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Heart formation requires a highly balanced network of transcriptional activation of genes. The homeodomain
transcription factor, Shox2, is essential for the formation of the sinoatrial valves and for the development of
the pacemaking system. The elucidation of molecular mechanisms underlying the development of pacemaker
tissue has gained clinical interest as defects in its patterning can be related to atrial arrhythmias. We have
analyzed putative targets of Shox2 and identified the Bmp4 gene as a direct target. Shox2 interacts directly
with the Bmp4 promoter in chromatin immunoprecipitation assays and activates transcription in luciferase-
reporter assays. In addition, ectopic expression of Shox2in Xenopus embryos stimulates transcription of the
Bmp4 gene, and silencing of Shox2 in cardiomyocytes leads to a reduction in the expression of Bmp4. In
Tbx5%"* mice, a model for Holt-Oram syndrome, and Shox2™/~ mice, we show that the T-box transcription
factor Thx5 is a regulator of Shox2 expression in the inflow tract and that Bmp4 is regulated by Shox2 in this
compartment of the embryonic heart. In addition, we could show that Tbx5 acts cooperatively with Nkx2.5 to
regulate the expression of Shox2 and Bmp4. This work establishes a link between Tbx5, Shox2 and Bmp4 in
the pacemaker region of the developing heart and thus contributes to the unraveling of the intricate interplay
between the heart-specific transcriptional machinery and developmental signaling pathways.

INTRODUCTION

Heart formation requires the coordinated recruitment of
various transcription factors including members of the T-box
and homeobox-containing gene families (1). Different family
members have been implicated in vertebrate heart tissue pat-
terning and differentiation. In early stages of development,
the heart is a slow conducting linear tube. During embryogen-
esis, the primitive tube develops into a synchronous and
regular beating heart structure initiated by a small group of
specialized cells forming the pacemaker region or sinoatrial
node (SAN). Cells of the SAN locate at the junction of the
right atrial wall and the superior caval vein and are spon-

taneously active (2,3). Yet, the exact molecular mechanisms
underlying pacemaker potentials and its defects leading to
arrhythmias have not been fully elucidated.

One key regulator of pacemaker differentiation is the
homeobox transcription factor, Shox2. This gene has a
highly restricted expression pattern in the sinus venosus myo-
cardium comprising the SAN region (4,5). Knock-down and
knock-out mouse models of Shox2 have demonstrated a
crucial role of this gene in the development of heart and
limb (4-7). Loss of Shox2 leads to embryonic lethality
owing to heart defects occurring between E11.5 and E17.5
(4,7). Furthermore, Shox2 deficiency has been shown to lead
to impaired pacemaking function in embryonic Zebrafish
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hearts and isolated hearts of Shox2 mutant mice have shown a
slower heart beat rate (4,5). Very recently, Shox2 has been
shown to be a direct target of Pitx2c, which is known to
prevent susceptibility to atrial arrhythmias by inhibiting left-
sided pacemaker specification (8). These findings have
revealed a critical role for Shox2 in heart development and
pacemaker function, but the detailed molecular mechanism
of Shox2 function remains unclear. To investigate the tran-
scriptional regulation of Shox2 and to identify putative target
genes, we have used Xenopus and mouse as model systems.
We provide genetic evidence for an epistatic relationship
between Thx5, Shox2 and Bmp4 in a very distinct region of
the developing heart.

