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Aims Arrhythmias and sudden cardiac death (SCD) occur commonly in patients with heart failure. We found T-box 5
(TBX5) dysregulated in ventricular myocardium from heart failure patients and thus we hypothesized that TBX5 re-
duction contributes to arrhythmia development in these patients. To understand the underlying mechanisms, we
aimed to reveal the ventricular TBX5-dependent transcriptional network and further test the therapeutic potential
of TBX5 level normalization in mice with documented arrhythmias.

....................................................................................................................................................................................................
Methods
and results

We used a mouse model of TBX5 conditional deletion in ventricular cardiomyocytes. Ventricular (v) TBX5 loss in
mice resulted in mild cardiac dysfunction and arrhythmias and was associated with a high mortality rate (60%) due
to SCD. Upon angiotensin stimulation, vTbx5KO mice showed exacerbated cardiac remodelling and dysfunction
suggesting a cardioprotective role of TBX5. RNA-sequencing of a ventricular-specific TBX5KO mouse and TBX5
chromatin immunoprecipitation was used to dissect TBX5 transcriptional network in cardiac ventricular tissue.
Overall, we identified 47 transcripts expressed under the control of TBX5, which may have contributed to the fatal
arrhythmias in vTbx5KO mice. These included transcripts encoding for proteins implicated in cardiac conduction
and contraction (Gja1, Kcnj5, Kcng2, Cacna1g, Chrm2), in cytoskeleton organization (Fstl4, Pdlim4, Emilin2, Cmya5),
and cardiac protection upon stress (Fhl2, Gpr22, Fgf16). Interestingly, after TBX5 loss and arrhythmia development
in vTbx5KO mice, TBX5 protein-level normalization by systemic adeno-associated-virus (AAV) 9 application, re-
established TBX5-dependent transcriptome. Consequently, cardiac dysfunction was ameliorated and the propensity
of arrhythmia occurrence was reduced.

....................................................................................................................................................................................................
Conclusions This study uncovers a novel cardioprotective role of TBX5 in the adult heart and provides preclinical evidence for

the therapeutic value of TBX5 protein normalization in the control of arrhythmia.
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1. Introduction

Cardiovascular disease (CVD) is the number one cause of death world-
wide (World Health Organization factsheets 09/2016). More than 60%
of all deaths due to CVDs are represented by out-of-hospital sudden
cardiac death (SCD).1 Current pharmacological heart failure treatments
aim at protecting the heart from neurohumoral overstimulation, which
may trigger fatal arrhythmias.

T-box 5 (TBX5) is an essential transcription factor for cardiac devel-
opment.2 In humans, TBX5 mutations have been shown to account for
35% of Holt–Oram Syndrome (HOS) cases.3 HOS is a rare autosomal
congenital disease linked to abnormal cardiac electrophysiology and
arrhythmias.4 A genome-wide association study (GWAS) revealed a
strong association between alterations in the TBX5 locus and atrial fibril-
lation, atrioventricular block, and QRS prolongation,5 suggesting a role
of TBX5 in cardiac rhythm control beyond embryonic development.

In line with the human data, heterozygous TBX5 knockout (KO) mice
exhibit a similar phenotype as observed in patients with HOS, including
conduction defects, heart, and limb malformations.6 Specific deletion of
TBX5 in the adult ventricular conduction system (VCS) resulted in re-
duced Nav1.5 and CX40 expression, loss of fast conduction, arrhyth-
mias, and SCD.7 In the adult atria, inducible TBX5 loss of function caused
primary spontaneous and sustained atrial fibrillation.8 While the role of
TBX5 for normal electrophysiological function in atrial tissue and the
VCS is well established, it remains unclear whether TBX5 plays a critical
role for cardiac homeostasis in adult ventricular cardiomyocytes (CMs).

We found that TBX5 protein abundance is significantly lower in left
ventricular biopsies of patients with human ischaemic heart disease and
dilated cardiomyopathies (DCMs) when compared to non-failing (NF)
donor hearts. Therefore, we investigated the relevance of Tbx5 loss in
adult ventricular myocardium by generating an inducible ventricular CM-
specific Tbx5 KO model (vTbx5KO). Integrative analysis of RNA-
sequencing and chromatin immunoprecipitation-sequencing revealed

novel TBX5 transcriptional targets in the adult ventricles responsible for
electrical signal propagation and cardioprotection. Finally, we tested the
potential of TBX5 level normalization to rescue vTbx5KO mice from
arrhythmias and SCD.

2. Methods

2.1 Animal experiments
Tbx5LDN/LDN mice9 were crossed with Myh6-MerCreMer10 mice in a
C57BL/6N background. In 10–12 weeks old mice, activation of Cre-
recombinase was induced by i.p. injections of tamoxifen (TX) for three
subsequent days [30 mg/kg/day (Sigma Aldrich, Hamburg/Germany), dis-
solved in 10% Ethanol (Carl Roth, Karlsruhe/Germany), and 90% Miglyol
(Caelo, Hilden/Germany)]. We named the recombined mice as
vTbx5KO, Tbx5LDN/LDN mice as Flox, and Myh6-MerCreMer mice as
Cre throughout the study. Irrespective of the genotype, all animals were
injected with TX to control for TX -induced effects. Recombination was
confirmed by reverse transcription and quantitative polymerase chain re-
action (RT-(q)PCR) using a primer pair flanking exons 3 and 4 of Txb5
transcript (Supplementary material online, Table S1).

