
RESEARCH REPORT

Nkx2-5 defines a subpopulation of pacemaker cells and is
essential for the physiological function of the sinoatrial node
in mice
Hua Li1,2, Dainan Li2, Yuzhi Wang2, Zhen Huang1, Jue Xu2,3, Tianfang Yang2, Linyan Wang2,4,
Qinghuang Tang2, Chen-Leng Cai5, Hai Huang2, Yanding Zhang1 and YiPing Chen2,*

ABSTRACT
The sinoatrial node (SAN), the primary cardiac pacemaker, consists
of a head domain and a junction/tail domain that exhibit different
functional properties. However, the underlying molecular mechanism
defining these two pacemaker domains remains elusive. Nkx2-5 is a
key transcription factor essential for the formation of the working
myocardium, but it was generally thought to be detrimental to SAN
development. However, Nkx2-5 is expressed in the developing
SAN junction, suggesting a role for Nkx2-5 in SAN junction
development and function. In this study, we present unambiguous
evidence that SAN junction cells exhibit unique action potential
configurations intermediate to thosemanifested by the SAN head and
the surrounding atrial cells, suggesting a specific role for the junction
cells in impulse generation and in SAN-atrial exit conduction. Single-
cell RNA-seq analyses support this concept. Although Nkx2-5
inactivation in the SAN junction did not cause a malformed SAN
at birth, the mutant mice manifested sinus node dysfunction. Thus,
Nkx2-5 defines a population of pacemaker cells in the transitional
zone. Despite Nkx2-5 being dispensable for SAN morphogenesis
during embryogenesis, its deletion hampers atrial activation by the
pacemaker.

KEY WORDS: Nkx2-5, Shox2, Sinoatrial node, Cardiac conduction
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INTRODUCTION
The rhythmic heartbeats in mammals are regulated by a steady
pace of electrical impulses generated by the sinoatrial node (SAN),
functionally known as the primary cardiac pacemaker (Christoffels
et al., 2010; Moorman et al., 1998; Ye et al., 2015a). Anatomically,
the SAN is a structurally heterogeneous tissuewith a densely packed
head domain that extends superiorly and wraps around the right
superior vena cava (RSVC), and a loosely packed junction/tail
region that extends inferiorly towards the inferior vena cava (IVC)

(Boyett et al., 2000; Liu et al., 2007; Opthof, 1988). Interestingly,
the SAN junction can maintain pacemaker function even in the
presence of a severe hypoplastic SAN head, as shown in Tbx18
mutants (Wiese et al., 2009). In contrast, mice lacking Shox2 in the
SAN junction manifest severe sinus node dysfunction associated
with a virtual absence of the SAN junction, despite a normal SAN
head (Ye et al., 2015b). This observation demonstrates an essential
role for the SAN junction in normal pacemaking function. However,
whether more than one population of pacemaking cells exist in
the SAN remained an unanswered question. Additionally, the
mechanism and molecular basis responsible for the distinct function
of the SAN head and junction are also unknown.

SAN development has been studied extensively. Gene expression
and genetic studies in mice have revealed a complex genetic
network involving many genes, including Hcn4, Tbx3, Tbx5,
Tbx18, Isl1 and Shox2 (Munshi, 2012). Among them, Shox2, Tbx3,
Isl1 and Hcn4 are expressed in the entire developing SAN, with
Hcn4 being regarded as a functional marker of the SAN (Moosmang
et al., 2001; Santoro and Tibbs, 1999). Nkx2-5, one of the earliest
cardiac-specific markers, plays an essential role in heart formation
(Lints et al., 1993; Moses et al., 2001). Previously, Nkx2-5 was
thought to be excluded from the developing SAN and to be essential
for establishing a strict boundary between the SAN domain and the
surrounding atrial myocardium by inhibiting Tbx3 and Hcn4, but
activating Cx40 (Gja5) expression (Christoffels et al., 2006;
Espinoza-Lewis et al., 2011; Kasahara et al., 1998; Mommersteeg
et al., 2007). Despite repression of Nkx2-5 by Tbx3 and Shox2 in
the SAN head region (Blaschke et al., 2007; Espinoza-Lewis et al.,
2009; Wu et al., 2014), Nkx2-5 expression was nevertheless
detected in the developing SAN junction (Liang et al., 2013; Wiese
et al., 2009; Ye et al., 2015b). Our recent studies demonstrated
that, in the developing SAN junction, Shox2 functions to inhibit
the transcriptional output of Nkx2-5 through a Shox2-Nkx2-5
antagonistic mechanism (Ye et al., 2015b). However, whether
Nkx2-5 is essential for the development of the SAN junction and
SAN function is completely unknown.

