Tbx3 controls the sinoatrial node gene
rogram and imposes pacemaker
unction on the atria
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The sinoatrial node initiates the heartbeat and controls the rate and rhythm of contraction, thus serving as the
pacemaker of the heart. Despite the crucial role of the sinoatrial node in heart function, the mechanisms that

underlie its specification and formation are not known. Thx3, a transcriptional repressor required for
development of vertebrates, is expressed in the developing conduction system. Here we show that Thx3
expression delineates the sinoatrial node region, which runs a gene expression program that is distinct from
that of the bordering atrial cells. We found lineage segregation of Thx3-negative atrial and Thx3-positive
sinoatrial node precursor cells as soon as cardiac cells turn on the atrial gene expression program. Tbx3
deficiency resulted in expansion of expression of the atrial gene program into the sinoatrial node domain, and
partial loss of sinoatrial node-specific gene expression. Ectopic expression of Thx3 in mice revealed that Thx3
represses the atrial phenotype and imposes the pacemaker phenotype on the atria. The mice displayed
arrhythmias and developed functional ectopic pacemakers. These data identify a Tbx3-dependent pathway for
the specification and formation of the sinoatrial node, and show that Tbx3 regulates the pacemaker gene

expression program and phenotype.
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The heart rhythm of higher vertebrates is driven by pace-
maker cells. In mammals, these specialized heart muscle
cells reside within the sinoatrial node (SAN), a structure
located in the right atrium at the junction with the su-
perior caval vein. The SAN has a distinct phenotype
compared with atria, and runs a unique ion channel and
gap junction gene expression program essential for nor-
mal pacemaker function (Boyett et al. 2000; Schram et al.
2002; Marionneau et al. 2005; Liu et al. 2006). Hcn4 en-
codes an isoform of the hyperpolarization-activated
channels that is highly expressed in the SAN and is re-
quired for normal cardiac pacemaker activity (Baruscotti
et al. 2005). Mutations in Hcn4 result in SAN dysfunc-
tion and bradycardia in humans and mice (Schulze-Bahr
et al. 2003; Stieber et al. 2003; Milanesi et al. 2006).
Genes expressed in the atrial working myocardium but
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normally inactive in the SAN include Nppa (ANF) and
Smpx (Chisel), and gap junction genes Cx40 (Gja5) and
Cx43 (Gjal), which are essential for fast propagation of
the electrical impulse in the working myocardium
(Moorman and Christoffels 2003; Gros et al. 2004; Bagwe
et al. 2005). Pacemaker activity is essential for heart
function and viability throughout the life span of an in-
dividual. Acquired heart disease, corrected congenital
heart defects, pharmacological agents, or gene defects
may cause sinus node dysfunction (sick sinus syndrome),
a common disorder necessitating electronic pacemaker
implantation.

A century after the discovery of the SAN structure in
mammals by Keith and Flack (1907), its origin and ge-
netic control are largely unknown. Although all cardio-
myocytes of the early embryonic heart display pace-
maker activity, this property is lost, or suppressed, when
these cells mature to working myocardial cells. How-
ever, the mature SAN still has pacemaker activity and
the slow intercellular conduction also found in the em-
bryonic cardiomyocytes, suggesting that prevention of
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differentiation of working myocardium may be an essen-
tial element of SAN formation. Recently, we found that
cardiac homeobox factor Nkx2-5, which is critical for
cardiogenesis and working myocardium differentiation,
is absent from the sinus venosus and SAN, providing a
possible mechanism for the early confinement of the
pacemaker phenotype to this region (Mommersteeg et al.
2007). However, the mechanism underlying the pattern-
ing and formation of the SAN domain and the regulation
of its gene program have remained unclear. Tbx3 is a
T-box transcription factor uniquely expressed in the de-
veloping conduction system (Hoogaars et al. 2004). Tbx3
is a transcriptional repressor involved in developmental
patterning and the regulation of proliferation, senes-
cence bypass, and apoptosis in a variety of tissues (He et
al. 1999; Brummelkamp et al. 2002; Carlson et al. 2002;
Davenport et al. 2003; Naiche et al. 2005). Mutations in
TBX3 cause human ulnar-mammary syndrome, a disor-
der characterized by abnormal development of forelimbs,
apocrine glands, teeth, and, occasionally, the heart (Bam-
shad et al. 1997; Meneghini et al. 2006). Because of its
unique nodal expression pattern in the heart and func-
tional equivalence to Tbx2, a potent repressor of markers
for working myocardial differentiation including Nppa,
Smpx, and Cx40 in the developing heart (Habets et al.
2002; Christoffels et al. 2004b; Harrelson et al. 2004),
Tbx3 is an attractive candidate regulator for the SAN
gene program. Here we investigated the role of Tbhx3 in
the regulation of SAN formation, gene expression, and
function. We found lineage segregation of differentiating
atrial and Thx3-positive SAN cells, indicating that the
SAN is formed by proliferation of Thx3-positive precur-
sor cells, and not by recruiting adjacent myocytes that
have initiated the atrial gene program. Analysis of Thx3-
deficient embryos revealed that Tbx3 is required to in-
duce and maintain the SAN gene program, while pre-
venting the expansion of atrial gene expression into the
SAN domain. Ectopic Thx3 expression mouse models
revealed that Tbx3 is sufficient to reprogram atrial cells
into functional pacemaker cells that run a SAN gene
program.

Results

Tbhx3 defines the SAN domain

The SANSs of late fetal and adult mice coexpress Thx3
and Hcn4, a key SAN marker gene (Stieber et al. 2004,
Baruscotti et al. 2005), whereas Cx40, Cx43, Smpx, and
Nppa are selectively expressed in the atrial myocardium
in a pattern strictly complementary to that of Thx3 and
Hcn4 (Supplementary Fig. 1; Hoogaars et al. 2004;
Mommersteeg et al. 2007). Lbh, encoding a putative re-
pressor of Nppa (Briegel et al. 2005), was found to be
expressed in the SAN and not in the atria (Supplemen-
tary Fig. 1A). Furthermore, Hop, encoding a transcrip-
tional cofactor required for Cx40 expression and func-
tion of the ventricular conduction system (Ismat et al.
2005), appeared to be expressed at relatively low levels in
the SAN (Supplementary Fig. 1A). Thus, the SAN ex-

Pacemaker formation by Tbx3

presses Thx3 and runs a gene program distinct from the
atrial working myocardial cells that directly border the
SAN.