RESULTS

Shox2 regulates the expression of Bmp4

As a first step towards a functional analysis of Shox2, we
cloned the full-length coding region of the Xenopus tropicalis
orthologous gene. Sequence comparison between human and
Xenopus Shox2 revealed an overall homology of 80% at the
DNA and 85% at the amino acid level. Crucial functional fea-
tures are conserved between the human and Xenopus Shox2
proteins including an identical OAR- (orthopedia, aristaless
and rx homeoproteins) and homeodomain (Supplementary
Material, Fig. S1). Shox2-specific transcripts can be first
detected in stage 23 embryos and the expression level
increases until stage 45 (Supplementary Material, Fig. S2A).
Whole-mount in situ hybridization and following transverse
sections of the heart anlage showed that Shox2 expression is
restricted to the posterior domain of the myocardium (Sup-
plementary Material, Fig. S2B—H), which continues to cover
the dorsolateral aspect of the endocardium, anterior to its
bifurcation in the sinus venosus. Endogenous Shox2 transcripts
are not found in gastrula and early neurula Xenopus embryos,
but when SZox2 mRNA was provided experimentally before
gastrulation, defects were observed in embryonic patterning.
Synthetic Shox2 mRNA was injected into each blastomere of
4-cell stage embryos. Subsequently, they were cultured until
stage 36 and the dorso-anterior index (DAI) was determined.
All embryos injected either with human or Xenopus Shox2
mRNA were ventro-posteriorized with DAI scores ranging
from 2 to 4 (Fig. 1A-D, Supplementary Material,
Table S1). The ventralized phenotype obtained by Shox2
injection was dose-dependent. Embryos injected with 0.5 ng
of Shox2 mRNA exhibit reduced eyes and foreheads
(Fig. 1A and C), whereas those that received higher doses
(1 ng) were acephalic (Fig. 1B and D). These results indicate
that ectopic Shox2 suppresses dorso-anterior structures and
promotes ventro-posterior development. The ventralized phe-
notype observed in Xenmopus embryos after injection of
Shox2 RNA could be owing to the inhibition of early Wnt sig-
naling, which also results in the loss of dorsal structures.
Therefore, we analyzed the expression of the Wnt targets
siamois (sia) and nodal-related-3 (Xnr3) at early gastrula
stage after Shox2 injection. Whole-mount in situ hybridization
for Xnr3 and quantitative reverse transcriptase—polymerase
chain reaction (RT—PCR) for sia and Xnr3 demonstrated
that expression of these Wnt targets was unaffected in Shox2-

Figure 1. Ectopic Shox2 expression induces a ventralizing effect during early
Xenopus development and rescues embryos partially dorsalized by LiCl
Lateral view of stage 36 embryos, radially injected at 4-cell stage with
0.5ng (A, C) and 1 ng (B, D) Xenopus tropicalis Shox2 RNA (A, B) and
human SHOX2a RNA (C, D). Shox2-injected embryos show a dose-dependent
ventralizing effect. Uninjected stage 36 control embryo (E) and control
embryo treated with 120 mM LiCl (F). Ventral injection of 1ng Shox2
RNA rescues embryos partially dorsalized by LiCl (G, H).

injected embryos (data not shown). This shows that ectopic
Shox2 does not inhibit early Wnt-signaling.