RESULTS AND DISCUSSION
Patch-clamp recording identifies two distinct populations of
pacemaking cells in the developing SAN
While several molecular markers, including Hcn4, Shox2, Isl1 and
Tbx3, are expressed in the entire developing SAN, Tbx18 expression
is restricted to the SAN head, and Nkx2-5 expression is found in the
SAN junction from early embryonic stage to adulthood, indicating
the existence of two genetically distinct domains in the SAN (Wiese
et al., 2009; Munshi, 2012; Ye et al., 2015a,b; Fig. 1A-C′).
Although genetic studies have demonstrated different requirements
of these two domains for pacemaking function, the exact cellReceived 18 March 2019; Accepted 4 July 2019
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identity in these two distinct SAN regions has not been studied,
likely due to difficulties in determining the precise isolation of cells
from each domain. We took advantage of several unique genetically
modified mouse lines that can precisely define the SAN head and
junction domains. We compounded these alleles to generate mice
carrying Nkx2-5Cre/+;Shox2HA−DsRed;R26RYFP alleles. In these
mice, the entire SAN is labeled by DsRed expressed from the
Shox2HA−DsRed allele (Ye et al., 2015b), while the junction domain
is marked by both DsRed and YFP that is activated by the Nkx2-5Cre

allele. As a result, the junction cells (DsRed+/YFP+) are
distinguishable from the surrounding atrial (YFP+) and SAN head
cells (DsRed+) (Fig. S1).
To understand the developmental status of the electrophysiological

properties of a SAN cell, we developed an exo utero

electrocardiography (ECG) protocol whereby an ECG recording is
conducted on embryos via the placenta to the uterus attachment
within the female abdominal cavity. We performed exo utero
ECG on wild-type embryos from embryonic day 12.5 (E12.5) to
E16.5 and found that the P waves, which accurately reflect atrial
depolarization, became detectable at E12.5, and appeared typically
from E13.5 onwards (Fig. S2), consistent with a previous report that
SAN cells begin to exhibit typical action potential (AP)
configurations of pacemaking activity at E12.5 (van Eif et al.,
2019). Therefore, we isolated the SAN and adjacent atrial tissues
from E13.5 Nkx2.5Cre/+;Shox2HA-DsRed;R26RYFP embryos. Single
cells were dissociated from the tissues and plated in culture.
Patch-clamp recordings were performed on cultured cells from
the SAN head and junction, as well as the atrial tissues, based on

