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Introduction
Rhythmic contraction of the heart is controlled by electrical 
impulses generated by pacemaker cells of the sinoatrial node 
(SAN). Abnormalities in SAN development lead to cardiac 
arrhythmia and sudden death (1). Sick sinus syndrome is a com-
mon age-related SAN dysfunction that ultimately requires implan-
tation of a permanent pacemaker (2, 3). Despite its marked clinical 
relevance, genes and signaling pathways required for progressive 
development of the SAN remain unexplored, preventing develop-
ment of effective therapies for sinus arrhythmias, including the 
possibility of biological pacemakers (4).

Pacemaker activity of SAN cells is due to slow diastolic depo-
larization generated by several ion channels, including calcium 
channels and hyperpolarization-activated cyclic nucleotide-gated 
potassium/sodium channels (HCN channels), which are modu-
lated by autonomic neurons (5, 6). Molecular mechanisms under-
lying automaticity of the SAN are a subject of intensive study, and 
a complex coupled-clock system has been proposed: the voltage 
clock generated by HCN channels (the current referred to as If, the 

“funny” current); and the calcium clock generated by rhythmic Ca2+ 
release from sarcoplasmic reticulum. Both mechanisms act inter-
dependently and synergistically to initiate the heartbeat (5, 7, 8).

Of 4 HCN channels, HCN4 is the most highly expressed in 
the SAN. During development, HCN4 expression is initiated in 
the cardiac crescent and is progressively confined to and later 
maintained in the SAN during later development and in the 
adult (9–11). Mutations in the human HCN4 gene lead to sinus 
bradycardia and have been associated with inherited sick sinus 
syndrome, long QT syndrome with bradycardia, and ventricular 
tachycardia (12–17). Mouse embryos that are null for Hcn4 exhibit 
long pauses in heartbeat and die around E10.5, demonstrating a 
critical requirement for Hcn4 in early pacemaker function of the 
heart (11). However, mice with Hcn4 deleted during later develop-
mental stages and postnatal life survive, exhibiting normal basal 
heart rate with periodic long pauses. This observation, together 
with other in vitro physiological studies, suggest a role for If in sta-
bilizing the pacemaker rhythm in later-stage hearts (18, 19).

Calcium release and cycling via the ryanodine receptor (RyR2), 
the sarcoplasmic reticulum calcium ATPase (SERCA2), the sodium 
calcium exchanger (NCX), and associated regulatory proteins play 
an essential role in pacemaker automaticity (20–23). Deletion of 
Ryr2 or Ncx1 leads to early embryonic lethality and substantial 
impairment in pacemaker function (22, 24). Phosphorylation of 
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ISL1 is a LIM homeodomain transcriptional factor that marks 
undifferentiated cardiac progenitors of the second heart field 
and is required for these progenitors to contribute to the heart 
(52). ISL1-expressing progenitors have the potential to develop 
into multiple cell types within the heart, including cardiomyo-
cytes, smooth muscle cells, pacemaker cells, and endothelial 
cells (52–54). Recent studies have shown that ISL1 expression 
is maintained in the SAN (54–56). In zebrafish, Isl1 mutation 
results in bradycardia and irregular heartbeat with frequent 
pauses (57, 58). In Shox2-deficient mice, expression of ISL1 is 
diminished in SAN. ChIP-PCR revealed that SHOX2 binds to 
and regulates expression of an Isl1 enhancer. Overexpression of 
ISL1 can rescue the bradycardia phenotype in Shox2-deficient 
zebrafish (59). Due to early lethality and loss of cardiac cells 
derived from ISL1 progenitors in Isl1-null mice, a specific role for 
ISL1 in the SAN remains unknown. Recent transcriptome stud-
ies demonstrated changes in gene expression in response to Isl1 
ablation in the SAN (60). However, no studies have been per-
formed to address phenotypic or physiological consequences of 
Isl1 ablation. Furthermore, direct targets of ISL1 action in SAN 
cells remain unexplored.

In this study, we generated several Isl1 mutant mouse lines 
with reduced ISL1 expression, with Isl1 ablation specifically in 
differentiated cardiomyocytes, or with Isl1 ablation specifically 
in SAN cells. Our studies uncover a cell-autonomous require-
ment for ISL1 within the SAN in regulating proliferation, sur-
vival, and pacemaker function. Furthermore, we have performed  
RNA-sequencing (RNA-seq) studies of Isl1 mutant and control 
purified SAN cells, intersecting these data with genome-wide 
chromatin immunoprecipitation studies utilizing antibodies to 
ISL1 on chromatin from purified SAN cells to gain insight into 
mechanisms by which ISL1 regulates SAN formation and function.

Results
ISL1 is expressed in cardiac pacemaker cells of the SAN. To investi-
gate the role of ISL1 in SAN formation and function, we first ana-
lyzed ISL1 expression during SAN development and performed 
coimmunostaining utilizing antibodies for markers of SAN and 
surrounding atrial myocardium. HCN4 is a pacemaker channel 
expressed within the heart during early developmental stages, 
with its expression progressively being confined to and specifi-
cally marking the SAN (9, 10, 61, 62). At E9.5, ISL1 was expressed 
in myocardium of the SV, the primitive pacemaker region of ear-
ly-stage embryos, where it was strongly coexpressed with HCN4 
(Figure 1A). At E10.5, ISL1 and HCN4 were coexpressed in the 
head (Figure 1B) and tail (Figure 1C) of the SAN, venous valves 
(vv), and atrial myocardium surrounding the dorsal mesocar-
dium (DM) (Figure 1, A and B). During later developmental stages 
and early postnatal life, ISL1 was expressed in a majority of SAN 
cells marked by HCN4 (Figure 1, D, F, and H). ISL1 expression in 
the SAN gradually decreased with age. The percentage of ISL1-
expressing cells relative to the total number of HCN4+ pacemaker 
cells decreased markedly 2 weeks after birth and continued to 
decrease with age (Figure 1, I and H). Cx40 was expressed in atrial 
myocardium complementary to ISL1 expression in the SAN (Fig-
ure 1, E and G). These observations suggested a role for ISL1 in 
SAN development and function.

RyR, SERCA2, and its binding protein phospholamban modu-
late calcium cycling characteristics. SERCA2 inhibition leads to a 
reduced rate of beating in SAN cells in culture (25). However, dele-
tion or overexpression of SERCA2 leads to abnormalities in loading 
sarcoplasmic reticulum calcium, as well as impaired cardiac con-
tractility, but it has minimal effects on cardiac rhythm (26–28).

SAN formation is a complex and highly regulated process that 
involves multiple cell types with distinct developmental origins. 
During mouse development, the first heartbeat is recorded in 
the inflow tract as early as E8 (29, 30), and later, the sinus veno-
sus (SV; the inflow tract) of the forming heart tube functions as a 
primitive pacemaker region. The first morphologically discern-
able SAN is formed at E11.5, and it becomes further mature and 
fully functional at E13.5 (31, 32). Lineages of the second heart field 
marked by Isl1-Cre contribute to SAN formation, with a posterior-
most subset marked by TBX18 also contributing to SAN formation  
(33–35). SAN cell proliferation continues until shortly before birth 
(36). A number of signaling pathways, including neuregulin/ErbB, 
endothelin, and Notch signaling pathways, have been implicated 
in various aspects of atrioventricular and ventricular conduction 
system development (37–42); however, our understanding of sig-
naling pathways regulating proliferation and differentiation of 
SAN cells and their progenitors is limited.