Bmp4 mediates dorsal—ventral patterning in Xenopus
embryos by inhibiting differentiation of dorsal mesoderm
and neural tissue. Since the phenotype in Shox2-injected
embryos strongly resembled the effect of early ectopic Bmp4
expression in Xenopus, we speculated that Shox2 might
induce Bmp4 transcription. We therefore inhibited zygotic
transcription of Bmp4 by lithium chloride (LiCl) treatment.
LiCl acts through inhibition of the glycogen synthase
kinase-33 (GSK-3B), which allows activation of the Wnt/
[B-catenin signaling pathway and leads to dorsalization of the
mesoderm (9). Induction of early Wnt signaling dorsalizes
the mesoderm and the entire mesoderm acquires properties
of the Spemann Organizer (dorsal mesoderm). In this situ-
ation, no Bmp4 transcripts are detected in the mesoderm.
Thus, LiCl treatment inhibits ventro-posterior structures,
resulting in a dorso-anteriorized phenotype with DAI scores
>5 (Fig. 1F, Supplementary Material, Table S1). Ectopic
expression of Shox2 antagonizes the dorsalized LiCl-
phenotype and partially rescues posterior structures,
suggesting an upregulation of Bmp4 by Shox2 (Fig. 1G and
H, Supplementary Material, Table S1). To validate this
hypothesis, we performed whole-mount in sizu hybridization
on Shox2-injected, LiCl-treated embryos. Bmp4-specific
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Figure 2. Shox2 regulates the expression of Bmp4. (A) Bmp4 expression in uninjected embryos at stage 10.5 (n = 35). Black arrowhead indicates the dorsal lip.
(B) Bmp4 expression is reduced or absent in 87% of LiCl-treated embryos (n = 31). (C) Spots of Bmp4 expression in 77% of previously Shox2-injected, LiCl-
treated embryos (n = 30). Shox2 RNA was injected diagonally into two blastomers of a 4-cell stage embryo. Bmp4 staining in two areas of the embryo (marked
by white arrows) indicates an upregulation of Bmp4 expression corresponding to the Shox2 injection. (D) Shox2 increases the activity of the human and Xenopus
laevis Bmp4 promoter upon co-transfection of Shox2 expression plasmids (1 pg) and the indicated Bmp4 reporter-constructs (1 pg) into Cos-7 cells. Data using
HEK-293 cells are not shown. (E) Electrophoretic mobility shift assay of the GST-SHOX2 fusion protein on a conserved promoter oligonucleotide sequence
(BMP4). An excess of non-radioactively labelled oligonucleotides (homologous competitor) reduces the DNA-binding ability of SHOX2, whereas excess of a
random oligonucleotide sequence (heterologous competitor) does not affect DNA-binding. 1, free oligonucleotide; 2, GST alone; 3, GST-SHOX2; 4—7, 10-fold,
50-fold, 75-fold and 150-fold molar excess of homologous competitor; 8, GST-SHOX2; 9—12, 10-fold, 50-fold, 75-fold and 150-fold molar excess of heter-
ologous competitor. (F) Chromatin immunoprecipitation (ChIP) assay. HEK-293 cells were co-transfected with the FLAG-SHOX2a expression or empty control
vector and with either the hBMP4 2013-Luc reporter or empty control vector as indicated. Formaldehyde-crosslinked DNA was immunoprecipitated using an
anti-FLAG antibody (a-FLAG-Ab) or no antibody, as a negative control. Precipitated DNA fragments (ChIP) and DNA from lysate before immunoprecipitation
(Input) were subjected to PCR using primer sets amplifying the putative SHOX2-binding element in the BAMP4 gene (lower panel) or GAPDH (upper panel)

as a control.

mRNA was almost undetectable in LiCl-treated embryos
(Fig. 2B). In contrast, Shox2-injected, LiCl-treated embryos
clearly showed an upregulation of Bmp4 expression in those
cells derived from the Shox2-injected blastomeres (Fig. 2C).
Since Shox2 acts as a transcription factor, a direct regulation
of the Bmp4 promoter was possible. Comparative analysis of
genomic Bmp4 sequences has indicated that exons 3, 4 and
5 of the human BMP4 gene correspond to exons 1, 2 and 3
of the orthologous Xenopus gene (Supplementary Material,
Fig. S3). To identify specific DNA regulatory elements
within the Bmp4 gene that are essential for the transactivation
by Shox2, we used human and the corresponding Xenopus
Bmp4 promoter-constructs and tested their activities by transi-
ent transfections of Cos-7 and HEK-293 cells in dual-
luciferase-reporter assays. Co-transfections of the different
Bmp4 reporter-constructs together with the expression plas-
mids for either human or X. tropicalis Shox2 led to an approxi-
mately 3-fold upregulation in luciferase activity, compared to
cells transfected only with the corresponding Bmp4 reporter-
constructs (Fig. 2D). By transfection of serial gene deletion-
constructs, we have narrowed down the Shox2-responsive

element of the Bmp4 promoter to an interval of 231 bp
upstream of the mRNA start site. Within this 231 bp fragment,
a 34 bp sequence motif, highly conserved between human,
mouse and Xenopus was identified (Supplementary Material,
Fig. S4). Electrophoretic mobility shift assay (EMSA) com-
petitive experiments showed that a SHOX2-GST fusion
protein could bind to this 34 bp BMP4-sequence motif with
high affinity and was competed away by an excess of the
unlabeled BMP4 oligonucleotide (Fig. 2E). A non-specific
random oligonucleotide sequence did not affect the binding
of the SHOX2—-GST to the BMP4 oligonucleotide.

