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Abstract
Aim: Treatment of disorders of the sinus node or the atrioventricular node requires 
insights into the molecular mechanisms of development and homeostasis of these 
pacemaker tissues. In the developing heart, transcription factor TBX3 is required for 
pacemaker and conduction system development. Here, we explore the role of TBX3 in the 
adult heart and investigate whether TBX3 is able to reprogram terminally differentiated 
working cardiomyocytes into pacemaker cells. 

Methods and results: TBX3 expression was ectopically induced in cardiomyocytes 
of adult transgenic mice using tamoxifen. Expression analysis revealed an efficient 
switch from the working myocardial expression profile to that of the pacemaker 
myocardium. This included suppression of genes encoding gap junction subunits (Cx40, 
Cx43), the cardiac Na+ channel (NaV1.5; INa), and inwardly rectifying K+ ion channels 
(Kir-genes; IK1). Concordantly, we observed conduction slowing in these hearts, and 
reductions in INa and IK1 in cardiomyocytes isolated from these hearts. The reduction 
in IK1 resulted in a reduced maximum diastolic potential, thus enabling spontaneous 
diastolic depolarization. Neither ectopic pacemaker activity nor pacemaker current If, 
was observed. Lentiviral expression of TBX3 in ventricular cardiomyocytes resulted 
in conduction slowing and development of heterogeneous phenotypes, including 
depolarized and spontaneously active cardiomyocytes. 

Conclusions: TBX3 reprograms terminally differentiated working cardiomyocytes and 
induces important pacemaker properties. The ability of TBX3 to reduce intercellular 
coupling to overcome current-to-load mismatch and the ability to reduce IK1 density to 
enable diastolic depolarization, are promising TBX3 characteristics that may facilitate 
biological pacemaker formation strategies.
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Introduction 
Disorders of the pacemaker and conduction system tissues may cause life-threatening 
arrhythmias requiring medication, surgery or implantation of electronic pacemakers1. 
Repair or regeneration of diseased pacemaker myocardium would be a preferable 
alternative. Currently, although knowledge regarding morphology, development and 
electrophysiological properties of the cardiac pacemaking and conduction system has 
increased substantially2-4, no such treatment is available.

Pacemaker myocardium differs from the working myocardium in many aspects4,5. 
Key properties of pacemaker cells are a reduced maximum diastolic potential (MDP), a 
slow action potential (AP) upstroke velocity, high intercellular resistance, which result in 
slow impulse propagation, and spontaneous diastolic depolarization (DD). In contrast to 
pacemaker cells, working cardiomyocytes have a stable resting membrane potential (~ 
- 80 mV) maintained by the inwardly rectifying K+ current, IK1. In pacemaker cells IK1 
is virtually absent6. If IK1 is subjected to dominant suppression in working myocardial 
cells, these cells become spontaneously active7. 

Diastolic depolarization is the result of a delicate balance of inward and outward 
currents controlled by several voltage-dependent ion channels in the plasma membrane, 
together designated the ‘membrane’ or ‘voltage’ clock4. Ion channels that contribute 
to the membrane clock are hyperpolarization-activated cyclic nucleotide gated (Hcn) 
channels, also known as funny channels (If), T-type and L-type Ca2+ channels (ICaT and 
ICaL), and delayed rectifier K+ channels (IK). In the intracellular space, Ca2+ cycling has 
been shown to contribute to diastolic depolarization through orchestrated Ca2+ releases 
from the sarcoplasmic reticulum (SR) and the Na+/Ca2+ exchanger (Incx), designated the 
‘Ca2+ clock’8.

Another important feature of the sinus node is a critical degree of uncoupling from 
its surrounding myocardium. Uncoupling relieves potential current-to-load mismatch 
between the pacemaker tissues and the hyperpolarizing atrial working myocardium9. 
Electrical uncoupling is achieved through the virtual absence of fast propagating 
connexins, Cx40 (Gja5) and Cx43 (Gja1), and presence of slow propagating connexins, 
Cx30.2 (Gjd3) and Cx45 (Gjc1)10, 11. Furthermore, structural uncoupling is provided by 
connective tissue and a reduction in gap junction channel density in the sinus node12. 

NaV1.5, encoded by Scn5a, is the major cardiac alpha-subunit of the Na+ current 
(INa), and is required for the fast upstroke of the AP. In working myocardium NaV1.5 is 
required for fast conduction. The expression of Scn5a is low or absent in the sinus node 
of different species11. In the periphery of the sinus node, NaV1.5 has been proposed to 
be crucial for proper transfer of the cardiac impulse to the surrounding myocardium13.

T-box (Tbx) factor 3 is an evolutionary conserved transcription factor required for 
development of many tissues. Heterozygous mutations in TBX3 cause the ulnar-mammary 
syndrome of congenital malformations14. Previously, we found that Tbx3 is specifically 
expressed in all components of the conduction system, not including the Purkinje 
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fibers, in the developing, post-natal and adult heart15. In the embryonic heart, Tbx3 
suppresses differentiation into working myocardium in the developing sinus node and 
atrioventricular bundle, allowing these cells to acquire the pacemaker phenotype16,17. 
Tbx3 is required for the functional maturation and post-natal homoeostasis of the 
conduction system in a highly dosage-sensitive manner18. Moreover, ectopic activation 
of TBX3 in embryonic atrial myocytes in vivo resulted in suppression of Gja5 and 
Gja1, induction of Hcn4, and the formation of ectopic pacemaker sites within the atrial 
myocardium16. 

While the importance of TBX3 for the development of the conduction system has been 
recognized, its role in the adult heart has not been addressed. More specifically, it is not 
known whether TBX3 is able to impose the pacemaker phenotype on adult terminally 
differentiated working myocytes. In this study, we show that TBX3 suppresses working 
myocardial genes, induces diastolic depolarization, modifies the mechanism underlying 
spontaneous activity, and reduces the velocity of impulse propagation.

Methods 
For a detailed description of methods, statistics, buffer compositions and sequences, see 
Supplementary file 1.

Mice. CAG-CAT-TBX3 (CT3) heterozygous mice16 were crossed with Myh6-MerCreMer 
(MCM) mice19. Tamoxifen (Sigma T5648) was injected intraperitoneally (100 mg per 
day) for 4 days in adult males. On day 5 mice were anaesthetized in a CO2/O2 mixture 
and subsequently killed by cervical dislocation. Alternatively, mice were killed with an i.p. 
shot of 30 mg pentobarbital. NppaCre;CT316 and Z/EG reporter mice20 were previously 
described. Animal care and experiments conform with the Directive 2010/63/EU of 
the European Parliament and with national and institutional guidelines (Animal Care 
and Use Committee of the Academic Medical Center and University of Amsterdam, 
approval DAE 1001157).

Quantitative real-time PCR. Total RNA was isolated from left atrial appendages and apex 
myocardium (Machery-Nagel kit) and reverse transcribed into cDNA using Superscript 
II (Qiagen, 200 ng entry). Expression was assayed using the Roche Lightcycler 480 system 
and analyzed using the LinRegPCR software21. Values were normalized to Gapdh. 

Microarray analysis. Labeled antisense RNA samples derived from 60 µg of total RNA 
were hybridized to Illumina Mouse-Ref-6 BeadChips (Illumina, Inc.). Beadstudio 
software was used to assess individual array quality. Probe signals were normalized 
using VSN in R22. Analysis of differentially expressed genes was done with the LIMMA 
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package in R23. Microarray data are available at the Gene Expression Omnibus database 
(http://www.ncbi.nlm.nih.gov/projects/geo) under series GSE31969.

Immunohistochemistry. Paraplast sections (7 μm) were fluorescently labeled overnight. 
Antibodies used were goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey 
anti-goat (1:250), and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey 
anti-mouse IgG (1:250). For detection of biotinylated antibodies we used the TSA 
Enhancement kit (Perkin&Elmer, NEL702).

