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Iroquois Homeobox Gene 3 Establishes
Fast Conduction in the Cardiac His-Purkinje Network

Shan-Shan Zhang

With each heartbeat, impulses generated by the sinoatrial node travel through the
atria, pause at the atrioventricular node, and proceed to the ventricular conduction system
(VCS), also known as the His-Purkinje network. Rapid electrical conduction in the VCS
tightly controls spatiotemporal mechanical activation of the ventricles, thereby
optimizing pump function. Conduction through the VCS is impaired in several inherited
forms of cardiac conduction disorders and associated with increased risk of arrhythmias
and heart disease. Although regulation of early specification and patterning of this tissue
is becoming better understood, less is known about how transcriptional regulation
establishes fast conducting properties of its constituent cells. Using a combination of
approaches including mouse genetics, 3D imaging, electrophysiology, cell and molecular
biology, we show that the Iroquois homeobox gene 3 is critical for efficient impulse
conduction and ventricular activation in mice and zebrafish. Specifically, loss of Irx3 in
mice resulted in disruption of the rapid and coordinated spread of ventricular excitation,
decreased cellular excitability, and altered intercellular coupling. We detected decreased
levels of Cx40 in the conduction axis and ectopic Cx43 expression in the proximal bundle
branches. We show that Irx3 directly represses Gjal (encoding Cx43) transcription and
indirectly activates Gja5 (encoding Cx40). Our results reveal a novel role for Irx3 in the

regulation of impulse propagation and ventricular conduction system function.
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INTRODUCTION
I. The Mammalian Ventricular Conduction System

In response to integrated networks of molecular cues, a simple linear heart tube
matures to form a multi-chambered functional unit that sustains life. Integral to this
process is the development of the cardiac conduction system (CCS), which establishes
and coordinates the heartbeat. The specialized myocytes of the ventricular conduction
system (VCS), also known as the His-Purkinje network, are essential for fast impulse
conduction in the ventricles. The histologically distinct His-Purkinje system was first
described and studied by the Czech physiologist Jan Evangelista Purkyn¢ in 1839, and by

the Swiss cardiologist Wilhelm His, Jr. in 1893 (Silverman et al. 20006).

With each heartbeat, electrical impulses generated by the sinoatrial node (SAN)
travel through the atria, pause at the atrioventricular node (AVN), and proceed to the
VCS (Figure 1). The VCS is further subdivided into the common bundle of His
(atrioventricular bundle), bifurcating bundle branches along the interventricular septum
(IVS) that make connections with the ventricular free walls, and a subendocardial
network of Purkinje fibers (Miquerol et al. 2004; Aanhaanen et al. 2010). Rapid impulse
conduction in this fast conduction axis tightly controls the spatiotemporal activation of

the ventricles to optimize heart muscle pumping function (Cohen et al. 1968).

I1. Determinants of Impulse Conduction Efficiency

Each cardiac impulse, which is conducted as waves of excitation measurable as

action potentials (APs), is propagated from one myocyte (source) to the next (sink)



through intercellular gap junctions (Kleber and Rudy 2004). The efficiency of impulse
propagation through the His-Purkinje network is determined by the source-sink
relationships between cells, which in turn is dependent on the interplay between cell and
tissue morphology, membrane excitability, and electrical coupling of adjacent cells via

gap junctions (Rudy and Shaw 1997) (Figure 2).

Tissue morphology

The VCS is a highly intricate and asymmetric network of cells, which are distinct
from nodal and working myocytes in shape and size. They are found as oval and
cylindrical cells bundled into fascicles along their longitudinal axis (Viragh and Challice
1982; Mikawa and Hurtado 2007). The overall VCS structure is highly conserved in
mammals, including humans and mice (Miquerol et al. 2004). In the mouse, Miquerol
and colleagues showed that the common His bundle, which is continuous with the AV
node and surrounded by fibrous insulation, further branches into about twenty or more
smaller bundles along the left septal flank. However, only one or two branches run along
the right septal side. These bundles continue to ramify toward the base to form two dense
web-like networks of large and interlaced fascicles along the IVS and the free ventricular

walls.

Excitability

Cells of different regions of the heart vary in their ability to generate and

propagate action potentials and must be integrated and controlled by specialized



myocytes of the CCS. The peacemaking cells of the SAN generate the initial impulse by
depolarizing surrounding atrial myocytes. The traveling impulse is then delayed at the
AVN, to allow time for atrial relaxation, before rapidly firing down the electrically
insulated VCS. This fast conducing pathway is essential for effectively directing the

ventricular muscle to contract in a controlled apex-to-base sequence.

Cells of the VCS have the ability to spontaneously generate an action potential
(known as automaticity), a faster rate of depolarization, and longer action potential
durations compared to ventricular working myocytes (Schram et al. 2002; Miquerol et al.
2004). These excitability characteristics are determined by the expression pattern, level,
and kinetics of various voltage-gated ion channels and the currents they encode (Shaw
and Rudy 1997; Rudy 1998; Rudy 2005). The adult VCS in humans and mice is enriched
in genes encoding several pore-forming and auxiliary subunits of sodium channels such
as Scn5a and Scnlb (Gaborit et al. 2007; Remme et al. 2009). How the expression
patterns and levels of these genes are transcriptionally regulated in the maturing VCS is

an area of active investigation.

Intercellular Coupling

Gap junctions represent a low resistance pathway for current flowing from one cell
to the next, thus directing the spread of the electrical impulse throughout the heart. Each
gap junction channel is made up of a pair of abutting connexons from adjacent cell
membranes (Miquerol et al. 2003). Each connexon is comprised of 6 connexins (Cxs)
which, depending on the isoform present, dictate channel conductance of ion currents and

small molecules. Fast conduction velocity in the VCS can be partially explained by the



extensive coupling of constituent cells via the following connexins: Cx40, Cx43, Cx45,
and Cx30.2 (Cole et al. 1988; Saez et al. 2003; Kleber and Rudy 2004; Mangoni and
Nargeot 2008). The low conductance Cx30.2 and Cx45 are found in the AVN while Cx40
and Cx45 are expressed in the common His bundle and along the bundle branches (van
Veen et al. 2001; Kreuzberg et al. 2006). Cx40, Cx43 and Cx45 are all expressed in the
distal Purkinje fibers. Changes in their expression pattern, level, and trafficking have
been shown to alter channel conductance and conduction efficiency (Jongsma and
Wilders 2000). Currently, transcriptional regulation of the precise expression of Cxs in

subregions of the VCS tissue remains to be addressed.

II1. Relevance to heart disease

Perturbations of normal heart development can lead to congenital heart defects
and progressive heart diseases later in life (Hoffman and Kaplan 2002). In particular,
impulse propagation through the CCS is impaired in several inherited forms of cardiac
conduction disorders and associated with increased risk of arrhythmias and heart disease
(Tuliano et al. 2002). In the US, over 250,000 pacemaker implants are performed each
year (Mond 2006). Impaired ventricular conduction, which is detectable as prolongation
of the QRS interval and bundle branch block by electrocardiography (ECG), can lead to
life threatening arrhythmias in diseased hearts (Iuliano et al. 2002; Dhingra et al. 2006).
Without a better understanding of the regulatory pathways important for ventricular
conduction system function, current treatments, which include anti-arrhythmic drugs and
pacemaker implants, are limited and treat those with advanced disease. Although a

growing number of VCS-specific genes are being identified, and regulation of early VCS



specification is becoming better understood (Meysen et al. 2007; Moskowitz et al. 2007;
Bakker et al. 2008), less is known about transcriptional pathways that dictate how cells of

the VCS gain their specialized functional properties.

IV. Iroquois transcription factors

Precise regulation of tissue- and time-specific transcription is key to normal
development of the heart (Srivastava 2006). The lroquois homeobox (Irx) gene family of
transcription factors contain a highly conserved DNA-binding homeodomain of the three
amino acid loop extension (TALE) superclass, and are characterized by an 11 amino acid
Iro motif of unknown function (Figure 3). Irx genes have evolutionarily conserved roles
during embryonic development, including early tissue patterning as well as later tissue
differentiation, and can act as either repressors or activators of gene expression
depending on the cellular context (Bruneau et al. 2001; Gomez-Skarmeta and Modolell

2002; Matsumoto et al. 2004; Costantini et al. 2005).

The Iroquois family of transcription factors was initially discovered in flies, of
which ara and caup were shown to participate in the patterning of neural and vein
precursors, establishment of planar polarity in the eye and wing disc, and dorsal-ventral
axis patterning in the ovary (Gomez-Skarmeta et al. 1996; Gomez-Skarmeta and
Modolell 1996; McNeill et al. 1997; Kehl et al. 1998; Jordan et al. 2000). Vertebrate
studies have also demonstrated their importance in specifying and patterning the neural
plate, neural tube, brain, nephron, and lung (Cavodeassi et al. 2001; van Tuyl et al. 2006;
Reggiani et al. 2007). Interestingly, all 6 Irx genes are expressed in partially overlapping

patterns in the developing mouse heart (Christoffels et al. 2000; Cohen et al. 2000;



Bruneau et al. 2001; Mummenhoff et al. 2001; Costantini et al. 2005). While /rx4 was
implicated in chamber specification, /rx5 was shown to be required for patterning of
cardiac repolarization gradient (Bao et al. 1999; Bruneau et al. 2001; Costantini et al.

2005). The functional significance of Irx3 in the heart remains unknown.

V. A role of Iroquois homeobox gene 3 in the VCS

We examined the developmental expression of Irx3 in mice in which sequences
encoding the tauLacZ fusion protein (Callahan and Thomas 1994) were inserted at the
translational start site of Irx3 to create a loss-of-function reporter allele (Figure 4). The
taulacZ reporter recapitulates endogenous /rx3 expression in the central nervous system
of the developing embryo (Figure 5a). At embryonic day (E) 10, a ring-like group of
Irx3tauLacZ" cells was detected in the developing ventricle. These cells represent a
subset of developing trabeculae surrounding the emerging IVS and are thought to
contribute to the VCS (Christoffels et al. 2000) (Figure 5b). At E14, Irx3" cells were
found at the top of the IVS where the bundle of His develops, and as bundles of elongated
myocytes along the septum that later become the bundle branches (Viragh and Challice

1982) (Figure 5c).