To further examine the SHOX2 binding to the BMP4 pro-
moter in vivo, we performed a Chromatin immunoprecipita-
tion (ChIP) assay (10). An anti-FLAG antibody was used to
immunoprecipitate chromatin from HEK-293 cells transiently
co-transfected with the FLAG-tagged SHOX2a expression
plasmid and the hBMP4 2013-Luc reporter-construct contain-
ing the putative SHOX2-binding site of the BMP4 promoter.
The binding of SHOX2 to the BMP4 promoter was detected
by PCR analysis using specific primers spanning the putative
SHOX2-binding site within the BMP4 promoter. We obtained
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developing heart. We have carried out two independent sets
of experiments to assess this hypothesis.

To study 7bx5-dependent Shox2 expression, we used
experimentally induced heart structures in Xenopus. Injection
of the Wnt antagonist Dickkopf-1 (Dkk-1) into Xenopus
embryos can induce heart differentiation in explants of
ventral marginal zone (VMZ) mesoderm (14). ‘In vitro
hearts’ only form when Wnt is inhibited. Thus, we injected
Dkk-1 mRNA together with an inducible 7hx5 Engrailed-
repressor glucocorticoid-receptor fusion protein (X7bx5-
En®-GR), which blocks endogenous Tbx5 activity, into
ventral blastomeres of early Xenopus embryos. XThx5-En*-GR
was activated by dexamethasone (DEX) treatment in
Dkk-1-injected VMZ explants at later embryonic stage 22/23
to avoid complete loss of heart tissue. In such samples, the
heart marker Troponin is expressed, indicating that heart
tissue is present under these experimental conditions (data
not shown). Remarkably, RT—PCR analysis of the explants
at stage 25 revealed that X7hx5-En"-GR completely blocks
Shox2 expression in Dkk-1-injected VMZ explants (Fig. 3A
and B). These results indicate that Tbx5 function is critical
for the expression of Shox2 in cardiac tissues.

Figure 3. Shox2 mediates Thx5 expression to Bmp4 signaling in the develop-
ing heart. (A) Scheme of the ventral marginal zone (VMZ) experiment.
Xenopus embryos were injected (vegetal dorsal) with 1ng Dkk-1 mRNA
and 0.2 ng of XThx5 En®-GR DNA into two blastomeres at the 4-cell stage
and VMZ explants were dissected at early gastrula stage. Explants were cul-
tured until stage 22/23 and then treated with 0.5 wM dexamethasone (DEX)-
solution to activate the injected repressor-construct. RNA was extracted at
stage 25 and analysed by RT—RCR for the presence of X7hx5 and XShox2.
(B) RT—PCR shows that Dkk-1 induces Thx5 and Shox2 expression in VMZ
explants. XThx5 En®-GR abolishes Dik-1 induced Thx5 and Shox2 expression
after DEX-treatment. Ornithine decarboxylase was used as a loading control.
(C) Section in situ hybridization on E11.5 wild-type and Thx5%"* mouse
hearts. Murine Shox2 is strongly expressed in the inflow tract of the develop-
ing heart in wild-type embryos (a), which is markedly decreased in 7hx5%V+
embryos (b). Murine Bmp4 expression overlaps with the Shox2 expression
domain in wild-type hearts (c) and is almost absent in 7hx5%"* embryos
(d). RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.
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Figure 4. Shox2 deficiency impairs Bmp4 expression. (A) H10 cells were
transfected with two different Shox2 siRNAs (Shox2 siRNA1 and Shox2
siRNA2) in parallel with a control siRNA. Expression levels of Shox2 (left
panel) and Bmp4 (right panel) were assessed 24 h after transfection by
qRT-PCR analysis. siRNA-mediated knock-down of Shox2 results in
19-42% reduction of Bmp4 mRNA levels. All results were normalized to
Hprtl (hypoxanthine phosphoribosyltransferase 1) mRNA values. (B) Whole-
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Using mouse as a model, we found that expression of Shox2
and Bmp4 overlaps in the inflow tract (IFT) of the developing
heart (Fig. 3Ca and c). This is consistent with the data
published by Norden e al. (15). To assess the relationship
between Tbx5, Shox2 and Bmp4, we have analyzed mice
with a heterozygous deletion of the 7hx5 gene (7Thx5%V™).
Homozygous 7hx5%"" mice do not survive past E10.5
(13). We investigated whether expression of Shox2 or Bmp4
in the IFT of the right atrium relies on 7hx5 function in a dose-
dependent manner. /n situ hybridization on histological sec-
tions of embryonic hearts demonstrated reduced Shox2
expression in the IFT of the 7 hx5%Y+ mutant mice at E11.5
(Fig. 3Ca and b). Similarly, Bmp4 expression, which overlaps
with the Shox2 expression domain, is strongly reduced and
almost absent in this distinct heart region of Thx5%V*
embryos (Fig. 3Cc and d). This is consistent with data from
the microarray experiments, confirmed by quantitative
RT-PCR, which suggested Shox2 as one of the roughly 100
putatively downregulated genes in 7bhx5-deficient mouse
hearts (16). Other genes important for normal development
and function of the conduction system, like al/D L-type
calcium channel, Cx43 and Tbhx3, were either normally
expressed, or in the case of 7hx3, downregulated but still
expressed in 7hx5%"" hearts (13,16). Hence, we can state
that the strongly reduced expression of Shox2 and Bmp4 in
Thx5%" hearts is not owing to incorrect formation of the IFT.

