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Abstract

Background—Several transcription factors regulate CCS development and function but the role
of each in specifying distinct CCS components remains unclear. GATA-binding factor 6 (GATAG)
is a zinc-finger transcription factor that is critical for patterning the cardiovascular system.
However the role of GATAG in the embryonic heart and/or CCS has never been shown.

Methods and Results—We report that Gata6 is expressed abundantly in the proximal CCS
during mid-gestation in mice. Myocardial-specific deletion of the carboxyl zinc-finger of Gata6
induces loss of HCN4-staining in the compact atrioventricular (AV) node with some retention of
HCNA4-staining in the AV bundle, but has no significant effect on the connexin40-positive bundle
branches. Furthermore, myocardial-specific deletion of the carboxyl zinc-finger of Gata6 alters
AV conduction in postnatal life as assessed by surface and invasive electrophysiological
evaluation, as well as decreasing the number of ventricular myocytes and inducing compensatory
myocyte hypertrophy. Myocardial-specific deletion of the carboxyl zinc-finger of Gata6 is also
associated with down-regulation of the transcriptional repressor ID2 and the sodium-calcium
exchanger NCX1 in the proximal CCS, where GATAG transactivates both of these factors.
Finally, carboxyl zinc-finger deletion of Gata6 reduces cell-cycle exit of TBX3+ myocytes in the
developing AV bundle during the period of AV node specification, which results in fewer TBX3+
cells in the proximal CCS of mature mutant mice.

Conclusions—GATAG contributes to development and postnatal function of the murine AV
node by promoting cell-cycle exit of specified cardiomyocytes towards a conduction system
lineage.
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Insights into the molecules involved with cardiac conduction system (CCS) development are
rapidly being uncovered, but the interactions and networks these molecules participate in are
not well understood. Several transcription factors implicated in heart development, including
NKX2-5, TBX5, TBX3, TBX2, HOPX, IRX3 and ID2, are more highly expressed within
the developing CCS than the working myocardium?-6. Furthermore, unique molecular
signatures distinguish some components of the atrioventricular (AV) conduction system
including the: 1) inferior nodal extension, 2) compact AV node, 3) lower nodal cells, 4) AV
bundle and 5) bundle branches that likely contribute to the specification and development of
each of these structures’. In addition, Wnt8 and Notch signaling®19 have been implicated in
fate-determination of the AV conduction system.

Patients with mutations in NKX2-5!1 and TBX512 exhibit congenital heart defects and CCS
disease. Loss of functional Nkx2-5 leads to atresia of the AV node anlage in mice, and
murine models with deletion of Nxk2-5 develop CCS hypoplasia and atrioventricular
block13, Haploinsufficiency of Tbx5 in the mouse recapitulates Holt-Oram syndrome with
conduction defects and altered distal CCS patterning!4 15, Furthermore, NKX2-5 and TBX5
cooperatively regulate the expression of the helix-loop-helix-containing transcriptional
repressor ID2 in the infranodal CCS, where 1D2 is involved with normal infranodal
conduction system differentiation and function?.

The family of six GATA transcription factors shares C2-H2 zinc-finger DNA binding
domains and restrict the developmental potential of multiple cell lineages. The GATA-4/5/6
subfamily of factors is expressed in the heart during embryogenesis, but only GATA-4/6
expression persists in the postnatal myocardium. Both GATA4 and GATAG are expressed
throughout the adult myocardium, and a recent study reported that GATA-dependent
enhancers promote transcription in the AV canal and proximal CCS16. While mutations in
GATAG have not been implicated in human conduction system disease, the loss of GATA-
factor targets such as SCN5AL7 are associated with clinical heart block!8. Therefore, we
sought to determine if GATAG itself is involved with CCS function and development.

We report here that Gatab is abundantly expressed in the proximal CCS during mid-stage
murine embryogenesis. Mice engineered with myocardial-specific deletion of the carboxyl
zinc-finger domain of Gata6 have fewer TBX3-positive myocytes that fail to exit the cell-
cycle during the period of AV node specification. In addition, mice with myocardial-specific
deletion of the Gata6 carboxyl zinc-finger develop AV node hypoplasia. Moreover, deletion
of the carboxyl zinc-finger of Gata6 induces postnatal AV conduction defects without
affecting infranodal conduction. Myocardial-specific deletion of the carboxyl zinc-finger of
Gatab6 leads to down-regulation of 1d2 and Ncx1 in the proximal CCS. At a molecular level
GATAG directly binds to and activates the genes for 1d2 and the cardiac sodium-calcium
exchanger Ncx1. These data identify a GATA6-dependent program required for embryonic
development and functional maintenance of the AV node.
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Experimental Methods

Animals

All procedures were performed in accordance with the intuitional guidelines as mandated
and approved by the University of Pennsylvania.

