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Genome-wide association studies have identified noncoding vari-
ants near TBX3 that are associated with PR interval and QRS du-
ration, suggesting that subtle changes in TBX3 expression affect
atrioventricular conduction system function. To explore whether
and to what extent the atrioventricular conduction system is af-
fected by Thx3 dose reduction, we first characterized electrophys-
iological properties and morphology of heterozygous Thx3 mutant
(Thx3*'~) mouse hearts. We found PR interval shortening and pro-
longed QRS duration, as well as atrioventricular bundle hypoplasia
after birth in heterozygous mice. The atrioventricular node size
was unaffected. Transcriptomic analysis of atrioventricular nodes
isolated by laser capture microdissection revealed hundreds of
deregulated genes in Thx3*~ mutants. Notably, Tbx3*~ atrioven-
tricular nodes showed increased expression of working myocardial
gene programs (mitochondrial and metabolic processes, muscle
contractility) and reduced expression of pacemaker gene programs
(neuronal, Wnt signaling, calcium/ion channel activity). By inte-
grating chromatin accessibility profiles (ATAC sequencing) of atrio-
ventricular tissue and other epigenetic data, we identified Thx3-
dependent atrioventricular regulatory DNA elements (REs) on a
genome-wide scale. We used transgenic reporter assays to deter-
mine the functionality of candidate REs near Ryr2, an up-regulated
chamber-enriched gene, and in Cacnalg, a down-regulated con-
duction system-specific gene. Using genome editing to delete can-
didate REs, we showed that a strong intronic bipartite RE
selectively governs Cacnalg expression in the conduction system
in vivo. Our data provide insights into the multifactorial Thx3-
dependent transcriptional network that regulates the structure
and function of the cardiac conduction system, which may underlie
the differences in PR duration and QRS interval between individ-
uals carrying variants in the TBX3 locus.
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he atrioventricular (AV) conduction system facilitates elec-

trical impulse conduction from the atria to the ventricles and
coordinates synchronized ventricular activation. T-box transcrip-
tion factor 3-encoding gene Tbx3 is specifically expressed in the
AV conduction system, and loss-of-function and gain-of-function
experiments have demonstrated that Tbx3 is required for cardiac
conduction system development and homeostasis (1). Common
variation in the gene desert upstream of 7BX3 has been associated
with PR interval and QRS duration (2-6) (SI Appendix, Fig. S1).
Since the activity of regulatory DNA elements (REs) is largely
confined to a topologically associating domain (TAD) (7-12) we
hypothesize that the PR and QRS interval-associated variants in
the TAD cause subtle differences in 7BX3 expression resulting in
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altered AV conduction system function. The mechanistic relation
between modest TBX3 expression differences and AV conduction
system function has not been investigated yet.

Insight into the transcriptional regulatory network controlling
the development and function of the AV conduction system has
been largely derived from animal knockout studies on individual
transcription factors. These studies uncovered crucial roles for
transcription factors including Tbx5, Tbx3, Nkx2-5, and Etvl (1,
13, 14). Nevertheless, full molecular characterization of the AV
conduction system has been hampered by the small size and
heterogeneous composition of the AV node and bundle (15, 16).
In addition, relevant cell lines modeling this tissue and human
AV conduction system samples are insufficiently available. To
investigate the repercussions of lower 7bx3 expression on the AV
conduction system, we characterized the AV conduction system
morphology and function of Thx3 haploinsufficient (Thx3*'7)
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mice, isolated AV nodes and defined their transcriptome, gen-
erated a genome-wide chromatin accessibility map of AV con-
duction system cells, and identified putative Tbx3-dependent AV
conduction system REs. To gain insight into the in vivo function
of such REs, we deleted an example bipartite RE with a strong
epigenetic signature in Cacnalg (conduction system-enriched
voltage-dependent T-type calcium channel Cav3.1; ref. 17) us-
ing genome editing.

Results

Heterozygous Loss of Thx3 Causes Postnatal AV Bundle-Bundle Branch
Hypoplasia and Affects AV Conduction. We studied the morpholo
and volume of the AV conduction system of neonatal Thx3*'~
and WT littermates by in situ hybridization on serial sections of
hearts. The AV node was defined by the presence of Hcn4
(Hyperpolarization activated cyclic nucleotide gated potassium
channel 4) and absence of Gja5 (Gap junction protein, alpha 5)
expression in the AV junction. The AV bundle and bundle
branches (BBs) were identified by coexpression of Hcn4 and
Gja5 in the AV junction and ventricular septum (16, 18-20).
Reconstructing and measuring the volumes of the Hen4* Gja5~
AV node and Hcn4*Gja5" AV bundle-BBs using three-
dimensional (3D) quantitative morphometric analysis showed
that AV node, AV bundle, and BBs were not different between
neonatal WT and Thx3*'~ hearts (Fi;. 1 A and B). In contrast,
AV bundle-BBs of 2-mo-old Thx3*'~ mice were hypoplastic,
while the AV node remained similar in size to WT littermates
(Fig. 1 C and D), thus indicating that AV bundle-BBs hypoplasia
in Thx3™'~ mice develops after birth. We found no evidence of
apoptosis (cleaved caspase-3) in hypoplastic AV bundles of
Thx3™'~ mice at postnatal day (P) 28 (SI Appendix, Fig. S2).

