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Abstract

Rationale: The development and function of the pacemaker cardiomyocytes of the sinoatrial
node (SAN), the leading pacemaker of the heart, are tightly controlled by a conserved network of
transcription factors, including TBX3, ISL1 and SHOX2. Yet, the regulatory DNA elements (REs)
controlling target gene expression in the SAN pacemaker cells have remained undefined.

Objective: Identification of the regulatory landscape of human SAN-like pacemaker cells and
functional assessment of SAN-specific REs potentially involved in pacemaker cell gene regulation.

Methods and results: We performed ATAC-seq on human pluripotent stem cell-derived SAN-
like pacemaker cells and ventricle-like cells and identified thousands of putative regulatory DNA
elements specific for either human cell type. We validated pacemaker cell-specific elements in the
SHOX2and TBX3loci. CRISPR-mediated homozygous deletion of the mouse orthologue of a
noncoding region with candidate pacemaker-specific REs in the SHOXZ2 locus resulted in selective
loss of Shox2expression from the developing SAN and embryonic lethality. Putative pacemaker-
specific REs were identified up to 1 Mbp upstream of 7B8X3in a region close to MED13L
harboring variants associated with heart rate recovery after exercise. The orthologous region was
deleted in mice, which resulted in selective loss of expression of 76x3from the SAN and (cardiac)
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ganglia and in neonatal lethality. Expression of 76x3was maintained in other tissues including the
atrioventricular conduction system, lungs, and liver. Heterozygous adult mice showed increased
SAN recovery times after pacing. The human REs harboring the associated variants robustly drove
expression in the SAN of transgenic mouse embryos.

Conclusions: We provided a genome-wide collection of candidate human pacemaker-specific
REs, including the loci of SHOX2, TBX3and /SL1, and identified a link between human genetic
variants influencing heart rate recovery after exercise and a variant RE with highly conserved
function, driving SAN expression of 7BX3.
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Introduction

Rhythmic contractions of the heart are dictated by the sinoatrial node (SAN), the leading
pacemaker of the heart. SAN dysfunction may result in bradycardia requiring implantation
of an electronic artificial pacemaker.! The SAN is a complex heterogeneous structure
composed of different cell types.! The development and function of the pacemaker
cardiomyocytes of the SAN relies on a balanced gene regulatory network, tightly controlled
by transcription factors (TFs) that act in tissue, stage and dose-dependent manners.2 3
Multiple TFs essential for pacemaker cell development and function have been identified,
including I1SL1, SHOX2 and TBX3.4~7 Activation or inhibition of gene transcription is
controlled by tissue-specific and common TFs and cofactors that interact with regulatory
DNA elements (REs), such as enhancers.8 © While the transcriptomes of the cells of the
SAN region of mouse and human have been studied,* 10-13 the transcriptional and
epigenetic mechanisms underlying the regulation of these SAN genes has remained largely
unexplored.

Cardiac epigenetic datasets have allowed for the identification of REs for the human

heart!4 15 but not its smaller components such as the SAN. The pacemaker cells of the SAN
are derived from a progenitor cell pool that is different from the cell population contributing
to the other components of the heart, and their differentiation is regulated by different TFs
and signaling pathways.2 3 16 Therefore, the transcriptional regulatory mechanisms and RES
functioning in the SAN are likely to be distinct from those of the rest of the heart. Epigenetic
datasets specific for the (human) SAN that would enable SAN-specific RE identification are
currently lacking. Recently, different strategies have been described to generate pacemaker
cells /n vitro from human pluripotent stem cells that could function as biological
pacemakers.17- 18 The use of cultured human cells could overcome technical and ethical
challenges, and provide valuable epigenetic data facilitating the analysis of human
pacemaker-specific gene regulatory mechanisms.

Here, we identified putative pacemaker REs and TF binding motifs in human pluripotent
stem cell-derived pacemaker and ventricle-like cells!8 and validated the function of several
RE candidates in the loci close to SHOXZ, 1SL1and 7BX3in transgenic mice and zebrafish.
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Moreover, we identified a SAN-specific RE in the region 1 Mbp distal from 7BX3, which
contains a variant associated with heart rate recovery after exercise (HRRAE).19: 20

More detailed Methods are available in the Online Supplement.

Ethics statement

Animal care and experiments (mouse) were in accordance with national and institutional
guidelines and approved nationally by the Central Committee Animal Experiments (CCD)
and institutionally by the Institution of Animal Welfare (IvD) of Amsterdam UMC, location
AMC or were approved by the University of California, San Francisco Institutional Animal
Care and Use Committee and complied with all federal and institutional guidelines.
Zebrafish were maintained and handled under the guidance and approval of the Canadian
Council on Animal Care and the Hospital for Sick Children Laboratory Animal Services.