Cellular electrophysiology. Single cells were isolated from left atrial appendages by 
enzymatic dissociation24. APs and net membrane currents were recorded at 36±0.2ºC 
with the amphotericin-B perforated patch-clamp technique using an Axopatch 200B 
Clamp amplifier (Molecular Devices Corporation, Sunnyvale, CA, USA). In cells 
without pacemaker activity, APs were elicited at 2 or 4-Hz by 3-ms, 1.5´ threshold 
current pulses through the patch pipette. Parameters from 10 consecutive APs were 
averaged. Net membrane current was recorded using 500-ms hyper- and depolarizing 
voltage-clamp steps from a holding potential of -40 mV, every 2 seconds. We analyzed 
the current at the end of the voltage-clamp steps, i.e., the quasi-steady-state current, and 
the current by stepping back to the – 40 mV holding potential. IK1 and IK were defined as 
the quasi-steady-state current at the end of the voltage-clamp steps at potentials negative 
or positive to -30 mV, respectively. INa was defined as the instantaneous tail current 
when stepping back to the holding potential. Membrane currents were normalized for 
cell capacitance.

Electrical recordings. On a Langendorff perfusion set-up, local electrograms were 
recorded from the left ventricle using a multi-electrode during sinus rhythm, ventricular, 
and atrial pacing at a basic cycle length of 120 ms, and twice the diastolic stimulus. Local 
electrograms were acquired using a custom-built 256 channel data acquisition system. 

Optical recordings. Atrial preparations were placed in an optical mapping set-up. 
Fluorescence (filtered >610nm) was transmitted through a tandem lens system on a 
photo diode array (16x16 elements) connected to a data-acquisition system (biosemi 
Mark-6). 

Neonatal rat ventricular myocyte (NRVM) cultures. Neonatal rats were sacrificed by 
decapitation. Ventricular myocytes were obtained from 6 to12 neonatal rats and cultured 
in monolayers or in low density single cell preparations. A bicistronic TBX3 lentiviral 
expression vector was generated by cloning human TBX3 into pRRL-cPPT-CMV-X2-
IRES-EGFP-PRE-SIN (LV-TBX3-EGFP)25. EGFP vectors (LV-EGFP) served as a control. 
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Neonatal rat ventricular myocytes (NRVMs) were transduced in the presence of 8 μg /ml 
Polybrene (Sigma) on day 4.

Results

Induced expression of TBX3 in the working myocardium of adult hearts
We aimed to induce expression of TBX3 in adult, fully differentiated working 
cardiomyocytes. Therefore, we crossed transgenic mice bearing a construct that 

Figure 1 A, cartoon depicting tamoxifen-inducible Cre-loxP recombination. Tamoxifen binds to 
MCM, whereby tamoxifen-MCM enters the nucleus and enables Cre to bind to loxP-sites in the 
target construct and remove the stop cassette. B, fluorescent immunohistochemistry sections 
demonstrating induced expression of TBX3 and reduced abundance of Cx43 in tamMCM;CT3 in 
the atrium (magnification of the tip of the left atrial appendage). C, qRT-PCR analysis to determine 
recombination efficiency. CAT primer set identifies the proportion of non-recombined DNA, 
indicating that recombination is more than 60%. The loxP primer set detects mRNA transcribed 
from recombined CT3 only, indicating no recombination without tamoxifen.TBX3-target gene Gja1 
(Cx43) is specifically down-regulated in tamMCM;CT3, while expression is unchanged in control 
groups. D, fluorescent imaging demonstrating efficient recombination of tamMCM with fluorescent 
reporter Z/EG. E, abbreviations of the used mouse models. 
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Figure 2 A, pie-chart representing microarray results in the tamMCM;CT3 model. Lower panel: GO 
terms that are enriched in the group of differentially expressed transcripts (up- or down-regulated). 
B-E, qRT-PCR analysis depicting change in gene expression in atrial samples of tamMCM;CT3 
hearts in a set of working myocardium-enriched genes (B); a set of general cardiac transcription 
factor genes (C); and a set of pacemaker -enriched genes (D). E, depicts change in gene expression of 
ventricular samples. F, official gene names and more commonly used aliases or protein names.
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expresses a tamoxifen-inducible Cre construct under control of the Myh6 promoter 
(MCM), with mice carrying a Cre-inducible TBX3 expression construct (CT3; Fig. 1A)16. 
Upon injection of tamoxifen, these mice initiate expression of TBX3 in cardiomyocytes. 
Immunostainings confirmed the presence of TBX3 in nuclei of working cardiomyocytes 
of tamoxifen-treated MCM;CT3 (tamMCM;CT3) mice (Fig. 1B). Tamoxifen-treated 
MCM (tamMCM) mice served as a control. We performed qRT-PCR to assess the 
amount of mRNA transcribed from unrecombined and recombined DNA to determine 
the efficiency of recombination. These experiments revealed an efficiency of ~60% 
and no recombination without tamoxifen (Fig. 1C). MCM mice were also crossed with 
mice with a Cre-inducible green fluorescent protein (EGFP) encoding gene (Z/EG). 
Double heterozygous MCM;Z/EG mice initiate expression of EGFP upon tamoxifen 
administration and visually confirm efficient recombination (Fig. 1D). 

TBX3 efficiently down-regulates working myocardial genes
To assess the functionality of ectopically expressed TBX3, we analyzed the expression 
of Gja1 (Cx43), which has been shown to be repressed by TBX3 during embryonic 
development16. Immunostainings demonstrated reduced amounts of Cx43 in 
tamMCM;CT3 hearts (Fig. 1B). qRT-PCR confirmed a six-fold down-regulation of Gja1 
(Fig. 1C) indicating a rapid and significant down-regulation of this TBX3 target gene in 
this model. 

To identify genes and gene repertoires controlled by TBX3, we performed genome-wide 
expression profiling by microarray analysis of six left atrium samples of tamMCM;CT3 
mice and six tamMCM controls. We collected RNA from left atrial appendages, arguing 
that this cell population is not “contaminated” with conduction system component 
tissue. Furthermore, we wanted to compare these results with previous data, which 
indicated that during embryogenesis TBX3 was able to reprogram atrial myocardium 
into functional ectopic pacemaker tissue16. 

Of 14,527 (33% of total) transcripts detected by the array, 12,844 (88%) were 
not significantly influenced by TBX3, 1,064 (7.3%) were down-regulated, and 1,018 
(7.0%) were up-regulated (Fig. 2A). A list of all differentially expressed transcripts is 
available in the online material (Supplementary file 2). TBX3 was enriched 43 times, 
Gja1 was down-regulated 4 times, and Gja5 down-regulated 17 times (P-value <0.05). 
Down-regulation of Nppa was not observed, probably because signal saturation occurred 
due to the high expression of Nppa in the heart.

To functionally categorize the differentially expressed transcripts, the data set was 
clustered into function categories using the GeneOntology (GO) database. Next, we 
calculated which GO categories were significantly over-represented in the groups of 
differentially expressed transcripts, using the Database for Annotation, Visualization 
and Integrated Discovery (http://david.abcc.ncifcrf.gov) bioinformatics tool. Comparing 
differentially expressed transcripts in hearts of tamMCM;CT3 mice with all transcripts 
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on the array, GO terms associated with ‘nervous system development’, ‘ion transport’, and 
‘muscle development’ were significantly enriched (p-value <0.05; Fig. 2A). Differentially 
expressed ion channel-related genes are depicted in the Supplementary file 3, which 
includes previously mentioned TBX3 target genes, such as Gja1, but also many genes 
that have not been related to TBX3 regulation or to the conduction system. Interestingly, 
a substantial number of Ca2+ handling genes were influenced by TBX3.