The adult VCS is highly asymmetric and comprises the bundle of His, bundle
branches, and subendocardial Purkinje fibers (Miquerol et al. 2004). Cells expressing
Irx3tauLacZ indeed mature into a highly elaborate network, marking the insulated
common His bundle (Figure 5e) which branches from the base of the heart toward the
apex along the endocardial surface to form a web of interlaced fascicles that make

connections with the free wall and septum (Figure 5d,f,g). While a large fan-like group of



small bundles extend along the left septal flank (Figure 5 g), a few thin bundles branch
away from the common bundle on the right side (Figure 5 f). The overall architecture of
Irx3tauLacZ" cells can be appreciated in images generated by optical projection
tomography (OPT). Figures 5 h and i are representative OPT images of Irx3tauLacZ
expression in the VCS primordium at E16.5, and the highly intricate His-Purkinje system

by postnatal day 3 (P3), respectively.

We obtained a bacterial artificial chromosome (BAC) transgenic line, which
encompasses the /rx3 locus and expressing enhanced green fluorescence protein (EGFP)
under 150kb of the 5’ regulatory region of /rx3 from NINDS GENSAT (Figure 5), as a
marker line for Irx3-expressing cells. At E14.5, Irx3::EGFP fluorescence recapitulates
endogenous Irx3LacZ expression (Figure 5 a-d). Irx3::EGFP-expressing cells were
isolated by flow cytometry (FACS) and were shown by qPCR to be enriched in VCS
markers, as well as in Irx3 (Figure 5e,f). In contrast, epicardially enriched Kv4.2, was
significantly higher in non-GFP samples. These studies showed that the Irx3::EGFP line
is a suitable genetic tool for the molecular and cellular analysis of Irx3 and the

specialized VCS.

With these initial findings and tools at hand, we set out to try and understand what
roles Irx3 could play in the heart. In Chapter 1, we establish that Irx3 is highly enriched
in specialized myocytes of the VCS by a combination of gene expression, cell behavior,
and lineage tracing studies. We show that Irx3 is co-expressed with VCS markers such as
Cx40, Scn5a, and HCN4. In addition, isolated Irx3-expressing cells exhibited higher
automaticity than non-expressing cells, and preferentially expressed Cx40 when allowed

to reaggregate in culture.



Characterization of the functional significance of Irx3 in the heart is presented in
Chapter 2. Along with our collaborators, we undertook a variety of whole heart and
animal electrophysiology approaches to show that loss of /rx3 resulted in abnormally
slowed ventricular activation. This conduction defect was characterized by right bundle
branch block, which was caused by reduced conduction velocity. We also examined
expression of the zebrafish homologs ziro3a and ziro3b in the heart, and found that
ziro3a, which is more evolutionarily related to /rx3, is highly enriched in the fish
ventricle. Knock down studies revealed a conserved requirement for ziro3a in ventricular

activation.

Using fluorescence imaging, cell behavior, and dye coupling assays, we detected
abnormal cellular phenotypes that resulted from loss of Irx3. These results are presented
in Chapter 3. Our studies revealed a decrease in cellular excitability and abnormal cell-
cell coupling. Specifically, we observed a decrease in Cx40 expression, and ectopic
expression of Cx43 in the proximal bundle branches where little expression is normally
found. Abnormal communications between the proximal VCS and the working

myocardium was tested by dye coupling assays performed in live adult heart slices.

In Chapter 4, we examined how Irx3 functions to regulate the gene expression
changes in Cx40 and Cx43. Using adenoviral overexpression of Irx3 in neonatal
ventricular myocytes (NVMs), chromatin immunoprecipitation, and luciferase assays, we
show that Irx3 is a direct repressor of Cx43 transcription, and an indirect activator of
Cx40 expression. Irx3 was shown to directly bind to the Cx43 promoter at a conserved

site in vivo, and antagonize promoter activation by Nkx2-5 and TbxS5.

Overall, the research completed for this thesis identified a novel role for Irx3 as a new



transcriptional regulator important for specialization of the cardiac His-Purkinje
system. We conducted an in-depth analysis of this /roquois gene family member, and
demonstrated its importance in ventricular activation. Irx3 acts to precisely regulate
intercellular coupling and impulse propagation, suggesting that it could be an important

candidate gene for congenital or acquired conduction system diseases.



VI. Figures
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Figure 1. The mammalian cardiac conduction system (CCS).
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Figure 1. The Mammalian Cardiac Conduction System (CCS).

The CCS is comprised of the peacemaking sinoatrial node (SAN), the impulse delaying
atrioventricular node (AVN), and the fast conducting ventricular conduction system
(VCS, or the His-Purkinje network). The VCS is further subdivided into the common
bundle of His (or atrioventricular bundle), the bifurcating bundle branches, and an

intricate network of subendocardial Purkinje fibers.

11



+

Tissue
Morphogenesis

~ Excitability
- » Highly excitable
* Automaticity

Coupling
* Specific coupling
via gap junctions
(connexins)
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Figure 2. Determinants of impulse conduction efficiency.

Efficiency of impulse conduction in the VCS is largely dependent on cell and tissue
morphology, cellular excitability, and intercellular coupling. VCS cells are highly
excitable and couple to each other via gap junctions containing a specific set of

connexins.
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Figure 3. The Iroquois family of transcription factors.
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Figure 3. The Iroquois family of transcription factors.

Iroquois genes are chromosomally clustered, and share a common homeobox DNA
binding domain (HD) and IRO motif. Irx factors recognize a monomeric taACA
consensus sequence, and can activate or repress gene transcription depending on the
cellular context. In the heart, Irx4 was shown to be important for ventricular chamber
differentiation. A role for Irx5 in regulating ventricular repolarization and ion channel
expression patterning was also identified. Mm, Mouse musculus; Hm, Homo sapiens; HD,

homeobox domain; IRO, IRO domain.
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Figure 4. Gene targeting strategy for generating Irx3tauLacZ mice.
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Figure 4. Gene targeting Strategy for Generating Irx3tauLacZ mice.

A loss-of-function mutation in /rx3 was made in ES cells by replacing part of exon 1 with
sequences encoding the taulLacZ reporter, immediately after the start codon. Locations

for genotyping primers: P1, P2, P3 as well as 5’ and 3’ Southern probes are shown.

17



Figure 5. Irx3 is highly expressed in the developing and mature His-Purkinje
network.
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Figure 5. Irx3 is highly expressed in the developing and mature His-Purkinje

network.

a, B-Galactosidase staining of Irx3“““““" embryos at embryonic day 10 (E10) reveals
that the Irx3tauLacZ reporter recapitulates endogenous /rx3 expression in the central
nervous system. A ring-like group of cells is detected in the developing ventricle
(arrowhead). b, Irx3taulacZ is expressed in the developing trabeculae and in cells
surrounding the developing IVS at E11. ¢, Marked cells are found in the developing
bundle branches at E14. d, Whole-mount LacZ staining shows that Irx3taulLacZ is
expressed in the His-Purkinje system at 4 weeks (4W) . e, Masson’s trichrome staining
reveals fibrous insulation of the Irx3tauLacZ" bundle of His at 8 weeks (8W). f,
Irx3tauLacZ " right bundle branches extend along the septum toward the right ventricular
free wall (rvfw). g, Irx3tauLacZ" Purkinje fibers in the left ventricular free wall (Ivfw)
are shown. h, Optical projection tomography (OPT) images of Irx3taul.acZ expression in
the VCS primordium at E16.5. i, OPT imaging shows that Irx3tauLacZ" cells mature to
form a highly asymmetrical His-Purkinje system by postnatal day 3 (P3). avc,
atrioventricular canal; rv, right ventricle; lv, left ventricle; rbb, right bundle branch; Ibb,
left bundle branch; ivs, interventricular septum; tb, trabeculae; rvfw, right ventricular free

wall; His, bundle of His.
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Figure 6. Characterization of the Irx3::EGFP BAC reporter.

a, Comparison of whole-embryo expression of the Irx3::EGFP and Irx3LacZ reporters

reveal their similar expression patterns in the brain, eyes, and limbs at E14.5. b, Both

reporters are found in the developing heart. ¢-d, Immunofluorescence detection of LacZ

(red) and GFP (green) in mice heterozygous for both reporters confirms their
coexpression in the developing VCS. e, FACS sorting was used to obtain live
Irx3::EGFP" cells. f, Sorted Irx3::EGFP+ cells are enriched in VCS markers such as
Kcenk3 (minK) and Gja5 (Cx40), but not in the epicardially enriched Kcnd3 (Kv4.2)
(normalized by GAPDH). n = 4,*, p <0.05 vs. GFP-negative population. tb, trabeculae

ivs, interventricular septum; lbb, left bundle branch.

3
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CHAPTER 1

Irx3 is Highly Expressed in Specialized Conduction Myocytes of the His-Purkinje

System.
I. Background

During embryogenesis, cells of the VCS primordium are specified, instructed to
develop under a specific differentiation program, and become enriched in a unique set of
gene products important for their electrophysiological maturation (Boukens et al. 2009).
Studies to date show that VCS cells are derived from the myocyte lineage through
differentiation from a specified pool, and via paracrine induction of working myocytes by
endothelial cells (Mikawa and Hurtado 2007). However, others have suggested that
conduction system myocytes could be derived from other cell types of the developing
heart, such as those of the migrating neural crest (Gittenberger-de Groot et al. 2003;

Nakamura et al. 2006).

During early heart development, a ring-like population of subendocardial
myocytes between the future right and left ventricles, along with cells atop the growing
interventricular septum, and a subset of the proliferating trabeculae, form the initial
primordial framework from which the future His-Purkinje system develops (Viragh and
Challice 1982). Differentiation of this cell population continues between E11 and E14 in
the mouse, during which time an apex-to-base contraction sequence evolves from a
simple linear activation pattern (Morley and Vaidya 2001). As they differentiate,
conduction myocytes exit the cell cycle between E12 and E14 (Sedmera et al. 2003a).
Shortly after, VCS cells start to show specific expression of markers such as enrichment

of the gap junction gene connexin 40 (Cx40) throughout the conduction axis, and
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downregulation of Cx43 in the proximal bundle branches (Delorme et al. 1997). The
mature His-Purkinje network is eventually attained through further differentiation of the
initial framework and neonatal remodeling (Meysen et al. 2007; Mikawa and Hurtado

2007).

Cells of the VCS have the ability to spontaneously generate an action potential,
and differ in their ability to propagate action potentials in comparison to working
myocytes (Schram et al. 2002). These characteristics are determined by the specific
expression of ion channels, and include the progressive enrichment of genes such as
Scn5a, Scnlb, and Hen4 during development (Boukens et al. 2009; Remme et al. 2009;
Aanhaanen et al. 2010). The underlying intrinsic molecular signals accompanying VCS

functional maturation remains an active area of investigation.