Cell culture and ATAC-sequencing

The HES3-Nkx2-59W human embryonic stem cell line?! was cultured and differentiated
towards SANLPC and VLCM and purified as described previously.18 ATAC-seq was
performed on purified cells from three independent differentiations. Nuclei isolation,
transposase reaction, washing and amplification procedures have been described earlier.22
Samples were sequenced on a HiSeq 2500 sequencer (lllumina) using 125 bp single-end
reads.

ECG, SAN recovery time and AF inducibility in adult mice

Male and female mice were used. Mice were anaesthetized using 5% isoflurane, and after
disappearance of reflexes mice were placed on temperature fixed mat with a steady flow of
1.5% isoflurane. Electrodes were inserted subcutaneously in the limbs and connected to an
ECG amplifier (Powerlab 26T, AD Instruments). ECG was measured for 5 minutes before
further pacing experiments. ECG parameters were determined from the last minute of a 5
minute recording. Heart rate variation (HRV) was determined by calculating the standard
deviation of all RR intervals used to obtain the average reported RR. Pacing studies were
performed and atrial arrhythmia inducibility was determined as detailed in the Online
Methods. The experimenters were blind to mouse genotype during measurements and
outcome assessment.

Data availability

Statistics

ATAC-seq datasets have been deposited under GEO accession number GSE146044.

Mann-Whitney U tests were used for gene expression analysis in Figure 1A, Figure 4B,C
(GraphPad Prism 8). Fetal heart rate was statistically analyzed using Kruskal-Wallis test.
P<0.05 indicates statistical significance (Figure 5A). For ECG parameters before and after
ANS block (Figure 5B; Online Fig X1A)), datasets were tested for normality using either
Kolmogorov-Smirnoff tests, and were statistically tested using repeated measures ANOVA.
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Student’s t tests were used to compare WT and M7-280"~ within each treatment, and paired
t tests were used to compare before and after treatment means of each genotype. Welch’s
correction was used for the SNRT data comparisons that had significantly different variances
(GraphPad Prism 8). The Mann-Whitney U test (SigmaStat 3.5) was used for the single cell
action potential parameters (Online Fig XID,E). No mathematical correction was made for
the multiple statistical tests used across the study.

Epigenetic profiling of human pacemaker-like cells

In order to identify accessible chromatin regions that could serve as regulatory elements
(REs) in human pacemaker cells, we performed the Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) on SAN-like pacemaker cells (SANLPC) and
ventricle-like cardiomyocytes (VLCM), both differentiated from human pluripotent
embryonic stem cells (hESC).18 We first validated marker gene expression in the SANLPC
and VLCM cell types, and found expression of pacemaker-specific genes /SL1, TBX3,
SHOXZ2, BMP4, HCN4, CACNAZDZ2, KCNJ3 highly enriched in the SANLPC, whereas
marker genes predominantly expressed in (ventricular) chamber cardiomyocytes but at very
low levels in pacemaker cells (NKX2-5, IRX4, GJAL, SCN5A, MYLZ2, MYL 7) enriched in
the VLCM population (Figure 1A). To identify tissue-specific REs, peak-calling was
performed on ATAC-seq data of SANLPC, VLCM and undifferentiated hESCs.23 We
identified 42k accessible sites in the dataset of SANLPC, 44k in the VLCM and 45k in the
hESC of which 12k, 11k and 22k were cell type-specific for the SANLPC, VLCM and
undifferentiated hESC datasets, respectively (Figure 1B). We found 29k accessible sites
present in both SANLPC and VLCM, whereas comparison of these datasets with
undifferentiated hESC yielded 19k and 22k overlapping sites, respectively. This was
consistent with the differentiation of the two cell types towards a cardiomyocyte-like
phenotype. Furthermore, we compared the SANLPC ATAC-seq data with that of human left
atrial (LA) cardiomyocytes!® 24 and found similar distributions of overlapping and unique
accessible sites (Figure 1B).

To identify SANLPC-specific REs, we inspected the locus of SHOXZ, which is required for
SAN development.>: 6 Multiple DNA regions downstream of SHOXZ2 were accessible in
SANLPC only (Figure 1C). The SANLPC-selective accessibility was limited to the
topologically associating domains (TAD)2® containing SHOX2, as accessibility signals
between SANLPC and VLCM were similar in regions adjacent of SHOXZ (Figure 1C).
EMERGE, which merges multiple epigenetic datasets in order to predict locations of
REs!® 26 did not predict cardiac REs in the pacemaker-specific region in the gene desert
downstream of SHOXZ, consistent with the notion that such datasets are generally derived
from whole hearts or ventricles.