Genetic studies have revealed requirements for a number 
of transcription factors in various aspects of SAN development 
(43, 44). Several T-box genes are expressed in the SAN during 
development, including Tbx3 and Tbx18 (44). Deletion of Tbx3 
in mouse results in bradycardia, reduced size of SAN, and upreg-
ulation of Cx43, Cx40, and other atrial myocyte–specific genes 
in the prospective SAN region, indicating a role for TBX3 in 
SAN development and suppression of working myocardial gene 
expression within the SAN (34, 36, 43, 45, 46). Overexpression of 
TBX3 is sufficient to induce mouse cardiomyocytes to acquire a  
pacemaker-like phenotype (36, 43, 47). TBX18 is expressed in 
sinus horn myocardium, part of which is the substratum for the 
forming SAN, and TBX18 is required for formation of the SAN 
(33, 34). Mice deficient in Tbx18 exhibit markedly smaller SANs. 
However, segregation of the SAN and atrial gene programs 
is complete, and no transdifferentiation of atrial myocytes or 
SAN pacemaker cells is observed in Tbx18 mutant hearts (34). 
Reduced size of the SAN in Tbx18 mutants has been attributed 
to delayed recruitment of SAN progenitors into the SAN. Ectopic 
overexpression of TBX18 in the ventricle of adult guinea pigs, or 
pigs, reprograms ventricular cardiomyocytes to pacemaker cells 
that can function as a de novo pacemaker (35, 48). Despite per-
turbations in SAN differentiation and morphogenesis, deletion of 
Tbx18 in mice appears to have minimal effect on pacemaker func-
tion (34). In addition, no changes in cell death or proliferation of 
SAN cells were observed in Tbx3 or Tbx18 mutants (34).

SHOX2 is a homeodomain transcription factor that is 
expressed in the SV and SAN (49, 50). Ablation of Shox2 in mice 
leads to embryonic lethality between E11.5–E13.5. Shox2 mutant 
embryos exhibit reduced size of the SAN with ectopic expres-
sion of Cx40, Cx43, and Nkx2.5 within the SAN, suggesting a 
critical role of SHOX2 in establishment of SAN identity (49–51). 
Shox2 hypomorphic mice die a few days after birth and exhibit 
bradycardia and arrhythmia (51).
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To test whether pacemaker function was compromised in Isl1 
compound mutants, we performed echocardiography to examine 
heart rate from E9.5–E11.5. Individual embryos were mapped in 
utero and analyzed by echocardiography to evaluate heart rate. 
The heart rate of Isl1 compound mutant embryos was significantly 
slower at E9.5 and further decreased at E11.5 (Figure 2Q). We 
also observed periodic heart-rate variability with long pauses, the 
frequency and duration of which were increased with embryonic 
age. Some embryos with long pauses in heartbeat died during the 
course of the examination, strongly suggesting that Isl1 mutant 
embryos died of cardiac arrhythmia.

Reduced Isl1 expression in Isl1 compound mutant embryo results in 
reduced expression of genes critical to SAN function. HCN4, SHOX2, 
and TBX3 are critical factors for SAN development and function. 
In situ hybridization revealed that Hcn4, Shox2, and Tbx3 were 
expressed in SV of control littermates at E9.5 (Figure 3, A, C, E, G, 
I, and K), but their expression was markedly reduced in SV of Isl1 
compound mutant embryos (Figure 3, B, D, F, H, J, and L). Cx40 
and Nkx2.5 were expressed in myocardium of control embryos but 
not in the SAN (Figure 3, M, O, Q, and S). In contrast to ectopic 
expression previously observed in Shox2 and Tbx3 mutants, we 
did not observe ectopic expression of Cx40 or Nkx2.5 in Isl1 com-
pound mutants (Figure 3, N, P, R, and T). Together, these obser-
vations suggested a general loss of cells in this region in the com-
pound mutant.

Specific ablation of Isl1 in differentiated cardiomyocytes. Reduced 
ISL1 expression in Isl1 compound mutants might affect both differ-
entiated SAN pacemaker cells and progenitors of the second heart 
field that contribute to SV myocardium and the SAN. To investi-
gate a potential direct role for ISL1 in differentiated cardiomyo-
cytes, we ablated Isl1 using cardiac Troponin T-Cre (cTnT-Cre)  
mice (65). Similar to phenotypes observed in Isl1 compound 
mutants, cTnT-Cre Isl1fl/fl mutants died from E9.5–E11.5 and dis-
played severe bradycardia, increased heart-rate variability, and 

Reduced Isl1 expression in Isl1 compound mutant embryo leads 
to sinus arrhythmia and loss of SAN cells. To better visualize ISL1 
expression during development and investigate the role of ISL1 
in SAN formation and function, we generated Isl1 compound 
mutants with a less severe cardiac phenotype than that of Isl1 
global null mutants (52), allowing for later survival. Isl1 com-
pound mutant mice were generated by crossing an Isl1 nuclear 
LacZ knockin/knockout mouse line (Isl1nLacZ) (54, 63) and an 
Isl1 hypomorphic mouse line (floxed Isl1 allele with neomycin,  
Isl1fl:Neo/+), in which the presence of the neomycin cassette inter-
feres with Isl1 expression (64). The Isl1 compound mutant  
(Isl1nLacZ/fl:Neo) exhibits further reduction in Isl1 expression and is 
embryonic lethal around E11.5 (63).

X-gal staining of tissue sections from control Isl1nLacZ mice 
revealed that Isl1-nLacZ expression recapitulated endogenous 
Isl1 expression, as previously published (52). Consistent with data 
shown in Figure 1, Isl1-nLacZ was expressed in DM, the SAN, and 
surrounding atrial myocardium at E9.5 (Figure 2, A and C). At 
E11.5, Isl1-nLacZ expression was observed in the SAN (Figure 2, 
G and I). However, in Isl1 compound mutants at E9.5 and E11.5, 
the number of cells expressing Isl1-nLacZ in SV myocardium, the 
SAN, and DM was substantially reduced (Figure 2, B, D, H, and J). 
Immunostaining with ISL1 and HCN4 antibodies revealed mark-
edly reduced expression of ISL1 and HCN4 in the SV of Isl1 com-
pound mutant embryos at E9.5 compared with littermate controls 
(Figure 2, E and F).

These observations suggested that ISL1 may be required for 
proliferation and/or survival of SAN cells, SV cardiomyocytes, and/
or cardiac progenitors of the posterior heart field. Therefore, we 
analyzed proliferation by BrdU labeling and cell death by TUNEL 
staining. The SV at E9.5 functions as a pacemaker region. We 
observed a significant reduction in the number of BrdU-labeled 
cells in SV myocardium (Figure 2, K–M) and a significant increase 
in cell death in the right horn of the SV at E9.5 (Figure 2, N–P).

