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Abstract

The interactions of diverse transcription factors mediate the molecular programs that regulate
mammalian heart development. Among these, Nkx2.5 and the Mef2c regulate common
downstream targets and exhibit striking phenotypic similarities when disrupted, suggesting a
potential interaction during heart development. Co-immunoprecipitation and mammalian two-
hybrid experiments revealed a direct molecular interaction between Nkx2.5 and Mef2c.
Assessment of MRNA expression verified spatiotemporal cardiac coexpression. Finally, genetic
interaction studies employing histological and molecular analyses showed that, although
Nkx2.5 7~ and Mef2c 7~ individual mutants both have identifiable ventricles, Nkx2.5~ ~;Mef2c 7~
double mutants do not, and that mutant cardiomyocytes express only atrial and second heart field
markers. Molecular marker and cell death and proliferation analyses provide evidence that
ventricular hypoplasia is the result of defective ventricular cell differentiation. Collectively, these
data support a hypothesis where physical, functional and genetic interactions between Nkx2.5 and
Mef2c are necessary for ventricle formation.

Keywords
Nkx2.5; Mef2c; heart development; ventricle; mouse

Introduction

Formation of the mammalian heart requires the differentiation of mesodermal and
ectomesenchymal cell populations and subsequent integration of these cells into a
functioning organ. Precise transcriptional control of morphogenic patterning and cell
differentiation is central to the implementation of this collective cardiogenic program.
Extensive transgenic studies have elegantly established the unique requirements of a number
of individual transcription factors for normal cardiogenesis in the mouse. However, the
degree to which interaction of these multiple factors coordinate specific aspects of heart
development is only now beginning to be resolved.

The primitive linear heart tube, constituting the primary heart field (PHF), is segmentally
patterned along a rostral-caudal axis in a manner that establishes progenitors of the
ventricles, atria and sinus venosus (Sucov, 1998; Srivastava, 2001). A distinct population,
termed the secondary heart field (SHF), is progressively added to the outflow and inflow
regions of the heart during looping (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al.,
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2001; Cai et al., 2003). Subsequent to these initial cell specifications, each segment
undergoes unique proliferation and differentiation programs that culminate in the formation
of the specialized components of the functional heart. During development, large number of
transcription factors ultimately regulate the development of the heart (Firulli and
Thattaliyath, 2002). Two of these factors, the NK-class homeobox transcription factor
Nkx2.5 and the MADs box transcription factor Mef2c have been shown to be key regulators
of cardiac development.

Both Nkx2.5 and Mef2c are expressed during early cardiogenesis (Lints et al., 1993;
Edmondson et al., 1994). Growth of Nkx2.5 7~ mutant hearts arrests during looping. These
hearts present a single ventricular chamber, which can be identified by the expression of
Mic2v, a reduction of myocardial trabeculation, and an under-developed outflow tract
(Lyons et al., 1995; Tanaka et al., 1999). Similarly, ablation of Mef2c gene function causes
cardiac growth arrest during looping, formation of a single Mlc2v-expressing ventricular
chamber, defective myocardial trabeculation, and a delay of cell differentiation in the
outflow tract (Lin et al., 1997; Vong et al., 2006).

Importantly, both Nkx2.5 and Mef2c can each homodimerize (Molkentin et al., 1996;
Kasahara et al., 2001), bind DNA, and regulate common cardiac-specific genes such as ANF
(Nppa; (Durocher et al., 1996; Zang et al., 2004). Additionally, both factors interact and
cooperatively regulate transcription with other critical cardiac transcription factors, such as
Hand2 and Gata4 (Durocher et al., 1997; Morin et al., 2000; Yamagishi et al., 2001,
Vanpoucke et al., 2004; Zang et al., 2004) Significantly, Nkx2.5 and Mef2c have been
shown to participate in a positive transcriptional feedback loop which initiates
cardiomyogenesis (Skerjanc et al., 1998). Given these phenotypic and functional
commonalities, we hypothesized that Nkx2.5 and Mef2c cooperate to regulate aspects of the
cardiac program.

Here, we employ co-immunoprecipitation experiments and mammalian 2-hybrid analyses to
demonstrate that Nkx2.5 and Mef2c molecularly interact in vivo, and provide evidence that
these interactions modulate homodimer formation. Additionally, we histologically and
molecularly assess the cardiac phenotype of Nkx2.57~;Mef2c 7~ compound mutant
embryos, finding that, although both Nkx2.5 7~ and Mef2c 7~ individual mutants have
morphologically and molecularly identifiable ventricles, Nkx2.5~ ~;Mef2c 7~ double
mutants display ventricular hypoplasia, a more severe cardiac phenotype than those
associated with either single mutant. Assessment of ventricular markers, cell death, and cell
proliferation suggests that this genetic interaction reflects a defect of cell specification.
Collectively, these data define a functional role of genetic Nkx2.5 and Mef2c interactions
during cardiovascular development.

