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The cardiac conduction system (CCS) is a network of specialized cardiomyo-
cytes that coordinates electrical impulse generation and propagation for
synchronized heart contractions. Although the components of the CCS,
including the sinoatrial node, atrioventricular node, His bundle, bundle bran-
ches, and Purkinje fibers, were anatomically discovered more than 100 years
ago, their molecular constituents and regulatory mechanisms remain incom-
pletely understood. Here, we demonstrate the transcriptomic landscape of the
postnatal mouse CCS at a single-cell resolution with spatial information.
Integration of single-cell and spatial transcriptomics uncover region-specific
markers and zonation patterns of expression. Network inference shows het-
erogeneous gene regulatory networks across the CCS. Notably, region-specific
gene regulation is recapitulated in vitro using neonatal mouse atrial and ven-
tricular myocytes overexpressing CCS-specific transcription factors, Tbx3 and/
or Irx3. This finding is supported by ATAC-seq of different CCS regions, Tbx3
ChlP-seq, and /rx motifs. Overall, this study provides comprehensive molecular

profiles of the postnatal CCS and elucidates gene regulatory mechanisms
contributing to its heterogeneity.

For every heartbeat, electrical impulses are initiated by the pace-
maker cells in the sinoatrial node (SAN) and spread throughout the
atrial myocardium to reach the atrioventricular node (AVN) and the
fast-conducting network of the ventricular conduction system
(VCS), including the His bundle, bundle branches and Purkinje
fibers. Disturbances in the CCS can manifest in various types of
cardiac rhythm abnormalities, such as heart blocks, ventricular
fibrillation, and ventricular tachycardias, potentially leading to
sudden cardiac death" .

Following the anatomical discoveries of the SAN, AVN, the His
bundle, bundle branches, and the Purkinje fibers more than 100 years
ago by Arthur Keith and Martin Flack’, Wilhelm His Jr%, Sunao Tawara’,
and Johann Evangelist Purkinje'®, respectively, electrophysiological
and morphological differences between CCS components, such as
automaticity”, conduction velocity”?, and cell-cell electrical
coupling™', have been demonstrated. In addition, the developmental
processes of the CCS and its origin have been studied using genetic
model organisms” ™. These studies have revealed specific expression
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patterns and/or functional implications of individual key cardiac
transcription factors within the CCS. For instance, T-box 3 transcrip-
tion factor 3 (Thx3) is found in the SAN and AVN, as well as the proximal
part of the VCS'. On the other hand, Iroquois homeobox 3 (Irx3) is
expressed exclusively in the VCS, while being absent in the SAN and
AVN"?°, Ety1, a member of the E-twenty-six (ETS) transcription factor
family, is also expressed in the VCS as well as atrial cardiomyocytes at a
high level but not in the SAN and AVN”. Inhibitor of DNA binding 2
(/d2), an inhibitor of the helix-loop-helix transcription factors, is
expressed in all components of the CCS, except the SAN*>, Interest-
ingly, loss of many of these CCS transcription factors (e.g., Tbx3, Irx3,
Etv1, and Nkx2-5) often results in similar developmental and functional
phenotypes, such as CCS hypoplasia and conduction defects, only
after birth®***», Collectively, these studies suggest that the CCS is
developmentally dynamic through the pre-to-postnatal stages,
potentially arising through complex interactions among transcription
factors. Nevertheless, due to the low number of CCS cells and technical
difficulties in isolating healthy CCS cells from the postnatal heart, our
understanding of the molecular heterogeneity of the CCS and its
regulatory mechanisms at a cellular level has been comparatively
limited. In particular, molecular diversities within the AVN, which is
anatomically subdivided into the compact AVN and lower nodal bun-
dle (LNB, also known as lower nodal cells)**~%%, as well as those within
the VCS, consisting of morphologically distinct structures like the His
bundle, left and right bundle branches, and Purkinje fibers, are not yet
fully understood.

Leveraging the recent advancements in single-cell RNA-sequen-
cing (scRNA-seq) techniques, a few studies have highlighted the
cellular heterogeneity within the CCS. Goodyer et al. have demon-
strated the molecular heterogeneity of different components of
the CCS using micro-dissected embryonic day 16.5 (E16.5) mouse
hearts”. Bhattacharyya et al. have shown heterogeneity in the atrio-
ventricular region using fluorescence-guided micro-dissection in
Gjd3-CreEGFP;Rosa26" ™™ mice at postnatal day 0 (P0)*. Addition-
ally, Liang et al. have reported the cellular diversity within the micro-
dissected SAN of adult mouse hearts®. While these studies elaborately
demonstrate distinct CCS cell populations and their unique expression
profiles, further research on the transcriptomic landscape across the
postnatal CCS and comparative profiling of different CCS components
would enhance our understanding of the molecular, anatomical, and
functional diversities within the CCS. In addition, the mechanisms
governing the establishment of these CCS heterogeneities and the
potential molecular transitions during pre-to-postnatal developmental
stages remain to be elucidated.

Here, we utilize the integration of scRNA-seq and spatial tran-
scriptomic analyses in a postnatal CCS-reporter mouse model (Cntn2“*;
Rosa26"™°m*) to provide a comprehensive view of the cellular het-
erogeneity within the postnatal CCS at a high-resolution with spatial
information. Our study identifies CCS regional markers with unique and
overlapping patterns and compares the expression of functional genes
(i.e., ion channels and sarcomeres) within the CCS. By integrating with
embryonic CCS scRNA-seq data®’, we examine the molecular similarities
and differences between prenatal and postnatal stages of the CCS. Fur-
thermore, we provide insights into the gene regulatory mechanisms of
the CCS and further investigate regulatory relationships between two
CCS-specific transcription factors, Tbx3 and Irx3. This involves func-
tional validation of CCS marker regulation using isolated neonatal
mouse atrial and ventricular myocytes overexpressing 7hx3 and/or Irx3.
Our analysis explores region-specific transcriptional regulation that
contributes to the heterogeneity within the CCS.

Results

Single-cell and spatial transcriptomic analyses of the CCS

To understand the cellular and molecular constituents of the postnatal
CCS, we simultaneously performed single-cell RNA sequencing

(scRNA-seq) and spatial transcriptomics (ST) using the CCS reporter
mouse model, Cntn2“**;Rosa26"“™™** (CCS-tdT)** (Fig. 1a). Con-
sistent with the previous studies that utilized Contactin-2 (Cntn2)-dri-
ven reporters and Cntn2-targeting antibody to visualize the entire CCS
system in mice?***, all CCS components were reliably marked in the
postnatal CCS-tdT mouse heart, which was validated by endogenous
Cntn2 co-immunostaining (Fig. 1a and Supplementary Fig,. 1).

For scRNA-seq, cardiomyocytes were isolated from CCS-tdT
mouse hearts at postnatal day 1, 2, and 4 (P1, P2, and P4). Subse-
quently, fluorescence-activated cell sorting (FACS)-purified CCS cells,
which made up 0.1 - 0.2% of the total cardiomyocyte population
(Supplementary Fig. 2), were subjected to multiplexed scRNA-seq
(MULTI-seq)* (Fig. 1b, Top). After pre-processing which excluded low-
quality cells (Supplementary Fig. 3) and non-cardiomyocytes (1.03% of
all cells) (Supplementary Fig. 4), a total of 6855 cardiomyocytes
expressing an average number of 3388 genes per cell were identified.
Through a series of unsupervised dimensional reduction analyses
using uniform manifold approximation and projection (UMAP) and
based on the expression of known CCS marker genes (see below), we
identified 8 CCS and 1 non-CCS populations, including the sinoatrial
node (SAN), compact atrioventricular node (cAVN), lower nodal bun-
dle (LNB), His bundle (HIS), proximal bundle branch (PBB) and distal
bundle branch (DBB), Purkinje fibers (PF), proliferative CCS (Prolif.
CCS) and contractile myocytes (CM) (Fig. 1c and Supplementary Fig. 5).

In parallel, ST was performed on cryosections of the P4 CCS-tdT
mouse heart using the GeoMx Digital Spatial Profiler (Fig. 1b, Bottom).
A segmentation approach allowed the precise capture of all tdTomato-
positive cells in the CCS regions, such as SAN, cAVN, LNB, HIS, left and
right proximal bundle branches (PLBB/PRBB), left and right distal
bundle branches (DLBB/DRBB), left and right Purkinje fibers (LPF/RPF)
(Supplementary Fig. 6; see the “Methods” section). Of note, our ST
analysis included two sub-compartments of the AVN**, cAVN and
LNB, which are anatomically situated adjacent to each other within the
atrioventricular junction (Supplementary Fig. 6b and 7a). As described
previously**?, trichrome staining of the atrioventricular region
showed that the LNB was surrounded by insulating fibrous tissue and
basally located on the plane of atrioventricular insulation, in compar-
ison to the apically located HIS (Supplementary Fig. 7a). Additionally,
non-CCS regions adjacent to the selected CCS components, including
the right atrial appendage (RAA), basal and apical interventricular
septum (IVS-B, IVS-A), left ventricular endomyocardium (LENDO), left
ventricular epimyocardium (LEPI), and right ventricle (RV) were col-
lected for comparison. Among the 12,638 transcripts detected in ST,
differentially expressed genes (4708 transcripts) showing [FC| > 3 and
P<0.05 in any possible comparison of two CCS components, were
used to perform principal component analysis (PCA). PCA of ST data
demonstrated that CCS components exhibited a globally linear clus-
tering pattern reflecting the sequence of cardiac electrical activation,
from impulse generation in SAN to propagation through the VCS
(Fig. 1d). Moreover, these CCS components and their non-CCS coun-
terparts were closely positioned. For instance, the RAA was grouped
with the SAN, cAVN and LNB; IVS-B was grouped with the proximal VCS
components (HIS, PLBB, and PRBB); and the IVS-A and the LENDO were
grouped with distal VCS components (DLBB/DRBB and LPF/RPF).

