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Introduction
Msx1 and Msx2 are members of the highly conserved Nk-like family of homeodomain 
transcription factors, and their expression is associated with epithelio-mesenchymal 
interactions at many sites in vertebrate embryos, such as the limb buds, craniofacial regions 
and tooth buds (Hill et al., 1989; Robert et al., 1989). Knock-out experiments have shown 
that Msx1 null mutations provoke defects in craniofacial development, cleft palate, inner 
ear malformations and tooth agenesis (Satokata and Maas, 1994; Houzelstein et al., 1997), 
whereas Msx2 null mice display abnormal tooth development, defects in bone growth and 
abnormal development of the cerebellum (Satokata et al., 2000). Additionally, Msx1-Msx2 
compound mutant mice die in late gestation with severe craniofacial abnormalities (Bei 
and Maas, 1998; Satokata et al., 2000), limb defects (Lallemand et al., 2005) and heart 
defects (Ishii et al., 2005), indicating a redundant role for Msx1 and Msx2 during several 
developmental processes. 

During chicken and mouse heart development, Msx2 is expressed in the myocardium of the 
atrioventricular canal and outflow tract, and shows a close association with the developing 
conduction system (MacKenzie et al., 1992; Chan-Thomas et al., 1993; Tanaka et al., 1999; 
Thomas et al., 2001; Abdelwahid et al., 2001). The myocardium of the atrioventricular 
canal and outflow tract is prevented from differentiating into chamber myocardium, 
thereby allowing for the development of components of the cardiac conduction system 
like the atrioventricular node and bundle (Christoffels et al., 2000). The prevention 
of differentiation into chamber myocardium can be attributed, in part, to the repressive 
action of the T-box transcription factors Tbx2 and Tbx3 (Habets et al., 2002; Christoffels 
et al., 2004; Harrelson et al., 2004; Hoogaars et al., 2007b). Tbx2-/- embryos and Tbx3-/- 
embryos show local myocardial mispatterning, and increased proliferation in the left aspect 
of the atrioventricular canal and the top of the interventricular septum, respectively (Bakker 
et al., 2008; Aanhaanen et al., 2009). Nevertheless, the majority of the atrioventricular 
canal myocardium in which these factors are expressed appears to develop normally in 
absence of Tbx2 or Tbx3. Moreover, Tbx2-Tbx3 compound mutant hearts still contain a 
morphologically discernable atrioventricular canal, a constriction between the atrial and 
ventricular chambers, suggestive of different patterning processes between atrioventricular 
canal myocardium and the surrounding chamber myocardium (Hoogaars et al., 
unpublished). Therefore, additional factors are likely to be involved in this process. Recently, 
we showed that Tbx2 and Tbx3 can interact with Msx1 and Msx2, and cooperate in the 
regulation of Gja1 expression, the Connexin43 encoding gene that marks differentiating 
chamber myocardium (Boogerd et al., 2008). 
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Despite their highly localized expression in the atrioventricular canal and outflow tract, 
the hearts of Msx1 and Msx2 knockout mice develop normally (Satokata and Maas, 1994; 
Satokata et al., 2000; Kwang et al., 2002). However, in the absence of both Msx1 and Msx2, 
hearts display a range of outflow tract alignment defects, including double outlet right 
ventricle, overriding aorta and pulmonary stenosis (Chen et al., 2007), as well as hypoplastic 
atrioventricular cushions and deformed atrioventricular valves (Chen et al., 2008). 
Notably, patterning of the atrioventricular canal myocardium is also affected, as noted by 
the decreased expression of Tbx2 and the ectopic expression of the chamber marker Nppa. 
However, the mechanisms underlying myocardial mispatterning are not well understood, 
especially since the expression of Msx1 in the myocardium is not well described.