Histology, immunohistochemistry and in situ hybridization

Histology, immunohistochemistry and in situ hybridization analyses were performed as
previously described319 and discussed in detail in the supplemental material.

Electrophysiology studies

Surface ECG recordings were obtained using electrodes placed under each limb, and in vivo
electrophysiological studies were performed using an octapolar 1.1-French electrode
catheter (Millar) positioned in the right atrium and ventricle. Surface ECG and intracardiac
electrograms were displayed on a multi-channel oscilloscope recorder (Bard
Electrophysiology) and stored on optical media for off-line analysis.

Chromatin Immunoprecipitation

Whole hearts were excised from euthanized wild-type and Gata6é mutant mice, homogenized
in cold PBS plus protease inhibitors and then cross-linked in 1% formaldehyde (Fisher
Scientific). The homogenate was washed 2X with PBS and resuspended in lysis buffer
containing protease inhibitor cocktail. Samples were sonicated to obtain chromatin
fragments between 200 to 500-bp and then incubated overnight with goat anti-GATA6
antibodies (sc-7244X, Santa Cruz) or goat 1gG (sc-34665, Santa Cruz). Antibody/histone
complexes were collected using protein A agarose beads. The IP sample was washed 5X in
wash buffer and DNA was recovered through reverse cross-linking in 5M NaCl. DNA was
purified using phenol/chloroform extraction and analyzed by gRT-PCR using SYBR Green
(Life Technologies) with primer sequences listed in Supplemental Table 8.

Plasmids and transient co-transfection analyses

The 1d2-LUC reporter plasmid containing a 5.2-kb genomic fragment from the mouse
inhibitor of DNA 2 gene promoter from basepairs —5992 through —732, and the Ncx1-LUC
reporter containing a 5.1-kb promoter fragment of the mouse sodium-calcium exchanger 1
gene from basepairs —4795 through +359 were cloned upstream of firefly luciferase into the
Kpnl and Xhol sites of the pGL3-promoter vector (Promega). HL-1 immortalized murine
cardiomyocytes (1x10°) were co-transfected with 100 ng of either 1d2-LUC or Ncx1-LUC
reporter plasmid; with 0.1-0.5 pug of pcDNA3-GATASG, pcDNA3-GATA4 or pcDNA3-
GATA6Aexon4 and 100 ng of pRL-CMV reference plasmid (Promega) using the FUGENE
6 system (Roche Diagnostics).

Statistical analysis

Continuous variables, ECG intervals and cardiac conduction properties were compared
using 2-tailed, unpaired Student's t-test. Datasets with smaller sample sizes (n=5 or less)
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were compared using the Wilcoxon rank sum test. All values are reported as the mean + 1
standard deviation, unless otherwise noted. A p-value <0.05 was considered significant.

Results

Myocardial deletion of the Gata6 carboxyl zinc-finger does not affect gross myocardial
structure or function

Initially, we examined myocardial-specific deletion of the carboxyl zinc-finger of the Gata6
gene to determine if GATAG contributes to heart development and function. Gata6
conditional mutant mice (Gata6f) were employed where exon 4, which encodes the
carboxyl zinc-finger of GATAG is flanked by loxP sites, is removed but leaves the amino
zinc-finger and linker regions intact after Cre-mediated recombination!®. Gata6/f mice were
intercrossed with knock-in mice expressing Cre-recombinase under transcriptional control of
the myosin light chain 2v (Mlc2v) promoter20 to generate mice with myocardial-specific
deletion of the carboxyl zinc-finger domain of Gata6 (Mlc2vCre-Gata6™). In the developing
and mature rodent heart MLC2V is expressed in the ventricular myocardium, right
ventricular outflow tract and AV annulusZ0. Therefore, MLC2V is expressed in both the
proximal and distal elements of the murine CCS. Despite abundant expression of GATA6
throughout the ventricular myocardium, morphometric and histological analyses of 12-
month old MIc2vCre-Gata6” hearts showed no gross cardiac abnormalities (Supplemental
Figure 1A-B) with no evidence of increased myocardial interstitial fibrosis or myofibril
disarray (Supplemental Figure 1C-D). In addition, the hearts of adult Mlc2vCre-Gata6'f
mice were structurally and functionally indistinguishable from control littermates when
assessed by echocardiography, as were heart and LV mass corrected for body weight when
assessed by necropsy (Supplemental Figure 1E-F & Supplemental Table 1). However,
analysis of isolated ventricular myocytes from Mlc2vCre-Gata6’f and Gata6/f mice reveals
Gata6 mutant myocytes are ~40% larger than those isolated from control mice (Figure 1),
and there are correspondingly fewer myocytes per unit area in the mature and developing
hearts of the mutant mice (Figure 1). These data suggest that deletion of the carboxyl zinc-
finger domain of the Gata6 gene reduces Gata6 function in the working myocardium of our
model, since these effects are similar to those reported by van Berlo et al. in their Gata6-null
model?, In addition, the fact that MIc2vCre-Gata6/f pups are born in the expected
Mendelian frequencies also suggests expression of the carboxyl zinc-finger domain of the
Gatab gene is not obligate for myocardial development after mid to late gestation.