In both scRNA-seq and ST analyses, all CCS regions highly
expressed known pan-CCS markers (Hcn4, Cpne5 and
Cacna2d2)*°**%, whereas the non-CCS regions, such as the ‘Con-
tractile myocytes’ cluster in scRNA-seq, and LENDO, LEPI, IVS-B, IVS-A
and RV in ST, expressed higher levels of contraction genes (Tnnt2,
Tnnil, Mb) with low expression of conduction genes (Fig. 1e, f). Also,
both scRNA-seq and ST results corroborate the expression patterns of
the known regional CCS markers, including Shox2 in the SAN***’; Thx3
in the SAN, AVN, and HIS***; [rx3 and Gjas$ in the VCS"*°; Robol in the
proximal VCS***; Slit2 and Sema3a in the distal VCS***%; Gjal in distal
VCS and CM*; as well as atrial (Myl4, Myl7) and ventricular (My[2, Myl3)
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sarcomere genes. Based on these observations, we characterized the
CCS components as follows: SAN (My[2°"/Myl3°"/Myl4""/Myl7""/
Hen4"e"/ Thx3"e"/Nkx2.5'/Shox2"8"/Irx3 /Robol’);  cAVN  (Myl2™d/
My[3™/ Myl4"e Myl7e [ Hen4 e Thx3Me"/Nkx 2.5t /RoboI**/Shox2°Y);
LNB (My[2"'e"/Myl3"e"/ Myl4'°*/Myl7°"/Hcn4'/GjaS*"/Gjal /Irx3"/Tbx3");
HIS and PBB (MyL2'/Myl3'/Myl4/Myl7 /Irx3'/Tbx3'/Robol"); DBB
and PF  (My2'/Myl3'/Myl4-/Myl7 [Irx3'/Gja5"/Gjal'/Slit2*/Sema3a’);
VCS (Myl2'/Myl3' IMyl4 /Myl7 [/Irx3'/GjaS'/Sema3a’/Slit2") and non-
CCS  cardiomyocytes  (Hcn4 /CpneS/Cacna2d2 /Gjas /Sema3a/
Tnnt2"€"/ Tnnil"e"/Mb"e"). Notably, despite the anatomical proximity
between the cAVN and LNB, a direct comparison between cAVN, LNB

D OR O RRR R K K O Q0. XN
SIPLELEFS LG

scRNA-seq

and HIS revealed that the LNB expressed ventricular genes (My[2, Myl3)
and VCS markers (Irx3, Etvl, GjaS), which were characteristics more
similar to HIS than to cAVN (Supplementary Fig. 7b). This is consistent
with previous studies demonstrating that the LNB is structurally con-
tinuous with the HIS and is derived from a ventricular lineage?® 25,
Our scRNA-seq showed a cluster of cells (222 out of 6855 cells,
3.24%) annotated as ‘Proliferative CCS’, as these cells expressed CCS
genes (Cntn2, Etvl, Irx3, Gja5) as well as cell cycle markers of G1/S phase
(Mcm4, McmS) and G2/M phase (Fam83d, Cdc25b) (Supplementary
Fig. 8). This suggests the presence of committed conduction cells
undergoing proliferation in the early postnatal heart. Additionally, we

Nature Communications | (2024)15:6550



Article

https://doi.org/10.1038/s41467-024-50849-1

Fig. 1| Single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics (ST)
of postnatal mouse cardiac conduction system (CCS). a Representative epi-
fluorescence image of a P4 CCS-reporter mouse (Cntn2°/*;Rosa26'"™°"*) heart
showing tdTomato-marked sinoatrial node, His bundle, bundle branches and Pur-
kinje fibers. Scale bar = 1 mm. Imaging was performed on more than five hearts. b
(top) Schematic overview of scRNA-seq experiment for the CCS profiling. Neonatal
mouse cardiomyocytes were isolated from postnatal days 1, 2, and 4 (P1, P2, and P4)
CCS-reporter mouse hearts, and tdTomato-positive CCS cells were purified using
fluorescence-activated cell sorting (FACS). P1, P2, and P4 cells were barcoded
separately using MULTI-seq, followed by 10x Genomics scRNA-seq. (bottom)
Schematic overview of spatial transcriptomics of the CCS using GeoMx Digital
Spatial Profiler (DSP). Cryosections of P4 CCS-reporter mouse hearts were col-
lected on a slide, followed by the selection of regions of interest using segmenta-
tion and sequencing. Results from scRNA-seq and ST were integrated for analysis.
Created with BioRender.com. ¢ Uniform Manifold Approximation and Projection

(UMAP) of scRNA-seq showing 8 CCS and 1 non-CCS clusters. A pie chart (top, left)
shows the number of cells in each cluster. d Principal component analysis (PCA) of
the CCS and non-CCS regions profiled by spatial transcriptomics (ST). e Expression
profiles of the established CCS and non-CCS marker genes in each cluster of scRNA-
seq data. f Expression profiles of the established CCS and non-CCS marker genes in
each collected region of ST data. g Correlation analysis of CCS components
between scRNA-seq and ST data. SAN sinoatrial node, cAVN compact atrioven-
tricular node, LNB lower nodal bundle, HIS His bundle, PBB proximal bundle
branch, PLBB proximal left bundle branch, PRBB proximal right bundle branch,
DBB distal bundle branch, DLBB distal left bundle branch, DRBB distal right bundle
branch, PF Purkinje fibers, RPF right Purkinje fibers, LPF left Purkinje fibers, RAA
right atrial appendage, LENDO left ventricular endo-myocardium, LEPI left ven-
tricular epi-myocardium, IVS-B interventricular septum (Base), IVS-A inter-
ventricular septum (Apex), RV right ventricle.

compared P1, P2, and P4 MULTI-seq data to examine potential tran-
scriptomic changes during early postnatal development in the CCS.
Unlike our expectation, no differences in the proportion of P1, P2, and
P4 cells per cluster, or in clusters per development stage were
observed (Supplementary Fig. 9). Furthermore, no significant changes
in gene expression were found, including the commonly known
molecular signatures for cardiomyocyte maturation, such as a transi-
tion in myosin heavy chain isoforms from Myh6 to Myh7 and an
increase in mitochondrial gene content.

Next, we conducted a comparison between the transcriptomic
profiles of corresponding regions detected by both technologies
(Fig. 1g). Correlation analysis showed strong concordances between
scRNA-seq and ST datasets within nodal cells (SAN and cAVN); LNB and
proximal VCS (HIS and PBB), and distal VCS (DBB and PF) components.
Also, all ventricular non-CCS components in ST (LENDO, LEPI, IVS-B,
IVS-A and RV) were highly correlated to the CM cluster in scRNA-seq,
while the RAA in ST showed high similarity to the SAN and cAVN in
scRNA-seq. Collectively, these results suggest that our scRNA-seq and
ST methods credibly captured all CCS and non-CCS regions.

Transcriptional profiling of the postnatal CCS components
Next, we sought to identify regional CCS markers by integrating
scRNA-seq and ST data. First, enriched genes of each CCS region were
identified from scRNA-seq and ST datasets separately, by comparing
each CCS region to other CCS and non-CCS clusters/regions ([FC| > 1.5,
P<0.05) (Fig. 2a and Supplementary Data 1 and 2). Subsequently,
genes that were identified as common between scRNA-seq and ST were
considered as specific regional markers with high confidence.

In the SAN, as expected, Shox2*** and Tbx3'**, well-known
transcription factors in SAN development, were observed. In addition,
we identified other potential markers, including Gnaol, which encodes
G protein subunit alpha O1 and has been found to be involved in heart
development®, as well as Ptchd4, Cdhi2, and Nid2. The cAVN showed
enrichment of known genes, such as Rspo3 and Bmp2, both of which
are expressed in the atrioventricular canal of the developing mouse
heart (E10.5) from which the AVN originates***’, as well as Cacnald,
which encodes Cayl.3 channel known to regulate AVN automaticity*s.
Newly identified markers of the cAVN included Prdmé, which encodes
PR/SET domain 6 and has been shown to be expressed in the devel-
oping cardiovascular*~*' and nervous system** Interestingly, a genetic
variant of Prdmé has been reported to be associated with heart rate
recovery during exercise”. The LNB showed enrichment of genes,
including Ppplri7, Hs3st3al, and Lcpl. A previous study has shown that
Ppplrl7, encoding protein phosphatase 1 regulatory subunit 17, is
expressed in the interventricular septum during embryonic heart
development, and is mostly lost in later developmental stages™. Like
many other cardiac conduction genes, PpplIrl7 is also expressed in
neurons®, yet its expression and function in the CCS are unknown. The
HIS showed enrichment of Pcp4, Cdhé6, and Cyp4bl. Although our

analysis showed that these genes are most highly expressed in the His
bundle, Pcp4 is known to be expressed throughout the VCS*® with
critical roles in cardiac electrophysiology, and Cdhé6 is known to be
enriched in the CCS compared to non-CCS cardiomyocytes”. This
suggests that there may be regional heterogeneity in the expression
levels of these genes within the CCS. The PBB highly expressed Igfbp7
and Arxesl, while the DBB showed high expression of genes, such as
Nppa, Gal, Ecm1, Cygb, Slc16a2, PdelOa, and Mbp. Nppa, encoding atrial
natriuretic peptide’®*’, is known to be expressed in embryonic trabe-
cular cardiomyocytes®®®’, and its expression in the ventricle is strongly
reduced after birth. However, we observed low but specific expression
of Nppa in the DBB, suggesting a possibility of persisting Nppa
expression in the distal VCS postnatally. The PF showed enrichments
of genes, including Mpped2, Corin, and Mylk4. In particular, Mpped2,
encoding Metallophosphodiesterase domain-containing protein 2, has
previously been reported to be expressed in neurons and embryonic
ventricles?, although its functional involvement in the CCS has not yet
been described.

The CCS is an anatomically continuous structure with a highly
specialized function of generating and propagating electrical signals.
Thus, while the integrated analytic approach above effectively
uncovers the enrichment of gene expression in each individual CCS
component, it may not be effective in capturing the gradual changes in
gene expression along the CCS, in which case, genes would be enri-
ched in more than one defined component of the CCS. Therefore,
according to the PCA (Fig. 1d) and the correlation heatmap (Fig. 1g), we
divided CCS components into three zones: ‘Nodal cells’ (SAN, cAVN),
‘LNB & Proximal VCS’ (HIS, PBB) and ‘Distal VCS’ (DBB, PF), and iden-
tified markers enriched in each zone by integrating scRNA-seq and ST
datasets (Fig. 2b). ‘Nodal cells’ showed enrichment of genes, including
Gcgr, which encodes glucagon receptor®® with roles in heart rate
regulation®®, Ctdspl, which encodes CTD Small Phosphatase Like,
associated with atrial fibrillation through miR-26a-1°, Enpep, and
Bmp2. The ‘Proximal VCS’ zone showed high expression patterns of
$100a6 encoding a Ca*" binding protein Calcyclin®, Col4a4, Alcam,
Cdhé, and Atplb2. Also, in addition to the established PF markers,
Sema3a®® and Gjas”, the ‘Distal VCS’ zone showed enrichment of
Pdzrn3, involved in heart maturation®, IrxI and In2®® encoding Iro-
quois homeobox (Irx) transcription factors, Mgp encoding Matrix Gla
protein, Nsg2, and Sbk2. Interestingly, several PF and distal VCS genes,
Mylk4, Corin, Sbk2, and Mgp, are also known to be expressed in the
atria’®’”.. Together, these results demonstrate the zonated and gradient
expression patterns of CCS marker genes, which reflect its highly
specialized and integrated conductive structure and functions.