To assess the role of Tbx3 in the specification of SAN
cells and in the regulation of gene expression, Thx3-de-
ficient mice were generated by replacing the first three
codons in the first exon of Thx3 with a Cre-pA cassette
(Supplementary Fig. 2). Consistent with published re-
sults (Davenport et al. 2003), homozygous mutants
(Thx3°7¢/*¢) died between embryonic day 11.5 (E11.5)
and E14.5, displaying multiple malformations. These in-
clude limb malformations and failure to induce mam-
mary glands, indicating that the Cre-pA insertion re-
sulted in a functional null allele. Expression of Cre in
Thx3¢*¢/€re embryos and endogenous Thx3 in controls
was highly similar, indicating that the Cre expression
pattern mimics Thx3 gene activity in mutants (Figs.
1A,D, 2D-F; Supplementary Fig. 2). To identify the pri-
mordial SAN region of interest, sections were probed for
the expression of Thx3 in wild type and for expression of
Cre in mutants. Morphologically, a primordial SAN was
formed in Thx3 mutants, which expressed Hcn4 (Fig.
1A). Quantification of the volume of the SAN in wild-
type and mutant littermates revealed that it was variable
in size, but on average significantly smaller in mutants
(Fig. 1C). Histological analysis of E12.5 and E14.5 SANs
and three-dimensional (3D) reconstruction of an E14.5
SAN revealed that the wild-type and mutant SAN had
comparable length along the right sinus horn, but dif-
fered in thickness (Fig. 2A,B,D,F). We next assessed the
expression of Cx43, Cx40, Nppa, and Smpx, which in the
embryonic heart mark differentiating atrial and ven-
tricular working myocardium (Christoffels et al. 2004a).
Throughout development, expression of these markers
was excluded from Thx3-positive myocardium of wild-
type embryos. At E12.5, the expression domains of Cx43
and Smpx protruded into the Cre-positive primordial
SAN of mutants (Fig. 1A,B,D). Cx40 and Nppa were not
ectopically expressed in the SAN at this stage, probably
because Nkx2-5, a crucial activator of these genes, is not
yet expressed in the sinus venosus and SAN (Mommer-
steeg et al. 2007). However, from E13.5 onward, also
Cx40 and Nppa were ectopically expressed in the SAN
domain (Fig. 2B-E). 3D reconstruction and quantification
and of Thx3/Cre and Cx40 expression domains revealed
that at E14.5, almost half of the mutant SAN coex-
pressed Cre and Cx40, whereas Cx40 was excluded from
the SAN domain of wild-type littermates. In the region
of Cre-Cx40 coexpression, Cx40 expression spanned the
entire SAN domain from the atrium to the endothelial
lining of the sinus horn (Fig. 2D). The cardiac sodium
channel Na,1.5 (Scn5a), which in adults is expressed in
working myocardium but at much lower levels in the
SAN, is essential for impulse propagation (Papadatos et
al. 2002; Lei et al. 2004). We observed that also at em-
bryonic stages, Na, 1.5 was almost undetectable in the
developing SAN. However, a striking induction of ex-
pression was observed in the SAN domain of Thx3 mu-
tants (Fig. 1E). In Tbx3 mutants, Lbh expression was
down-regulated in the SAN (Fig. 2F), indicating that
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Tbx3 is required to suppress atrial genes in the SAN domain. (A) Ectopic expression of Cx43 in the Cre-positive SAN of a

Thx3-deficient (Thx3°"/“r¢) embryo at E11.5 (black arrowheads). No difference in Hcn4 expression was observed between Thx3*/* and
Thx3¢7¢/Cre embryos. (B) Immunofluorescent double labeling of Cx43 (red) and Hen4 (blue), and sytox green nuclear staining (green).
In Thx3¢"/€re embryos, Cx43 showed overlap of expression (purple) with Hcn4 in the SAN region (white arrowheads). (C) Quantifi-
cation of the volume of the SAN region (Tbhx3 or Cre SAN expression domain) of individual E12.5 Thx3"/* and Thx3°/°*® embryos
(gray dots). The average SAN volume was significantly smaller in mutants; (*) P < 0.05. (D) Expression of Smpx in an E11.5 Thx3*/*
embryo and Thx3°"/“* littermate, showing ectopic expression in the developing SAN of Thx3¢*/“r¢ embryos (black arrowheads). (E)
Immunofluorescent labeling of Navl.5 (red, top panel) and Hen4 (blue, bottom panel) reveals ectopic expression of Navl.5 in the
Hcn4-positive SAN region of Thx3€"/“r¢ embryos (white arrowheads).

Tbx3 not only suppresses atrial genes, but in some cases
is also required for gene activity in the SAN. We did not
observe abnormalities in gene expression in heterozy-
gous Thx3*/¢" embryos and adults. These observations
demonstrate that a low dose of Tbx3 is required and suf-
ficient to suppress atrial genes in the SAN domain and to
activate Lbh.
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Differentiating atrial cells do not contribute
to the Thx3-positive SAN domain

Central conduction system components have been pro-
posed to grow by continuous recruitment of cardiomyo-
cytes into an initial framework of specified conduction
system cells (Cheng et al. 1999; Pennisi et al. 2002). This
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Figure 2. 3D reconstruction and expression analysis of the SAN region of Thx3*/* embryos and Thx3°¢/cre

of a 3D reconstructed E14.5 heart. The myocardium has been removed, exposing the blood-filled lumen (red). The Tbx3-expressing
myocardial is shown in gray. The SAN region is embedded between the right atrium (ra) and right superior caval vein (rscv). (B) 3D

embryos. (A) Dorsal view

reconstruction of serial sections of the SAN region in Thx3*/* embryos and Thx3°**/*® embryos showing the Thx3/Cre-positive SAN

region (gray) and the lumen of the rscv (red). The atrium has been removed. Cx40 expression in the SAN domain (Cre+) is shown in
green. The dashed line depicts cross-sections through the reconstructions shown in D. (C) Average of the volume of the SAN regions
(gray) and Cx40-positive SAN regions (green) of E14.5 Thx3*/* embryos (n = 4) and Thx3°*¢/*® embryos (n = 3). Error bars show the SD.
Only in Thx3"/“r¢ embryos was Cx40 expressed in the SAN region; (*) P < 0.05. (D) Left panels show cross-sections of 3D recon-
structions shown in B (dashed lines). The right panels show the sections at that level. Dashed lines depict border between the SAN
(Tbx3+/Cre+) and the atrium. Note that Cx40 is expressed throughout the SAN region in the Thx3%"*/’¢ embryo (black arrow). (E)
Ectopic expression of Nppa in the SAN of an E14.5 Thx3°/*¢ embryo. Black arrow depicts Nppa expression in the Cre-positive SAN

region. (F) Absence of Lbh expression in the Cre-positive SAN of an E13.5 Thx3°™/“* embryo.