Carboxyl zinc-finger deletion of Gata6 induces proximal CCS conduction defects

Although Mlc2vCre-Gata6" mice do not display overt defects in myocardial structure or
mechanical function, we performed surface ECG analysis in mature animals (54-60 weeks-
old) to determine if the carboxyl zinc-finger of the Gata6 gene is necessary for proper CCS
development and function. These experiments revealed Mlc2vCre-Gata6”’ mutant mice had
prolonged PR-intervals (58.8+3.4 ms vs. 47.6+3.7 ms, p<0.05) compared to Gata6" mice
(Figure 2A-B, Supplemental Table 2). However, the resting heart rate, P-wave duration,
QRS-complex width and QT-interval duration were not different between the two groups.
Similar findings were observed using ambulatory ECG recordings in non-sedated mice
(Supplemental Table 2) with no episodes of higher-degree heart block in either group.
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Intracardiac electrophysiologic analysis revealed a longer AH-interval in MIc2vCre-Gata6f
mice compared to Gata6”f controls (37.2+3.1 ms vs. 28.1+2.9 ms, p<0.05), while the HV-
interval and His-bundle duration were similar between the two groups (Figure 2A-B,
Supplemental Table 3). Furthermore, the Wenckebach cycle length was prolonged in
Mlc2vCre-Gata6”" mice compared to Gata6 controls (106+5.0 ms vs. 94.6+4.7 ms,
p<0.05). Taken together these findings are consistent with functional defects at the level of
the AV node in carboxyl zinc-finger deletion Gata6é mutant mice.

Gatab is highly expressed in the embryonic proximal CCS

To determine if the Gata6 gene is expressed within the CCS during embryonic development,
we performed in situ hybridization analyses of serial sections prepared from mid-gestation
mouse embryos (n=4-5 at each stage). These studies showed Gata6 mRNA (red signal) is
most abundant near the AV annulus at embryonic day 12.5 (E12.5) with progressively lower
expression in this region at E14.5 and E16.5 (Figure 3A-C). Of note, the region expressing
Gata6 mRNA overlaps with those expressing Thx3 mRNA (red signal), a specific marker of
the AV conduction system in mice?, which is most clearly seen at E12.5 (Figure 3D-F).
These data confirm Gataé6 is expressed in the murine proximal CCS throughout the mid-
gestational period. Furthermore, Gata6 gene expression is more abundant in the proximal
CCS than in the surrounding myocardium at E12.5 and E14.5 (Figure 3A-B). However, by
E16.5 Gatab gene expression is lower in the proximal CCS than the surrounding Thx3-
negative myocardium (Figure 3C). ID2 is expressed within the distal CCS and has been
shown to affect AV conduction in ID2-null mice2. Interestingly, we found 1d2 mRNA (red
signal) overlaps with Gata6 and Tbx3 in the proximal CCS at E12.5 and E14.5 (Figure 3A,
D & G). By E16.5 the expression of Gatab mRNA is lower in the developing AV bundle,
but the expression of Thx3 and 1d2 mRNA is now more robust in this region and overlap
(Figure 3C, F & I).

Carboxyl zinc-finger deletion of Gata6 affects proximal CCS development

To determine if Gata6 with deletion of the carboxyl zinc-finger contributes to proximal CCS
development, we performed in situ hybridization analyses with Gata6 and Tbx3 riboprobes
in serial sections prepared from staged Mlc2vCre-Gata6'" embryos (n=4-5 at each stage).
These experiments showed the region in the proximal CCS containing Thx3-positive cells
was significantly smaller in E12.5-E16.5 conditional mutant embryos compared to similarly
staged Gata6f control embryos (Figure 4A-F). Moreover, loss of the Gata6 carboxyl zinc-
finger was associated with lower |[d2 mRNA expression (Figure 4G-I) within the proximal
CCS near the crest of the intraventricular septum.

