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The sinus node (SAN) is the primary pacemaker of the human heart,
and abnormalities in its structure or function cause sick sinus
syndrome, the most common reason for electronic pacemaker
implantation. Here we report that transcription factor GATA6, whose
mutations in humans are linked to arrhythmia, is highly expressed in
the SAN and its haploinsufficiency in mice results in hypoplastic SANs
and rhythm abnormalities. Cell-specific deletion reveals a require-
ment for GATAG6 in various SAN lineages. Mechanistically, GATA6
directly activates key regulators of the SAN genetic program in con-
duction and nonconduction cells, such as TBX3 and EDN1, respec-
tively. The data identify GATA6 as an important regulator of the
SAN and provide a molecular basis for understanding the conduction
abnormalities associated with GATA6 mutations in humans. They
also suggest that GATA6 may be a potential modifier of the
cardiac pacemaker.
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he cardiac conduction system (CCS) consists of muscle cells
and conducting fibers that ensure the initiation of the im-
pulse and its propagation throughout the heart. The CCS is com-
posed of the sinus node (SAN), known as the pacemaker of the
heart since it generates the electrical impulse, and the atrioven-
tricular node (AVN), the His or atrioventricular bundle (AV
bundle), and the Purkinje fibers, which propagate the signal to the
ventricular myocytes (1). Despite remarkable progress in the past
decade, the cellular origins of the CCS components remain in-
completely elucidated. The SAN is thought to be composed mainly
of secondary heart field cells derived from ISL1- and TBX18-
expressing cells (2), while the AVN and His bundle are thought
to segregate from precursors of the working myocardium and are
positive for transcription factors TBX2 and NKX2.5 (3-5).
Abnormalities affecting the generation or propagation of the
electrical impulses lead to conduction defects ranging from be-
nign to fatal arrhythmias. Impaired impulse generation in the
SAN causes sick sinus syndrome (SSS), manifesting as sinus
pause/arrest or bradycardia. Blockage of the impulse conduction
to the AVN or Purkinje fibers results in atrioventricular block. In
humans, atrial fibrillation (AF), a condition involving a rapid and
irregular cardiac rhythm, is the most common type of arrhyth-
mia, affecting 2.7 million individuals in the United States alone
(6). Its frequency increases with aging, and it occurs in isolation
or in association with other complications such as dementia,
stroke, and heart failure (7). Atrial fibrillation can be triggered
by alterations in atrial electrophysiology or calcium handling,
genetic factors, and contractile and structural remodeling in the
heart that increase with aging. Human genetic studies as well as
analysis of genetically modified mouse models have identified
several genes encoding critical cardiac transcription factors (TFs)
that contribute to rhythm regulation disturbances. For example,
mutations in the GATA family of TFs (GATA4/5/6), the T-box
factor TBXS5, and the homeodomain protein NKX2.5 have been
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reported in several cases of familial AF (8, 9). The mutations
frequently lead to loss of function, but gain of function mutations
have also been found. Analysis of mice lacking a 7bx5 or an
Nkx2.5 allele confirmed that decreased levels of these TFs is
sufficient to produce conduction abnormalities, including AV
block (10). Decreased levels of another T-box family member,
TBX3 in different regions of the developing heart, also leads to
lethal arrythmias (11). TBXS and NKX2.5 cooperatively activate
transcription of several genes important for cardiac conduction,
including connexin 40 (Cx40) and the DNA-binding protein in-
hibitor Id2 (10, 12). In cardiomyocytes, TBX5 and NKX2.5 also
interact with GATA4 (13, 14); mutations in GATA4 are found in
association with human AF, and GATA4 was shown to regulate
conduction genes such as Cx40 and Cx30.2 (15).

A role for GATAG6 in CCS regulation was first suggested by
the finding that an enhancer region upstream of the Gata6 pro-
moter is specifically active in the AV conduction system (16). The
presence of GATAG in the ventricular CCS was subsequently
confirmed, and its contribution to AV development and function
was inferred from analysis of mice with myocardial-specific dele-
tion of its carboxyl zinc finger domain using Mic2v-cre (17). In this
model, a truncated GATAG6 protein containing the N-terminal
activation domain and the first zinc finger can still be produced
and retains the ability to bind GATA sites and interact with known
GATA cofactors. Of note, the mutant protein was restricted to
MLC2V-expressing myocytes, while intact GATAG is expressed in
atrial cells and in other cell types that may contribute to the
proximal CCS.