II. Results and Discussion

Lineage analysis at E14.5 revealed that Irx3tauLacZ" cells, with the exception of
those marking the distal VCS in the left ventricle, are predominantly derived from the
Mef2CAHF::Cre/ROSA-YFP-labeled ventricular myocyte lineage (Figure 7a-a’) (Verzi et
al. 2005). This finding is consistent with studies demonstrating that conduction system
cells are derived from the myocyte lineage (Cheng et al. 1999), and suggests that VCS
precursor cells could reside in the first and second heart fields. Cardiac neural crest cells,
which have been shown to migrate into the heart to participate in outflow tract
development and maturation of the VCS (St Amand et al. 2006), have been suggested to
differentiate into conduction myocytes (Nakamura et al. 2006). However, our lineage

tracing studies show that while Irx3tauLacZ" cells are closely associated with neural crest
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derived cells, marked by Wnt1-Cre/ROSA-YFP, they do not co-express LacZ and YFP
(Figure 7b-b’) (Danielian et al. 1998). This shows that although neural crest-derived are
within close proximity to the VCS, and could participate in its functional maturation, they

do not become incorporated in the conduction system tissue.

Gene expression analysis in the developing heart shows that Irx3tauLacZ" cells are
subendocardial myocytes that express VCS markers. In neonatal hearts, Irx3tauLacZ"
cells express Scn5a and Hen4, both of which encode ion channel subunits that become
progressively enriched in the ventricular conduction system (Figure 8a,b). At E14.5,
Irx3tauLacZ" cells, which are surrounded by endocardial cells marked by
platelet/endothelial cell adhesion molecule-1 (PECAM), also express the myocyte-
specific actin-binding protein, tropomyosin (Figure 8c-d”). Tropomyosin was also found
in cultured neonatal ventricular working myocytes, including those marked by
Irx3::EGFP (Figure 8e¢). These data demonstrate that developing Irx3-expressing cells are

indeed subendocardial myocytes of the VCS.

In neonatal and 8-week old adult mice, cells that express Irx3taulacZ at high levels
also express the VCS-specific gap junction protein Cx40. Colocalization of LacZ and
GFP was detected in the maturing bundle branches and Purkinje fibers of
Irx3Hae? . Cx 405" neonatal mice (Figure 9a). In adult hearts, co-localization was
found in the conduction tissue, but not in underlying coronary arteries which are also
known to express Cx40 (Figure 9b). Adult Irx3tauLacZ" bundle branch cells expressed
Cx40 at cell borders; wherein Cx40" plaques were detected at longitudinal ends of the
cell (Figure 8 c). These findings demonstrate that Irx3 is highly enriched in the

specialized myocytes of the ventricular conduction system.
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We sought to determine if cells expressing Irx3 exhibit enhanced automaticity and
show connexin expression patterns that are characteristic of VCS myocytes. Fluorescence
from Irx3::EGFP transgenic reporter mice (Figure 5) was used to identify Irx3-expressing
myocytes isolated from the proximal VCS at E14.5. Calcium imaging of reaggregated
cells show that Irx3::EGFP" myocytes indeed have higher automaticity than non-GFP
cells, and can drive depolarization of non-fluorescent neighboring cells (Figure 10a). In
agreement with the gradual enrichment of Cx40 to conduction myocytes of the proximal
VCS and down regulation of Cx43 in these cells during development (Delorme et al.
1997), quantitation of cell pairs for clear Cx plaque expression show that the majority of
cells isolated from the proximal VCS (Irx3::EGFP") express Cx40 at cell-cell borders
(Figure 10b,c). In contrast, the majority of non-GFP myocytes cells are enriched in Cx43
plaques at cell-cell borders. These specific properties of Irx3-expressing cells are

consistent with that of specialized VCS myocytes.
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I11. Figures

Figure 7. Irx3" cells are predominantly derived from ventricular
myocyte precursors and not from cells of the neural crest.
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Figure 7. Irx3" cells are predominantly derived from ventricular myocyte

precursors and not from cells of the migrating neural crest.

a-a’, Lineage analysis in mice expressing Irx3tauLacZ" VCS cells (red) show that they
are predominantly derived from the Mef2CAHF::Cre/ROSA-YFP-labeled ventricular
myocyte lineage, with the exception of some cells of the developing distal VCS in the left
ventricle (arrow). b-b’, Lineage analysis in mice expressing Irx3tauLacZ " (red) and
Wntl-Cre/ROSA-YFP (green) show that Cre-labeled neural crest-derived cells are closely

associate with the VCS, but do not make direct contributions to the conduction tissue.

27



Figure 8. Irx3tauLacZ" cells are subendocardial myocytes that express VCS
markers during development.
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Figure 8. Irx3tauLacZ" cells are subendocardial myocytes that express VCS

markers during development.

a, Immunofluorescence colocalization shows that Irx3tauLacZ" (green) cells express
Scn5a (red) in the proximal VCS at P3. b, Irx3tauLacZ and Hcn4 are coexpressed in the
proximal VCS at P3. ¢-¢’, Irx3tauLacZ" cells are surrounded by PECAM " cells of the
developing endocardium. d-d’, Immunofluorescence colocalization shows that
Irx3tauLacZ" cells coexpress tropomyosin 1 (TMP1) at E14.5. e, At P3, TMP1 is
expressed in neonatal ventricular myocytes as well as conduction myocytes marked by

Irx3::EGFP (green).
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Figure 9. Irx3tauLacZ" cells coexpress the VCS-specific marker Cx40 in developing
and adult hearts.
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Figure 9. Irx3tauLacZ" cells coexpress the VCS-specific marker Cx40 in developing

and adult hearts.

a, Colocalization of Irx3tauLacZ and Cx40EGFP in the VCS of [rx3™“L4c?" - Cx40F T
mice at P5. High levels of coexpression are detected in the bundle branches (a”) and
Purkinje fibers (a°”). b, Irx3tauLacZ is coexpressed with Cx40EGFP in the adult VCS but
not in coronary arteries (ca). ¢, Adult Irx3tauLacZ" bundle branch cells express Cx40 at
longitudinal cell borders. lbb, left bundle branch; ivs, interventricular septum; pf,

Purkinje fiber; lv, left ventricle; ca, coronary artery.
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Figure 10. Irx3-expressing cells have higher automaticity than non-GFP working
myocytes and preferentially express Cx40 at cell borders.
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Figure 10. Irx3-expressing cells have higher automaticity than non-GFP working

myocytes and preferentially express Cx40 at cell borders.

a, Calcium flux imaging of reaggregated cells from the proximal VCS shows that
Irx3::EGFP" cells exhibit higher automaticity than non-GFP working myocytes by
driving the depolarization of neighboring non-GFP cells (at E14.5). b, Reaggregated
cells, isolated from the proximal VCS, show progressive enrichment of Cx40 to cell
borders of Irx3::EGFP" conduction system myocytes (at E14.5 and P3). In contrast, Cx43
expression is enriched in non-GFP working myocytes. ¢, Quantitation of cell pairs for
clear Cx plaque expression show that the majority of cells isolated from the proximal
VCS (marked by Irx3::EGFP, green cell pairs) expresses Cx40 at cell borders. In
contrast, the majority of non-VCS cells (non-GFP cell pairs) express Cx43 at cell

borders.
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CHAPTER 2
Loss of Irx3 Leads to Abnormal Electrical Activation of the Ventricles
I. Background

The overall sequence of electrical activation of the heart from atrial depolarization
to ventricular repolarization can be measured and recorded with various
electrophysiology (EP) techniques that have been adapted for the mouse (Gehrmann and
Berul 2000). Whether loss of Irx3 could affect the spread of conduction in the heart was
assessed by EP approaches that include surface electrocardiography (ECG), intracardiac
ECQG, and optical activation mapping. A brief background on these methods and how

they pertain the observed loss-of-function phenotype is provided in this section.

ECG is a method of recording the spread of electrical currents generated by the
heart within each cardiac cycle over time, and can be obtained using multiple leads on the
body’s surface (Guyton and Hall, 2005). This is possible because a small portion of the
current generated by the heart spreads through surrounding tissue all the way to the body
surface. Electrical voltages generated within each cardiac cycle are represented as P, Q,
R, S, and T deflections (Figure 11a). Using lead II as an example (reference electrode on
the right arm and exploring on the left leg), the positive P wave is caused by the spread of
depolarization, measured as the projection of the instantaneous net dipole vector
generated within the atrial muscle onto the lead, from the SAN toward the left atrium.
The period of zero potential immediately following the P wave is due to the relatively
much smaller size of the AV node through which the impulse is delayed. The projection
of its small net dipole vector is not sufficient to be detectable thus resulting in a flat

tracing. This period also includes the depolarizing impulse moving into the His bundle

34



and the Purkinje network which are also too small to create a detectable net dipole. The
length of time between the start of the P wave and the end of the period of zero potential
is known as the P-R interval which is a measure of the effectiveness of the AVN in

delaying ventricular activation.

The subsequent negative deflection of the Q wave is due to movement of
depolarization through the left bundle branch into the interventricular septum (IVS) from
left to right, creating a net dipole pointing away from the exploring electrode. As the
impulse begins to move out of the Purkinje network and into the right and left ventricular
muscles, there are dipoles pointing in both directions. Since the left ventricular chamber
is much larger in size, the instantaneous net dipole vectors end up pointing downward
and to the left. Consequently, a positive deflection of the R wave is detected and becomes
even more positive when the right side of the heart finishes depolarizing first. The mouse
ventricle was shown to also depolarize in a baso-apical fashion (Jongsma and Wilders
2000). This activation sequence was carefully measured by activation mapping and
attributed to a direct continuity of cells found at the bottom of the common His bundle

with working myocytes atop the IVS.

The negative S wave that follows is due to the upward depolarization vector of the
left ventricular base away from the exploring electrode. The subsequent period of zero
potential, the ST segment, occurs when both ventricles are completely depolarized, and
corresponds to the plateau phase of the ventricular action potential when calcium entry is
causing myocytes to contract. However, no ST segment can be distinguished in the
mouse as the T wave emerges with the end of the QRS complex. Lastly, since

subendocardial cells have longer action potential durations than subepicardial cells,
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repolarization takes place from the epicardium to the endocardium. In humans, this

rightward repolarization is detected as the positive T wave deflection.

Although ECG measurements do not show electrical activities of the SAN, AVN,
and His-Purkinje network due to their relatively small tissue size, the QRS complex can
be used as an indicator of the effectiveness of the Purkinje network. A prolonged QRS
suggests that the depolarization is moving by a slower route through the ventricular
muscle and may result from a block in the branching fibers. Rapid shifts in voltages and
axis deviations, as a result of irregular impulse conduction, can be caused by multiple
small local blocks in the Purkinje fibers. This often causes additional peaks of the QRS
complex (i.e. RsR’ complex in lead I), which was observed in loss of function mutations

of Id2, Tbx5, and Nkx2.5 (Moskowitz et al. 2007).