implies that the Thx3-positive SAN precursor pool is
continuously supplemented with adjacent myocardial
cells that adopt the SAN gene program. Alternatively,
the SAN may form by proliferation of conduction system
precursor cells specified early in development (Fig. 3A,B).
From approximately E9.5 onward, the expression of

Tbx3 allows the identification of the putative specified
SAN precursors, whereas Nppa and Cx40 identify the
bordering atrial cells differentiating from E9.5 onward
(Christoffels et al. 2000; Hoogaars et al. 2004). To assess
whether these atrial cells are being recruited into the
Tbx3-positive SAN precursor pool after their differentia-
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Figure 3. Early specification of SAN precursor pool: Growth of the SAN does not occur by recruitment of atrial cells. (A,B) Schemes
showing two mechanisms of SAN specification: growth of a pool of specified SAN precursors (A) or recruitment of myocardial cells
into the SAN lineage (B). (C) Transgenes used to trace the fate of myocytes after they initiated the atrial gene expression program. A
cross of Cre3 mice with R26R or Z/EG reporter mice results in activation of the lacZ or EGFP gene, respectively, in atrial myocardium.
(D) Restricted expression of Cre in atrial working myocardium but not in Thx3-positive SAN myocardium. (E) Cre is expressed in atrial
myocardium from E10.5, as shown in whole-mount in situ hybridization and X-gal staining of Cre-R26R embryos. At E12.5, robust
Cre-mediated recombination is observed in atrial myocardium. (F) Serial sections showing Cre-mediated lacZ activation in Cx40-
positive atrial myocardium but not in the Thx3-positive SAN region of E12.5 hearts. (G) Cross of Nppa-Cre mice with a Z/EG reporter
mouse line resulting in expression of EGFP in atrial myocardium. Analysis of serial sections of adult Cre3-Z/EG mice revealed that
EGFP expression is restricted to Nppa-positive atrial myocardium. The Hcen4-positive SAN region remained free of cells derived from
EGFP-positive cells. (H) Presence of proliferating cells in the SANs of E16.5 and E17.5 hearts as demonstrated by the presence of PCNA

and phosphorylated histone H3 (pHH3) in the Hcn4-positive SAN region. Black arrows show pHH3-posive cells in the SAN. (ina)
Internodal artery.
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tion, we deployed mice carrying an allele that expresses
Cre under control of Nppa regulatory sequences (Cre3)
(de Lange et al. 2003) selectively in the emerging atrial
cells and not in the Thx3-positive SAN domain (Fig. 3D).
Cre3 mice were crossed with either R26R or Z/EG re-
porter mice to permanently label Cre-expressing cells
and their daughters in double transgenic offspring (Fig.
3C). From their differentiation onward, atrial cells ex-
pressed Cre, resulting in B-galactosidase activity from
the recombined lacZ gene from E10.5 onward (Fig. 3E).
The expression domains of Cx40 and of Cre3-activated
B-galactosidase activity colocalized, whereas B-galacto-
sidase activity was not observed in the Thx3-positive
domain (Fig. 3F). We then investigated the expression
borders in adults. Enhanced green fluorescent protein
(EGFP) expression activated by Cre3 exactly matched
Nppa expression, and Hcn4 expression was strictly
complementary (Fig. 3G). We conclude that from ap-
proximately E10 on, the cells that differentiate to atrial
myocardium (i.e., Cx40/Nppa-positive) and their daugh-
ters do not contribute to the SAN (i.e., Hcn4/Tbx3-posi-
tive), which therefore must increase in size by prolifera-

Cre3
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tion. Consistently, PCNA and phospho-histone H3 de-
tection indicated that proliferation occurs at least until
shortly before birth (Fig. 3H).

Atria of Cre-CT mice switch to the SAN gene program

Because Tbx3 is partially redundant and mutants are em-
bryonic lethal, Thx3-deficient embryos do not allow de-
tailed assessment of the function of Thx3 in the regula-
tion of the SAN phenotype. Therefore, to further explore
the role of Tbx3 in regulating the SAN gene program and
phenotype, we used a gain-of-function approach. Mice
were generated that allow conditional activation of the
human TBX3 ¢cDNA by Cre recombinase (CT mice). In
these mice, Cre-mediated excision of the CAT reporter
gene activates TBX3 (Fig. 4A,D). CT mice were crossed
with Cre3 mice in order to effectively expand the SAN
Tbx3 expression domain into the atria. In double trans-
genic fetuses, TBX3 was induced in the atria, whereas
Nppa promoter-driven Cre expression had disappeared
(Fig. 4B-D; Supplementary Fig. 3A), showing that Tbhx3
in vivo suppresses the Nppa promoter fragment that
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Figure 4. Ectopic expression of TBX3 in
atrial cardiomyocytes results in repression
of Cx40 and in ectopic activation of pace-
maker channel Hend. (A) Scheme showing
the CT and Cre3/Cre4 alleles. (B) QRT-
PCR and in situ hybridization analysis of
Cre3 mice and Cre3-CT double transgenic
mice. Cre expression under control of
Nppa regulatory sequences is repressed in
Cre3-CT mice, demonstrating that TBX3 is
capable of suppressing Nppa promoter ac-
tivity in vivo. (C) In situ hybridization on
serial sections of prenatal (E17.5) Cre3 and
Cre3-CT hearts showing TBX3 expression,
down-regulation of Cx40, and ectopic in-
duction of Hen4 in the right atrium (ra) of
Cre3-CT mice. Asterisks (*) depict compa-
rable regions in the right atrium adjacent
to the SAN. (D) QRT-PCR analysis of atria
of Cre3-CT and Cre4-CT double transgenic
mice compared with control mice. Expres-
sion of Cx43 is significantly down-regu-
lated in Cre4-CT mice. Due to the partial,
mosaic activation of TBX3 by Cre3, many
atrial cells are not affected, and the repres-
sion of Cx43 is not observed in homog-
enates of Cre3-CT mice. Expression of
Hcn4 is significantly up-regulated in both
Cre3-CT and Cre4-CT mice. The product
obtained with primer set R1/R2 reveals the
activated TBX3-encoding transcripts.
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drives Cre expression. Furthermore, Cx40 and Nppa ex-
pression was down-regulated, whereas Hcn4 expression
was strikingly induced in these atria (Fig. 4C; data not
shown). These results indicate that Tbx3 is able to re-
press atrial genes and to induce a SAN gene in differen-
tiated (Nppa-positive) atrial cardiomyocytes. Taken to-
gether, our data indicate that Tbx3 defines a domain
where atrial working myocardial genes are repressed and
expression of SAN-specific genes is permitted or in-
duced, thereby establishing a phenotypic boundary be-
tween the SAN domain and the atrial working myocar-
dium.