Figure 1. Expression of ISL1 in pacemaker 
cells of the SAN during development and 
after birth. ISL1 was coexpressed with HCN4 
in myocardium of the SV at E9.5 (A), and in 
the majority of SAN cells from E10.5–P7 (B–G). 
ISL1 expression did not overlap with Cx40, 
which is expressed in atrial myocardium (E 
and G). The boxed area in H delineates regions 
depicted in F and G. The fraction of HCN4 cells 
that expressed Isl1 remained constant at early 
stages from E11.5–E14.5, but decreased at E18 
(I). After birth, the fraction of HCN4 cells that 
expressed Isl1 decreased significantly (I).  
n = 4, P < 0.05, 2-tailed t test. svc, superior 
vena cava; ra, right atria; lv, left ventricle; rv, 
right ventricle. Scale bars as shown.
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mice into Rosa-LacZ or Rosa-tdTomato indicator backgrounds to 
allow for Cre lineage tracing.

To determine temporal requirements for ISL1 in formation and 
function of the SAN, we ablated Isl1 specifically in pacemaker cells of 
the SAN using Hcn4-CreERT2 by giving tamoxifen at distinct times 
during development. At E9.5, the SV at the posterior pole of the heart 
functions as a primitive pacemaker. The first structurally discern-
able SAN is formed at E11.5, which becomes further matured and 
fully functional by E13.5 (31, 32). Therefore, we focused our study on 
these critical windows of SAN development. Tamoxifen was given 
at E9.5, and embryonic heart rate was examined daily by echocar-
diography. We found that, compared with control littermates, the 
heart rate of Hcn4-CreERT2 Isl1fl/fl mutants was significantly slower 
at E10.5. The heart rate of Hcn4-CreERT2 Isl1fl/fl mutants was further 
reduced at E11.5 with periodic long pauses, and a majority of these 
Hcn4-CreERT2 Isl1fl/fl mutants died around E11.5 (Figure 4A).

To examine the number and distribution of SAN cells in 
Hcn4-CreERT2 Isl1fl/fl mutants and somite-matched littermates, 
we performed lineage-tracing experiments in a Rosa-LacZ or 
Rosa-tdTomato reporter background. Tamoxifen was given at 
E9.5, and embryos were analyzed at E11.5 (48 hours after induc-

long pauses (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI68257DS1), demon-
strating that ISL1 is required within differentiated myocardial 
cells for pacemaker function. Pulse-wave Doppler revealed well- 
coupled outflow and inflow wave, indicating there was no block in 
atrioventricular conduction (Supplemental Figure 1).

Ablation of Isl1 in SAN cells at E9.5 using Hcn4-CreERT2 leads 
to sinus arrhythmia, fewer SAN cells by E11.5, and embryonic lethal-
ity. As Isl1 expression persists in the SAN well beyond stages that 
Isl1 compound and cTnT-Cre Isl1fl/fl mutant embryos can survive, 
a requirement for ISL1 in the SAN during later developmental 
stages remained to be addressed. The pacemaker channel HCN4 
begins to be expressed in the cardiac crescent and specifically 
marks pacemaker cells in the SAN during later development and 
in adult heart (9–11). Therefore, we utilized an HCN4-inducible 
Cre mouse line (Hcn4-CreERT2) generated in our lab to specifi-
cally ablate Isl1 in pacemaker cells of the SAN. Upon tamoxifen 
induction, Hcn4-CreERT2 lineage–labeled cells are found in the 
cardiac conduction system, including the SAN (61). Our data 
are consistent with those of a similar Hcn4-CreERT2 mouse 
published by others (66). We crossed Hcn4-CreERT2 with Isl1fl/fl 

Figure 2. Bradycardia and loss of SAN cells in Isl1 compound mutants. ISL1-nLacZ was expressed in SV myocardium, including the SAN region (red 
arrow), and mesocardium at E9.5 (A and C) and E11.5 (G and I). Expression of ISL1 and HCN4 in the SV region of Isl1 compound mutant embryos was 
significantly reduced (E and F). Expression of ISL1 and the number of ISL1-expressing cells in the SV, SAN (red arrow), and DM was markedly reduced in 
Isl1 compound mutant embryos at E9.5 (B and D) and E11.5 (H and J). BrdU staining revealed significantly reduced proliferation of SV myocardium in Isl1 
compound mutants at E9.5 (K–M). TUNEL labeling showed significantly increased cell death in the SV of Isl1 compound mutant embryos at E10.5 (N–P) 
(n = 4 per group. Scale bars as shown). Echocardiography revealed a significant reduction in the heart rate of Isl1 compound mutant embryos at E9.5 and 
E11.5 (Q). n = 15 per group; *P < 0.05, 2-tailed t test.
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stages utilizing Hcn4-CreERT2 Rosa-LacZ. When tamoxifen was 
given at E11.5, Isl1 mutant embryos displayed a significantly slower 
heart rate when examined by echocardiography at 24 and 72 hours 
after induction (Figure 5A). In contrast to ablation of Isl1 at earlier 
stages, however, a majority of mutant embryos survived. When 
tamoxifen was given at E13.5, a significant reduction in heart rate 
was observed 48 hours after induction (Figure 5B). During these 
stages of development, the heart rate of control embryos increased 
gradually; however, the heart rate of Hcn4-CreERT2 Isl1fl/fl mutants 
did not increase and exhibited more variability (Figure 5B). Whole 
mount and section X-gal staining of E14.5 hearts (tamoxifen 
induced at E11.5) showed a slightly reduced intensity of X-gal+ 
cells in SAN of Isl1 mutants (Figure 5, D and F) when compared 
with SAN of littermate controls (Figure 5, C and E). Quantitative 
analysis revealed a slight but significant decrease in the number 
of X-gal+ cells in the SAN of Isl1 mutants (3,635 ± 254 per SAN) 
compared with controls (4,441 ± 368 per SAN) (Figure 5G). Con-
sistent with this, we observed a significant decrease in the number 
of proliferating cells (BrdU+) in Isl1 mutant SAN marked by Hcn4-
CreERT2 Rosa-tdTomato (Figure 5, H–J). However, in contrast to 
earlier stages, no significantly increased cell death was observed 
in the SAN of Hcn4-CreERT2 Isl1fl/fl mutants (not shown). At E14.5, 
ISL1 and HCN4 coimmunostaining revealed effective loss of ISL1 
expression when tamoxifen was given at E11.5 (Figure 5, K and L).  
Furthermore, expression of HCN4 and TBX3 was markedly 
reduced in Isl1 mutant SAN marked by the Rosa-tdTomato reporter 
(Figure 5, M–P). Despite significant reduction in the expression 
of TBX3, no ectopic expression of NKX2.5 was observed in Isl1 
mutant SAN (not shown).

RNA-seq analyses reveal dysregulation of a number of genes impor-
tant for SAN function in Hcn4-CreERT2 Isl1fl/fl mutants. To investi-

tion) by X-gal staining (Figure 4, B and C). In control littermates 
at 11.5, Hcn4-CreERT2 lineage–labeled cells (X-gal+) were found 
in the SV and SAN (Figure 4B), in a pattern that recapitulated 
endogenous expression of Hcn4 mRNA (Figure 3A). At E11.5, the 
location of X-gal+ cells was similar to that of control littermates, 
but the number of Hcn4-CreERT2 Isl1fl/fl lineage–labeled cells in 
the SV of mutants was somewhat reduced (Figure 4, C and D). 
Furthermore, in Hcn4-CreERT2 Isl1fl/fl mutants, expression of 
HCN4 and TBX3 was markedly reduced in remaining SAN cells, 
as revealed by coimmunofluorescence studies utilizing anti-
bodies to HCN4 and TBX3 in an Hcn4-CreERT2 Rosa-tdTomato  
lineage–labeled background (Figure 4, E–H).