Fig. 1. AP recordings identify two
distinct types of pacemaking cells
in the SAN. (A-C,C′) Co-
immunofluorescent staining shows
the persistent expressions of Nkx2-5
and Hcn4 in the SAN junction of
Shox2Cre/+;R26RmTmG mice at
adulthood. Red arrowheads indicate
the SAN head; white arrowheads
indicate the Nkx2-5+ cells in the SAN
junction. (D) Sample traces of
spontaneous action potentials show
typical firing configurations of cells
from the SAN head, SAN junction and
atrium. (E) Typical examples of the
current response in the SAN head,
SAN junction and atrium cells upon
0.5 s voltage step from holding the
potential of –60 mV to −100 mV or
0 mV. (F) Schematic overview of the
section plane on the SAN shown in G.
(G) In situ hybridization shows Scn5a
expression in the SAN junction and
atrial tissue. The expression level in the
SAN junction is lower than that in the
atrial cells. (H) A two-dimensional
diagram shows the AP amplitude and
AP upstroke for each type of cell.
(I) Summary graphs of the AP
amplitude, AP upstroke and diastolic
slope in each group. Data are mean
±s.e.m. ns, non-significant; *P<0.05;
***P<0.001; ****P<0.0001. h, SAN
head; j, SAN junction; RA, right atrium;
IVC, inferior vena cava; RAA, right
atrial appendage; SVC, superior vena
cava. Scale bars: 50 μm.
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corresponding fluorescent markers. The AP properties of the SAN
head cells and atrial cells (Fig. 1) exhibited typical configurations
characterized previously for pacemaking and atrial cells (Sun
et al., 2015; van Eif et al., 2019; Ye et al., 2015b; Zhang et al.,
2002). However, the SAN junction cells presented unique AP
configurations that were intermediate to those produced by the SAN
head and atrial cells (Fig. 1). The AP amplitude in the SAN junction
cells was larger in comparison with the SAN head cells, but smaller
than that in the atrial cells (Fig. 1). The AP upstroke, which is the
maximal rate of the rising, was faster in the SAN junction cells than
that in the SAN head cells, but slower in comparison with the atrial
cells (Fig. 1). The AP amplitude and the AP upstroke from each
cell type are summarized in Fig. 1H, which demonstrates that the
SAN junction cells have characteristics of both the SAN head and
atrial cells. Statistical analysis of the AP configurations from these
three types of cells showed significant differences between each of
them (Fig. 1I and Fig. S3), indicating that the SAN cells are
electrically heterogeneous. Moreover, compared with the Nkx2-5−

head and the atrial cells, the Nkx2-5+ SAN junction cells showed
a distinct electrophysiological property manifested by both the
hyperpolarization-activated HCN current that shows only in the
SAN head cells and the depolarization-activated fast sodium current
that is seen in the atrial cells (Fig. 1E,G). Previous studies have
shown that the electrical coupling during propagation of APs from
the SAN to the atrium creates transitional AP shapes in the
cells adjacent to the border zone of these two different cell
types (Joyner and Van Capelle, 1986; Verheijck et al., 1998; Zhang
et al., 2001). Thus, the SAN junction cells show combinatory
electrophysiological properties of the SAN head and atrial cells.
This domain appears to act as a transitional zone in which the
spontaneous firing arising from the HCN current elicits the activity
generated by the fast sodium channel, thus playing a role in both
impulse generation and SAN-atrial exit conduction.

scRNA-seq reveals distinct gene expression profiles
underlying the cellular heterogeneity of the SAN
The functional heterogeneity of a cell population is often a reflection
of cellular heterogeneity (Tan et al., 2013). Recently, single-cell
RNA-sequencing (scRNA-seq) has become a powerful tool for
profiling cell-to-cell variability on a transcriptomic scale. We
conducted an unbiased survey of the cellular diversity in the SAN,
with the surrounding atrial cells as a reference control. The SAN
domain, which is highlighted by GFP, was isolated with adjacent
atrial tissue from E13.5 Shox2Cre/+;R26RmTmG mice and subjected
to scRNA-seq. As quality control of the duplicate samples was
mostly coincident (Fig. S4C), we chose one of them for deeper
sequencing and further analysis. A total of 3770 individual cells
from the SAN and atrium were profiled. After unbiased analysis,
2005 cells were acquired and subjected to significant principal
components analysis, resulting in eight distinct clusters, including
cardiomyocytes (CM), mesenchymal cells (MC), vascular smooth
muscle (VSM), endothelial cells (ECs), epicardial cells (EPIs) and
macrophages (Chasseigneaux et al., 2018; DeLaughter et al., 2016;
Khazen et al., 2005; Lee et al., 2017; Li et al., 2016; Souders et al.,
2009; Tarnawski et al., 2015; Vanlandewijck et al., 2018; Fig. 2B).
The clustering results were visualized through the non-linear
dimensional reduction algorithm, t-distributed stochastic neighbor
embedding(tSNE) (Maaten and Hinton, 2008; Macosko et al.,
2015). BecauseHcn4,Gja5,Nppa,Nkx2-5 and Tnnt2 genes were all
present within the CM cluster (Fig. S4), the 450 cells in the CM
cluster were then used for further analysis, which further identified
four clusters (C0 to C3) (Fig. 2C). Using Seurat (Butler et al., 2018),