To validate the microarray results and determine the response of several key genes not 
detected by the microarray, we performed qRT-PCR on the same atrial samples. Analysis 
revealed that expression of important working myocardium-enriched genes was 
down-regulated in tamMCM;CT3. These genes include Gja1, Gja5, Scn5a, and Nppa 
and inwardly rectifying K+ channels Kcnj2 (Kir2.1), Kcnj3 (Kir3.1), and Kcnj12 (Kir2.2; Fig. 
2B). The contractile apparatus is poorly developed in pacemaker cells26. The expression 
of one of its components, the cardiac troponin I encoding gene Tnni3, was reduced to 
41% (p<0.001). Cardiac transcription factors Nkx2.5 and Gata4, which are important for 
both working and pacemaker myocardium, were not deregulated, indicating that TBX3 
specifically represses working myocardium-enriched genes (Fig. 2C). 

We observed up-regulation of pacemaker channel Hcn1 (Fig. 2D), whereas Hcn4 
was not up-regulated. Furthermore, pacemaker-enriched Ca2+ channel encoding genes 
Cacna1d (CaV1.3) and Cacna1g (CaV3.1) and slow conducting gap junction subunit 
encoding gene Gjd3 (Cx30.2) were also not up-regulated. In contrast, Lbh was strongly 
up-regulated. This putative repressor of Nppa27 was previously found to be enriched in 
the sinus node and highly responsive to TBX3 in the developing heart16. 

To assess whether TBX3 reprograms ventricular myocytes in a similar way, we 
also analyzed gene expression in the apex myocardium. As depicted in Figure 2E, we 
found significant down-regulation of Gja1 (17-fold), Scn5a (3-fold), and Kcnj12 (3-fold), 
indicating similar reprogramming capabilities of key working myocardial genes by TBX3 
in atrial and ventricular myocardium. Hcn4 was not up-regulated. It was down-regulated 
instead, although expression levels of Hcn4 in ventricular cardiomyocytes are very low.

Expression of TBX3 in adult cardiomyocytes leads to conduction slowing
The conduction velocity of the electrical impulse was measured in freshly isolated atrial 
preparations and in the ventricular myocardium of whole hearts on a Langendorff 
perfusion set-up. We recorded epicardial electrograms and performed optical mapping 
and measured a two-fold reduction in the conduction velocity in both cardiac 
compartments of tamMCM;CT3 mice (Fig. 3A-B). ECG recordings in living animals 
showed QRS broadening, confirming the loss of fast-conducting properties of the 
working myocardium (data not shown).

Right atrium preparations always contracted spontaneously, presumably due to the 
presence of remnants of pacemaker tissue. These samples served as positive controls. 
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Figure 3 A, conduction velocity is reduced in tamMCM;CT3 myocardium. Reconstruction of 
activation maps of the atrium and ventricle of tamMCM and tamMCM;CT3 mice after stimulation. 
Note the crowding of isochrones in tamMCM;CT3. B, Bar graphs representing average conduction 
velocities calculated from the activation maps. C, spontaneous and stimulated activity of right and 
left atrial preparations of tamMCM and tamMCM;CT3 mice.

Left atrium preparations of tamMCM;CT3 mice did not initiate any spontaneous 
contractions, indicating that no functional pacemaker sites were formed (Fig. 3C). 

TBX3 imposes pacemaker properties on adult working myocardial cells
To determine the role of TBX3 in the regulation of electrophysiological properties, 
single atrial cardiomyocytes were isolated. Figure 4A shows typical APs of cells isolated 
from control and TBX3-expressing atria. Almost all control cells (96%), but only 50% 
of tamMCM;CT3 cells were excitable (Fig. 4B). No significant differences in MDP, 
AP amplitude (APA), maximum upstroke velocity (Vmax), or AP duration (APD) were 
observed (Fig. 4C). The excitable cells of tamMCM;CT3 hearts most likely represent 
cardiomyocytes that did not initiate expression of TBX3, which is in line with our finding 
that the recombination efficiency of the model is ~ 60% (Fig. 1C). The inexcitable cells 
of the tamMCM;CT3 hearts were depolarized and had an MDP of ~ -50 mV (Fig. 4A).

Next, cells were subjected to a generic voltage-clamp protocol, without specific channel 
blockers. Figure 4D shows typical current traces in response to a hyperpolarization 
voltage clamp step to –100 mV from a holding potential of –40 mV. Time-dependent, 
inward currents that activated upon the hyperpolarizing voltage steps were not observed 
(Fig. 4D), indicating the absence of If. Quasi-steady-state currents at the end of the 
voltage-clamp steps at potentials negative or positive to -30 mV were defined as IK1 and 
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IK, respectively. While IK1 and IK in excitable tamMCM and tamMCM;CT3 cells were 
similar, they were significantly smaller in the depolarized, inexcitable tamMCM;CT3 
cells (Fig. 4E). These findings are in line with our finding that TBX3 reduces the 
expression of Kcnj2, Kcnj3, and Kcnj12. 

We observed large inward currents that rapidly activated and inactivated upon 
switching of the hyperpolarizing pulses of –60 mV and more negative (Fig. 4D). In control 
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Figure 4 A, typical APs of tamMCM;CT3 and tamMCM cells. B, percentage of excitable cells. C, 
AP characteristics of excitable cells. D, current traces in response to a hyperpolarization voltage 
clamp step to –100 mV from a holding potential of –40 mV. Please note that a time-dependent 
hyperpolarization-activated current is absent. Inset, currents with adapted amplifiers settings. E, 
current-voltage (I-V) relationships of steady-state currents. F, I-V relationship of Na+ current (INa). 
G-H, NppaCre;CT3;Z/EG and NppaCre;Z/EG cells. G, typical APs. H, average AP characteristics. 
Abbreviations: APs indicates action potentials; APA, AP amplitude; APD20, 50, 90, AP duration at 
20, 50 and 90% of repolarization; depol, depolarized; MDP, maximum diastolic potential; Vmax, 
maximum upstroke velocity. * indicates p-value < 0.05; n, number of cells; N, number of animals the 
cells were derived from.
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and excitable tamMCM;CT3 cells, these currents were typically saturated. Figure 4D 
(inset) shows the currents with adapted amplifier settings, and demonstrates that the 
amplitude exceeds 5 nA. Given their amplitude and time course, these transient inward 
currents are most likely INa, which activates by the depolarizing voltage step at the end of 
the protocol. This current is significantly smaller in inexcitable tamMCM;CT3 cells (Fig. 
4D inset, 4F), which is in line with our finding of transcriptional repression of Scn5a.

Developmental activation of TBX3 converts cardiomyocytes into 
pacemaker cells
Previously, we observed that TBX3, when activated in embryonic atrial cells, creates 
ectopic pacemaker sites, including functional If

16. To investigate, at the cellular level, 
whether TBX3 transforms atrial cells into pacemaker-like cells, we generated triple-
transgenic (NppaCre;CT3;Z/EG) mice. These mice express Cre specifically in the atria, 
inducing recombination in CT3 and Z/EG, resulting in co-expression of TBX3 and EGFP 
in atrial cardiomyocytes. Electrophysiological properties of isolated single cells were 
compared with NppaCre;Z/EG control cells. Figure 4G shows typical APs. Eight out of 

Figure 5, Venn diagram of the comparison of differentially expressed transcripts in tamMCM;CT3 
and NppaCre;CT3. Note that 333 transcripts are differentially expressed in both models. Lower 
panel: GO terms that are enriched in the 3 groups of differentially expressed transcripts. The entire 
list of enriched GO terms is available (Supplementary file 5).
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10 EGFP-positive NppaCre;CT3;Z/EG cells showed diastolic depolarization resulting in 
spontaneous APs with an average cycle length of 212±24 ms, whereas all EGFP-positive 
NppaCre;Z/EG cells (n=8) were quiescent and had a stable resting membrane potential. 
All quiescent EGFP-positive cells could be stimulated indicating that the cells were 
viable. Diastolic depolarization was absent in NppaCre;Z/EG cells. All AP parameters 
of NppaCre;CT3;Z/EG cells, except the APD at 90% of repolarization (APD90), differed 
significantly from control cells (Fig. 4H). Together, these experiments indicate that TBX3 
induces pacemaker function in adult atrial cells when expressed from embryonic stages 
onwards.