Significance

GATAG is a key regulator of sinus node (SAN) development.
Loss of one Gata6 allele disrupts patterning and size of the
SAN. GATAG plays cell autonomous as well as non-cell auton-
omous functions in several cell types required for proper SAN
development and function. Haploinsufficiency of Gata6 in mice
leads to electrophysiological alterations and increases suscep-
tibility to develop arrhythmias. GATAG is critical for pacemaker
cell differentiation and cardiac conduction.
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To determine the contribution of GATAG6 to the CCS, we
analyzed CCS structure and function in mice haploinsufficient
for Gata6. We found that loss of one Gata6 allele leads to
electrophysiological alterations and increased susceptibility to
arrhythmias. Furthermore, hypocellularity and reduction in
HCN4*/TBX3* conduction cells marked the SAN of Gata6™'~
mice. Cell-specific deletion of Gata6 revealed its requirement
in different cell types that contribute to SAN development and
CCS function, namely, conduction, second heart field (SHF),
and endothelial cells. The results support a key function for
GATAG in pacemaker cell differentiation and in cardiac con-
duction. They also suggest that GATA6 may be an arrhythmia-
causing or -modifying gene.

Results

Loss of One Allele of Gataé in Mice Results in Electrocardiogram
Alterations and Hypoplastic SAN. A surface electrocardiogram
(ECG) was performed on Gata6*'~ and control littermates to
assess whether these mice display any electrophysiological ab-
normalities. The ECG profiling showed significant increases in
both PR segment and QT interval in the Gata6™'~ group indic-
ative of problems at the sinus node and ventricular levels (Fig.
1 A and B). Arrhythmia analysis using the Data Sciences Inter-
national/Ponemah platform revealed the presence of premature
atrial contractions (PACs) in three out of nine Gata6™'~ mice
(33%) but in none of the 17 wild-type (WT) mice analyzed
(Fisher test, P =0.0323); PAC can lead to AF when occurring in
the atrial vulnerable period (18) (Fig. 1C). To determine whether
Gata6™~ mice were more prone to arrhythmia, programmed
electrical stimulation (PES) was performed on adult Gata6*'* and
Gata6™'~ hearts. Ventricular arrhythmia was induced in one out of
eight (12.5%) control hearts but in four out of six (66.7%)
Gata6™'~ hearts (Fig. 1 D and E). Together, these results suggest
that loss of one Gata6 allele leads to CCS abnormalities, atrial and
ventricular, at baseline and in response to stimuli.

Several GATA6 mutations have been reported in individuals
with familial AF (SI Appendix, Fig. S1). Of note, both loss and
gain of function mutations have been identified, suggesting that
GATAG6 may be involved in CCS regulation. Structural defects

A

such as atrial dilation and impaired ventricular function are
common in patients with chronic AF (19). We previously reported
that adult mice with 50% reduction in GATAG6 have reduced left
ventricular function as assessed by echocardiography, and several
display a dilated right atrium (RA) and right ventricle (20). As
shown in Fig. 2 A and B, these structural defects are evident at
birth. Further examination of Masson trichrome-stained sections
revealed a hypoplastic SAN with fewer myocytes in all Gata6*/~
neonates compared to control littermates (Fig. 2C). To determine
whether this phenotype is associated with differentiation defects,
expression of key atrial and CCS markers and regulators, including
NKX2.5, TBX5, ANP, and HCN4, was examined. Maintenance of
the SAN and atrial identities involves transcriptional repression of
atrial and SAN genes, respectively. For example, TBX3 represses
the ANP gene in the SAN, while in the adjacent atrial myocar-
dium, NKX2.5 activates ANP and represses HCN4 and TBX3, as
evidenced by ectopic expression of TBX3 and HCN4 in the em-
bryonic myocardium of Nkx2.5 null mice (1). In Gata6™'~ mice,
NKX2.5 and TBXS were up-regulated in the SAN relative to
control littermates (Fig. 2 D, Top and Bottom). Interestingly, ANP
immunostaining was decreased in the atria but increased in the
SAN of Gata6*'~ neonates (Fig. 2 D, Middle). In addition to these
compartment-specific alterations, qRT-PCR analysis revealed
decreased levels of Kcnj3 (encoding Kir3.1, a key component of
the acetylcholine-sensitive K* channel) (21), Gjal (Cx43), and
atrial markers NKX2.5 and NPPA (encoding ANP) as well as
EDNI1 (encoding endothelin 1) and its B-type receptor EDNRB in
embryonic Gata6™'"™ hearts as early as E11.5 (Fig. 2E). Changes in
several transcript levels persisted in adult Gata6™'~ hearts; nota-
bly, levels for HCN4 were 46% of those in control mice, NKX2.5
were 27% of those of Gata6™+ mice, and GATA6 were at 47% of
control littermates (P < 0.05). These results suggest that GATA6
haploinsufficiency (confirmed by Western blot analysis as shown
in SI Appendix, Fig. S2) leads to profound genetic reprogramming
in atrial and CCS cells.