To gain insight into the role of Msx proteins in conduction system myocardium, we 
established the myocardial expression patterns of Msx1 and Msx2 and show that Msx1 is 
not expressed in the myocardium in WT and in Msx2 null mice. Therefore, Msx2 is the 
only Msx gene which is expressed in the myocardium. The close association of Msx2 with 
conduction myocardium, its co-expression with Tbx2 and Tbx3 in the atrioventricular canal 
myocardium, together with the physical and functional interaction between Msx2 and 
Tbx3 led us to hypothesize that Msx2 might interact with Tbx2 or Tbx3 and regulate the 
formation of the atrioventricular canal myocardium. Therefore we generated Msx2-Tbx2 and 
Msx2-Tbx3 compound mutant embryos and analyzed the expression of chamber specific 
genes, including Gja1 and Gja5. In a Tbx2 null or Tbx3 null background, the additional 
removal of Msx2 does not affect the expression boundaries of these chamber specific genes. 
We conclude that the interaction that Msx2 may have with Tbx2 or Tbx3 is masked by 
other redundant factors, that the effects are too subtle to be measured with our current 
technology, or that it is not essential specifically for conduction system development. 

Methods

Msx2, Tbx2 and Tbx3 mutant mice
Mice carrying a targeted deletion of the Msx2 gene (Msx2neo (Satokata et al., 2000)), 
Tbx2 gene (Tbx2tm1Pa (Harrelson et al., 2004)) and Tbx3 gene (Tbx3cre (Hoogaars et al., 
2007a)) have been described before. Msx2-Tbx2 and Msx2-Tbx3 double mutant embryos 
were obtained by double heterozygotes mating. For age determination of the embryos, 
noon copulation plug was considered embryonic day (E)0.5. Genomic DNA prepared from 
amnion or tail biopsies was used for genotyping by PCR, using primers and conditions 
described previously (Satokata et al., 2000; Harrelson et al., 2004; Hoogaars et al., 2007a). 
Animal care was in accordance with national and institutional guidelines. 
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In situ hybridization
In situ hybridization was performed as described before on 10μm thick sections (Moorman 
et al., 2001). A 500 bp EcoNI-SphI fragment of the 3’-untranslated region (UTR) of mouse 
Msx1 (NM_010835; bp1161-1697) was used as a template for the Msx1 antisense probe. 
An Msx2 probe directed against a part of the coding sequence 3’ of the homeodomain plus 
part of the 3’-UTR (pHox8) has been described before (Monaghan et al., 1991). Sections 
were photographed on a Zeiss Axiophot microscope. 

Results
To explore the roles of Msx1 and Msx2 in conduction system development, we analyzed 
the expression patterns of Msx1 and Msx2 in during mouse development. Outside the 
heart, Msx1 and Msx2 expression is detected in previously recognized expression domains 
including the limb buds, neural tube, mandibular and maxillary component of the first 
branchial arch, and Msx1 expression in the anterior pituitary or Rathke’s pouch (Fig. 1a) 
(Hill et al., 1989; Robert et al., 1989; MacKenzie et al., 1991; MacKenzie et al., 1992). 
At E10.5 and E11.5, Msx1 is expressed in the mesenchyme and endocardium of the 
cardiac cushions of the atrioventricular canal and outflow tract (Fig. 1b). Msx1 expression 
was not detected in the myocardium of the atrioventricular canal, the outflow tract or 
the cardiac chambers. Msx2 is expressed in both the myocardium and the cushions of the 
atrioventricular canal and outflow tract (Fig. 1) (Tanaka et al., 1999; Abdelwahid et al., 
2001). Notably, Msx1 and Msx2 are expressed in the mesenchyme of the proximal and distal 
outflow tract, which are derived from the endocardium and the neural crest, respectively . 
The absence of myocardial defects in Msx2 null mice might indicate the existence of a 
redundant factor. Whereas Msx1 is coexpressed with Msx2 and functionally redundant 
in the cardiac cushions (Chen et al., 2007; Chen et al., 2008), its absence from the 
myocardium seems to exclude redundancy in this issue. However, previous studies have 
indicated the existence of compensatory mechanisms in the regulation of Msx genes. 
For instance, in the embryonic digit tip of Msx1 null mice, Msx2 is expressed outside its 
endogenous expression domain in an area that normally expresses Msx1 (Han et al., 2003). 
Similar, in mice lacking the related homeobox protein Nkx2.5, Msx2 is ectopically expressed 
throughout the working myocardium of the chambers (Tanaka et al., 1999). To establish 
whether a similar compensatory mechanism induces Msx1 expression in the atrioventricular 
canal myocardium in absence of Msx2, we determined the expression pattern of Msx1 in 
the hearts of Msx2 null mice. As shown in Fig. 2, Msx1 retains its expression pattern and we 
detected no evidence of Msx1 upregulation in the myocardium of the atrioventricular canal 
and outflow tract of Msx2 -/- mice. 
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Figure 1. In situ hybridization on sagital sections of mouse embryos. A).At E11.5, Msx1 and Msx2 are 
expressed in the maxillary (mx) and mandibulary (md) part of the first branchial arch, thoracic body wall (tb), the 
hindlimb bud (hl), the neural tube (nt) and specific parts of the developing brain (arrows). Msx1 is also expressed 
in the developing anterior pituitary (ap). B) At E10.5 and E11.5, Msx1 expression in the heart is detected in the 
mesenchyme and endocardium of the cardiac cushions (arrowheads). Msx2 is also expressed in the myocardium 
(arrows), in which Msx1 expression was not detected (red arrows). cTnI marks all myocardium. Size bars 0.5mm 
(A) or 0.2mm (B). Abbreviations: cr, cranial; ca, caudal; do, dorsal; ve, ventral; v, ventricle; avc, atrioventricular 
canal; oft, outflow tract.