To further gain molecular insights into the distinctive physiolo-
gical and electrophysiological properties of each CCS component,
including automaticity and conduction velocity, we profiled the
expression patterns of genes functionally associated with ion channels,
receptors, gap junctions, and sarcomeres using our scCRNA-seq and ST
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Fig. 2 | Integration of scRNA-seq and spatial transcriptomic data of the CCS.
a CCS-specific enriched genes for each CCS component identified by both scRNA-
seq and spatial transcriptomics. b Molecular gradients within the CCS components
showing zonated enrichment of genes in Nodal cells (SA node, Compact AV node),
Lower nodal bundle & Proximal VCS (His bundle, Proximal bundle branch), and

Distal VCS (Distal bundle branch, Purkinje fibers). LBB left bundle branch, RBB right
bundle branch, RAA right atrial appendage, LENDO left ventricular endo-myo-
cardium, LEPI left ventricular epi-myocardium, IVS-B interventricular septum
(Base), IVS-A interventricular septum (Apex), RV right ventricle, VCS ventricular
conduction system.

datasets (Supplementary Figs. 10 and 11). For example, Kcnj3 and Kcnjs,
which form the acetylcholine-activated potassium channel (Ixach)
Kir3.1 and Kir3.4, respectively, and are associated with bradyar-
rhythmia and sporadic atrial fibrillation, as well as Cacnalg and
Cacnalh, which encode Cay3.1 and Cay3.2, respectively, known to
contribute to pacemaker activity”®, were highly expressed in the CCS
with strong enrichment in SAN and cAVN. Also, consistent with a
previous study’, Kcnk3, encoding TASK-1 channel, showed enrichment
in the VCS. It was notable that Kcnj12, encoding Kir2.2 responsible for
cardiac inwardly rectifying potassium current (I;), Gria3 encoding
glutamate ionotropic receptor, GrikS encoding glutamate ionotropic
receptor kainite, and Ank3, encoding a cytoskeletal element ankyrin-G
that regulates cardiac excitability”, were found to be enriched in the
CCS compared to contractile myocytes. However, their functional
implications in the CCS are not well understood. On the other hand, we

found several CCS genes identified from scRNA-seq, which were not
detected in ST, likely due to the limitation of the probe-based
approach used in ST. Among those genes, we noted strong and CCS-
specific expression of ScniOa (Nayl.8), known to modulate ScnSa-
encoded Nayl.5 currents’, in the PF. In line with a recent study
showing that only a short form of Scn10a mRNA is expressed in the
VCS’®, we observed a predominant expression of the short ScnlOa
transcript in the postnatal CCS. Mapping sequenced reads to the
ScniOa gene in our scRNA-seq data revealed higher sequencing cov-
erage in the last seven exons of the gene (exons 22 to 28), compared to
exons 1 to 21 (Supplementary Fig. 12).

Next, we validated the identified CCS markers by performing
immunostaining and fluorescence in situ hybridization (FISH) in the P4
CCS-tdT mouse heart. An SAN-enriched marker, Gnaol was expressed
in tdTomato-positive pacemaker cells (Fig. 3a), where Shox2 and
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Fig. 3 | Histological validation of CCS component and regional markers.
Immunofluorescence (IF) and fluorescence in situ hybridization (FISH) staining
were performed in P4 Cntn2°**; Rosa26'"°™*°* heart sections. a Gnaol IF staining in
tdTomato-positive SAN and cAVN, but not LNB; b Prdmé6 FISH staining in the cAVN,
but not LNB; ¢ Ppplrl7 IF staining in the LNB and HIS; d S100a6 IF staining in the
HIS; e Igfbp7 IF staining in the HIS and proximal LBB; f Nppa IF staining in the DBB;
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g Mpped2 FISH staining in the VCS. scale bars = 50 pm. The figures shown are
representative of at least three independently repeated IF experiments or two FISH
experiments. SAN sinoatrial node, cAVN compact atrioventricular node, LNB lower
nodal bundle, HIS His bundle, LBB left bundle branch, RBB right bundle branch, LPF
left Purkinje fibers, RPF right Purkinje fibers.

another recently discovered SAN marker, Vsnll®, were expressed
(Supplementary Fig. 13). Gnaol expression was also detected in the
cAVN and atrioventricular (AV) ring, but not in LNB. However, its
expression was not specific to nodal cells, as it was observed in the
right atrial appendage (Supplementary Fig. 14). We performed FISH to
examine cAVN-enriched Prdmé, showing that it was primarily expres-
sed in the cAVN and AV ring, as well as in surrounding non-CCS within
the atrioventricular junction, but not in the LNB and other CCS regions
(Fig. 3b and Supplementary Fig. 15). On the other hand, Ppp1rl7 was
expressed in the LNB and HIS, but not in cAVN (Fig. 3¢ and Supple-
mentary Fig. 16), supporting our finding that LNB is molecularly more
similar to HIS than to cAVN. We also examined proximal VCS-enriched
markers. Consistent with sSCRNA-seq data, S100a6 was detected in the
HIS, but not in any other CCS regions (Fig. 3d and Supplementary
Fig. 17). However, its expression only partially overlapped with
tdTomato-positive cells in the HIS and was also found in tdTomato-
negative cells around the HIS and in the IVS. Previous studies have
reported S100a6 expression in other cell types, including neurons”,
fibroblasts and epithelial cells’®, suggesting that the role of S100a6
may not be restricted to the CCS. Igfbp7, identified to be enriched in
PBB in our analysis, displayed strong expression in both HIS and PBB,
but not in PF (Fig. 3e and Supplementary Fig. 18). This suggests that
Igfbp7 could serve as a proximal VCS marker. FISH staining showed
that an established VCS marker”®, Pcp4, was indeed expressed
throughout the VCS, but showed stronger expression in the HIS and BB
than in the PF, confirming our scRNA-seq and ST data (Supplementary

Fig. 19). In addition, the expression of Nppa-encoded atrial natriuretic
peptide (ANP) was primarily found in the distal VCS, including DLBB
(Fig. 3f and Supplementary Fig. 20). ScniOa-encoded Nayl.8 was
expressed highly in the PF, compared to the HIS (Supplementary
Fig. 21). Moreover, another PF-enriched gene, Mpped2, was strongly
and specifically expressed throughout the VCS, albeit with a lower level
of expression in the HIS and PBB (Fig. 3g and Supplementary Fig. 22).
Interestingly, Mpped2 and Nayl.8 exhibited a slightly broader
expression pattern showing enrichment along the endomyocardium
of the ventricular chambers, suggesting their potential roles within and
around the VCS. Collectively, the simultaneous examination of both
scRNA-seq and ST followed by histological validation demonstrates
that the CCS consists of both specific and gradational molecular
profiles.

Transcriptomic comparison of the embryonic and

postnatal CCS

The CCS forms through a tightly coordinated process of cell differ-
entiation and specification during embryonic development, and
maturation during early postnatal development?%. As a recent study
has characterized the embryonic (E16.5) CCS through scRNA-seq”, we
sought to understand the transcriptional changes of the major CCS
components during late embryonic and postnatal development.
Embryonic CCS cells were first extracted from the original scRNA-seq
datasets (GSE132658 [https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE132658]) based on cellular identification profiles®, and
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Fig. 4 | Molecular comparison between embryonic and postnatal CCS.

a Integration of embryonic day 16.5 (E16.5) and postnatal (P1-P4) CCS scRNA-seq
datasets shows a close overlay of the CCS components from different develop-
mental stages. P: postnatal. b Correlation analysis between embryonic and post-
natal CCS components exhibits a high degree of concordance between respective
groups. ¢ Expression patterns of the identified CCS component and regional
markers in E16.5 CCS clusters, showing molecular similarities between embryonic
and postnatal CCS. d Pairwise differential gene expression analysis between

embryonic and postnatal CCS components, using the Wilcoxon Rank-Sum Test.

*, adjusted P-value < 0.05. Source data are provided in Supplementary Data 3. SAN
sinoatrial node, cAVN compact atrioventricular node, LNB lower nodal bundle, HIS
His bundle, PBB proximal bundle branch, DBB distal bundle branch, PF Purkinje
fibers, Prolif. CCS proliferative CCS, CM contractile myocytes, Tz-SAN transitional
SAN, AVR AV ring, Atrial TZ atrial transitional zone, Ventricular TZ ventricular
transitional cells, Tz-PF transitional PF.

then were integrated with our postnatal CCS scRNA-seq data with
minimization of potential batch effects (Fig. 4a). This approach
enabled a direct comparison of the molecular profiles of CCS com-
ponents between embryonic and early postnatal stages.

Unbiased clustering of integrated cells displayed aligned patterns
between individual CCS components from E16.5 and postnatal stages.
For instance, the SAN, cAVN, HIS and PF cells of E16.5 and postnatal
stages were well overlapped in the UMAP (Fig. 4a). Consistently, cor-
relation analysis between E16.5 and postnatal CCS components
demonstrated high concordances between the respective CCS
regions, with significant clustering of CCS regions within each cardiac
chamber (i.e., the atria and the ventricles) (Fig. 4b). We further exam-
ined whether the CCS marker genes identified in the postnatal CCS
displayed similar expression patterns in the E16.5 CCS (Fig. 4c). Nota-
bly, SAN-enriched genes (Gnaol, Nid2, Bmp2), cAVN-enriched genes
(Bambi, Gsgl, Rd3, Prdmé), nodal cells-enriched genes (Gcgr, Csrp2,
Enpep, Ctdspl), HIS/proximal VCS-enriched genes (S100a6, Robol,
Scube2, Cdhe6), and PF/distal VCS-enriched genes (Mpped2, Corin, Nsg2,
Sema3a, Sbk2, Tsc22d3, Irx1 and Irx2) were consistently observed in the
corresponding regions of the E16.5 CCS. This finding not only affirms
the specificity of the newly identified CCS markers, but also indicates a
high degree of transcriptomic consistency between these develop-
mental stages, suggesting early establishment of molecular hetero-
geneity within the CCS.