Next, we recorded electrocardiograms (ECGs) in vivo from
2-mo-old mice and ex vivo from hearts and found significantly
shorter PR interval (WT 27.57 + 0.62 ms and 7bx3 + 24.33 +
0.22 ms) and prolonged QRS duration (WT 8.15 + 0.62 ms and
Tbx3 + 10.33 + 0.44 ms) in 7bx3 + mutant hearts ex vivo. In
contrast, there were no differences in vivo (PR: WT 33.34 +
1.27 ms and Thx3 + 32.27 + 1.05 ms; QRS: 10.35 + 0.41 ms and
Tbx3 + 10.70 = 0.51 ms) (Fig. 1E). Furthermore, we did not
observe delta waves in ECG traces (Fig. 1F). To test whether the
autonomic nervous system concealed a possible phenotype
in vivo, we recorded ECGs in the presence of propranolol and
atropine. QRS duration in WTs did not change after autonomic
blockade (before, 9.07 + 0.30 ms; after, 8.95 + 0.40 ms), whereas
Thx3*/~ mutants had showed a trend toward QRS prolongation
from 9.07 + 0.25 ms to 9.59 + 0.38 ms (P = 0.08) (SI Appendix,
Fig. S3). Optical mapping of isolated Langendorff-perfused
hearts showed delayed apical activation at the dorsal side in
Thx3"'~ mutants compared to controls (Fig. 1G). The anterior
side showed two near simultaneous epicardial breakthroughs in
WT hearts. In mutant hearts, multiple small breakthroughs
separated by areas of late activation were present (Fig. 1G). The
epicardial activation patterns indicate a slower and less homo-
geneous activation of the ventricular chambers possibly as a
consequence of the AV bundle/BB hypoplasia. Together, these
findings reveal previously underappreciated changes in AV
conduction system morphology and function in a 7bx3
haploinsufficient mouse model.

Gene Expression Profiles of WT and 7hx3*'~ AV Nodes. Deregulation
of the AV nodal gene program is likely to contribute to PR in-
terval shortening. Therefore, we characterized the tran-
scriptomes of Thx3*/~ and WT AV nodes. We performed
fluorescence-guided laser capture microdissection to isolate la-
beled AV node tissue from P8-10 unfixed cryosections (Fig. 24).
To specifically identify AV nodes of WT and 7bx3 heterozygotes,
we generated Thx3*'*;BAC-Tbx3-Egfp and Thx3*/““ER12:.BAC-
Thx3-Egfp mice (21). BAC-Tbx3-Egfp mice express Egfp in the
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compact AV node, but not in the other tissues surrounding the
AV node (22).

As a first validation, we examined the expression of estab-
lished AV nodal, chamber, and ventricular conduction system
marker genes (15, 16, 18, 22-24). Hcn4, Cacnalg (Calcium
channel, voltage-dependent, T-type, alpha 1G subunit), Cac-
na2d2 (Calcium voltage-gated channel auxiliary subunit a2-52),
and Igfbp5 (Insulin like growth factor binding protein 5) were
highly enriched in our AV nodal samples. In contrast, genes
specific for atrial and ventricular chamber myocardium, and
ventricular conduction system, Nppa (Natriuretic peptide type
A), Gjal (Gap junction protein, alpha 1), and Gja5, were vir-
tually absent in our samples (Fig. 2C) (16, 24, 25).

Transcriptomic analysis revealed that 892 transcripts were
differentially expressed in Thx3*/~ AV nodes (12,033 total
transcripts detected, P < 0.05). Of these, 409 genes were down-
regulated, (e.g., Henl, Hen4, Cacna2d2, Kcenh2, and Cacnalg)
and 483 genes were up-regulated (e.g., Myh6, Scn5a, Kcnel, and
Ryr2; Fig. 2B and see SI Appendix, Table S1). Unsupervised hi-
erarchical clustering of the differentially expressed genes resul-
ted in two primary groups based on genotype (Fig. 2D). Gene
ontology (GO) term and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis identified genes involved in
Whnt signaling, neuronal, and voltage-gated ion channel activity
to be overrepresented in the down-regulated gene set of Thx3*/~
AV nodes. Neuronal gene profiles are found in the AV con-
duction system (22), and Wnt signaling plays crucial roles in its
development (26-28). Genes important for mitochondria, me-
tabolism, and cardiac muscle contraction were found to be
overrepresented in the up-regulated genes (Fig. 2D). As cham-
ber (working) cardiomyocytes have more mitochondria and
better developed sarcomeric structures and sarcoplasmic reticula
compared to nodal cells (29-31), it stands to reason that genes
associated with working myocardial gene programs are up-
regulated in AV nodal cells of 7hx3%/~ mice. However, the
overall changes in expression are small and are therefore un-
likely to affect detectable AV nodal properties. Indeed, we found
no difference in mitochondrial abundance (CoxIV immunolab-
eling) between WT and Thx3*'~ AV nodes (Fig. 2E and see SI
Appendix, Fig. S4). Interestingly, genes involved in calcium ho-
meostasis were found in both the down-regulated and up-
regulated gene sets. This could reflect the existence of complex
Tbx3-dependent transcriptional modulation that controls AV
node function.