To determine if Gata6 with carboxyl zinc-finger deletion contributes to proper expression of
proximal CCS markers during postnatal life, we compared hearts harvested from adult
(40-52 week-old) Gata6 conditional mutant mice (Mlc2vCre-Gata6’"; n=5) to Gata6”" mice
(n=5). We performed immunohistochemical staining of cardiac sections with antibodies that
recognize the gap junction protein CX40, a marker of the AV bundle and bundle branches??,
and the hyperpolarizing cyclic nucleotide-gated channel, subtype 4 (HCN4) which is
expressed in the compact AV node, lower nodal cells and AV bundle of adult mice’. These
studies revealed near complete loss of HCN4-positive staining within the compact AV node
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of Mlc2vCre-Gata6f mutant mice (Figure 5A & F). By contrast, HCN4-positive staining
was identified in the lower nodal region and AV bundle in hearts from Gata6 conditional
mutant mice (Figure 5B-D, G-I). Furthermore, Gata6 with carboxyl zinc-finger deletion did
not affect the expression of CX40-positive staining within the AV bundle and bundle
branches (Figure 6). Since we saw almost no HCN4 staining in the compact AV node of
Gata6 mutant mice, and the compact AV node does not normally express CX40, we
examined the expression of TBX3 in both Gata6 mutant and control hearts. These studied
showed the region of TBX3 staining in the compact AV node overlaps with that of HCN4 in
control mice, while a smaller area of TBX3-postive staining is present in the region of the
AV node of Gata6 mutant mice (Supplemental Figure 2). In addition, the expression of
Hcnd and Thx3 transcripts in the mature AV node are also reduced in Gata6 mutant mice
(Supplemental Table 4). These data suggest that GATA6 with an intact carboxyl zinc-finger
domain is required for proper expression of compact AV node markers, but not necessarily
those of the more distal CCS elements.

Given the observed changes in the expression of HCN4 and TBX3 within the proximal CCS
of Mlc2vCre-Gata6" mutant mice, we sought to quantify these changes and determine if
deletion of the carboxyl zinc-finger of Gata6 influences CCS structure. First, we examined
the expression of acetylcholine esterase (AchE) in the proximal CCS (above the bifurcation
of the AV bundle) in adult hearts (aged 46-56 weeks) from MIc2vCre-Gata6’f and Gata6™*
mice. AchE marks the compact AV node, lower nodal region, AV bundle and proximal
bundle branches of the mature rodent CCS?3. These studies showed mutant Gata6 induces a
~50% reduction in the volume of the proximal CCS in mature MIc2vCre-Gata6f mutant
mice (n=5, p<0.05; Supplemental Table 5). Next, we examined the effects of myocardial-
specific deletion of the carboxyl zinc-finger of Gata6 on HCN4 expression in the compact
AV node of mature mouse hearts (aged 46-56 weeks)’. HCN4 is normally restricted to the
compact AV node with a few, smaller regions in the lower nodal cells and proximal AV
bundle in the mature mouse heart. Remarkably, the volume of HCN4-positive cells in the
proximal CCS of adult Mlc2vCre-Gata6”" mice was reduced by ~80% compared to control
littermates (n=4, p<0.05; Supplemental Table 5). Interestingly, almost complete loss of
HCNA4-staining was observed in the compact AV node versus the lower nodal region and
AV bundle of MIc2vCre-Gata6/f mice (Figure 5A-C, F-H). Finally, to determine if deletion
of the carboxyl zinc-finger of Gata6 affects distal CCS patterning we intercrossed HopxLacz
knockin mice with MIc2vCre-Gata6f mice since HOPX marks the distal CCS3. We saw no
difference in distal CCS structure of HopxLacz:: MIc2vCre-Gata6f mice compared to
HopxLacz:: Gata6f mice (Supplemental Figure 3).

We then crossed MinKCreERT2 BAC transgenic mice with R26R-YFP reporter mice to
generate mice that express YFP within the CCS. In addition, we examined Tbhx3-GFP BAC
transgenic mice that express GFP in the AV node?4. MINK is expressed in the AV bundle,
bundle branches and Purkinje fibers of the mature murine heart2®, so we performed dual
immunohistochemical staining with antibodies against GFP and GATAG in these models to
examine GATAG expression within the mature CCS. These studies showed GATAG is
expressed in all regions of the mature mouse CCS (Supplemental Figure 4A-F). This
corresponds with expression of truncated GATA6 mRNA in the heart of mutant mice,
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whereas only full-length GATA6 mRNA is expressed in control hearts (Supplemental
Figure 4G). Together, these data show that deletion of the carboxyl zinc-finger of Gata6
results in loss of HCN4 expression in the AV node of postnatal hearts. By contrast, the
expression of HCN4, CX40 and HOPX in the lower nodal cells, AV bundle and bundle
branches do not appear to be dependent on expression of Gata6 with a carboxyl zinc-finger,
and the infranodal CCS appears to be grossly intact despite reduced numbers of ventricular
myocytes with compensated hypertrophy.