To gain insight into TFs involved in gene regulation in SANLPCs, VLCMs and
undifferentiated hESCs, we performed HOMER motif analysis on cell type-specific
accessible sites (Figure 1D). Significant association of motifs for TFs involved in
pluripotency (Oct, Sox, Nanog) was detected for hESC-specific sites. SANLPC-specific
sites contained motifs for LIM homeobox (Isl1) and T-Box protein (Thx5, Thx20) proteins,
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which are involved in SAN pacemaker cell development and gene regulation. 7- 10. 27 \We
also detected putative binding sites for TALE homeodomain proteins (Meisl, Tgifl, 2) and
Gata factors (Gata3, 4, 6), involved in cardiac cell cycle regulation, cardiac neural crest
development and cardiac development, respectively.28-31 HOMER motif analysis on
accessible sites enriched in SANLPC cells compared to LA cardiomyocytes likewise
revealed enrichment of motifs for Isl1, T-Box proteins (Thx5, Eomes, Thet) and TALE
homeodomain proteins (Tgifl, 2, Meisl). In addition, Nanog motifs were enriched, possibly
reflecting the immature state of the stem cell derived SANLPCs compared to mature adult
LA cardiomyocytes (Figure 1D). We conclude that unique peaks in each dataset are enriched
for potential binding sites for TFs that are associated with the differentiation of that
particular cell-type /in vivo.

In vivo validation of SANLPC regulatory element candidates

In accordance with the SANLPC ATAC-seq results, chromatin accessibility profiling of
Hend* SAN cells of newborn mice32 revealed multiple (conserved) accessible regions in the
locus of Shox2 (Figure 2B, Suppl. Fig. 1A). To assess whether transcription occurs from the
noncoding putative regulatory sequences (i.e. transcription from enhancers), we merged
existing transcriptome datasets of mouse right atrium and Hend* SAN cells (Suppl. Fig.
I1). Transcripts were identified specifically in the SAN tissue from the area downstream of
Shox2, harboring accessible regions in the genome of NDO SANs32 and orthologues of
human candidate SANLPC-specific regulatory elements. These data indicate that this region
harbors active SAN-specific enhancers.

To investigate the function of the SAN-specific accessible region in the gene desert between
VEPHI and SHOXZ (Figure 2A), we deleted an approximately 250-kb homologous region
(\VS-250) from the mouse genome (Figure 2B). We crossed heterozygous deletion mice and
found that homozygous lethality occurred at E11.5 (Suppl. Fig. I11A). To assess whether
homozygous deletion of the noncoding region caused altered Shox2 expression, we
performed immunohistochemistry on wild type and homozygous E10.5 embryos. Analysis
of the Shox2 expression pattern in wild type embryos revealed expression in the limbs but
also in the entire sinus venosus and SAN, where Shox2was co-expressed with Hen4 (Figure
2C; Suppl. Fig. l11B). In VS5-2507"~ mutants, expression was still observed in the limbs but
was depleted from the SAN, venous valves and the sinus venosus (Figure 2C; Suppl. Fig.
[1IB). This implies that the VVS-250 region harbors REs involved in Shox2regulation in the
SAN and associated tissues (sinus venosus and venous valves), whereas expression levels in
the limbs rely on REs outside the deletion, such as those recently identified in mice33
(Figure 2B). Although Shox2 was reported to regulate the expression of /s/1,34 /s/1
expression was maintained in V5-2507/~ mutant SAN (Figure 2C). Because Shox2 was
shown to suppress Nkx2-5,35 we asked whether depletion of Shox2 would cause ectopic
activation of Nkx2-5 in the SAN. Wild type embryos exhibit a strict boundary between the
Nkx2-5-negative SAN head and Nkx2-5+ SAN tail (Figure 2D), in accordance with
previous results.36: 37 We observed induction of Nkx2—-5 expression in the Shox2-negative
SAN of E10.5 V5-2507/~ mutants (Figure 2D). Furthermore, we observed hypoplasia of the
SAN (Figure 2C-D) and venous valves (Figure 2D) in VS5-2507~ mutants. Shox2 deficient
mice die due to severe bradycardia around E11.5,% which corresponds to the time of lethality
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in V/5-250"~ embryos. We conclude that region VVS-250 contains accessible areas in the
genome indispensable for the regulation of S#ox2in the SAN, sinus venosus and venous
valves.

To investigate whether SANLPC-specific accessible regions in the SHOXZ locus represent
functional REs, we tested the activity of four human genomic fragments with SANLPC-
specific ATAC-seq signals in mice and zebrafish (Figure 2A). SHOX2-RE1,

T9(SHOX2_ RE1: GFP)'sc111 drove expression of GFP in the atrioventricular canal and
sinus venosus containing the pacemaker in fish38: 39 which was confirmed by
immunohistochemistry, but we could not detect activity of SHOX2-RE1 in the SAN of
E11.5 mice (Suppl. Fig. IVA,B). However, X-gal staining was observed in the hindbrain and
diencephalon, regions associated with Shox2 expression.*0 SHOX2-RE2was restricted to
the outflow tract in mice (Suppl. Fig. IVC). In both zebrafish and mice, we could not
observe functional activity of SHOX2-RE3 (Suppl. Fig. IVC). Interestingly, SHOX2-RE4
was found to be highly conserved in mammals, birds, reptiles and zebrafish (Figure 2E).
SHOX2-RE4, Tg(SHOX2_RE4: GFP)'SC110 robustly drove GFP expression in the sinus
venosus area and neurons of 72 hours post-fertilization (hpf) zebrafish (Figure 2F; Suppl.
Fig. IVD) and in the Hcn4*/Shox2* SAN of E11.5 mouse embryos (Figure 2G). We
conclude that the SHOXZ locus harbors at least two REs that are functionally active in the
SAN in mice and the pacemaker area in fish.

