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Abstract

The Hedgehog (HH) signalling pathway and its primary transducer, GLI2, regulate
cardiomyogenesis in vivo and in differentiating P19 embryonal carcinoma (EC) cells. To
further assess the role of HH signalling during mouse embryonic stem (mES) cell
differentiation, we studied the effects of GLI2 overexpression during mES cell
differentiation. GLI2 overexpression resulted in temporal enhancement of cardiac progenitor
genes, Mef2c and Nkx2-5, along with enhancement of 7bx5, Myhc6, and Myhc7 in day 6
differentiating mES cells. Mass spectrometric analysis of proteins that immunoprecipitate
with GLI2 determined that GLI2 forms a complex with BRG1 during mES cell
differentiation. Furthermore, modulation of HH signalling during P19 EC cell differentiation
followed by chromatin immunoprecipitation with an anti-BRG1 antibody determined that
HH signalling regulates BRG1 enrichment on Mef2c. Therefore, HH signalling accelerates
cardiac progenitor gene expression during mES cell differentiation potentially by recruiting a

chromatin remodelling factor to at least one cardiac progenitor gene.
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1 Introduction

1.1 Heart disease

The heart is the first functional organ during mammalian development and is
essential for survival in utero and after birth. Undoubtedly, congenital heart disease or injury
to the heart during adulthood poses serious health risks. Heart disease is one of the three
leading causes of death in Canada (1) and, in many cases, leads to myocardial infarction (2).
If severe, myocardial infarction can lead to a loss of approximately one billion
cardiomyocytes, subsequent fibrosis, major contractile dysfunction, and ultimately the risk
of heart failure (3, 4).

Heart transplantation has been the primary means for treating severe heart damage
(5) and, fortunately, the one-year post-transplantation survival rate has increased from ~30%
in the 1970’s to ~80% in the 2000’s (6, 7). However, finding a compatible deceased heart
donor with matching blood type, human leukocyte antigen type, and body size can be
difficult. Many patients die before they can find an available matching deceased donor.
Since 2000, the number of recorded heart transplants performed annually has held close to
4,000 worldwide (6). In the United States alone, there are ~2,500 adult patients on a waiting
list for a heart transplant on any given day (8). Therefore, alternatives to heart
transplantation, including cell-based alternatives are being investigated (7).

Recent studies have shown that a fraction of cells (between 0.45% and 22%,
depending on the study) regenerate in an adult human heart, annually (9, 10). Nevertheless,
these levels are insufficient for replenishing the number of cells needed to restore function in
an infarcted heart in a timely manner (4). Intriguingly, murine hearts have substantial

regenerative capacity prior to birth and grow primarily through hyperplasia (11, 12). This



regenerative function diminishes until it is effectively lost 7 days after birth when
myocardial injury results in more fibrosis and contractile dysfunction (12, 13). If injury
occurs before this critical time point, endogenous cues can rescue cardiac function within 3
weeks through global proliferation of cardiomyocytes in the heart (4). Shortly after birth,
approximately 90% of the cardiomyocytes in the mouse heart become binucleated and
thereafter mediate heart growth primarily through hypertrophy (12, 14). It is believed that
neonatal hearts have more regenerative potential because they have mononucleated cells and
less complex sarcomeres. This phenotype is similar to zebrafish cardiomyocytes, which can
undergo cytokinesis more readily when required (15, 16). In both zebrafish and neonatal
mice, the dominant method for regenerating injured myocardium is the proliferation of pre-
existing cardiomyocytes (13, 15). Adult mouse cardiomyocytes also seem to repopulate
primarily through pre-existing cardiomyocytes (16, 17). Therefore, given an insufficient
supply of transplantable hearts worldwide and the limited regenerative capacity of
cardiomyocytes in the mammalian adult heart, new therapies that can regenerate damaged

myocardium are in high demand.

1.2 Embryonic Stem Cells

Cell-based therapies could provide an alternative to patients who have had a severe
heart attack, who have lost a critical number cardiomyocytes, and who are unlikely to find a
compatible heart donor. Embryonic stem (ES) cells are a cell type of interest in the field of
regenerative medicine because, by providing the necessary differentiation cues in vitro, ES

cells can theoretically be propagated and differentiated into large numbers of any specific



cell type for intended transplantation and functional integration into a damaged tissue (3, 18,
19).

