1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Dev Dyn. 2013 May ; 242(5): 456-468. d0i:10.1002/dvdy.23934.

Pitx2-Mediated Cardiac Outflow Tract Remodeling

Hsiao-Yen Mal, Jun Xu?l, Diana Engl, Michael K. Gross?, and Chrissa Kioussil”*

1Department of Pharmaceutical Sciences, College of Pharmacy, Oregon State University,
Corvallis, OR 97331, USA

Abstract

Background—Heart morphogenesis involves sequential anatomical changes from a linear tube
of a single channel peristaltic pump to a four-chamber structure with two channels controlled by
one-way valves. The developing heart undergoes continuous remodeling, including septation.

Results—Pitx2-null mice are characterized by cardiac septational defects of the atria, ventricles,
and outflow tract. Pitx2-null mice also exhibited a short outflow tract, including unseptated conus
and deformed endocardial cushions. Cushions were characterized with a jelly-like structure, rather
than the distinct membrane-looking leaflets, indicating that endothelial mesenchymal transition
was impaired in Pitx2~"~ embryos. Mesoderm cells from the branchial arches and neural crest cells
from the otic region contribute to the development of the endocardial cushions, and both were
reduced in number. Members of the Fgf and Bmp families exhibited altered expression levels in
the mutants.

Conclusion—We suggest that Pitx2 is involved in the cardiac outflow tract septation by
promoting and/or maintaining the number and the remodeling process of the mesoderm progenitor
cells. Pitx2 influences the expression of transcription factors and signaling molecules involved in
the differentiation of the cushion mesenchyme during heart development.
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INTRODUCTION

Congenital heart defects are the leading non-infectious cause of death in newborns.
Approximately half of all cases are associated with septational malformations in the outflow
tract (OT) and/or ventricles (Hoffman and Kaplan, 2002). The mammalian heart develops
from cells of four embryonic origins: (1) the cardiac crescent, first lineage or first heart
field; (2) the branchial arch (BA)-derived mesoderm, second lineage or secondary heart
field; (3) the cardiac neural crest (cNC) cells and (4) the epicardium. The first lineage
appears shortly after gastrulation as a population of mesodermal cells that differentiate into
endocardial and myocardial types and form a tubular structure (Harvey, 2002). The second
lineage arises from a population of splanchnic mesodermal cells that contribute to the
formation of OT and right ventricle (RV) (Kelly et al., 2001; Buckingham et al., 2005). The
OT is a tubular structure consisting of striated cardiac musculature lined with endocardium.
The OT follows a dramatic remodeling to form the aorto-pulmonary (AP) septum that
separates the initially single OT vessel to form the ascending aorta (Ao) and the pulmonary
trunk (Webb et al., 2003). Between E9.5 and E10.5, endocardial cushions start to form
across the common OT, the conotruncus, and the atrioventricular canal. The conotruncal
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endocardial cushions further divide into proximal and distal conotruncal cushions. The distal
conotruncal cushions will form the AP septum at E12.5 — E13.5. The linear heart tube
consists of the external layer of myocardium and the internal layer of endocardium, which
are separated by the myocardium-produced extracellular matrix, the cardiac jelly. As
endocardial cushions develop, endocardial cells proliferate and undergo an epithelial-to-
mesenchymal transformation (EMT) and infiltrate the cardiac jelly. As the two cushions
come closer, the endocardial cell barrier degenerates and the mesenchymal cells form a
bridge to stabilize the fusion of the two cushions (Ray and Niswander, 2012). When tissue
alignment, fusion or rotation is disrupted, transposition of the great arteries (TGA) or
double-outlet right ventricle (DORV) occurs. Complete failure of OT septation results in
persistent truncus arteriosus (PTA).

At the early stages, cNC cells penetrate the second lineage, which is adjacent to the
pharyngeal ectoderm, for the formation of the OT. The unspecified mesoderm receives
extracellular cues that orchestrate its sequential differentiation into cardiogenic mesoderm,
myocardium and smooth muscle. These cues are primarily signaling molecules, such as the
bone morphogenetic proteins (BMPs) and the fibroblast growth factors (FGFs). BMP
signaling is involved in the induction of the cardiac differentiation. Bmp2 and Bmp4 induce
Nkx2.5 and Gata4, which regulate differentiation of cardiac mesoderm into first and second
heart lineages (Monzen et al., 1999). BMP signaling promotes specification and
differentiation of the second lineage to a cardiac fate by inhibiting FGF signaling (Tirosh-
Finkel et al., 2006). Bmp4 is expressed in the splachnic mesoderm, BA mesoderm, and OT
myocardium, and is required for OT septation and endocardial cushion remodeling (Liu et
al., 2004). FGF signaling is involved in cardiac induction, septation, cell proliferation and
OT alignment (Kelly et al., 2001; llagan et al., 2006; Park et al., 2008).