We next performed gene-specific silencing of Shox2
expression in neonatal rat cardiomyocytes by RNAi. H10
cells were transiently transfected with two different siRNAs
directed against the Shox2 cDNA with a knock-down effi-
ciency of 74% and 61% (Fig. 4A). We could also show that
Shox2 silencing leads to a reduction in Bmp4 expression
(Fig. 4A).

We also carried out whole-mount in situ hybridization on
Shox2~'~ embryonic mouse hearts (4) to confirm that Bmp4
expression depends on Skox2 function in the IFT of the devel-
oping heart. These stainings revealed that Bmp4 is completely
absent in the IFT of Shox2-deficient mice, whereas a strong
expression in the truncus arteriosus is still detectable
(Fig. 4B). Shox2 and Bmp4 stained Shox2™'~ hearts, as well
as histological sections of Shox2™/~ embryos, clearly
showed that the IFT in Shox2-deficient mice develops prop-
erly, even if the venous valve formation is abnormal
(Fig. 5). We also carried out in situ hybridization using 7bx3
and Hcn4 as markers for the pacemaker region and can
show that 7hx3 and Hcn4 are downregulated but still present
in Shox2™'~ hearts (data not shown). These data are consistent
with a recent study investigating the role of Shox2 by
expression analysis of different key regulators in SAN devel-
opment (5). Thus, we demonstrate that the absence of Bmp4
expression in the IFT of Shox2™’~ hearts is not owing to
incorrect formation of this tissue. Taken together, these data

mount in situ hybridization on E11.5 (a, b) and E12.5 (c, d) wild-type and
Shox2™'~ mouse hearts using a Bmp4 RNA probe. Both, ventral (a—d) and
dorsal (a'—d") views are shown. Murine Bmp4 is strongly expressed in the
truncus arteriosus (TA) (a, ¢) and in the inflow tract (a’, ¢’) of the developing
heart in wild-type embryos. In the Shox2™~ mouse hearts, Bmp4 expression is
still present in the truncus arteriosus (b, d) but completely absent in the IFT
(b, d’), where Shox2 and Bmp4 expression domains overlap in the wild-type
heart. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.
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Wildtype