Characterization of molecular interactions between Nkx2.5 and Mef2c

As both Nkx2.5 and Mef2c are known to interact with common cardiac transcription factors,
such as Hand2 and Gata4, and both factors commonly transcriptionally regulate similar
downstream targets, we first sought to establish whether there is direct molecular interaction
between Nkk2.5 and Mef2c. To this end, we performed co-immunoprecipitation
experiments. N-terminal Myc epitope-tagged Nkx2.5 and Mef2c were co-expressed with
FLAG-tagged Mef2c in HEK293 cells. Mef2c forms a homodimer (Molkentin et al., 1996),
and as expected, immunoprecipitation of FLAG-tagged Mef2c pulled down coexpressed
Myc-tagged Mef2c (Fig. 1A). We also consistently observed a Myc-tagged species of lower
molecular weight that is most likely a Mef2c breakdown product. Significantly, FLAG-
tagged Mef2c also pulled down Myc-tagged Nkx2.5, indicating a protein-protein interaction
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(Fig. 1A). Similarly, when FLAG-tagged Nkx2.5 was employed in immunoprecipitation
analysis, Nkx2.5 homodimers were readily detectable (Fig. 1B). FLAG-tagged Nkx2.5 could
also pull down Myc-tagged Mef2c, as well as the observed undetermined breakdown
product, albeit at very low levels (Fig. 1B).

To further explore the nature of these Nkx2.5/Mef2c¢ interactions, we performed mammalian
2-hybrid assays. The mammalian 2-hybrid assay identifies interactions between two proteins
of interest via fusion of these proteins to either a GAL4 DNA-binding domain (the pBIND
construct) or VP16 transcriptional activation domain (the pACT construct), respectively.
Juxtaposition of these GAL4 and VP16 domains via direct protein-protein interaction
enables upregulation of a luciferase reporter cassette (Firulli et al., 2000). Contrasting with
the aforementioned immunoprecipitation results, initial experiments employing pACT-
Nkx2.5 and pBIND-Mef2c, or pACT-Mef2c and pBIND-Nkx2.5 fusion proteins failed to
show a direct interaction between Mef2c and Nkx2.5. Thus, although Nkx2.5 and Mef2c
could each homodimerize; they did not interact as heterodimers in this experimental context
(Fig. 1C). Interestingly, coexpression of Mef2c with both Nkx2.5 GAL4 and VP16 fusion
proteins revealed that Mef2c enhanced formation of the Nkx2.5 dimer (Fig. 1D).
Conversely, coexpression of Nkx2.5 with Mef2c GAL4 and VP16 fusion proteins showed
that Nkx2.5 disrupted formation of the Mef2c dimer, as indicated by the drop in luciferase
activity when compared to Mef2c homodimer strength in the absence of Nkx2.5 (Fig. 1E).
Further 2-hybrid analyses showed that Nkx2.5 inhibition of Mef2c homodimerization and
Mef2c stabilization of Nkx2.5 homodimer formation is dose-dependant (Fig. 1F, G).

To validate these results, we performed additional co-immunoprecipitation experiments to
assess the respective ability of increasing concentrations of Nkx2.5 and Mef2c to
reciprocally modulate each other's homodimerization potential. To this end, FLAG and Myc
epitope-tagged Nkx2.5 fusion proteins were co-expressed in HEK293 cells in the presence
of increasing concentrations of Myc-tagged Mef2c. Immunoprecipitation of FLAG-tagged
Nkx2.5 pulled down progressively greater quantities of Myc-tagged Nkx2.5 as Mef2c levels
were increased (Fig. 1H). These results are consistent with mammalian 2-hybrid results
indicating that Mef2c stabilizes Nkx2.5 homodimerization. No difference in the ability of
FLAG-tagged Mef2c to pull down Myc-tagged Mef2c in the presence of increasing levels of
Nkx2.5 was observed (data not shown). In our hands, Mef2c homodimerization is
comparatively more readily detectable than Nkx2.5 homodimerization in co-
immunoprecipitation experiments. Given the strength of Mef2c homodimerization in these
assays, potential homodimer destabilization may be below their sensitivity.

As a whole, these data demonstrate that Nkx2.5 and Mef2c molecularly interact in a non-
canonical manner, that is, in a way that influences homodimer formation, rather than direct
formation of a heterogenic molecular complex.

Expression of Nkx2.5 and Mef2c in wild-type and mutant hearts

Nkx2.5 and Mef2c are expressed in restricted domains within the developing heart (Komuro
and Izumo, 1993; Lints et al., 1993; Edmondson et al., 1994). We sought to investigate the
physiological relevance of the physical interactions seen between Nkx2.5 and Mef2c in our
in vitro experiments by first identifying tissues in which these two factors are coexpressed.
To this end, we performed DIG-labeled in situ hybridization analyses upon adjacent sagittal
sections of E8.5 (7—11 somite stage) embryos. During the early stages of heart looping,
Mef2c is broadly expressed in the atria, ventricles, and outflow tract (Fig. 2A). Nkx2.5 is
even more broadly expressed, and is detectable in the foregut endoderm (Fig. 2B). These
respective expression domains completely overlapped with that of the early and specific
marker of ventricular cardiomyocytes, Myosin light chain 2v (Mlc2v: Fig. 2C). Thus, Mef2c
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and Nkx2.5 are broadly coexpressed in the developing heart, including a domain completely
overlapping that of the developing ventricle.