To gain insight into the differences between embryonic and adult reprogramming 
capabilities of TBX3, we compared microarray results obtained from the tamMCM;CT3 
model with the NppaCre;CT3 model. Of ~1100 and ~1400 transcripts that were 
differentially expressed in tamMCM;CT3 and NppaCre;CT3, 333 transcripts were 
differentially expressed in both models, suggesting that these are targets of TBX3 (Fig. 5). 
Gene ontology analysis revealed that GO terms associated with ion transport, cell cycle 
regulation, muscle development, and nervous system development are over-represented 
in this group, indicating that these pathways might be regulated by TBX3. Table 1 lists 
genes that are differentially expressed in both models and encode ion channels, ion 
channel related proteins or cell cycle regulators, and genes involved in nervous system 
and muscle development. Most of the transcripts encoding ion channels/transport 
proteins that were differentially expressed in both mouse models were down-regulated. 
Only two ion transport transcripts were up-regulated in both models [Gjc2 (Cx47 or 
Gja12) and Atp1b1]. Both have not yet been related to the conduction system or to TBX3, 
but might be of significant importance to pacemaker function, which needs further 
exploration.

Reprogramming of NRVMs by TBX3
To explore more clinically applicable alternatives of cell reprogramming by TBX3 in order 
to assess potential usefulness in biological pacemaker engineering, we studied lentiviral 
TBX3 gene transfer in monolayers of NRVMs and characterized basic electrophysiological 
properties of the transduced monolayers and single cells. Monolayers transduced with 
LV-TBX3 and stimulated at 2 Hz exhibited major reductions in the conduction velocity 
(Fig. 6A-B). Spontaneous beating rates were not influenced by over-expression of TBX3 
(Fig. 6C).

All single LV-EGFP cells (n=12) exhibited one functional phenotype, which was 
spontaneous activity based on delayed afterdepolarizations (DADs; Fig. 6D). We defined 
this as the wild-type (WT) phenotype. LV-TBX3-EGFP transduced myocytes exhibited 
3 phenotypes (Fig. 6D): 9 out of 28 (32%) were WT, 7 (25%) exhibited spontaneous 
activity based on DD-type, and 12 (43%) were depolarized and inexcitable (DI-type). AP 
parameters of ‘WT’ LV-TBX3-EGFP cells did not differ significantly from LV-EGFP cells, 
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except for APA and Vmax (Fig. 6E). DD-type LV-TBX3-EGFP cells had more depolarized 
MDP, lower APA, and a lower Vmax than WT LV-TBX3-EGFP cells (Fig. 6E). 

Voltage-clamp experiments revealed absence of If in all groups (Fig. 6F). While IK1 
density was similar in LV-EGFP and WT LV-TBX3-EGFP cells, IK1 appeared smaller in 
DD-type and almost absent in DI-type LV-TBX3-EGFP cells (Fig. 6G). These findings are 

Figure 6, TBX3 over-expression in NRVMs A, optical activation maps at 2Hz stimulation B, average 
conduction velocities C, average beating rate D, typical APs of LV-EGFP and LV-TBX3-EGFP cells. 
We observed three AP phenotypes within the LV-TBX3-EGFP cells: 1) WT-like spontaneous APs, 2) 
spontaneous APs based on diastolic depolarization (DD), 3) depolarized and inexcitable cells (DI). 
E, average AP characteristics. F, current traces in response to a hyperpolarization voltage clamp step 
to –100 mV from a holding potential of –40 mV G, I-V relationships of steady-state currents. H, 
I-V relationships of INa. * indicates p-value <0.05 DI versus EGFP, WT and DD; $, p-value <0.05 
DI versus EGFP and WT; &, p-value <0.05 DI versus DD; ǂ, p-value <0.05 DI versus EGFP and DD; 
#, p-value <0.05 EGFP versus WT and DD; ¶, p-value <0.05 EGFP versus WT; n, number of cells 
analyzed, derived from 5 cell isolations, 6 to 12 neonatal rats per isolation.
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in line with the reduced MDP in these cells (Fig. 6E). In comparison with LV-EGFP cells, 
INa density was smaller in all types of LV-TBX3-EGFP cells (Fig. 6H). Taken together, 
TBX3 over-expression in these cardiomyocytes causes reduced conduction velocities, 
reduced IK1 and reduced INa, which is consistent with our findings in our transgenic 
mouse model. The variation in phenotype of the LV-TBX3-EGFP cells is probably due 
to differences in the level of TBX3 expression, because the expression of lentivirally 
delivered transgenes strongly depends on the integration site.

Discussion 
In this study, we assessed the capability of TBX3 to reprogram adult working 
cardiomyocytes into pacemaker cells. In vitro and in vivo studies revealed that TBX3 
efficiently suppresses intercellular conduction, INa, and IK1. This indicates that TBX3 
can induce a switch from the working myocardial phenotype to a pacemaker-like 
phenotype and therefore may provide a useful tool in biological pacemaker engineering.

Cell-to-cell coupling and INa
Reduced intercellular coupling and slow propagation of the electrical impulse within 
pacemaker tissues are crucial to overcome current-to-load mismatch. Both in silico9 
and functional28,29 studies have demonstrated that these properties are important 
for pacemaker robustness and stability. In the sinus node, relative uncoupling is 
established by the presence of fewer intercellular connexins. Furthermore, the 
expression of fast-conducting gap junction encoding genes is lower and the expression of 
slow-conducting gap junction subunit encoding genes is higher than in the surrounding 
myocardium6,30. Conduction also depends on INa, which is reduced in the sinus node, 
resulting in a slower upstroke velocity of the AP31. 

We found that induced expression of TBX3 resulted in reduced expression of fast 
conducting gap junction encoding genes Gja1 and Gja5. In addition, NaV1.5-encoding 
gene Scn5a, and Fgf12, a modifier of voltage-gated Na+ channels32, are expressed 
at low levels in the sinus node compared with working myocardium11 and were 
significantly down-regulated in tamMCM;CT3 animals. Accordingly, INa was reduced 
in tamMCM;CT3 cells. Fgf12 function has not been implicated in the heart, but in 
neurons, it has been shown to be crucially important for excitability32. Consistent with 
the reduced expression of fast conducting gap junctions and INa, conduction velocities 
were significantly reduced in the hearts of TBX3-expressing mice and the monolayers of 
NRVMs. 
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Automaticity
The diastolic depolarization phase is controlled by a delicate balance of various inward 
and outward currents, the ‘voltage clock’4, and intracellular Ca2+ cycling molecules, the 
‘Ca2+ clock’, as reviewed in detail by Lakatta et al8. An MDP around ~ –60 mV and 
diastolic depolarization are key features of pacemaker cells, resulting in automaticity of 
the cell. The relatively depolarized MDP is due to virtually absent IK1

6, which enables 
diastolic depolarization. We found that induced expression of TBX3 results in reduced 
expression of IK1-encoding Kir-genes Kcnj2, Kcnj3, and Kcnj12, and reduced IK1 density. 
Consequently, the membrane potential was more depolarized in TBX3 expressing cells. 
We found several degrees of depolarization, which is likely related to various degrees of 
IK1 down-regulation (Fig. 6H). 

TBX3 did not induce the complete pacemaker phenotype in adult myocardium in 
vivo, as it did not induce diastolic depolarization. Although pacemaker-enriched genes 
Hcn1 and Lbh were induced by TBX3, pacemaker gene Hcn4 was not up-regulated and 
a measurable If was absent, which could be a limitation in the use of TBX3 alone in 
the formation of a biological pacemaker. In contrast, immature cardiomyocytes can 
still be (re)programmed into fully functional pacemaker cells. Changes during myocyte 
maturation in the epigenetic state of the chromatin or in the presence or activity of 
particular co-factors of TBX3 may underlie this difference. Identification of these 
epigenetic factors or co-factors may further increase our understanding of the molecular 
mechanisms underlying pacemaker formation. Long term expression of TBX3 in adult 
working myocytes may allow induction of the pacemaker gene program. However, our 
inducible model is not suitable to test this hypothesis because tamMCM;CT3 animals 
develop heart failure and die 8 to 10 days after initial tamoxifen administration.