GATAG is known to be present in several cardiovascular cells,
including atrial and ventricular myocytes, as well as some en-
dothelial, neural crest, and smooth muscle cells (22, 23). GATA6
transcripts were also reported in the distal CCS, including the
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Fig. 1. Adult Gata6*'~ mice display ECG abnormalities. (A) Electrocardiogram profile showing the different interval measurements for Gata6** and Gata6*'"~
mice. HR: heart rate; FC: cardiac frequency. Values are mean + SEM. *P < 0.05. (B) Representative ECG showing prolonged QT in Gata6*~ mice. (Scale bar: 100
ms.) (C) Representative ECG showing the presence of PAC in Gata6™~ mice following telemetry measurements (Gata6™* [n = 17] and Gata6*'~ [n = 9]). (D and
E) Ex vivo heart ECG recording for Gata6*'* (n = 8) and Gata6"~ (n = 6) mice following isoproterenol perfusion at 0.1 uM showing arrhythmia development.

*P < 0.05. (Scale bar: 300 ms.)
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Fig. 2. GATAG is expressed in the sinus node. (A) Masson trichrome (MT) staining showing enlarged right atria and ventricle in Gata6*~ newborn mice. (Scale
bar: 400 pm.) (B) Quantification graph showing enlarged surface area of RA and RV Gata6*~ when compared to control mice. RV: right ventricle; LV: left
ventricle; LA: left atrium. *P < 0.05. (C) Masson trichrome staining on newborn Gata6™* and Gata6*'~ mice showing hypoplastic SAN in Gata6*'~ mice evident
in examination of three consecutive sections (n = 5 to 9). Notice the reduction in HCN4 positive cells in SAN of Gata6*'~ mice. Arrows point to the SAN. (Scale
bars: 200 pm, 50 pm.) (D) Immunohistochemistry in the SAN and RA of newborn Gata6™* and Gata6*'~ mice showing gene expression changes expression of
NKX2.5 (Top), ANP (Middle), and TBX5 (Bottom). Note how expression of atrial markers NKX2.5, TBX5, and ANP is decreased in atria but increased in SAN of
Gata6*'~ mice. The micrographs shown are representative of results obtained from n = 5 to 9 mice of each genotype. (Scale bars: 400 um, 100 pm.) (E) qRT-PCR
on RNA extracted from E11.5 hearts showing altered expression of important conduction system regulators; note the significant decrease in the expression of
KIR3.1, NKX2.5, CX43, NPPA, and EDN1 (corrected to RPS16, n = 5 to 8 per group). *P < 0.05.
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Fig. 3. Cellular and molecular changes in the SAN of Gata6™~. (A) Immunofluorescence showing the colocalization of GATA6 with staining HCN4, TBX3, and
ISL1 in the SAN of E14.5 Gata6*"* control embryos. The last column is an image zoom. (Scale bar: 100 pm.) (B) Staining for GATA6, HCN4, TBX3, ISL1, and
SHOX2 comparing Gata6*'~ to Gata6*'* controls. Note the colocalization of HCN4/TBX3 and SHOX2/ISL1 within cells of the SAN (zoomed-in images). (Scale bar:
100 pm.) (C) Immunohistochemistry staining on SAN from E14.5 Gata6*'* and Gata6*'~ embryos showing expression of HCN4, GATA6, GATA4, TBX3, and TBX5.
Note the decreased expression of GATA6, GATA4, and TBX5 and the lack of HCN4+ and TBX3+ cells in SAN of Gata6*~ mice. The micrographs are repre-
sentative of similar findings in four to five embryos for each genotype. (Scale bar: 100 pm.) (D) Quantification graph showing the number of positive cells for
HCN4 and TBX3 within the SAN region in both Gata6*~ and control mice. (E) Three-dimensional reconstruction of the SAN from E14.5 embryos showing a
smaller SAN in Gata6*~ mice. *P < 0.05.
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AV node, His bundle, and Purkinje fibers (17). Given the SAN
phenotype and the electrophysiology described above, we checked
for GATAG6 expression in the SAN using immunofluorescence.
GATAG6 immunostaining was evident in the SAN as early as E14.5
(Fig. 3 4 and B), where it localized with HCN4-expressing cells
(Fig. 3 A4, last two panels of Top row). Interestingly, GATAG6 ex-
pression colocalized with TBX3- and ISL1-expressing cells but was

also found in SAN cells that did not express these proteins
(Fig. 3 A, last two panels of Middle and Bottom rows).