When His-Purkinje function is compromised, the cardiac impulse can be slowed
or even blocked along the pathway. This would decrease the velocity and pattern of
impulse conduction through the ventricular chambers. In open-chest ventilated mice,
effectiveness of ventricular activation can be measured by following the timing of
impulse propagation between two recording electrodes. This intracardiac ECG method
can be used to determine conduction time between the atria, the His bundle, and the
ventricle (AV, AH, HV intervals). Potential abnormal His bundle function in Irx3
mutants could be detectable as a prolongation of the HV interval (His bundle-to-
ventricle). Briefly, a catheter is placed through the right jugular vein and the right atrium
to the right ventricle. While distal electrodes pace and record from the right ventricle,
proximal electrodes pace and record from the right atrium. Middle electrode pairs can

also be used to record distinct triphasic His bundle electrograms (Gehrmann and Berul
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2000; Maguire et al. 2000).

Propagation measurements in the methods introduced thus far assume that the
wavefront travels in a straight line between electrodes. However, the heart is a three-
dimensional structure with anisotropic conduction. Optical mapping is a more precise
method which takes into account how a pathway of conduction affects the surrounding
tissue (Rosenbaum and Jalife, 2001). It has been used to obtain high resolution spatial
and temporal mapping of epicardial conduction patterns and velocities of the isolated
perfused mouse heart (Morley et al. 2000; Morley and Vaidya 2001). After staining with
voltage-sensitive dyes such as di-4-ANEPPS (binds to the plasma membrane and changes
its spectroscopic properties linearly in accordance with changes in membrane potential),
florescence signals from the traveling excitations over a period of milliseconds are

recorded by a charge-coupled device (CCD) camera.

Although the zebrafish heart is comprised of a single atrial chamber and a single
ventricular chamber, it activates in a controlled apex-to-base fashion similar to
mammalian hearts (Chi et al. 2008). Although histologically defined tracts of specialized
conduction cells have not yet been described within the fish ventricle, studies have
identified bands of trabeculae that are continuous with the atrioventricular canal and
ventricular apex (Sedmera et al. 2003b). These cells are thought to serve as a functional
equivalent of the His-Purkinje system. Zebrafish conduction system function has been
successfully studied by optical mapping of live animals expressing the calcium reporter

Tg(cmic2:gCaMP)**® (Chi et al. 2008)

Using these invaluable tools and techniques, a growing number of VCS-specific

genes continue to be discovered and investigated for their functional significance in heart
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conduction. Given the highly enriched expression of Irx3 in the His-Purkinje network,
and previous studies which showed that Irx5 is critical for ventricular repolarization
(Costantini et al. 2005), we asked whether and how genetic ablation of Irx3 could impact

heart function and impulse spread.

II. Results and Discussion

glavlacZiaulac pyice and found that they are viable,

We examined the phenotype of /rx
fertile and do not manifest abnormalities in heart morphology, size, or contractile
function when assessed by echocardiography (data not shown). However, by 2 weeks of
age, these mice exhibited ventricular activation defects when assessed by surface ECG
(Figure 11). The phenotype was characterized by prolonged QRS interval durations and
notched R waves (R'), both of which are indicative of delays in ventricular activation.
QRS prolongation and notched R’ waves were also observed in freely moving mice by
telemetry ECG analysis. Note that PR and QTc intervals, which reflect atrioventricular
delay, and ventricular repolarization respectively, were unaltered in mice lacking Irx3

(Figure 12a). These results are expected since Irx3 is not normally expressed in the

regions that these last two ECG parameters reflect.

Right axis deviation, detectable as a negative QRS deflection in lead I combined with
a positive deflection in Lead II, was observed in the majority of Irx3 null mice (Figure
11). These observations point to bundle branch block, and/or abnormal impulse
conduction in the right ventricular free wall, as mechanisms underlying the observed

phenotype. In the absence of abnormal heart orientation or structural changes, these
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results suggest that the conduction defect is likely specific to the conduction system

tissue (Castellanos et al. 1970), where Irx3 is normally highly expressed.

Indeed, intracardiac ECG recordings revealed that while impulse spread from the atria
to the His bundle (AH interval) was unaffected by the loss of Irx3 (Figure 12d), there was
a significant increase in conduction time between the His bundle and the ventricles (HV
interval) (Fig. 12b,c). These results point to conduction slowing or block within this

conduction pathway.

Optical mapping of epicardial activation revealed abnormal activation of the
ventricles (Fig. 13a). Normal activation of both ventricles through the right and left
bundle branches is manifested as two breakthrough points reflecting synchronous
activation of both sides (Nygren et al. 2000). However, the majority (77%) of Irx3 null
hearts had a single breakthrough from the left ventricular apex, along with significantly
slowed conduction velocity (Figure 13b), thus establishing that activation phenotype is
characterized by right bundle branch block (RBBB). Although the entire VCS is devoid
of Irx3, the manifestation of conduction block in the right side of the heart is not
unexpected, and is similar to the phenotype of mice lacking Cx40 throughout the
ventricular conduction system tissue (Tamaddon et al. 2000). This could be explained by
the lower safety factor for conduction expected for the right conduction pathway (Fast
and Kleber 1995a; Fast and Kleber 1995b), where constituent cells have shorter action
potential durations and make up only a few thin bundle branches (1-2 bundles). In
comparison, a large group of cells with longer action potential durations comprise the left

pathway (~20 bundles) (Myerburg 1971; Miquerol et al. 2004).
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To examine whether right bundle branch block is caused by conduction slowing, or
by a complete block, our collaborators measured conduction velocity in the VCS in mice

taulacZ/taulacZ, GFP/+
3 ;Cx40"

expressing the Cx40°“"" reporter. Irx mice showed significantly

+ .
057" mice

diminished conduction velocity through the fibers as compared to Cx4
(Figure 13c). These results indicate that observed abnormal ventricular activation pattern

is due to conduction slowing in cells lacking Irx3.

Finally, to address if Irx3 function is evolutionarily conserved, we examined its role
in zebrafish, where the ziro3a ortholog, but not the more divergent ziro3b, is expressed in
the heart at 48 hours post fertilization (Figure 14a,b). Optical mapping was performed by
our collaborators in live zebrafish expressing the in vivo calcium transient reporter
Tg(cmic2:gCaMP)**™® (Chi et al. 2008). Similar to our observations in mice, inhibition of
ziro3a by morpholino antisense oligonucleotides caused slowed and abnormal impulse
conduction in the ventricle (Figure 4c). These data uncover an evolutionarily conserved

role for Irx3 in regulating ventricular activation.

In summary, we undertook a variety of whole heart and animal electrophysiology
approaches to show that loss of /rx3 results in abnormal ventricular activation. In mice,
the conduction defect was characterized by right bundle branch block. We also found that
the closely related ziro3a homolog is highly enriched in the fish ventricle and required for

normal ventricular activation function.
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I11. Figures
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Figure 11. Loss of Irx3 leads to QRS prolongation and RsR’ wavefronts.
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Figure 11. Loss of Irx3 leads to QRS prolongation and RsR’ wavefronts.

a, Representative 6-lead surface ECG tracing in leads I and II shows prolongation of the
QRS interval and abnormal R’ wave in Irx3 null mice. b, A summary of 6-lead, and
telemetry ECG parameters. Ventricular activation defects were measurable as early as 2

weeks of age. n = 8-12; *, p< 0.05 versus wildtype.
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Figure 12. Loss of Irx3 leads to abnormal ventricular activation.

a, A summary of surface ECG parameters showing that PR and QTc conduction times
were not significantly different between genotypes. b, Representative octapolar
intracardiac ECG traces illustrating atrial, ventricular, and His-bundle depolarization
signals show prolongation of HV conduction time in mice lacking Irx3. ¢, Quantification
of intracardiac ECG parameters revealed significantly prolonged HV conduction times in
mice lacking Irx3. n=9; * p <0.05 vs. wildtype. d, Consistent with the absence of Irx3

expression in the atria or AV node, AV and HV conduction times are unchanged.
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Figure 13. Loss of Irx3 leads to abnormal ventricular activation characterized by

right bundle branch block.

a, Optical mapping results are shown in apical four-chamber, and apical right ventricular
two-chamber views. Representative epicardial activation maps reveal 2 breakthrough
points in the apex of wildtype hearts. Irx3 null hearts lack right ventricular breakthrough,
indicating conduction block along the right conduction pathway. Isochrone lines mark
areas where depolarization reached 50% intensity in consecutive 0.5 ms intervals.
Depolarization proceeded in an apex-to-base direction. Red indicates earliest activation
time (ms). wildtype, n = 12; Irx3 null, n = 9. b, Quantitation of epicardial conduction
velocity and corresponding QRS intervals shows that 77% of hearts lacking Irx3 had
RBBB along with slowed epicardial conduction velocity (CV) and QRS widening, in
comparison to wildtype hearts, and the 23% of Irx3 null hearts that did not show
conduction block (NB). Values are mean £ SEM; n = 4-6; *, p <0.05. ¢, Quantitation of
VCS fiber conduction velocity shows slowed CV in Jpx 3™ /Lacanlacz. o 4gEFP fipers

0EGFP/+

compared to those of Irx3"";Cx4 mice. Values are means £ SEM, n = 6-7; * p <

0.05. NB, no block; RBBB, right bundle branch block.
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Figure 14. Ziro3a is required for ventricular activation in zebrafish.

a, The Irx3 ortholog ziro3a, but not the more divergent ziro3b, is expressed in the heart at
48 hours post fertilization. b, Fluorescence in situ hybridization shows strong
colocalization of ziro3a and myocyte-specific tropomyosin-1 in the ventricle. ¢, Optical
mapping of live zebrafish expressing the 7g(cmic2:gCaMP)s878 calcium reporter shows
that inhibition of ziro3a by morpholino oligonucleotides caused abnormal impulse
propagation in the ventricle. Each isochronal line represents 40ms. A, atria; V, ventricle;

a/V, atrioventricular canal; OFT, outflow tract; MO, morpholino knockdown
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CHAPTER 3
Irx3 regulates cellular excitability and coupling in the VCS.
I. Background

Impulse conduction efficiency depends on the interplay of several factors including
tissue morphology, membrane excitability, and intercellular coupling, the latter of which
has been shown by computer modeling to be an important determinant for rapid

directional impulse propagation (Rudy and Shaw 1997; Rudy 1998; Rudy 2005).