By recapitulating the endogenous signals during cardiomyogenesis, many directed
differentiation protocols have been able to generate large numbers of ES cell-derived
cardiomyocytes in vitro (20, 21). Although, transplantation of human ES (hES) cell-derived
cardiomyocytes into infarcted mouse hearts has not generated long-term functional
improvements (16), mice have smaller and faster beating hearts, so it is possible that the hES
cell-derived cardiomyocytes in these studies were unable to contribute efficiently to the
mouse heart environment (16, 22). Notably, transplantation into infarcted guinea-pig hearts
has proven to be more efficient (23) and more recently, hES cell-derived cardiomyocytes
successfully remuscularized portions of an infarcted monkey heart (24). This regeneration in
non-human primate hearts was not met without complications, as the hearts developed
arrhythmias, but the successful transplantation still suggests that efficient transplantation of
hES cell-derived cardiomyocytes into diseased or damaged human hearts remains promising
(24). To ensure a more fluid incorporation into the host myocardium, the population of hES
cell-derived cardiomyocytes could be better refined in vitro. By further elucidating the
molecular mechanisms that influence cardiomyocyte development, it may be possible to
identify additional parameters to screen for the most efficient population of hES cell-derived

cardiomyocytes or hES cell-derived cardiac progenitors for transplantation.

1.3 Cardiogenesis

Cardiogenesis in mice requires a series of migratory, fusion, signalling and

proliferative events to progress from a pool of cardiac precursors into the heart fields that



eventually develop into a four-chambered, functional heart (4, 25). Mouse cardiogenesis
initiates at approximately embryonic day 7.5 (E7.5) and requires ~3 days to establish the
basic structure of the chambers, then ~5 days to coordinate heart remodelling through valve
development, chamber septation, and outflow tract septation (4). Although these stages
occur over a ~3 week period in humans, the major events of mouse heart morphogenesis
resemble those in human heart morphogenesis, making the mouse model a useful tool for
studying cardiogenesis (22).

In the mouse model, the earliest heart precursors are found flanking the primitive
streak within the mesoderm layer, shortly after gastrulation initiates, at approximately E6.0
(26). These cells express the mesoderm marker, Brachury, and another T-box transcription
factor, Eomesodermin (27). These bilateral populations of cells migrate cranially from either
side of the primitive streak towards the anterior of the embryo, near the extra-embryonic
edge, and below the developing head fold (26, 28). At this stage the cells begin to express
the early precardiac mesoderm gene, Mespl (29, 30). Grafting experiments have shown that
these early mesodermal cells are still plastic and only later become committed to the cardiac
lineage through temporal patterning and dynamic cell migration within the destined niche
(25).

At E7.5, prior to somite formation, the mesoderm layer splits at the lateral edges of
the embryo to form a series of cavities that eventually join to form the pericardial coelom
(31). This separation leads to splanchnic and somatic mesoderm layers on the ventral and
dorsal edge of each coelom, respectively (26). The cardiac precursors remain in the
splanchnic mesoderm layer (26) where they populate two morphoregulatory fields that

establish the cardiac crescent (32). The first heart field (FHF) lies ventral, eventually giving



rise to the left ventricle and contributing partially to the atria. The second heart field (SHF)
lies dorsal to the first heart field during the cardiac crescent stage, eventually giving rise to
the right ventricle, the outflow tract, the sinus venosus, and the atria (4, 22).

In the cardiac crescent a complex transcriptional network regulates cardiac progenitor
differentiation in a spatiotemporal manner through a crosstalk of inductive signals -
including bone morphogenic protein (BMP), notch, Wnt/B-catenin, and hedgehog (HH) -
from the surrounding tissues (4, 28, 33). The NK2 homeobox 5 protein (NKX2-5), myocyte-
specific enhancer factor 2C (MEF2C), T-box protein 5 (TBXS), and GATA-binding protein
4 (GATA-4) are important transcription factors within this network, as their individual
expression is essential for proper heart morphogenesis (28). Gata-4" mice, Nkx2-5" mice,
Mef2¢" mice, and mice heterozygous for both Gata-4 and Thx5 all have severe heart
deformities and are embryonic lethal (34-38).

Of these factors, GATA-4 is one of the first to be expressed in the mouse embryo
(39) and proceeds to activate Nkx2-5 expression (28, 40-42). These transcription factors are
both common to the FHF and SHF (4). GATA-4 is also known to interact with TBXS5 (43) in
the FHF and, in conjunction with insulin gene enhancer protein (ISL-1) and forkhead box
protein H1 (FOXH1), regulates the expression of Mef2c in the SHF (4, 28, 43-45).
Furthermore, GATA-4 interacts with NKX2-5 and MEF2C proteins to synergistically
activate downstream cardiac muscle genes (46-49).