Sequence-specific transcription factors (SSTFs) are also involved in guiding proper cardiac
cellular proliferation, differentiation and migration. The LIM-homeodomain protein Islet-1
(Isl1) is expressed in the pharyngeal mesoderm and is required for the development of the
SHF lineage and its derivatives (Cai et al., 2003). Isl1 marks proliferating, undifferentiated
pluripotent cardiovascular progenitors of the second lineage (Cai et al., 2003; Buckingham
et al., 2005). /s/Z-null mice die at E10 with hearts lacking OT septation. The bHLH protein
Mef2c marks a subpopulation of the second lineage (Dodou et al., 2004) and, when mutated,
leads to similar defects as /s/Z, including defective heart looping and malformed OT (Lin et
al., 1997; Buckingham et al., 2005). 7bxZ is expressed in the non-cNC-derived mesoderm of
the caudal pharyngeal region, which is part of the second lineage and contributes to the
formation of OT and RV (Hu et al., 2004; Xu et al., 2004). Fgf8and Fgfil0act downstream
of Thx1 in the second lineage (Vitelli et al., 2002; Kelly and Papaioannou, 2007).

Pitx2, a paired-like homeobox SSTF, is transiently expressed on the left side of the cardiac
crescent and linear heart tube during early development (E8), and later (E9-E14.5) is
expressed in the OT and RV. Genomic screens for inherited atrial fibrillation patients have
found deficiencies in the Pitx2 locus (Schnabel, 2011). Pitx2-null embryos are characterized
by a non-septated atrium, valvular and OT deficiencies, including PTA, DORV and TGA
(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999; Kioussi et al.,
2002). Pitx2 controls the specification of cardiac cells within the second lineage by
repressing Fgfl10 and Isl1 (Galli et al., 2008). Pitx2 and Thx1 are necessary for proper
migration and proliferation of secondary lineage cardiac progenitors (Nowotschin et al.,
2006). The observed phenotypes of the knockout mouse models indicated that Pitx2 is
critical in regulating the OT formation. Here we report that Pitx2 acts in a network kernel
during cardiogenesis and controls the state of the cells of the second lineage as they migrate
from the BA to OT and enter the remodeling state to form the valves.
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RESULTS

Hypocellular OT Endothelial Cushions in Pitx2 Mutants

Pitx2-null mice (PitxaLacZ/LacZ | pjx22/2) die at E14.5 due to arrest of organ development
(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999). The heart is one
of the organs that is severely affected, displaying atrial and ventricular septal defects,
hypoplastic RV, RA isomerism, DORV, TGA, PTA and abnormal aortic arch remodeling
(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999; Campione et al.,
2001; Liu et al., 2002). The phenotype of the developing OT was analyzed at E10.5 and
E12.5 in mutant and wild type mice (Fig. 1). At E10.5, the heart was already smaller, with
delayed looping (Fig. 1A, B). The length of the OT was measured in at least three groups of
mice, and a 20% decrease was identified (Fig. 1C), as has been also previously described
(Aietal., 2006). As the heart matures, it undergoes remodeling, and at E12.5 the OT divides
and forms two structures, the aorta (Ao) and pulmonary artery (PA) (Fig. 1E). The septation
of the OT occurs by (1) the initial division of the aortic sac by the cNC cells, (2) the
septation of the distal part of the OT (truncus), and (3) the zipper-like closure of the
proximal part (conus) through the fusion of the cushions (Kirby, 2007). By E12.5, septation
of the truncus, including the semilunar OT valves, has been completed. The conus closes
from distal to proximal towards the ventricles. The ridges beneath the endocardium start to
bulge, and when they meet in the middle of the lumen, the endocardium breaks down and a
septum is formed (Waldo et al., 1998; Waldo et al., 1999). This conal septum separates the
pulmonary and aortic roots. The Pitx2 mutants that exhibited DORV (Fig. 1F) continued to
exhibit a shorter OT by 20% (Fig. 1G). Histological analysis on transverse sections at the
conus level (Fig. 1E1, F1) indicated a thin and loose epithelium, a non-septated conus with
randomly arranged mesenchymal cells within the semilunar valves, in the mutants (Fig.
1F1). Cell-counts of serial transverse sections through the OT of three individual mice for
each stage indicated a slow but consistent cell reduction during OT valve formation, starting
with no significant reduction at E10.5 (Fig. 1D) followed by a 17.5% reduction at E12.5
(Fig. 1H). Double labeling immunohistochemistry for MF20 and Pitx2(B-Gal) on transverse
sections at the level of the pulmonary and aortic roots at E12.5 (Fig. 11, J) indicated lack of
MF20™ cells between the roots in mutants (Fig. 1J). Pitx2 was expressed in the muscularized
semilunar pulmonary and aortic valves (Fig. 11, yellow cells). No MF20™ cells were detected
in these cells in mutants (Fig. 1J). These data collectively suggest that Pitx2 is involved in
the formation of the OT septum and in the muscularization process of the pulmonary and
aortic valves.