we found that, among these four clusters, C0 and C1 exhibited
expression of several SAN marker genes, including Isl1, Tbx18,
Hcn4, Tbx3, Bmp4 and Smoc2 (Fig. 2D,E, Fig. S4E), as reported
previously (Liang et al., 2015; Puskaric et al., 2010; van Eif et al.,
2019; Wiese et al., 2009). Thus, C0 and C1 correspond to the
SAN cells. C2 showed expression of atrial-specific markers such
as Nppa and Itga6 (Lee et al., 2017; Tarnawski et al., 2015;
Vedantham et al., 2015), indicating that the C2 population consists
of atrial cells. However, in C1, we also found the expression of C2-
specific genes, making this group an intermediate between the C0
and C2 populations (Fig. 2D,E). Consistent with the unique AP
configurations contributed by both the HCN current and fast sodium
current in the SAN junction cells (Fig. 1), C1 cells also expressed
Scn5a, which is known to be responsible for fast sodium current.
Therefore, we determined that C0 corresponds to the SAN head
cells and C1 to the SAN junction cells. In addition, the expression of
Gja5 (which encodes Cx40) in C1 would also confer this group of
cells with conduction activity (van Weerd and Christoffels, 2016).
Although the transcriptome of C3 did not pin-point any specific
type of cell, venous valve cells seemed likely. Nevertheless, gene
expression profiling supports the existence of a population of SAN
cells that exert physiological functions intermediate between the
SAN head and atrium in impulse generation and impulse
conduction. This is consistent with other data demonstrating that
mice lacking the SAN head due to Tbx18 mutation have a normal
beating rhythm, but mice lacking the SAN junction exhibit sinus
node dysfunction (Wiese et al., 2009; Ye et al., 2015b).

Nkx2-5 is essential for normal SAN function
As Nkx2-5 is expressed in the developing SAN junction from E11.5
onwards (Liang et al., 2013; Wiese et al., 2009), we sought to
investigate its role in SAN morphogenesis and function. To
inactivate Nkx2-5 in the SAN junction specifically (Fig. 3D-F′),
we crossed Shox2-Cre knock-in mice that exhibit Cre activity
initially in the sinus venosus at E9.0 and later in the developing
SAN with Nkx2-5F/F mice (Pashmforoush et al., 2004; Sun et al.,
2013). These Shox2Cre/+;Nkx2-5F/F mice survived to adulthood
without an obvious phenotype. However, although heartbeat
rates appeared comparable with controls, surface ECG identified
compromised SAN function in adult mutants (2-6 months old)
(Fig. 3B,C); manifested sinus node dysfunction included
arrhythmia, inverted P wave and sinoatrial exit block (Fig. 3B),
which were also found in 1-month-old young mice (data not
shown). Detailed ECG measurements are presented in Fig. S5.

To uncover the morphogenetic and molecular changes
underlying the sinus node dysfunction in Shox2Cre/+;Nkx2-5F/F

mice, we first assessed SAN morphology using the pan-SAN
marker Hcn4. We found comparable structures in P0 controls and
mutants (Fig. 4A,A′). Three-dimensional (3D) reconstruction of the
SAN from E13.5 controls and mutants also showed similar
structures (Fig. 4B,B′,L). However, despite similar expression
levels and patterns of the SAN markers Tbx3 and Islet1 in the SAN
junction of E13.5 controls and mutants, we did observe an elevated
level of Hcn4 and a slightly reduced level of Cx40 in the mutants
(Fig. 4C-F′). RT-qPCR analyses further confirmed significantly
reduced levels ofNkx2-5,Gja5 and Scn5a in the SAN of P0 mutants
compared with controls (Fig. 4M). Downregulation of Scn5a and
Gja5 expression could explain the reduced fast sodium current and
conduction activity in the SAN junction, thereby contributing to the
sinoatrial exit block. The presence of inverted P wave or diphasic P
wave is an indication of the retention of the dominant pacemaking
site in the left side of the heart (MacLean et al., 1975). We have
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reported previously that Shox2 and Nkx2-5 are also co-expressed in
the developing pulmonary vein (PV) myocardium and that reduced
doses of Nkx2-5 lead to ectopic Hcn4 expression and reduced Cx40
in the PV myocardium (Ye et al., 2015b). Similar results were
observed in the PV myocardium of Shox2Cre/+;Nkx2-5F/F mice
(Fig. 4G-J′), which could be responsible for the inverted and
diphasic P waves identified by the surface ECG (Fig. 3; Fig. S5).
Our results present unambiguous evidence that Nkx2-5 is