Next, the /SL 1 locus was inspected and multiple SANLPC-specific accessible regions were
identified (Suppl. Fig. VA). We selected three human genomic fragments with SANPLC-
specific ATAC-seq signals (REZ-3) near /SL1 that turned out to be functional in zebrafish
hearts (Suppl. Fig. VAF). We detected SAN-enriched non-coding transcripts (enhancer
RNAS) in regions up- and downstream of /s/Z harboring the homologues of both /SL1-RE1,
T9(ISL1_RE1: GFP)’c112 and ISL1-REZ2, Tg(ISL1_RE2: GFP)'C113 (Suppl. Fig. VB).
Interestingly, /SL1-RE1 predominantly drove GFP expression in the pacemaker area (sinus
venosus) of zebrafish, which was confirmed by immunohistochemistry (Suppl. Fig. VC). In
the majority of embryos, /SL1-REI was functionally active in the heart, varying from whole
heart GFP expression to the sinus venosus area only (Suppl. Fig. VD). Additionally, we
observed activity in neuronal components (Suppl. figure VD). /SL1-RE2 showed activity in
the whole heart (Suppl. Fig. VE) and /SLI-RE3, Tg(ISL1_RE3: GFP)'S¢114 \nas
consistently active in the brain and heart, although GFP expression patterns in the latter
varied from whole heart to inflow tract-specific expression (Suppl. Fig. VF).

Taken together, the SANLPC ATAC-seq reveals regions specifically accessible in
pacemaker-like cells, a subset of which represent functional REs active in the mouse SAN or
sinus venosus (including pacemaker cells) of fish. These datasets could be useful to further
identify human pacemaker REs and gain insight into the gene regulatory network in human
pacemaker cells.

Variant genomic region distal from TBX3 drives expression in SAN and neurons

Tbx3 is involved in SAN development and function.” We investigated the 78X3 locus for
the presence of SANLPC REs. Because REs and their target genes are largely confined to
the same TAD,? 9 41 Hi-C data2> were used to identify boundaries of the TAD (Figure 3A).
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The TAD structure covers a >1Mbp region in between of MEDI13L and TBX5, the
neighboring genes of 7BX3. Previously, REs were identified in relative close proximity to
mouse 7bx3and showed activity in many sites expressing 76x3, including the
atrioventricular canal, His bundle, limbs, mammary glands, body wall, etc., but not in the
SAN.33. 42,43 Therefore, we hypothesized that SAN REs involved in regulation of TBX3
expression are located more distal to 7BX3. Genetic variants associated with prolonged
HRRAE, a trait possibly linked to SAN function, are located approximately one Mbp from
TBX3, close to MED13L (Figure 3A).19 20 However, the SNPs are positioned in the same
TAD as 7BX3, whereas MEDI3L is positioned in the adjacent TAD, suggesting a potential
association between HRRAE genetic variants and 78X3regulation (Figure 3A). We found
multiple SANLPC ATAC-seq peaks (Figure 3A) positioned in close proximity to HRRAE
SNPs. In addition, multiple accessible and transcribed sites were identified in mouse SANs
in the region orthologous to the human region harboring HRRAE SNPs near MED13L,
(Suppl. Fig. IB and VI).

To gain insight into the function of the region in the gene desert in-between MED13L and
TBX3harboring the majority of the HRRAE-associated SNPs (Figure 3A), we deleted a
280-kbp homologous region from the mouse genome (M7-280) (Suppl. Fig. VI). In addition,
the larger region in-between Med13/and the previously identified atrioventricular canal and
limb REs was removed from the mouse genome, indicated by M7-550 (Figure 3A; Suppl.
Fig. VI). We first crossed heterozygous mutants and found that all genotypes were present in
Mendelian ratios in both transgenic lines (M7-280 and MT7-550) at prenatal stages (Figure
3B). Furthermore, we found similar survival rates of adult heterozygous mutants and wild
type mice (Figure 3B). Although heterozygous mutants were viable and fertile, M7-2807~
or MT7-5507"~ mice died at NDO, several hours after birth without any overt morphological
heart defects. At birth, M7-2807"~ and MT-5507/~ mutants were distinguishable from wild
type and heterozygous mice by the absence of a milk spot (Suppl. Fig. VIIA). Therefore, we
investigated M7-2807'~ mutants for cleft palate formation, but could not detect alterations in
secondary plate development (Suppl. Fig. VIIB).