To gain further insight into the transcriptional regulatory hi-
erarchy in the AV node, we cross-referenced our dataset with a
catalog of genes encoding transcription factors (32). In total,
transcripts of 710 transcription factor-encoding genes were
expressed in the AV node samples. The top 50 highest expressed
transcription factor genes include 7bx5, Tbx3, Tbx20, Mef2a,
Gata4, Gata6, and ProxI. Interestingly, 7bx5 and ProxI were
down-regulated in Thx3*'~ AV nodes (Fig. 2B) (33, 34). To-
gether, our data indicate Thx3%/~ AV nodes acquired a modest
working myocardial gene program while maintaining pacemaker
properties.

Identification of Thx3-Dependent AV Conduction System Regulatory
Elements. To identify regulatory elements active in the AV con-
duction system cardiomyocytes, we used Assay for Transposase-
Accessible Chromatin (ATAC)-sequencing (seq) (35) on
fluorescence-activated cell sorting (FACS)-purified Venus™ cells
from microdissected AV junctions of Thx3*/"e™ fetuses
(Fig. 34). Peak calling (SI Appendix, Fig. S54) identified 54,273
accessible regions, of which 41% overlapped with an available
histone H3K27ac ventricular cardiomyocyte chromatin immu-
noprecipitation (ChIP)-sequencing dataset (36) (Fig. 3B and see
SI Appendix, Fig. S54). As expected, the overlap between
ATAC-seq data from ventricular cardiomyocytes (37) and this
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Fig. 1. Hypoplasia of the AV bundle-bundle branches and conduction disturbances in adult Tbx3*'~ mice. (A) Representative sections of newborn WT and
Tbx3*'~ AVB-BBs. (B) Examples of a reconstruction of newborn WT and Tbhx3*~ AV conduction system showing expression of Hcn4 (red) and Gja5 (green).
Average volumes of Hcn4 (AV conduction system) and Gja5 (AV bundle and bundle branches) and Hcn4*-Gja5* (AV node) expression domains in the AV
conduction system of three WT (dark gray) and three Thx3*~ (light gray) mice. Error bars represent SEM. *P < 0.05 was considered significant using a two-
tailed Student’s t test. (C) Representative sections of 2-mo-old WT and Thx3*'~ AVB-BBs. (D) Example of a reconstruction of WT AV conduction system showing
expression of Hcn4 (red) and Gja5 (green). Average volumes of Hcn4™*, Gja5*, and Hcn4*-Gja5~ expression domains in the AV conduction system of three WT
(dark gray) and three Thx3*'~ (light gray) mice. Error bars represent SEM. (E) Boxplots visualizing the individually measured and average PR interval and QRS
duration in vivo and ex vivo. Numbers below boxplot reflect the number of animals measured. (E) Boxplots visualizing the individually measured and average
PR interval and QRS duration in vivo and ex vivo. (F) In vivo and ex vivo ECG traces from WT and Thx3*~ mice. (G) Dorsal and ventral activation maps from WT
and Tbx3*"~ mice based on optical mapping. *P < 0.05 was considered significant using two-way ANOVA. AVB, atrioventricular bundle; AVN, atrioventricular
node; IVS, interventricular septum; LBB, left bundle branch; LNC, lower nodal cells; RBB, right bundle branch.

H3K27ac ChIP-seq dataset was much broader (70%) (Fig. 3B),
suggesting that the AV conduction ATAC-seq dataset could be
useful to pinpoint AV conduction system-specific REs. Indeed,
three previously established AV conduction system-specific REs
(12, 38, 39) were readily identified in this dataset (SI Appendix,
Fig. S5 B and C).

Next, we intersected our AV conduction system ATAC-seq
with available cardiac Tbx3 and Tbx5 ChIP-seq datasets (Tbx3
and Tbx5 share DNA binding sites), as well as the recently im-
proved EMERGE cardiac enhancer prediction tool (40-43) to
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identify candidate Tbx3-dependent, AV conduction system spe-
cific REs. We chose to focus on two loci harboring genes rep-
resentative of up-regulated and down-regulated transcripts in
Thx3*'~ AV nodes: Ryr2 (up), and Cacnalg (down). Both genes
are found in loci containing variants associated with PR-interval
(44) and had straightforward epigenomic signatures.