Cell Death and Proliferation Defects of OT Mesenchymal Cells in Pitx2 Mutants

During cardiac remodeling, the OT cushions undergo EMT and become the membranous
valves upon activation of cell apoptosis. To determine if Pitx2 is involved in this
mechanism, Pitx2-mutant and heterozygote littermates were examined for TUNEL and
BrdU incorporation (Fig. 2). No cell death differences were detected at E10.5 (Fig. 2A, B).
By E12.5, the OT undergoes remodeling and mesenchymal cells follow programmed cell
death (Fig. 2C, arrows). No such cells were detected in the mutants (Fig. 2D). Cell-counts of
OT serial sections at E12.5 showed significant decrease of TUNEL™ cells in the mutants
(Fig. 2E). To assay for cell proliferation, BrdU* and BrdU*/Pitx2*(B-Gal*) mesenchymal
cells were detected by double labeling immunohistochemistry at E10.5 (Fig. 2F, G) and
E12.5 (Fig. 21, J). Cells were counted in five serial sections from three independent embryos
at each stage and genotype. The number of BrdU* cells was 20% higher in mutants at both
stages, while the number of BrdU*/Pitx2* cells was increased by 57% at E10.5 and 65% at
E12.5 (Fig. 2H, K). Collectively these data suggest that Pitx2 maintains the number of
mesenchymal cells by inhibiting them from entering the cell cycle and promoting their exit,
for further differentiation and/or apoptotic fate.
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Second Cell Lineage and cNC Cell Defects in Pitx2 Mutants

Expression of Pitx2 in the OT cushions is detected as early as E10, and absence of Pitx2
results in a non-septated aorta and pulmonary trunk (Gage et al., 1999; Kitamura et al.,
1999; Lin et al., 1999; Kioussi et al., 2002). To investigate the cellular events, the Mef2c-
lineage tracer mouse was crossed to RosaEc" to detect the second cell lineage (Verzi et al.,
2005). Double labeling immunohistochemistry was used to determine the distribution of
EGFP(Mef2c) and Isl1 in BAs (Fig. 3A, B) and OT (Fig. 3D, E) at E10.5. Mef2c is
restricted to the second lineage, while Isl1 primarily marks the cardiac progenitor cells (Cai
et al., 2003) and, to a lesser extent, the cNC cells (Engleka et al., 2012). EGFP*/IsI1* cells
were detected as they enter the heart tube (Fig. 3A) and were severely reduced in the
mutants (Fig. 3B). The EGFP™* cells were also already very much reduced in the BAs (Fig.
3B). The EGFP*/IsI1* cells located in several layers of the OT epithelium (Fig. 3D) were
reduced in mutants (Fig. 3E). The EGFP™* cells that contribute to the formation of the
epithelium and leaflets (Fig. 3D) were also reduced in the mutants (Fig. 3E). These cellular
defects were more prominent at E12.5 (Fig. 3G, H). Very few EGFP* and almost no Isl1*
cells were detected in the OT epithelium and leaflets. Quantitative assays indicated almost
50% reduction of EGFP(Mef2c) in BA (Fig. 3C) and the entire heart (Fig. 3F, I) compared
to wild type embryos. Isl1 RNA levels were also reduced in the tested biopsies but in less
extent (Fig. 3C, F, I). RNA levels for both EGFP and Mef2c were measured and no
difference was detected in both BA and OT, suggesting that EGFP levels correspond to the
endogenous Mef2c.

The cNC cells also contribute to the OT endocardial cushions. Postotic NC cells contribute
to OT endocardial cushions (Kirby, 2007); preotic NC cells distribute to the contruncus and
coronary artery formation (Arima et al., 2012). To test the cNC distribution in the OT of the
Pitx2 mutants, the Wnt1"€/RosaECFF reporter mouse was crossed to the Pitx2-4< line.
Although the contribution of the Wnt1* cells to the OT under the Pitx2 influence was
previously reported, (Ai et al., 2006), we performed the analysis at earlier developmental
stages. At E9.5 the OT is already shorter in the Pitx2 mutants, (Fig. 4B) and the Wnt1* cells
just populated the OT; while in the control wild type mice, they start to fuse and widely
populate the area (Fig. 4A). At E10.5, a thick stream of Wnt1* cells was located in the OT
(Fig. 4C); while in the mutants, this population seems restricted to the truncated truncus
(Fig. 4D). At E12.5 this delay of the Wnt1* cells to populate the truncus and conus seems to
be recovered in the mutants (Fig. 4E, F). However, the expression levels of another cNC
marker, Ap2a, were reduced in the OT in mutants (Fig. 4G, H) at E12.5. These data suggest
that Pitx2 influences the distribution of the BA mesoderm derived and cNC cells during OT
and endocardial cushion development.

Pitx2 Occupancy at SSTF Loci in BAs and Heart

Our data have shown that Pitx2 regulates the expression of both Mef2c¢ and Isl1 in the BAs
and OT, indicating this regulation might be on a transcriptional level. Chromatin-occupancy
analyses provided another means to assess the interaction between Pitx2 and the SSTF that
were altered in E10.5 Pitx2 mutants. Embryos from approximately 2—-3 synchronous litters
were rapidly genotyped. Tissue biopsies, including BA (mandibular part of 15t, 2" and 3
BA) and heart (OT, atria and ventricles), were dissected from 6-8 embryos of each genotype
and pooled for two independent experiments. From each experiment, a pair of wild type and
mutant chromatin extract was generated with sufficient material for one
immunoprecipitation, using an anti-Pitx2 antibody. Each immunoprecipitate provided
enough material for 15 triplicate qPCR analyses. Amplicons within the MefZc, Isl1, Gat4
and Nkx2.5loci were identified, as described previously for T-box (Hilton et al., 2010) and
Hox (Eng et al., 2012) genes. Core motifs for bicoid class homeodomains (TAATCY) that
were embedded in evolutionarily conserved non-coding regions and were, themselves,

Dev Dyn. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ma et al.