Since we have shown that Msx2 is the only Msx gene that is expressed in the myocardium, 
we decided to focus on its role in development of the atrioventricular canal myocardium. 
The cooperation of Msx2 with Tbx3 in the regulation of Gja1 in cultured cells might 
indicate that Msx2 acts in the same pathways as Tbx2 or Tbx3 in the patterning of 
atrioventricular canal myocardium (Boogerd et al., 2008). To establish whether Msx2 
genetically interacts with Tbx2 or Tbx3, we generated and analyzed Msx2-Tbx2 and Msx2-
Tbx3 compound mutant mice.
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Figure 2. In situ hybridization on transversal sections of wildtype and Msx2 knock-out mouse hearts. 
Consecutive sections showing expression of Msx1 and Msx2 in A) the atrioventricular canal region and B) outflow 
tract of the developing heart. Dashed lines delineate the myocardium, dashed boxes in the left panels indicate 
the regions that are displayed in the panels to the right. Arrowheads indicate expression in the endocardium and 
mesenchyme of the cushions, arrows indicate myocardial expression, red arrows indicate absence of myocardial 
expression. Size bars 0.2 mm. Abbreviations: ra, right atrium; la, left atrium; rv, right ventricle; lv, left ventricle; 
outflow tract, outflow tract.

Tbx2 and Tbx3 null mice are not viable (Davenport et al., 2003; Harrelson et al., 2004), 
and Msx2 null mice suffer from severe malformations (Satokata et al., 2000). To be able 
to generate mice with a combined loss of Msx2 and Tbx2 or Tbx3 we crossed Tbx2 or 
Tbx3 heterozygotes with Msx2 heterozygotes. Tbx2-Msx2 and Tbx3-Msx2 compound 
heterozygote mice were recovered at the expected mendelian frequencies 3 weeks after birth 
(Table 1). Compound heterozygotes were crossed to obtain E11.5 and E12.5 embryos 
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with the full spectrum of possible genotypic combinations. Embryos of all genotypes were 
recovered at the expected mendelian ratios for both the Msx2-Tbx2 (not shown) and the 
Msx2-Tbx3 lines (Table 1). In these mice, we studied the effect of loss of Tbx2/3 and Msx2 
on the boundaries of Gja1, Gja5 and Nppa expression. In wildtype hearts of E11.5 and 
E12.5, expression of these genes is confined to the myocardium of the atria and ventricles, 
showing a discontinuity of expression in the atrioventricular canal myocardium. In the 
absence of Msx2, Gja1, Gja5, and Nppa are not expressed in the atrioventricular canal 
myocardium, resembling the pattern in WT hearts (Chen et al., 2008) and data not shown). 
Similarly, Tbx2 heterozygote mouse hearts develop normally. In a Tbx2+/- background, 
loss of Msx2 does not appear to influence the expression of Gja1 or Gja5. The ectopic 
expression of chamber markers in the left aspect of the atrioventricular canal myocardium 
in Tbx2 null mice results in a continuity of expression between the left atrium and left 
ventricle (marked with dashed lines in figure 3), and confirms previous reports (Harrelson et 
al., 2004; Aanhaanen et al., 2009). However, there is still a clear constriction between atria 
and ventricles. The additional removal of Msx2 in a Tbx2 null background does not seem 
to affect atrioventricular canal development, as these hearts resemble the phenotype that is 
observed in the Tbx2 null mice.