Nkx2.5 expression is unaffected in Mef2c 7~ mutants (Lin et al., 1997). However, Mef2c
expression is downregulated in E9.5 Nkx2.5 7~ mutant hearts (Tanaka et al., 1999). If
Nkx2.5 is a regulator of Mef2c expression, and the phenotypic similarities shared by
Mef2c 7~ and Nkx2.5 7~ embryos may reflect a phenocopy. To investigate the regulatory
relationship between Mef2c and Nkx2.5 more completely, we sought to define this
relationship at an earlier developmental stage. In situ hybridization analyses at E8.5 (7—13
somite stage) revealed that, as expected, Nkx2.5 is robustly expressed in Mef2c 7~ mutant
hearts (Fig. 2E). Surprisingly, Mef2c is also robustly expressed in Nkx2.5 7~ mutants at this
stage, (Fig. 2D). These data indicate that a loss of Nkx2.5 may cause a gradual diminution of
cardiac Mef2c expression, but does not affect initial Mef2c upregulation. These two genes
thus occupy parallel developmental pathways.

Histological and molecular characterization of genetic interactions between Nkx2.5 and

Mef2c

To assess potential genetic interaction between Nkk2.5 and Mef2c, we intercrossed
Nkx2.5*/~:Mef2c*/~ mice, then histologically and molecularly examined resulting embryos.
Analyses of E9.5 embryos show that, as previously reported, Nkx2.5~~and Mef2c 7~ single
mutant embryos display cardiac defects, including growth arrest during looping, but have
morphologically identifiable atria and ventricles (Fig. 3D-1). Nkx2.5%/~;Mef2c 7~ and
Nkx2.5 7 ~;Mef2c*/~ embryos were phenotypically indistinguishable from Mef2c =~ and
Nkx2.5 7~ single mutants, respectively. In contrast, Nkx2.5 7 ~;Mef2c 7~ embryos showed no
evidence of cardiac looping, and exhibit a single morphologically identifiable heart chamber
(h) and a hypoplastic outflow tract (arrowhead, Fig. 3J-L).

Nkx2.57~;Mef2c 7~ embryos were subsequently sectioned and stained with H&E. These
sections confirm the presence of a single heart chamber within the double null embryos (Fig.
4K). Further analyses revealed extremely dilated sinus venosus in Nkx2.5~ ~;Mef2c 7~
embryos, a phenotype associated with impaired cardiac function (Fig. 4L). Examination of
outflow tracts of Nkx2.5 7~ and Mef2c 7~ single mutants revealed that, although Nkx2.5 7~
mutants fail to form atrioventricular cushions, identifiable outflow tract cushions are
apparent in both single mutants. Nkx2.5 7 ~;Mef2c 7~ embryos, however, display an almost
total lack of outflow tract cushions. Indeed, the outflow tract canal is extremely narrow in
Nkx2.57~;Mef2c 7~ embryos (Fig. 4K), no doubt impeding circulation and potentially
accounting for the dilation of the sinus venosus mentioned above. Additionally, the caudal
pharyngeal arches of Nkx2.5 7 ~;Mef2c 7~ mutants are hypoplastic, although this phenotype
is also observed in single Mef2c ™~ hearts (asterisks in Fig. 4G and 4J).

Although the hearts in Nkx2.57~;Mef2c 7~ double mutants were grossly morphologically
distinct from either Nkx2.5 7~ or Mef2c 7~ single mutants, it was unclear whether this
distinction reflected aberrant morphogenesis or wholesale tissue loss. Nkx2.5 7 ~;Mef2c 7~
hearts, although unlooped, superficially appeared wider than the partially looped hearts of
Nkx2.57~and Mef2c 7~ single mutants (Fig. 3L). We therefore performed morphometric
analyses to assess the total relative volume of the cardiomyocytes in these embryos. To this
end, we isolated the photographic area occupied by the cardiomyocytes and quantified the
number of pixels comprising the isolated tissues. To account for variation in cardiac volume
due to hearts being in ether systole or diastole when fixed, only cardiomyocyte area, not that
of the cardiac lumen or sinus venosus, was measured for these assays. These results show
that Nkx2.5 7=, Mef2c 7~ and Nkx2.5~ —;Mef2c 7~ mutants all have a diminished
cardiomyocyte volume relative to wild-type controls, however, Nkx2.5~ ~;Mef2c 7~ mutants
do not have significantly reduced cardiomyocyte volume relative to either single mutant
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(Fig. 4M). Close examination of the cardiomyocytes revealed that the presumptive ventricles
of Nkx2.57~and Mef2c ™~ single mutants exhibited myocardial trabeculation (Fig. 4P, R)
although the morphology of these trabeculae is overtly less robust that that of wild-type
counterparts (Fig. 4N). In contrast, Nkx2.5 7 ~;Mef2c 7~ mutants showed no evidence of
myocardial trabeculation (Fig. 4T, U). Indeed, the cardiomyocytes of the
Nkx2.57~;Mef2c 7~ mutants (Fig. 4T, U) ostensibly resemble, in size and compaction, atrial
cardiomyocytes (compare with Fig. 40). These data indicate that Nkx2.5~ ~;Mef2c 7~
mutant phenotypes do not represent an overt reduction in cardiomyocyte volume or size
relative to either single knockout.