Ryr2 encodes the Ryanodine receptor 2, which plays a role in
calcium homeostasis (45) and is enriched in chamber myocar-
dium (15). In this locus, we selected 19 regions as candidate REs
based solely on chromatin accessibility in the AV conduction
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Fig. 2. Tbx3 maintains pacemaker and conduction properties in the AV node. (A) Approach to obtain and define transcriptomes of WT and Tbx3*~ AV nodes. (B) Volcano
plot of normalized expression levels in WT AV nodes over Thx3*~ AV nodes. All significantly up-regulated genes are labeled green, and all significantly down-regulated
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system cardiomyocytes and scored these regions for Tbx3 and
Tbx5 occupancy derived from cardiomyocyte-specific datasets,
and whether they were predicted to be a cardiac enhancer by

EMERGE (41-43) (SI Appendix, Fig. S6). Four of these regions
(Fig. 3C) were selected for transfection luciferase assays in HL-1,
an atrial cardiomyocyte-like cell line, and Cos-7, a noncardiomyocyte
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Fig. 3. Identification and functional testing of Tbx3-dependent REs. (A) Strategy to assay the accessible chromatin profiles in E12.5-E14.5 AV conduction

system cardiomyocytes using ATAC-seq. (B) Venn diagrams showing overlap between Venus* AV conduction system ATAC-seq signals (Left) or ventricular
cardiomyocyte (V-CM) ATAC-seq signals (Right) and ventricular cardiomyocyte H3K27ac enrichment. (C) Genomic region around transcription start site of Ryr2
showing relevant ATAC-seq and ChlIP-seq signals and four potential REs. (D) Basal activity (—) and Tbx3 repressed activity of the four regions in transiently
transfected HL1 (black and gray) and Cos-7 (dark and light blue) cells. Relative luciferase activity was normalized to the empty vector. (E) In vivo RE8 and RE16
activity pattern in 5 d postfertilization AttP?" zebrafish embryos. A, atrium; CM, cardiomyocytes; V, ventricle. (F) A large region including Cancalg locus
showing relevant ATAC-seq and ChIP-seq signals and five potential REs. (G) Basal activity of REs and activity in the presence of several forms of stimuli included
by cotransfection. (H) E11.5 RE4-5-LacZ transient transgenic embryo showing expression in the heart and specifically in the AV canal. Eight of eight transient
transgenic embryos had expression in the heart. (/) Tested smaller fragments of RE4-5. (J and K) Basal activity of REs and activity in the presence of several
forms of stimuli included by cotransfection. For all luciferase assays, relative luciferase activity was normalized to the empty vector. *P < 0.05 was considered
significant using a two-tailed Student’s t test. **P < 0.01, ***P < 0.001. AVB, AV bundle; AVC, AV canal; IVS, interventricular septum; LA, left atrium; LBB, left
bundle branch; LV, left ventricle; RA, right atrium; R-AVRB, right AV ring bundle; RBB, right bundle branch; RV, right ventricle.

cell line. HL-1 cells express 7bx5 and Ryr2, but not Tbx3, and
based on transcriptome analysis, are similar to fetal right
atrial cardiomyocytes (SI Appendix, Fig. S7). All regions were
more active in HL-1 than in Cos-7 cells (Fig. 3D), thus im-
plying the candidate REs are cell-type specific. Additionally,
the activity of three of the REs was repressed by TBX3
(Fig. 3D). We determined the spatial activity of RE8 and
RE16 in a zebrafish reporter assay and confirmed that both
regions show specific activity in the atrium and ventricles of

the fish heart and not in other tissues (Fig. 3E). Our data
indicate that these Ryr2 REs are active in chamber myocar-
dium and are repressed by Tbx3.

The second Tbx3 target we chose to study is Cacnalg. This
gene encodes the T-type calcium channel Cav3.1, is important
for calcium homeostasis, is specifically expressed throughout
development and adulthood in the conduction system in an ex-
pression pattern similar to 7bx3 (SI Appendix, Fig. S8) (46),
and was down-regulated in Thx3*/~ AV nodes (Fig. 2B).
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Furthermore, previous studies have demonstrated that Cacnalg
is induced by Tbx3 (47) and knockout mice present with PR
interval phenotypes (17). We selected eight chromatin regions
accessible in the Tbx3* AV junction and then scored each region
for Tbx3 and Tbx5 occupancy and EMERGE cardiac enhancer
prediction signal (SI Appendix, Fig. S9). A previous study showed
that many AV canal-specific REs are GATA-dependent