Shox2 -/-

Figure 5. Bmp4 expression is absent in the inflow tract (IFT) of Shox2™/~ embryos. Whole-mount iz situ hybridization with corresponding sections (50 wm) on
E12.5 wild-type and Shox2 ~/~ mouse hearts using Shox2 (A, B) and Bmp4 (C, D) RNA probes. Murine Shox2 (A, A’) and Bmp4 (C, C’) are expressed in the IFT
of wild-type hearts (indicated by black arrows), but are completely absent in the IFT of Shox2™~ hearts (B, B, D, D). Note that IFT tissue is still present in
Shox2™'~ hearts (B, D'). Histological sections of wild-type (E, E') and Shox2™’~ (F, F') embryos at E10.5. Squares in E and F show the right horn of the sinus
venosus that is magnified in E’ and F'. Shox2-deficient embryos develop IFT tissue (F, F'), even if the venous valve formation is abnormal (black arrowhead
in F’). RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; RHSV, right horn of the sinus venosus.

strongly suggest that 7hx5 acts upstream of Shox2, which, in
turn, activates Bmp4 in the IFT of the heart.

DISCUSSION

Shox2 encodes a homeodomain transcription factor that
among other features plays a critical role in heart development
(4,5,17). The aim of our study was to understand the molecular
mechanisms underlying Shox2 expression in the developing
heart. Our data show that the transformation growth
factor-B, Bmp4, is a direct target of Shox2. In contrast to
the repressive effect of Shox2 on Bmp4 expression during
limb development (7), we could show that in the heart,
Shox2 activates Bmp4. Several lines of evidence support this
conclusion. We demonstrate that ectopic expression of
Shox2 in Xenopus embryos stimulates transcription of the
Bmp4 gene and silencing of Shox2 in cardiomyocytes leads
to a reduction in Bmp4 expression. In addition, Shox2 acti-
vates Bmp4 transcription in luciferase-reporter assays. We
also show by EMSA and ChIP assays that Shox2 binds specifi-
cally to a 34 bp AT-rich sequence within the Bmp4 promoter
region. Bmp4 thus represents the first gene identified as a
direct Shox2 target. In loss-of-function experiments using
Xenopus embryos, as well as Thx5%"™ and Shox2™/~ mice,
we show that the T-box transcription factor Tbx5 is required
for Shox2 expression in the IFT and that Bmp4 is regulated
by Shox2 in this compartment of the embryonic heart.

Bmp4 is known to exert numerous developmental functions
including different roles in cardiogenesis. Homozygosity for a
null mutation, for example, leads to severe looping defects and
embryonic death at E9.5 or earlier (18,19). The analysis of
a hypomorphic allele has demonstrated additional later func-
tions in atrioventricular septation, valvulogenesis and for-
mation of the outflow tract (20,21). Both Shox2 and Bmp4
are expressed already strongly at E9.5, prior to the disturbed
development in the Shox2 mutant. At this time, incorporation
of the sinus venosus into the right atrium takes place and at the
venous pole new myocardium is still added to the sinus
venosus (22). Most probably, both processes are disturbed
and contribute to the abnormalities seen in Shox2/~
embryos. Abnormal Bmp4 expression has also been reported
to result in abnormal myofibrillogenesis of the precardiac
mesoderm (23), which also might contribute to embryonic
heart failure in Shox2-deficient embryos. The essential cardio-
genic functions previously attributed to Bmp4 pertain to the
atrioventricular and semilunar valves that, in contrast to the
venous valves of the IFT, develop from endocardial cushions.
Our analyses suggest a link between Bmp4 expression and
early sinoatrial development and venous valve formation.

It was also reported that expression of Bmp4 is dysregulated
in the developing heart of the zebrafish heartstrings (hst)
mutant with 7bx5 deficiency (24). Although this Ast mutation
does not perturb atrioventricular patterning as described for
other species with 7hx5 mutations, it impairs pacemaking
functions, similar to that observed in Shox2 knock-down



experiments with morpholino-modified antisense oligonucleo-
tides (4,24). These data suggest that the /st mutation affecting
the cardiac conduction system may also regulate the
expression of downstream genes such as, for example, Shox2
and Bmp4. Overall, our data indicate that in specific structures
and during different time points, Bmp4 also can act down-
stream of 7hx5.