We next crossed CT mice to Nppa-Cre4 (Cred) mice,
because Cre3, while efficiently recombining R26R or
Z/EG alleles, appeared to recombine and activate the CT
allele less efficiently and in a mosaic pattern (Fig. 4D;
Supplementary Fig. 3). Hence, while on sections effec-
tive down-regulation of target genes could be assessed in
a fraction of the atrial cells, this was not possible by
quantitative RT-PCR (QRT-PCR) analysis due to the
large fraction of cells in which TBX3 was not activated
(Fig. 4D; Supplementary Fig. 3A,B). In contrast, the effi-
cient activation of TBX3 by Cre4 allowed the assessment
of gene repression by QRT-PCR (Fig. 4D). Three sets of
genes were selected for expression analysis in the left
atria of adult Cre4-CT mice. Set 1 genes represent car-
diac transcription factors and structural and functional
genes not enriched in either the SAN or atria (Schram et
al. 2002; Marionneau et al. 2005). Set 2 genes are ex-
pressed at higher levels in the working myocardium of
the atria, compared with the SAN, and are important for
working myocardial function (Supplementary Fig. 1;
Schram et al. 2002; Marionneau et al. 2005). This set
includes Kir2.1 and Kir2.2, which encode inward recti-
fier potassium currents involved in the fast terminal re-
polarization and maintenance of the resting membrane
potential of working cardiomyocytes (Miake et al. 2002).
Set 3 genes are expressed at higher levels in the SAN
compared with the atria, and are important for SAN
function (Supplementary Fig. 1; Schram et al. 2002;
Marionneau et al. 2005; Liu et al. 2006). This set includes
the Hen family of hyperpolarization-activated channels,
which provide pacemaker activity (diastolic depolariza-
tion) to the myocardium (Baruscotti et al. 2005). Al-
though Hcn4 is the dominant isoform in the SAN, Henl
and Hcn2 are also expressed in the SAN, at higher levels
than in the atria (Marionneau et al. 2005). Cav3.1 en-
codes a T-type calcium channel that contributes to SAN
pacemaker activity (Mangoni et al. 2006). Cx30.2 en-
codes a gap junction protein selectively expressed in the
SAN and atrioventricular node of the conduction system
that slows conduction velocity within the node (Kreuz-
berg et al. 2006). In situ hybridization of late fetal hearts,
immunofluorescent labeling of adult hearts, and QRT-
PCR analysis of adult atria showed that the genes re-
quired for regulation and function of cardiomyocytes in
general, the set 1 genes, were not affected by TBX3 ex-
pression in the atria of Cre4-CT mice (Figs. 5B 6A). In
contrast, all atrial tissue-enriched genes were signifi-
cantly down-regulated, indicating that atrial myocytes
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adopt low levels of expression of these genes similar to
the SAN (Figs. 5A,B, 6A). The SAN-enriched genes were
up-regulated in the left atria of Cre4-CT mice (Figs. 5A,B,
6B), especially Hcn4 and Cx30.2. These data further in-
dicate that Thx3 converts the atrial gene program to the
SAN gene program by coordinately activating and re-
pressing key components of each program (Fig. 6C).

To assess changes in target gene expression in re-
sponse to a short period of Tbx3 exposure, aMhc-Cre
mice were crossed to CT mice in order to activate TBX3
in the heart of embryos prior to and during chamber dif-
ferentiation (Fig. 7A). Differentiation and expansion of
the chamber myocardium were mildly to severely im-
paired (data not shown). Cx40 and other genes specific
for the atrial and ventricular chambers were efficiently
down-regulated in both mildly and severely affected
hearts, indicative for a relative fast response to Thx3 ex-
posure (1-2 d) (Fig. 7A,B). In contrast, Hcn4, Cx30.2, and
Lbh were not induced, which indicates that up-regula-
tion of these genes, as observed in Cre3/4-CT mice, is
indirect, requiring prolonged presence of Tbx3 (Fig. 7B).

Both promoters of Nppa and Cx43 contain a T-box-
binding element (TBE) required for their suppression in
the atrioventricular canal and limb in vivo, respectively
(Habets et al. 2002; Chen et al. 2004), indicating that
Tbx3 directly represses these genes. To assess whether
Tbx3 interacts with the Cx43 gene in vivo, chromatin
was isolated from H10 rat cardiomyocyte cells (Jahn et
al. 1996) stably expressing Flag-tagged Tbx3. Figure 7C
shows the immunoprecipitation of chromatin using
anti-Flag Sepharose with subsequent PCR amplification
for the Cx43 promoter TBE (Chen et al. 2004). Only in
the presence of Tbx3 can the TBE be amplified. These
results indicate that Cx43 is directly repressed by Tbx3.