Reduced HCN4* Cells in the SAN of Gata6”~. Next, we analyzed
genetic changes at the cellular level during early stages of em-
bryonic SAN development (E14.5). Alterations in the pattern of
expression of several markers, including TBXS, TBX3, ISL1,
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Fig. 4. GATAG transcriptional regulation of TBX3 promoter. (A) Schematic representation of TBX3 promoter showing the different GATA, T-box, and Nkx-
binding sites. bp, base pair. *, indicates the position of the different GATA sites. (B-E) Increasing amounts of GATA4/5/6 expression vectors are transiently
cotransfected with the luciferase reporter under the control of the TBX3, NPPA, and EDN1 promoters in NIH 3T3 cells (25, 50, 100, 250, and 500 ng of ex-
pression vector). The pGL3-TBX3-One GATA site is a 5’ deletion, leaving only one GATA site, and the p-GL3-TBX3-No GATA site promoter has a mutation in
this site. Relative luciferase activities are represented as fold changes. The data are a representative of three independent experiments done in duplicates.
Values are mean + SEM. *P < 0.05. (F) Chromatin immunoprecipitation of GATA6 occupancy on the different GATA binding sites on the TBX3 promoter. A
chromosome 20 gene desert was used as a negative gene, and an IgG antibody was used as an immunoprecipitation negative control. Results are expressed as
the fold enrichment of GATA binding compared to IgG binding. The results are reported as the mean + SEM, *P > 0.01 compared to IgG. IgG, Immunoglobulin
G. (G) Western blot analysis of transfected, HA-tagged GATA6 using the HA antibody. The panel shows the expression of recombinant HA-GATA6 WT in
nuclear extracts of AD293 cells. (H) Immunofluorescent electrophoretic mobility shift assays performed using nuclear extracts from AD293 cells overexpressing
WT GATAG. The binding of the NPPA probe to GATAG is indicated by an arrow. A cold probe of increasing concentrations of the different GATA binding sites
on the TBX3 promoter was added for competition.
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GATA4 and GATAG, were observed in E14.5 Gata6*'~ em-  reconstruction confirmed that Gata6*'~ SANs are significantly
bryos. Staining intensity for HCN4, TBX3, TBXS, and ISL1 was  smaller than controls (Fig. 3E).

lower in Gata6™'~ mice (Fig. 3 B and C), and there were fewer Given the critical role of TBX3 in pacemaker differentiation
HCN4* and TBX3" cells in Gata6*'~ SAN, especially in the  and its altered expression pattern in Gata6™'~ SAN, we checked
head region (Fig. 3 C and D). Furthermore, three-dimensional =~ whether GATAG is a direct transcriptional activator of 7TBX3. In
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Fig. 5. Cellular basis of the GATAG6 role in SAN formation. (A) Schematic representation of the different cell types contributing to the formation of the SAN.
ECM: extracellular matrix. (B) Frequency of genotypes obtained from the various cre lines. Embryonic and perinatal lethality of cre+ homozygous G6 is
demonstrated by the reduced frequencies of those embryos at various developmental stages. These results were obtained based on crossing two hetero-
zygotes with each other for each of the cre lines. (C) Immunohistochemistry staining for HCN4, GATA6, and TBX3 in the SAN of E14.5 embryo control Gata6*'*
(cre- G6"f) and cre+Gata6"""' mice. Note the decreased staining of HCN4, TBX3, and GATAG6 in Is/1cre+Gata6™ and some Tie2cre+Gata6™ SAN. The
micrographs are representative of similar findings in four to five embryos for each genotype. (Scale bar: 100 pm.) (D) Staining for GATA6, SHOX2, HCN4, TBX3,
and ISL1 comparing control Gata6** (cre- G6V""') and cre+Gata6"* mice. (Scale bar: 100 um.) (E) Representation of E14.5 embryos with homozygous Gata6
deletion in specific cell types vs. their control Gata6™* (cre- G6VUF). (F) Immunohistochemistry staining for HCN4 (Left), GATA6 (Middle), and TBX3 (Right) in
the SAN of E14.5 embryo control (Top) and Tie2cre+Gata6™™ mice (Bottom). Note the decreased staining of HCN4, TBX3, and GATAG in cre+Gata6™" SAN.
The micrographs are representative of similar findings in four to five embryos for each genotype where applicable. (Scale bar: 100 pm.)
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silico analysis identified four putative GATA binding sites on the
TBX3 promoter (Fig. 44). Cotransfection in NIH 3T3 cells of a
GATAG6-expressing vector and a TBX3-luciferase construct lead
to robust dose-dependent activation that was dependent on the
presence of at least the proximal GATA site (Fig. 4 B and C).
GATAG activation of the TBX3 promoter was consistently higher
than that of two other GATA-dependent promoters, the Nppa
promoter, a known GATAG target (Fig. 4D), and EDN1(Fig. 4F).
Chromatin immunoprecipitation demonstrated that GATAG6
binds to both distal and proximal GATA sites of the TBX3 pro-
moter (Fig. 4F). These sites were also able to compete for GATA6
binding with the well-characterized GATA elements from the
Nppa promoter (Fig. 4 G and H). Thus, TBX3 appears to be a
transcriptional target for GATAG6. Given that TBX3 was shown to
directly bind and modulate the Gata6 promoter (24), our results
raise the intriguing possibility that GATA6 and TBX3 may be part
of a forward reinforcing feedback loop that promotes/maintains
pacemaker cell identity. Last, expression of endothelin 1 (EDN1),
a secreted peptide hormone known to modulate cardiac innerva-
tion and pacemaker cell differentiation, was also decreased in
Gata6™'~ hearts (25, 26) (Fig. 2E), and GATAG significantly
upregulated the EDNI-luciferase promoter in transfection assays
(Fig. 4E). Together the results suggest that GATA6 may act in
several cell types to coordinately regulate genes critical for normal
SAN development.