Subsequently, we conducted pairwise differential gene expres-
sion analysis to identify the molecular differences between E16.5 and
postnatal CCS components ([FC| > 1.5; P<0.05; minimum % of
expressing cells in either compared group > 50%) (Fig. 4d and

Supplementary Data 3). We noted significant differences in the
expression of known CCS marker genes, including higher Cpne5 and
lower Igfbps, Sin, and Vsnll expression in the postnatal SAN. Also,
lower expression levels of Id2, Sin, Cavl, and Vsnll, along with higher
Rspo3 levels, were observed in postnatal cAVN, compared to the
embryonic cAVN. Compared to the embryonic HIS, the postnatal HIS
exhibited higher levels of Pcp4, Hcn4, and Igfbp7, yet lower levels of
Tagin and Cnnl, encoding Transgelin (also known as SM22«) and
Calponin 1, respectively, both of which are smooth muscle cell
markers®°. Given that Cnnl is expressed in the embryonic mouse heart
(E13.5) but becomes restricted to smooth muscle cells in adult mouse
tissues®!, this reduction may reflect postnatal CCS maturation. Simi-
larly, the postnatal PF showed significant decreases in Bmp10® and
Corin®, genes that are expressed in the ventricular trabecular myo-
cardium during development.

These observations collectively suggest that despite the high
similarity in the overall molecular profiles of CCS components
between E16.5 and early postnatal stages (P1-P4), there are discernible
molecular changes that indicate the dynamic maturation process in
the CCS during late embryonic and early postnatal development.

Heterogeneous transcriptional regulation of the CCS

To gain mechanistic insights into how distinct molecular patterning
across the CCS is transcriptionally established, we performed network
inference using SCENIC (Single-Cell Regulatory Network Inference and
Clustering)®*, which identifies regulons by predicting the transcription
factors (TFs) and their candidate target genes based on co-expression
and motif enrichment analysis. TF activity in each individual cell was
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Fig. 5 | Heterogeneous transcriptional regulation of the CCS. a (Top) Integrated
heatmap/dotplot of CCS regulons, as inferred by the SCENIC algorithm. The
heatmap color represents regular activities for each CCS component based on the
area under the curve (AUC) scores. Dot size represents transcription factor
expression in each CCS component. (Bottom) Motifs of representative transcrip-
tion factors in the CCS regions. b Tbx3 and Irx3 show unique and overlapping
expression patterns exclusively within the CCS. ¢ SAN and cAVN show enrichment
of Tbx3 with atrial genes (Myl4 and Myl7); LNB, HIS, and PBB show enrichment of
both Thx3 and Irx3 with ventricular genes (My[2 and My!3); and DBB and PF show
enrichment of /rx3 with ventricular genes. d Schematic showing unique and

overlapping expression patterns of Thx3 and /Irx3 throughout the CCS. Created with
BioRender.com. e Genome browser views of chromatin accessibilities in the right
atria, SA node, ventricle, and Tbx3-positive atrioventricular junction (Tbx3* AVJ) as
well as Tbx3 ChiP-seq, and the presence of Iroquois homeobox (Irx) transcription
factor motifs, for the CCS component and regional marker genes. SAN sinoatrial
node, cAVN compact atrioventricular node, LNB lower nodal bundle, HIS His
bundle, PBB proximal bundle branch, DBB distal bundle branch, PF Purkinje fibers,
Prolif. CCS proliferative CCS, CM contractile myocyte, VCS ventricular conduction
system.

calculated using AUCell and subjected to unbiased clustering. This
analysis revealed TFs that potentially contributed to the establishment
of the regional differences within the CCS (Fig. 5a and Supplementary
Data 4). Transcriptional activities by Tbx3, KIf7, CrebS5, Rara, and Sp3
were enriched in the nodes and proximal VCS; Shox2, Nr2f1, Nr2f2, and
Gataé6 in the nodes only; E2f6 in the nodes and distal VCS; as well as
Mef2c and Gtf3a in the nodes and contractile cardiomyocytes. In
addition, enrichments of Tcf4, Tbx5, Cebpb, Cebpd, Jun, Ets2, Fos, and
Irfl activities were observed across all CCS components, except con-
tractile myocytes, whereas Irx2, Tcf712, Etvl, Srebf2, and Max displayed
VCS-specific enrichment. These findings corroborated a large body of
the literature highlighting the regulatory functions of Shox2 and Gata6
in the SAN®, Tbx3 in the SAN/cAVN/HIS***5¢ and Tbx5**** and
Etv1*®® in the VCS. Gene regulatory networks of SAN, cAVN, HIS and PF
were also constructed, elucidating the regulation of the regional

marker genes, such as Gnaol, Gegr, Bmp2 and Vsnll in the SAN; Prdmé,
Rspo3, and Gdel in the cAVN; Igfbp7, Cpnes, Scube2, and Cdhé6 in the
HIS; as well as Mpped2, Slit2, Scn10a, and Tsc22d3 in the PF (Supple-
mentary Fig. 23).

To deepen our understanding of transcriptional regulation of CCS
heterogeneity, we focused on two TFs, Tbx3 and Irx3, known for their
critical roles in CCS development and functions*** (Fig. 5b). Our
scRNA-seq and ST analyses showed that Thx3 and Irx3 exhibited dis-
tinct and overlapping expression patterns within the CCS: Tbx3 alone
in the atrial components of the CCS (SAN and cAVN); both /rx3 and
Tbx3 in the proximal VCS (LNB, HIS, PBB); and /rx3 alone in the distal
VCS (DBB and PF) (Fig. 5c, d). Although Irx3 was not identified from
SCENIC analysis, we observed strong VCS-enrichment of the Irx2 reg-
ulon, another member of the Irx TF family sharing the same Irx
motif***°. Given that Irx3, not Irx2, is well described to be essential for
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VCS development and function'**%°, we hypothesized that individual
and cooperative transcriptional regulation by Tbx3 and Irx3 con-
tributed to the molecular heterogeneity of the CCS.

To test this possibility, we utilized publicly available datasets of
the assay for transposase-accessible chromatin using sequencing
(ATAC-seq) in different CCS regions: PO mouse SAN’' and E13.5 Tbx3-
positive atrioventricular junction (AV) encompassing both AVN and
HIS)*, along with their respective non-CCS counterparts: PO right atria
(RA) and mouse ventricle®’. Additionally, we used Tbx3 ChIP-seq data
performed in adult mouse cardiomyocytes®, and searched for two Irx
TF binding motifs: ‘ACAnnTGT®’ and ‘ACATGT"*° (Fig. 5e). By inter-
secting these datasets, we examined chromatin accessibilities in CCS
and non-CCS regions, Tbx3-binding, and the presence of Irx TF-
binding motifs for the marker genes that we identified in this study.
45.9% (17/37) of the nodal markers showed SAN ATAC-seq peaks, which
contrasts with 16.1% (5/31) of the proximal VCS genes and 11.4% (5/44)
of the distal VCS genes, corroborating our findings. Similarly, 89.2%
(33/37) of the nodal markers and 80.6% (25/31) of the proximal VCS
markers showed chromatin accessibilities in AVJ, compared to 70.5%
(31/44) of the distal VCS markers. Furthermore, 79.5% (89/112) of the
CCS markers appeared to be potentially regulated by Tbx3 or Irx TFs.
Specifically, Tbx3 ChIP-seq peaks were present in 70.3% (26/37) of the
nodal genes, with a mildly lower incidence of 61.4% (27/44) in the distal
VCS genes. In contrast, /rx motifs were found in 37.8% (14/37) of the
nodal genes, while a greater prevalence of 61.4% (27/44) was noted in
the distal VCS genes. These observations align with the expression
patterns of the CCS markers and suggest the individual and coopera-
tive regulatory role of Tbx3 and Irx TFs across the CCS.

Next, we closely examined the epigenomic landscape for several
new and established CCS marker genes (Fig. 5e and Supplementary
Fig. 24). SAN markers, Shox2 and Vsnl1, as well as a cAVN marker, Prdmé6
displayed higher ATAC-seq peaks in the SAN and AVJ compared to the
atria or ventricle, respectively. This suggests a spatial specificity in their
genomic accessibility. Tbx3-binding peaks and Irx motif sequences
were also found in VsnlI and Prdmé, indicating potential regulation by
Tbx3 and Irx TFs. In accordance with its enriched expression in the
proximal VCS, S100aé6 exhibited higher chromatin accessibility peaks
in Tbx3* AVJ, compared to the ventricle. This aligned with the Tbx3
ChlIP-seq peak, but not with Irx motifs, suggesting a possible direct
transcriptional regulation by Tbx3, but not Irx TFs. Interestingly, genes
enriched in the distal VCS where Tbx3 expression is absent, such as
Nppa, Gja5, Mpped2, and Slit2, still displayed open chromatin regions in
the Tbx3" AVJ. They also showed Tbx3 ChIP-seq peaks and Irx motifs.
On the other hand, another distal VCS gene, Scni0a, showed no
apparent differences in ATAC-seq peaks between the Tbx3" AVJ and the
ventricle, although it did exhibit Tbx3 ChIP-seq peaks and Irx motifs.
Lastly, consistent with their high expression in contractile myocytes,
Gjal and Ryr2 showed greater chromatin accessibility in the ventricle
compared to AV]J, atria, and SAN, alongside the presence of Irx motifs
and Tbx3 binding peaks. Collectively, these findings suggest a complex
and region-specific potential transcriptional regulation of CCS regional
marker genes by Tbx3 and/or Irx3.

Tbx3 and Irx3 contribute to CCS heterogeneity

To further investigate the individual and combined actions of Tbx3
and Irx3 on CCS gene regulation, we established an in vitro model that
simulated various CCS regions by introducing Tbx3 and/or Irx3 in
neonatal mouse atrial and ventricular cardiomyocytes (A-CMs and V-
CMs, respectively) using adenovirus-mediated overexpression (Fig. 6a
and Supplementary Fig. 25). Here, Tbx3 overexpression in A-CMs
modeled the nodes (SAN and cAVN); Irx3 and Tbx3 overexpression in
V-CMs, the proximal VCS (HIS and PBB); and Irx3 overexpression in V-
CMs, the distal VCS (DBB and PF) (Fig. 6b). The regional properties of
isolated A-CMs and V-CMs were validated by the significantly high
atrial gene expression (e.g., Myl4 and Myl?) in A-CMs and ventricular

gene expression (e.g., My[2 and Myl3) in V-CMs (Fig. 6¢c). Subsequently,
we assessed how Tbx3 and/or Irx3 influence the expression of CCS
regional markers.