We performed immunohistochemistry on E12.5, E17.5 and NDO mutants in order to
investigate changes in spatiotemporal expression patterns of 76x3in the homozygous
mutants. In E12.5 M7-2807"~ and MT-5507"~ mutants, 7bx3was expressed in a pattern
highly similar to that of wild type littermates, showing expression in many tissues including
neurons, limbs, liver, lungs, esophagus, body wall and the heart (Figure 3C). However, both
MT-280"~ and MT7-550""~ mutants specifically lacked expression of 76x3in the SAN
(Figure 3C; Suppl. Fig. VIIIA). Although 7bx3expression was depleted from the SAN,
expression was maintained in the atrioventricular canal, bundle and cushions in E12.5
MT-2807"~ and MT7-550""~ mutant mice (Figure 4A; Suppl. Fig. VIIIB). Focusing on
MT-280, we investigated expression levels of 7hx3and adjacent genes in Thx3* structures
using gPCR. Tbx3 levels were significantly decreased in SAN-containing right atrial tissue
samples of E17.5 MT-280""~ mutants (Figure 4B), but were not statistically different in liver,
lung or limbs. We further quantified expression levels of Med13/and Thx5, the neighboring
genes of 7bx3,in E17.5 SAN/right atrial, lung and limb samples of WT and M7-2807~
mutants, but observed no statistical difference in expression levels (Figure 4B; Suppl. Fig.
IX). SAN-marker genes Hcn4 and /s/1 were still expressed in the SAN of mutants at E12.5,
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E17.5 and NDO (Suppl. Fig. VIIIA,; Suppl. Fig. XA,B). Quantitative PCR measurements on
E17.5 SAN-containing right atrium samples revealed no statistical differences in expression
levels of /s/1, Shox2, Hcn4, CacnaZd2and Cacnalgbetween WT and M7-2807"~ mutants
(Figure 4C). Collectively, these data reveal the deleted region is selectively required for SAN
expression of 76x3, and that Thx3 expression in the SAN is not required for SAN-specific
gene expression.

We observed reduced Thx3 expression in the dorsal root ganglia (DRG) and sympathetic
chains (SC) in M7-280"~ E12.5 mutants (Suppl. Fig. XC), which became undetectable at
E17.5 (Suppl. Fig. XD). Thx3expression was decreased in E12.5 neuronal cells in the retina
as well (Suppl. Fig. XE), but was maintained in the limbs (Suppl. Fig. XE) and lungs (Suppl.
Fig. XF). Next, we investigated 7bx3expression in the cardiac ganglia that innervate the
SAN. At E14.5, we labeled the cardiac ganglia with neuronal marker Thx3 was absent from
the MT-2807'~ SAN, but was still detectable in the Peripherin-positive cardiac ganglia of
E14.5 homozygous mutants (Suppl. Fig. XG). In contrast, at E17.5 Thx3 was absent from
the Isl1*/Actin™ cardiac ganglia in M7-2807~ mutants (Figure 4D). We conclude, that
neuronal Thx3 expression gradually declines during development and becomes undetectable
at late fetal stages.

Electrophysiological characteristics of MT-280 mutants

Because M7-2807"~ mutants exhibit embryonic lethality, we isolated hearts from E15.5
fetuses to measure atrial activation using local electrocardiograms. Heart rate was not
statistically different between WT (n=5), M7-280"/~ (n=13) and MT-2807"~ (n=9) mutants
(Figure 5A). ECG recordings from adult A/7-280""~ mutants, which do survive into
adulthood, revealed a slightly slower heart rate (increased RR interval) between WT (n=8)
and M7-280"~ (n=13) mice in vivo (Figure 5B; Suppl. Fig. XI). Administration of atropine
and propranolol to block the ANS caused heart rate decrease in both WT (n=7) and mutant
mice (n=13). The decrease in heart rate was significantly larger in mutants compared to WT
(Figure 5B,C). Furthermore, heart rate variability was significantly higher in M7-280"~
mice compared to WT, but this difference was lost after blocking ANS function (Figure 5B
and Suppl. Fig. XI). We next applied overdrive suppression of the SAN by pacing the right
atrium to investigate whether SAN recovery time was affected. We observed prolonged SAN
recovery times in M7-280"'~ mice compared to WT (Figure 5B and Suppl. Fig. XI) at 100
ms and 120 ms stimulation cycles. ANS block did not neutralize this difference between
genotypes when tested at equivalent 120 ms and 140 ms cycle length, suggesting this
property is affected in mutants independent of ANS function, and therefore likely intrinsic to
SAN function. Other ECG parameters, including PR-interval, Wenkebach cycle length, and
QRS-duration were not different between genotypes (Suppl. Fig. XI). We also tested
whether atrial fibrillation (AF) could be induced. In both WT (n=13) and M7-280"- (n=11)
mice we found AF episodes of <10 sec and >10 sec that were not statistically different
between genotypes (Suppl. Fig. XIB). We conclude that heterozygous deletion of M7-280
affects heart rate variability in adult mice in an ANS dependent manner, and increases both
RR interval duration and SAN recovery times independent of ANS function. Patch clamp
analysis of single SAN pacemaker cardiomyocytes of WT and M7-280" mice revealed that
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the action potential (AP) characteristics were not different between the genotypes (Suppl.
Fig. XID,E).