Deletion of the carboxyl zinc-finger of Gata6 reduces ID2 expression in the proximal CCS

To identify genes regulated by GATAG in the CCS, we performed a screen of selected genes
with GATA-binding sites in their regulatory elements (Supplemental Table 6). The primer
pairs used to detect these genes are listed in Supplementary Table 7. Using mRNA isolated
from the region of the adult AV node, quantitative RT-PCR revealed two transcripts that
were down-regulated by at least two-fold in Gata6 mutant mice: Ncx1 (0.44; p-value=0.027)
and 1d2 (0.41; p-value=0.034; Supplemental Table 4). To determine if ID2 is directly
regulated by GATAGB, we performed immunohistochemical analysis of ID2 in hearts from
MIc2vCre-Gata6”f mutant and control littermates. These studies showed ID2 is expressed in
the proximal CCS of mature mice, but ID2 expression is dramatically reduced in the AV
node and lower nodal region in hearts with Gata6 carboxyl zinc-finger deletion (Figure 7A-
D). Furthermore, in situ hybridization showed mutation of the Gata6 gene decreased 1d2
transcript expression within the proximal CCS from E12.5 through E16.5 (Figure 4G-I).
Quantitative RT-PCR analysis revealed |d2 transcript levels in mature MIc2vCre-Gata6'
mice are ~60% that of wild-type levels in tissue from the superior intraventricular septum
that contains the AV node (Supplemental Table 4). A corresponding 50% decline in ID2
protein level was observed between the two groups (Supplemental Figure 5A). Immunoblot
analysis of other GATA-dependent genes from the region of the mature AV node, including
CX40, a-myosin heavy chain and cardiac actin were similarly expressed between
Mlc2vCre-Gata6”" and Gata6’’ mice (Supplemental Figure 5B-D).

Since 1D2 expression appears to be dependent on expression of Gata6 with an intact
carboxyl zinc-finger, and 1D2 acts as a transcriptional repressor that promotes differentiation
of the ventricular conduction system?, we tested the hypothesis that Gata6 is necessary for
AV node myocyte differentiation. For these experiments we utilized cell-cycle exit as an
early indicator of conduction system lineage specification. Myocytes of the AV node exit
the cell-cycle between E10 and E12, which differs from non-conduction embryonic
ventricular myocytes that have continuous cell-cycle progression throughout
embryogenesis25. We exploited these differences to evaluate AV node cell-cycle exit in
Gata6 mutant and control mice. Nuclear PCNA is a marker of cellular proliferation and the
lack of PCNA staining suggests exit from the cell-cycle2”. When we examined control
hearts we found localized absence of proliferating nuclear cell antigen (PCNA) in the
developing AV bundle at E12 (Figure 7E). To confirm that the non-dividing cells contribute
to the conduction system, we co-labeled the hearts with an antibody against TBX3 (Figure
7F). Control hearts showed few PCNA+/TBX3+ cells while PCNA staining was observed in
TBX3- cells at E12 (Figure 7E-G,K). In contrast Gata6é mutant hearts showed uniform
PCNA staining throughout the embryonic ventricle, including the developing AV bundle
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(Figure 7H-J). In the mutant hearts there were more PCNA+/TBX3+ cells in the crest of the
interventricular septum, but there are fewer PCNA+/TBX3- cells in the mutant heart
compared to control hearts (Figure 7G, J & K). From these findings we conclude GATA6
with an intact carboxyl-zinc finger in specified AV nodal myocardial cells results in cell-
cycle exit and adoption of a conduction system fate.

GATAG regulates transcription of 1d2 and Ncx1

Prior studies suggest Id2 and Ncx1 gene expression are regulated by GATA428:29, Since 1d2
and Ncx1 mRNA expression in the proximal CCS is decreased by deletion of the carboxyl
zinc-finger of Gata6, 1d2 and Ncx1 may also be transcriptional targets of GATAG in the
CCS. Comparing the mouse 1d2 and human ID2 genes by VISTA analysis (http://
genome.lbl.gov/vista/index.shtml) revealed greater than 80% sequence identity between
these promoter regions (Figure 8A). Within or adjacent to the regions of sequence homology
there are 4 putative GATA-binding sites (Figure 8A, Supplemental Table 8) conserved
between the mouse 1d2 and human 1D2 genes. Each species also contains additional
consensus GATA sites in this region (ENSEMBL and NCBI databases, http://
www.ensembl.org/indix.html and http://www.ncbi.nih.gov/BLAST, respectively). A similar
bioinformatic analysis shows the mouse Ncx1 and human NCX1 genes share ~55% sequence
identity within their promoter regions, with 5 shared putative GATA-binding sites in or near
the region of sequence homology (Figure 8B, Supplemental Table 8). To determine if 1d2
and Ncx1 transcription is activated by GATAS, we performed transient transactivation
studies using reporter constructs driven by 1d2 and Ncx1 promoter fragments (Figure 8C-D).
As shown in Figure 8, co-transfection with increasing concentrations of the pcDNA3-
GATAG expression plasmid results in stepwise activation of both the 1d2-LUC and Nex1-
LUC reporter, suggesting that the 1d2 and Ncx1 promoters are directly activated by GATA6G
(Figure 8E-F). In contrast, co-transfection with pcDNA3-GATA6Aexon4 (encoding
GATAG without the carboxyl zinc-finger) does not increase luciferase activity of either
reporter. Co-transfection with the pcDNA3-GATA4 expression plasmid also results in
activation of both the 1d2-LUC and Ncx1-LUC reporter, which is augmented by the presence
of pcDNA3-GATAG but not pcDNA3-GATAG Aexon4 (Supplemental Figure 6). These
results demonstrate that transcriptional activation of the 1d2 and Ncx1 promoters are
dependent on carboxy! zinc-finger—mediated binding of GATAG to DNA and that deletion
of the carboxyl zinc-finger of GATAG does not alter the ability of GATA4 to activate these
genes.