We found that Vsnll, exclusively expressed in the Tbx3" SAN, was
markedly increased by Tbx3 overexpression in A-CMs (Fig. 6d). Inter-
estingly, the addition of Irx3 as well as Irx3 overexpression alone in
A-CMs suppressed Vsnll expression, suggesting the antagonistic
actions of Irx3 against Tbx3 outside nodal cells. In V-CMs, VsnlI was
unaffected by Tbx3 or Irx3 overexpression, suggesting that Vsnll
expression in the SAN is predominantly activated by Tbx3 in an atria-
specific manner. On the other hand, another SAN marker, Shox2 was
not affected by either Tbx3 or Irx3 overexpression in both A-CMs and
V-CMs (Supplementary Fig. 26a), suggesting their insufficiency in
regulating Shox2 expression in neonatal cardiomyocytes. This aligns
with the previous data and supports the notion that Shox2 potentially
acts earlier than Tbx3 in SAN development®, Similarly, cCAVN genes,
Prdmé and Rspo3 were unaffected by Tbx3 and/or Irx3 in A-CMs
(Fig. 6e and Supplementary Fig. 26b). However, in V-CMs, Prdmé and
Rspo3 were significantly repressed by Irx3 overexpression, supporting
their absent expression in the Irx3" VCS. This observation suggests that
their expression in cAVN might be primarily driven by other tran-
scription factors. Together, these data suggest that Tbx3 and Irx3 can
play antithetical roles in gene expression: Tbx3 is an activator and Irx3
is a repressor of these tested nodal genes.

For genes enriched in the Tbx3"/Irx3" proximal VCS, both Tbx3
and Irx3 appeared to function primarily as activators. For example,
$100a6 was upregulated by Tbx3 and Irx3 together in the V-CMs
(Fig. 6f). Interestingly, this upregulation was largely driven by Tbx3, in
agreement with the enriched Tbx3-binding peaks, while Irx3 over-
expression alone in V-CMs had no effect on its expression, consistent
with the lack of Irx motifs in the S100a6 gene (Fig. 5d). Additionally,
Pcp4 was also significantly increased upon overexpression of both
Tbx3 and Irx3 in A-CMs and V-CMs (Supplementary Fig. 26¢), sup-
porting the cooperative activator properties of Irx3 and Tbx3 of the
identified proximal VCS markers.

For the markers identified in the Tbx37/Irx3" distal VCS, we
observed an inverse regulatory relationship between Tbx3 and Irx3
compared to nodal genes: Tbx3 as a repressor and Irx3 as an acti-
vator. For example, Irx3 overexpression significantly upregulated
Nppa, Scni0a, and Gja5 in both A-CMs and V-CMs, supporting their
enrichments in the distal VCS (Fig. 6g and Supplementary
Fig. 26d, e). Importantly, when Irx3 and Tbx3 were overexpressed
together, the activating role of Irx3 on Nppa, Scnl0a, and Gja5 was
largely abolished or reduced, demonstrating the dominant
repressive role of Tbx3 on these genes. These findings corre-
sponded with Tbx3-binding peaks in Nppa, ScniOa, and Gja5
(Fig. 5d), and explained their lower expressions in the His bundle.
Notably, while Tbx3 overexpression alone significantly repressed
Gjas expression in A-CMs, it mildly increased Gjas levels in the V-
CMs, suggesting that Tbx3’s function on Gja5 depends on the
chamber identity. Similarly, Tbx3 and Irx3 activated Mpped2 and
Slit2 expression in the V-CMs, but had no impact on their expres-
sion in the A-CMs, suggesting chamber-specific actions of Tbx3 and
Irx3 on these genes (Fig. 6h and Supplementary Fig. 26f).

Lastly, for genes enriched in the Tbx37/Irx3” contractile myo-
cytes, Tbx3 and Irx3 mainly play a repressive role. For instance, Gjal
and Ryr2 were significantly downregulated by Tbx3 and Irx3 over-
expression together in V-CMs (Fig. 6i and Supplementary Fig. 26f), but
not by Tbx3 or Irx3 alone. This demonstrates their synergistic
repressive role in V-CMs and supports the absence of Gjal in the His
bundle, but not in the Purkinje fibers. On the contrary, in A-CMs, Tbx3
overexpression alone dominantly repressed the expression of both
Gjal and Ryr2, corroborating with the detection of Tbx3-binding
peaks (Fig. 5d) and previous reports on reduced Gjal and Ryr2
expression in the SAN’*%,
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Together, our in vitro study using primary atrial and ventricular Discussion

cardiomyocytes successfully recapitulated the unique expression
patterns of several CCS regional marker genes in a dish. Furthermore,
gene expression analysis integrated with ATAC-seq, ChIP-seq, and Irx
motif data suggests that the transcriptional regulatory program
mediated by Irx3 and Tbx3 is dependent on CCS regions as well as
heart chamber identity, thereby contributing to the molecular het-
erogeneity within the CCS.

In this study, we conducted a comprehensive molecular and spatial
profiling of the transcriptional landscape of postnatal mouse CCS cells
at a single-cell resolution. Our findings demonstrate how CCS com-
ponents, from the SAN to PF, are molecularly continuous yet also
distinct from each other. As noted in previous studies”, major limita-
tions of investigating the CCS include the low number of CCS cells in
the heart (-0.1-0.2% of the entire cardiomyocyte population) and
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Fig. 6 | Region-specific transcriptional regulation of CCS genes by Tbx3

and Irx3. a Schematic of the experimental workflow to model the CCS regional
heterogeneity in vitro. Neonatal mouse atrial cardiomyocytes (A-CMs) and ven-
tricular cardiomyocytes (V-CMs) were infected with Ad-GFP, Ad-Irx3, Ad-Tbx3 or
both Ad-Irx3 and Ad-Tbx3. Created with BioRender.com. b Schematic of the in vitro
model of the CCS regions. Nodes were simulated by Tbx3 overexpression in A-CMs;
the Proximal VCS by Tbx3 and Irx3 overexpression in V-CMs; and the Distal VCS by
Irx3 overexpression in V-CMs. ¢ Gene expression of atrial (Myl4 and Myl7) and
ventricular (My2 and My(3) genes in cultured A-CMs and V-CMs. n =5 per group.
Data are presented as the mean + SEM. P-values were determined by unpaired two-
tailed Student’s t-test. d-i Gene expression levels of the CCS component and

regional markers in A-CMs and V-CMs upon Tbx3 and/or Irx3 overexpression.
Checkered bar graphs represent A-CMs and solid bar graphs represent V-CMs. The
schematic of the transcriptional regulatory model in each gene is displayed. Tested
genes include (d) SA node marker, VsnlI; (e) AV node marker, Prdmé; (f) His bundle
marker, s100aé6; (g) distal bundle branch marker, Nppa; (h) distal VCS marker,
Mpped2; and (i) contractile myocyte marker, Gjal. n=35 per group for A-CMs, and
n=5 (Prdmé, Mpped?) or 10 (Vsnl1, S100a6, Nppa, Gjal) for V-CMs. Data are pre-
sented as mean + SEM. Statistical significance was determined using one-way
ANOVA with Tukey’s multiple comparisons test. Source data are provided as a
Source Data file. VCS ventricular conduction system, A-CMs atrial cardiomyocytes,
V-CMs ventricular cardiomyocytes.

difficulties in isolating viable postnatal CCS cells. For our scRNA-seq
analysis, we utilized approximately 7000 CCS cells that were isolated
from postnatal Cntn2“*;Rosa26'"°™"* mouse hearts and purified
using FACS. Among several Cre lines targeting the CCS, including
Hcn4-CreERT2%,  Cx40-CreERT2%, Gjd3-CreEGFP*° and Sema3a-
CreERT2%, the Cntn2* model was chosen as it could mark all com-
ponents of the early postnatal CCS in mice without tamoxifen induc-
tion, consistent with Cntn2-driven reporters and Cntn2-targeting
antibody*****. To our knowledge, this study has incorporated the
highest number of purified entire mouse CCS cells to conduct a single-
cell transcriptomic investigation to date.

Transcriptional profiling of the CCS using scRNA-seq was further
facilitated by integration with spatial transcriptomics. Among various
spatial transcriptomic technologies available, we chose NanoString
GeoMx Digital Spatial Profiler (DSP) for its several advantages. First,
given that all CCS components cannot be fully captured in one or two
histological sections, the GeoMX DSP offered a larger slide scan area
that accommodated over 10 sections of the P4 heart encompassing all
CCS regions. Second, its segmentation tool enabled precise capture of
tdTomato-positive CCS cells only, allowing transcriptomic assess-
ments without the need for a cell-type deconvolution method. Lastly, it
provided the whole transcriptome profiling. As a result, we were able
to reliably acquire transcriptomic profiles of each CCS component.
Noteworthy among our findings from ST is the molecular identification
and comparison of CCS components within the atrioventricular junc-
tion: two sub-compartments of AVN**"%, the cAVN and LNB, as well as
the HIS. Despite their anatomical proximity, our results indicate that
the LNB shares more molecular similarities with the HIS than with the
cAVN (Supplementary Fig. 6 and 7). This corroborates with the pre-
vious studies, demonstrating that LNB is developmentally originated
from the ventricular myocardium, whereas cAVN is derived from Tbx2*
atrioventricular canal®*>**°, It is, therefore, important to highlight that
the spatial information from ST significantly enhanced our ability to
identify all CCS components in the scRNA-seq data. Furthermore,
although GeoMX DSP presents technical limitations due to its probe-
based transcript counting method, ST data compensated potential
statistical biases in our scRNA-seq data that may arise from varying
numbers of cells in CCS components. Collectively, this integrative
approach, supported by histological validations, enabled the discovery
of CCS marker genes with greater reliability.