Functionality assessment of REs in the TBX3 locus

To identify REs involved in the regulation of 7BX3expression in the SAN, we selected
SANLPC-accessible DNA sites in the MT-280 region of the human genome (Figure 6A) and
performed functional enhancer assays /n vivo. We found 7BX3-REZ2to be functionally
active in the Hend+ SAN of E11.5, in the limbs and, to a lesser extent, in the atrioventricular
canal (Figure 6B). TBX3-RE1-2, a +5 kb fragment covering two peaks, is located in a
haploblock harboring multiple HRRAE SNPs, including the leading SNP rs61928421
(Figure 6C).19: 20 Furthermore, these regions were also accessible in the genome of Hen4*
SAN cells in mice (Suppl. Fig. IB and VI). We first tested 7BX3-REI-2in transgenic
mouse embryos and found that its activity was restricted to the heart (Figure 6D, Suppl. Fig.
XI1A). Histological sectioning revealed robust activation of reporter gene expression in
SANs of E10.5 embryos (5/7) (Figure 6D, Suppl. Fig. XIIA). In addition, in 5 of 7
independently generated FO embryos we also observed activity in the atrioventricular canal
in a pattern similar to 76x3 expression. We did not observe chromatin accessibility at the
region harboring lead SNP rs61928421. Therefore, we investigated whether SNPs located in
TBX3-RE1-2are in linkage disequilibrium (LD) with the leading SNP. High LD score
(R2=0.90) was found for rs140828160 (T=0.914; gap=0.086) in TBX3-RE2 (Figure 6C).
Next, we tested the functional activity of the minor allele variant of 7BX3-RE1-2 (£5 kb)
and observed a heterogeneous, less robust activity pattern in the SAN in 2 of 7
independently generated FO embryos at E10.5 (Figure 6D, Suppl. Fig. X1IB). We conclude
that a distal region in the 7TBX3locus is necessary for 7Hx3expression in the SAN and
harbors REs functionally active in the SAN that could be affected by common genetic
variants associated with HRRAE.

Discussion

Regulation of tissue-specific gene transcription is mediated by REs that are bound by tissue-
specific TFs. Although multiple human cardiac REs have been identified,14 15 REs involved
in SAN-specific gene regulation have not been described and functionally validated
previously. In this study, we compared genome-wide chromatin accessibility profiles of
human stem cell-derived SANLPC, as proxy for human (SAN) pacemaker cardiomyocytes,
with those of VLCMs and of adult LA cardiomyocytes, respectively, to identify pacemaker
cell-specific accessible sites. DNA accessibility is generally associated with regulatory
element activity (including deployed enhancers) and suitable to identify TF binding sites.
22,44 Using ATAC-seq, we thus identified thousands of putative pacemaker-specific REs and
enriched TF binding motifs. The function of an accessible site, however, remains unknown.
Less than half of the candidates REs that we tested in fish or mouse were found to drive
pacemaker-specific reporter gene expression, indicating accessibility by itself is not
sufficient to identify regulatory elements that function as autonomous enhancers.*>
Accessible sites may also function as repressors, only function in context (e.g. cooperatively
with other elements), or function to regulate chromatin structure. Therefore, we provide a
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genome-wide collection of putative human REs, a subpopulation of which acts as
pacemaker-specific enhancer.

Analysis of TF motifs in the accessible site populations identified predictable sites in each
subpopulation, indicating the RE identification was specific. Thus, the hESC-specific
subpopulation was associated with motifs for pluripotency TFs*6 and the subpopulation
shared between SANPLC and VLCM (cardiomyocyte) was associated with Mef2 and Tead
binding motifs.4’ In the VLLCM-specific subpopulation of accessible sites, AP-1 (Jun/Fos)
was highly enriched, suggesting AP-1 may be involved in the regulation of VLCM REs, but
not of SANLPC REs. In the SANLPC-specific sites, motifs for Isl1, TALE homeobox
(Meisl, Tgifl/2), T-Box and Gata TFs were identified. Consistently, Isl1, Tbx3, Tbx5 and
Thx18 are involved in pacemaker development and gene regulation in mouse and fish.
4,7,27,39,48 | jttle is known about the function of TALE homeobox proteins in pacemaker
cell development or gene regulation. Meisl is involved in the regulation of the cell cycle in
cardiomyocytes, and both Meis1 and Meis2 and Tgifl regulate cardiac neural crest cell
development and outflow tract morphogenesis.28-31: 49 Our data suggest these TFs may be
involved in SAN pacemaker gene regulation. Smad motifs were also enriched in the
SANLPC-specific accessible sites. The role of BMP-signaling (Smad) in the SAN is not
well defined, although both human and mouse SANs and SANLPCs specifically express
BMP2/4 (Figure 1A).11 However, pacemaker-like cells of the atrioventricular canal/node are
specified under control of BMP-signaling and Gata4/6,50-54 suggesting that these regulatory
mechanisms may act through SANLPC-specific REs as well.