Tbx3 induces the formation of ectopic pacemaker sites
in the atria

Next, we investigated whether the switch to the SAN
gene program in atria of double transgenic mice was suf-
ficient to generate functional pacemaker activity. Cre4-
CT mice developed dilatation and fibrosis of the atria
several weeks after birth, possibly resulting from electri-
cal and structural remodeling (Supplementary Fig. 4A,B).
Therefore, we used Cre3 mice that provide an incom-
plete, mosaic TBX3 activation pattern of the CT allele in
the atria (Fig. 4; Supplementary Fig. 3). As expected, the
response of Tbx3 target genes in the atria of Cre3-CT was
comparable with that in atria of Cre4-CT mice, but less
pronounced (Supplementary Fig. 4C,D). Whole-mount
and histological examination of adult atria of Cre3-CT
mice and controls revealed no abnormalities in size or
tissue structure (Supplementary Fig. 4A,B). Electrocardi-
ography revealed normal RR, PQ, QRS, and QT intervals
and individual waveforms in the double transgenic mice
(Fig. 8A,B). However, close examination of the RR inter-
vals of double transgenic mice showed periods of normal
activity ranging from seconds to minutes followed by
short periods of one to three irregular, premature beats
(Fig. 8A,C).
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Figure 5. TBX3 represses atrial working myocardial genes and induces SAN-specific genes. (A) In situ hybridization of serial sections
of E17.5 hearts, showing down-regulation of Cx40 and Cx43 in the right atrium (ra) of Cre4-CT mice. Expression of Hcnd and Lbh is
up-regulated in atrial myocardium of Cre4-CT mice. (B) Immunofluorescent labeling of postnatal mouse heart sections showing that
atrial myocytes of adult Cre4-CT mice ectopically expressed Hend, whereas Cx43 and Nav1.5 expression was reduced compared with
control mice. (C) Immunofluorescent double staining of Cx43 (red) and Hcn4 (blue) in right atrial sections of Cre4 and Cre4-CT mice,
respectively. In Cre4-CT mice, Cx43 is down-regulated, and the residual Cx43 expression is complementary to ectopic Hen4 expres-

sion. Bar, 100 pm.

The arrhythmia in Cre3-CT mice could result from
dysfunction of the SAN, due to an increase in atrial pre-
mature complexes, or ectopic pacemaker activity. To
discriminate between these possibilities, intact left and
right atria of Cre3-CT mice were isolated free from SAN
and internodal tract myocytes (Fig. 8D; Yamamoto et al.
2006). Ninety percent of right and 40% of left atria, re-
spectively, showed ectopic spontaneous electrical activ-
ity, while this was absent in control mice (Fig. 8D). Map-
ping of the activation pattern of isolated atria in double
transgenic mice revealed at least one stable ectopic pace-
maker. Nodal-like action potentials could be recorded at
the site of the earliest activation in the ectopic pace-

maker region (Fig. 8E). To exclude cell-to-cell coupling-
induced modifications, pacemaker activity was studied
in isolated right atrial myocytes. Pacemaker formation
was observed in seven out of 15 single myocytes (47 %) of
Cre4-CT mice, while it was absent from single myocytes
(n=11) of control mice (P =0.01) (Fig. 8F). The sponta-
neously active Cre4-CT myocytes had nodal-like action
potentials with typical low action potential upstrokes,
maximal diastolic depolarization potential around -60
mV, and diastolic depolarization resulting in pacemaker
activity with an intrinsic cycle length of 243 + 61 msec.
The myocytes of Cre4-CT mice exhibiting pacemaker
activity had a clear hyperpolarization activated current
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Figure 6. TBX3 induces switch to the SAN gene expres- 40
sion program in the atria. (4, left panel) QRT-PCR analy- 30
sis showed no difference in expression of set 1 (myocar- 20
dial) genes in the left atria (LA) of Cre4-CT mice (black 2Z ;%
bars) as compared with control mice (white bars). (Right & 3:0
panel) Expression levels of set 2 (atrium-enriched) genes £ , 5
showed a significant down-regulation. (B) Expression lev- 8 54
els of set 3 (SAN-enriched) genes were induced in the left e 15
atria of Cre4-CT mice. (C) Scheme indicating a central 1.0
role for Tbx3 in the regulation of the SAN gene program 0.5
and phenotype. Because Tbx3 is a repressor, it may acti- 0.0

vate genes indirectly (i.e., by repressing repressor R). Error
bars in A and B represent SD (n = 4 per group). (*) P < 0.05.

(-8.4 + 1.9 pA/pF [n = 7] at -110 mV), while such current
was virtually absent in the quiescent myocytes of Cre4-
CT and control mice. Our experimental evidence thus
showed that the ectopic expression of TBX3 in the atria
induces the formation of pacemaker activity resulting in
functional ectopic nodes in the atria in vivo.

Discussion

The present study uses loss- and gain-of-function strat-
egies and genetic lineage analysis to define the potential
role of Tbx3 in the regulation of SAN formation, and
identifies Tbx3 as a central regulatory factor that con-
trols the SAN gene program and phenotype in the heart.
Tbx3 appears to be sufficient to reprogram atrial cells
into functional pacemaker cells. During embryonic de-
velopment, Tbx3 defines the SAN region by shielding
the cells within its own expression domain from atrial
gene expression and differentiation, while at the same
time inducing SAN gene expression. The precursor cells
within this domain then expand to form the SAN, with-
out receiving contributions from the bordering atrial
myocytes, which were found to segregate soon after their
differentiation. As such, these results identify a new
paradigm for the specification and formation of the SAN,
and provide an important aspect of the underlying mo-
lecular mechanism. Thx3 expression in the developing
nodal components of the conduction system is con-
served among higher vertebrates (Hoogaars et al. 2004),
indicating that Tbx3 is an evolutionarily conserved con-
trol of SAN formation and phenotype.
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Tbx3 and the formation of the SAN

Compared with the working myocardium, the cells of
the SAN are small and pale and have poorly developed
sarcomeres and sarcoplasmic reticulum. These nodal
cells are automatic and express few gap junctions, and
their intercellular coupling is poor (Bleeker et al. 1980;
Canale et al. 1986). Interestingly, these properties and
gene expression patterns of the SAN resemble those of
the early embryonic myocytes (for review, see Moorman
and Christoffels 2003). This suggests that while embry-
onic cardiac muscle cells differentiate and mature into
working myocytes, the SAN retains properties of embry-
onic myocardium. We now show that Thx3 is expressed
in the developing and mature SAN and is required to
suppress the expression of atrial differentiation marker
genes. These findings indicate that Tbx3 specifies the
SAN domain by suppressing differentiation to working
myocardium, thereby allowing the cells within its ex-
pression domain to retain the properties required for
their pacemaker function in the mature heart. However,
during development, the phenotype of the SAN is not
fixed, but also matures. The finding that Tbx3 not only
suppresses working myocardial genes, but also is re-
quired for the activity of SAN genes such as Lbh, and is
able to induce important SAN genes including Hen-fam-
ily members and Cx30.2, indicates that Tbx3 plays an
active role in the establishment of the mature SAN phe-
notype.