To molecularly characterize the single cardiac chamber seen in Nkx2.5 7 ~;Mef2c 7~ mutants
we performed in situ hybridization upon serial sections of E9.5 embryos. Myosin light chain
2a (Mic2a) is expressed in all early cardiomyocytes, and is thought to define the cells of the
PHF and later in specific cardiomyocytes (Cai et al., 2003). Mlc2a expression is detected at
levels comparable to those of wild-type littermates in Nkx2.5~ ~;Mef2c 7~ mutants (Fig.
4M), confirming that PHF cardiomyocytes are specified properly in the absence of Nkx2.5
and Mef2c. To further define the identify the of the single cardiac chamber seen in
Nkx2.5~7~:Mef2c 7~ mutants, we performed in situ hybridization for Mlc2v. In situ
hybridization analyses upon sagittal sections at E9.5 show that, as reported (Lin et al., 1997;
Tanaka et al., 1999; Yamagishi et al., 2001), Nkx2.5 7~ and Mef2c 7~ embryos express the
ventricular marker Mic2v (Fig. 5H, K). However, in Nkx2.57~:Mef2c 7~ double mutant
embryos, MIc2v expression is not detected. These results indicate that Nkx2.5 7 ~;Mef2c 7~
double mutant embryos lack defined ventricle structures, and that differentiation of PHF
cardiomyocytes is absent.

Conversely, the LIM homeodomain transcription factor Isletl is expressed in cells of the
SHF (Cai et al., 2003). Islet1 is robustly expressed in both wild-type and Mef2c 7~ mutant
embryos (Fig. 5C, F, L), although there were fewer Islet1-positive cells in the Mef2c 7~
PAs, consistent with the previously mentioned hypoplasia (Fig. 5L). Previous studies have
shown that Nkx2.5 negatively regulates Isletl expression (Prall et al., 2007). Consistent with
this observation, Isletl expression is expanded into the inner curvature of the presumptive
ventricle and atria of Nkx2.5 7~ mutants, although an Islet1-negative region persists along
the medial heart tube (arrow, Fig. 51). Isletl is expressed uniformly across the inner
curvature of the Nkx2.5 7 ~;Mef2c 7~ mutant heart (Fig. 50). This may reflect that ectopic
Islet1-positive cells in the OFT and atria are not separated by the developing ventricle.
Alternatively, it may reflect a deficiency of SHF precursors coincident with the PA
hypoplasia seen in the Mef2c 7~ and Nkx2.5 7 ~;Mef2c 7~ mutants.

We thus hypothesized that this genetic interaction may reflect either that ventricular
cardiomyocytes fail to be specified in the absence of Nkx2.5 and Mef2c, or that ventricular
cardiomyocytes are specified but are unable to proliferate and/or survive in the combined
absence of both of these factors. To distinguish between these two possibilities, we
examined Mlc2v expression in developmentally earlier Nkx2.5~ —;Mef2c 7~ double mutant
embryos. Again, although Mlc2v is expressed in Nkx2.5~~and Mef2c ™~ single mutant
hearts at E8.5 (Fig. 6F, J), it is absent from Nkx2.5~~;Mef2c 7~ double mutant embryo
hearts (Fig. 6N), while expression of Mlc2a is comparable to wild-type levels in all mutants
examined (Fig. 6A, E, | and M). Additionally, Myosin light chain 1v (Mlc1v), which is
expressed in both atrial and ventricular presumptive cardiac chambers at E8.5 (Lyons et al.,
1990), is expressed, albeit at reduced levels, in Nkx2.5~ ~;Mef2c 7~ double mutant hearts
(Fig. 60). Furthermore the expression domain of Tbx5, which is normally restricted to the
primitive atria and left ventricle (Fig. 6D; (Bruneau et al., 1999), is expanded anteriorly in
the heart tubes of Nkx2.5 7~ (Fig. 6H), and Mef2c~~ (Fig. 6L; (Vong et al., 2006) mutants.
This ectopic expression is also evident in Nkx2.57~;Mef2c 7~ mutants (Fig. 6P), suggesting
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that the majority of cardiomyocytes within the Nkx2.5 7 ~;Mef2c 7~ double mutant heart are
of atrial identity.