Cells of the VCS have higher automaticity, a faster rate of depolarization, and longer
action potential durations as compared to ventricular myocytes (Schram et al.
2002).These excitability characteristics are determined by the expression pattern, level,
and kinetics of various voltage-gated ion channels. The efficiency of action potential
firing is largely dependent on the inward sodium current (In,) which dictates the rate of
membrane depolarization, and the ability of the cell to spontaneously reach the firing
threshold (Figure 15). The latter is dependent on the Ifcurrent which is encoded by the

hyperpolarization-gated cyclic nucleotide-gated family of channels.

Gap junction channels, which reside in inter-membrane connections between
cardiac cells known as intercalated disks, provide a low resistance pathway for the
propagation of the action potential between adjacent cells in the heart. The density and
composition of gap junctions determine cell-cell coupling efficiency and ensure
orchestrated patterns of current flow (Rudy and Shaw 1997). A gap junction is formed by
head-to-head docking of 2 hemichannels (connexons), each of which is made up of 6
connexins surrounding an aqueous pore (Figure 16). When 2 connexons containing the

same connexin are paired, the junction formed is known as a homomeric/homotypic
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connection. When each connexon containing a separate type of connexin isoform is
docked, a homomeric/heterotypic junction is formed. Lastly, heteromeric/heterotypic
junctions refer to those formed between 2 different connexons each containing different
proportions of 2 or more connexins. Although the permeability and conductance of these
possible arrangements of gap junction channels have been widely studied in cell systems,

their presence and role in the heart has been difficult to confirm (Cottrell and Burt 2005).

Three connexins, Cx40, Cx43, and Cx45 are predominantly found in the His-
Purkinje system (Cole et al. 1988; Saez et al. 2003). Given that the type of Cx present in
a particular gap junction determines the conductance of the channel, VCS cells are
selectively coupled via various combinations of the above-mentioned Cxs in specific
patterns within the conduction tissue (van Veen et al. 2005). This extensive expression of
connexins within His-Purkinje subdomains have been suggested to underlie fast
conduction due to finely tuned electrical coupling (Kleber and Rudy 2004). Thus,
changes in Cx expression levels and pattern could alter the efficiency of rapid and

directional impulse spread from cell to cell.

For example, heart-specific deletion of Cx40 resulted in QRS prolongation and
abnormal ventricular activation characterized by right bundle branch block (Tamaddon et
al. 2000). Moreover, the proximal VCS, which consists of the common bundle of His and
branching bundles near the top of the interventricular septum, express barely detectable
levels of Cx43 but an abundance of Cx40 and Cx45 (Figure 17). The prevalence of Cx43
in the working myocardium but near absence in the proximal VCS suggests that this
pattern could be important for electrical insulation of the conduction tissue (Gourdie et al.

1993).
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II. Results and Discussion

In the absence of detectable changes in tissue morphology and size, we tested
whether changes in cell behavior could account for the observed conduction defects.
Cellular excitability and intercellular coupling were examined and compared in Irx3 null
and control mice. Cells isolated from the proximal VCS of neonatal Irx3 null and
wildtype littermate hearts were examined by live calcium imaging (Figurel8). In
wildtype cultures, the majority of Irx3::EGFP" cells were observed to drive
depolarization of neighboring non-GFP cells. In the absence of Irx3, Irx3::EGFP" and

non-GFP cells depolarized neighboring cells equally well.

Quantitation of genes expression changes in FACS (based on Irx3::EGFP
expression) sorted Irx3 null and wildtype cell populations at postnatal day 3 reveal
altered expression of genes that regulate automaticity and the depolarizing phase of the
action potential (Figure 19). Transcript levels for Hen4 (hyperpolarization-gated, cyclic
nucleotide-gated family potassium channel 4), which is normally highly expressed in the
VCS, were significantly decreased in cells lacing Irx3. Furthermore, adenoviral
overexpression of Irx3 in neonatal ventricular myocytes resulted in increased Hen4
mRNA expression in comparison to the Ad-LacZ control and uninfected cells (Figure 19

c,d). These data suggest that Irx3 is required for Hcn4 expression.

Abnormal expression of genes encoding channel subunits of the depolarizing
sodium current (In,) was also observed. In the absence of Irx3, mRNA of Scn5a (sodium
channel, voltage-gated, type V, alpha subunit) was decreased in cells lacking Irx3 (Figure
19b). The pore-forming channel subunit Scn5a is not only highly enriched in the VCS,

but is also an important determinant for the rate of membrane depolarization (Remme et
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al. 2009). Moreover, the auxiliary beta subunit, Scn1b (sodium channel, voltage-gated,
type I, beta) was significantly increased in cells lacking Irx3. Interestingly, Scnlb is also
progressively enriched in the VCS during development and losses of function mutations
have been shown to lead to reduced I, and inherited conduction system disease
(Watanabe et al., 2008, JCI). Importantly, Scn1b can modulate sodium current density by
affecting Scn5a gating and channel expression in cell systems (An et al. 1998; Dhar
Malhotra et al. 2001; Isom 2001; Dominguez et al. 2005). Abnormal expression of these
ion channel genes could account for the observed decrease in cellular excitability. Further
experiments are aimed at precisely measuring changes in membrane excitability using
single cell recording approaches, and determining whether these genes are direct

transcriptional targets of Irx3.

The specific expression levels and pattern of Cxs that compose VCS gap junctions is
thought to ensure efficient coupling within this specialized tissue compartment, while
functionally insulating it from the working myocardium (Gourdie et al. 1993). We used
laser capture microdissection and fluorescence from Cx40EGFP mice to isolate Purkinje
fibers along the ventricular free walls (Figure 20 a-g). We found that Cx40 mRNA (Gja)J)

31auLacZ/tauLacZ; Cx40EGFP/+ l’l’liCG

was significantly lower in the Purkinje fibers of /rx
compared to that of their Cx40°“*™" littermates, revealing less than expected mRNA
expression from the remaining Cx40 allele in the absence of Irx3 (Figure 20h).
Furthermore, immunofluorescence and confocal microscopy showed that Cx40 protein,

which is normally expressed throughout the VCS in neonatal hearts, was reduced in mice

lacking Irx3 (Figure 201).
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However, the observed decrease in Cx40 cannot fully account for the ventricular

+ . . .
0FS*"" mice show normal heart activation

activation phenotype because hearts from Cx4
(Kirchhoff et al. 1998; Simon et al. 1998; Bevilacqua et al. 2000). In addition to reduced
Cx40, we detected ectopic Cx43 expression in the proximal bundle branches, marked by
Irx3::EGFP, where only nominal expression of Cx43 normally occurs (Figure 21a,b).
High-resolutionn imaging of immunofluorescently labelled tissue at 100x magnification
revealed ectopic Cx43 expression at cell borders between Irx3::EGFP" VCS myocytes,
and between non-GFP working myocytes and VCS myocytes (Figure 21c¢). Cell pairs
from reaggregated neonatal myocytes isolated from the proximal VCS were analyzed for
clear Cx43 plaque expression at cell-cell borders marked by N-cadherin. In the absence

of Irx3, a higher number of cell borders between VCS cells (Irx3::EGFP") and non-GFP

working myocytes contained Cx43" plaques compared to wildtype (Figure 22).

To better understand how the observed changes in Cx expression could underlie
conduction slowing, we employed a dye-coupling assay (Lisewski et al. 2008) in which
the spread of Alexa594 from microinjected cells of the proximal right bundle branches
was measured to examine intercellular communication. Dye spread was predominantly
restricted within Irx3::EGFP* VCS cells in wildtype hearts, whereas [rx 3 Loc# aukacz
hearts displayed significantly higher depth of dye spread from bundle branch cells to the
non-GFP working myocardium (Figure 21d,e). These data complement our
immunofluorescence results, which demonstrates altered expression levels of Cx40 and
Cx43, and provides evidence for abnormal communication between VCS cells and the

working myocardium which predominately express Cx43.
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Hemichannels with heterogeneous Cx isoform composition due the observed changes
in Cx40 and Cx43 expression could account for the conduction defect in mice lacking
Irx3. Formation of functional gap junctions containing heterogeneous Cx40 and Cx43
isoforms, albeit with altered conductances in comparison to homomeric/homotypic
junctions, has been successfully demonstrated in cell systems (Cottrell and Burt 2001;
Valiunas et al. 2001; Cottrell and Burt 2005). In our case, abnormal communications
between cells of the proximal VCS to those of the working myocardium, via various
possible Cx43-containing gap junctions, is expected to lead to impulse dispersion away
from the conduction axis, and formation of an unsafe conduction pathway between the

VCS (small source of excitation) and the much larger working myocardium (large sink).

To examine whether ectopic Cx43 could account some or all of the observed
ventricular activation phenotype, a genetic rescue experiment was devised for future
analysis. Heart-specific knockout of Cx43 was generated by crossing of
Mef2CAHF::Cre;Irx3 "“““*“* mice with Gja "™ Irx3““*““* mice. Surface ECG
analysis will be carried out to determine whether mice homozygous for the Irx3 null
allele and heterozygous for Gjal could result in complete or partial rescue of the QRS

prolongation ECG phenotype expected for littermates homozygous for /rx3.
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Figure 15. A schematic of the cardiac action potential time course, the underlying
ionic currents across the cell membrane, and the matching ECG sequence.
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Figure 15. A schematic of the cardiac action potential time course, the underlying

ionic currents across the cell membrane, and the matching ECG sequence.

The efficiency of action potential firing is largely dependent on the inward sodium
current (In,) which dictates the rate of membrane depolarization, and the ability of the
cell to spontaneously reach the firing threshold. This in turn, is determined by the
pacemaking current (Ir) encoded by the hyperpolarization-gated, cyclic nucleotide-

gated family of channels.
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Figure 16. Gap junction composition. (Adapted from Cottrell and Burt, 2005)
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Figure 16. Gap junction composition.

The docking of 2 connexons from adjacent cells forms a gap junction channel. Each
connexon is a hexamer containing 6 connexin isoforms. Depending on the isoform
composition of each connexon, homomeric and heteromeric hemichannels can be formed.
Moreover, depending on whether docking hemichannels are of the same type of

connexon, homotypic and heterotypic gap junctions can be formed.
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Figure 17. Cx40 and Cx43 expression patterns in the heart and ventricular
conduction system.
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Figure 17. Cx40 and Cx43 expression patterns in the heart and ventricular
conduction system.

Cx40 is expressed in the atria and the VCS, but is absent in the SA node and AV node.
Cx43 is expressed throughout the working myocardium of the ventricles and atria, but is
absent from the SA node and the proximal VCS. The distribution of Cx40, Cx43, and
Cx45 throughout the VCS is also show. P1, proximal portion of the VCS; P2, distal

portion of the VCS. (Cole et al. 1988; Saez et al. 2003)
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Figure 18. Reduced excitability in Irx3:: EGFP" VCS cells lacking Irx3.