Tbx5 overexpression experiments in Xenopus animal cap
(AC) and dorsal marginal zone (DMZ) explants do not
provide support for the regulation of Shox2 by Thx5 alone
(data not shown), suggesting that 7bx5 affects Shox2
expression also through other factors not present in the AC
and DMZ explants. Previous studies have demonstrated that
Tbx5 directly associates with co-factors, such as the homeodo-
main transcription factor Nkx2.5 and the zinc finger factor
Gata4 to induce cardiac-specific genes like Nppa and Gjas
(13,25,26). Moreover, it has been shown that co-activators
such as Baf60c or TAZ and YAP are important for the
control of Tbx5-dependent transcription in cardiac develop-
ment (27,28). Very recent work has also demonstrated that
Baf60c and Gata4 cooperate with Tbx5 to set-up a cardiac
gene expression program, including Nkx2.5, which transforms
non-cardiac embryonic mesoderm into beating heart cells (29).
It cannot be excluded that Shox2 may play a role in these pro-
cesses too.

An involvement of further co-factors in cardiac develop-
ment in the described epistatic relationship between 7bxJ5,
Shox2 and Bmp4 can be assumed. In contrast to the highly
restricted expression pattern of Shox2 in the sinus venosus
myocardium, 7bx5 and Bmp4 are widely expressed during
embryonic heart development (4,17,30,31). Owing to the
fact that the overlapping expression domains of these three
genes are confined to a restricted region of the IFT of the
heart, it is likely that additional as yet unknown factors may
contribute to control the transcriptional readout in other
regions of the developing heart. To find out if heart-specific
co-factors of Tbx5, such as Nkx2.5 contribute to the regulation
of Shox2, we analyzed the SHOX2 promoter for TBX5 and
NKX2.5 binding sites, and three putative TBXS and three
NKX2.5 binding sites upstream of the SHOX2 start codon
could be identified. In luciferase-reporter assays using a
SHOX?2 reporter-construct containing all putative binding
sites, we could demonstrate that TBXS acts cooperatively
with NKX2.5 to activate SHOX2 expression. In contrast,
TBXS5 alone is not able to activate the SHOX2 promoter.
The same effect could be shown by using the BMP4 reporter-
construct (Supplementary Material, Fig. S5). Our data indicate
that Nkx2.5 acts upstream of Shox2. The findings of Espinoza-
Lewis et al. (5) have shown that Shox2 can also inhibit the
expression of Nkx2.5, arguing for a regulatory feedback-loop
between Shox2 and Nkx2.5. These novel findings support
the idea that a cardiac-specific molecular environment is
necessary for Tbx5 to regulate Shox2.

In summary, we have demonstrated a previously unde-
scribed connection of 7hx5, Shox2 and Bmp4 in a distinct sub-
region of the developing heart. Our results suggest that 7hx5
signaling in the IFT of the heart directly or indirectly controls
the expression of the transcription factor Shox2, which regu-
lates Bmp4 in a direct manner. Taken into account the
crucial role of Shox2 in pacemaking function, an investigation
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in patients with atrial arrhythmia of unknown molecular cause
may be of interest. Indeed, the recent genetic linkage of Tbx5
and Nkx2.5 to atrial fibrillation suggests that this pathway may
be of relevance in the general population (32,33).

MATERIALS AND METHODS
Generation of plasmid-constructs

Cloning of the Xenopus Shox2 cDNA, generation of Xenopus
Shox2, human SHOX2 and NKX2.5 expression-constructs, and
BMP4 and SHOX2 promoter-constructs are described in the
Supplementary Material.

Egg and embryo manipulations

Ovulation, in vitro fertilization, embryo culture and manipu-
lation were performed as previously described (34). LiCl treat-
ment was carried out as described (35).

mRNA synthesis

Capped mRNAs were synthesized from linearized plasmids
using mMessage mMachine Kit (Ambion). pCS2*-SHOX2a
was linearized with Apal, pCS2*-Xtropicalis Shox2 and
pCS2"-Dkk-1 were linearized with Notl. mRNAs were syn-
thesized using SP6 RNA polymerase.