Page 5

evolutionarily conserved, were identified (Fig. 5). Each red diamond represents a different
species in which the core motif was conserved and expected to be essential for biological
function. Core motifs with the most diamonds were selected as candidate c¢isregulatory
modules, and primer pairs were designed to encompass a 70-150 bp context around these
sites. The initially selected primer pairs were tested by endpoint PCR on purified genomic
DNA. Amplified pairs were selected for SSTF chromatin occupancy analyses by ChlP-
gPCR (Table 1). The mutant extract lacks Pitx2 protein and is, therefore, expected to have
0% occupancy. The signal measured in the mutant precipitate, for any given amplicon, is a
direct measurement of the background. Pitx2 occupied Mef2c (Fig. 5A, B) and /s/1 (Fig. 5C,
D) in the BA biopsies at positions =521 and +1983, respectively. No Pitx2 occupancy was
detected on Gata4 (Fig. 5F) at the positions —1065, +29818 and +36199, despite being
evolutionarily conserved (Fig. 5E). Pitx2 occupancy was also not detected on Nkx2.5 (Fig.
5H) at the positions —10523 and —1952 (Fig. 5G). Pitx2 occupancy on 7bxI BA biopsies has
previously been reported in E10.5 mice (Shih et al., 2007a). The Pitx2 occupancy on the
SSTF Mef2c and /s/1 correlates well with their altered expression profiles in the developing
BA. It has been shown that Pitx2 regulates Gata4 expression (Lozano-Velasco et al., 2011),
and Nkx2.5has synergistic activity with Pitx2 (Ganga et al., 2003). However, this might not
be due to Pitx2 occupancy at this developmental stage.

Pitx2 and FGF/BMP Signaling

FGFsignaling in the second cardiac lineage is essential for OT cushion formation and
remodeling. Fgf8expression in the ectoderm of the 15t and 2"d BA regulates proliferation
and differentiation of post-migratory cNC cells. FGF signaling in the OT myocardium
controls extracellular matrix formation; while BMP signaling is essential for endothelial cell
transformation and invasion of cNC cells (Park et al., 2008). RNA in situ hybridization at
E10.5 was used to determine the expression profile of Fgf8, Fgf3, Bmp4 and Notch (Fig. 6).
Fgf8is detected in the ectoderm of the 2™, 37 and 4t BA in wild type and heterozygote
embryos (Fig. 6A, B) and was barely detectable in the 41 BA in mutants (Fig. 6C), as
previously described (Liu et al., 2003). Similarly, the area of Fgf3expression in the 3™ — 6t
BA (Fig. 6E, F) was reduced in mutants (Fig. 6G). The Noifch signaling has been implicated
in regulating EMT during valve development. NofchZis expressed in the cNC-derived
vascular smooth muscle cells and is critical in mammalian OT development (Niessen and
Karsan, 2008). Notch2was expressed in the 3" and 41" aortic arch (Fig. 61, J), with
significantly reduced expression levels in the mutants (Fig. 6K). Bmp4 is expressed in the
ventral splanchnic mesoderm, BA mesoderm, and OT myocardium. Bmp4 promotes
proliferation of cushion mesenchyme and concurrently represses cell proliferation in the OT
myocardium (Liu et al., 2004). The Bmp4-distinct area of mesenchymal expression in the
OT (Fig. 6M, N) was not detected in mutants (Fig. 60). The thinner OT epithelium was
prominent in all mutants (Fig. 5M, N, O, red and black dotted line). Quantitative PCR
analysis further confirmed the lower expression levels of Fgf8 (Fig. 6D), Fgf3 (Fig. 6H),
Notch2 (Fig. 6L) and Bmp4 (Fig. 6P) in the mutant BA and heart (only for Bmp4) biopsies
at E10.5. No significant difference between wild type and heterozygote was detected.
Collectively, these results suggest that the combination of the altered FGF, BMPand Notch
signaling results in the hypoproliferative mesenchymal cells in the OT cushions and their
delayed EMT.