61



Figure 18. Reduced excitability in Irx3:: EGFP" VCS cells lacking Irx3.

In Irx3WT cultures, the majority of Irx3EGFP" cells isolated from the proximal VCS
drive depolarization of neighbouring non-GFP cells. In the absence of Irx3, Irx3EGFP"
and non-GFP cells can depolarize similarly sized clusters equally well. Representative

calcium flux images for wildtype and Irx3 null cells are shown.
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Figure 19. Loss of Irx3 leads to altered expression of ion channel-encoding genes.
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Figure 19. Loss of Irx3 leads to altered expression of ion channel-encoding genes.

a, The Irx3::EGFP reporter was used to obtain GFP+ and non-GFP cell populations in
wildtype and Irx3 null mice. b, Quantitation of gene expression by qPCR shows
significant changes in Scn5a, Scnlb, and Hen4 in cells lacking Irx3. Expression levels
were normalized to GAPDH. *p<0.05 versus WT. ¢, Neonatal ventricular myocytes were
infected with adenoviruses overexpressing Irx3 and LacZ. d, Irx3 overexpression led to
significantly higher Hcn4 mRNA at 48 hours post infection in comparison to Ad-LacZ
control and uninfected cells. Expression levels were normalized to GAPDH. *p< 0.05

versus non-infected.
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Figure 20. Loss of Irx3 leads to decreased Cx40 expression.
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Figure 20. Loss of Irx3 leads to decreased Cx40 expression.

a, Diagram depiction of where cells were isolated for LCM. b-¢, Prior to laser capture. d-
e, Following laser capture of conduction fiber. f-g, Isolated conduction fiber located on
the LCM capsule. h, qPCR analysis of LCM captured adult VCS cells reveal decreased
Gja5 mRNA in [px3"tec?autacZ. oy 40P hearts (normalized by GAPDH); *, p <0.05

Iy EGFP/+
vs. Irx3" Cx40 GEP/

. 1, Immunofluorescence detection shows decreased Cx40 protein
expression in the VCS of Irx3 null mice at P5. LVL, left ventricular lumen; LVS, left

ventricular septum; CF, conduction fiber.
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Figure 21. Loss of Irx3 leads to ectopic Cx43 expression.

67



Figure 21. Loss of Irx3 leads to ectopic Cx43 expression.

a, Ectopic Cx43" plaques are found in Irx3::EGFP" proximal bundle branch cells of Irx3
null mice. b. Plaque intensity was quantified using the ImagelJ software. *, p< 0.05 versus
wildtype. ¢, Confocal imaging at 100x magnification shows ectopic Cx43" plaques at
conduction-working myocyte, and conduction-conduction myocyte borders in the
absence of Irx3. d-e, Fluorescent dye spread in microinjected proximal right bundle
branch cells (marked by Irx3::EGFP") is mostly within Irx3::EGFP" cells in wildtype
hearts, whereas significantly more dye spread into the working myocardium in Irx3 null

hearts. *, p< 0.05 versus wildtype.
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via Cx43" cell borders.
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Figure 22. In the absence of Irx3, cultured VCS cells re-couple to working myocytes

via Cx43" cell borders.

a, Diagram depiction of the location from which proximal VCS were isolated at P3. Cells
from either wildtype or Irx3 null mice, each expressing the Irx3::EGFP reporter, were
isolated and cultured in DMEM:F12 for 8 hours before immunocytochemistry. b, Cell
pairs were analyzed for clear Cx43 plaque expression at cell-cell borders. In the absence
of Irx3, a higher number of re-aggregated Irx3::EGFP" cells (blue) from the proximal
VCS re-coupled to Irx3::EGFP” working myocytes via Cx43 (green) at cell borders
(marked by N-cadherin, red). c, Quantitation of clear Cx43 plaque expression at cell-cell
borders show that a significantly higher number of VCS (Irx3::EGFP") cells expressed

Cx43 at cell borders in the absence of Irx3. n = 80, *, p < 0.05 versus wildtype.
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CHAPTER 4
Regulation of Cx43 and Cx40 Gene Expression by Irx3
I. Background

Studies to date support a causal relationship between locally acting transcription
factors and early patterning of the conduction system, as well as the establishment of
regionalized expression of genes involved in cardiac electrophysiology (Boukens et al.
2009). A reduction or absence of these transcription factors causes various heart defects
that include improper formation and function of parts of the conduction system. For
example, the transcription factors Tbx5 and Nkx2-5, which are expressed in elevated
levels in the proximal VCS primordium in comparison to the ventricular working
myocardium, are required for activation of fast-conduction system markers (Thomas et
al. 2001; Moskowitz et al. 2007). Furthermore, the transcriptional repressor Tbx3 was
demonstrated to participate in early specification of the His bundles by repressing

markers of working myocardium (Hoogaars et al. 2004; Bakker et al. 2008).

A late wave of VCS maturation, which begins right after birth and involves bundle
branch remodeling, has been shown to depend on Nkx2-5 expression in conduction
myocytes (Meysen et al. 2007). An additional example of a transcriptional repressor that
functions to regulate heart conduction is /rx5, which was shown to repress Kv4.2
transcription to establish an epi-endocardial gradient of this potassium channel subunit
important for ventricular repolarization. Insights into the regulation of Cx40 and Cx43

expression by Irx3 are presented in this final chapter.
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II. Results and Discussion

To gain mechanistic insight into Irx3 function as a transcriptional regulator, we
examined Cx40 (Gja5) and Cx43 (Gjal) expression in isolated neonatal ventricular
myocytes (NVMs) infected with adenovirus encoding GFP, Irx3, dominant Irx3 activator
(VP16-Irx3), or dominant Irx3 repressor (EnR-Irx3) (Figure 23 a). Infected NVMs
overexpressed comparable levels of Irx3 mRNA (figure 23b) and protein (Figure 23c).
Overexpression of /rx3 in HeLa cells led to a significant decrease in endogenous Cx43
expression in a dose dependent manner (Figure 24a). Overexpression of Irx3 in NVMs,
but not the Ad-LacZ negative control, resulted in decreased Cx43 protein levels. Changes
in Cx43 protein corresponded to decreased transcript levels, suggesting that Irx3

represses transcription of Cx43 (Figure 24b-d).

Consistent with the observed Cx40 decrease, Gja5 expression in NVMs was
increased by Irx3 overexpression (Figure 25a,b). Interestingly, EnR-Irx3 overexpression
promoted Gja5 expression, whereas VP16-Irx3 inhibited Gja5 expression. These results
suggest that Irx3 likely regulates GjaJ indirectly, and activates Gja5 expression by
suppressing the transcription of a Gja3 repressor. In contrast, our NVM infection results

indicate that Irx3 directly represses Gjal transcription.

In agreement with a repressive role of Irx3 on Cx43 expression in vivo, Gjal mRNA
and Cx43 protein were reduced in cells overexpressing Irx3 (Figure 25a,b). Furthermore,
Gjal mRNA decreased drastically in the presence of EnR-Irx3 but increased slightly in
response to VP16-Irx3. The effects of dominant repressor and activator forms of Irx3 on
the connexin promoters is summarized in Figure 25¢c. Given that [roquois proteins

commonly act as transcriptional repressors, our data support antithetical regulation of
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Cx40 and Cx43 expression by Irx3 through direct as well as indirect mechanisms.

Promoter analysis of connexins that are expressed in the VCS (Cx40, Cx43, Cx45,
Cx30.2) revealed that only the Gjal promoter contains an evolutionarily conserved
element harboring a putative Irx3 binding site (Bilioni et al. 2005; Berger et al. 2008;
Noyes et al. 2008), which overlaps with an Nkx2-5 binding motif (Irx/NKE) immediately
upstream of a conserved T-box binding element (Figure 26a). Co-immunoprecipitation
show that Irx3 can form a protein complex with Nkx2-5 and Tbx5 (Figure 26b). To
determine if Irx3 binds the Gjal promoter in vivo, we performed chromatin
immunoprecipitation with ventricles isolated from an Irx37"“%* knock-in mouse line,
which expresses a C-terminally tagged Irx3 protein under all potential endogenous gene

expression control elements (Figure 27).

Enrichment for Irx3-3myc-6his was detected at the Gjal promoter region containing
the Irx/NKE element and the core Gjal promoter, but not at an intergenic region of Gjal
or at the Nppa promoter (Figure 28a). We found that Irx3 antagonizes Tbx5- or Nkx2-5-
dependent activation of a Gjal-luciferase reporter in COS7 cells transfected with Irx3,
Nkx2-5, and Tbx5 in combination (Figure 28b). This repression is dosage sensitive and
specific to the Gjal promoter but not to the Nppa promoter (Data not shown). Potential
interaction of in vitro synthesized Nkx2-5 and Irx3 with the conserved Irx/NkKE element
was tested by electromobility shift assays (EMSAs, data not shown). Nkx2-5 or Irx3 was
bound to the conserved element and the respective positive controls. However, when the
Irx3 binding site was mutated, binding was abolished. Further experiments are aimed at
determining whether a mutated binding site could prevent the /rx3-dependent repression

of Gjal-luciferase expression.

73



These results suggest that in cells that express all 3 transcription factors at high levels,
such those from the proximal VCS, Irx3 can repress Nkx2-5- and Tbx5-mediated
activation of Gjal transcription (Figure 28c). Whether direct binding of Irx3 to the Gjal
promoter could lead to transcriptional repression via inhibitory protein-protein
interactions with Nkx2-5 or Tbx5, and/or via recruitment of co-repressors through a

mechanism similar to that of Irx5(Costantini et al. 2005), remains to be tested.