Tbx3 is also expressed in the myocardium of the atrioventricular canal in a pattern 

complementary to that of Gja1 and Gja5. However, Tbx3 is essential only for the repression 
of these chamber specific genes in the AV bundle and bundle branches at later stages of 
development, whereas the repression of these genes in the atrioventricular canal myocardium 
around E12.5 is not affected in Tbx3 null mice (Hoogaars et al., 2004; Bakker et al., 2008; 
Figure 3). In a Tbx3 heterozygote or a Tbx3 null background, loss of Msx2 does not seem to 
influence the expression of these chamber markers in the atrioventricular canal myocardium 
(Figure 3).

Table 1a Observed distribution of Msx2 - Tbx2 compound herozygote mice at 3weeks after birth
A Tbx2 +/+ Tbx2 +/-

Msx2 +/+ 84 73
Msx2 +/- 86 83

Table 1b Observed distribution of Msx2 - Tbx3 compound herozygote mice at 3weeks after birth
B Genotype Tbx3 +/+ Tbx3 +/Cre

Msx2 +/+ 140 122
Msx2 +/- 113 112

Table 1c Observed distribution of genotypes in embryos of E11.5 from Tbx3+/-Msx2+/- crossings.
C  Tbx3 +/+ Tbx3 +/- Tbx3 -/-

Msx2 +/+ 8 13 5
Msx2 +/- 5 26 11
Msx2 -/- 4 16 6
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Discussion
During heart development, Msx2 is expressed in the developing cardiac conduction 
system and despite numerous studies, it’s role in conduction system development remains 
unclear (Chan-Thomas et al., 1993; Satokata et al., 2000; Kwang et al., 2002). Since the 
spatiotemporal expression pattern of Msx1 has not been described in detail, it is unclear 
to which extent the redundant action of Msx1 can compensate for a lack of Msx2. 
Therefore, we determined the expression pattern of Msx1 and show that during early heart 
development Msx1 is exclusively expressed in the cardiac cushions. Expression of Msx1 in 
the atrioventricular cushions was also described by Robert et al., 1989. However, more 
recent papers describing Msx1-Msx2 compound mutant hearts seem to indicate that Msx1 is 
also expressed in the myocardium of the outflow tract and right ventricle (Ishii et al., 2005; 
Chen et al., 2007). Our study clearly shows that Msx1 is not expressed in the myocardium, 
a discrepancy which may find its origin in the probes that were used to detect Msx1. For our 
present study we made use of probes directed against the 3’-UTR of the Msx1 messenger, 
which is specific for Msx1. The probes used in the studies by Chen et al. and Ishii et al. 
make use of the entire Msx1 coding region, including the highly conserved homeodomain, 
indicating that cross hybridization with other homeodomain containing messengers may 
have occurred. 