Cardiac Vascular and Innervation Defects in Pitx2 Mutants

Unilateral ablation of Pitx2results in asymmetric remodeling of the BA system, which leads
to randomized laterality of the aortic arch (Yashiro et al., 2007). We investigated the aortic
arch system defects, found in the Pitx2 mutants at the cellular level, by whole mount
antibody staining with platelet-endothelial cell adhesion molecule (PECAM) at E10.5 (Fig.
7A, B, D, E). Endothelial cells were detected in the well-developed 3 and 4 BAs and, to a
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lesser extent, in the 61 BA (Fig. 7A). An increased number of endothelial cells were
extending into the OT and RV in wild type mice (Fig. 7A, D). In contrast, endothelial cells
were severely reduced in mutant BAs (Fig. 7B) and OT (Fig. 7E). A similar phenotype was
also observed at E11.5 (data not shown). Quantitative PCR further confirmed the reduced
PECAM level of expression in mutant BA (Fig. 7C) and heart biopsies (Fig. 7F). The BA
innervation process was also affected in Pitx2-null mutant mice as detected by whole mount
neurofilament (NF) antibody staining (Fig. 7G, H, J, K). The maxillary (V2) (Fig. 7G, H, red
dotted line) and mandibular (V3) (Fig. 7G, H, star) branch of the trigeminal nerve (V) that
innervates mastication muscles was not prominent in the mutants. Pitx2 mutants do not form
mastication muscles (Shih et al., 2007a); and, thus, V2 and V3 were unable to migrate to
their final destinations, as the supportive tissue was missing. The facial nerve (V1) that
innervates the facial muscles and receives the sense from the anterior tongue was distorted.
It failed to reach the edge of the 2"d BA (Fig. 7G, H). The sensory acoustic nerve (VII1) that
migrates parallel to VII had a similar phenotype (Fig. 7G, H). The glossopharyngeal nerve
(1X) provides special innervation to the stylopharyngeus. The vagus nerve (X) provides
brachiomotor innervation to the majority of laryngeal and pharyngeal muscles and has three
nuclei associated with the cardiovascular control the dorsal motor nucleus, the nucleus
ambiguous, and the solitary nucleus. The afferent fibers of the autonomic nervous system
transmit signals to the medulla by cranial nerves X and IX. Both IX and X nerves, located in
the jugular area, were thinner, shorter, and not properly aligned in mutants, possibly as a
result of the severe distortion or absence of several facial muscles (Fig. 7G, H). The X nerve
innervates the OT to sense the aortic blood pressure and to slow the heart rate (Fig. 7G,
arrow). NF expression was detected in the wild type (Fig. 7J) heart but in much lower levels
than in mutants (Fig. 7K). This signal reduction may explain the observed arrhythmias and
conduction deficiencies in Pitx2-mutant mice and human patients (Schnabel, 2011).
Quantitative analyses for NF (Fig. 71, L) were also performed in BAs (Fig. 71) and heart
(Fig. 7L) biopsies, indicating significant reduction of NF in mutants.

DISCUSSION

Homeobox genes are key players for cell specification and organ formation as members of
network kernels at early developmental stages. Pitx2 specifies tooth, pituitary, (Gage et al.,
1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999; Shih et al., 2007b), facial
(ocular and mastication) (Gage et al., 2005; Shih et al., 2007a) and abdominal (Hilton et al.,
2010) muscle development, while regulating the developmental process of organs including
heart, intestine and lung (Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al.,
1999; Shih et al., 2007b). The human Axenfeld-Rieger syndrome associated with mutations
in PITXZlocus 4925 is characterized by umbilical hernia, glaucoma, myopathies and
cardiac arrhythmias (Perveen et al., 2000; Schnabel, 2011). The close correlation of mouse
phenotypes to the human syndrome demonstrates the evolutionarily conserved functions of
Pitx2. Pitx2 loss of function results in severe cardiovascular defects, including atrial
isomerism, DORV, TGA, PTA and abnormal aortic arch remodeling (Gage et al., 1999;
Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999; Campione et al., 2001; Liu et al.,
2002). Genetic studies have shown that Pitx2-mediated signaling during cardiogenesis is
conducted within BA mesoderm cells (Ai et al., 2006), pharyngeal arch mesenchyme
(Franco and Campione, 2003) and cNC cells (Hamblet et al., 2002; Kioussi et al., 2002).
Our data show that Pitx2is a member of a network kernel, including MefZc, Is/1, Thx1,
Gatad and Nkx2.5, that synergistically regulates endocardial cushion development and
separation of the great arteries. We have demonstrated that Pitx2 occupies cis regulatory
elements of MefZc, Is/1and ThxI (Harel I, 2012) in BA mesoderm.

Conotruncal defects, including TGA, DORV, tetralogy of Fallot, and PTA, result in
abnormal OT development, including hypocellular cushions, altered conotruncal rotation,
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and misalignment of septal components. Endocardial cushion formation starts with a
swelling of the OT region at E9.5 and their formation is induced by signals from the
myocardium that inhibit expression of chamber-specific genes and the active expression of
extracellular matrix genes. BMPs are the major myocardial signals that initiate endocardial
cushion formation and remodeling by promoting EMT (Lyons et al., 1990; Ma et al., 2005).
Bmp4 is required for endocardial cushion expansion and OT septation (McCulley et al.,
2008). Loss of Bmp4 in the second cardiac lineage results in a limited number of cells in the
developing OT cushions and a defective remodeling process, a very similar phenotype to the
one observed in the Pitx2-mutant mice. BMP signaling in the endocardium and cNC cells is
vital to OT septation and formation of the aorta and pulmonary arteries.