dispensable for SAN morphogenesis and differentiation during
embryogenesis, but plays an essential role for normal SAN
physiological function.

As most SAN-specific markers are present in both the SAN head
and junction, but Nkx2-5 is absent in the SAN head, we wondered
whether Nkx2-5 expression confers the SAN junction cells unique
AP configurations. We therefore set out to conduct patch-clamp
recordings on the SAN junction cells with deletion of Nkx2-5. We

Fig. 2. scRNA-seq of the SAN and atrial cells. (A) Schematic overview of data collection and analysis. (B) tSNE visualization of the eight clusters on the
SAN and atrial cells from Shox2cre/+;R26RmTmG mice. (C) A tSNE plot shows four clusters (C0-C3) resulting from iterative clustering of 450 CM cells. (D) The
marker gene expression of the SAN head, SAN junction and atrium on the tSNE plot of the four clusters. (E) Heatmap shows the top 15 marker genes for
each cluster. CM, cardiomyocyte; EC, endothelial cells; MC, mesenchymal cells; EPI, epicardial cells; IVC, inferior vena cava; RAA, right atrial appendage;
SMC, smooth muscle cells; SVC, superior vena cava. C3, C4 and C8 are cluster numbers 3, 4 and 8.
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first performed patch-clamp recording on the GFP-positive SAN
cells from E13.5 Shox2Cre/+;R26RmTmG and calculated the
proportion of head/junction cells in the whole SAN based on
their AP configurations, effectively setting a baseline for calibration.
In the 17 recorded cells (with 10 expressing typical head AP
configurations and seven manifesting typical junction AP
configurations), the proportion of head/junction cells (59% vs.
41%) is consistent with the ratio of head/junction cells defined by

scRNA-seq (55% versus 45%; Fig. 2C). Thereafter, we randomly
recorded 26 GFP-positive cells from the SAN of E13.5 Shox2Cre/+;
Nkx2-5F/F;R26RmTmG mice. Among them, 22 presented head AP
patterns and four showed typical junction AP configurations
(Fig. S3C). Thus, the majority of the recorded SAN cells (85%)
exhibited head AP configurations, suggesting that some of them
originated from junction cells. The four cells exhibiting junction AP
configurations likely escaped Cre recombination.

Fig. 3. Deletion of Nkx2-5 in the SAN junction causes sinus node dysfunction. (A,B) Surface ECG recordings reveal irregular P waves, including an
inverted P wave, a diphasic P wave, no P wave and a flattened P wave, in adult Shox2Cre/+;Nkx2-5F/F mice (B, red arrowheads), compared with normal P
waves in control mice (A, blue arrowheads). Out of 38 Shox2Cre/+;Nkx2-5F/F mice (18 male and 20 female), 31 (17 male and 14 female) have sinus node
dysfunction and 7 (1 male and 6 female) are normal. (C) Heartbeat rates appear comparable in adult Shox2Cre/+;Nkx2-5F/F and control mice. Data are mean
±s.e.m. (D-F′) Immunofluorescence shows an absence of Nkx2-5 in the SAN junction (red arrowheads) of E13.5 Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice.
ns, non-significant; BPM, beats per minute; RSVC, right superior vena cava. Scale bar: 50 μm.
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To further understand the elicited function of Nkx2-5 in AP
configurations, the temporal expression of Scn5a, Hcn4 and Nkx2-5
in the SAN cells from E13.5 Shox2Cre/+;R26RmTmG mice were

reconstructed by pseudotime analysis using Monocle2 (Qiu et al.,
2017). We found that expression of Nkx2-5 and Scn5a along the
pseudotime trajectory gradually decreased, whereas expression of