TBX3REs identified thus far were found to activate transcription in most tissues expressing
Tbx3, including the atrioventricular conduction system,*2 43 limbs, body wall, mammary
glands and gonads,33: 42: 43 byt never in the SAN. These REs are located in relative close
proximity (up to 100 kbp) to 76x3in mice.33 43 Consistently, the majority of genetic
variants associated with PR-interval®® and QRS duration in the 7BX2locus, reflecting
atrioventricular conduction system function, has been detected in the regions harboring these
atrioventricular REs. Here, we have identified the REs for SAN expression in the gene desert
far upstream (£1 Mbp) of 7BX3, close to MED13L. Homozygous deletion of this distal
region from the mouse genome abolished 7bhx3expression from the SAN in mice, whereas
Thx3expression was maintained in most other tissues, including the atrioventricular
conduction system. Moreover, expression of 7hx5and Med13/, flanking 76x3and
potentially targeted by the REs in the deleted region, was not affected. Consistent with a
specific role in 7hx3regulation, this distal region shares the TAD with TBX3, and previous
4C-seq and HiC-seq data indicated it is in close physical proximity to the promoter of
TBX3%3

The human orthologous regions of mouse M7-280 and MT-550 harbor HRRAE-associated
genetic variants. Because of their proximity to MED13L, these HRRAE variants were
suggested to affect MED13L regulation.2® However, our data indicate that 7BX3, not
MEDI13L, is the actual target of the variant REs in this associated region. Although absence
of 7bx3from the SAN in fetal homozygous deletion mutants did not affect heart rate,
heterozygous adult mutant mice exhibited slightly slower heart rates, more heart rate
variability and prolonged SAN recovery times after pacing. These data are consistent with
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an effect of HRRAE-associated variants on 7BX3expression in the SAN region of humans,
although other causes of prolonged SAN recovery times than exercise cannot be excluded.
Tbx3 levels were also reduced in neurons and cardiac ganglia innervating the SAN (the
ANS) in homozygous deletion mutant mice. Moreover, while decreased heart rates and
increased SAN recovery times in heterozygous mutants were not neutralized by blocking
ANS function, heart rate variability was. Our data thus suggest that reduction of 76x3
expression in mutants functionally affects both ANS and SAN pacemaker cells or their
interaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is known?

. Lineage-specific transcription factors bind discrete genomic regions
(regulatory elements) to control gene expression, cell differentiation and
function.

. Regulatory elements can harbor (common) genetic variants that influence

gene regulation and impact traits and diseases.

. A transcriptional regulatory network involving the lineage-specific
transcription factors TBX3, SHOX2 and ISL1 controls sinoatrial node
development and function.

What new information does this article contribute?

. We provide a genome-wide accessibility profile of human stem cell-derived
pacemaker cells, identifying thousands of potential pacemaker-specific
regulatory elements.

. Candidate human regulatory elements drive pacemaker-specific gene
expression in vivo in transgenic mice and fish.

. Regulatory elements in the gene desert upstream of 78X3 harbor heart rate
recovery-associated SNPs and drive expression of 7BX3in the sinoatrial
node.

The development and function of the sinoatrial node, the principal pacemaker of the
heart, is controlled by lineage-specific transcription factors, including SHOX2 and
TBX3, bound to regulatory elements. Genetic variation in these regulatory elements can
influence developmental and disease gene expression and phenotypes. However, such
regulatory elements have not been identified for the sinoatrial node. Here, we provide the
first genome-wide accessibility profile of human stem cell-derived sinoatrial node-like
pacemaker cells, identifying thousands of potential pacemaker regulatory elements.
Candidate elements discovered drove pacemaker-specific gene expression in transgenic
mouse and fish embryos. Deletion of such elements from the mouse non-coding genome
resulted in selective loss of SHOX2 or TBX3 expression, respectively, from the sinoatrial
node and in lethality. We found a functional link between heart rate recovery-associated
SNPs one million base pairs away from 78X3and a variant regulatory element driving
sinoatrial node-specific expression. This work provides insight into the human sinoatrial
node gene regulatory network and uncovers a mechanism underlying the influence of
common human genetic variation on pacemaker function.
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Figure 1.
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Cell type validation and HOMER motif analysis of SANLPC and VLCM. (A) Expression
levels of SAN and non-SAN genes in SANLPC (n=6) and VLCM (n=6). (B) Peak calling in
SANLPC, VLCM, hESC and LA. (C) ATAC-sequencing revealed multiple accessible
regions in the SHOXZlocus in SANLPC only, indicated by red bar. Regions adjacent but in
the TAD of SHOXZ show similar accessibility profiles. (D) HOMER motif analysis on cell
type-specific peaks in hESC, VLCM, SANLPC, VLCM+SANLPC and SANLPC vs LA.