Our study identified several marker genes of each CCS compo-
nent, while also consolidating recently recognized CCS markers. In
addition, zonation patterns of genes were identified within the CCS:
specifically, nodes consisting of the SAN and cAVN, proximal VCS
consisting of the LNB, HIS, and PBB, and distal VCS consisting of the
DBB and PF. These marker genes include Gnaol and Vsnll in SAN,
Prdmé6 in cAVN, PpplIrl7 in LNB, $100a6 and Igfbp7 in proximal VCS,
and Nppa, Scn10a and Mpped? in distal VCS. A recent study has shown
that GNAOI was found to be highly enriched in the human SAN, while
PRDM6 was predicted as a potential TF in human nodal cells*®. This
suggests possible evolutionarily conserved roles of these genes in the
CCS. While previous studies have demonstrated that Igfbp7 regulates

pathological cardiac remodeling” and that S100a6, a Ca® binding
protein, modulates adverse ventricular remodeling'®, it has not been
tested whether they play physiological roles in the CCS. Together, it
remains for future research to elucidate the functional implications of
these CCS marker genes in both healthy and diseased hearts.

The completion of CCS development occurs postnatally. Since
deficiencies in Nkx2-5, Thx3, and Irx3 lead to CCS hypoplasia in the
postnatal mouse (as early as P4), but not during embryonic
development®***%, it was unexpected that no significant differences in
gene expression between P1 and P4 were observed in our scRNA-seq
results (Supplementary Fig. 9). This observation led us to consider a
few possibilities: (a) the temporal duration between P1 and P4 may be
too narrow to capture the transcriptional differences; (b) the major
changes in postnatal maturation may occur at a later stage, such as P14,
as shown previously'”; and/or (c) postnatal CCS development may be
primarily regulated and established by the embryonic transcriptional
program. These possibilities were partially tested by directly com-
paring our postnatal CCS scRNA-seq data with embryonic CCS data®.
We found high molecular similarities between E16.5 and postnatal
stages within the same CCS regions, suggesting that cell specifications
within the CCS, particularly for the SAN, cAVN and proximal VCS, may
largely occur by E16.5. On the other hand, higher expression of early-
development genes, such as Tagin, Cnni®, Bmp10®, and Corin®, was
noted in the E16.5 CCS, compared to the postnatal CCS, indicating CCS
maturation during pre-to-postnatal development. Corin is a notable
gene that encodes a transmembrane cardiac serine protease, which
activates Nppa-encoded ANP by cleaving pro-ANP'*% Since ANP sig-
naling is implicated in embryonic VCS development'®, our findings
raise a possibility that Corin-ANP signaling may be crucial for CCS
development and maturation. Additionally, our observation that more
than 3% of early postnatal CCS cells are still proliferating, highlights the
ongoing progress of postnatal CCS maturation. Further studies are
needed to examine the molecular profiles of fully mature adult CCS
cells. As conducted in a series of postnatal cardiomyocytes (from PO-
P28)'", it would also be informative to examine the trajectory of CCS
postnatal maturation and identify a mediator in this developmental
process. Meanwhile, the correlation analysis between E16.5 and our
postnatal CCS data showed that the postnatal SAN cells were more
strongly correlated with E16.5 SAN (tail) than with SAN (head). We also
observed that Thx18, which marks SAN (head)'** as well as Is{I'® were
undetected in the postnatal SAN region of our scRNA-seq and ST data.
Considering that TbxI8 and /slI are involved in early SAN development
and their expression diminishes in the adult heart'”, their absence in
our data might indicate pre-to-postnatal maturation. However, it may
also be attributed to the relatively lower number of nodal cells in our
scRNA-seq data compared to VCS cells. Therefore, while the tdTomato
signal in the postnatal CCS-tdT mouse heart overlapped with Shox2
and Vsnll expression in the SAN (Supplementary Fig. 13), further
investigation to ascertain whether entire SAN regions are captured by
Cntn2 could elucidate this discrepancy.

In the CCS, which is essentially a continuous structure, molecular
heterogeneities govern distinct functional properties of each CCS
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component, ensuring harmonious contraction and relaxation of the
heart. While the roles of individual transcription factors in the devel-
opment and function of CCS components have been extensively
studied” ", our understanding of how these transcription factors
cooperate across different regions of the CCS is comparatively limited.
Our SCENIC analysis inferred gene regulatory networks within the CCS,
controlled by established TFs such as Shox2, Gata6®, Tbx3**48¢,
Tbx5%*%7 and Etvl1***® as well as by less explored TFs, including Nr2f1,
Atl5, and Bachl. It is also notable that CCS-specific regulons were lar-
gely clustered within the nodes only, nodes & proximal VCS, and the
VCS, suggesting the zonation patterns of gene regulatory networks
within the CCS. This was further tested functionally by examining the
roles of two CCS-specific TFs, Tbx3, and Irx3'*2**, Our in vitro model
using primary atrial and ventricular cardiomyocytes overexpressing
Irx3 and Thx3, along with ATAC-seq, ChIP-seq, and motif analyses,
provides proof-of-principle evidence of their contributions to the
establishment of molecular heterogeneities within the CCS. Specifi-
cally, our findings suggest that Tbx3 and Irx3 play individual, coop-
erative, or antagonistic actions in a chamber-specific, and CCS
component-specific manner. The in vitro model we utilized has
potential limitations due to adenovirus-mediated high TF expression,
which exceeds physiological levels, and the relatively moderate effects
of Tbx3 and Irx3 overexpression on gene regulation, which can be
attributed to the maturity of neonatal mouse cardiomyocytes. There-
fore, further investigation is warranted to elucidate the precise reg-
ulatory mechanisms by which the gene dosage balance between Tbx3
and Irx3 positively and negatively fine-tunes gene expression in a
developmentally more potent system. We have previously demon-
strated that Irx3 can promote transcription as a repressor (possibly
through an unidentified repressor)”, suggesting a potential co-
regulatory function of Irx3. Also, direct binding sites for Irx TFs
remain to be identified. Thus, identifying the co-regulator(s) of Tbx3
and Irx3 in the context of chamber-specific or CCS region-specific gene
regulation would significantly enhance our understanding of tran-
scriptional regulatory networks in developing hearts. Indeed, our
results are well aligned with a study demonstrating that the gene
dosage balance between Thx5 and Thx3 orchestrates VCS-specific gene
expression profiles and function®. Specifically, the VCS-specific
removal of Tbx5 was sufficient to alter gene expression profiles of
the VCS towards those of nodal cells by elevating Thx3 expression.
Since Irx3 physically interacts with Tbx5%, this suggests a potential
gene regulatory network among Tbx5, Tbx3, and Irx3 in establishing
CCS heterogeneities.

In conclusion, our study generates a transcriptomic resource of
the postnatal murine CCS and provides functional evidence of how
molecular heterogeneities across the CCS can be transcriptionally
established. These findings help advance our understanding of the
molecular identities within the CCS beyond its anatomical structures,
and therefore have implications for therapeutic approaches against
conduction system defects.

Methods
Mice
All experimental protocols were approved by the Animal Care Com-
mittees of the University of Ottawa (HI-2950 and 3060), in accordance
with the guidelines of the Canadian Council on Animal Care (CCAC). All
mice had free access to standard chow (2019 Teklad Global Diet;
Envigo) and water and were housed in a controlled environment with a
12h light/12h dark cycle, ambient temperature of 22-24°C and
humidity levels of 30-60%. Mice were humanely euthanized via CO,
inhalation and/or cervical dislocation based on CCAC guidelines on
euthanasia of animals used in science.

For scRNA-seq, ST, and histological validation experiments,
homozygous Cntn2rm-eeEcNmn — (Cpen2®e)  and  homozygous
Rosa26 ™™ mice®’, which were maintained on a CD-1 background,

were crossed to generate CCS-fluorescent reporter mice (Cntn2°
*:Rosa26'™m/*  CCS-tdT). To achieve the maximum number of age-
matched pups simultaneously, 8-15-weeks-old female mice were
housed together without exposure to male mice for 2-3 weeks prior to
mating to synchronize their estrous cycles. Following the mating
setup, vaginal plugs were monitored daily. Neonatal mice on postnatal
days 1, 2, and 4 were euthanized by cervical dislocation immediately
before heart collection for cardiomyocyte isolation, ST or histological
validation. A total of 103 CCS-tdT pups were used for scRNA-seq. For
in vitro adenovirus-based overexpression studies, 2-3 PO neonatal
litters from CD-1 male and female breeders were used to isolate atrial
and ventricular cardiomyocytes. Both males and females were inclu-
ded in all experiments, and sex differences were not considered.

Neonatal mouse cardiomyocyte isolation

The atria and ventricles of neonatal mice were collected separately in
sterile ice-cold 1x phosphate-buffered saline (PBS). The ventricles were
cut into 3-4 pieces for efficient digestion. Atrial and ventricular car-
diomyocytes were separately placed into 50 mL centrifuge tubes
containing filtered Hanks” Balanced Salt Solution (1x HBSS, Thermo-
fisher) with 0.0125% Trypsin-EDTA (Thermofisher) and 1% penicillin/
streptomycin (P/S; Thermofisher). Cells were subjected to overnight
trypsin digestion at 4 °C while gently rotating. Then, the trypsin
solution was aspirated and discarded. 5mL of filtered and warm
(37°C) L-15+0.075% Collagenase ll/Dispase (Roche,
10269638001) +1% P/S solution was added to the 50 mL centrifuge
tube containing cardiomyocytes, and a fine magnetic stir bar was
placed. The centrifuge tubes were placed in a tube rack, which was
placed above the stir plate. After gentle stirring of the solution and
cells for 5 min, the supernatant containing single cardiomyocytes was
collected into 5 mL of cold fetal bovine serum (FBS) to prevent cells
from over-digestion. An additional 5mL of collagenase digestion
solution was added to the cells, and this digestion-collection step was
repeated until sufficient cells were collected. After the final collection,
debris was removed using a 100 pm cell strainer (VWR International).
Cells were then pelleted at 200 g for 5 min. Purified cells were resus-
pended and plated in a culture medium containing Dulbecco’s Mod-
ified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12, Thermofisher)
with 10% FBS +1% P/S. Pre-plating was done for 1 hr in the incubator to
allow separation of fibroblasts from cardiomyocytes. Cardiomyocytes
were then collected for either FACS or plated in new 12- or 24-well
plates for adenovirus-mediated overexpression studies.