When Hcn4-CreERT2 Rosa-LacZ embryos were induced at 
E9.5 and examined at E11 (36 hours after induction), no significant 
changes in the number of X-gal+ cells were observed in mutant 
embryos compared with those of controls (Figure 4, D, I, and J). 
Expression of ISL1 was examined by immunostaining at E11, when 
major cell loss was not yet evident. Results demonstrated that 
tamoxifen induction performed at E9.5 effectively eliminated ISL1 
expression, specifically in the SV and SAN, while ISL1 expression 
in the pharyngeal region and DM were not changed (Supplemen-
tal Figure 2). We observed a significantly increased number of 
TUNEL-labeled cells (Figure 4, K–M, and Supplemental Figure 2) 
and a reduced number of BrdU-labeled cells (Figure 4, N–P) in the 
SAN marked by Hcn4-CreERT2 Rosa-tdTomato labeling, suggest-
ing a requirement for ISL1 in both survival and proliferation of SAN 
cells at these stages.

Ablation of Isl1 in SAN cells at E11.5 or E13.5 using Hcn4-CreERT2 
leads to sinus arrhythmias and reduced proliferation of SAN cells. To 
examine a potential later role for ISL1 in SAN development and 
pacemaker function, we ablated Isl1 in SAN at later development 

Figure 3. Reduced expression of Hcn4, Tbx3, and Shox2 in the SAN region of Isl1 compound mutant embryos. At E9.5, Hcn4 and Shox2 were expressed 
in the SV, and SAN region (red arrow; A, C, E, and G). Tbx3 was expressed in the SV and surrounding mesenchyme (red arrow; I and K ). In Isl1 compound 
mutant embryos, expression of Hcn4, Shox2, and Tbx3 in the SV and SAN region was markedly reduced (B, D, F, H, J, and L). Cx40 and Nkx2-5 were 
expressed in working myocardium but not in the SAN region (M, O, Q, and S In Isl1 compound mutant embryos, expression of Cx40 and Nkx2-5 was mark-
edly reduced in atrial myocardium, but no expansion or ectopic expression of Cx40 or Nkx2-5 was observed in the SAN region (N, P, R, and T). n = 4 per 
group, Scale bars as shown.
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gate potential direct or indirect downstream targets of ISL1 that 
could account for observed phenotypes, RNA-seq analyses were 
performed on samples from Hcn4-CreERT2 Isl1fl/fl mutant and con-
trol SANs induced with tamoxifen at E10 and harvested at E12.5 
(Figure 6). Results demonstrated that, of 12,441 genes expressed 
at significant levels in the SAN, transcripts for 3,690 (30%) of them 
were downregulated, and transcripts for 1,035 (8%) of them were 
upregulated in Isl1 mutants ( |fold-change Hcn4-CreERT2 Isl1fl/fl  
mutant vs. ctrl| ≥ 1.5) (Figure 6, A and B, and Supplemental Table 
1). Gene ontology (GO) and reactome pathway enrichment anal-
ysis demonstrated significantly affected categories in genes 
downregulated or upregulated in Isl1 mutants. For downregulated 
genes, extracellular matrix components, cell adhesion, and cell 
guidance categories were prominent. For upregulated genes, cate-
gories included potassium channel complex components and stri-
ated muscle contraction (Figure 6C, Supplemental Figure 3, and 
Supplemental Table 2). We examined significantly altered genes 
for those that might contribute to the observed Isl1 mutant SAN 
phenotypes, confirming alterations in their expression by quanti-
tative PCR (qPCR) analyses (Figure 6, D and E, and Supplemen-
tal Table 3). These included ion channels and associated genes  
(Cacna1a, Cacna1d, Cacnb1, Hcn4, Kcnn1, and Ank2), genes 

involved in transcriptional regula-
tion (Shox2, Tbx3, Ehmt2, Hdac7, 
Smyd, and Arid1b), cell cycle (Arid1b, 
Wdr62, Kras, and Myc), and signal-
ing pathways (Bmp4, Rgs4, Calci-
tonin receptor-like [Calcrl], Klotho 
[Kl], Sema3c, and Sema3d), many of 
which play a role in heart develop-
ment or are critical for SAN function 
(Figure 6D). Consistent with previ-
ous RNA-seq data (60), we observed 
significant upregulation of a number 
of atrial myocardial specific genes, 
including Nppa, Nppb, Gja1/Cx43, 
and Gja5/Cx40 (Figure 6E).

ISL1 directly regulates a number 
of genes required for normal pacemak-
er function in mice and human. To 
gain insight into direct downstream 
targets of ISL1 that could account 
for the observed SAN phenotype, 
we performed genome-wide ChIP-
seq analyses on FACS-purified 
Hcn4-H2BGFP–expressing neo-
natal SAN cells (61). Analyses of 
these data revealed 1,483 ChIP-seq 
peaks for ISL1, with the majori-
ty of binding, 94.6%, occurring at 
intergenic or intronic sites (Figure 
7A). The spatial distribution for 
ISL1 occupancy is consistent with 
other reports of cell type–specific 
binding patterns of transcription 
factors, localizing to transcription 
start site distal enhancer regions 

(67, 68). This demonstrates that ISL1 is preferentially localizing to 
SAN-specific regulatory regions, conferring its role in driving gene 
expression profiles of these pacemaker cells. De novo motif anal-
ysis revealed that the most highly enriched DNA binding motif 
among ISL1-bound regions was a consensus element for ISL1 (P 
value 1 × 10–172), followed closely by forkhead and other homeo-
box binding motifs (Figure 7B and Supplemental Tables 4 and 5), 
suggesting that transcription factors from these families may act 
as collaborating factors with ISL1 to regulate SAN gene expres-
sion profiles. Spatial annotation of ISL1 binding sites, via nearest 
transcription start site, reveals 1,003 potential ISL1 targets includ-
ing those involved in important developmental processes, axon 
guidance, and cell proliferation (Supplemental Table 1, Figure 7C, 
and Supplemental Figure 4). Intersection of ChIP-seq data with 
RNA-seq data from Isl1 mutants and controls revealed genes that 
were directly regulated positively (193 targets) or negatively (35 
targets) by ISL1, suggesting that ISL1 acts mainly as an activator 
in SAN cells but that ISL1 can also act as a repressor in this context 
(Figure 7, D and E, and Supplemental Table 1). GO and Reactome 
pathway enrichment analysis of direct targets of ISL1 revealed 
that, for direct targets downregulated in Hcn4-CreERT2 Isl1fl/fl 
mutant SANs, overrepresented categories included extracellular 