For hypertrophy induction (experiments described in Figure 2E),
2 weeks upon TX injections, osmotic minipumps (Alzet) were subcuta-
neously implanted in vTbx5KO or Flox mice for the delivery of angioten-
sin (Ang) II (Ang; 1.44 mg/kg/day for 2 weeks) as previously described.11

Saline solution was used as vehicle. Osmotic minipumps were implanted
under anaesthesia consisting of Medetomidine (0.5 mg/kg body weight in
0.9% NaCl, i.p.), Midazolam (5 mg/kg body weight in 0.9% NaCl, i.p.), and
Fentanyl (0.5 mg/kg body weight in 0.9% NaCl, i.p.). Anaesthesia was an-
tagonized by Atipamezol (2.5 mg/kg body weight in 0.9% NaCl, s.c.) and
Flumazenil (0.5 mg/kg body weight in 0.9% NaCl, s.c.). Anaesthesia medi-
cation was delivered by intraperitoneal injections. There is a postopera-
tive pain therapy with Buprenorphine (0.05 mg/kg body weight, s.c.). For
in vivo re-expression adeno-associated-virus (AAV) vectors were
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injected into the tail vein (2 � 1012 viral particles/mouse) of anaesthe-
tized mice, 2 weeks after TX injections under 2% [vol/vol] Isoflurane
inhalation.

2.2 Echocardiography analysis
Echocardiography was performed in anaesthetized mice, under 2% [vol/
vol] Isoflurane inhalation, as described previously.12 Ventricular dimen-
sions were measured with a Visual Sonics Vevo 2100 Imaging System
equipped with a 45 MHz MS-550D MicroScan transducer. The observer
was unaware of genotype and treatment. All procedures were per-
formed by the SFB 1002 service unit (S01 Disease Models) according to
standard operating procedures.

2.3 Telemetric electrocardiogram analysis
Mice were implanted with telemetric electrocardiogram (ECG) trans-
mitters ETA-F10 (Data Science International) subcutaneously as de-
scribed before.13 The telemetry transmitter (model: TA-F10, Data
Sciences International) was implanted under anaesthesia consisting of
Medetomidine (0.5 mg/kg body weight in 0.9% NaCl, i.p.), Midazolam
(5 mg/kg body weight in 0.9% NaCl, i.p.), and Fentanyl (0.5 mg/kg body
weight in 0.9% NaCl, i.p.). Anaesthesia was antagonized by Atipamezol
(2.5 mg/kg body weight in 0.9% NaCl, s.c.) and Flumazenil (0.5 mg/kg
body weight in 0.9% NaCl, s.c.). Anaesthesia medication was delivered
by intraperitoneal injections. There is a postoperative pain therapy with
Buprenorphine (0.05 mg/kg body weight, s.c.). Mice were allowed to re-
cover and stabilize for 2 weeks prior to any intervention. Twenty-four-
hours ECGs were recorded before KO induction with TX and 1, 2, 4,
and 8 weeks after recombination. ECG recordings were analysed with
Ponemah Physiology Platform 6.3 (Data Science International) using
template-based analysis.

2.4 AAV vector production
AAV serotype 9 vector production and purification were done accord-
ing to Jungmann et al.14 In short, the helper plasmid pDP9rs (a derivate of
pDP2rs) and an AAV vector genome plasmid (either pds Tnnt2-rluc or
pds- Tnnt2 -mTBX5) were co-transfected into 293 T cells resulting in
AAV9-luc or AAV9-TBX5. pds- Tnnt2 -rluc contains a Renilla luciferase
reporter gene and pds Tnnt2-mTBX5 contains the murine cDNA of
TBX5 both under control of the -502/þ42 bp human troponin-T pro-
moter (Tnnt2).15 AAV vectors were purified using Iodixanol step gradi-
ent centrifugation and titrated as reported before.14

2.5 Electrophysiological study of isolated
hearts
Hearts were excised under deep terminal anaesthesia (single intraperito-
neal dose 400 mg/kg pentobarbital sodium), and the aorta was cannu-
lated and retrogradely perfused using 37�C Krebs-Henseleit buffer (in
mmol/L; NaCl 118, NaHCO3 24.88, KH2PO4 41.18, glucose 5.55, Na-
pyruvate 2, MgSO4 0.83, CaCl2 1.8, KCl 4.7) equilibrated with a 95% oxy-
gen/5% carbon dioxide gas mixture. The hearts were mounted on a ver-
tical Langendorff apparatus (Hugo Sachs Electronic-Harvard Apparatus
GmbH) and constantly perfused. An octapolar mouse electrophysiologic
catheter (CIBER MOUSE; NuMED) was placed in the right atria and ven-
tricles for atrial and ventricular pacing, respectively. Three murine mono-
phasic action potentials were continuously and simultaneously recorded
from the right ventricular free wall, septal area, and left ventricular free
wall epicardium.16 Atrial S1 pacing was performed to measure activation
times from right atrium to right ventricle; endocardial right ventricular

pacing was performed to measure ventricular activation times and both
for steady-state action potential durations. To test ventricular arrhyth-
mia inducibility, programmed ventricular stimulation was performed us-
ing a single encroaching premature stimulus (S2). All signals were
digitized and stored on digital media for offline analysis. Experiments and
analyses were performed in a blinded fashion. Details of the method
have been described previously.17

2.6 RNA isolation, reverse transcription,
and quantitative polymerase chain reaction
analysis
RNA was isolated using the NucleoSpinVR RNA kit (Macherey-Nagel,
Dueren/Germany) according to the manufacturer’s instructions. RT-
(q)PCR were performed as described previously.18 All primer
sequences used in this study are listed in Supplementary material
online, Table S1.

2.7 Statistical analysis
For comparison of more than two groups, we used one-way or two-way
ANOVA followed by appropriate post hoc test as indicated in the figure
legends. When two groups were compared Student’s t-test was carried
out. Data are presented as individual data points with mean (indicated by
a horizontal line), bar graphs with standard error of the mean (SEM), or
as box-and-whiskers-plots with the box extending from the 25th to 75th
percentile, whiskers indicating min to max, þ indicates the mean value,
and the line indicates the median. Values are presented as mean ± SEM.
P <0 .05 values were considered significant.