A Scale 25 kb

switches; synergistic activity of Gata4 and Bmp2/Smad signal-
ing results in H3K27 acetylation and transcription of AV-specific
target genes (48). Therefore, we tested the responsiveness of five
of the candidate regions to Tbx3, Gata4, and/or Bmp signaling
effectors using transfection luciferase assays in HEK 293 cells
(Fig. 3F). We found that RE2 was responsive to Tbx3 and RE4-5
to Bmp signaling effectors (constitutively active Alk3, Smadl,
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Fig. 4. Deletion of RE4-5, RE4, or RE5 abolishes expression of Cacnalg in the heart. (A) CRISPR/Cas9 deletions in the context of EMERGE signal. (B) Relative
expression of TAD genes from P21 WT hearts (n = 7) determined by gPCR with Tbx3 and Hcn4 shown as cardiac conduction system markers (Left). Fold change
expression levels of TAD genes in P21 RE4-57'~ (n = 8) vs. WT littermates (Right). (C and D) Relative expression of Cacnalg, Epn3, and Ankrd40 as a control in
RE2™"~ (n = 6) (C) and RE4™"~ (n = 7) and RE5~"~ (n = 8) (D). (E) Histological sections of WT and RE4~'~ E17.5 mice stained for Cacnalg and Tbx3. (F) Boxplots
visualizing the individually measured and average RR interval, RRsd, ¢SNRT, and WBCL. *P < 0.05 was considered significant one-way ANOVA (B-D) or
Student’s t test (F) (**P < 0.01; ***P < 0.001); AVN, AV node; cSNRT, corrected sinus node recovery time; HRV, heart rate variation; Lu, lung; LV, left ventricle;
RA, right atrium; RRsd, RR interval SD; WBCL, Wenckebach cycle length.
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Smad4, and Gata4) (Fig. 3G), whereas none of the REs were
responsive to other cardiogenic transcription factors (Nkx2.5,
Gata4, and Tbx5). This result suggests that RE2 and RE4-5 are
specifically active in the AV conduction system (48). Next, we
examined the spatial activity of RE4-5 in transient transgenic
embryos and found it was active in the E11.5 AV canal (pre-
cursor of the AV conduction system) in 8/8 transgenic embryos,
with 3/8 showing no activity outside the heart (Fig. 3H). How-
ever, the individual RE4 or RES fragments failed to drive re-
porter expression in the hearts of five transgenic embryos per
fragment (S Appendix, Fig. S10), indicating the function of RE4
and RES is interdependent. To further characterize this behav-
ior, we tested the responsiveness of RE4-5 subfragments in lu-
ciferase assays (Fig. 3 I-K). RE5 was responsive to Tbx3-VP16
(Fig. 3J). In contrast, a fragment spanning most of RE4 was
synergistically induced by Bmp signaling effectors and Gata4, but
not by either of these factors alone. A 1.5-kbp fragment including
the junction of RE4 and RE5 and most of RES could not be
stimulated by any of the transfected effectors (Fig. 3K). These
results confirm that RE4-5 together drive AV canal expression
in vivo, and suggest the individual parts integrate different AV
canal-associated transcriptional mechanisms.

Functional Analysis of a Bipartite AV Conduction System Regulatory
Element In Vivo. To determine if the Tbx3-dependent REs iden-
tified in the Cacanlg locus are required for expression in the AV
conduction system, we deleted RE2 and RE4-5 from the mouse
genome using CRISPR/Cas9 (Fig. 44 and see SI Appendix, Fig.
S114). Homozygous mice for all deletions developed and bred
normally and were morphologically indistinguishable from their
WT littermates. Because REs are known to regulate expression
of distally located genes within a TAD (7-9), we analyzed cardiac
transcript levels of genes within the same TAD as Cacnalg by
qPCR (SI Appendix, Fig. S114). Heart samples from P21 mice
homozygous for a 3-kbp deletion spanning RE4-5 (RE4-577)
showed a 90 and 75% down-regulation of Cacnalg and Epn3
transcripts, respectively, when compared to WT littermates,
while all other genes within the TAD were unaffected (Fig. 4B).
In contrast, isolated brain samples showed no significant changes
in transcript levels (SI Appendix, Fig. S11B), indicating that RE4-
5 is tissue-specific. Deletion of RE2 resulted in modest up-
regulation of Epn3 expression only, thus suggesting that this
RE is dispensable for cardiac-specific Cacnalg expression
(Fig. 4C).