We further assessed cell death and cell proliferation in Nkx2.5~ ~;Mef2c 7~ double mutant
hearts. TUNEL analyses to detect cells undergoing apoptosis showed that, at E8.5 (5—11
somites), although TUNEL positive cells are detectable within the surface ectoderm (se) and
foregut endoderm (fe) of wild-type, Nkx2.57~, and Mef2c 7, and Nkx2.5~ ~;Mef2c 7~
embryos, these cells were extremely rare in the myocardium, and no significant difference
was scored between each of the various genotypes (Fig. 7A-D). Ki67 is expressed in
actively proliferating cells. Immunohistochemistry using an a-Ki67 antibody shows that
myocardial cells at E8.5 (5—12 somite stage) are highly proliferative (Fig. 7F-1). We
quantified the number of Ki67 positive cells and expressed this number as a percentage of
total cells counted. In wild-type, Nkx2.5 7=, and Mef2c 7~, mutants at 10—12 somite stage,
after chamber specification has become apparent, Ki67 positive cells were counted solely in
the atria, as molecular analyses indicate that this tissue is more comparable to the single
cardiac chamber seen in Nkx2.57~;Mef2c 7~ double mutants. We saw no significant
difference in cell proliferation among wild-type and mutant embryos (Fig. 7J), indicating
that a loss of both Nkx2.5 and Mef2c does not alter cardiomyocyte proliferation. Combined
with our aforementioned morphometric data, these alterations in gene expression seen in the
apparent absence of increased cardiomyocyte cell death or decreased cell proliferation
suggest that Nkx2.5 and Mef2c genetically interact in a manner that potentially effects
ventricular cardiomyocyte specification and chamber formation.

Discussion

Here we identify molecular and genetic interactions between Nkx2.5 and Mef2c during
ventricular morphogenesis. We provide evidence that Nkx2.5 and Mef2c display a novel
molecular interaction through co-immunoprecipitation experiments and mammalian 2-
hybrid analyses, which are reflected, in vivo, by functional genetic cooperative interactions.
Based upon these two experimental data sets, the nature of this interaction may constitute
formation of a heteromeric complex which influences respective homodimer formation. Co-
immunoprecipitation data indicates that Nkx2.5 and Mef2c can directly interact with one
another. Interestingly, results from mammalian 2-hybrid experiments suggest that Nkx2.5
and Mef2c interactions do not reflect stable heterodimerization, but rather formation of a
complex that modulates homodimer formation, a model which is partially supported by
further co-immunoprecipitation analyses. If this indeed is the mechanism by which these
two factors interact, then Mef2c would enhance formation of the Nkx2.5 homodimer, while
Nkx2.5 would disrupt formation of the Mef2c homodimer. These data support the idea that
Mef2c monomer interactions with the Nkx2.5 homodimer result in increased stabilization
and/or increased transcriptional activity. The observation that this direct Nkx2.5-Mef2c
interaction is detectable in co-immunoprecipitation experiments, but not mammalian 2-
hybrid assays designed to look at heterodimer formation, seems to suggest that heterodimer
interactions are unstable and transient. Alternatively, the dose-dependent enhancement of
Nkx2.5 homodimer formation by Mef2c could be explained by Nkx2.5-Mef2¢
transcriptional synergy. We feel this is far less likely if this were the case, one would expect
that the synergy would also be observed while using Mef2c bait and prey and adding Nkx2.5
(Fig. 1E, G). This hypothesis suggests that Mef2c-Nkx2.5 interactions would act to remove
Mef2c dimers from the cell, and, as such, would decrease relative Mef2c homodimer
stability and activity whilst concurrently increasing stability of the Nkx2.5 homodimer.
These novel interactions may influence specific transcriptional programs within the nascent
heart, enabling the specification of distinct cardiac segments via a broadly expressed
complement of transcription factors. Furthermore, they may underlie the mechanism at root
of the observed genetic interaction, where Nkx2.5 and Mef2c, which are broadly expressed
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in nascent cardiogenic tissues (Fig. 2A, B), can synergistically coordinate ventricular
cardiomyocyte development.