Cellular Basis of GATA6 Function in SAN Formation. The SAN is a
unique structure within the heart whose cellular basis is incom-
pletely understood. The SAN tissue is composed of both pace-
making myocytes (mainly ISL1* SHF cells) and nonpacemaking
cells (Fig. 54), with the latter including endothelial cells and
fibroblasts, as well as transitional cells. We used mouse genetics
to determine the cellular basis for the GATA6-dependent SAN
phenotype. Gata6 was deleted from endothelial cells and from
SHF-derived myocardial conduction cells by crossing Gata6™""
mice with Tie2cre and Islicre mice, respectively. Genotyping of
embryos from timed matings indicated high perinatal lethality
when both Gata6 alleles were conditionally deleted from either
TIE2* or ISL1™ cells. with decreased viability evident as early as
E14.5 (Fig. 5B).

Next, we examined whether cell-specific loss of a single Gata6
allele is sufficient to recapitulate the Gata6™'~ phenotype. Loss
of one Gata6 allele from ISL1+ cells led to smaller SANs

(Fig. 5 C and D, fourth column vs. first column) and decreased
expression of HCN4 (Fig. 5 C, Top) and TBX3 (Fig. 5 C, Bottom)
as observed in Gata6™'~ mice. Loss of Gata6 from TIE2" cells
led to a partially penetrant phenotype with smaller SAN size and
decreased marker gene expression observed in 50% of animals
(Fig. 5 C and D, second and third columns vs. first column).
Thus, loss of GATAG6 from either ISL1- or TIE2-expressing cells
leads to structural and genetic changes in the SAN. Examination
of the homozygous embryos from the Tie2- and IslI-cre crosses
revealed variable defects, including abnormal vascularization
(Fig. SE). Histological analysis of Tie2cre® G6™™ embryos
revealed a smaller hypocellular SAN, recapitulating the pheno-
type observed in the Gata6™'~ line (Fig. 5F). The SAN of Tie2-
cre® G6™" line was characterized by a decreased number of
HCN4- and TBX3-expressing cells as well as a lower cellular
level of both markers (Fig. 5F). The results indicate that lack of
Gata6 in endothelial cells leads to hypoplastic SAN and de-
creased expression of key SAN markers. Unfortunately, analysis
of the SAN in IslIcret G6™" embryos was not possible due to
the general severity of their phenotype.

Since cell-specific deletion of one Gata6 allele did not com-
promise survival, we examined heart electrophysiology in adult
mice from all of the lines generated. A surface ECG showed
distinct alterations in the various lines which differentially reca-
pitulated some of those present in Gata6™'~ mice: Tie2cre*
G6""" mice displayed a prolonged QT interval indicative of de-
fects in the ventricular CCS, while Isllcre™ G6™"F" showed in-
creased P wave duration and prolonged PR segment, suggesting
slowed conduction at SAN, atrial tissue, and/or AVN (Fig. 64).
The structural and functional defects observed in all genotypes
studied are summarized in Table 1. Last, to determine whether
loss of GATAG from ISL1 or TIE2 cells increases susceptibility to
arrhythmia, PES was performed on adult Islicre+ G6""*" and
Tie2cre+ G6™"™ hearts. As shown in Fig. 7, arrhythmias were
observed in 40% (two out of five) Isllcre+ G6""*" hearts but not
in hearts fromTie2cre+ G6""F. Last, we examined the effect of
removing GATAG6 from HCN4+ cells to directly evaluate its cell-
autonomous role within conduction cells. Mice lacking one Gata6
allele from HCN4+ cells were born at the expected Mendelian
ratio (Fig. 84) and displayed a SAN phenotype but no visible
structural heart defects (Fig. 8C). As shown in Fig. 8 and Table 1,
half of these mice had a hypoplastic SAN characterized by a de-
creased number of TBX3, ISL1, and SHOX2 positive cells