TGFps are among the early signaling molecules implicated in endocardial cushion
development. TGFp ligands and receptors are expressed in the OT during cushion formation
and EMT (Brown et al., 1996). TGFp signaling acts through SMADs to induce expression
of the SSTF Slug that, in turn, promotes endocardial cushion formation of the
antrioventricular canal (AVC) via EMT mechanisms (Romano and Runyan, 2000). Wnt/B-
catenin regulates cardiac valve formation (Hurlstone et al., 2003) and, together with TGFp,
regulates cushion EMT. Notch signaling induces the expression of the pro-migratory SSTF
Snail in AVC and OT endocardial cushion endothelial cells undergoing EMT. Snail inhibits
VE-cadherin activity, and mesenchymal cells break contact with their neighboring cells.
Notch signaling is also required for TGFR2 and several TGFp receptors in AVC and OT to
further support endocardial EMT.

Fgf10, a target of the Wnt-p-catenin pathway in the cardiac mesoderm, is expressed in the
second cardiac lineage (Kelly et al., 2001). However, Fgf10-null mice do not exhibit
apparent cardiac defects. Fgf8 is also expressed in the second cardiac lineage and, when
mutated, results to DORV and PTA (Abu-Issa et al., 2002; Frank et al., 2002). Fgf8 is
essential for mesoderm-derived cell proliferation and survival during OT elongation.
Reduced expression of Fgf8 in mesoderm- and ectoderm-derived cells, resulting in apoptotic
cNC cell death in the developing pharyngeal arches (llagan et al., 2006).

Cardiac NC cells migrate into the OT endocardial cushions and contribute to the formation
of aortic and pulmonary valves. Ablation of ctNC cells results in OF defects, including
shortening in length, delayed rotation and caudal displacement, dextroposed aorta (DORV),
PTA, and interruption of the aortic arch. The shorter OT is also characterized by decreased
second cardiac lineage cell migration (Waldo et al., 2005). This reciprocal interaction
between the two cell lineages is essential for the OT septation.

Pitx2 acts upstream of the Wnt11/TGFp2 signaling pathway that regulates extracellular
matrix composition, cytoskeletal rearrangements and polarized cell movement required for
tissue morphogenesis (Zhou et al., 2007). BMP and Notch expression was Pitx2-dependet in
the OT of the linear heart tube in areas where cushions will be formed (Fig. 61-K, M-0).
This further supports the involvement of Pitx2 in a multi-signaling network during cushion
formation and EMT induction and maintenance. Pitx2-mutant mice also exhibit remodeling
malformations of intraventricular septum and ventricular myocardium (Tessari et al., 2008).
The formation of AVC and the ventricular septation is another type of cell fusion that
requires EMT.

Thus, we conclude that Pitx2 regulates the maintenance and epithelial-mesenchymal
transitions of the BA mesoderm cells as they enter the linear heart tube to form the OT
endocardial cushions. Pitx2 promotes the healthy interaction of the mesoderm-derived and
cNC cells for proper OT septation by acting as a node of a sophisticated network kernel.
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EXPERIMENTAL PROCEDURES

Mice

ICR Pitx2*/LacZ ( pjtx2*/2) mice (Lin et al., 1999) were bred and females were checked for
the presence of a vaginal plug (E0). Embryos were isolated at different developmental stages
and the yolk sacs were used for genotyping. Mef2c" mice (Verzi et al., 2005) and W1
mice (Jackson Lab) (Echelard et al., 1994) were crossed with Rosa265CFF(RosabCrP)
(Jackson Lab) (Mao et al., 2001) mice to obtain Mef2cc™qRosaFCFF and Wint1¢ Rosa=Cr”
double heterozygotes, respectively. Pitx2*/Z mice were crossed with Mef2cC8 RosaECFF or
Wnit1€"q RosafGFP to generate green Pitx2wild type and mutant mice. PCR analysis from
tail genomic DNA identified the 380 bp EGFP and 400 bp Cre bands.

Immunohistochemistry, TUNEL and BrdU

Immunohistochemistry on cryosections was performed as described by (Shih, 2007).
Sections were photographed on an Axiolmager Z1, Zeiss microscope. TUNEL assay was
also performed as recommended by the manufacturer (Dead End kit; Promega). Pregnant
female Pitx2*/Z mice were injected with 5 mg/ml BrdU 2 hr before dissection. Embryos
from injected mice were processed, as previously described (Shih et al., 2007a).
Immunohistochemistry of whole-mount embryos was performed according to standard
protocol (Joyner and Wall, 2008). Whole embryos were photographed with a discovery V8,
Zeiss microscope. Primary antibodies are listed as follows: MF20 (Mouse, 1:50, DHSB), -
galactosidase (Rabbit, 1:1000, Cappel), BrdU (Rat, 1:100, Accurate Chemical Scientific
Corporation), EGFP [Rat, 1:1500, (Shih et al., 2007b)], Isl1 (Mouse, 1:30, DHSB), PECAM
(Rat, 1:10, BD Biosciences), Neurofilament 200 (Rabbit, 1:100, Sigma).

Quantitative Real-time PCR(qPCR)

cDNA from BA (n=5) and heart (n=5) were prepared by RNeasy Micro Kit (Qiagen). cDNA
(25ng) was analyzed by qPCR using SYBR Green | methodology as previously described
(Hilton et al., 2010). All samples were analyzed in triplicate and normalized by
glyceraldehyde-3-phosphate dehydrogenase. All gPCR primer sets are listed in Table 1.