FACS, multiplexing of cells and single-cell RNA sequencing
Isolated P1, P2, and P4 neonatal cardiomyocytes suspended in culture
medium (DMEM/F-12 with 10% FBS +1% P/S) were filtered using a 100
pum cell strainer (VWR, 10199-658), then transferred to separate poly-
propylene tubes (Falcon). Cells were incubated with Sytox™ Blue dead
cell stain (Thermofisher, S34857, 1:2000) prior to Fluorescence Acti-
vated Cell Sorting (FACS). Gating was done for size and granularity,
then for Sytox-based viability, and finally for tdTomato-based identi-
fication of conduction cells. Approximately 0.1-0.2% of total viable
cardiomyocytes were tdTomato-positive for all P1, P2, and P4 cells
(Supplementary Fig. 2).

MULTI-seq reagents were generously provided by the developers,
and multiplexing of P1, P2, and P4 cells was conducted following the
developer’s protocols®. In brief, following separate FACS sorting of P1,
P2, and P4 CCS cells into culture medium (DMEM/F-12 with 10%
FBS +1% P/S), cells were pelleted and washed using centrifugation
(250 g, 5 min, 4 °C) and 1x PBS. Lipid-modified oligonucleotide anchor
mix and unique barcodes were added to each sample at final con-
centrations of 200 nM. Cells were resuspended by gentle pipetting and
were incubated at 4 °C for 10 min, ensuring to periodically mix by
gently tapping. Then, a co-anchor lipid-modified oligonucleotide was
added to each sample (final concentration of 200 nM), and cells were
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incubated at 4°C for 5min. Cells were then pelleted using cen-
trifugation (250 g, 5 min, 4 °C) and resuspended in PBS containing 1%
BSA to quench residual barcodes. P1, P2, and P4 cells were then pooled
into a single tube and subjected to viability assessments and cell
counting prior to scRNA-seq library generation using the 10x Chro-
mium Single Cell 3" v3 kit (10x Genomics). All gene expression libraries
were sequenced with NextSeq500 (lllumina).

scRNA-seq data analysis

The generated fastq files were processed with CellRanger (version 7).
Reads were aligned to the mml0-3.0.0 reference transcriptome
annotation file. Sequences and annotations for tdTomato and Cre were
manually added to the fasta and gtf files (Supplementary Data 5),
respectively, using the function cellranger mkref. A total of 10,407 cells
were sequenced, with a mean of 35,041 reads per cell and a median of
3055 genes detected per cell. Demultiplexing was performed using
Python according to the unique MULTI-seq barcodes given to each P1,
P2, and P4 sample prior to pooling.

Downstream bioinformatic analysis was performed on R (version
4.2.2) using the ‘Seurat’ R package (version 5.0.1)'°. Briefly, pre-
processing of the data was performed following quality assessment to
include cells with >2000 and <5500 detected genes, and percentages
of mitochondrial genes of >5% and <25% (Supplementary Fig. 3).
Additional biological filtering was applied based on markers of com-
mon cell types known to exist in the heart. For instance, 1.03% of all
cells (72 out of 6927 cells) that lacked expression of cardiomyocyte
genes (Myh6, Myh7, Tnnt2, Tnnil, Ryr2) but expressed markers of
fibroblasts (Postn, Collal, Colla2, Col3al) or smooth muscle cells
(Caldi, Emilinl, Heximl, Tagln, and Fabp4), were excluded from
downstream analysis (Supplementary Fig. 4). Following pre-
processing of the data, feature counts were normalized by log-
transformation using the function NormalizeData. The top 5000
features were identified using “vst” as the selection method using
FindVariableFeatures. Normalized counts for these variable genes
were then scaled using ScaleData with regression of mitochondrial
gene counts and the number of unique molecular identifiers (UMIs).
Linear dimensional reduction was performed using principal com-
ponent analysis (PCA) using RunPCA. For Uniform Manifold Approx-
imation and Projection (UMAP) embedding using RunUMAP analysis
using all cells, including non-cardiomyocytes (Supplementary Fig. 4),
CCS cells (Supplementary Fig. 5b), ‘Nodes-HIS-BB’ (Supplementary
Fig. 5c), ‘Nodes’ (Supplementary Fig. 5d), the first 25 principal
dimensions were used. Optimal clusters were identified by Find-
Neighbors and FindClusters using resolutions of 0.25, 0.19, 0.4, and
0.97, respectively, determined by the examination of known marker
expression patterns. For the ‘LNB-HIS-PBB’ (Supplementary Fig. Se),
the first 10 principal components were used with a clustering reso-
lution of 0.6. For ‘Proliferative CCS’ (Supplementary Fig. 8), 20 prin-
cipal components were used with a clustering resolution of 0.6.
Heatmaps were generated using the ‘ComplexHeatmap’ R package
(version 2.15.4).

E16.5 CCS data (GSE132658)* was analyzed according to the
author’s described methods as well as using markers demonstrated in
the study. Integration of E16.5 and Postnatal CCS was performed using
Seurat’s Integration pipeline. Briefly, anchors between the datasets
were found using FindintegrationAnchors followed by data integra-
tion using IntegrateData. For correlation between E16.5 and postnatal
CCS components, averaged expressions of genes for each CCS com-
ponent given by AverageExpression were used. Correlation analysis
was then performed and visualized using the ‘corrplot’ R package
(version 0.92). Direct comparison was performed on integrated data
using FindMarkers.

Visualization of sequencing reads alignment to ScnIOa was gen-
erated using the Integrative Genomics Viewer (IGV) (version 2.17.4),
with the reference genome mm10 (Supplementary Fig. 12).

Gene regulatory network inference

Gene regulatory network inference was performed using ‘pySCENIC’
(version 0.12.1) following the SCENIC (single-cell regulatory network
inference and clustering) pipeline®*'””. The count matrix was provided
as input after filtering out genes with zero expression. Repressive
regulons were excluded, and putative regulons lacking expression of
the TF in at least 40% of any region were filtered out, resulting in 97
retained regulons. Regulon activity was quantified in individual cells
using AUCell and averaged across each region.

To construct regional gene regulatory networks, regulons were
scored based on regional specificity'®. The top 5 regulons specific to
each region were retained after filtering for 40% expression of the TF in
the respective region. Target genes differentially expressed in each
region (adj. P<0.05) were retained. The resulting regional networks
with top 5 regulons were then visualized using the Fruchterman-
Reingold layout (‘iGraph’, version 1.5.1), with node colors corre-
sponding to the classification of the gene (transcription factors and
CCS marker genes).

Spatial transcriptomics and data analysis

Spatial Transcriptomic (ST) analysis was performed in frozen tissue
sections of P4 CCS-tdT mouse heart using the NanoString GeoMx
Digital Spatial Profiler (DSP)'**'' in collaboration with the Advanced
Genomics Core at the University of Michigan. The sections were sub-
jected to in situ hybridization with the GeoMx Probe Mix for NGS
readout (Mouse Whole Transcriptome Atlas RNA v1.0). CCS structure
was visualized with anti-DsRed primary antibody (Takara, #632496,
1:200) and anti-rabbit AlexaFluor™ 594 secondary antibody (Ther-
mofisher Scientific, A11012, 1:500). SYTO13 nuclear staining was per-
formed for visualization of tissue morphology and cell counting.
Regions of interest (ROI) were chosen using the fluorescent segmen-
tation function on the DSP. Two ROIs were selected for each CCS
region, including the SA node (SAN), lower nodal bundle (LNB), His
bundle (HIS), proximal left and right bundle branch (PLBB/PRBB),
distal left and right bundle branch (DLBB/DRBB), and left and right
Purkinje fibers (LPF/RPF). One ROI was collected for the compact AV
node (cAVN). Non-CCS regions adjacent to each CCS region were also
selected, including right atrial appendage (RAA), left endomyocardium
(LENDO), left epimyocardium (LEPI), basal interventricular septum
(IVS-B), apical interventricular septum (IVS-A), and right ventricle (RV).
Following ROI selection, DNA oligos were cleaved from RNAScope
probes by directing UV light at each ROI using the digital micromirror
device. Cleaved oligos were then collected into the wells of a 96-well
collection plate, which were subjected to library preparation and next-
generation sequencing. Sequencing depth was estimated by multi-
plying the total area of all the ROIs (um?) and sequencing of the pooled
library was performed on NovaSeq 6000 (Illumina).

Raw FASTQ files were processed using NanoString’s Automated
Data Processing Pipeline, which includes adapter trimming and align-
ing stitched paired-end reads to the barcodes in the reference assay
before the removal of PCR duplicates based on the UMI of each read.
The resulting data collection container (DCC) files for each ROI were
then processed with the ‘GeoMxTools’ package (version 3.0.1) using
the corresponding NanoString DSP configuration file and the
instrument-generated worksheet with ROI identifiers. Initial quality
control filtering and third quartile (Q3) normalization were performed
with minimum average negative control measurements for ROI
retention and minimum counts above background for target reten-
tion. The resulting filtered and Q3 normalized data were analyzed for
differential expression analysis using an unpaired t-test. A gene was
considered CCS-specific as well as significantly differentially expressed
(Fig. 2a, b) if it satisfied both of the following conditions: 1) |[Fold
change| > 1.5, P< 0.05 in the region of interest compared to all other
CCS components, and; 2) [Fold change| > 1.5, in the region of interest
compared to its respective non-CCS components. For SAN and cAVN,
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its non-CCS control was RAA; for LNB, HIS, PLBB, and PRBB, its control
was IVS-B; for DLBB and DRBB, its control was IVS-A; for LPF its control
was LENDO and; for RPF, its control was RV.