Fig. 4. Nkx2-5 is dispensable for SAN morphogenesis during embryogenesis. (A,A′) The morphology of the SAN, defined by Hcn4 immunofluorescence,
appears comparable between P0 Shox2Cre/+;Nkx2-5F/F;R26RmTmG and Shox2Cre/+;R26RmTmG mice. (B,B′) 3D reconstruction of the SAN (based on Hcn4
immunostaining) in E13.5 Shox2Cre/+;R26RmTmG and Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice (n=3 for each genotype). (C-F′) Immunofluorescence shows the
colocalization of Hcn4, Cx40, Islet1 and Tbx3 in the SAN junction in E13.5 Shox2Cre/+;R26RmTmG and Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice. Compared with
the Shox2Cre/+;R26RmTmG mice (C-F), Nkx2-5 deletion in the SAN junction of Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice (C′-F′) caused visible Hcn4 elevation but
Cx40 reduction. Intermediate levels of Hcn4 and Cx40 expression are found in the SAN junction compared with the SAN head and surrounding atrial cells in
control mice (enlarged images from C,D). Broken lines indicate the boundaries of the atrium, SAN head and SAN junction. (G-J′) Immunofluorescence shows the
expression of Nkx2-5, Hcn4 and Cx40 in the PV myocardium of E13.5 Shox2Cre/+;R26RmTmG and Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice. Nkx2-5 deletion in
Shox2Cre/+;Nkx2-5F/F;R26RmTmGmice (G′-J′) also resulted in elevated Hcn4 and reduced Cx40 expression compared with the controls (G-J). White arrowheads
indicate PV myocardium. (K) The dynamic expression of Hcn4, Scn5a and Nkx2-5 along the pseudotime trajectory. (L) Comparison of Hcn4+ volume in the
SAN of E13.5 Shox2Cre/+;Nkx2-5F/F;R26RmTmG and Shox2Cre/+;R26RmTmG mice. (M) RT-qPCR assays show downregulated expression of Nkx2-5, Gja5
and Scn5a, and upregulated expression of Hcn4 in the SAN of P0 Shox2Cre/+;Nkx2-5F/F;R26RmTmG mice. ns, non-significant; *P<0.05; **P<0.01; ***P<0.001.
h, SAN head; j, SAN junction; PV, pulmonary vein; RSVC, right superior vena cava. Scale bars: 50 μm.
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Hcn4 increased (Fig. 4K), strongly suggesting that Nkx2-5
expression is responsible for the generation of the typical SAN
junction AP configurations. In the absence of Nkx2-5, the SAN
junction cells would stimulate SAN head AP configuration.
Although Nkx2-5 function in the formation of working

myocardium has been well defined, its role in SAN formation is
controversial. Although mutations in Nkx2-5 lead to conduction
system disturbances in humans and mice (Benson et al., 1999;
Biben et al., 2000; Jay et al., 2004; Schott et al., 1998), Nkx2-5 was
thought to be detrimental to SAN development, at least under
overdose conditions (Christoffels et al., 2006; Espinoza-Lewis
et al., 2011; Kasahara et al., 1998). Our current studies demonstrate
the existence of two distinct domains of the SAN, with the Nkx2-5+

junction cells exhibiting unique electrophysiological properties
and transcriptomic profiles intermediate between the SAN
head and the adjacent atrial cells. We also provide convincing
evidence that, although it is not required for SAN morphogenesis
during embryogenesis, Nkx2-5 is essential for normal SAN
physiological function. Taken together, our studies define two
distinct pacemaker cell populations and reveal a novel role forNkx2-
5 in pacemaking function in the SAN. These results could shed
light on the regeneration or directed differentiation of specific
pacemaking cell types, and on the development of gene- and cell-
based therapies for congenital and acquired cardiac conduction
abnormalities.