A Age RR HR PR P QRS AMP ST ST QT QTCF FC
(days) duration of R LEVEL ELEVATION
Cre- GeWvFl 7374 123.23 489.65 36.23 9.40 10.10 0.71 0.01 0.03 36.65 73.67 0.49
SEM n=19 2.66 2.01 7.96 0.55 0.64 0.31 0.06 0.00 0.01 0.83 151 o0.01
Tie2cre+ G6WYF 91,50  119.35 507.43 36.40 7.44 10.28 0.78 0.00 0.01 39.68 80.63" 0.51
SEM n=8 2.83 4.29 17.68 0.92 0.56 0.20 0.06 0.01 0.01 143 2.56 0.02
% * £ *
Isllcre+ G6WYFI  61.11 127.08 47431 38.20 11.96 9.03 0.54 -0.01 -0.01 36.71 73.13 0.47
SEM n=9 1.23 2.95 10.59 0.58 0.65 0.31 0.04 0.01 0.01 1.86  3.84 0.01
Cre- Tie2cre+ Islicre+
B G6Wt/FI G6W/FI G6W/FI
2 ]
= 4 ¥
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SRR,

Fig. 6. Conduction defects in conditionally deleted Gata6 adult mice. (A) Electrocardiogram profile showing the different interval measurements for each of
the conditional knockout mice. Values are mean + SEM. *P < 0.05. (B) Masson trichrome staining on adult heart from Tie2cre+ and Is/1cre+ G6" mice. (Scale

bar: 2,000 um.)
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Table 1. Summary of structural and function conduction defects

Genotype Hypoplastic SAN, % Functional changes

Gata6*"™* 0 (0/9) None (n = 33)

Gata6*'~ 100 (6/6) Prolonged PR and QT intervals, ST elevation (n = 15)
Tie2cre* G6W'F! 50 (4/8) Prolonged QT interval (n = 8)

IslTcre+ G6WUF 67 (2/3) Prolonged PR interval and P duration, ST elevation (n = 9)
Hcndcre+ G6W' 50 (3/6) Prolonged PR and amplitude of R (n = 7)

SAN structure was assessed at E14.5. Electrophysiological defects were assessed at 60 to 115 d.

(Fig. 8B). Immunofluorescence on consecutive tissue sections
(Fig. 8 D and E) clearly shows the decreased presence of bio-
markers of conduction cells, including SHOX2, ISL1, TBX3, and
HCN4, and the smaller SANs of mice with loss of one Gata6 allele
in conduction cells. ECG on young adult mice (60 to 70 d old)
showed prolonged PR similar to that seen in mice with hetero-
zygote deletion of Gata6 in ISL1+ cells or in all cells (heterozy-
gote mice) (Fig. 8F).Taken together, the results indicate that
GATAG is required in various SAN cell types for normal SAN
formation and that it plays cell autonomous as well as non-cell
autonomous functions in SAN development and cardiac
electrophysiology.

Discussion

The sinus node is the normal pacemaker of the heart, and its
dysfunction ultimately leads to SSS, a very important clinical
problem and the major indication for electronic pacemaker im-
plantation. SSS is generally a disease of aging, but it can be present
in younger individuals as a genetic disease or in association with
heart failure. Given the aging population and the rising frequency
of heart failure, the incidence of SSS is predicted to steadily

increase (27). Over the past decades, there have been significant
advances in our understanding of SAN development and function,
but the cellular and molecular pathways underlying SAN structure
in health and disease are incompletely elucidated (28). Studies of
the genetic and structural basis of SAN pathophysiology (reviewed
in ref. 29) revealed, among other things, that transient NOTCH
activation or loss of transcription factors 7bx3 or Pitx2 leads to SSS
in mice (30-32).

In humans, most known SSS-associated mutations involve genes
encoding ion channels or structural proteins, but variants near
transcription factors important for cardiac development have also
been associated with heart rate and atrial thythm variabilities
(33-35). It is also increasingly evident that SAN structure and
cellular remodeling promote sinus node dysfunction. Adequate
SAN volume is required for proper electrical coupling to adjacent
tissues, and SAN hypoplasia in newborns is linked to arrhythmias
(36). In fact, loss of cells in the SAN and structural changes
therein are features in patients with SSS (37, 38). Notwithstanding
the important insights gained in recent years, the biological pro-
cesses that contribute to the architecture of the SAN during de-
velopment remain poorly understood.
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Fig. 7. Isl1cre+ G6™ mice recapitulate the phenotype of Gata6*~. (A-D) Ex vivo heart ECG recording following isoproterenol perfusion at 0.1 pM showing
arrhythmia development in Is/Tcre+ G6Y" mice when compared to control littermates. *P < 0.05.