We also found that expression levels of a substantial number of intracellular Ca2+ 
handling genes, including ryanodine receptor 2 and calcium/calmodulin-dependent 
protein kinases were changed by TBX3 (Supplementary file 3). These changes in gene 
expression could have a significant effect on intracellular Ca2+ handling and the Ca2+ 
clock, for example reduced SR Ca2+-releases caused by down-regulation of Ryr2. We 
found that Ryr2 was down-regulated 2.8 times, which is consistent with the finding that 
the expression of Ryr2 is reduced in the sinus node4, 5. 

Other pacemaker myocyte properties
The contractile apparatus is poorly developed in pacemaker cells3. Microarray analysis 
revealed that genes involved in muscle development were over-represented in the 
group of differentially expressed genes. qRT-PCR confirmed that the expression of the 
cardiac troponin I encoding gene Tnni3 (cTnI) was reduced. Although this property of 
pacemaker cells may not be crucial for pacemaker function, it indicates the broad range 
of pacemaker properties regulated by TBX3. 
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In contrast to working cardiomyocytes, pacemaker myocytes proliferate slowly 
during embryogenesis3. The functional gene group ‘regulation of the cell cycle’, and 
other GO terms involved in cell cycle, proliferation, and cell death, were enriched 
in tamMCM;CT3 atria (Supplementary file 4), indicating that TBX3 is involved in 
regulation of proliferation of pacemaker cardiomyocytes. This is consistent with the 
observation that during development, conduction system cells exit the cell cycle under 
the influence of TBX317. In myocyte monolayers, transduced with high amounts of 
virus, we observed increased cell death. However, cell death was not observed in the 
monolayers transduced at moderate MOI used in this study nor was it observed in the in 
vivo models, suggesting that the dose of TBX3 needs to be carefully controlled for use in 
biological pacemaker formation. Alternatively, modified isoforms of TBX3 or less potent 
T-box factor family members that also act as repressor could be tested for their use in 
reprogramming myocytes. 

The sinus node, the atrioventricular node, and in particular the His bundle are 
embedded in connective tissue and extracellular matrix, and this insulation is crucial 
for proper function2. Like in the NppaCre;CT3 model, we found that transcripts 
involved in the formation of connective tissue and extracellular matrix, i.e. collagens, 
were significantly enriched in the tamMCM;CT3 model, indicating that this process 
is directly stimulated by TBX3 in the myocardium. Accordingly, ectopic expression 
of TBX3 in embryonic hearts induced subendocardial mesenchyme formation and 
extracellular matrix formation (unpublished data). Therefore, we hypothesize that TBX3 
is involved in the formation and regulation of the connective tissues surrounding the 
pacemaker and conduction system components. 

Creating a biological pacemaker
Biological pacemakers are able to initiate the cardiac impulses and transfer them to 
the surrounding myocardium. They can be derived from embryonic, mesenchymal or 
induced pluripotent stem cells, which have been reprogrammed into pacemaker cells via 
tissue-engineering technology. TBX3 may be useful to efficiently force these embryonic 
cells along the pacemaker lineage. Alternatively, cells can be targeted ‘in vivo’ via direct 
gene transfer, in which case TBX3 could be useful to impose several important pacemaker 
properties on the targeted myocardium. Over a decade of experimental research has 
generated robust proof-of-concept data on gene-based biological pacemakers (reviewed 
in Rosen et al.33). Most efforts have focused on impulse generation. In these studies, 
dominant negative suppression of Kcnj27, over-expression of HCN1, -2, and -434,35 and 
over-expression of β2-adrenergic receptors36 have been demonstrated to be successful. 
Improvements were made when strategies were combined37,38. While gene transfer of 
HCN channels appears most promising because of direct modulation of function by 
autonomic stimuli, beating rates in the HCN-based approach are still suboptimal. A 
likely explanation for the suboptimal function is the current-to-load mismatch between 
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HCN over-expressing cells and the surrounding myocardium. An effective strategy to 
reduce or prevent such mismatch may be provided by co-expression of TBX3 and HCN 
or other pacemaker genes. Our study indicates that TBX3 is a powerful factor to reduce 
intercellular coupling via down-regulation of Gja1 and Gja5 and to reduce intracellular 
electrical load via down-regulation of inwardly rectifying genes, thereby enabling 
spontaneous diastolic depolarization in adult cardiomyocytes. These modifications will 
likely increase biological pacemaker rate and stability. 
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Supplementary file 1
Mice. Transgenic mice were identified before and after experiments by PCR. Genotype 
confirmation pcr primer sequences:
CAT: FW/ CAGTCAGTTGCTCAATGTACC, R/ ACTGGTGAAACTCACCCA
GFP: FW/ CGACGTAAACGGCCACAAGTT, R/ TTGATGCCGTTCTTCTGCTTGT
Cre: FW/ GGTTCGCAAGAACCTGATGGACAT, R/ GCTAGAGCCTGTTTTGCACGTTCA 

To exclude that a previously reported tamoxifen/Cre-induced hypertrophy response1 
would influence our findings, we measured expression of hypertrophy markers Nppa 
(ANF) and Nppb (BNP). Expression levels of these genes were not different between 
hearts of tamMCM;CT3 mice and controls (Supplementary Figure 1- this supplement).

Supplementary Figure 1. Hypertrophy markers Nppa and Nppb were not up-regulated in 
tamMCM;CT3 hearts. Cre has been reported to induce hypertrophy. In left left atrial and ventricular 
samples we assessed expression levels of hypertrophy response markers Nppa and Nppb.

Quantitative real-time PCR. Total RNA was isolated from left atrial appendages and 
apex myoccardium using the total RNA isolation Kit (Machery-Nagel) according to 
the manufacturer’s protocol. 200 ng of total RNA was reversed transcribed into cDNA 
using the Superscript II reverse transcription kit (Qiagen). Expression of different genes 
was assayed using the Roche Lightcycler 480 system. Target quantities were calculated 
using LinRegPCR software2. Values were normalized to Gapdh. 6 tamoxifen-treated 
Myh6MCM;CT3 (tamMCM;CT3) animals were compared with 6 tamoxifen-treated 
Myh6MCM (tamMCM) controls. Genes were considered differentially expressed if 
p-value was <0.05, using the two-tailed unpaired Student t-test. These are the primer 
sequences used: 
Cacna1d: FW/ CTTGGGGGAACAGGAGTATT, R/ CCAGTGGGAGAGTCATCATC

Cacna1g: FW/ CGTCCTGCTCTCTAGCTCTG, R/ CTTCCTCACAGTCAGCAGGT
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CAT: FW/ CAGTCAGTTGCTCAATGTACC, R/ ACTGGTGAAACTCACCCA