The pronounced genetic interaction evident in Nkx2.57~:Mef2c 7~ mutants is somewhat
surprising in light of previous studies which have reported that, although Nkx2.5 expression
is unaffected in Mef2c 7~ mutants (Lin et al., 1997), Mef2c is significantly downregulated in
Nkx2.5 7~ mutant hearts at E9.5 (Tanaka et al., 1999). Our in situ hybridization analyses
revealed that, at E8.5 (7—13 somite stage), Mef2c is robustly expressed in Nkx2.5 7~ mutant
hearts (Fig. 2D). These data indicate that a loss of Nkx2.5 may cause a gradual diminution of
cardiac Mef2c expression, but does not affect initial Mef2c upregulation, and that in the early
heart tube, these two genes thus occupy parallel developmental pathways. As Nkx2.5 and
Mef2c are transcription factors which genetically interact, these data support that these two
factors modulate each other's activity post-translationally, possibly by modifying each
other's dimer potential. Our data shows that ventricular markers are absent in
Nkx2.5~7~:Mef2c 7~ mutants, while expression of Tbx5, an atrial marker, persists.
Additionally, we fail to detect a reduction in cardiomyocyte volume in Nkx2.57~:Mef2c 7~
embryos relative to either of the single mutants, in the absence of defects in cell death or cell
proliferation. As specification of atrial identity requires an instructive signal from retinoic
acid (RA), ventricular identity is considered the default cardiomyocyte identity (Heine et al.,
1985; Niederreither et al., 1999; Chazaud et al., 1999; Xavier-Neto et al., 1999). The data
presented here indicates that early cardiomyocyte progenitors can differentiate, but fail to
assume a ventricular cell fate in the absence of both Nkx2.5 and Mef2c. This seems to
suggest that a ventricular identity is not the default identity for differentiating
cardiomyocytes, and that differentiating cardiomyocytes require the cooperative instructive
trans-activity of Nkx2.5 and Mef2c to adopt a ventricular cell fate. It is possible that
committed PHF and SHF cardiac precursors, in the absence of Nkx2.5 and Mef2c trans-
activity, but in the presence of RA signal, differentiate into atrial cardiomyocytes or retain a
progenitor identity, respectively. Alternatively, putative ventricular cardiomyocytes may
assume an intermediate identity, in which they fail to upregulate Mlc2v and ectopically
express Thx5. A third possible mechanism for the loss of the ventricle could be that Nkx2.5
and Mef2c are uniquely essential in distinct and complementary populations of ventricular
progenitors within, for example, the PHF and SHF, and that the cumulative loss of these cell
populations by disruption of both Nkx2.5 and Mef2c causes complete ventricular hypoplasia.
Disruption of Nkx2.5 leads to impaired SHF cell addition to the ventricle (Prall et al., 2007),
while Mef2c 7~ mutant SHF cells, while not as extensively studied, do contribute to the
developing ventricle (Verzi et al., 2005). Rather, aberrant contribution of PHF cells to the
atrium instead of the ventricle initially causes the reduced ventricle characteristic of
Mef2c 7~ mutants (Vong et al., 2006). Thus, the ventricular hypoplasia seen in
Nkx2.57~:Mef2c 7~ embryos may reflect the cumulative unique requirements of Nkx2.5 and
Mef2c for SHF and PHF-derived ventricular cell differentiation, respectively. Further
studies are warranted to distinguish between these three possibilities. Additional molecular
and electro-physiological marker analyses would confirm the Thx5-expressing cells as atrial.
Utilization of conditional alleles of Mef2c (Vong et al., 2005; Arnold et al., 2007) and
Nkx2.5 in combination with, for example, the aMHC-Cre driver (Oka et al., 2006), to ablate
gene function after cardiomyocyte cell fate has been specified would enable gene expression
studies to determine whether Thx5 expression is disregulated in committed ventricular
cardiomyocytes when Nkx2.5 and Mef2c function is lost. Utilization of SHF-specific Cre
drivers, such as the Isl1-Cre (Srinivas et al., 2001; Cai et al., 2003), would enable
confirmation that Mef2c and Nkx2.5 genetically interact specifically within SHF cells.
Nonetheless, our data does provide evidence that Nkx2.5 and Mef2c act cooperatively to
regulate the ventricular cardiomyocyte specification program.
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The ventricular digenesis phenotypes of Nkx2.57~;Mef2c ™~ mice are reminiscent of
phenotypes associated with Nkx2.5~ —;Hand2 7~ double mutant embryos (Yamagishi et al.,
2001). In these mice ventricular development was also significantly curtailed, although these
defects seem to represent a failure of ventricular chamber expansion, rather than
differentiation. Interestingly, it has been reported that Mef2c and Hand?2 can interact (Zang
et al., 2004). Indeed, Mef2c lies upstream of Hand2, although Hand2 is expressed normally
within the heart tube prior to looping (Lin et al., 1997). It would be of interest to incorporate
Hand?2 into the biochemical studies detailed here, to assess further potential heterogenic
interactions and establishment of left vs. right ventricular cardiomyocyte identity.

Given the nature of the genetic interaction presented here, it would be of interest to attempt
to identify genes specifically expressed within the ventricular lineage that direct cooperative
targets of Nkx2.5 and Mef2c trans-activity. Identification of these putative transcriptional
targets would enable further studies to more deeply explore the mechanism and
physiological significance of this biochemical interaction between Nkx2.5 and Mef2c.

Experimental Procedures

Mouse strains

Histology

The targeting and PCR-based genotyping strategies for the Mef2ctM1EN0 and Nkx2.5tm1Rph
null alleles have been previously described (Lyons et al., 1995; Lin et al., 1997).
Mef2ctMIEN0 (hereafter called Mef2c™7) and Nkx2.5™1RPh (hereafter called Nkx2.5*/7)
mutant mice were maintained on a mixed (C57BI1/6—129/Sv) genetic background. Noon of
the day of the vaginal plug was considered EO.5.

Embryos (E9.5 — E11.5) were fixed in 4% paraformaldehyde, dehydrated through a
methanol gradient and embedded in paraffin. Embryos were sectioned at 10um unless
otherwise noted. Hematoxylin and Eosin (H&E) staining was performed exactly as
described (Conway et al., 2000). Propidium iodide (PI) staining was performed using 50mg/
mL Pl in 2X SSC. A minimum of 2 viable embryos per genotype (assayed via the presence
of a heart beat) was used for these and all subsequent analyses.

Morphometric analyses

Adobe Photoshop was used to isolate the heart in photographs of every third sagittal embryo
section. Using ImageJ, photographs were converted to 8-bit grayscale/binary format. To
account for variations in total heart size due to hearts being in ether systole or diastole when
fixed only the area of the OFT, ventricular and atrial cardiomyocytes, not that of the cardiac
lumen or sinus venosus, was measured. Total cardiomyocyte area was quantified using the
Analyze Particles command. Mutant cardiomyocyte areas were expressed as a percentage
relative to somite-matched wild-type controls. Significance was determined using a students
two-tailed T-test assuming equal variances.