To verify that GATAG directly binds to consensus GATA sequences in the 1d2 and Nex1
genes we performed chromatin immunoprecipitation using chromatin isolated from wild-
type and Gata6 mutant hearts. These studies showed chromatin fragments containing two
consensus GATA sequences in the 1d2 gene (—1561 to —1566; +668 to +673), and four
consensus sequences in the Ncx1 gene (-4115 to —4120; —3097 to —3102; — 1271 to 1276;
-1037 to —1042) were specifically immunoprecipitated from wild-type, but not from mutant
hearts, compared to control regions (Supplemental Tables 9 & 10). These results suggest
GATAG directly binds to the 1d2 and Ncx1 genes via the carboxyl zinc-finger domain at
consensus sequences in the heart.
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Discussion

We report here that Gata6 is required for normal development and function of the AV node.
In the compact AV node, HCN4-expression is dependent on Gata6 while this does not
appear to be the case for more distal CCS elements. Mechanistically, we show the
transcriptional repressor ID2 is expressed within the proximal murine CCS and Gata6
directly regulates ID2 expression. In addition, deletion of the carboxyl zinc-finger of Gata6
leads to down-regulation of ID2 with AV node hypoplasia, reduced cell-cycle exit of
TBX3+ myocytes in the proximal CCS and AV nodal conduction defects in mature mice.
Finally, myocardial-specific deletion of the carboxyl zinc-finger of Gata6 does not
significantly affect gross structure or function of the infranodal CCS despite decreasing
proliferation of ventricular myocytes.

Several transcription factors regulate the size and function of the proximal and distal
ccs113.14 Other transcription factors such as Hopx appear to be more specific for
maintenance of the distal CCS in postnatal life3. Interestingly, we found that deletion of the
carboxyl zinc-finger of Gata6 affects the structure and function of the AV node without
significant affects on the infranodal CCS. The fact that infranodal conduction and gross
infranodal CCS morphology are unaltered in the absence of the Gata6 carboxy! zinc-finger
makes it unlikely the CCS is structurally abnormal below the His-bundle. These findings
support the existence of a modular, CCS molecular program involving GATAG that targets
ID2 and NCX1 within HCN4-positive cell of the proximal CCS.

While ID2 is highly expressed in the murine AV node?, ID2 expression is lower in the
human AV node during embryogenesis3®. Although our data supports 1d2 as a
transcriptional target of GATAG, the fact that 1d2 is not ‘robustly’ transcribed by GATAG
and ID2 is not highly expressed in the human AV node suggests GATA6 may recruit other
transcriptional repressors to maintain the AV node.

It is interesting that AV node hypoplasia is observed in the setting of myocardial-specific
deletion of the Gata6 carboxyl zinc-finger with preserved Gata4 transcript expression
(Supplemental Table 4), and we found that carboxyl zinc-finger deletion of Gata6 induces
proximal CCS defects with no gross effect on infranodal CCS structure or function despite
changes in ventricular myocyte proliferation and size. These results could be explained by
the fact that GATA4 and GATAG6 can compensate for one another by interacting with the
same regulatory regions of common target genes3L. Our findings suggest similar non-
redundant, functional overlap may exist with regards to 1d2 and Ncx1, where preserved
GATAA4 function is unlikely to maintain functional levels of these genes in the proximal
CCS without GATAG with an intact carboxyl zinc-finger. With regards to the CCS, GATAG6
is highly expressed in the AV canal and proximal CCS during mid-embryogenesis when AV
node myocytes are specified. Therefore, carboxyl zinc-finger deletion of GATAG appears to
affect the number and specification of AV nodal myocytes compared to those in the
infranodal CCS. In addition, we need to consider the fact that we only removed the Gata6
carboxyl zinc-finger from Mlc2v-positive myocytes and not necessarily from atrial
myocytes or other cells populations that may contribute to the proximal CCS. Therefore,
further studies examining CCS-specific deletion of GATA4 and GATAG will be useful to
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assess the relative contributions of these factors to regionalized CCS structure and
development.