Pitx2-Binding Site Analysis

An in house Perl script, binding_site_compare.pl was used for identifying the absolute
location and evolutionary conservation of potential Pitx2-binding sites TAATCY (Amendt
etal., 1998; Eng et al., 2010; Campbell et al., 2012; Eng and Dubovoy, 2012). The
alignments for each gene, along with the 20kb region upstream of the gene, were download
from the UCSC Genome Browser on Mouse July 2007 (NCBI137/mm9) Assembly, available
at http://genome.ucsc.edu/. The alignments were then formatted for our script, which
identified the absolute location of potential Pitx2 binding sites and the species conserved for
each binding site. Excel was used to map binding site locations and species to each gene.

Chromatin Immuno-Precipitation (ChIP)

Heart and BA biopsies from 6-8 embryos of E10.5 Pitx2wild type and Pitx2%Z mice were
harvested per ChIP. Samples were collected and processed as previously described (Hilton
et al., 2010). Primers were designed for binding sites identified as conserved sites. Control
primers were designed for regions on the genome with no putative binding site within a
minimum of a 1kb window on the mouse genome. All primer sets are listed in Table 1.

RNA in situ Hybridization

Whole-mount RNA in situ hybridization was performed according to standard procedures
(Oliver et al., 1995). RNA in situ hybridization on sections was performed on 16 pm
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cryosections, as previously described (Kyrylkova et al., 2012). Digoxigenin-labeled
antisense RNA in situ probes were generated by an in vitro transcription kit (Dig RNA
labeling kit, Roche Molecular Biochemicals). AP-conjugated anti-DIG antibody (1:500) was
used to detect the hybridization signals (Roche Molecular Biochemicals).
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Figure 1. Shorter and Hypocellular Cardiac OT in Pitx2 Mutants

Ventral view of the entire heart at E10.5 (A, B) and E12.5 (E, F) showed a shortened OT
with a prominent DORYV in Pitx2-mutant mice (F). (C, G) The length of the OT was
measured as indicated by brackets. Statistics were based on results from 3 different embryos
at each stage. HE staining on 14 um transverse cryosections at E10.5 (A1, B1) and E 12.5
(E1, F1) mice indicated thinner OT epithelium in the conus. The black and yellow lines
correspond to the outer and inner epithelium, respectively. (D, H) Cell counts of a set of 5-8
serial sections along the OT showed reduction of cells in the cushions of mutants. ***:
p<0.01, **: p<0.05. (I, J) Double labeling immunohistochemistry on E12.5 mouse
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transverse sections for MF20 and Pitx2 (B-Gal). No MF20* cells were detected in the conal

septum and semilunar valves in the mutants. Ao, aorta; AV, aortic valve; LV, left ventricle;
PA, pulmonary artery; PV, pulmonary valve; RV, right ventricle.
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Figure 2. OT Cushion Mesenchymal Cell Proliferation and Apoptosis Defectsin Pitx2 M utants
TUNEL assay (A-D) was performed on 14 pm frontal sections to identify the cell apoptosis
index during OT remodeling. TUNEL signal was not detected at E10.5 in either OT
mesenchyme of the heterozygote or in mutant littermates (A, B). The TUNEL signal was
detected in heterozygote OT cushion mesenchyme (C, white arrows) but not in mutant
littermate (D) at E12.5. The number of apoptotic cells in the OT cushion was counted based
on eight continuous sections for three individual embryos at E12.5 (E). Double labeling of
B-gal and Bromodeoxyuridine (BrdU) on 14 pm frontal sections showed Pitx2 effects on cell
proliferation (F, G, I, J). The number of proliferative cells was increased in Pitx2 mutants at
E10.5 and E12.5, respectively (H, K). The BrdU" and BrdU*/Pitx2* cells were counted
based on five continuous sections for three individual embryos in each stage. The OT
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cushion was traced by a white line. Statistics were based on results from 3 different embryos
at each stage. ***: p<0.01.
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Figure 3. Defects of the Second Cardiac Cell Lineage in Pitx2 Mutants
Double labeling immunohistochemistry of transverse cryosections sections of Mef2cCre/%|
RosaECFPM pitx2™* (A, D, G) and Mef2cC'e*|RosaECrF/#|Pitx2/Z (B, E, H) for EGFP

(Mef2c) and Isl1 indicated reduction of cell populations in the mutant BA (B) at E10.5 and
OT at E10.5 (E) and E12.5 (H). (G, F, I) Quantitative analysis by gPCR for EGFPand /s/1
indicated reduced levels in E10.5 BA (C) and OT (F, I). ***: p<0.01; **: p<0.05; *: p<0.1.
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Figured4. Impaired cNC cellsin Pitx2 mutants

Whnt1€* Rosa=CFAPitx2* (A, C, E) and Wnt1€*|Rosa=CFPIpitx22/Z (B, D, F) hearts
were dissected at E 9.5 (A, B), E 10.5 (C, D) and E 12.5 (E, F). The green fluorescent cNC
cells that migrated towards the OT were reduced in mutants, with more prominent
phenotype at E9.5 and E10.5. (G, H) Whole mount RNA in situ hybridization at E12.5
hearts for ApZa. expression indicated reduced levels in the great arteries in mutants.
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Figure 5. Pitx2 Occupancy on SSTF Gene Loci in BA and Heart Chromatin