Figure 4. Bradycardia and loss of SAN cells following ablation of Isl1 in SAN during early developmental 
stages using Hcn4-CreERT2. Isl1 mutant (Hcn4-CreERT2 Isl1fl/fl) and control (Hcn4-CreERT2 Isl1fl/+ or +/+) 
embryos were given tamoxifen at E9.5. Embryos were analyzed 36 and 48 hours after induction. (A) Echo-
cardiography revealed that the heart rate of Isl1 mutants was significantly reduced at E11 and was further 
reduced at E11.5 (n = 20 per group). (B–D) Whole-mount X-gal staining and quantitative analysis revealed 
a significantly reduced number of X-gal+ and Tomato+ cells in the SAN (red arrow) of Isl1 mutants relative 
to control littermates at E11.5 (n = 4. Scale bars as shown). (D–H) Immunostaining demonstrated signifi-
cantly reduced expression of HCN4 and TBX3 in the SAN of Isl1 mutants compared with controls marked 
by Tomato+ at E11.5. However, a slight but not significant reduction in the number of Hcn4 lineage–labeled 
cells in Isl1 mutant SAN region was observed when analyzed at E11 (D, I, and J). (K–M) TUNEL revealed 
increased cell death in Isl1 mutant SAN marked by Tomato+. (N–P) BrdU revealed decreased proliferation in 
Isl1 mutant SAN marked by Tomato. n = 4; *P < 0.05, 2-tailed t test. Scale bars as shown.
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matrix disassembly, axon guidance, and cell proliferation — cat-
egories overall similar to those overrepresented in genes found to 
be downregulated by RNA-seq analyses. For direct targets of ISL1 
upregulated in Hcn4-CreERT2 Isl1fl/fl mutants, overrepresented 
categories included regulation of sequence-specific DNA binding 
activity and transporter activity (Figure 7F, Supplemental Fig-
ure 4, and Supplemental Table 2). Examination of direct targets 
downregulated in Isl1 mutants revealed several genes known to 
be critical for SAN function, including Ank2 and Kl (refs. 69, 70, 
and Table 1). Although Tbx3 was one of the most highly downreg-
ulated genes, and Tbx3 mutation has been shown to result in bra-
dycardia and heart-rate variability (34, 46) — phenotypes similar 
to those observed in Isl1 mutant SANs — analyses of our ChIP-seq 
data did not assign any ISL1 ChIP-seq peaks to the Tbx3 promoter, 
based on proximity to the nearest transcription start site. Because 
enhancers can regulate genes at long distances, we postulated that 
ISL1 might bind to a long-range enhancer to regulate expression of 

Tbx3. Recently, 4C-seq chroma-
tin conformation capture exper-
iments have been performed for 
Tbx3 in E10.5 mouse hearts and 
have indicated multiple long-
range potential enhancers looping 
to the Tbx3 promoter region (71). 
Using these and a recently pub-
lished genome-wide, high-reso-
lution chromatin conformation 
capture dataset (72) in conjunc-
tion with our ISL1 ChIP-seq data, 
we identified 2 ISL1 peaks with-
in domains that loop to the Tbx3 
promoter (Chr5:119870384-
119870528 and Chr5:119980239-
119980383), suggesting that ISL1 
may bind to these sites within SAN 
cells to regulate Tbx3 expression. 
In addition to directly regulating 
Kl, Ank2, and potentially Tbx3, we 
also found that ISL1 directly regu-
lated genes, including Calcrl and 
Flrt2, for which human variants 
have been found associated with 
irregular heart-rate phenotypes 
(Table 1 and ref. 73).

Discussion
ISL1 is required for proliferation, 
survival, and function of SAN cells 
at distinct stages throughout SAN 
development. Reduced ISL1 expres-
sion in Isl1 compound mutants, 
or ablation of Isl1 by tamoxifen 
injection at E9.5, resulted in severe 
bradycardia, increased heart-rate 
variability, and prolonged sinus 
pauses, with Isl1 mutant embryos 
dying in utero with severely slowed 

heart rates around E11.5. The foregoing demonstrated an indispens-
able role for ISL1 in cardiac pacemaking and embryonic viability at 
these early stages. Lineage tracing of Hcn4-CreERT2 cells revealed a 
reduced number of pacemaker cells at E11.5 when Isl1 ablation was 
induced at E9.5, which could be accounted for by increased cell death 
and reduced proliferation in mutants relative to control littermates. 
Marked reduction of TBX3 and HCN4 was also observed in remain-
ing lineage-traced pacemaker cells in Hcn4-CreERT2 Isl1fl/fl mutants, 
suggesting that regulation of these genes is directly or indirectly 
downstream of ISL1 in SAN cells.

Ablation of Isl1 at later stages with Hcn4-CreERT2 (by admin-
istration of tamoxifen at E11.5 or E13.5) resulted in similar brady-
cardia, increased heart-rate variability, and reduced Hcn4, Tbx3, 
and Shox2 expression with only a slight loss of pacemaker cells. 
Cell loss was correlated with reduced rates of proliferation but 
no increased apoptosis. Hcn4-CreERT2 Isl1fl/fl mutants induced at 
these later stages were able to survive.

Figure 5. Bradycardia and reduced TBX3 and HCN4 expression following ablation of Isl1 during later SAN mor-
phogenesis. (A) Ablation of Isl1 at E11.5 led to significantly slower heart rate at E12.5 and E14.5 (n = 15 per group, 
P < 0.05, 2-tailed t test). (B) During development, the heart rate of control embryos is gradually increased. When 
Isl1 was ablated at E13.5 and the heartbeat was examined daily after tamoxifen induction by echocardiography, 
no significant reduction in heart rate was observed 24 hours after induction. However, thereafter, the heart rate 
of Isl1 mutant embryos was gradually reduced (n = 15 per group). (C–G) Whole-mount and section X-gal staining 
showed a slight but significant reduction in the number of X-gal+ cells in Isl1 mutant SAN relative to littermate 
control SAN. (G) Quantitative analysis revealed a significant decrease in the number of X-gal+ and Tomato+ cells 
in Isl1 mutant SAN (3,635 ± 254 per SAN) compared with controls (4,441 ± 368 per SAN) (n = 4 per group. Scale 
bar as shown). (H–J) BrdU staining revealed a decreased number of BrdU+ cells in Isl1 mutant SAN marked by 
Tomato (n = 4 per group. Scale bar as shown). (K–P) Immunostaining demonstrated a marked reduction in the 
expression of ISL1, HCN4, and TBX3 in the SANs of Isl1 mutant embryos compared with control embryos. n = 4; 
*P < 0.05, 2-tailed t test. Scale bars as shown.
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heterozygous for Ank2 display severe sinus node dysfunction, 
including severe bradycardia and heart-rate variability (69), as 
observed in our Isl1 SAN mutants. ANK2 is required for normal 
membrane trafficking and organization of ion channels and trans-
porters essential for SAN function. Kl is selectively expressed in 
SAN within the heart, and ablation of Kl results in an inability of 
the SAN to respond to stress (70). Human mutations in WDR62, 
required for mitotic spindle formation, result in a recessive syn-
drome of microcephaly, cerebellar hypoplasia, and congenital 
bradycardia with irregular heart rate (75). Human variants in Calcrl,  
encoding the adrenomedullin receptor, have been associated with 
irregular heart rate (73). Mice with global knockout of Calcrl die 
between E13.5–E14.5 and exhibit cardiac defects (76).

Both early- and later-stage ablations of Isl1 adversely affected 
proliferation of SAN cells. Expression of 2 widely utilized cell cycle 
genes, Kras and Myc, was significantly downregulated in SANs 
from Hcn4-CreERT2 Isl1fl/fl mutants. The potential role of these 
genes in SAN remains to be explored. The foregoing results sug-
gest that aberrant regulation of a number of genes important for 
SAN phenotype and function contributes to the SAN phenotype of 
Hcn4-CreERT2 Isl1fl/fl mutants.