MATERIALS AND METHODS
Animal models, embryos, histology, immunofluorescence and
in situ hybridization
The generation and genotyping protocols of Shox2Cre, Shox2HA-DsRed,
Nkx2.5Cre, Nkx2.5F/F, R26RYFP and R26RmTmG mice have been described
previously (Barry et al., 2015; Moses et al., 2001; Muzumdar et al., 2007;
Pashmforoush et al., 2004; Sun et al., 2013; Ye et al., 2015b). The animal
experiments in this study were approved by the Institutional Animal Care
and Use Committee at Tulane University.

Embryos or embryonic hearts were harvested from timed pregnant female
mice, fixed in 4% paraformaldehyde (PFA) at 4°C overnight, embedded in
paraffin wax and sectioned at 8μm for Hematoxylin and Eosin or
immunofluorescent staining, as described previously (Ye et al., 2015b).
The primary antibodies used in this study were: anti-Hcn4 (ab32675,
Abcam; 1:500), anti-Nkx2-5 (sc-8697, Santa Cruz; 1:500), anti-Tbx3
(sc-17871, Santa Cruz; 1:500), anti-Cx40 (sc-20466, Santa Cruz; 1:250),
anti-islet1 (ab20670, Abcam; 1:1000) and anti-GFP (sc-9996, Santa Cruz;
1:500). The secondary antibodies used at 1:1000 dilution and all from Life
Technologies were: donkey anti-mouse (A21202, A31571), donkey anti-rat
(A21208, A21209), donkey anti-rabbit (A31573) and donkey anti-goat
(A32849, A11058, A11055).

In situ hybridization was performed with the RNAscope Intro Pack 2.5
HD Reagent Kit Brown-Mm (Advanced Cell Diagnostics, 322371)
according to the manufacturer’s instructions. Probe information is as
below: Scn5a probe (RNAscope Probe - Mm-Scn5a, 429881), Smoc2 probe
(RNAscope Probe-Mm-Smoc2, 318541) and Acvr1c probe (RNAscope
Probe - Mm-Acvr1c, 429291). All experiments were repeated at least
three times.

Surface ECG and whole-cell patch-clamp recordings
Surface ECG recordings of 1-month-old and older mice were conducted as
reported previously (Ye et al., 2015b). For exo utero ECG recording of
developing embryos, timed pregnant females were subjected to exo utero
surgery as described previously (Song et al., 2008). After the opening of the
body wall, the uterus was subsequently opened with iridectomy scissors at
the opposite site of the placenta. An incision was then made in the
extraembryonic membrane to allow the embryo to emerge but remain
attached to the uterus via the placenta. Embryos were then positioned
properly with styrofoam within the female abdomen, and ECGs were
measured with subcutaneous electrode needles.

The SAN head, SAN junction and adjacent atrial tissue of embryonic
hearts from Shox2HA-DsRed;Nkx2.5Cre/+;R26RYFP mice at designated age
were removed using a fluorescent dissecting microscope. Tissues were
dissociated into single cells and were plated onto fibronectin/gelatin-coated
coverslips and cultured overnight prior to whole-cell patch-clamp
recordings, as described previously (Sun et al., 2015). A coverslip with
attached cells was transferred to a recording chamber and perfused with an
external solution containing (in mM): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1
MgCl2, 5.5 glucose and 5 HEPES (pH 7.4), 310-320 mOsm. The
temperature during recordings was maintained at 37°C. Cell types (atrial
cell, YFP+; SAN head cell, DsRed+; SAN junction cell, DsRed+/YFP+) were
determined by fluorescent microscopy (BX51WI, Olympus) through a
40× water-immersion objective and DAGE-MTI camera. Patch-clamp
recordings were performed with a Multiclamp 700B amplifier (Molecular
Devices). Glass pipettes had open tip resistances of 3-5 MΩ and were filled
with an internal solution containing (in mM): 120 K-gluconate, 20 KCl, 10
HEPES, 0.2 EGTA, 4 Mg-ATP, 14 Na2-phosphocreatine and 0.3 Tris-GPT
(pH 7.3), 290 mOsm. Only the myocytes with spontaneous action potentials
were recorded under both current-clamp and voltage-clamp modes. Signals
were filtered at 4-10 kHz and sampled at 50 kHz. Action potentials were
characterized by amplitude, maximal upstroke velocity (dV/dtmax), duration
at 50% and 90% repolarization (ADP50 and ADP90), the ratio of ADP50
and ADP90, the maximal diastolic potential (MDP), and frequency. Voltage
steps were applied to measure different channel-mediated currents.