Sonically sheared chromatin, isolated from E10.5 mice, was used to detect Pitx2 protein
occupancy on MefZc (A) and /s/1 (B) in BA biopsies and Gata4 (E) and Nkx2.5(G) in heart
biopsies. PCR amplicons of 70-150bp (red boxes) were designed around highly
evolutionarily conserved bicoid core motif TAATCY. Each red diamond indicated a single
vertebrate species, containing the biocoid core motif. Bar graphs show the average relative
amount of signal precipitated from wild type (white bar) and mutant (black bar). Pitx2 was
found to occupy the MefZcand /s/1 gene on the conserved —521 (B) and +1983 (D) sites in
E10.5 embryonic BA biopsies, respectively. No significant difference was measured for
Pitx2 occupancy in conserved regions of Gata4 (F) and Nkx2.5 (H) in E10.5 heart biopsies.
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Figure 6. Alteration of FGF, BMP and Notch Signaling in Pitx2 Mutants

RNA in situ hybridization on cryostat sections revealed altered Fg78 (A—C), Fgf3 (E-G),
Notch2 (1-K) and Bmp4 (M-0O) expression in E10.5 Pitx2 control (wild type and
heterozygote) and mutant mice. The Fgf8expression in 3™ and 41" BA ectoderm was
decreased in mutants compared to control embryos (C). Fgf3expression levels were reduced
in the 2nd — 6t BA mutants (G). Notch2 expression levels, detected in the 3" and 41" BA in
wild type (1) and heterozygote (J), were barely detectable in 3 and 41" BA in mutants (K).
No Bmp4 expression was detected in the OT mesenchymal cushions (area inside the black
dotted line) in mutants (O) compare to the control (M, N). Thinner OT wall (between red
and black dotted line) was consistently observed in Pitx2 mutants (O). Quantitative PCR
assay indicated the significantly decreased mRNA expression levels of Fgf8 (D), Fgf3 (H),
Notch2 (L) and Bmp4 (P) at E10.5 BA (D, H, L) and heart (P) biopsies, respectively.
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Figure 7. Vascular and Nervous System Defectsin Pitx2 Mutants

Whole mount antibody staining with PECAM (A, B, D, E) and NF (G, H, J, K) was
performed on E10.5 Pitx2wild type and mutant mice. PECAM expression is reduced in BA
(3,4 and 6) and OT (A, B, arrowhead). The dorsal view of the OT (D, E) indicated the
septational vasculature (arrow) was disrupted in Pitx2-null mice. (C, F) Quantitative qPCR
for PECAM mRNA levels in Pitx2 wild type, heterozygote and mutant in BAs (C) and heart
(F) biopsies. The expression levels of PECAM in heart were significantly decreased in
E10.5 mutants. Innervation of BAs and OT was detected by NF antibody in both control and
mutant embryos (G, H, J, K). V2 (red dotted line) and V3 (stars) and X (arrow head) were
shorter and thinner in mutants (H). NF signals were reduced in mutant hearts (K).
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Quantitative gPCR assay indicated significantly decreased levels in mutants in BA (1) and
OT (L) biopsies, with no difference between wild type and heterozygote at this stage. V2:
maxillary nerve; V3: Mandibular nerve; VII/VIII: Facial nerve; IX: Glossopharyngeal nerve;
X: Vagus nerve.
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Table 1

gPCR primer sets
Primer Forward Reverse
gPCR
EGFP ACGTAAACGGCCACAAGTTC AAGTCGTGCTGCTTCATGTG
Isl1 ATGATGGTGGTTTACAGGCTAAC TCGATGCTACTTCACTGCCAG
Fgf8 CCGAGGAGGGATCTAAGGAAC CTTCCAAAAGTATCGGTCTCCAC
Fgf3 TGCGCTACCAAGTACCACC CACTTCCACCGCAGTAATCTC
Notch2 ATGTGGACGAGTGTCTGTTGC GGAAGCATAGGCACAGTCATC
Bmp4 TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT
PECAM ACGCTGGTGCTCTATGCAAG TCAGTTGCTGCCCATTCATCA
NF ACAGCTCGGCTATGCTCAG CGGGACAGTTTGTAGTCGCC
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
ChIP-gPCR
Isl1 TTGGGGTGACTCTTCCTTTG GATGGGCAATTTGATCTGCT
Mef2c CCATGACCATCCAGTTTTGA GCACACACTTGCTTCATTTCA
Nkx2.5a GGGCGAGGGTCCTGGGAGTC CGGCCCCCAATATAGCTCCCC
Nkx2.5¢ ACTGACACACACTGCAGGGGC GTGGGTGGTCCTCTCTCAGCAGT

Gatada
Gata4c
Gatade

TGTCCAACAATGGCTGTGGAGTGC
AAGCCCCCATCCCCTGCACTT
TTCTCTCCCCGGCACCGGTTT

TCCCTAGTTCCTCTGTCCCTTGCC
ACTGGACAGAACCTTGCCTGCTCA
GTCCTCGAACTGCGGGAGCC
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