Gapdh: FW/ TGTCAGCAATGCATCCTGCA, R/ CCGTTCAGCTCTGGGATGA

Gata4: FW/ TGAAGAGATGCGCCCCATCAA, R/ ATAGCCTTGTGGGGACAGCT

Gja1: FW/ AGTACCCAACAGCAGCAGAC, R/ AAATGAAGAGCACGACAG

Gja5: FW/ GGAAGACGGGCTGTTCCA, R/ CCCATTTCAGAAAACAAACACA

Gjd3: FW/ GCAGGAGGAGTTCGTGTGTA, R/ AGGATGTGGAAGAGCCAGA

Hcn1: FW/ CAGACTCAGACTCAGCAGCA, R/ TGTGCTCTTGTGCACTTCAT

Hcn2: FW/ ACAATTTCAACGAGGTGCTG, R/ CTTGTGCAGCAAGATGCAGT

Hcn4: FW/ TCCTTGATCCCTTCAGCTCT, R/ AGAGAATCCAGCCAGCTGTT

Hop: FW/ TTGAATTCATTTAAGCAGACAGGCACCA, R/ TTAAAGCTTACATCAAAACAGCCTGGGTA

Kcnd2: FW/ AGAGGCAGTGTGCAAGAACT, R/ GTGGTTACTGGAGGTGTTGG

Kcnj12: FW/ GGTCACAGAGGAGGGTGAGT, R/ TCTGTCTCAAGGTCCTGACG

Kcnj2: FW/ GTGGCTTGTGACCCTCTGTA, R/ TCTCGACGCTTCTCTCTTGA

Kcnj3: FW/ TGGAAACCACAGGAATGACT, R/ CATGGAACTGGGAGTAATCG

Lbh: FW/ TATTTCCCCATTCACTGCTC, R/ TCAGTGGGTTCCACCACTAT

loxP: FW/ GCAAAGAATTCAAGCTGGG, R/ ATTCGATCGATACCGTCGAC

Nkx2.5: FW/ CATGCCAACATCAGCTGACCA, R/ CGCCCTATCCCAGACCTCTT

Nppa: FW/ TTCCTCGTCTTGGCCTTTTG, R/ CCTCATCTTCTACCGGCATCTTC

Nppb: FW/ GTCCAGCAGAGACCTCAAAA, R/ AGGCAGAGTCAGAAACTGGA

Scn5a: FW/ GGGACTCATTGCCTACATGA, R/ GCACTGGGAGGTTATCACTG

Microarray analysis. For both tamMCM;CT3 and tamMCM controls, 6 labeled 
antisense RNA samples derived from 60 ug of total RNA from 6 left atrium samples 
were hybridized to Illumina Mouse-Ref-6 BeadChips following the manufacturer’s 
instructions (Illumina Inc.). Beadstudio software was used to assess the individual array 
quality. The probe signals were normalized using VSN in R3. Analysis of differentially 
expressed genes was done with the LIMMA package in R4. P-values were adjusted for 
multiple testing using the method proposed by Benjamin and Hochberg. Transcripts 
were considered differentially expressed if the adjusted p-value was <0.05. Microarray 
data have been submitted to the Gene Expression Omnibus database [http://www.ncbi.
nlm.nih.gov/projects/geo] under series GSE31969.
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Immunohistochemistry. Hearts were fixed overnight in 4% formaldehyde, embedded in 
paraplast and sectioned at 7 μm. Immunohistochemistry was performed by removing 
embedding media from sections and boiling for 5 minutes in a high pressure cooking 
pan in Antigen Unmasking Solution (Vector H3300). Tissue sections were incubated 
with primary antibodies overnight in Tris-NaCl buffer with blocking powder. Antibodies 
used were goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey anti-goat 
(1:250), and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey anti-mouse 
IgG (1:250). For detection of biotinylated antibodies we used the TSA Enhancement kit 
(Perkin&Elmer, NEL702).

Cell isolation. Single cells were isolated from left atrial appendages by an enzymatic 
dissociation procedure modified from Verkerk et al5. In summary, the left atrium was 
cut in small strips of ~0.5 mm width, 1.0 mm length for cell isolation and stored in 
a modified Tyrode’s solution (20°C) containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, 
MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). The strips were placed in nominally 
Ca2+-free Tyrode’s solution (20°C), i.e., modified Tyrode’s solution with 10 mM CaCl2, 
which was refreshed two times. Then, the strips were incubated for 11-13 min in 
nominally Ca2+-free Tyrode’s solution (37°C) to which liberase IV (0.25–0.29 U/ml; 
Roche, Indianapolis, USA) and elastase (2.4–0.7 U/mL; Serva, Heidelberg, Germany) 
were added. During the incubation period, the strips were triturated through a pipette 
(tip diameter: 2.0 mm). The dissociation was stopped by transferring the strips into a 
modified Kraft-Brühe (KB) solution (37°C) containing (mM): KCl 85, K2HPO4 30, 
MgSO4 5.0, glucose 20, pyruvic acid 5.0, creatine 5.0, taurine 30, b-hydroxybutyric acid 
5.0, succinic acid 5.0, BSA 1%, Na2ATP 2.0; pH 6.9 (KOH), that was refreshed two times 
(at 20°C). Finally, the strips were triturated in modified KB solution (20°C) through a 
pipette (tip diameter 0.8 mm) for 2 min to obtain single cells. Single cells were stored 
at room temperature for at least 45 min in modified KB solution before they were put 
into a recording chamber on the stage of an inverted microscope, and superfused with 
modified Tyrode’s solution (37ºC).
Patch clamp recording procedures. Action potentials (APs) and membrane currents were 
recorded at 36±0.2ºC with the amphotericin-B perforated patch-clamp technique using 
an Axopatch 200B patch-clamp amplifier (Molecular Devices Corporation, Sunnyvale, 
CA, USA). Superfusion solution was modified Tyrode’s solution; pipettes (2-3 MW, 
borosilicate glass) were filled with solution containing (mM): 125 K-gluc, 20 KCl, 5 
NaCl, 0.22 amphotericin-B, 10 HEPES; pH 7.2 (KOH). APs were low-pass filtered with a 
5-kHz cut-off frequency, and digitized at 25-kHz; membrane currents were filtered and 
digitized at 5 and 4-kHz, respectively. Series resistance was compensated by ≥80%, and 
potentials were corrected for the estimated liquid junction potential. Voltage control, 
data acquisition, and analysis were accomplished using custom software. Cell membrane 
capacitance was determined as described previously6.
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In cells without pacemaker activity, APs were elicited at 2 or 4-Hz by 3-ms, 1.5´ 
threshold current pulses through the patch pipette. We analyzed the following AP 
characteristics: cycle length, MDP, maximum upstroke velocity (Vmax), maximum AP 
amplitude (APA), and AP duration at 20, 50, and 90% repolarization (APD20, APD50 and 
APD90, respectively). Parameters from 10 consecutive APs were averaged.

Based on AP characteristics we observed various groups of cells (for details, see 
Results section). Almost all single atrial cardiomyocytes of control mice, but only 50% of 
the atrial cardiomyocytes of the hearts of tamMCM;CT3 mice were excitable (Fig. 4b). 
Neither cell size (83.3±13.7 pF, control cells (n=18); 72.0±12.7 pF, excitable tamMCM;CT3 
cells (n=9); 85.2±11.9, inexcitable tamMCM;CT3 cells (n=9)) nor series resistances 
(23.3±2.7 ΩM, control cells (n=18); 22.7±2.5 ΩM, excitable tamMCM;CT3 cells (n=9); 
25.7±2.2 ΩM, inexcitable tamMCM;CT3 cells (n=9)) differed between the various atrial 
cardiomyocytes groups. In neonatal rat ventricular myocytes (NRVMs), all LV-EGFP 
cells exhibited one functional phenotype, i.e., spontaneous activity based on delayed 
afterdepolarizations (DADs), which was defined as the wild-type (WT) phenotype. In 
LV-TBX3-EGFP cells we observed 3 phenotypes: 1) WT phenotype, 2) spontaneous 
activity based on diastolic depolarization, defined as DD-type, and 3) depolarized and 
inexcitable cells, defined as DI-type (Fig. 6). Comparable to adult atrial myocytes, cell 
size (27.2±2.8 pF, WT LV-EGFP cells (n=10); 27.7±8.2 pF, WT LV-TBX3-EGFP cells (n=5); 
35.5±5.7 pF, DD-type LV-TBX3-EGFP cells (n=4); 29.2±6.8, DI-type LV-TBX3-EGFP cells 
(n=10)) and series resistances (20.2±4.4 pF, WT LV-EGFP cells (n=10); 23.4±8.3 pF, WT 
LV-TBX3-EGFP cells (n=5); 23.7±11.3 pF, DD-type LV-TBX3-EGFP cells (n=4); 24.6±6.7, 
DI-type LV-TBX3-EGFP cells (n=10)) did not differed between the various NRVM groups.