scRNA-seq
For scRNA-seq, the entire SAN and adjacent atrial tissue, as shown in
Fig. 2A, were dissected out from E13.5 Shox2Cre/+;R26RmTmG mice under a
stereo fluorescent microscope, subjected to digestion by a cocktail of
collagenase I, II and IV, and followed by a brief StemPro Accutase treatment.
The suspended cells were processed immediately as follows. Cell count and
viability were determined and 5000 cells were loaded for capture onto 10x
Genomics Chromium system using single-cell 3′ library and gel bead kit v2.
Following capture and lysis, cDNAwas synthesized and amplified following
the manufacturer’s protocol. The amplified cDNAs from each channel of the
Chromium System were used to construct an Illumina sequencing library and
sequenced onNextSeq 500with 150 cycle sequencing. Illumina basecall files
(*.bcl) were converted to FASTQs using the bcl2fastq2/2.17.1 wrapped in
CellRanger/2.1.0. FASTQ files were then aligned to the mm10 mouse
reference genome using the CellRanger/2.1.0 software pipeline with default
parameters, followed by data analysis in Seurat and Monocle2.

3D reconstruction
For 3D reconstruction, consecutive 10 µm sections were stained using anti-
Hcn4 antibodies, imaged, and loaded into Amira 6.0.1, in which subsequent
alignment, segmentation, and 3D model generation were performed.

RT-qPCR analyses
For quantitative reverse transcription polymerase chain reaction
(RT-qPCR), the SAN was isolated from P0 Shox2Cre/+;R26RmTmG and
Shox2Cre/+;Nkx2.5F/F;R26RmTmG mice (N=3 for each genotype), and
subjected to RNA extraction (RNeasy Micro Kit; Qiagen). The RNAs
were subsequently reversely transcribed into complementary DNAs
(cDNAs) (RevertAid First Strand cDNA Synthesis Kit). SYBR green and
gene-specific primers were used and transcript levels were examined using a
CFX96 Real-Time PCR Detection System. Primer details are as follows:
Hcn4 (F, 5′-CTTCTGCTGTGTCACTGGGA-3′; R, 5′-ATACTGCTTCC-
CCCAGGAGT-3′), Shox2 (F, 5′-ACCAATTTTACCCTGGAACAAC-3′; R,
5′-TCGATTTTGAAACCAAACCTG-3′), Nkx2-5 (F, 5′-TTAGGAGAAG-
GGCGATGACT-3′; R, 5′-AGGTCCGAGACACCAGGCTA-3′), Scn5a (F,
5′-ATGGCAAACTTCCTGTTACCTC-3′; R, 5′-CCACGGGCTTGTTTT-
TCAGC-3′), Isl1 (F, 5′-ATGATGGTGGTTTACAGGCTAAC-3′; R, 5′-TC
GATGCTACTTCACTGCCAG-3′), Gja5 (F, 5′-GGTCCACAAGCACTCC
ACAG-3′; R, 5′-CTGAATGGTATCGCACCGGAA-3′), GAPDH (F, 5′-A-
TCAAGAAGGTGGTGAAGCAG-3′; R, 5′-GAGTGGGAGTTGCTGTT-
GAAGT-3′). Differences in the RT-qPCR were analyzed using Student’s
t-test in GraphPad Prism7; results are presented as mean±s.e.m. P<0.05 was
considered significant.
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Statistical analysis
To ensure scientific rigor and reproducibility, all experiments were repeated
at least three times unless specifically indicated. Quantification results are
presented as mean±s.e.m., and statistical analysis was conducted using
Student’s t-test. P<0.05 was considered significant.
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