Analysis of E12.5 Thx3*/“*® embryos revealed that a
primordial SAN was formed that was variable in size.
This indicates that Tbx3 may be involved in, but is not
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Figure 7. Activation of TBX3 in embryonic hearts leads to de-
creased expression of atrial genes but not up-regulation of SAN
genes. (A) Whole-mount in situ hybridization of E10.5 aMhc-
Cre-CT double transgenic embryos, showing ectopic expression
of TBX3 in the whole heart (black arrow). Expression of Cx40 is
decreased specifically in the hearts of aMhc-Cre-CT embryos
(black arrowheads). Yellow arrow depicts staining in endothelial
cells of the dorsal aorta, which is comparable in aMhc-Cre-CT
and aMhc-Cre control embryos. (B) QRT-PCR analysis showed
a significant down-regulation of atrium-enriched genes Nppa,
Smpx, and Cx40, but not of SAN-enriched genes Hcn4, Lbh, and
Cx30.2. (C) Chromatin was isolated from H10 rat cardiomyo-
cyte cells stably expressing Flag-tagged Tbx3. PCR analysis of
input DNA using primers surround the Cx43 TBEs at position
-450 pb is shown in lane 1. Lane 2 and 3 show TBE target
amplification using Flag-immunoprecipitated chromatin from
cells expressing Flag-Tbx3 or a control not expressing Flag-
Tbx3, respectively. Amplification of a region ~0.6 kb upstream
of the TBE can only be achieved using the input DNA (lane 4),
whereas amplification using Flag-Tbx3-derived chromatin fails
to give an amplification product (lane 5).
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strictly required for, the induction of the primordial
SAN. Furthermore, the primordial SAN expressed Cre,
indicating that Tbx3 is not required for its own expres-
sion. At E12.5 we found ectopic expression of Cx43 and
Smpx in the Cre expression domain of the primordial
SAN. However, only at E13.5-E14.5 were Cx40 and
Nppa ectopically induced in the primordial SAN of
Thx3€*¢/Cre embryos, suggesting redundancy of repres-
sive Tbx3 function or the absence of an activating factor
of these genes at earlier stages. The cardiac homeobox
transcription factor Nkx2-5, an essential activator of
Cx40 and Nppa (Harvey 2002; Dupays et al. 2005), is not
expressed in the SAN region until approximately E13-
El4 (Mommersteeg et al. 2007), explaining why the re-
quirement of Tbhx3 to suppress Cx40 and Nppa in Thx3-
deficient embryos only becomes apparent at this stage.
Therefore, the expression of Nkx2-5-regulated genes
may initially not be altered in the primordial SAN of
Tbx3-deficient embryos.

Tbx3 is a potent transcriptional repressor (He et al.
1999). Nppa was shown to contain a TBE critical for the
suppression of Nppa promoter activity in the Thx3-posi-
tive atrioventricular canal in vivo, to which Tbx3 binds
in vitro (Habets et al. 2002; Hoogaars et al. 2004). Also
promoter fragments of Cx40 and Cx43 contain TBEs that
are involved in T-box factor-mediated gene regulation in
cell culture, and in limb in vivo (Bruneau et al. 2001;
Chen et al. 2004). It is therefore likely that Tbx3 directly
suppresses the activity of atrial genes in vivo. Indeed,
chromatin immunoprecipitation analysis revealed that
Tbx3 specifically interacts with the TBE-containing
DNA region of the Cx43 gene in HL-10 cells in vivo,
providing strong indication that Tbx3 directly sup-
presses Cx43. In addition, Tbx3 was found to efficiently
activate Lbh, previously shown to suppress the Nppa
promoter (Briegel et al. 2005), and to suppress Hop, re-
quired for Cx40 expression (Ismat et al. 2005). Therefore,
we speculate that Tbx3 may suppress atrial genes both
directly and indirectly through modulating the expres-
sion of suppressors and activators of atrial genes.

The repressor function of Tbx3 implies that the induc-
tion of SAN genes in the atria is indirect. Consistently,
when Tbx3 was ectopically expressed in the entire heart
of embryos before or during chamber differentiation us-
ing the aMhc-Cre mouse line, SAN genes were not sig-
nificantly induced (Fig. 7A,B), indicating that a much
longer period of time is required to activate these genes,
as was observed in Cre3/4-CT mice. Furthermore, al-
though Lbh expression was lost from the SAN in Thx3-
deficient embryos, we did not observe loss of Hcn4 ex-
pression, and the induction of SAN-specific genes in the
atria of Cre4-CT mice was mosaic, again with the excep-
tion of Lbh, which was homogeneously induced in these
atria. These observations indicate that Tbx3 does not
directly induce Hcn4 and other SAN genes, but imposes
a phenotype on cells that allow those genes to be acti-
vated. To identify the underlying activation mechanism,
future work will focus on the analysis of Hcn4 and Lbh
regulation in vivo.

Heterozygous mutations in TBX3 causes ulnar-mam-
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Figure 8. Ectopic pacemaker activity in '0ms ’,x" e
Cre3-CT mice. (A) Three-minute segment of -“R R )
RR intervals, displaying heart rate instability.
Inspection of an ECG segment in an expanded
time scale revealed a premature beat in the
Cre3-CT group. (B,C) ECG analysis uncovered
an increase in premature beats in the Cre3-CT B 160

mice group compared with the three control
groups, without changes in ECG parameters.
(D) Only Cre3-CT mice showed spontaneous
electrical activity in both isolated right and
left atria. (E) Activation map of isolated right
atria of Cre3-CT mice, showing the presence
of stable ectopic nodal impulse formation
originating from the site marked by an aster-
isk. The numbers on isochrones indicate ac-
tivation time in milliseconds. (F) Typical ex-
ample of pacemaker formation (left) and hy-
perpolarization-activated current (right) in a
single right atrial Cre4-CT cardiomyocyte. (*)
P <0.05.
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mary syndrome in human, but mice appear to be less
sensitive to a lower Tbx3 dose (Naiche et al. 2005). Con-
sistently, we did not observe alterations in gene expres-
sion in the SAN of heterozygous Thx3*/~ embryos and
adults. Affected conduction system morphology or func-
tion has not been reported in ulnar-mammary syndrome
patients, suggesting that the reduced TBX3 dose is suffi-
cient for SAN regulation in humans. However, a subset
of ulnar-mammary syndrome patients has structural
congenital heart defects, indicating that reduction of
Tbx3 dose in the context of certain genetic backgrounds
or additional mutations becomes important for heart de-
velopment. It is therefore possible that a closer exami-
nation of a large number of ulnar-mammary syndrome
patients may reveal conduction system anomalies.