Net membrane current was recorded using 500-ms hyper- and depolarizing voltage-
clamp steps from a holding potential of -40 mV, every 2 seconds. We analyzed the 
current at the end of the voltage-clamp steps, i.e., the quasi steady-state current, and the 
current by stepping back to the –40 mV holding potential. IK1 and IK were defined as 
the quasi steady-state current at the end of the voltage-clamp steps at potentials negative 
or positive to -30 mV, respectively. INa was defined as the instantaneous tail current 
when stepping back to the holding potential. Membrane currents were normalized for 
cell capacitance.

Statistics. Data are presented as mean±SEM. Groups were compared using one-way 
ANOVA and unpaired t-test, Fisher’s exact test with Bonferroni correction, or Two-Way 
Repeated Measures ANOVA followed by pairwise comparison using the Student-
Newman-Keuls test. P-value <0.05 defines statistical significance.

Electrical recordings. Mice were killed with an intraperitoneal injection of 30 mg 
pentobarbital, after which the heart was excised, cannulated, mounted on a Langendorff 
perfusion set-up, and perfused at 37°C with Tyrode’s solution ((in mM) 128 NaCl, 4.7 
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KCl, 1.45 CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained 
at 7.4 by equilibration with a mixture of 95% O2 and 5% CO2)). Local electrograms were 
recorded from the left ventricle using a multi-electrode (247 unipolar 19x13 electrode 
grid, interelectrode distance 300 µm) during sinus rhythm, ventricular and atrial pacing 
at a basic cycle length of 120 ms, and twice the diastolic stimulus. Local electrograms 
were acquired using a custom-built 256 channel data acquisition system. Moment of 
activation was determined by the maximal negative dV/dt as measured from the unipolar 
electrograms using custom made software.

Optical recordings. Atrial preparations were placed in an optical mapping set-up and 
superfused with Tyrode’s solution at 37°C. Excitation light was provided by a 5 Watt 
power led (filtered 510 +/- 20 nm). Fluorescence (filtered >610nm) was transmitted 
through a tandem lens system on a photo diode array (16x16 elements) connected to a 
data-acquisition system (biosemi Mark-6). Optical action potentials were analyzed with 
custom software. Statistical significance in atrial and ventricular conduction velocities 
was calculated using a Two-Way ANOVA with genotype and with/without tamoxifen as 
fixed factors.

Neonatal rat cardiomyocyte culture. Six to twelve neonatal rats were sacrificed in one 
procedure as described previously7. NRVMs were cultured in M199 containing (mM): 
137 NaCl, 5.4 KCl, 1.3 CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and 

Supplementary Figure 2. Schematic drawing of the lentiviral vectors used. B, Lentivirally transduced 
HEK 293T cells. LV-TBX3-EGFP transduced cells demonstrate clear nuclear TBX3 expression 
(orange; left panel) which was absent in LV-EGFP transduced cells (right panel). Bars represent 25µm.
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supplemented with 20 units/100ml penicillin, 20 µg/100ml streptomycin, 2 μg/100ml 
vitamin B12, and 5% or 10% neonatal calf serum (NCS); 10% NCS was used only on the 
first day of culturing. Cells were cultured in monolayers or in low density single cell 
preparations on collagen-coated glass at 37° C in 1% CO2.

Lentiviral vectors. A bicistronic TBX3 lentiviral expression vector was generated by 
cloning human TBX3 as a SpeI-XbaI fragment into the corresponding sites of pRRL-cPPT-
CMV-X2-IRES-EGFP-PRE-SIN8. In this vector, gene expression is controlled by a 
cytomegalovirus (CMV) promoter and the expression of TBX3 is linked to enhanced 
green fluorescent protein (EGFP) expression by an internal ribosome entry site (IRES) 
from the encephalomyocarditis virus (Supplementary Figure 2a - this supplement). 
Lentiviral vectors were generated by co-transfection of HEK293T cells, concentrated, 
and titrated as described previously8.

Transduction. NRVMs were transduced with LV-TBX3-EGFP or LV-EGFP on day 
4 of culture (initial NRVM seeding was defined as day 0) in the presence of 8 μg /ml 
Polybrene (Sigma) at a multiplicity of infection (MOI) of 2 (monolayers) or 0.1 (single 
cells). Four to 5 days later, electrophysiological and molecular analyses were performed. 
Non-transduced NRVM monolayers served as controls. 
Demonstration of gene transfer. HEK 293T cells were transduced at a MOI of 2 in the 
presence of 8 μg /ml Polybrene and fixed 4 days after transduction. Transduced HEK 
293T cells were fixed with methanol:acetone (4:1) and washed with PBS supplemented 
with Tween20 (0.05%). Anti-TBX3 (Santa Cruz) was used as primary antibody and 
donkey anti-goat IgG conjugated with Alexa 488 (Invitrogen) was used as secondary 
antibody. Sytox green (Molecular Probes) was used to stain the nuclei. The HEK 293T 
cells were subsequently embedded with Vecta Shield® and assessed by fluorescence 
microscopy (Supplementary Figure 2b - this supplement). 

NRVM Optical mapping of action potential propagation and spontaneous beating. NRVM 
monolayers were stained with 10 μmol/L di-4-ANEPPS (Invitrogen) in serum-free 
culture medium for 15 minutes at 37°C and 1.2% CO2. Subsequently, they were put into a 
recording chamber, superfused with Tyrode’s solution (36±0.2°C), and optical recordings 
were made in a custom-made tandem lens setup. Excitation light was delivered by 
6 cyan (505 nm) high-power Light Emitting Diodes (LEDs) filtered by a 505/30 nm 
band-pass filter. Emission fluorescence was high-pass filtered (600 nm) and measured 
with a photodiode array (PDA; Hamamatsu C4675-102). Data acquisition was performed 
with modified ActiveTwo system without the input-amplifiers (BioSemi); data were 
analyzed using custom made software based on Matlab (Mathworks)9. After acquisition, 
data were digitally filtered. Conduction velocities were calculated from two pairs of 
remote detectors perpendicular to the activation wave front. In these experiments, 
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monolayers were stimulated at 2Hz and two times threshold using a 100μm bipolar 
silver point-electrode. In control, LV-EGFP, and LV-TBX3-EGFP transduced NRVM 
monolayers, spontaneous beating rates were assessed by counting the contractions 
during 1 minute. These cultures were not loaded with ANEPPS and superfused with 
Tyrode’s solution (36±0.2°C). 

