ation or differentiation. The association mainly occurs through
the MADS domain. Our pulldown and immunoprecipitation
assays clearly demonstrate that both TBXS and MEF2C phys-
ically associate. Domain mapping studies suggest that the
DNA-binding domain (T domain) of TBXS interacts with the
MADS domain of MEF2C. Since the interaction occurs
through highly conserved domains, the T box and the MADS
box of TBX5 and MEF2C, respectively, it is expected that
other members of T-box family, such as TBX2, -3, and -20, will
also interact with MEF2C. Similarly, it is expected that other
MEF2 members, by virtue of their shared MADS box domain,
will interact with TBXS. Indeed, our pulldown experiments
suggest that two other MEF2 members, MEF2A and MEF2D,
also interact with TBXS. The T domain of TBXS also interacts
with NKX2.5 (15) and GATA4 (unpublished observation).
Also, a group of activators, such as MyoD (18, 28), p300 (38),
thyroid hormone receptor (22), GATA4 (30), and the steroid
receptor GRIP-1 (9), interacts with MEF2 through the MADS/
MEF2 domain. Thus, the domains through which TBXS and
MEF2C interact are also bound by numerous other transcrip-
tional modulators.

To investigate further the TBX5 MEF2C interaction in vivo,
we performed morpholino knockdown studies with zebrafish.
The Tbx5-MO knockdown produced a phenotype similar to
that described for the zebrafish heartstrings mutant, which has
a premature stop at amino acid 316 of Tbx5. In this mutant, the
fin buds are absent or reduced. The heart appears normal and
functions during the early heart tube stage, but subsequently, it
fails to loop and there is a deterioration of the atria and
ventricles (13). The Mef2c¢ knockdown produced a similar phe-
notype, with obvious failure of cardiac looping and pericardial
edema but, in this case, no disruption of fin bud development.
The most striking effect was observed with the Tbx5-MO-and-
Mef2c-MO double knockdown, which proved lethal at rela-
tively low concentrations of morpholino, compared to the ef-
fect observed with each of the single morpholinos at equivalent
concentrations. At present, it is difficult to determine the exact
cause of death, but one possible mechanism in the double
knockdowns might be structural and functional defects in the
heart, as our double-knockdown embryos show a severe heart
phenotype. The markedly increased sensitivity to combined
reduction of Tbx5 and Mef2c indicates possible synergistic
effects of these proteins on downstream targets. In view of the
FRET data and the in vitro data suggesting interaction be-
tween TBXS and MEF2C and their activation of the MYH6
promoter, we examined the expression of the zebrafish myh6
protein in the double knockdowns. Western blots show that the
level of myho6 is significantly reduced in the double-knockdown
embryos, whereas actc and mlcla are not altered. Myh6
mRNA partially rescues the heart phenotype in Tbx5 and
Mef2c double-knockdown embryos, thereby suggesting a pos-
sible regulatory network involving these three genes in heart
development and disorders. The coexpression of tbx5, mef2c,
and myh6 prior to and during the formation of the linear heart
tube is consistent with the involvement and interaction of these
three proteins at the earliest stages of heart development.
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Taken together, these data suggest that tbx5 and mef2c inter-
act to affect a-MHC expression.

The data presented here demonstrate that TBXS physically
associates with MEF2C in vitro and in vivo and cooperatively
activates transcription from the MYH6 promoter. Similar in-
teractions of TBXS with the homeodomain protein NKX2.5
(15) or the zinc finger protein GATA4 (12) also result in
synergistic activation of genes involved in cardiac differentia-
tion. Mutations in the 7BX5, NKX2.5, or GATA4 human gene
result in a common etiology, cardiac septation defects, possibly
mediated via a common set of target genes in the septation
pathway. The functional cooperation of TBXS and MEF2C
links MEF2C to the higher-order protein complex regulating
heart development. As such, it represents a further candidate
gene for mutational screening in familial and sporadic cases of
congenital heart disease, which provides novel insights into the
molecular genetic control of cardiac development.
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