Genome-wide ChIP-seq studies of purified SAN cells reveal critical 
direct targets of ISL1 and suggest potential cofactor families for ISL1 
action in SAN cells. To gain insight into mechanisms by which ISL1 
regulates SAN phenotype and function, we performed ChIP-seq 
studies utilizing antibodies to ISL1 on purified SAN cells. Inter-
section of ChIP-seq and RNA-seq data demonstrated that sev-
eral genes critical to SAN function in mouse and/or human were 
directly activated by ISL1 in SAN cells, including Ank2, Kl, Tbx3, 
Calcrl, and Flrt2 (46, 69, 70, 73, 74). Human variants in FLRT2 
have been associated with irregular heart rate, although the poten-
tial role of FLRT2 in SAN function has not yet been validated in 
experimental models (73).

Bioinformatics analyses of DNA binding motifs enriched 
within ISL1 ChIP-seq peaks in SAN cells revealed enrichment for 
other homeodomain and FOX transcription factor binding sites, 
suggesting that members of these transcription factor families 
may cooperate with ISL1 to regulate expression of SAN genes. 
Notably, SHOX2 is another homeodomain transcription factor 
known to be important for SAN function (49–51, 59). FOX factors 
that may be important for SAN function remain to be identified.

Sick sinus syndrome accounts for the necessity of approxi-
mately half of the pacemaker implants within the United States 
(2, 3). Gene transfer and reprogramming of working cardiomy-
cytes or stem cells into pacemaker cells to generate a biological 
pacemaker represents a promising alternative therapy for sick 
sinus syndrome. Overexpression of HCN4 is sufficient to induce 
pacemaker function and has been successful in generation of a 
biological pacemaker (77). Overexpression of TBX3 in embry-
onic mouse atrial myocytes is sufficient to induce an SAN gene 
program (36). However, in mature cardiomyocytes, overexpres-
sion of TBX3 induces only a subset of pacemaker-specific genes, 
and neither ectopic pacemaker activity nor pacemaker current 
(If) was observed (47). Recent studies have demonstrated that 
overexpression of ISL1 in either embryonic stem cells or Xeno-
pus embryos results in upregulation of nodal-specific genes and 
downregulation of transcripts of working myocardium (78),  

ISL1 is upstream of ion channels and transcription factors required 
for SAN function. To gain insight into genes downstream of ISL1 
that might account for observed SAN phenotypes, we performed 
transcriptome analyses on RNA from FACS-purified SAN cells 
from Hcn4-CreERT2 Isl1fl/fl mutants and littermate controls that 
had been tamoxifen induced at E10 and harvested at E12. Bioin-
formatics analyses of these data revealed decreased expression of 
a number of key ion channel and cardiac transcription factor genes 
in Hcn4-CreERT2 Isl1fl/fl mutant SAN.

SAN function is thought to be dependent on a 2-clock mech-
anism: the calcium clock and a voltage clock (5, 6). Decreased 
expression of mRNA encoding critical components of each of 
these clocks was observed in Isl1 mutant SAN cells, including 
mRNA for genes encoding subunits of the L-type calcium chan-
nel, Cacna1a, Cacna1b, Cacnb1, and Hcn4, a key component of the 
voltage clock. Germline ablation of Hcn4 results in severe brady-
cardia and early embryonic lethality, with embryos dying around 
E10–E11 (11). However, later ablation of Hcn4 utilizing an Hcn4- 
inducible Cre does not affect viability but results in sinus pauses 
and increased heart-rate variability (19). Mutations in the human 
Hcn4 gene also lead to sinus bradycardia and have been associated 
with inherited sick sinus syndrome (12–17).

Transcription factors that are critical for SAN function were sig-
nificantly downregulated in Hcn4-CreERT2 Isl1fl/fl mutants, including 
Shox2 and Tbx3. Germline ablation of Shox2 results in SAN hypopla-
sia and bradycardia (49–51). TBX3 is selectively expressed in the car-
diac conduction system, and aberrations in Tbx3 are associated with 
human arrhythmias (74). Hypomorphic and conditional mutants of 
Tbx3 in mice exhibit sinus bradycardia and sinus pauses (46).

We also observed significant upregulation of transcripts from 
several genes characteristic of atrial phenotype, including Nppa, 
Nppb, Gja1/Cx43, and Gja5/Cx40 (44) in Hcn4-CreERT2 Isl1fl/fl 
mutant SANs. Interestingly, Tbx3 and Shox2 mutants also display 
upregulation of Gja5/Cx40 in the SAN (34, 36, 46, 49–51).

Decreased expression of a number of other genes associated 
with aberrant pacemaker function was also observed in Hcn4-
CreERT2 Isl1fl/fl mutant SANs. These included Ank2, Kl, Wdr62, 
and Calcrl. Two families with highly penetrant and severe sinus 
node dysfunction have been mapped to the Ank2 locus, and mice 

Table 1. Direct targets of ISL1 associated with sinus node 
dysfunction

Gene Name RNA-seq fold-change 
(mut vs. ctrl)

Peak coordinates (chr:start-end)

Ank2 –2.1 chr3:126572673-126572817
Kl –4.0 chr5:151856663-151856807
Tbx3 –2.9 chr5:119870384-119870528

chr5:119980239-119980383
Calcrl –7.0 chr2:84265449-84265593
Flrt2 –2.4 chr12:96720399-96720543

chr12:96713593-96713737
chr12:96421548-96421692

chr12:96409409-96409553
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to generate the tamoxifen-inducible Hcn4-Cre mice (Hcn4-CreERT2) 
will be published separately. Briefly, a targeting cassette with CreERT2 
cDNA was inserted immediately before translation initiation site (ATG) 
of the Hcn4 gene. Isl1 compound mutant mice (Isl1nLacZ/fl:Neo) were gener-
ated by crossing Isl1fl:Neo/+ mice with Isl1nLacZ/+ mice (63). To specifically 
delete Isl1 in cardiomyocytes or in the SAN, we crossed cTnT-Cre mice 
(65) or Hcn4-CreERT2 mice to homozygous floxed Isl1 mice on Rosa-
LacZ or tdTomato backgrounds. To induce Cre activity of Hcn4-CreERT2, 
depending on embryonic age, pregnant mice were fed 150–300 μl of 
tamoxifen (10 mg/ml) by oral gavage at desired time points. For the early 
stage, tamoxifen was given at E9.5 and samples were harvested 32–36 
hours after induction at around E11. For the later stage, tamoxifen was 
given at E11.5, and samples were harvested at E14.5. The presence of a 
Rosa-tdTomato allele allowed the embryos expressing Hcn4-CreERT2 to 
be visually genotyped upon tamoxifen induction.

IHC and in situ hybridization. X-gal staining, immunostaining, 
and in situ hybridization were performed as described (80, 81). The 
following primary antibodies were used: mouse monoclonal anti-

consistent with our observations of ISL1 action with loss-of-
function studies in SAN cells. However, overexpression of ISL1 
resulted in partial activation of the SAN program. Together, 
these observations suggest that generation of a biological pace-
maker might benefit from combinatorial expression of transcrip-
tion factors important to SAN identity and function, including 
TBX3, ISL1, and TBX18 (35, 48).