We establish here that Irx3 is a novel transcriptional regulator of rapid electrical
conduction that drives ventricular activation, and could be an important candidate gene in
congenital or acquired conduction system diseases. Irx3 expression in the heart is highly
enriched in the specialized ventricular conduction system cell type, and is required for
tight regulation of Cx gap junction gene expression. Regulation of connexin expression
by Irx3 is likely to be relevant to other excitable cell types such as specific cells of the
central nervous system that also express Irx3. The function of Irx3 exemplifies the

importance of precise transcriptional control in establishing efficient impulse conduction.
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IV. Figures
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Figure 23. Adenoviral overexpression of Irx3 constructs.
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Figure 23. Adenoviral overexpression of Irx3 constructs

a, NVMs were infected with the following adenoviral constructs: GFP control (4d-GFP),
Irx3 (Ad-Irx3, Ad-FLAG-1Irx3), Irx3 fused to the VP16 activation domain (Ad-VP16-1rx3)
or the Engrailed suppressor domain (4d-EnR-Irx3). b, Irx3 mRNA was expressed at
similar levels in NVMs infected with adenoviruses carrying the various overexpression

constructs. ¢, Western blot shows successful protein overexpression in infected cells.
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Figure 24. Irx3 overexpression leads to decreased Cx43 in HeLa cells and
neonatal ventricular myocytes
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Figure 24. Irx3 overexpression leads to decreased Cx43 in HeLa cells and neonatal

ventricular myocytes

a, Irx3 overexpression in HeLa cells led to Cx43 repression in a dose dependent manner.
b, Schematic illustration of adenoviral infection of neonatal ventricular myocytes by
viruses carrying wildtype Irx3 and LacZ control. ¢, Adenoviral infection of NVMs at
MOI of 5 resulted in marked decrease of Cx43 protein. d, qPCR quantitation shows that

overexpression of /rx3 mRNA leads to an increase in Gjal at the transcript level.
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Figure 25. Changes in Cx40 and Cx43 expression in response to adenoviral
overexpression of various forms of Irx3
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Figure 25. Changes in Cx40 and Cx43 expression in response to adenoviral

overexpression of various forms of Irx3.

a, Cx40 protein expression was elevated in Irx3 over-expressing cells compared to
controls. Cx40 levels increased in the presence of EnR-Irx3, and decreased upon
infection with VP16-Irx3. Cx43 decreased in cells overexpressing Irx3 and dominant
negative EnR-Irx3, but increased in response to dominant active VP16-Irx3. b,
Adenoviral overexpression of Irx3 led to marked increase in Gja5 mRNA compared to
non-infected and GFP-infected cells. However, dominant negative Irx3 (EnR-Irx3)
overexpression increased Gjaj mRNA, while dominant active Irx3 (VP16-Irx3) resulted
in decreased Gja5 expression. Adenoviral overexpression of Irx3, FLAG-Irx3, and EnR-
Irx3 leads to marked decrease in Gjal expression. Dominant active VP16-Irx3
significantly elevates Gjal mRNA. ¢, Schematic depicting regulation of Cx40 and Cx43

transcription by dominant active and dominant negative forms of Irx3.
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Figure 26. An evolutionarily conserved binding element for Irx3 and Nkx2-5 resides

in the Gjal promoter.

a, Genome alignment analysis of the Gjal promoter revealed an evolutionarily conserved
element containing a putative Irx3 binding site that overlaps with an Nkx2-5 binding
motif (Irx/NKE). This is immediately upstream of T-box binding elements (TBE). b, Co-

immunoprecipitation shows that Irx3 can form a complex with Nkx2-5 and TbxS5.
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Figure 27. Gene targeting strategy for generating Irx3*™ " mice.

Generation of Irx3-3myc-6his mice was achieved by inserting 3 myc-tags and 6 histidines
at the C-terminus of Irx3. Irx3-3myc-6his protein was detected in whole embryo lysates

and the VCS using antibodies against Irx3 and myc-tag (data not shown).
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Figure 28. Cx43 is a direct transcriptional target of Irx3.

The top panel of part ¢ was adapted from Moskowitz et al., 2007.
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Figure 28. Cx43 is a direct transcriptional target of Irx3.

33mve-6his ice shows

a, Chromatin immunoprecipitation using ventricles from /rx
enrichment of Irx3 at the conserved Irx/NKE site and core promoter, but not at an
intergenic region or the Nppa promoter. b, Luciferase assays shows that Irx3 antagonizes
activation of a Gjal-luciferase construct by transfected Tbx5 or Nkx2-5. ¢, A model for
Gjal transcriptional repression by Irx3 in the proximal VCS where all three transcription
factors are all highly enriched. Sufu, suppressor of fused negative control; ECR,

evolutionarily conserved region; CP, core promoter; Irx/NKE, evolutionarily conserved

binding site for Irx3 and Nkx2-5.
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MATERIALS AND METHODS

Gene targeting and mice.
A loss-of-function mutation in /rx3 was generated in R1 embryonic stem (ES) cells by
replacing part of exon 1 with a fauLacZ reporter after the start codon. Generation of

3¥me6hs mice was achieved by inserting three myc-tags (EQKLISEEDL) and six

Irx
histidines at the C-terminus of Irx3. ES cell lines with the desired mutation were
identified by Southern analysis and germline transmission was achieved by standard

procedures. PCR genotyping of frx3““"**

was carried out using these primers:
GAGTTGGCCGCCTCTGGGTCCCTATCCAAT,
CCCTCTCTCCCGGGTTTCTCTGGCTCTTAC,
GAATTCGCCAATGACAAGACGCTGGGCGGG.

Genotyping of rx3*™<ohis

mice was carried out using these primers:
CAAGAAGGGGTGATGAGAGTCGCTGGGCG, and
GGAGAGGGAACCACGGCGAGAAAGGCCTA. Irx3"““"** mice were crossed with
Cx40F°" to generate mice for GFP and LacZ co-localization experiments. ROSA-YFP;
Irx3“H“" mice were crossed with either Mef2CAHF::Cre or Wntl-Cre mice for lineage

analysis. All analyses were done on the C57BL/6 background. Animals were cared for in

accordance with national and institutional requirements.

Expression analysis.
Fluorescence in situ hybridization in zebrafish was performed as described (Chi et al.
2008). For mice, -galactosidase and Masson’s trichrome staining of fixed embryos and

tissue (4% paraformaldehyde, PFA) was carried out using standard methods. Whole-
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mount visualization of the conduction fibers was achieved in post-fixed hearts cleared by
1:2 benzyl alcohol to benzyl benzoate (BABB). Optical projection tomography (OPT)
imaging of hearts was performed as described (Sharpe et al. 2002). Briefly, hearts were
embedded in 1% low-melting agarose (LMP Agarose, Invitrogen), mounted on stainless-
steel stubs, dehydrated in methanol, and cleared using BABB. Samples were mounted on
a rotating motor and visualized using a Leica FLIII microscope fitted with GFP2 and
rhodamine filter sets. Analysis and visualization of OPT data were performed with Amira

software (http://www.amira.com/).

Immunofluorescence.

Tissues samples were fixed in 4% PFA, immersed in a sucrose gradient (30%, 20%, 10%
sucrose in PBS), and embedded in OCT compound before freezing in a 2-methylbutane
and dry ice bath. Four-chambered view serial sections of 8-um thick were stained with
primary antibodies against Hcn4 (Alome Labs), LacZ (Cappel), Cx40 (Chemicon), GFP
(Abcam), Cx43 (Sigma), tropomyosin (Hybridoma Bank), PECAM (Hybridoma Bank),
Scn5a (Alome Labs), and N-cadherin (BD Biosciences). Depending on the antibody used,
incubations were carried out either at room temperature for 2 hours, or at 4 degrees
Celsius overnight. Secondary detection was carried out using Alexa488-, Alexa555-,
and Alexa 647-conjugated antibodies (Invitrogen). Nuclei detection and slide mounting

were achieved using ProLong ImmunoGold reagent containing DAPI (Invitrogen).

Mpyocyte isolation.
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P1-P3 stage hearts were harvested and digested with 0.25 mg/mL trypsin (Invitrogen) and
50 U/ml type II collagenase (Worthington) in calcium- and bicarbonate-free Hank’s
buffer with HEPES (HBSS) at 37°C. Non-myocytes were minimized by differential
plating for 1 hour as well as by adding 0.1 mM bromodeoxyuridine (BrdU) and 20 uM

arabinosylcytosine (Ara-C) in culture medium to inhibit cell proliferation.

Cell assays.

Myocytes from the proximal VCS, at embryonic day 14.5 and postnatal day 3, were
dissociated as described above. Cells from either wildtype or Irx3 null mice, each
expressing the /rx3:: EGFP reporter, were isolated and cultured in DMEM:F12 media for
8 hours before calcium flux assays and immunocytochemistry. Cells were fixed for 30
min in 4% PFA before immunofluorescence detection using antibodies against Cx40 and
Cx43 as described above. Widefield epifluorescence was performed using a Nikon
Eclipse 7i microscope with 60x/1.49 Apo TIRF objective and a Coolsnap HQ” camera
controlled by NIS elements software (Nikon). Cell pairs were analyzed for clear connexin
plaque expression at cell borders and quantified. For calcium flux assays, the culture
medium was replaced with HBSS containing 2% fetal bovine serum, and GFP" cells were
identified by widefield epifluorescence. Fluo-4AM (5mM, Invitrogen) was then added to
the chamber. Cells were incubated for 15 min before imaging and data acquisition.
Images for calcium flux movies were acquired at a rate of 100 fps using a Nikon Eclipse
Ti microscope with 20x/0.75 Plan Apo objective, and Cascade II 512 camera controlled
by NIS elements software. After image acquisition, Hoechst 33258 (Invitrogen) was

added to medium to visualize nuclei.
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Laser capture microdissection.

Hearts were obtained from adult Zrx3 ™" Cx405 ™" and [rx 3@ tact aubacZ. Oy 4GP
mice. Frozen tissue sections, 10 um thick, were collected and dehydrated. GFP-positive
VCS cells were visualized and captured onto a CapSure Macro LCM cap (Molecular
Devices, Sunnyvale, CA) with a PixCell II System equipped with epifluorescence optics
(Arcturus, Mountain View, CA), a spot size of 7.5 um, power of 60-80 mV, and pulse
duration of 700 ps . Subendocardial and subepicardial cells were also captured on

separate caps. RNA was isolated using the Arcturus Pico Pure RNA isolation kit.

Echocardiography.

Transthoracic echocardiography was used for non-invasive serial assessment of cardiac
function in mice with a Vevo 770 ultrasound machine (VisualSonics) as described(Zhou

et al. 2004; Costantini et al. 2005).

Surface ECG.

Surface ECG (lead I and II) was obtained at P12 and at 8—10 weeks. Three needle
electrodes were placed subcutaneously in standard limb lead configurations in adult mice
that were anesthetized with 1.75% isoflurane at a core temperature of 36.8 + 0.3°C.
Twenty seconds of continuous signals were sampled at 10 KHz in each lead
configuration with a PowerLab4/30 interface (AD Instruments). Data was analyzed

offline using electronic calipers on averaged beats (Chart5Pro v 5.4.2, AD Instruments).
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The QRS interval was measured from the onset of the Q-wave to the isoelectric point
preceding the first rapid repolarization wave. For telemetry ECG, telemetry devices (Data
Sciences International; St. Paul, MN) were implanted dorsally with electrodes in lead II
configuration. Mice were allowed to recover for 60 h post-surgery before ECG data were

collected and analyzed.