Formation of the SAN: recruitment versus
proliferation of specified precursors

The central conduction system components have been
proposed to form by continuous recruitment throughout
development of myocytes into an initial framework of
specified conduction system cells. This proposal was
based on elegant retrospective clonal analyses in which
rare single-cell-derived clones found in the central con-
duction system always extended into the adjacent work-
ing myocardium (Cheng et al. 1999; Pennisi et al. 2002).
The phenotype of the infected founder cell could not be
assessed. However, during development, the cells of the
central conduction system, including those of the SAN
(Erokhina and Rumyantsev 1986), proliferate much less
compared with the adjacent myocytes forming the work-
ing myocardium, which indicated that the latter enter
the conduction system lineage, rather than the other
way around (Cheng et al. 1999). The spatio-temporal ex-
pression patterns we observed indicate specification of
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the sinoatrial junction in Tbx3/Hcn4-positive nodal pre-
cursors and adjacent Cx40/Nppa-positive atrial precur-
sors as early as E10. Therefore, SAN specification and
growth can be envisioned to follow either of two modes
as presented in Figure 3, A and B. Using the Cre-loxP
system, the emerging atrial lineage bordering the Thx3-
positive domain was irreversibly labeled, allowing as-
sessment of recruitment of the atrial cells into the SAN
lineage. We found that the pattern of B-galactosidase or
EGFP, irreversibly activated by the Nppa-Cre allele from
E10 on, exactly matched the patterns of Cx40 and Nppa
expression and was strictly complementary to those of
Tbx3 and Hcn4 expression. These data indicate that
from their differentiation onward, atrial myocytes are
not recruited into the SAN lineage. Our assay did not
rule out the possibility that initially Thx3-positive cells
differentiate to atrial working myocardium later in de-
velopment. Thx3 expression was observed to be associ-
ated with the SAN during development. In addition,
Tbx3 was found to be able to suppress the atrial genes,
including the Nppa-Cre cassette used to label atrial myo-
cytes, and appeared to be required to suppress atrial
genes in the primordial SAN. From the combined data,
we conclude that the mature SAN is formed from the
Thx3-positive embryonic precursor population.

Thx3 imposes pacemaker activity on atrial myocytes

Many time-dependent currents contribute to SAN func-
tion. These currents are encoded by several gene fami-
lies, each comprising several family members (Boyett et
al. 2000; Schram et al. 2002; Marionneau et al. 2005).
Other important properties include intercellular cou-
pling, which is largely defined by the number and type of
gap junctions present in and around the SAN. The dif-
ference in function between atrial working myocytes



and SAN cells is at least in part defined by genes differ-
entially expressed between the SAN and atria. To date,
only a limited number of differentially expressed genes
have been identified, but their contribution to either
SAN-specific or atrial working myocardial-specific func-
tion is substantial. Some of these genes were found to be
essential for pacemaker function or for impulse propaga-
tion, whereas others are sufficient to generate ectopic
pacemaker activity (Miake et al. 2002; Papadatos et al.
2002; Schram et al. 2002; Rosen et al. 2004; Stieber et al.
2004; Bucchi et al. 2006; Tse et al. 2006). In the present
study, we found the remarkable ability of Tbhx3 to selec-
tively regulate the expression of this differentially ex-
pressed and functionally important set of genes, indicat-
ing that it acts upstream in a pathway that controls pace-
maker phenotype. Not only does it repress genes
required for working myocardial function, it also stimu-
lates genes required for pacemaker function, including
pacemaker channels (Hen), calcium channel (Cav3.1),
and slow gap junction Cx30.2, thereby efficiently repro-
gramming atrial myocytes into functional pacemaker
cells. In contrast, genes not implicated in the functional
or structural distinction between atria and SAN were not
affected by Tbx3. These results indicate that Tbx3 is an
efficient tool to identify genes that define the distinction
between working myocardium and pacemaker cells, and
to gain further insight into the molecular genetic under-
pinnings of pacemaker formation and function.

Currently, attempts to generate bio-artificial pace-
makers with normal entopic electrophysiological char-
acteristics using virally delivered channel genes are on-
going (Miake et al. 2002; Rosen et al. 2004; Bucchi et al.
2006; Tse et al. 2006). These pacemakers provide a novel
inroad into treatment of common arrhythmias. It will be
of great clinical interest to examine whether Tbx3 could
be applied in the generation of bio-artificial pacemakers.
Although Tbx3 maintains proliferation and stimulates
senescence bypass in specific cell types (Brummelkamp
et al. 2002; Naiche et al. 2005), it is unlikely to have this
role in developing or mature cardiac myocytes, possibly
rendering it a useful tool to reprogram working myocytes
ex vivo into pacemaker cells displaying normal electro-
physiological characteristics.

Materials and methods

Mice and gene targeting

Z/EG (Novak et al. 2000) and R26R (Soriano 1999) reporter mice
have been described previously. The CAG-CAT-TBX3 (CT)
transgene construct harbors a human TBX3 ¢cDNA encoding a
full-length human TBX3 protein (Brummelkamp et al. 2002)
with an in-frame fusion to a hemagglutinin (HA) tag in a modi-
fied backbone from pCAG-CAT-Z (Araki et al. 1995). CT trans-
genic mice were bred with Nppa-Cre3, Nppa-Cre4 (de Lange et
al. 2003), or aMhc-Cre mice (Agah et al. 1997) to generate
double-transgenic mice conditionally expressing TBX3 in the
atria or the whole heart, respectively. The transgenic mice were
identified by PCR analysis using primers specific for CAT and
Cre genes.