To test whether the function of RE4 and RES is interdepen-
dent, as suggested by the in vivo RE assays, we generated mouse
lines in which RE4 and RES were deleted individually (Fig. 44
and see SI Appendix, Fig. S114). Homozygous removal of either
genomic region resulted in down-regulation of Cacnalg specifi-
cally in the heart to levels comparable to those observed in hearts
of RE4-57' mice (Fig. 4D). To confirm this finding, we analyzed
the expression pattern of Cacnalg by in situ hybridization. Sec-
tions of E17.5 RE47'~ or RE5™'~ mice showed no staining for
Cacnalg transcripts in the heart, whereas expression of 7bx3 was
unchanged (Fig. 4E; not shown for RE5™). RE5~~ mice showed
bradycardia (Fig. 4F), similar to Cacnalg homozygous mutants
(17), further demonstrating functional loss of Cacnalg in the
conduction system of RE5~'~ mutants. Additionally, RE5~~ mice
showed higher heart rate variation (HRV) when compared to
WT littermates (Fig. 4F). We observed slower corrected sinus
node recovery times (cSNRTs) and higher Wenckebach cycle
length in RE5™'~ mice, consistent with sinus and AV node dys-
function (Fig. 4F). Together, our data show that RE4-5 functions
as a bipartite, AV conduction system-specific RE that is essential
to drive expression of Cacnalg.
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Discussion

We demonstrate that heterozygous loss of Tbx3 shortens AV
nodal conduction (PR interval) and prolongs QRS duration. The
haploinsufficiency causes modest changes in expression of genes
associated with AV nodal identity and function. Additionally,
Tbx3 heterozygous mice fail to maintain AV bundle-BBs struc-
ture after birth. We show that REs in the Ryr2 locus are active in
the chambers and are repressed by Tbx3. Further, we found a
bipartite RE in the Cacnalg locus that is active in the Tbx3* AV
conduction system where it selectively controls expression of
Cacnalg and Epn3 in vivo and none of the >15 other genes in
the TAD.

Genome-wide association studies have identified common
noncoding variants associated with PR interval and QRS dura-
tion in a 1-Mbp TAD that only harbors TBX3 (2-6, 10, 12) (SI
Appendix, Fig. S1); we infer that these variants affect the function
of REs controlling 7BX3 expression. Currently, this assumption
is difficult to validate; expression quantitative trait loci analysis is
not yet feasible due to the low number of human AV conduction
system samples available, extremely low expression in other
cardiac cells, and the unavailability of reliable human AV con-
duction system cell models.

Tbx3 mutants showed prolonged QRS, which may result from
the hypoplastic AV bundle and BBs (49). Apoptosis does not
seem to underlie the AV bundle-BBs hypoplasia, and less pro-
liferation after birth is unlikely to be the culprit, because the AV
bundle shows very limited proliferation from early fetal stages
onwards (49-51), and cardiomyocyte proliferation rates, in
general, decline to negligible levels shortly after birth (52-54).

Using a series of 7bx3 hypomorphic and deficient alleles,
Frank et al. found that Tbx3 is required for the function of the
conduction system in a dosage-sensitive manner (55). Mice
expressing 30% or less of WT transcript levels developed severe
arrhythmias, and surviving adults displayed PR shortening.
Thx3*"~ mutants in our study show PR interval shortening in
addition to AV bundle-BBs hypoplasia and prolonged QRS
duration. We speculate that the PR interval shortening in Tbx3
haploinsufficient mice results from AV bundle hypoplasia in
addition to the modest deregulation of many genes implicated in
the electrophysiological properties of AV nodal cells (e.g., cal-
cium channels/handling proteins, Hen channels, gap junction
subunits, sodium channels, potassium channels). Additional in-
sight into the quantitative changes and functional interactions
between the dysregulated targets is required to understand the
observed net effect.

Thbx3 and its paralog and functional homolog 7bx2 have been
implicated in accessory AV pathway formation (28, 55-57),
which could result in conduction abnormalities consistent with
the phenotypes found in Thx3*'~ mutants. However, we found
no delta waves in ECG traces, and optical mapping showed no
early breakthrough at the base of the left ventricles in controls
and mutants (Fig. 1). Therefore, it is unlikely that the presence
of an accessory pathway underlies the observed electrophysio-
logical phenotypes in Thx3*/~ mutants. Instead, AV bundle-BBs
hypoplasia is more likely to explain the conduction changes and
is in line with the observed in 7hx3*/~ mutants. The shorter PR
interval in 7hx3*/~ mutants was only present ex vivo, and neither
in vivo nor with chemical ANS blockade. The autonomic nervous
system has a large impact on AV conduction (58). We consider it
possible that in 7bx3*/~ mutants, the autonomic nervous system
activity partially compensated for the modest defects caused by
heterozygous loss of T7hx3, explaining the absence of PR interval
changes in vivo. Therefore, we suggest that intrinsic AV nodal
conduction is affected in 7bx3 mutants.