2.8 Study approval
All animal experiments were approved by the local competent authority;
Lower Saxony Animal Review Board—LAVES; AZ-G15/2029) or UK na-
tional body (30/2967), respectively. All procedures conform to the
guidelines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes.

All DCM, ischaemic cardiomyopathy (ICM), and NF patient samples
were collected (upon written consent) according to the Declaration of
Helsinki and were approved by the local Ethics Committee at the
University Medical Center Goettingen (AZ-31/9/00). NF controls derive
from anonymous heart transplant donors. No additional information is
available for these samples.

3. Results

3.1 Reduced ventricular TBX5 expression
is associated with failing myocardium
Although the effects of TBX5 loss in congenital heart disease have been
well documented in humans and rodents TBX5 regulation in heart failure
was elusive.19 We examined TBX5 expression in samples obtained from
the left ventricles of NF hearts and from patients with ICM and DCM;
89% of the patients presented with arrhythmias as ventricular tachycar-
dia, atrial fibrillation, or syncope (Figure 1A). We found TBX5 protein to
be of significantly lower abundance in ICM and DCM vs. NF heart mus-
cle, suggesting a role for TBX5 beyond the context of congenital heart
disease (Figure 1B).

In line with previous reports showing strong expression of TBX5 in
the adult murine atria and the VCS (6), we found the ventricular TBX5
transcript in the ventricles corresponded to �5% of the expression

1910 F.S. Rathjens et al.
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observed in the atria (Figure 2B, Tbx5 levels of Flox ventricles vs. Flox
atria). Immunostainings demonstrated prominent TBX5 signal in atrial
tissue and AV node and lower levels of TBX5 in CX43pos cells through-
out the mouse ventricular myocardium (Supplementary material online,
Figure S1).

Intrigued by this expression, we aimed to investigate the role of
TBX5 in the adult heart and generated a conditional TX-inducible
CM-specific KO mouse model (Myh6-MerCreMer/TBX5LDN/LDN) by
mating two established mouse models (Figure 2A).9,10 TX-induced re-
combination significantly reduced TBX5 transcript in the ventricles,
but not in the atria (Figure 2B), resulting in a ventricular-specific Tbx5
KO model (as vTbx5KO). Immunofluorescence analysis of the differ-
ent cardiac compartments showed that after recombination TBX5
was still expressed in the VCS (AV node and Bundle of HIS) and
atria (right and left) but not in the right and left ventricles
(Supplementary material online, Figure S2A–D). Semi-quantification
analysis further corroborated this observation and showed an insignif-
icant reduction of TBX5 positive nuclei in vTbx5KO mice in atrial
and nodal cells but a significant reduction ventricular CMs
(Supplementary material online, Figure S2E).

TBX5 loss in the ventricles significantly reduced animal survival 3–
4 months after recombination (Figure 2C). Sixteen weeks post-

recombination, stroke volume (SV) was significantly reduced, and cardiac
function as indicated by ejection fraction (EF) was deteriorated
(Figure 2D) in comparison to Cre controls (Supplementary material on-
line, Figure S3A). No fibrosis was observed in Cre control or vTbx5KO
hearts as shown by picrosirius red staining (Supplementary material on-
line, Figure S3B).

3.2 vTbx5KO leads to accelerated cardiac
decompensation upon remodelling
To study the role of TBX5 upon cardiac remodelling, we induced mild
hypertrophy by chronic stimulation with Ang II in vTbx5KO and
TBX5LDN/LDN Cre negative (Flox) control mice. Four weeks after re-
combination, Flox and vTbx5KO mice did not show differences in cardiac
function (EF), hypertrophic growth (HW/BW; heart weight/body weight,
LVPWth; left ventricular posterior wall thickness), or fibrosis
(Figure 2E–G). Ang II-treated vTbx5KO mice developed heart failure with
reduced EF (Figure 2E) and an exacerbated hypertrophic and fibrotic re-
sponse (Figure 2E–G). Although Ang II treatment-induced hypertrophy in
both Flox and vTbx5KO mice (Figure 2E), only the latter exhibited left
ventricular dilation (LVIDd; left ventricular inner diameter in diastole;
Figure 2E), indicating an earlier onset of decompensation in the absence
of TBX5.

Figure 1 TBX5 expression in human and mouse left ventricles. (A) Table showing the information of the individuals from whom ventricular biopsies were
obtained. Patients with DCM and ICM in contrast to NF controls, 89% of them suffered from arrhythmias. (B) Representative immunoblot analysis of TBX5
in human left ventricles of DCM, ICM, and NF samples normalized to CASQ2 or GAPDH. Samples loaded on the same blot, but non-contiguously, are indi-
cated by a black line (total sample size: NF n = 7; DCM n = 11; ICM n = 11 biological replicates). Data are presented as mean± SEM. Statistical analysis was
performed by one-way ANOVA with Dunnett’s multiple comparison post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 Characterization of vTbx5KO mice cardiac function under basal and stress conditions. (A) Mating scheme for vTbx5KO mouse generation by
mating Myh6-MerCreMer10 and TBX5LDN/LDN9 mice. (B) RT-(q)PCR analysis of TBX5 recombination in the ventricles and in the atria (Flox n = 5; KO = 6 bi-
ological replicates). (C) Survival curve of vTbx5KO mice shows significantly reduced lifespan as compared to control mice (Cre n = 9; Flox n = 4; KO n = 24
biological replicates). (D) vTbx5KO shows cardiac dysfunction with mildly reduced EF and SV decrease 16 weeks post-recombination (KO pre n = 19, 8w
n = 18, 16w n = 12 biological replicates: the animal number decreased due to SCD). (E) Angiotensin (Ang) II-treated vTbx5KO mice show exacerbated car-
diac function (EF), hypertrophic remodelling (HW/BW; heart weight/body weight, LVPWth; left ventricular posterior wall thickness) and decompensation
(LVIDd; left ventricular inner diameter in diastole) as compared to Ang II-treated Flox mice (Flox vehicle n = 19; Flox Ang n = 11; KO vehicle n = 7; KO Ang