A cosmid with Tbx3, isolated from the 129/0Ola cosmid geno-
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mic library obtained from the Resourcenzentrum (RZPD) in
Berlin, was kindly provided by Dr. Andreas Kispert (Institut fur
Molekularbiologie, Medizinische Hochschule Hannover, Han-
nover, Germany). Homologous DNA sequences (6.1 kb of up-
stream sequence and 1.9 kb of downstream sequence) were li-
gated to a Cre-polyA-Frt-flanked PGK-neo cassette derived from
pKOII (Bardeesy et al. 2002) to generate a Thx3-targeting con-
struct (Supplementary Fig. 2) in which the first three codons of
the Thx3-coding region were replaced by the Cre-pA cassette.
The linearized targeting construct was electroporated into
E141B10 embryonic stem (ES) cells to generate targeted cell
lines. A diphtheria toxin A cassette was used to positively select
for homologous recombinants. Chimeras were generated by in-
jection of targeted ES cells into C57Bl6 host blastocysts. Germ-
line transmission of the targeted allele was obtained by mating
with FVB females. Subsequently, Tbhx3°"*NEC mice were
crossed with FIpE mice (Rodriguez et al. 2000) to remove the
PGK-neo cassette. Progeny was screened by PCR for the pres-
ence of the Thx3°™ allele using the following primers: fwl
(AGCGGAGCCAAGCCAGCA), vl (CCTTGGCCTCCAG
GTGCAC), and rv2 (GCTAGAGCCTGTTTTGCACGTTCA).
The Thx3°" allele has been maintained on a FVB background.
Animal care was in accordance with national and institutional
guidelines.

Chromatin immunoprecipitation

Chromatin was isolated from the rat neonatal cardiomyocyte
cell line, H10 (Jahn et al. 1996), stably expressing Flag-tagged
Tbx3. A kit (Active Motif) and Flag M2 Sepharose (Sigma) were
used to capture the Flag-tagged protein according to the manu-
facturer’s instructions. DNA fragments were analyzed by PCR
with primers specific for the rat Cx43 TBEs ~450 base pairs (bp)
upstream of the transcription start site (5'-CCGTGTTTAAGA
GGAGGAGAATTAGG-3' and 5'-GGGACAAGGTCAACTCG
TGCAGAC-3') or for the control region ~1 kb upstream (5'-AG
GAGCTGCCCACCCTTAGGAATG-3' and 5'-GAGTTTCCA
GATACATTATGTTAGC-3').

In situ hybridization, immunohistochemistry, and histology

Nonradioactive in situ hybridization, 3D reconstruction, and
quantification of expression domains were performed as de-
scribed previously (Moorman et al. 2001; Hoogaars et al. 2004).
The probes used have been described previously (Hoogaars et al.
2004). Probes for Hend (Santoro et al. 2000; Garcia-Frigola et al.
2003) and Hop (Chen et al. 2002) were generously provided by B.
Santoro (Center for Neurobiology and Behavior, Columbia Uni-
versity, New York, NY) and J. Epstein (Department of Cell and
Developmental Biology, University of Pennsylvania School of
Medicine, Philadelphia, PA), respectively. For immunohisto-
chemistry, adult hearts were isolated in PBS, rapidly frozen in
liquid nitrogen, and cut into 10-um sections. The primary an-
tibodies used were HCN4 rabbit polyclonal (1:250; Chemicon),
Cx40 rabbit polyclonal (1:250; Chemicon), Cx43 mouse mono-
clonal (1:250; BD Transduction Laboratory), ¢Tnl rabbit poly-
clonal (1:1000; Hitest Ltd.), and Nav1.5 rabbit polyclonal (1:100;
Alomone Laboratories). The secondary antibodies used were Al-
exa 647 anti-rabbit, Alexa 568 anti-rabbit, and Alexa 568 anti-
mouse antibodies (1:100; Molecular Probes). Nuclei were
stained using Sytox Green nucleic acid stain (1:30,000; Molecu-
lar Probes). Fibrosis was determined by Pico Sirius red staining.

Quantitative expression analysis

Total RNA was isolated from atrial appendices of adult mice
(2-4 mo) using the RNeasy Mini Kit according to the manu-
facturer’s protocol (Qiagen). cDNA was reverse-transcribed
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from 300 ng of total RNA using the SuperScript II system
(Invitrogen). Expression of different genes was assayed with
quantitative real-time PCR using the MyiQ Single-Color RT-
PCR Detection System (Bio-Rad). The relative start concen-
tration [Ng] was calculated using the following equation:
N = 1Qlloslthreshold)-Ctlmean  Bff)]  ya]yes were normalized to
Gapdh expression levels.

ECGs

Lead I ECG configuration recordings were obtained in anesthe-
tized (isofluraan 1.5%) mice. Plots of successive RR intervals
during 15-min epochs were inspected for periods of irregularity
in heart rate. Premature beats were defined as a rhythm during
which P waves occurred prior to the expected P wave.

Electrophysiology

Electrophysiological mapping of the atrial region was accom-
plished at 37.0 = 0.3°C as recently described (Verheijck et al.
2001). Transmembrane potentials were recorded at 5 kHz by
conventional glass microelectrodes filled with 2.7 M KCI and 2
mM K-citrate (resistance 15-30 M()). For the construction of
activation maps, impalements were made 0.1 mm apart and in
the ectopic pacemaker area down to 0.05 mm apart. Ectopic
pacemakers showed diastolic depolarization and low maximal
upstroke velocity <10 V/sec. A bipolar silver wire electrode was
placed on the edge of the preparation. This electrode provided a
surface electrogram of which the first deflection served as a
time reference for the determination of the ectopic conduction
time and construction of the activation map. Single right atrial
cardiomyocytes were isolated by enzymatic dissociation. Ac-
tion potentials and hyperpolarizing-activated currents were re-
corded using the perforated patch-clamp technique (Axopatch
200B Clamp amplifier; Axon Instruments, Inc.). Signals were
low-pass-filtered (cut-off frequency 5 kHz) and digitized at 5
kHz. Series resistance was compensated =80%, and potentials
were corrected for liquid-junction potential. For voltage control,
data acquisition, and analysis, custom-made software was used.
The superfusion solution (37°C) contained 140 mM NaCl, 5.4
mM KCIl, 1.8 mM CaCl,, ] mM MgCl,, 5.5 mM glucose, and 5
mM HEPES [pH 7.4 (NaOH)|. The pipette solution contained
125 mM K-glue, 20 mM KCl, 5 mM NaCl, 2.2 mM amphoteri-
cin-B, and 10 mM HEPES [pH 7.2 (KOH)]. Hyperpolarizing-ac-
tivated current was measured by 500-msec hyperpolarizing
steps from -40 mV.

Statistics

Results are expressed as mean + SEM. Data are considered dif-
ferent if P < 0.05. The Mann-Whitney U-test, unpaired t-test, or
Fisher’s exact test was used if appropriate.
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