ATAC-seq and ChIP-Seq analyses

For chromatin accessibility and binding analyses, raw data was
downloaded in fastq format using the fastq-dump function in the SRA
toolkit. Fastq files were then uploaded onto the UseGalaxy server™.
Quality control assessments were performed using FastQC (version
0.11.7)"2. Reads were then aligned to the mm9 mouse reference gen-
ome using Bowtie2 (Galaxy Version 2.4.2+galaxy0) with the ‘--very-
sensitive’” parameter applied for optimal mapping™. Mitochondrial
genome reads and low mapping quality (mapQuality <30) were con-
sidered uninformative reads and filtered out using the Filter BAM
datasets on a variety of attributes function (Galaxy Version 2.4.1)",
Duplicate reads were then removed using ‘Picard MarkDuplicates’
(Galaxy Version 2.18.2.2) (broadinstitute.github.io/picard). MACS2
callpeak function (Galaxy Version 2.1.1.20160309.6) was used to call
peaks with the following parameters: ‘Single-end BED’, --nomodel’,
“--shift -100’, ‘-extend 200’, and FDR < 0.05". The following datasets
were analysed: E13.5 Tbx3+ AVJ ATAC-seq (GSE121464 [https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE1214641)*, adult ven-
tricle ATAC-seq (GSE110209 [https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE1102091)*, PO sinoatrial pacemaker ATAC-seq
(GSE148515 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE148515])%%, PO right atrial cardiomyocyte ATAC-seq (GSE148515
[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148515]),
and adult heart Tbx3 ChIP-seq (GSE35151 [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE35151])”>. Moreover, two Iroquois (Irx)
motifs, ACATGT (Motif ID: UP00223 2)°° and ACAnnTGT® were used
for predicting genome-wide motif occurrences. Each motif sequence
was uploaded onto FIMO (Find Individual Motif Occurrences), part of
the MEME software package (tools.genouest.org/tools/meme/), and
motifs were scanned in the UCSC mm9 mouse genome. Only motif
occurrences with P values<1.0 x 10™ were considered significant,
which are automatically calculated by FIMO based on a log-likelihood
ratio score conversion'®.

Peaks were visualized in bigWig format by converting MACS2
Bedgraph output to bigWig via the Wig/BedGraph-to-bigWig function
(Galaxy version 1.1.1) and uploading it onto the Integrative Genomics
Viewer (IGV) genome browser (version 2.16.2)"". For datasets where
peaks were readily available in bigWig format, peak files were directly
downloaded from the NCBI Gene Expression Omnibus (GEO) and
uploaded onto IGV. For datasets with multiple replicates, a mean big-
Wig file was generated using the deepTools2 ‘bigwigCompare’ func-
tion (Galaxy version 3.5.1.0.0)".

Immunofluorescence staining

Freshly isolated neonatal hearts were fixed in a methanol-free 4%
paraformaldehyde solution (Thermo Scientific™ Pierce™, #28906) in
PBS overnight at 4 °C. Hearts were washed twice in PBS for 30 mins
each, then were incubated in filtered 30% sucrose in PBS overnight at
4 °C. Fixed cryopreserved hearts were embedded in Tissue-Tek® O.C.T
compound (Sakura, #4683) and immediately frozen on powdered dry
ice. Embedded hearts were sectioned using a cryostat at 8 um thick-
ness and stored at —20 °C until use.

For immunofluorescence staining, heart sections were air-dried
for 30 min at room temperature, then washed three times in PBS for
5 min each. The sections were permeabilized with 0.1% Triton X-100 in
PBS for 15 min. Blocking was done using the appropriate host serum in
0.3% triton X-100 in PBS for 1hr at room temperature. The sections
were then incubated overnight at 4°C with the following primary
antibodies: chicken anti-RFP (Rockland Immunochemicals, 600-901-
379, lot #42649, 1:100), goat anti-Cntn2 (R&D Systems, AF4439, lot
#CDS00219101, 1:50), rabbit anti-Gnaol (Thermo Fisher Scientific,

PAS5-30044, lot #YH4027897A, 1:100), rabbit anti-Scnl0a (Alomone
Labs, ASC-016, lot #, ASC016AN2550, 1:50), rabbit anti-Igfbp7 (Abcam,
ab74169, lot #GR242021-1, 1:50), rabbit anti-S100a6 (Abcam, ab181975,
lot #GR3438351-1, 1:100), rabbit anti-Nppa (EMD Millipore, ab5490, lot
#Q3015715, 1:250), mouse anti-Shox2 IgG2a (Santa Cruz Biotechnol-
ogy, sc-81955, lot #B2822, 1:50) or rabbit anti-Vsnll (GeneTex,
GTX115039, lot #40247, 1:100), rabbit anti-Ppplrl7 (Thermo Fisher
Scientific, PA5-61599, lot #YH4028316B, 1:200). The following day,
sections were washed three times with PBS for 5 min each, and then
incubated with appropriate secondary antibodies: goat anti-chicken
IgY Alexa Fluor™ 568 (Thermo Fisher Scientific, A11041, lot #2482953,
1:200), donkey anti-chicken IgY Alexa Fluor™ 568 (Thermo Fisher
Scientific, A78950, lot # 2622381, 1:200), goat anti-rabbit Alexa Fluor™
488 (Thermo Fisher Scientific, A-11008, lot #2420730, 1:500), goat
anti-mouse IgG2a Alexa Fluor™ 488 (Thermo Fisher Scientific, A21131,
lot #2420706, 1:500), donkey anti-rabbit Alexa Fluor® 647 (Jackson
ImmunoResearch Laboratories Inc., 711-605-152, 1:200), goat anti-
mouse IgG2b Alexa Fluor™ 488 (Thermo Fisher Scientific, A21141, lot
#2432059, 1:500) for 1 hr at room temperature in the dark. Finally, the
sections were subjected to the Vector® TrueVIEW Autofluorescence
quenching kit (Vector laboratories, SP-8400) to minimize auto-
fluorescence of the heart. A mounting medium with DAPI (Abcam,
ab104139) was used for nuclei staining. Imaging was performed using
LSM 880 confocal microscope with Airyscan (Zeiss) or AxioObserver 7
microscope (Zeiss), and processing was performed using ZEN micro-
scopy software with Airyscan processing and orthogonal projection.
Whole tissue fluorescence imaging to examine Cntn2“-mediated
tdTomato expression of the CCS was performed using the Zeiss Ste-
REO Discovery V8 stereomicroscope. Fluorescence slide scanning was
performed using Aperio VERSA 8 Scanner (Leica Biosystems).

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed using the
RNAscope Multiplex Fluorescent Reagent Kits v2 (Advanced Cell
Diagnostics, ACD) as per the manufacturer’s protocol. In brief, frozen
tissue sections (8 pm thickness) of P4 CCS-tdT mouse heart were
baked at 60 °C for 30 min, followed by post-fixation in 4% PFA for
30 min at 4 °C. After target retrieval for 5 min and Protease Plus incu-
bation for 15 min, the sections were incubated for 2 hrs at 40 °C with
the following probes: Prdmé6 (mouse, Cat #456891), Mpped2 (mouse,
ACD, #848371), Pcp4 (mouse, ACD, #402311) and tdTomato (mouse,
ACD, #317041-C2). Opal 690 Reagent Pack (Akoya Biosciences,
#FP1497001KT, 1:200) and Opal 570 Reagent Pack (SKU FP1488001KT,
1:200) were used to visualize the FISH signal. Fluorescence microscopy
was performed using LSM 880 confocal microscope (Zeiss) or
AxioObserver 7 microscope (Zeiss), followed by image processing with
ZEN microscopy software.

Trichrome staining

To examine the cellular morphology and fibrous insulation in the
atrioventricular region of the cardiac conduction system (i.e., CAVN,
LNB and HIS), P4 mouse hearts were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 5 pm thickness. Fibrosis was
visualized by Masson’s trichrome staining, and images were captured
using the Aperio VERSA 8 Scanner (Leica Biosystems).

Adenovirus-mediated overexpression

24 hrs following the isolation and plating of atrial and ventricular
cardiomyocytes, debris and dead cells were washed with pre-warmed
PBS. After washing, pre-warmed fresh culture medium (DMEM/F-
12 +10% FBS +1% P/S) containing adenoviruses expressing GFP, Irx3,
Tbx3, or both Irx3 and Tbx3 was added to the cells at a multiplicity of
infection of 10 virus particles per cell. Adenovirus was washed off after
7-12 hrs, and the cells were cultured for an additional 48 hrs before
being collected for RNA extraction.
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Quantitative PCR

Cultured cardiomyocytes were lysed in Trizol™ Reagent (Invitrogen™)
through vigorous pipetting. For every 1mL of Trizol™, 0.2mL of
chloroform (C607-4, Fisher Chemical) was added to the cell lysate,
followed by vigorous shaking for 15 sec and incubation at room tem-
perature for 5min. Centrifugation was done at 12,000 g for 15 min at
4°C to allow separation of the aqueous layer collection. Using the
aqueous layer, RNA was purified with PureLink™ RNA Mini Kit
(Invitrogen™) according to the manufacturer's protocol.
Nanodrop2000 spectrophotometer (Thermo Fisher Scientific) was
used for spectrophotometric quality and quantity assessments. cDNA
was synthesized from purified RNA through reverse transcription
using the High-Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems™) following the manufacturer’s instructions, and to inhibit
RNA degradation, RNaseOUT™ Recombinant Ribonuclease Inhibitor
(Invitrogen™) was used. Quantitative PCR (QPCR) was performed using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™) with
QuantStudio™ 5 Real-Time PCR System (Applied Biosystems). Relative
fold change and normalization of genes of interest were performed
using the 274" method, with Thp serving as the housekeeping gene
after ensuring its stable expression across all conditions. Primer
sequences used are listed in the supplemental data (Supplemen-
tary Data 6).

Statistical analysis and reproducibility

Fluorescence stereomicroscope imaging of the CCS-tdT heart (Fig. 1a)
was performed on more than five hearts. All immunofluorescence
experiments (Fig. 3a, c-f and Supplementary Figs. 12, 13, 15-17, 19, and
20) were independently performed at least two times with varying
antibody concentrations. All fluorescence in situ hybridization (FISH)
experiments (Supplementary Fig. 14,18, 21) were conducted at least
twice. Comparison between the embryonic (E14.5) and postnatal CCS
data (Fig. 4d) was conducted using the Wilcoxon Rank Sum Test. Data
are provided in Supplementary Data 3. Statistical analyses of qPCR
experiments (Fig. 6 and Supplementary Figs. 24 and 25) were per-
formed using GraphPad Prism 10 (GraphPad Software). Results are
reported as mean + standard error of the mean (SEM). Statistical dif-
ferences between the means of two or more groups were tested using
unpaired two-tailed Student’s t-test or one-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test. P-values less than
0.05 were considered statistically significant. The number of samples
(n) is stated in figure legends. No statistical method was used to pre-
determine the sample size.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data and spatial transcriptomics data generated in this
study have been deposited in the Gene Expression Omnibus (GEO)
database under accession code, GSE231547. Source data for Fig. 6 and
Supplementary Fig. 25 and 26 are provided with this paper. Source
data are provided with this paper.

Code availability
All codes used to generate the results and figures in this study are
available in Zenodo (https://doi.org/10.5281/zenodo0.12520577).
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