In summary, the findings presented here support the existence of a molecular hierarchy
where GATAG contributes to AV node structure and function through the transcriptional
repressor ID2. This is the first evidence GATAG is required for development and
maintenance of the AV node or the embryonic heart. A recent report described a role for
GATAA4 in proximal CCS function where haploinsufficiency of GATA4 enhanced AV node
conduction. In this report GATAA4 increased conduction by down-regulating the low-
conductance gap junction protein connexin30.232. This is another example where GATA4
and GATAG have non-redundant overlapping functions, since we found the loss of Gata6
does not affect connexin30.2 mRNA levels (Supplemental Table 4). The findings presented
in this report demonstrate that Gata6 plays a critical role in proximal CCS function, and
supports a paradigm where upstream transcription factors contribute to CCS development by
suppressing cell-cycle exit and differentiation of cardiomyocytes through the transcriptional
repressor 1D2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gata6 carboxyl zinc-finger deletion increases ventricular myocyte size. (A-D) Bright field

images of isolated ventricular myocytes from two mature MIc2vCre-Gata6’ mice (A,B) and
Gata6/f mice (C,D). Ventricular myocytes without the Gata6 carboxyl zinc-finger are
significantly larger. Scale bar in panel A applies to panels B-D. (E-H) Wheat germ
agglutinin (WGA) staining of ventricular sections of mature Gata6f and mutant mice (E,F)
and E16 Gata6”" and mutant mice (G,H). Ventricular myocyte cross-sections are larger in
the mutant ventricles at both ages. Scale bar in panel E applies to panels F-H. The plots
show that mature ventricular myocyte area (1) and length (J) are increased in the Gata6
mutant hearts. Myocytes were isolated from 3 different mice of each genotype. The number
of myocytes in each group is shown within the bars. Panels K and L show the number of
ventricular myocyte cross-sections in each 10,000um? region. The number of regions
analyzed from three different hearts in each group is shown within the bars. G6=Gata6'";
Cre-G6"f=MIc2vCre-Gata6". *p<0.01.
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Figure2.
Conduction defects in mature mice without the Gata6 carboxyl zinc-finger. (A, B) Surface

ECG leads I, I1, lll. aVR, aVL & aVF along with intracardiac recordings of the right atrial
electrogram (RAE) and His-bundle electrogram (HBE) from an adult Mlc2vCre-Gata6™ (A)
and Gata6”" (B) mouse. Note the PR-interval is longer (red dashed lines) in the mutant
mouse, with no gross defects in overall QRS-complex morphology or other intervals on the
surface ECG leads. The Mlc2vCre-Gata6”" mouse has a PR-interval of 57 ms vs. 46 ms for
the Gata6"f mouse. Recordings from the HBE show atriohisian (AH) interval prolongation
(solid blue lines) without functional Gata6. The Mlc2v-CreGata6’’ mouse has an AH-
interval of 42 ms vs. 31 ms for the Gata6/f mouse. P=P-wave; QRS=QRS-complex; T=T-
wave; a=atrial electrogram; v=ventricular electrogram.

Circ Cardiovasc Genet. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 15

Figure 3.
Gata6 expression in the developing murine AV conduction system. In situ hybridization

with probes against Gata6-exon4, Tbx3 and 1d2 mRNA in frontal sections from Gata6'"
mouse embryos are shown. At E12.5 with functional Gata6 (A), Gata6 expression overlaps
with Thx3 (D) and 1d2 (G). At E14.5 Gatab transcript expression (B) is weaker in the
regions that overlap with Tbx3 (E) and 1d2 (H). By E16.5 Gata6 expression (C) is lower in
the regions where it overlaps with Thx3 (F) and 1d2 (1), but Gata6 is more robustly
expressed in the Thx3-negative ventricular myocardium. The white arrows point to regions
of developing CCS that are either marked or devoid of Gata6+ staining. The yellow
arrowheads point to regions of positive signal within the developing AV node and AV
bundle. The white arrowheads point to regions of positive signal within the developing
bundle branches. Scale bar=100 pm. Scale bar in (A) applies to all E12.5 images; scale bar
in (B) applies to all E14.5 images; scale bar in (C) applies to all E16.5 images.
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Figure 4.
Effects of Gata6 carboxyl zinc-finger deletion in the developing mouse AV conduction

system. In situ hybridization with probes against Gata6-exon4, Tbx3 and 1d2 mRNA in
frontal sections from MIc2v-CreGata6f mouse embryos are shown. In the absence of Gata6
with a carboxyl zinc-finger, Gata6 expression at E12.5 (A) overlaps with that of Thx3 (D)
and 1d2 (G), but the region stained by each of these transcripts is smaller compared to
similar anatomic sections from hearts with intact Gata6. A reduced area stained by Gata6
(B), Tbx3 (E) and 1d2 (H) persists at E14.5, as well at E16.5 (C, F & I). The white arrows
point to regions of the developing CCS that are either marked or devoid of Gata6+ staining.
The yellow arrowheads point to regions of positive signal within the developing AV node
and AV bundle. The white arrowheads point to regions of positive signal within the
developing bundle branches. Scale bar=100 um. Scale bar in (A) applies to all E12.5 images;
scale bar in (B) applies to all E14.5 images; scale bar in (C) applies to all E16.5 images.
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Figureb5.
Gata6 carboxyl zinc-finger deletion reduces HCN4 expression in the AV node.