ECG. Animals were anaesthetized with 1.5% isoflurane. Electrodes were placed at the 
right (R) and left (L) armpit and the left groin (F). Electrocardiograms were recorded 
(sampling rate 2 kHz, acquisition system BioSemi Mark X, Amsterdam, NL) for a period 
of 5 minutes. From these leads a three lead ECG was calculated as follows: I = L-R, II = 
F-R, III = F-L, the PR interval was defined as the time from the start of the P wave to 
the first deflection of the QRS complex (either a Q or a R wave depending on the lead). 
The QRS complex was defined as the time of the first deflection (Q or R) to the moment 
when the S wave intersects the isoelectric line. The end of the T wave was defined as the 
moment where the T wave returns to the isoelectrical line.
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Supplementary file 2
This table of 60 pages is available online at the cardiovascular Research website:
http://cardiovascres.oxfordjournals.org
or
https://c-b98rhejramfs-p4l08qwenjntr5io4jri.sec.amc.nl/content/94/3/439/suppl/DC1
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Supplementary file 3 
Differentially expressed ion channels in the atrium of tamMCM;CT3 mouse hearts
gene alias accession# up/down fold AdjP
Gap junctional subunits      
Gja1 Cx43 NM_010288 down 3,9 < 0,001
Gja5 Cx40 NM_008121 down 18 < 0,01
Gja7 Cx45/Gjc1 NM_008122 up 1,8 < 0,05
Gja12 Cx47/Gjc2 NM_080454 up 2,6 < 0,05
Gjd4 Cx39 NM_153086 up 3,8 < 0,05
Calcium homeostasis        
Ank1 Ank-R NM_031158 up 1,6 < 0,05
Ank3 Ank-G NM_170728 up 1,6 < 0,05
Cacna2d1 Cavα2δ1 NM_009784 up 2,9 < 0,01
Cacna2d3 Cavα2δ3 NM_009785 down 1,9 < 0,05
Cacnb3 Cavβ3 NM_001044741 up 2,2 < 0,05
Camk1d   NM_177343 down 2,4 < 0,01
Camkk1   NM_018883 up 2,4 < 0,01
Camkk2   NM_145358 up 1,8 < 0,05
Catsper2   NM_153075.2 down 1,7 < 0,05
Itpr1   NM_010585.2 up 1,7 < 0,05
Ryr2   NM_023868 down 2,8 < 0,01
Potassium channel and auxiliary subunits    
Kcna6 Kv1.6 NM_013568 down 2,7 < 0,05
Kcnab1 Kvβ1 NM_010597 down 2,1 < 0,05
Kcnd2 Kv4.2 NM_019697 down 3,6 < 0,05
Kcnip2 KChIP2 NM_145703 down 2,6 < 0,05
Kcnj12 Kir2.2 NM_010603 down 2,5 < 0,05
Kcnj3 Kir3.1 NM_008426 down 4,7 < 0,01
Kcnk3 Task-1 NM_010608 down 2,2 < 0,05
Kcnq1 KvLQT1 NM_008434 down 2,9 < 0,05
Kcnv2 Kv11.1 NM_183179 down 6,4 < 0,05
Sodium channels and auxiliary subunits    
Fgf12   NM_010199 down 3,0 < 0,01
Scn10a Nav1.8 NM_009134 down 8,2 < 0,001
Scn4b Navβ4 NM_001013390 down 3,8 < 0,05
Scnm1   NM_027013 down 2,1 < 0,05
others/miscelaneous        
Abcc8   NM_011510 down 7,7 < 0,01
Atp1b1   NM_009721 up 2,1 < 0,01
Chrnb1   NM_009601 up 2,6 < 0,01
Clic5   NM_172621 up 2,9 < 0,05
Clic6   NM_172469 down 4,9 < 0,05
P2rx5   NM_033321 up 2,4 < 0,05
Slc4a3   NM_009208 down 5,9 < 0,01
Slc9a2   NM_001033289 down 5,1 < 0,01
Vdac2   NM_011695 up 1,7 < 0,05
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Supplementary file 4
Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3

enriched GO term  up + down
anatomical structure formation  1,6

angiogenesis  2,0
anion transport  2,0

blood circulation  2,6
blood vessel morphogenesis  1,9

branching morphogenesis of a tube  2,6
carbohydrate transport  2,4

cell development  1,5
cell growth  2,2

cell morphogenesis  1,6
cellular polysaccharide metabolic process  2,8

cellular structure morphogenesis  1,6
cytoskeleton organization and biogenesis  2,1

cytoskeleton-dependent intracellular transport  2,5
embryonic pattern specification  2,6

generation of neurons  1,5
heart development  2,0

heart process  2,9
lipid biosynthetic process  1,6

morphogenesis of a branching structure  2,4
muscle cell differentiation  3,2

muscle contraction  2,8
muscle development  2,6
myoblast maturation  6,0

myofibril assembly  5,9
negative regulation of programmed cell death  2,0

negative regulation of progression through cell cycle  2,1
nervous system development  1,5

neuron morphogenesis during differentiation  1,7
phosphate metabolic process  1,6

polysaccharide metabolic process  2,8
positive regulation of cell differentiation  2,4

positive regulation of cell proliferation  1,6
positive regulation of developmental process  2,7

positive regulation of neurogenesis  4,3
regulation of cell cycle  1,9

regulation of cell growth  2,4
regulation of heart contraction  3,1

regulation of progression through cell cycle  1,9
regulation of synaptic plasticity  4,2

skeletal muscle fiber development  3,2
striated muscle cell development  5,9

vasculature development  2,0
wound healing  2,3
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Supplementary file 5
of enriched GO terms in differentially expressed transcripts in tamMCM;CT3, in NppaCre;CT3, or 
both.

eriched GO term  MCM both Nppa
actin binding  2,0   2,3

active transmembrane transporter activity      1,6
anatomical structure morphogenesis    1,9 1,4

anion transport  1,8 3,8  
anti-apoptosis  2,7    

apoptosis  1,5    
axonogenesis    3,2  

bicarbonate transmembrane transporter activity    11,6  
calcium ion binding    1,6  
calmodulin binding      2,7

carbohydrate transmembrane transporter activity      3,8
cell cycle process  1,7    

cell death  1,6    
cell development    1,8  

cell differentiation  1,2 1,7 1,3
cell growth  2,2   2,3

cellular metal ion homeostasis      3,1
chloride transmembrane transporter activity    11,6  

chloride transport  2,8    
collagen    9,7 4,9

collagen fibril organization    10,8  
connexon complex    10,2  

contractile fiber      6,0
cytoskeleton  1,7 2,1  

cytoskeleton organization and biogenesis  1,9 2,4  
electron transport      1,9

extracellular matrix    4,1 3,3
extracellular matrix organization and biogenesis    5,1  

extracellular matrix part    7,9 3,5
extracellular matrix structural constituent    7,5 4,0

extracellular matrix structural constituent conferring tensile strength    12,0  
extracellular region    1,4 1,5

extracellular region part    1,4 1,5
extracellular space      1,5

extracellular structure organization and biogenesis    3,6 2,7
gap junction    8,3  

gap junction channel activity    11,6  
heart development    4,6  

I band      5,7
inorganic anion transmembrane transporter activity    7,5  

inorganic anion transport    3,1  
ion binding      1,2

ion transmembrane transporter activity      1,5
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eriched GO term  MCM both Nppa
ion transport  1,4 1,9 1,5

morphogenesis of a branching structure    7,3  
muscle cell differentiation    5,7  

muscle contraction    4,8 3,9
muscle development    4,5 2,1

muscle fiber development    6,2  
muscle system process    4,8 3,9

myofibril      6,0
negative regulation of apoptosis  2,0    

negative regulation of biological process    1,7  
negative regulation of cell differentiation    4,5  

negative regulation of programmed cell death  2,1    
negative regulation of progression through cell cycle  2,0 3,1  

nervous system development    2,4  
neurogenesis    2,4  

neuron development    3,1  
neuron differentiation    2,5  

ossification      2,7
phosphate transport    5,6  

positive regulation of cell proliferation  1,7    
proteinaceous extracellular matrix    4,0 3,3

regulation of apoptosis  1,5    
regulation of cell differentiation      2,0

regulation of cell growth  2,2   2,4
regulation of cell proliferation  1,6    

regulation of growth  1,9   2,2
regulation of programmed cell death  1,6    

regulation of progression through cell cycle  2,1    
sarcomere      5,9

skeletal development    2,7 1,9
skeletal muscle development    5,2 2,4

skeletal muscle fiber development    6,2  
smooth muscle contraction      4,3
striated muscle contraction      4,6

striated muscle development  2,1 5,0 2,3
substrate-specific transmembrane transporter activity      1,5

transport  1,2 1,4 1,3
tube development    3,8  

tube morphogenesis    3,2 2,0
voltage-gated cation channel activity      2,3

wide pore channel activity  3,0    
wound healing    4,5  

Z disc  4,2    

Supplementary file 5  Cont.
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