TUNEL and Immunohistochemistry

TUNEL assays were performed using Apoptag Cell Death Detection Kit (Chemicon) as per
manufacturer's instruction. For immunohistochemistry, heat-induced epitope retrieval was
performed, in which slides were incubated in preheated 10mM sodium citrate (pH 6.0) in a
90°C water bath for 15 minutes. The heat source was subsequently removed, and the slides
allowed to cool to room temperature for 1 hour. Samples were further pretreated with Avidin
D and Biotin blocking solutions (Vector Laboratories) as per manufacturer's instructions. a-
Ki67 monoclonal antibody (DakoCytomation) was used at 1:500 dilution in combination
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with a Rabbit a-Rat 1gG (Vector Laboratories) diluted 1:250 and SA-Fluorescein (Vector
Laboratories) diluted 1:200.

In situ hybridization

Digoxygenin labeled section in situ hybridizations were carried out using established
protocols on 10um paraffin sections (Nagy, 2003; Chen et al., 2004) using T7, T3 or SP6
polymerases (Promega) and DIG-Labeling Mix (Roche). Sense and antisense digoxygenin-
labeled riboprobes were transcribed for Mic2a, Mlclv, Mlc2v, Thx5, and Isletl. Specific
staining patterns for each probe were assessed in at least 3-serial sections.

Plasmid Constructs

pCS2+ was modified via addition of a FLAG epitope tag 5’ of the MCS (pCS2+FLAG).
PCR subcloning was used to flank Mef2c with Xhol sites and Nkx2.5 with Sall sites. Each
cDNA was subsequently cloned into the Xhol site of pCS2+FLAG and pCS2+MT. PCR
subcloning was also used to flank Mef2c with a 5” BamHI site and a 3’ Xhol site and Nkx2.5
with a 5 BamHI site and a 3’ Sall site. These sites were then utilized to clone each cDNA
into pACT (prey vector) and pBIND (bait vector; Promega) to generate C-terminal GAL4
and VP16 fusion proteins. The pcDNA1-Mef2c and pcDNA1-Nkx2.5 expression constructs
were obtained from E. Olson (UTSW). In each experiment, corresponding empty vectors
were included as controls.

Mammalian two-hybrid assays

Mammalian two-hybrid assays were performed as previously reported (Firulli et al., 2000)
using the dual luciferase assay kit (Promega) according to the manufacturer's protocol.
Luciferase and renilla activities were read using a 96-well microtiter plate luminometer
(Thermo Labsystems). Mammalian two-hybrid assays were repeated six times. Dosage
curve two-hybrid assays were repeated three times.

Immunoblotting and co-immunoprecipitation experiments

HEK?293 cells were transiently transfected using calcium phosphate techniques. Cells were
actively lysed 48 hours after transfection with 20mM NaCl, 150mM MgCl,, 2mM NP-40,
0.10% Glycerol, 10% Sodium Fluoride, 10mM Sodium Orthovanadate, 0.1mM Sodium
Pyrophosphate and 10mM DTT plus protease inhibitors, and incubated with aFLAG
monoclonal antibody M2 conjugated beads (Sigma) for 2 hours. Samples were washed three
times in PBS, boiled in loading dye, run through a 10% SDS PAGE and visualized utilizing
horseradish peroxidase-conjugated o-mouse immunoglobulin (Ig)G antibody and ECL
detection kit (Amersham Pharmacia Biotech). Co-IPs were preformed at least 3 times with
similar results.
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Figure 1. Physical interaction between Nkx2.5 and Mef2c
A) Myc-Nkx2.5 and Myc-Mef2c coexpressed in HEK293 cells and immunoprecipitated
with FLAG-Mef2c. Note that a smaller migrating form of Myc-Mef2c is observed, likely
reflecting some protein degradation. B) Myc-Nkx2.5 and Myc-Mef2c coexpressed in
HEK?293 cells and immunoprecipitated with FLAG-Nkx2.5. C-E) Mammalian 2-hybrid
assays assessing protein-protein interactions between Nkx2.5 and Mef2c (C, n=6),
enhancement of Nkx2.5 protein-protein interactions by the addition of Mef2c (D, n=6),
disruption of Mef2c protein-protein interactions by coexpression of Nkx2.5 (E, n=6), and
dose dependence of Mef2c and Nkx2.5 homodimerization upon respective coexpressed
levels of Nkx2.5 or Mef2c (F, G, n=3). H) Myc-Nkx2.5 and Myc-Mef2c coexpressed in
HEK?293 cells and immunoprecipitated with FLAG-Nkx2.5, showing greater precipitation of
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Nkx2.5 in the presence of increasing levels of Mef2c. * Due to a relatively low level of
expression, in the Western blot showing total Myc-tagged protein, the Myc-Mef2c gradient
is not detectable at lower concentrations. In A, B, H and I, the upper blot shows aMyc
immunoblot of aFLAG precipitation, and the lower two blots show total Myc- and FLAG-
tagged protein.
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Figure 2. Expression of Nkx2.5 and Mef2c in wild-type and mutant hearts at E8.5
DIG-labeled in situ hybridization upon serial sagittal sections of 9 somite stage embryos
showing Mef2c (A, D), Nkx2.5 (B, C) and Mlc2v (C) in the hearts of wild-type (A-C),
Nkx2.57~ (D) and Mef2c 7~ (E) embryos, a; oft, outflow tract; v, ventricle.
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Figure 3. Molecular marker analysis of genetic cooperation between Nkx2.5 and Mef2c