1912 F.S. Rathjens et al.
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..3.3 TBX5 expression is essential for
electrical signal propagation in the adult
ventricle
To evaluate the impact of TBX5 loss on electrical signal propagation, we
monitored cardiac rhythm by telemetric ECG analysis. Two weeks upon
recombination, we observed significant PR and QRS prolongation (Figure
3A and B) in vTbx5KO mice. Flox and Cre controls had no significant
changes in ECG parameters. Eight weeks upon recombination PR and
QRS interval were prolonged by 26 ± 2 and 7.5± 1.2 ms, respectively. In
line, QT interval was significantly increased and the heart rate (HR) was
decreased (Supplementary material online, Figure S3C). All vTbx5KO
mice presented 2nd-degree atrioventricular blocks, in line with published
data.7,8,19 We also recorded 3rd-degree AV blocks with ventricular es-
cape rhythm, ventricular tachyarrhythmias, and occasionally asystoles
(Figure 3C). The increased propensity for ventricular arrhythmia was fur-
ther demonstrated by right ventricular endocardial septal S1S2 pacing in
isolated hearts showing arrhythmias in 60% of the vTbx5KO vs. 23% and
38% in Flox and Cre hearts, respectively (Supplementary material online,
Figure S3D).

S1 pacing in isolated hearts with an octapolar catheter showed a
prolonged electrical propagation from the RA to RV in vTbx5KO
(13.5 ± 4.6 ms vs. Cre/Flox; Figure 3D), in line with the PR prolonga-
tion observed by telemetry as well as previous findings reported in a
VCS-specific TBX5-KO model (6). Interestingly, we observed signifi-
cant delays in electrical activation time from the RV septum to the
epicardial free wall (2.5 ± 0.8 ms vs. Cre/Flox), from the RV to the
ventricular septum (3.5 ± 1.4 ms vs. Cre/Flox) and from the RV endo-
cardium to the LV of vTbx5KO hearts (4.5 ± 1.6 ms vs. Cre/Flox).
These data supported the hypothesis that TBX5 is a critical and so far
underappreciated control element for the electrical activation in the
working myocardium.

3.4 Transcriptome and chromatin
occupancy analysis reveals novel TBX5
targets in the adult ventricle
To decipher the molecular mechanisms underlying arrhythmia develop-
ment and cardiac decompensation after TBX5 loss, we set to identify the
ventricular TBX5 targets by integrative transcriptome and chromatin oc-
cupancy analysis. The latter showed that TBX5 binds preferably at pro-
moter regions (<1000 bp from transcription start site, TSS), intronic
regions and regions at the 50 UTR of target genes (Figure 4A). TBX5 is
known to bind to promoter regions as well as active enhancer regions
and synergistically activate gene transcription by associating with
GATA422 and NKX2.5.23 Conversely, TBX5 competes with transcrip-
tional repressors such as TBX324 by binding at the same regions. Hence,
we examined TBX5 co-occupancy with known epigenetic marks of ac-
tive enhancers such as polymerase 2 (POL2) and histone H3 lysine 27

acetylation (H3K27ac)25 as well as NKX2.5, GATA4 and TBX324 using
public data (Figure 4D). In total, 2046 TBX5-bound regions showed co-
occupancy with H3K27ac and POL2, indicating that these are active en-
hancer regions.26,27 Statistical analysis showed high correlation of TBX5
occupancy with POL2, H3K27ac, NKX2.5, GATA4, and TBX3 (r = 0.78,
0.82, 0.75, 0.58, and 0.82 respectively; Figure 4E), in line with previously
published data showing binding of TBX5 close to NKX2.5, GATA4, and
TBX3 binding sites. To find novel transcription factors which may co-
operate or compete with TBX5 for the regulation of the same genes, we
performed de novo motif analysis by HOMER of TBX5-bound active en-
hancer regions (indicated by H3K27ac enrichment). Besides the
expected NKX2.5 and GATA4 motifs, the most enriched motif was
Myeloid Ecotropic Viral Integration Site 1 and 2 (Meis 1 and 2; Figure 4F).
These transcription factors are important for limb formation28 as well as
CM cell cycle control,29 similar to TBX5,30,31 but so far have not been
linked to TBX5-dependent transcription.

To identify genes affected by ventricular TBX5 down-regulation, Flox
controls, and vTbx5 (Supplementary material online, Figure S5A, Table
S4), which may have contributed to blood clot formation observed in all
investigated vTbx5KO mice (Supplementary material online, Figure S5B).
KO ventricles were subjected to RNA-sequencing (n = 3/group). We
identified 97 significantly down-regulated and 93 significantly up-
regulated transcripts (P < 0.05 and log2FC >_ 0.8; Figure 5A, full list in
Supplementary material online, Table S2). Gene ontology (GO) analysis
of the down-regulated transcripts identified an association with muscle
system processes such as ‘contraction and conduction’, ‘potassium ion
transmembrane transport’, and ‘muscle adaptation’ (Figure 5B,
Supplementary material online, Table S3). On the other hand, GO en-
richment of the up-regulated genes indicated the blood coagulation-
related process ‘platelet activation’.