Altogether, results of these studies have given mechanis-
tic insight into distinct cell autonomous requirements for ISL1 
throughout SAN development, identifying a number of key 
downstream targets that can account for observed defects in SAN 
phenotype and function. Our studies represent the first in vivo 
ChIP-seq studies for SAN cells, which provide a basis for further 
exploration of factors critical to SAN formation and function.

Methods
Transgenic mice. Isl1nLacZ knockin, floxed Isl1 (Isl1fl/fl), and Isl1 hypomorphic 
(Isl1fl:Neo/+) mouse lines were generated as described (54, 64, 79). Strategy 

Figure 6. RNA-seq analyses reveal 
dysregulation of a number of genes 
important for SAN function in Hcn4-
CreERT2 Isl1fl/fl mutants. (A) Scatter-
plot illustrating relative gene expres-
sion of polyA-selected RNA transcripts 
from RNA-seq comparison of control 
and Hcn4-CreERT2 Isl1fl/fl mutant SAN 
cells. Genes upregulated or downregu-
lated 1.5-fold in Isl1 mutant SAN cells 
are shown in red and green, respec-
tively. Values are presented as log2 of 
tag counts normalized to 107 uniquely 
mapped tags. (B) RNA-seq comparison 
of control and Hcn4-CreERT2 Isl1fl/fl 
mutant SAN transcriptomes revealed 
a total of 12,441 genes expressed 
(RPKM ≥ 1) in SAN cells, of which 1,035 
upregulated and 3,690 downregulated 
in Isl1 mutant SAN cells  
( |fold-change mutant vs. ctrl| ≥ 1.5). 
(C) GO functional clustering of genes 
down- and upregulated in Isl1 mutant, 
highlighting cellular processes most 
significantly affected in mutant SAN 
(top 10 not redundant categories are 
shown). (D) qPCR validation analysis. 
mRNA expression of ion channels and 
associated genes, and genes involved 
in transcription regulation, cell cycle, 
and signaling pathways are shown. (E) 
qRT-PCR validation analysis. mRNA 
expression of atrial myocardial specific 
genes. Results are shown as fold-
change Isl1 mutant vs. ctrl. n = 4  
per group, P < 0.05, 2-tailed t test. 
See also Supplemental Figure 3 and 
Supplemental Tables 1 and 2.
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percentage of total Tomato+ SAN cells. To assess ISL1 expression dur-
ing development, ISL1+ and HCN4+ cells were counted and data were 
expressed as percentage of total HCN4+ cells. At least 4–6 matched 
sections were analyzed, and 3 samples per genotype per time point 
were analyzed.

RNA-seq and qPCR. RNA-seq was performed using the pacemaker 
cells FACS sorted from embryos of genotype Hcn4-CreERT2 Isl1fl/fl 
(mutant) and Hcn4-CreERT2 Isl1+/+ (control). Tamoxifen was given at 
E10.5, and samples were harvested 36 hours after induction at E12–
E12.5. The presence of a Rosa-tdTomato allele allowed the embryos 
expressing Hcn4-CreERT2 to be visually genotyped upon tamoxifen 
induction. The Tomato+ SANs of Isl1 mutant and control embryos were 
dissected under fluorescence microscopy. The samples for the same 
genotype were pooled and digested with a mixture of collagenase II  
(1 mg/ml)/trypsin (0.1%) for 10 minutes with periodical pipetting, and 
clear supernatants were collected in a 15-ml tube. The digestion was 
repeated until SAN tissue was totally digested. The cell suspension 

ISL1/2 (39.4D5, Developmental Studies Hybridoma Bank [DSHB]), 
rabbit anti-ISL1 (ab20670, Abcam), rat anti-HCN4 (ab32675, Abcam), 
rabbit anti-Cx40 (sc-28658, Santa Cruz), goat anti-TBX3 (sc-17871, 
Santa Cruz Biotechnology Inc.), and rat anti-BrdU (ab6326, Abcam). 
The secondary antibodies were Alexa 488 or 594 labeled (Invitrogen). 
TUNEL staining was performed as recommended (Roche Diagnos-
tics). For BrdU staining, pregnant mice were injected with 500 μl of 
BrdU (proprietary mixture, Ambion) every 3 hours for 3 times, and 
BrdU staining was performed as described (79). For cell counting, 
sections of the SAN (region) of the appropriated developmental stages 
were cut at 10 μm, every fourth section was stained, and positive cells 
were counted. To compare cell number of control and Isl1 mutant SAN 
at E14.5 (tamoxifen induced at 11.5), X-gal+ or Tomato+ cells were 
counted every fourth section, and total number of SAN cells per SAN 
are expressed. For proliferation and cell death assay, total BrdU+ or 
TUNEL+ cells in the region of right SV or SAN (marked by Tomato+) 
of the control and mutant samples were counted and expressed as 

Figure 7. ISL1 directly regulates a number of genes required for normal pacemaker function in mice and humans. (A) ChIP-seq ISL1-binding regions were 
mapped relative to their nearest TSS. Annotation includes whether a peak is in the TSS (defined as from –1 kb to +100 bp), transcription termination site 
(TTS; defined as from –100 bp to +1 kb), exon (coding), 5′ UTR, 3′ UTR, intronic, or intergenic. (B) Top motifs enriched in the vicinity of ISL1-binding sites. 
(C) GO functional clustering of genes associated with ISL1 ChIP-seq peaks (top 10 not redundant categories are shown). (D) Overlay of RNA-seq and ChIP-
seq results correlates ISL1 binding with gene regulation in SAN cells. Scatterplot of RNA-Seq from Figure 6A with genes upregulated or downregulated 1.5-
fold in Isl1 mutant SAN cells, colored in red and green, respectively. Up- and downregulated genes demonstrating vicinal ISL1 binding in SAN cells are black. 
(E) Overlay of RNA-seq and ChIP-seq results revealed 228 genes as potential direct targets of ISL1 in SAN cells. (F) GO functional clustering of these genes 
allowed for identification of cellular functions directly regulated by ISL1 (top 10 not redundant categories are shown). See also Supplemental Figure 4,  
Table 1, and Supplemental Tables 1, 2, 4, and 5.
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1× protease inhibitor cocktail [Roche Applied Science], 1 mM PMSF). 
Chromatin was sheared to an average DNA size of 100–400 bp by 
administering 10 pulses of 30-second duration at 12 W power output 
with 60-second pause on wet ice using a Misonix 3000 sonicator. 
The lysate was cleared by centrifugation (5 minutes, 16,000 × g, 4°C). 
Supernatant (1%) was kept as ChIP input. Meanwhile, Dynabeads Pro-
tein G were prepared with the ISL1 antibody (39.4D5, DSHB) by incu-
bating Dynabeads Protein G and 5 μg specific antibody in 0.5% BSA/
PBS for 1 hour at 4°C on rotator, then washed twice with 0.5% BSA/
PBS and brought up to the original volume with 0.1% BSA/PBS. The 
protein-DNA complex of interest was immunoprecipitated by rotat-
ing the supernatant with 30 μl Dynabeads Protein G coated with spe-
cific antibody overnight at 4°C (Invitrogen). Beads were washed with 
each buffer by rotating in 1 ml buffer at 4°C for 5 minutes: RIPA buffer 
(10 mM Tris/HCl pH7.6, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 0.1% 
Na-Deoxycholate, 1% Triton X-100, 1× protease inhibitor cocktail 
[Roche Applied Science], 1 mM PMSF), LiCl buffer (0.25 M LiCl, 1% 
NP40, 1% NaDOC), Tris-EDTA (TE) plus 0.2% Triton X-100, and TE 
plus 50 mM NaCl. Immunoprecipitated chromatin was eluted twice 
with 100 μl elution buffer each (TE, 2% SDS) into fresh tubes for 30 
minutes and 10 minutes, respectively. Eluates were pooled, the Na+ 
concentration was adjusted to 300 mM with 5 M NaCl, and crosslinks 
were reversed overnight at 65°C in a hybridization oven. The samples 
were sequentially incubated at 37°C for 1 hour each with 0.33 mg/ml 
RNase A and 0.5 mg/ml proteinase K (Sigma-Aldrich). The DNA was 
isolated using the ChIP DNA Clean & Concentrator (Zymo Research 
Corp.) according to the manufacturer’s instructions.