Whole mount preparations of E9.5 wild-type (A-C), Nkx2.57~ (D-F), Mef2c = (G-1) and
Nkx2.57~:Mef2c 7~ (J-L) embryos shown in right (A, D, G, J) and left lateral (B, E, H, K)
and frontal (C, F, I, L) views. Arrowheads denote the outflow tract. Roman numerals denote
first through fourth pharyngeal arches. a, atria; h, heart; lv, left ventricle; oft, outflow tract;
rv, right ventricle; v, ventricle; ss, somite stage.
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Figure 4. Histological analyses of functional genetic cooperation between Nkx2.5 and Mef2c
A-L) H&E stained sagittal sections of E9.5 wild-type (A-C), Nkx2.57~ (D-F), Mef2c 7~ (G-
) and Nkx2.5 7 ~;Mef2c 7~ (J-L) embryos. Asterisks denote absence of caudal pharyngeal
arches. M) Morphometric comparisons of cardiomyocyte area in wild-type (WT), Nkx2.57~
(N(—/-)), Mef2c 7~ (M(~/-)) and Nkx2.5 7 ~;Mef2c 7~ (N(-/-);M(~/-)) embryos at E9.5.
Cardiomyocyte area from serial sections of E9.5 embryos was quantitated using ImageJ
software. All three mutant genotypes assayed showed significantly diminished
cardiomyocyte volume, however, Nkx2.57~:Mef2c ™~ hearts did not have significantly
smaller hearts relative to either single mutant. N-U) High-magnification images of H&E
stained sagittal sections of E9.5 embryos comparing Nkx2.5 7 ~:Mef2c = (T, U) mutant
cardiomyocytes against ventricular (N, P, and R) and atrial (O, Q, and S) cardiomyocytes
from wild-type (N, O), Nkx2.57~ (P, Q) and Mef2c 7~ (R, S) embryos. a, atria; h, heart
chamber; oft, outflow tract; pa, pharyngeal arches; sv, sinus venosus; v, ventricle.
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Figure 5. Molecular analyses of cardiomyocyte differentiation within Nkx2.5 and Mef2c mutant

hearts

DIG-labeled in situ hybridization upon serial sagittal sections of 20—22 somite stage
embryos showing Mlc2a (A, D, G, J, M), Mlc2v (B, E, H, K, N) and Isletl (C, F, I, L, O)
expression in the hearts of wild-type (A-F), Nkx2.57~ (G-1), Mef2c 7~ (J-L) and
Nkx2.5 7 ~;Mef2c 7~ (M-O) embryos. Arrow denotes Islet] negative region within the inner
curvature of the Nkx2.5 7~ heart. a, atria; h, heart chamber; oft, outflow tract; pa, pharyngeal
arches; sv, sinus venosus; v, ventricle.
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Figure 6. Molecular analyses of cardiomyocyte specification within Nkx2.5 and Mef2c mutants
DIG-labeled in situ hybridization upon serial sagittal sections of 10 somite stage embryos
showing Mlc2a (A, E, I, M), Mlc2v (B, F, J, N), Miclv (C, G, K, O), and Tbx5 (D, H, L, P)
expression in the hearts of somite-matched wild-type (A-D), Nkx2.57~ (E-H), Mef2c 7~ (I-
L) and Nkx2.57~;Mef2c 7~ (M-P) embryos. a, atria; h, heart chamber; oft, outflow tract; v,
ventricle.
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Figure 7. Cell death and cell proliferation in embryos lacking Nkx2.5 and/or Mef2c

A) Schematic representation of the structures depicted in (B-E) and (G-J) included for ease
of interpretation. B-E) TUNEL staining of 5—7 somite stage embryos show that TUNEL-
positive cells (green) are seen within the surface ectoderm and foregut endoderm, but are
rarely detectable in the myocardium of wild-type (B), Nkx2.57~ (C), Mef2c 7~ (D) or
Nkx2.57~;Mef2c 7~ (E) embryos. Quantitated numbers of apoptotic cells observed are
summarized in (F). G-J) aKi67 antibody staining upon sagittal sections of the same embryos
reveals that the nascent myocardium is highly proliferative in all genotypes examined. The
percentage of Ki67 positive cells in cardiomyocytes of embryos from 5—12 somites is
quantified in (K). Sections are counterstained with propidium iodide (PI; red). ce, coelemic
mesothelium (blue); endocardium (yellow); fe, foregut endoderm (green); my, myocardium
(red); se, surface ectoderm (violet).
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