Intracardiac ECG.

Intracardiac ECG was measured in anesthetized mice (1.5% isoflurane) while body
temperature was maintained around 36.8 & 0.3°C, using a 2-French octapolar electrode
catheter (CIBer mouse EP catheter; NuMed, Hopkinton, NY, USA). Correct catheter
placement was confirmed upon visualization of 6 bipolar leads from the catheter, where
the most distal lead (1-2) electrogram in the ventricle showed a large ventricular signal
with minimal atrial signal, while the most proximal lead (7-8) showed larger atrial than
ventricular signals. The His-bundle electrogram was confirmed in the middle leads (4-5
or 5-6), or by visualization of a small deflection (< I mV) in between atrial and
ventricular signals. All ECG signals were recorded and amplified at 5 kHz and filtered

between 0.3 Hz and 300 Hz by a Gould ACQ-7700 amplifier and PONEMAH software.

Optical mapping and analysis.

Activation mapping in zebrafish was performed as described(Chi et al. 2008). Beating
hearts from adult 8-10-week-old control and /rx3-deficient were isolated and placed into
Krebs solution containing (in mmol/L) 118 NaCl, 4.2 KCl, 1.2 KH,PO,, 1.5 CaCl,, 1.2

MgSOs, 11 D-glucose, 2 sodium pyruvate, and 25 NaHCOs bubbled with carbogen (95%
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C0O,/5% Oy). Cannulated hearts were perfused with 37°C Krebs solution (pH 7.4) at a
constant flow rate of 3.5 ml/min for a 15-minute equilibration period, followed by 10-
minute perfusion of voltage-sensitive dye, di-4-ANEPPS. Hearts were excited using an
EXFO X-Cite exact source filtered at 543 &+ 11 nm, and high-resolution optical images
were taken using an upright Olympus MV X-10 microscope equipped with a Photometric
Cascade 128+ CCD camera interfaced with ImagePro Plus 5.1 software. Resolution of
image sequences captured was 16-bit, 63 x 64 pixel at 923Hz. All mapping studies were
performed in the absence of any motion reduction techniques. ECG was also recorded
simultaneously. For analyzing optical imaging, a visual basic for applications (VBA)
macros for ImagePro Plus 5.1 was used to subtract values of each pixel from the time
average for each pixel to get the action potential. After passing the AP througha 3 x 3
pixel spatial averaging kernel, activation time was defined as the time of 50%
depolarization during the rising phase of the action potential. Isochronal maps that
display the position of the wavefront at constant time intervals (0.5 ms) were constructed
from the activation times by the Scroll software. Local velocity vectors were calculated
by fitting the depolarization time, measured at each pixel, to a 3x3 pixel plane with least
squares and finding their gradients. Conduction velocities were estimated by averaging

the absolute values of these gradients.

VCS fiber conduction velocity.
While the hearts was perfused with a modified Krebs-Henseleit solution containing 0.3
mM Ca®" at room temperature, action potentials (AP) were gathered using two fine-tip

glass electrodes (A-M Systems model 3100) on the Purkinje fibers identified by Cx40
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promoter-driven EGFP. Conduction velocity was calculated by the time interval between

peaks of two APs divided by the distance between the electrodes.

Connexin imaging and quantitation.

For quantification of Cx40 and Cx43 expression in the VCS, the Scan Large Image
function of NIS Elements was employed to stitch high-resolution (60x/1.49 Apo TIRF
objective) widefield epifluorescence images encompassing the entire septum. With the
Imagel] software, GFP images were converted to binary masks. Within this mask image,
GFP" regions had a value = 1, and all remaining pixels had a value = 0. Masks were
image-multiplied by corresponding Cx40 or Cx43 images to exclude all signals except
that from GFP" cells, and fluorescence intensity was subsequently measured. To account
for slide-to-slide variance, two random 400 x 400 pixel regions of interest were measured
in GFP" regions of the septum. Similarly, background was determined for each image
with a 400 x 400 pixel tissue-free region of interest and subtracted from all values.
Fluorescence intensity in the proximal VCS was then normalized to that of the septal

working myocardium and graphs plotted using Prism 5 software (Graphpad).

Dye injection.

Cardiac slices were prepared from freshly isolated hearts as described (Lisewski et al.
2008). Live 250-um thick slices were obtained in central 4-chambered view to expose
proximal right bundle branches along the septum. Briefly, ventricles were longitudinally
cut with the apex removed before embedding in 2.5% low-melt agarose. Samples were

glued to the stage of a vibrating blade microtome (Leica) and immersed in Hank’s
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balanced salt solution (Invitrogen). Sections were transferred to a glass bottom dish, and
single bundle branch cells, which are elongated in shape and express the Irx3::EGFP
reporter, were identified by wide-field epifluorescence microscopy. For microinjection,
glass micropipettes (Femtotips II; Eppendorf) were loaded with 5 mM AexaFluor594
hydrazide sodium salt (Invitrogen) in 200 mM KCl. Individual GFP" cells were
microinjected at 50 hPa pressure for 0.2 sec with a FemtoJet apparatus (Eppendorf) and
micromanipulator. Four minutes post injection, sections were fixed in 4% PFA overnight
at 4°C. Tissues were processed for GFP reporter detection with the chicken anti-GFP
antibody (Abcam) and AlexaFluor647 goat anti-chicken secondary antibody (Invitrogen).
Z-stacks of mounted sections were acquired by spinning disc confocal microscopy with a
Nikon Ti microscope with a 20X/0.75 Plan Apo objective, Yokogowa CSU-X1 spinning
disk confocal unit with 561- and 647-nm DPSS laser sources and a Coolsnap HQ? camera
controlled by NIS Elements software. Nikon Eclipse 7i microscope had a 20x/075 plan
Apo objective and Coolsnap HQ” camera controlled by NIS elements software.
Maximum intensity projections of 25-um Z-stacks (0.5-um intervals) were generated,

and dye penetration measured using ImageJ software (NIH).

Adenoviral Construct Generation.

Adenoviral Irx3 constructs were generated using Adeno-X ViraTrak Expression System 2
(Clontech). The mouse cDNA encoding the entire Irx3 was fused with FLAG-tag, the
VP16 activation domain, and the Engrailed suppressor (EnR) domain at the N-terminus
of Irx3. These were then sub-cloned into the Creator Donor vector pPDNR-CMV.

Sequence between two loxP sites of pPDNR-CMYV vector was transferred into the single
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loxP site in the adenoviral genome of the Adeno-X ViraTrak Acceptor vector by Cre
recombinase. After selecting recombinants with chloramphenicol, the recombinant
adenoviral genome was released by enzyme digestion with Pacl to produce infectious
recombinant adenoviruses which were transfected into low-passage HEK-293 cells. Two
days later, transfection efficiency was visually confirmed under fluorescent microscope.
7-10 days later, recombinant adenoviruses were harvested and stored in -80°C after titers

were determined.

Adenoviral infection.
After culturing in 10% serum medium for 24 hours, NVMs were infected for 3—4 hours
with adenovirus at a multiplicity of infection (MOI) of 5 and cultured in fresh serum

medium. At day 4, cells were harvested for quantitative PCR or protein experiments.

Luciferase reporter gene assays.

Transfections and Luciferase assays were performed as described(Costantini et al. 2005).
Briefly, COS7 cells were grown in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum to 80% confluency before transfection. 500ng of each
plasmid DNA was transfected using Fugene HD (Roche Applied Science). Luciferase

activity was measured at 44 hours later.

Co-immunoprecipitation and immunoblotting. Co-immunoprecipitation was

performed in COS-7 cells. Cells were grown in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum. At 90% confluency, 10-cm plates were
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transfected with HA-Irx3, FLAG- Nkx2-5, HA-Tbx5, and HA-Su(fu) constructs and
Lipofectamine 2000 (Invitrogen). After 32 days post transfection, cells were harvested
with lysis buffer (150 mM NaCl, 1 mM EGTA and 1% Triton X-100). Cell lysates were
incubated with the indicated antibodies overnight at 4°C; immunoprecipitates were pulled
down with protein G—Sepharose beads and immunoblotted with the indicated antibodies

for overnight at 4°C, following standard protocols.

Chromatin immunoprecipitation.

Chromatin was isolated from hearts expressing /rx3°"“*"*. The Imprint Chromatin
Immunoprecipitation Kit (Sigma) was used according to manufacturer’s instructions to
capture Myc-tagged Irx3 protein. DNA fragments were analyzed by qPCR using custom
Tagman assays specific to regions of interest. For the Nppa proximal promoter, the
primers used are: 5'-GGGACCACCACATATTTCATGCT-3', and 5'-
GTGTCCAAGGTGCCAACAG-3'. For intergenic Gjal: 5'-
GGACAGACATCTGCCAAGGT-3', and 5'-ATGCCCCTCAGCTATCACAC-3'.

For Gjal core promoter: 5'- GCCCCTCCTTCCAGTTGAG-3', and 5'-
TTTTTAACTTGGAGCACAGAGCTTT-3". For the conserved binding site: 5'-
GGTCTGGTTGTGAAATGCCTTT-3', and R 5'-

CTCTTCCTCTTAAACCCGGACAATT-3".

Quantitative PCR.

Total RNA was isolated with TRIZOL reagent (Invitrogen), and cDNA was synthesized

from 1.5 pg of RNA with Superscript Il reverse transcriptase (Invitrogen). Tagman and
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SYBR Green PCR methods were carried out using ABI 7900HT (Applied Biosystems).
Primers and probes for mouse /rx3, Gja5, Gjal, and GAPDH are as follows:

Irx3 forward, 5'-GGCCGCCTCTGGGTCCCTAT-3"; reverse, 5'-
GAGCGCCCAGCTGTGGGAAG-3';

Gja5 forward, 5'-"AAGCAGAAGGCTCGGCCTC-3"; reverse, 5'-
GGAAGCTCCAGTCACCCATCTT-3";

Gjal forward, 5-TCATTAAGTGAAAGAGAGGTGCCC-3'; reverse, 5'-
TGGAGTAGGCTTGGACCTTGTC-3'; GAPDH, TagMan Rodent GAPDH Control

Reagents.

FACS.

FACS sorting of single cells isolated from /rx3:: EGFP+ ventricles was carried out using
FACSDiva and FlowJo. The Irx3::EGFP BAC line was obtained from the Gene
Expression Nervous System Atlas (GENSAT) Project, NINDS Contracts NOINS02331 &

HHSN271200723701C to The Rockefeller University (New York, NY).

Statistical analysis.
Differences between groups were examined for statistical significance by using the

student’s t-test. P values of <0.05 were regarded as significant.
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