Semi-quantitative and quantitative RT—-PCR

For embryos, total RNA was prepared with Trizol® reagent
(Invitrogen) and for transfected H10 cells with the RNeasy®™"
Mini Kit (Qiagen) with subsequent DNase I treatment.
cDNA was synthesized using the SuperScript™ First-Strand
Synthesis System for RT—-PCR (Invitrogen). Semi-
quantitative PCR was performed using standard conditions.
Quantitative RT—PCR (qRT-PCR) was performed on a
7500 Fast Real-Time PCR System (Applied Biosystems)
using SYBR Green ROX dye (Thermo Scientific). Primer
sets used are presented in Supplementary Material, Table S2.

Xenopus in situ hybridization

Whole-mount in situ hybridization and antisense probe prep-
aration was carried out as described (36). Digoxigenin-labelled
antisense RNA was synthesized from the plasmids
pTOPO-X.trop-Shox2 (linearized with HindIll) and pBSK/
B12-Bmp4 (35) (linearized with EcoRI) using T7 RNA
polymerase.

Cell culture, transfection and luciferase assay

Cos-7 and HEK-293 cells were cultured at 37°C in Dulbecco’s
Modified Eagle Medium (DMEM) medium containing high
glucose, supplemented with 10% fetal calf serum and anti-
biotics. Neonatal rat heart myocytes, immortalized with a
temperature-sensitive SV40T antigen (H10 cells), were cultured
at 33°C in DMEM medium (see above). For luciferase assay
analysis, the cells were co-transfected in triplicates with differ-
ent constructs using polyethylenimine (Sigma-Aldrich).
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Forty-eight hours after transfection, luciferase activity was
determined and normalized to Renilla luciferase activity with
a dual-luciferase assay kit (Promega). Experiments were
repeated at least three times in triplicates with consistent
results and representative data were shown. Knock-down exper-
iments were performed using Stealth RNAi Duplex (Invitro-
gen), directed against the Shox2 cDNA (Shox2 siRNAL:
5-GGACCAATTTCACCCTGGAACAACT-3, Shox2
siRNA2: 5'-GCAAGGACTCCAGCATCGCCGATCT-3").
H10 cells were transiently transfected with 100 pmol siRNA
in 12-well plates using Lipofectamine 2000 (Invitrogen) and
the relative knock-down efficiency was determined by
qRT-PCR 24 h after transfection. Stealth RNAi negative
control GC high was used as a control siRNA. Representative
data from three independent experiments with consistent
results are shown.

Electrophoretic mobility shift assay

EMSA was performed using standard protocols. For the
binding reaction, *?P-labeled, double-stranded BMP4 oligonu-
cleotides (Supplementary Material, Table S2) were used
together with purified, bacterially expressed recombinant
GST-SHOX2 protein.

Chromatin Immunoprecipitation assay

HEK-293 cells were transiently co-transfected with hBMP4
2013-Luc reporter or empty control vector and with either
the FLAG-SHOX2a expression vector or empty control
vector using Lipofectamine 2000 transfection reagent (Invitro-
gen). Cells were cultured for 48 h and the ChIP assay carried
out as described by Abcam protocols using 10 pg of anti-
FLAG antibody (M2, Sigma-Aldrich). PCR analysis of immu-
noprecipitated DNA and input DNA was performed under
standard conditions using primer sets amplifying the putative
SHOX2-binding element in the BMP4 gene (—1241 to
—1082 bp region) or GAPDH as control (Supplementary
Material, Table S2).

Mouse whole-mount and section in situ hybridization

Shox2~"~ and Thx5%"* mice were described previously (4,13).
Whole-mount in situ hybridization was performed as previously
reported. Digoxigenin-labelled antisense RNA was synthesized
from the plasmids pCR-S-Ogl2 (Shox2) (17) (linearized with
Sacl) and pSP72-Bmp4 (linearized with Accl) using T7 RNA
polymerase. Section in sifu hybridization was performed on
10 wm paraffin sections using standard protocols. The murine
Shox2 antisense probe was made from a cDNA clone
ordered from Open Biosystems (Huntsville, USA; Cat no.
EMM1032-595060) using T7 polymerase after linearizing
with EcoRI. The Bmp4 antisense probe was synthesized from
pSP72-Bmp4 (see above).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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