Sequencing libraries were prepared from collected ISL1 ChIP and 
corresponding input DNA by blunting, A-tailing, adaptor ligation as 
previously described (88) using NEXTFlex barcoded adapters from 
Bioo Scientific. Libraries were PCR-amplified for 12–15 cycles, size 
selected for 225–375 bp fragments by gel extraction, and single-end 
sequenced on a Hi-Seq 2500 (Illumina) for 50 cycles. Reads were 
aligned to the mouse mm9 genome assembly (NCBI Build 37) using 
Bowtie allowing up to 2 mismatches. Only tags that mapped uniquely 
to the genome were considered for further analysis. Genomic binding 
peaks for transcription factor ISL1 were identified using the findPeaks 
command from HOMER (http://homer.salk.edu/homer/) with 8-fold 
enrichment over the input sample, 4-fold enrichment over local back-
ground, a minimal tag number of 16, and normalization to 10 million 
mapped reads per experiment (88). Peaks were annotated using the 
annotatePeaks command, assigning to gene targets based on the 
closest RefSeq-defined transcription start site (TSS). Identification 
of Isl1-associated transcription factor binding motifs was carried out 
with command findMotifsGenome.pl using a standard background as 
random genomic sequence sampled according to GC content of input 
sequences. GO and Reactome pathway enrichment analysis was con-
ducted with GO-Elite (86).

Echocardiography. Pregnant mice were anesthetized with iso-
flurane. Echocardiography was performed utilizing a VisualSonics 
Vevo770 high-resolution ultrasound system with a RMV704 probe 
(40 MHz). The position of individual embryos was scanned and 
identified, and a map with individual embryos was drawn. B-mode 
and pulse-wave Doppler images were obtained to allow for assess-
ment of heart-rate and stroke volume. After echocardiography, 
embryos were dissected, correlated to the map, and genotyped for 
phenotype-genotype correlations.

was filtered through a 40-um filter unit (Fisher Scientific), and endo-
thelial cells were removed by incubation with CD31 microbeads (Mil-
tenyi Biotec). SAN cells were resuspended in 0.5 ml DMEM medium 
and kept on ice until sorting. Hcn4-CreERT2–expressing pacemaker 
cells (Tomato+) were FACS sorted (BD FACSAria, BD Biosciences) 
into RNAlater (QIAGEN) and stored overnight at 4°C. The following 
day, the samples were centrifuged. RNAlater was removed, and the 
cells were frozen at –80°C. After multiple rounds of cell sorting, cells 
from individual collections were pooled at the time of RNA extraction. 
RNA was prepared using the RNeasy Mini kit (QIAGEN) following the 
manufacturer’s instructions and were quantified using a NanoDrop 
ND-1000 spectrophotometer.

RNA-seq was performed as described (82). The complete RNA-seq  
datasets are available from the Gene Expressing Omnibus database 
(http://www.ncbi.nlm.nih.gov/geo/) under the accession number 
GSE69097. Briefly, total RNA (10 ng) was incubated with Oligo(dT) 
magnetic beads to isolated mRNA. RNA-seq libraries were prepared 
with the SMARTer cDNA library construction kit (Clontech) accord-
ing to manufacturer’s instructions and sequenced using Illumina 
HiSeqTM 2000 with paired-end sequencing at 90-bp read length 
(BGI). Adapter and poor-quality read sequences were trimmed 
with Trim Galore (Babraham Bioinformatics) using default settings 
for paired-end reads. Trimmed reads were then quality controlled 
with FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc). On average, each read pair resulted in approximately 22 
million uniquely mapped reads after mapping to the mm9 reference 
genome with TopHat2 (83) and Bowtie2 (84). Transcript expression 
values were determined after transcript normalization (reads per 
kilobase per million; RPKM) with AltAnalyze (85). Transcripts were 
considered significantly expressed if RPKM ≥ 1 in either one of the 
2 conditions. Differential expression analysis was performed con-
sidering |fold-change Isl1 mutant vs. ctrl| ≥ 1.5 fold as a cut-off. For 
scatterplot representation, values are log2 transformed tag counts 
normalized to 10 million uniquely mapped tags. GO and Reac-
tome pathway enrichment analysis was conducted with GO-Elite  
(http://www.genmapp.org/go_elite) (86).

qPCR validation of RNA-seq targets were performed using SAN 
pacemaker cells as described above. qPCR was performed using SYBR 
green detection. Primer pairs are listed in Supplemental Table 3.

ChIP-sequencing and data analysis. For ChIP-seq assay, the SANs 
from Hcn4-nGFP mice at postnatal days 1–3 (P1–P3) were digested and 
FACS-sorted as describe above.

ChIP of ISL1 was performed with modified protocol described 
previously (87). The complete ChIP-seq datasets are available from 
the GEO database under the accession number GSE68974. Briefly, for 
ISL1 ChIP, 2 × 106 cells were first crosslinked in 2 mM disuccinimidyl 
glutarate (Pierce Biotechnology) in PBS for 30 minutes, then subse-
quently in 1% formaldehyde (Sigma-Aldrich) in PBS for 10 minutes, all 
at room temperature. The reactions were quenched by adding glycine 
(Sigma-Aldrich) to a final concentration of 125 mM. The cells were 
immediately centrifuged (5 minutes, 700 × g, 4°C) and washed twice 
with ice-cold PBS. Cells were resuspended in swelling buffer (10 mM 
HEPES/KOH pH7.9, 85 mM KCl, 1 mM EDTA, 0.5% IGEPAL CA-630 
[Sigma-Aldrich], 1× protease inhibitor cocktail [Roche Applied Sci-
ence], 1 mM PMSF) for 5 minutes. Cell pellets were spun down and 
resuspended in 1 ml RIPA buffer (10 mM Tris/HCl pH7.6, 1 mM EDTA, 
1 mM EGTA, 0.1% SDS, 0.1% Na-Deoxycholate, 1% Triton X-100,  
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Statistics. Data are presented as mean ± SEM, and a 2-tailed t 
test was used for 2-group comparisons. Differences were considered 
statistically significant at a value of P < 0.05.
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