To determine the intersection of genes bound by TBX5 and transcrip-
tionally dysregulated upon TBX5 loss, we integrated the TBX5-bound
genes with regulated transcripts (RNA-Seq, log2FC > 0.8, P < 0.05) upon
TBX5 loss. The analysis of 2362 TBX5 active enhancer-associated genes
and 190 regulated genes resulted in intersections of 7 (out of 93) up-
regulated and 47 (out of 97) down-regulated genes (Figure 5C, full list in
Supplementary material online, Table S5). None of the 7 up-regulated
transcripts was implicated in blood coagulation or platelet activation, in-
dicating that genes implicated in platelet activation are not directly regu-
lated by TBX5. In addition, we could not detect any coagulation gene
cluster in the complete gene pool associated to the total 8849 TBX5
peaks. GO of the intersection of down-regulated genes bound by TBX5
included conduction and contraction (Gja1, Kcnj5, Kcng2, Cacna1g,
Chrm2), cytoskeleton organization (Fstl4, Pdlim4, Emilin 2, Cmya5) as well
as cardiac protection upon hypertrophic response (Fhl2, Gpr22, Fgf16;
Figure 5D, Supplementary material online, Table S5) and thus rendering
them putative contributors to the observed heart failure with arrhythmia
phenotype in vTbx5KO mice.

Figure 2 Continued
n = 7 biological replicates). (F) CM Cross-sectional cell area (CSA) is increased in Ang II-treated vTbx5KO mice compared to Ang-Flox mice (Flox
vehicle n = 19; Flox Ang n = 11; KO vehicle n = 12; KO Ang n = 11 biological replicates). (G) Collagen staining with picrosirius red shows that Ang II-
induced fibrosis is exacerbated in vTbx5KO vs. Flox mice. Scale bar: 1 mm. Data are presented as mean ± SEM. Statistical analysis was performed by
(B) one-way ANOVA with Dunnett’s multiple comparison post hoc test; (C) log-rank test (Mantel–Cox); (D–F) paired t-tests; (G) One-way
ANOVA followed by Sidak’s multiple comparison post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3 vTbx5KO mice presented with conduction defects and arrhythmia. (A) Representative ECG traces of Flox and vTbx5KO mice recorded by
telemetric ECG 2 weeks upon recombination. (B) Statistical analysis of telemetric ECG measurements reveals prolonged PR and QRS intervals from 1 to
8 weeks post-rec. Line indicates Cre control mean value ± SEM 4 weeks post-rec (Cre n = 6; Flox n = 6; KO n = 7–13 biological replicates. The animal
number decreased during measurements due to SCD). (C) vTbx5KO mice present with atrioventricular blocks, ventricular tachycardias, and asystoles.
(D) Electrophysiological studies of isolated paced Flox, Cre, and vTbx5KO hearts show prolonged activation times from RA to RV, endocardial RV to epi-
cardial RV, RV to septum, and RV to LV (Cre n = 10; Flox n = 8; KO n = 8 biological replicates). Data are presented as mean ± SEM. Statistical analysis was
performed by (B) one-way ANOVA with Sidak’s multiple comparison post hoc test against pre-recombination data of the same group; (D) One-way
ANOVA followed by Tukey’s multiple comparison post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4 Chromatin Immunoprecipitation analysis of endogenous TBX5 in the adult mouse ventricle. (A) Analysis of enriched genomic locations upon
TBX5-ChIP shows that TBX5 preferably binds to promoter sites, downstream of the gene body, in the 50 UTR and intronic regions (CEAS package20 on
Cistrome). TBX5-bound regions were annotated to genes using GREAT.21 These regions were analysed for the 10 most enriched biological process clus-
ters (B) and the 10 most enriched human disease phenotype clusters (C) of TBX5 peaks. (D) Heatmaps showing that TBX5 bound regions are highly co-
occupied by marks of active enhancers (H3K27ac, POL2),25 known cofactors (NKX2.5, GATA4) and TBX324; analysed data from previously published
datasets. (E) Statistical analysis of co-occupancy showing Pearson’s correlation coefficients. The scale bar in (B) depicts normalized RPKM values and in
(C) co-occupancy percentage. (F) De novo motif analysis by HOMER of total TBX5 bound regions. The scale bar in (B) depicts normalized RPKM values
and in (C) co-occupancy percentage. Results are displayed in (D) as heatmaps using deeptools in Galaxy and in (E) as the statistical analysis of co-occu-
pancy showing Pearson’s correlation coefficients.
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..3.5 Validation of ventricular TBX5
downstream targets
Transcript expression of the identified TBX5 genomic targets was signifi-
cantly down-regulated upon in vTbx5KO vs. Flox and Cre controls
(Figure 6A). The identified putative TBX5 enhancer regions for these
genes (Figure 6B) were co-occupied by POL2, H3K27ac, TBX3, NKX2.5,
and GATA4 (Supplementary material online, Figure S6–S8). Moreover,
TBX5 ChIP-qPCR analysis in vTbx5KO vs. Flox ventricles for a subset of
genes (Gja1, Kcnj5, Cacna1g, Chrm2, Fhl2, Fgf16, and Pdlim4) showed no
enrichment in the absence of TBX5 providing proof that these newly
identified genomic regions are bona fide TBX5 enhancer elements
(Figure 6C).

To validate the impact of TBX5 loss on the protein expression of ven-
tricular genes overlapping in the RNA and ChIP-Seq data, we analysed
connexin 43 (CX43, encoded by Gja1) and G-Protein coupled inward
rectifier potassium channel 4 (GIRK4, encoded by Kcnj5) in vTbx5KO
hearts. VTbx5KO ventricles showed a sustained reduction of both pro-
teins (Figure 6D and E, Supplementary material online, Figure S9A–C).