Many transcription factors in addition to Tbx3 have been
implicated in the development and function of the AV conduc-
tion system, including Nkx2-5, Tbx5, Prox1l, Hopx, Irx3, and
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Gatad/6 (reviewed in refs. 1, 13, and 14). Several of these factors
target the same genes and interact with each other, both physi-
cally and genetically, thus substantiating that they form a tran-
scriptional network in the AV conduction system. Tbx3 and Tbx5
are coexpressed in the entire AV conduction system, and both
function in highly dose-sensitive manners (33, 49, 55, 58-62).
Tbx3 likely competes with Tbx5 for DNA binding sites (41). Tbx5
stimulates a fast-conduction gene program (e.g., Scn5a and
Gja5) in the AV bundle (61), whereas Tbx3 suppresses it, while
stimulating the nodal (pacemaker-specific) program (e.g., Hcn4
and Cacnalg) (47, 63, 64), suggesting a finely tuned balance
between these factors (51).

Unexpectedly, 7bx5 was down-regulated in 7bx3 hap-
loinsufficient AV nodes. Whether Tbx5 directly regulates the
expression of 7bx3 in the AV node, as it does in the sinus node, is
unknown (60). Our data show that the expression of other
transcription factors in the AV node is largely unaffected by 7bx3
haploinsufficiency. This suggests that while 7bx3 reduction cau-
ses deregulation of genes directly involved in cellular properties,
such as ion channels, it has a minimal impact on the transcription
factor networks in this tissue.

We mapped the accessible chromatin in fetal AV canals,
which contain the embryonic AV nodal cells, and integrated
these data with Tbx5 and Tbx3 occupancy profiles and
EMERGE cardiac enhancer prediction signal to identify candi-
date Tbx3/5-regulated REs on a genome-wide scale. We then
selected two example loci, Ryr2 and Cacnalg, for further exam-
ination. Ryr2 expression is chamber-enriched and induced in the
AV node of Thx3*/~ mice, whereas Cacnalg is conduction
system-specific and reduced in Thx3™'~ mutants, and both loci
contain PR interval-associated variants (44). Two REs in close
proximity to the Ryr2 promoter were active in the fish cardiac
chambers and were active in an atrial-like cell line where their
activity was repressed by Tbx3. The repressor function of Tbx3 is
well described (65). This suggests that Tbx3 may directly control
expression of Ryr2 and other chamber-enriched genes in the AV
conduction system through these classes of REs.

Cacnalg is expressed specifically in the AV conduction system
in a pattern resembling that of 7bx3, and it is important for AV
node cell automaticity (17). Previously, Cacnalg expression was
found to be induced by Tbx3 (47, 64) and was found to be down-
regulated in Thx3™~ AV nodes in this study. Congruently, we
identified an intronic bipartite Cacnalg RE accessible in the
Tbx3* AV junction, occupied by Tbx5, Tbx3, Nkx2-5, and Gata4,
and acetylated H3K27, a mark associated with active REs (S/
Appendix, Fig. S9). The bipartite RE and both its individual
components were required for cardiac expression of Cacnalg
in vivo, whereas the entire RE but not its components was suf-
ficient to drive AV conduction system expression in the mouse
embryo. Furthermore, while REs have been observed to act re-
dundantly in vivo (8, 66), this RE seems to integrate all of the
regulatory information required to drive Cacnalg in the entire
conduction system. The slower heart rates observed in RES
mutants can be attributed to loss of Cacnalg in the sinus
node—also demonstrated by slower c¢SNRTs (Fig. 4F) and
studies of a Cacnalg knockout model (17). Nevertheless, our
data are unable to correlate the observed heart rate variation in
mutants solely to sinus or AV node dysfunction, and we specu-
late the phenotype could be a consequence of deficiencies in
both compartments of the cardiac conduction system.

Finally, the activity of REs is usually limited to the TAD they
share with potential target genes, in which they can act on
multiple target promoters (7-9). Our study reveals that in the
context of the TAD, which contains >15 genes, the RE selec-
tively and dominantly regulates Cacnalg in vivo. The expression
of only one distal gene, Epn3, was affected by the deletion of the
REs. Epn3 (Epsin 3) is expressed at very low levels in cardiac
tissue and its function has not been associated with the heart. In
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contrast, RE2, also in the Cacnalg gene, was dispensable for
Cacnalg expression, but was involved in regulation of Epn3,
further illustrating the complexity of the regulatory landscape.

How Tbx3/5-occupied AV conduction REs such as the one we
identified in Cacnalg are stimulated by Tbx3 remains unclear.
Previously, AV canal REs were found to function as switches
activated by Gatad4 and Bmp signaling effectors and histone
H3K27 acetylation activity in the AV canal and repressed by
Gata4, Heyl/2, and HDAC:S in the chambers (48). In vitro, one
part of the bipartite RE was stimulated by Gata4 and Bmp sig-
naling effectors, suggesting parts of this RE function similarly.
The other part of the composite RE was responsive to Tbx3 and
occupied by Tbx3 and Tbx5 based on cardiac ChIP-seq data,
suggesting it mediates the response to the Tbx3/5 ratio in the AV
conduction system. Together, these data suggest that while each
part of the RE responds to a different AV conduction system-
relevant regulatory signaling system, these signals need to be
combined and integrated for the bipartite enhancer to function
in vivo.