Immunohistochemical staining of frontal sections from mature murine hearts against HCN4
(green) in control hearts (A-E), and Gata6é mutant hearts (F-J), shows HCN4 expression is
significantly diminished within the AV node in the absence of Gata6 with a carboxyl zinc-
finger (A & F). The dotted yellow line in panel F represents the region of TBX3+ staining in
an adjacent section as shown in Supplemental Figure 2. In both the presence and absence of
Gata6 with a carboxyl zinc-finger, HCN4-positive cells are expressed in the lower nodal
region and portions of the AV bundle (B-D & G-1). The expected lack of HCN4 staining in
the bundle branches is seen in the control and mutant hearts (E & J). Blue arrowheads point
to the lower nodal region; white arrowheads point to HCN4+ staining in the AV bundle.
Scale bar=250 um and applies to all panels. AVN=atrioventricular node;
AVB=atrioventricular bundle; BB=bundle branches; LNR=lower nodal region.
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Figure®6.
Gata6 carboxyl zinc-finger deletion does not affect CX40 expression in the mouse CCS.

Immunohistochemical staining of frontal sections from mature murine hearts against
connexind0 (CX40, red) in Gata6”" hearts (A-E) and those without the Gata6 carboxy! zinc-
finger (F-J) reveals the expected lack of CX40 staining in the AV node, despite the presence
of Gatab (A & F). In the presence and absence of Gata6 with a carboxyl zinc-finger, the
expected expression of CX40 within the AV bundle is observed (B-D & G-I). Deletion of
the Gata6 carboxyl zinc-finger does not appear to effect the expression of CX40-positive
cells within the bundle branches (E & J). The blue arrowheads point to the lower nodal
region; the yellow arrowheads point to regions of CX40+ staining in the bundle branches.
Scale bar=250 um and applies to all panels. AVN=atrioventricular node;
AVB=atrioventricular bundle; BB=bundle branches; LNR=lower nodal region.
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Figure?7.
Gata6 carboxyl zinc-finger deletion reduces 1D2 expression and cardiomyocyte cell-cycle

exit in the developing AV bundle. Immunohistochemical staining in adult murine hearts
against ID2 in Gata6 hearts (A & C) shows ID2 expression is higher in the proximal CCS
compared to the working myocardium. In the absence of Gata6 with a carboxyl zinc-finger
(B & D), ID2 expression is reduced in the AV node and AV bundle. Panels E-K show Gata6
with a carboxyl zinc-finger is required for cell-cycle exit of cardiomyocytes in the
developing AV bundle. Immunohistochemical staining of E12.5 wild-type hearts (E-G)
against PCNA (red) and TBX3 (green), as well as similarly staged Gata6 mutant hearts (H-
J). The dashed yellow outline indicates the TBX3-expressing AV bundle. Note there are
fewer PCNA/TBX3-positive cells in the Gata6 heart compared to the mutant heart. (K)
PCNA-positive nuclei in the crest of the septum that overlap with TBX3-expressing cells
averaged from five hearts of each genotype. *P<0.01. Scale bar=100 pm. Scale bar in (A)
applies to (A-D); scale bar in (E) applies to (E-J). AVN=atrioventricular node;
AVB=atrioventricular bundle.
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Figure8.
GATAG transactivates 1d2 and Nex1. (A) VISTA comparison of the murine and human 1d2

proximal promoter and exon 1, and (B) of the murine and human Ncx1 proximal promoter
and exon 1. In panels A and B the x and y axes indicate sequence length (kb) and percent
homology (= 75%, pink), respectively. GATAG binding sites conserved in the mouse and
human sequence are indicated by asterisks. (C) Schematic of the 1d2-LUC reporter
containing the 5.2-kb proximal promoter upstream of firefly luciferase (LUC), and (D) the
Nex1-LUC reporter containing the 5.1-kb proximal promoter that is also upstream of firefly
luciferase. (E) Activation of the 1d2-LUC reporter by GATAG. HL-1 cells were transiently
transfected with 1d2-LUC and 125-500 ng of expression plasmid encoding wild-type
GATAG or GATAG lacking exon 4 (Gata6Aexon4). The reporter is activated by wild-type
GATAG but not by GATA6Aexon4. (F). Activation of the Nex1-LUC reporter by GATAG.
HL-1 cells were similarly transiently transfected with Ncx1-LUC and 125-500 ng of
expression plasmid encoding wild-type GATA6 or GATA6Aexon4. As with 1d2-LUC, the
Nex1-LUC reporter was activated by the expression of wild-type GATAG but not by
GATAGAexon4. The transient transection studies in panels E and F show the mean change
in report activity from at least 3 different experiments at each concentration of expression
plasmid.
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