To confirm regulatory activity of TBX5 on identified enhancer regions
of Gja1 and Kcnj5, we performed luciferase-based activity experiments.
The TBX5 enhancer region for Kcnj5 is located 1 kb downstream of the
30 UTR, whereas for Gja1 is located 600 kb downstream its TSS
(Figure 6B). The latter region is identified as an enhancer with a cardiac
expression pattern in the mouse embryo (Enhancer Browser; https://en

Figure 5 Integrative chromatin occupancy and transcriptome analysis identified novel putative TBX5 downstream targets in the adult ventricle. (A)
RNA-Sequencing results displayed in a volcano plot. Ninety-seven genes are down- and 93 are up-regulated in vTbx5KO ventricles using a cut-off of
P < 0.05 and log2-fold-change of >0.8 or <-0.8. (B) Gene ontology analysis (ClueGO32,33) of biological processes of the down-regulated genes in
vTbx5KO mice. (C) TBX5 co-occupancy with marks of active enhancers H3K27ac and POL2 identified 2046 putative TBX5 active enhancers. These were
annotated to genes with GREAT (Gja1 and Fgf16 enhancers were not annotated automatically by GREAT, but manually identified by BED file analysis in
the IGV platform34,35). Venn-diagram shows the intersection of those genes with the regulated transcripts of the RNA-Seq analysis. (D) Gene ontology
analysis of biological processes for 47 ventricular TBX5 targets.
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Figure 6 Validation of the newly identified ventricular TBX5 target genes. (A) Validation of target gene expression by RT-(q)PCR (Flox, light grey
n = 13; Cre, dark grey, n = 11; vTbx5KO, red, n = 10). (B) Visualization of the corresponding TBX5 peaks related to the 47 down-regulated genes de-
scribed using IGV. The TBX5-ChIP-Seq lane is displayed in red and gene features in blue. The peaks that were investigated further are indicated with green
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..hancer.lbl.gov/; data set mm7436). We could not detect the TBX5-
binding peak at 30 MB distance from the TSS identified previously (7) as
a putative TBX5 enhancer for atrial Gja1 (Supplementary material online,
Figure S9D). The newly identified enhancers were co-occupied by
GATA4 and NKX2.5 (Supplementary material online, Figure S6) and con-
tained three T-box binding elements (TBE). Co-transfection of TBX5
encoding cDNA plasmid activated the Gja1 and Kcnj5 enhancers
(Figure 4F), providing proof for the direct control of Gja1 and Kcnj5 tran-
scription by TBX5 in ventricular myocardium.

3.6 TBX5 re-expression restores related
transcriptional profiles and ameliorates
cardiac function and conduction in
vTbx5KO mice
Our data showed that ventricular suppression of TBX5 is detrimental to
the adult heart due to transcriptional dysregulation of important cardiac
genes implicated in cardiac rhythm regulation. Thus, we asked whether
TBX5 re-expression, after long-term reduction, could restore its tran-
scriptional programme and rescue from arrhythmias. To address this
question, we initially planned to transduce mice 2 months after recombi-
nation. However, due to the high SCD incidence in vTbx5KO under iso-
flurane anaesthesia (60%), we had to transduce mice 2 weeks upon
recombination, when the TBX5 targets are already deregulated and
arrhythmias are already present, but the mortality rate under anaesthesia
is zero. AAV9 particles (2 � 1012 viral particles per mouse) containing
the coding sequence of TBX5 (KO-RE, n = 13) under the Tnnt2 pro-
moter or a control vector (KO-CT, n = 11) were used. AAV9-TBX5 re-
expression was validated at the protein level by immunoblot analysis
(Supplementary material online, Figure S10A). The long-term TBX5 over-
expression did not alter the heart dimensions as demonstrated by CM
cross-sectional area analysis, HW/BW measurements, and bright-field
images of the hearts (Supplementary material online, Figure S10B–D). Six
weeks upon AAV9 injections, the levels of TBX5 and its downstream tar-
gets were significantly higher in KO-RE mice as compared to the KO-
CT, with most of them reaching the levels of respective Cre control
(Figure 7A–C). Immunofluorescence analysis of TBX5 and CX43 in KO-
CT and KO-RE (n = 3/group) showed robust re-expression of TBX5 and
CX43 in the ventricles (Supplementary material online, Figure S11).
Interestingly, CMs with no detectable TBX5 expression strongly
expressed CX43.

To evaluate the relevance of TBX5 normalization in cardiac function,
arrhythmia, and SCD incidence upon its long-term loss, a subset of mice
(n = 6 KO-CT and n = 5 KO-RE) was followed for �16 weeks upon
AAV9 re-expression. KO-RE mice showed no signs of progressive car-
diac dysfunction as observed in KO-CT in the course of 16 weeks

(Figure 7D). RR tachography showed that over the following 10 weeks
KO-CT severely deteriorated whereas KO-RE mice presented with a
more regular RR similar to Cre controls (Figure 7E). Moreover, QRS was
significantly shorter in KO-RE mice compared to KO-CT (Figure 7F)
reaching the QRS levels of Cre control mice and KO-RE mice were res-
cued from SCD (Figure 7G).

These data provide proof of principle that normalization of TBX5
level is sufficient to recover the altered transcriptional dysregulation and
protect the heart from fatal arrhythmias and pathologic remodelling by
restoring TBX5-mediated transcription.

4. Discussion

TBX5 is an essential transcription factor for normal cardiac development
and mutations in the TBX5 locus are linked to abnormal cardiac conduc-
tion (Holt–Oram Syndrome). The role of TBX5 in the atria and the VCS
has been investigated in detail.7,8 On the contrary, due to the relatively
low TBX5 levels in the ventricular myocardium, it was believed that its
role in this cardiac compartment may be less important.

We have previously shown that TBX5 levels are reduced upon
chronic Ang II stimulation in adult mouse hearts.11 Similarly, in a rat
heart-on-a-chip model, chronic Ang II stimulation resulted in lower levels
of Tbx5 and its target Scn5a37 Our current study demonstrates for the
first time that ventricular TBX5 is also suppressed in human heart failure,
suggesting that its loss may participate in cardiac pathologies beyond
congenital heart disease.