80of 11 | PNAS

https:/doi.org/10.1073/pnas.2007322118

Gharibeh et al.
GATAG is a regulator of sinus node development and heart rhythm


https://doi.org/10.1073/pnas.2007322118

[ Hcndcre- GEWF!
3 Hen4cre+ GV

>
o9)

180.00 -
> 160.00 T T
< 140.00 4 *
v
Age Nb Hcn4 cre- Hcn4 cre+ £ 120,00 A .l. * *
1%]
genotyped G6 Heterozygous G6 Heterozygous 3 100004 T T
b 80.00 A
(]
E14.5 20 10 (50%) 10 (50%) £ 6000
8 40.00
Q
-s 20.00 4
Qo 0.00 -
2
SHOX2 TBX3 ISL1
C D ISL1
Gata6** Gata6*” DAPI SHOX2
S5 g E
G g3
c ©
A & T O

Hcn4cre +
G6WTFI

E DAPI GATA6 TBX3 HCN4 GATA4

Hcndcre -
G6WTFI

Hcndcre +
G6WTFI

Aﬁgjy?s RR HR PR P duration QRS AMPof R STLEVEL STELEVATION QT QTCB QTCF CF
Hcn4cre-
Avg  G6WHtFI 63.33 135.44 447.00 37.60 9.86 9.68 0.64 0.02 0.03 37.30 101.38 72.63 0.45
Hcn4cre+ % *
G6WHFI 72.00 138.86 432.80 43.13 12.37 10.61 0.82 0.02 0.04 40.21 107.96 77.67 0.43
Hcn4cre-
SEM G6WHFI 4.03 5.79 17.81 0.68 0.90 0.38 0.03 0.01 0.01 293 767 552 0.02
Hcndcre+
G6WHFI 0.00 2.48 7.83 1.89 0.76 0.43 0.04 0.00 0.01 1.54 412 295 0.01

Fig. 8. Structural conduction defects in heterozygous Hcn4 conditionally deleted Gataé embryos. (A) Frequency of genotypes obtained from crossing
Hcndcre+ with the G6™* line. No changes in the expected Mendelian ration was observed. (B) Quantification graph showing the number of positive cells for
Shox2, TBX3, and ISL1 within the SAN region in both Hcndcre+G6"* and control mice. *P < 0.05. (C) Masson trichrome staining on E14.5 embryos from
Gata6™ and Gata6*'~ mice showing the absence of structural defects. (D and E) Immunofluorescence staining for HCN4, GATA6, GATA4, SHOX2, TBX3, and
ISL1 in the hearts of E14.5 Hcndcre+ G6W/ embryos vs. control (Hcn4cre- G6"". (Scale bar: 100 pum.) (F) Electrocardiogram profile showing the different
interval measurements for each of the conditional knockout mice. Values are mean + SEM. *P < 0.05.
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Here we show that transcription factor GATAG6 is present
throughout the SAN and that mice with a mutated Gata6 allele
have a hypoplastic SAN and significant disruption in the normal
genetic program as evidenced by decreased levels of key pace-
maker cell regulators such as TBX3 and TBX5 and up-regulated
atrial genes like Nkx2.5 and Nppa. In addition, patterning of the
SAN appears to be disrupted, as evidenced by the loss of HCN4*
pacemaker cells predominantly in the head region. It was pre-
viously suggested that the head and tail regions represent sepa-
rate regulatory domains with specific genetic programs and
contributions to pacemaking (39, 40). Moreover, TBX18-expressing
mesenchymal cells were shown to contribute differentially to the
head region (39). In Gata6™'~ SANs, TBX18 levels are down-
regulated, whereas PITX2 and NKX2.5 expression is up-
regulated (Fig. 2D). These changes are consistent with a role for
GATAG in the differentiation of pacemaker myocytes. Hypoplastic
SANs were also observed when one copy of Gata6 was specifically
deleted either from ISL1" secondary heart field cells or from
TIE2* endothelial cells. However, the patterning defect in the head
region was not reproduced in these lines, raising the possibility that
some pacemaker cells in the SAN head region may have a distinct
embryonic origin. This would be consistent with the finding in
chicken embryos of SAN progenitors in a region posterior to the
ISL1* domain referred to as the tertiary heart field (41).