We conclude that Tbx3 dose-dependently governs a tran-
scriptional program that provides an AV conduction system-
typical identity. Additionally, our study contributes a possible
explanation how individuals carrying common noncoding vari-
ants in the TBX3 locus have an increased risk for differences in
the duration of PR and QRS intervals (Fig. 5).

Materials and Methods
For detailed methods, see S/ Appendix.

Cryosectioning and Laser Capture Microdissection. Hearts from Tbx3**;BAC-
Tbx3-Egfp and Tbx3*<*ERT2,BAC-Tbx3-Egfp ND8-10 pups were removed, the
AV node region microdissected (based on fluorescence) and immediately
embedded in O.C.T. (Tissue-Tek, 621232) in the —20 °C for 10 min. Cry-
osectioning was performed with a cryostat (Leica Biosystems, CM1950), and
AV node tissue was sectioned at a thickness of 8 um. Five consecutive sec-
tions were collected and mounted onto PEN-membrane coated slides
(MembraneSlide 1.0 PEN, Carl Zeiss Microscopy, 415190-9041-001). Micro-
dissection was performed immediately afterward with a Laser Microdis-
section Microscope (Leica Microsystems, LMD6), and the AV node was
identified visually based on fluorescence. Laser power, aperture, and
speed of the laser varied from experiment to experiment. Microdissected
AV node tissue sections were collected in a tube containing the lysis buffer
of the PicoPure RNA isolation kit (Thermo Fisher Scientific, KIT0204) and
the first step of the manufacturer’s protocol conducted before the samples
were stored at —80 °C.

RNA Isolation and Sequencing of Laser Capture Microdissected AV Node
Sections. Total RNA was isolated from neonatal day 8-10 AV node sections
according to the manufacturer’s protocol of the PicoPure RNA isolation kit
(Thermo Fisher Scientific, KIT0204) with an on-column DNase treatment
(RNase-free DNase, Qiagen, 79254). RNA integrity and concentration were
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Fig. 5. A model illustrating how variants in REs that affect Tbx3 expression
in the AV conduction system may regulate PR and QRS duration.
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determined using the Bioanalyzer RNA 6000 Pico materials (Agilent Tech-
nologies, 5067-1513 and 5067-1535). The Ovation RNA-seq system V2
(Nugen, 7102-32) was used for cDNA synthesis with a RNA input between
~300 and 2,000 pg. The quality of the cDNA library was determined with a
Bioanalyzer DNA 7500 kit (Agilent Technologies, 5067-1506), the purity with
the Nanodrop (Isogen Life Science, ND-1000) and the quantity with the
Qubit dsDNA HS kit (Thermo Fisher Scientific, Q32854). RNA-seq libraries
were made using Ovation Ultralow Library System V2 (Nugen, 0344-32) and
sequenced on the HiSeq 4000 (lllumina). The raw data have been deposited
with the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/)
under accession code GSE121465.

Assay for Transposase-Accessible Chromatin Sequencing. Tbx3*V*"“ hearts
were dissected from embryonic day (E) 12.5-E14.5 embryos and enriched for
AV conduction system tissues by microdissection. Tissue samples were dis-
sociated into a single-cell suspension using 0.05% Trypsin/EDTA (Thermo
Fisher Scientific, 25300-054) for 15 min at 37 °C. Dissociated cells were
resuspended in DMEM (Thermo Fisher Scientific, 31966-021) supplemented
with 10% fetal bovine serum (ThermoFisher Scientific, 10270-106) and FACS
was performed. Samples were sorted on a FacsAria flow cytometer (BD
Biosciences) and gated to exclude debris and cell clumps and sorted for
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Venus* cells. Approximately 75,000 Venus* cells were collected and used as
input for ATAC-seq. Nucleus preparation, transposition reaction, and library
amplification were performed as previously described (35). In short, cells
were washed in phosphate buffered saline and lysed in cold lysis buffer
(10 mM Tris-Cl, pH 7.4, 10 mM NaCl, 3 mM MqgCl,, 0.1% [vol/vol] Igepal CA-
630). Transposition reaction was performed as described using the Nextera
DNA Library Prep kit (lllumina, FC-121-1030) for 30 min, followed by cleanup
using the MinElute PCR Purification Kit (Qiagen, 28004). Transposed DNA
fragments were amplified using NEBNext High-Fidelity 2x PCR Master Mix
(New England Biolabs, M0541) with custom barcoded PCR primers (se-
quences as described in ref. 35). The amplified library was purified using the
MinElute PCR Purification Kit (Qiagen, 28004). The library was sequenced
(paired-end 125 bp) and data collected on a HiSeq 2500.
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