To investigate the impact of ventricular TBX5 loss in the adult hearts,
we generated a TBX5 KO mouse model using the Myh6-MerCreMer
mouse line (vTbx5KO), which resulted in significant loss of TBX5 in the
working myocardium but not in atria or VCS. Although the underlying
mechanism remains elusive, genetically modified mice mated with Myh6-
MerCreMer have been reported to present inefficient recombination in
the atria.38–40 At baseline, vTbx5KO mice presented with progressive
dysfunction similar to what is observed in TBX5 haploinsufficient
mice.7,41 Ang II-treated vTbx5KO showed an exacerbated function and
hypertrophy as compared to Ang II Flox controls, which is in line with
the observation that HOS patients with different mutations of TBX5
leading to haploinsufficiency suffer from cardiac hypertrophy.42

Moreover, vTbx5KO presented with AV blocks and tachycardias as it
was reported for HOS patients with TBX5 loss of function.42

Since vTbx5KO mice still showed prominent TBX5 expression in the
conduction system, we investigated whether the impact of TBX5 loss in
the working myocardium would lead to phenotype of similar severity as
the one observed in VCS-specific TBX5 deletion.7 Interestingly, the delay
in electrical signal propagation in the ventricles (QRS) was 70% more

Figure 6 Continued
bars. Immunoblot analysis of CX43, GIRK4, and GAPDH shows a strong down-regulation of CX43 and GIRK4 in vTbx5KO mice. Representative
blot of n = 6 per group. (C) ChIP-qPCR analysis of the novel TBX5 enhancer regions in vTbx5KO mice vs. Flox ventricles (n = 3 biological repli-
cates/group). (D) Immunoblot analysis of CX43, GIRK4, and GAPDH shows a significant down-regulation of CX43 and GIRK4 in vTbx5KO mice.
Representative blot of n = 6 per group. (E) CX43 expression is strongly reduced in the ventricle of vTbx5KO mice shown by immunofluores-
cence staining for CX43 (red) and cTNT (green). Scale bar: 50mm. (F) Gja1 and Kcnj5 enhancer activity analysis by luciferase measurements
show enhancement of luciferase expression by TBX5 co-transfection (n = 9 technical replicates/3 independent experiment). EV: expression vec-
tor pCMV2c-flag, and TBX5: pCMV2c-TBX5-flag. Data are presented as mean ± SEM. Statistical analysis was performed by (A) one-way
ANOVA for each transcript followed by Tukey’s multiple comparison post hoc test; (C, F) unpaired, two-tailed Student’s t-test, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7 In vivo TBX5 re-expression rescues arrhythmic phenotype of vTbx5KO mice while restoring TBX5-mediated transcription. (A) Transcript lev-
els of newly identified ventricular TBX5 targets were analysed by RT-(q)PCR (KO-RE, TBX5-re-expression, blue, n = 7; KO-CT, control vector, red, n = 6
biological replicates). SCN5a was used as a known TBX5 target. All transcript values are normalized to the corresponding values from Cre controls,
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.pronounced as compared to the VCS TBX5KO model.7 To validate that
the exacerbated delay in ventricular cardiac conduction in the vTbx5KO
vs. the published conduction-specific model is due to the loss of TBX5 in
the ventricular myocardium, we performed S1 pacing in isolated Flox,
Cre, and vTbx5KO hearts. We observed significantly longer activation
times in the ventricular myocardium of vTbx5KO mice validating that
loss of TBX5 in the myocardium contributes to an exacerbated electrical
signal propagation delay. In line with these data, we observed earlier on-
set and higher propensity of SCD in vTbx5KO mice compared to the
previous described VCS TBX5KO model,7 strongly supporting the im-
portance of TBX5 in the whole ventricle. Moreover, the global and ho-
mogeneous suppression of TBX5 and its targets in the working
myocardium suggest that it is rather unlikely that the observed pheno-
type is the result of heterogenous TBX5 expression in the ventricle.

To investigate the effect of ventricular TBX5 loss on target expres-
sion, we performed integrative genome-wide chromatin occupancy in
wild-type mice and comparative transcriptome analysis of vTbx5KO vs.
Flox mice. VCS-specific TBX5 deletion has been shown to result in
Nav1.5 (aka Scn5a) and CX40 down-regulation.7 Our transcriptomic
analysis revealed regulation of known TBX5 targets such as Scn5a but
not at the same level as novel ventricular targets including Gja1, Kcnj5,
and Chrm2 in the vTbx5KO ventricles, which were not affected in the
conduction-specific TBX5 KO model, strongly supporting a
compartment-specific action of TBX5 in the adult myocardium.

Kcnj5 is translated into a G-protein activated inward rectifier potas-
sium channel subunit 4 (GIRK4) of the cardiac muscarinic channel
(IKAch). In the atria and AV node, acetylcholine released from the para-
sympathetic nerves activates CHRM2, which in turn activates IKAch,
allowing cell hyperpolarization and thus heart rate deceleration.43 The
role of both GIRK4 and CHRM2 in the ventricles is not well studied be-
cause of the dogma supporting the absence of parasympathetic innerva-
tion in the ventricular myocardium (for review see Ref.44). However,
several studies recently demonstrated the opposite45,46 and further
showed that parasympathetic denervation results in ventricular arrhyth-
mias which can be rescued by addition of acetylcholine. Moreover, there
is a number of in vivo studies in which vagal nerve stimulation reduced
arrhythmias post-MI and even normalized CX43 expression (for review
see Ref.44). Importantly, Kcnj5 mutations in humans result in decreased
expression of GIRK4 in the ventricle, delay of ventricular conduction,
and repolarization leading to long QT syndrome 13 (LQTS13).47 Chrm2
mutations lead to familial DCM with high incidence of SCD, ventricular
arrhythmias, and AV blocks.48 In line with these observations, vTbx5KO

mice show reduced Kcnj5 and Chrm2 expression, a delay in ventricular
conduction, spontaneous VTs and SCD. Hence, we show evidence sup-
porting the contribution of parasympathetic nerves in ventricular ar-
rhythmia development and indicate a role for TBX5-mediated regulation
of CHRM2 and GIRK4 in the ventricles.