Whereas Msx1 is not expressed in the myocardium of wildtype mice, previous reports 
have indicated the existence of compensatory mechanisms inducing ectopic expression 
of Msx2 in the absence of Msx1 or Nkx2.5 (Tanaka et al., 1999; Han et al., 2003). Our 
analysis of Msx2 null mice excludes the existence of a similar mechanism in the regulation 
of Msx1 expression in the heart. Based on our observations that Msx1 is not expressed in 
the myocardium of wildtype or Msx2 knock-out mice, we can conclude that myocardial 
expression of Msx genes is not necessary for the normal development of the atrioventricular 
canal myocardium. In other words, the function of Msx2 is either dispensable, or is masked 
by a redundant factor other then Msx1. The question then arises what causes the myocardial 
patterning defects in the Msx1-Msx2 double null mice (Chen et al., 2008), which differ 
only from Msx2 null mice in that they additionally lack Msx1 expression in the cushions. 
In the atrioventricular canal, BMP2 activates myocardial Tbx2 and Msx2 expression, as well 
as Msx1 and Msx2 expression in the cushions (Fig. 4) (Ma et al., 2005; Singh et al., 2009).

Figure 3 (next page). Expression of chamber specific genes Gja1 and Gja5 in Msx2-Tbx2 and Msx2-Tbx3 
compound mutant mouse hearts. Shown are the left and right aspect of the atrioventricular canal. Arrowheads 
indicate the atrial border of the expression of the gene. Continuity of expression in Tbx2-/- mice is indicated with 
dashed lines. Age of the embryos is indicated at the right. 
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In the absence of Msx1 and Msx2, myocardial Tbx2 expression is lost, which is likely to 
lead to the observed ectopic Nppa expression (Habets et al., 2002; Chen et al., 2008). We 
propose a model in which a non cell-autonomous signal downstream of Msx1 and Msx2 
in the cushions, is necessary for the expression of Tbx2 in the myocardium. This signal, 
designated y in Fig. 4, may induce Tbx2 expression directly, or indirectly, and thus involve a 
BMP2 - Msx feedback mechanism (Ma et al., 2005; Singh et al., 2009). 

Figure 4. Proposed Msx1 and Msx2 function in the atrioventricular canal. Msx1 and Msx2 expression in 
the cushions is necessary for expression of Tbx2 in the atrioventricular myocardium, via an unknown non cell-
autonomous signal (y), that activates Tbx2 expression directly, or indirectly. This possibly involves a BMP - 
Msx feedback mechanism upstream of Tbx2. Msx2 expression in the myocardium seems to be dispensable for 
myocardial patterning.
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One potential mechanism by which Msx2 could act in the myocardium is via an interaction 
with T-box factors. We have previously shown that Msx2 and Msx1 can physically interact 
with Tbx2 and Tbx3 and can cooperate in the regulation of Gja1 (Boogerd et al., 2008). 
To test the hypothesis that Msx2 would interact with Tbx2 or Tbx3 in the specification 
of atrioventricular canal myocardium we generated and analyzed compound mutant 
mice. In these mice, we have determined the expression of known Tbx2 and Tbx3 
targets which mark the chamber myocardium (Christoffels et al., 2004; Hoogaars et al., 
2007a), and can also be suppressed by Msx2 (Boogerd et al., 2008; and our unpublished 
observations). Whereas we can confirm previous results of ectopic expression of chamber 
specific genes in the atrioventricular canal myocardium of Tbx2 null mice (Harrelson et 
al., 2004; Aanhaanen et al., 2009), we do not find any evidence for a functional or genetic 
interaction between Msx2 and Tbx2 or Msx2 and Tbx3 in the regulation of these chamber 
specific genes. Tbx2 and Tbx3 can very potently suppress chamber specific gene expression 
(Habets et al., 2002; Hoogaars et al., 2007a), and taking away only one of these factors 
induces relatively small regions of ectopic expression, with the majority of their shared 
expression domains remaining unaffected (Bakker et al., 2008; Aanhaanen et al., 2009). 
The redundancy between Tbx2 and Tbx3 explains part of this observation, however, even in 
Tbx2-Tbx3 double null mice, a morphological atrioventricular canal can be distinguished 
(Hoogaars et al., unpublished). Taken together these data suggest that the regulation of the 
developing atrioventricular canal is under tight control of multiple complex mechanisms. 
Msx2 may play a role in this process, but so far, its spatiotemporal expression pattern is the 
only in vivo indication suggestive of a role in conduction system development. 