LA, left atrium.
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Figure 2.
Shox2 expression becomes depleted from the sinus venosus and SAN after deletion of

regulatory elements. (A) ATAC-sequencing revealed multiple SANLPC-specific accessible
regions in the SHOXZ locus. (B) ATAC-track of purified Hcn4™ PO SAN cells, showing
accessible regions in the Shox2locus in mice. Region VS-250 was removed from the mouse
genome, corresponding to the area indicated in 2A. (C) Immunostaining showing expression
of Shox2and Hcn4 in the sinus venosus region, including the SAN, in E10.5 wild type and
VS-2507"~ embryos (n=3). Expression of Hcn4and /s/1 is maintained in the Shox2~ SAN.
(D) Expression pattern of Nkx2-5 in the hearts and SAN of E10.5 wild type mice and
VS-2507"~ mutants. Arrows show activation of Nkx2-5 expression in the SAN of VS-2507/~
embryos. Hypoplastic SANs and abnormal developed venous valves were observed for
VS-25071~ mice. Region SHOX2-RE4 was found to be deeply evolutionary conserved (E)
and drove reporter expression in the sinus venosus of 72 hpf zebrafish (F) and in the SAN of
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E11.5 mice, confirmed by immunohistochemical staining (G). a, atrium; v, ventricle; sv,
sinus venosus; re, right atrium; rv, right ventricle; lv, left ventricle; san, sinoatrial node; vv,
venous valves; scv, superior caval vein; n. artery, nodal artery.
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Figure 3.
Deletion of a region in the 7hx3locus associated with heart rate recovery abolished 76x3

expression in the SAN. (A) Accessible regions in the topologically-associating domain of
TBX3. Genetic variants associated with heart rate recovery after exercise?% and PR-
interval®® are shown. Regions corresponding to MT-280 and MT-550 were removed from the
mouse genome. (B) Distribution of genotypes of litters, shown as percentages at a given
developmental stage (<PO, before birth; PO; P1 and P60). M7-2807~ mutants die several
hours after birth (cross), whereas M7-280*'~ mice survive into adulthood and do not display
different life expectancy. (C) Immunostaining of E12.5 wild type, M7-2807"~ (n=3) and
MT-5507"= embryos (n=6). Loss of Thx3 expression was restricted to the SAN in
homozygous mutants. HRR, heart rate recovery; PR, PR-interval; san, sinoatrial node; lv,
left ventricle; ra, right atrium; vv, venous valves.
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Figure 4.

Gene expression levels in body components after deletion of a distal non-coding region in
the 7bx3locus. (A) Immunostaining showing maintenance of Thx3 expression in the
atrioventricular canal of homozygous mutants (n=3). (B) Relative expression levels of 76x3,
Tbx5and Med13/in E17.5 right atrium+SAN of wild type (n=7) and M7-2807"~ (n=6), liver
(wild type n=6; MT7-2807"~ n=5) and lung (wild type n=6; M7-2807"~ n=7). (C) Relative
expression levels of SAN genes in E17.5 right atrium+SAN samples of wild type (n=7) and
MT-2807"~ mutants (n=6). (D) 7bx3expression was absent in the cardiac ganglia,
innervating the SAN, in E17.5 MT-2807"~ fetuses. ra, right atrium; san, sinoatrial node; lv,
left ventricle; avc, atrioventricular canal; avb, atrioventricular bundle; scv, superior caval
vein; cgl, cardiac ganglion; pv, pulmonary vein.
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Electrophysiological characteristics of M7-280 mutant mice. (A) Heart rate was not
significantly different between E15.5 WT (n=7), M7-280"~ (n=13) and M7-2807~ (n=9)
fetuses by Kruskal-Wallis test. (B) /n vivo ECG measurements and burst pacing of WT
(n=7) and MT-280""- mice (n=13) before and after ANS block. Tables denote repeated-
measures ANOVA result. Within treatment groups, genotype differences were assessed using
Student’s t tests, and treatment differences within each genotype were assessed using paired
t tests (pairwise p values shown within graph). (C) Example traces of ECGs of WT and
MT-280"~ mice. HR, heart rate; ANS, autonomic nervous system; HRV, heart rate
variability.
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Figure 6.
Functional analysis of candidate REs in the 7TBX3locus. (A) Accessible regions in human

SANLPC, VLCM, hESC and LA and mouse SAN harboring genetic variants associated with
heart rate recovery after exercise. (B) Assessment of 7TBX3-REZ2 in vivo revealed functional
activity in the SAN, confirmed by immunostaining. (C) Position of genetic variant
rs140828160, covering 7BX3-REZ, and rs61928421, associated with heart rate recovery
after exercise. (D) Both the major and minor allele variant of 7BX3-REI-2 (5 kb) were
shown to be functionally active in the SAN of E11.5 mice, which was confirmed by
immunolabeling. The minor allele variant is indicated by asterisk.
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