Moreover, the observed electrical signal propagation delay in
vTbx5KO myocardium may be partially attributed to the massive ventric-
ular CX43 loss. CX43 is the predominant connexin that is responsible
for electrical coupling of the working myocardium.49 CX43 KO in adult
mouse hearts leads to QRS prolongation and SCD.50 Although CX40
has been identified as the molecular target of TBX5 in the VCS, it has
been recently shown that TBX5 KO in the atria leads to CX43 repres-
sion at the transcription level.8 We now identify the TBX5 enhancer re-
gion of Gja1 and show that ventricular TBX5 KO results in significant
repression of CX43 protein levels in the adult working myocardium.
Similar to our KO model, DCM and ICM hearts presented with arrhyth-
mias express significantly lower CX43 levels,51 strongly suggesting a role
for TBX5 in this pathophysiological mechanism.

Since we found that ventricular TBX5 levels are particularly low in
heart failure patients, we tested the potential of TBX5 re-expression to
protect the heart from arrhythmia and remodelling after long-term
TBX5 loss. The most important question was, if the re-expression of a
single transcription factor would be able to reduce the already devel-
oped arrhythmias by re-establishing the transcriptional balance in
vTbx5KO mice. Therefore, we initially administered TBX5 packaged in
AAV9 2 months after TX injections. However, we did not anticipate that
60% of the vTbx5KO mice would die under isoflurane anaesthesia. This
observation raised the point of anaesthesia-induced SCD in vTbx5KO
mice and led us to inject the mice 2 weeks after TX injections. At this
timepoint, CX43 and other conduction-related proteins were already
significantly reduced, and the mice already developed AV blocks and
QRS prolongation. Although the mice already developed a phenotype,
they were not susceptible to anaesthesia-induced SCD.

In contrast to a previous report in which CM-specific overexpression
of an isoform of TBX5 leads to cardiac hypertrophy,52 in our model,
TBX5 normalization did not alter the cardiac dimensions. TBX5 re-
expression restored TBX5-dependent transcription related to electrical
signal propagation and cardioprotection. TBX5 targets identified in
vTbx5KO mice as Gja1, Kcnj5, and Chrm2 as well as commonly identified
targets Scn5a were partially normalized (as compared to the respective
Cre control). Interestingly, co-immunostaining of TBX5 and its target
CX43 showed that not all CX43 positive CMs expressed TBX5

Figure 7 Continued
which are depicted with a dashed line. (B) Western blot analysis of CX43 and FHL2 protein levels normalized to GAPDH (KO-RE, n = 7; KO-CT
n = 6 biological replicates). (C) Representative immunofluorescence analysis of CX43 in Cre, KO-CT, and KO-RE. Note the low expression of
CX43 in KO-CT ventricles and its restoration in KO-RE hearts. (D) Echocardiography analysis parameters of KO-CT (red, n = 5 biological repli-
cates) vs. KO-RE mice (blue, n = 6 biological replicates) monitored up to 14 weeks upon AAV9 injections. (E) Heart rate variability (HRV) repre-
sented by Poincaré plots; low variability in KO-RE indicates lower incidence of arrhythmia compared to KO-CT. One thousand consecutive
beats were included per mouse/plot. The Poincaré plots were statistically analysed, the standard deviation of the HRV (SD1) was clearly in-
creased in KO-CT mice (suggestive of arrhythmias) and remained comparable to Cre control mice after AAV9- transduction (KO-RE). Dashed
lines indicated Cre mean values ± SEM. Statistical analysis of SD1 from HRV analysis shows significantly lower HRV in KO-RE vs. KO-CT mice.
(n = 5 biological replicates per group). (F) QRS interval in KO-RE mice is significantly lower than KO-CT at 6, 12, and 16 weeks after TBX5 AAV9
injections. (G) Survival curve of KO-RE vs. KO-CT mice (KO-CT and KO-RE n = 5 and n = 6 biological replicates, respectively). Statistical analysis
was performed by (A, B, E) unpaired, two-tailed Student’s t-test; (F) two-way ANOVA followed by Sidak’s multiple comparison post hoc test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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.
suggesting a cell-non-autonomous regulation of CX43. However, we
cannot rule out that low, undetectable by immunofluorescence levels of
TBX5 may still be present and drive transcription. Importantly, the tran-
scriptional restoration by TBX5 normalization significantly reduced heart
rate variability and QRS intervals to levels similar to Cre control mice
and rescued the mice from SCD.

To the best of our knowledge, the current study provides the first
proof-of-concept for the therapeutic potential of TBX5-related tran-
scription normalization as a mean to reduce arrhythmia and SCD pro-
pensity. Finally, it suggests that re-expression of key transcription factors
which are dysregulated in heart failure can alleviate transcriptional imbal-
ance and reverse already developed pathological phenotypes.
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GEO under the accession number GSE101615.
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Translational perspective
Cardiovascular disease (CVD) is the number one cause of death worldwide (WHO factsheets 09/2016). Although more than 60% of CVD-related
deaths are due to out-of-hospital sudden cardiac death (SCD), we have little insight in the mechanisms underlying SCD pathophysiology. Our data
show a link between TBX5 dysregulation and arrhythmia occurrence in patients. To test the therapeutic potential of TBX5, we normalized TBX5
levels in a mouse model with TBX5 dysregulation, which developed arrhythmias and SCD. TBX5 normalization re-established TBX5 target gene ex-
pression and more importantly, rescued the arrhythmia phenotype. Altogether, we provide proof-of-concept for the therapeutic potential of TBX5
expression restoration against arrhythmia and SCD.
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