We suggest that within the SAN, GATAG6 plays cell-specific
roles in regulating pacemaker cell differentiation. In ISL1%*
myocytes and directly within HCN4+ conduction cells, GATA6
functions as a key activator of the genetic program required for
differentiation into pacemaker myocytes, at least in part, by
acting upstream of several SAN transcriptional regulators, no-
tably TBX3, TBXS5, and TBX18. In endothelial cells, GATA6
could regulate pacemaker myocyte differentiation and possibly
survival/proliferation indirectly, through its effect on paracrine
factors, like EDN1, known to contribute to SAN cell differenti-
ation (26). Our transcript analysis reveals decreased levels of
EDNI, as well as one of its receptor, EDNRB, in Gata6™'~
hearts as early as E11.5 (Fig. 2E), suggesting that modulation of
EDN1 may be one mechanism by which GATAG6 contributes to
paracrine regulation of pacemaker cell differentiation.

In addition to its role in the formation of the SAN, GATA6
appears to modulate cardiac conduction by affecting several
conduction segments. Interestingly, the main two defects ob-
served in Gata6 heterozygote mice, prolonged QT and PR, can
be dissociated using cell-specific deletion. Notably, loss of Gata6
from HCN4+ conduction cells leads to prolonged PR but nor-
mal QT indicative of delayed SAN conduction. This is also ob-
served in mice with deletion of Gata6 in ISL1+ cells that give rise
to conduction cells of the SAN. Conversely, Gata6 deletion from
the endothelial lineage that contributes to the Purkinje fibers re-
sults in prolonged QT and normal PR, reflecting repolarization
defects. As mentioned earlier, sick sinus syndrome generally af-
fects older individuals and can be difficult to diagnose due to its
nonspecific presentation, including the ECG findings. It is there-
fore possible to expect further rhythm abnormalities in older
Gata6 heterozygote mice. Nonetheless, the presence of a fully
penetrant hypoplastic SAN phenotype in embryos and conduction
abnormalities in young Gata6 heterozygote mice suggest that
GATAG acts in multiple cell types to coordinately regulate SAN
development and cardiac electrical activity.
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Mutations in GATA6 and two other members of the GATA
family of transcription factors, notably GATA4 and GATAS,
have been associated with human atrial fibrillation (42). Addi-
tionally, GATA4 was shown to regulate several atrioventricular
canal enhancers, and loss of one Gata4 allele in mice leads to
alterations in the proximal component of the cardiac conduction
system, essentially at the atrioventricular node. Our data show
that GATAA4 is abundantly expressed in the SAN (Figs. 3 and 8)
within GATAG6+ cells. Gata4 heterozygote mice have shorter
PR, whereas Gata6 heterozygote mice have longer PR, sug-
gesting they each play distinct roles in the proximal CCS. Our
preliminary analysis of SANs in Gata4 heterozygote mice did not
reveal obvious changes in SAN size and structure. Whether this
reflects a possible compensatory role of GATAG6 and whether the
two GATA proteins play opposing or partially overlapping roles
in the SAN and in other CCS components deserve to be inves-
tigated. In vitro, GATA proteins have the ability to bind through
their highly homologous zinc finger domain to similar DNA el-
ements and to activate similar promoter targets. The two pro-
teins differ in their N and C activation domains which play
important roles in their mechanisms of action. This includes, at
least in part, interactions with other activators and coactivators
such as TBX proteins and NKX2.5. It is noteworthy that GATA6
mutations associated with human arrhythmias are found mostly
in the N- and C-terminal domains. The mechanism(s) by which
these amino acid changes cause atrial fibrillation will need to be
clarified and may involve modified interactions with one or more
coregulators. The findings presented here provide a molecular
framework to explore how GATA6 mutations cause atrial fi-
brillation in humans and raise the intriguing possibility that
GATA6 may be a genetic modifier of cardiac conduction disease,
including sick sinus syndrome.

Materials and Methods

Animals and Histology. Mouse handling and experimentation were performed in
accordance with the guidelines of the Canadian Council on Animal Care and the
NIH (43). Experiments were approved by the Animal Care Committee of the
University of Ottawa (protocol number BMI-1973). Gata6 heterozygous (Gata6™",
C57BL/6) mice were previously described (20). Cell-specific knockout mice were
obtained by crossing the Gata6™" line with the respective cre lines (20, 44). Em-
bryos and adult heart tissues were fixed with 4% paraformaldehyde in phosphate-
buffer saline (PBS), paraffin embedded, sectioned at 4 pm intervals, and processed.
Masson trichrome staining was performed by the histology service of the Uni-
versity of Ottawa. The opening of the aortic valve on the left ventricle was used as
a reference to stain SAN in all animals, ensuring the same plane in the heart.
Details of the rest of the methods used are included in S/ Appendlix.

Data Availability. All study data are included in the article and S/ Appendix.
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