Through additional migration, the bilateral populations of cardiac progenitor cells in
the cardiac crescent move ventrally and medially, causing a fusion of endothelial cells at the
midline enveloped by a layer of myocardium (4, 25). This fusion gradually progresses

caudally and leads to a developing linear heart tube that is initially tethered to the embryo



along the dorsal edge of the tube through the dorsal mesocardium (4, 25). At this time, the
cardiomyocytes in the myocardium begin to express myosin heavy chain (Myhc) and myosin
light chain (Mylc), which encode proteins that are involved in cardiomyocyte contraction
(50, 51). Both alpha and beta isoforms of Myhc (Myhc6/a-Myhc and Myhc7/3-Myhc,
respectively) are expressed during development, however Myhc7 is more abundant during
embryogenesis and Myhc6 becomes the predominant form after birth (52). By E8.0, the
myocardium of the linear heart tube begins to beat and blood flows through its caudal inflow
portion (venous pole) and out the cranial outflow tract (atrial pole) (25). The initial role of
this contraction is unclear, as it precedes the need for a movement of nutrients and waste by
blood circulation, but it is believed to have a role in promoting cardiomyogenesis and
angiogenesis (53, 54).

The dorsal mesoderm, which is originally tethered to the linear heart tube, eventually
degrades along the dorsal edge of the heart tube between the two heart poles (55). With the
heart only attached at its poles, proliferation of the cells in the beating heart tube leads to a
non-symmetrical bulging and sweeping of the heart to the right by E8.5 (4, 55). This stage,
known as cardiac looping, moves the outflow segment of the heart ventrally and caudally,
which establishes the general position of the right ventricle and the outflow tract. The inflow
segment of the heart moves dorsally and cranially, causing the common atrium to rise to a
position above the developing ventricles and later protrude around the outflow tract (25).
The bulging junction that links these two moving segments contorts to the left of the right
ventricle and establishes the position of the developing left ventricle. By E10.5, the relative

positions of the four chambers are established (4).



Most of the processes after heart looping involve tissue remodelling (25). For
instance, trabecular cardiomyocytes establish the inner muscular layer of the ventricles by
forming organized projections in the heart lumen through trabeculation (4, 25). These
projections, known as trabeculae, increase the surface area in the ventricles and provide
much of the heart’s contractile force (25). In addition, the chambers need to be properly
partitioned to ensure unidirectional blood flow (56). The junctions between the chambers are
initially positioned through the looping and proliferation of the heart tube, however efficient
division of the chambers still requires a series of tightly regulated septation- and valve-
developing events, including atrioventricular, outflow tract, and ventricular septation (56).

Outflow tract septation is required to divide the common outflow of blood from the
ventricles into two unique arteries, the pulmonary trunk and the aorta, which eventually
transport deoxygenated blood from the right ventricle to the lungs and oxygenated blood
from the left ventricle to the circulatory system, respectively (56). Prior to septation, neural
crest cells delaminate from the hindbrain, migrate through the pharyngeal arches, and then
through the SHF to reach the distal portion of the outflow tract (57, 58). From there these
cells populate mesenchymal truncal cushions that spiral down the inside of the tract on
opposite edges. Eventually, the cushions from either edge protrude to the point that they fuse
to form a spiral septation (56). A similar septation occurs at the proximal edge of the outflow
tract with endocardium-derived mesenchyme conal cushions and connects the distal septum
arteries to their respective ventricles through the pulmonary and aortic semilunar valves (59)

Heart malformations leading up to, and during, this remodelling stage account for
~30% of prenatal deaths (60). Similar congenital heart defects may have less detrimental

affects during fetal development but approximately 0.4% to 5% of live births show signs of



congenital heart disease that can cause complications later in life (61). For instance, TBXS5
induces Myhc6 transcription through DNA binding (62, 63) and, like in 7hx5*" mice (46,
64), mutations in Myhc6 cause septation defects (63). Mutations in 7hx5 have been shown to
be the primary source of Holt-Oram syndrome in humans (65).

With many spatiotemporal events occurring throughout the elaborate development of
the heart, subtle deformities can lead to major dysfunctions. Therefore, a thorough
understanding of the physiological and molecular mechanisms throughout development is

necessary for also identifying and treating congenital heart diseases.

1.4 In vitro cardiomyogenesis

The cardiac gene expression profile observed during cardiomyogenesis in
differentiating mES cells is similar to that seen during cardiomyogenesis in the embryo (66).
Therefore, mES cells are a useful model system for studying the gene modifications during
cardiomyogenesis in vitro. Following aggregation of mES cells in hanging drops (67, 68),
day 3 and 4 differentiating mES cells express the mesoderm marker, Brachyury, and the
precardiac mesoderm marker, Mesp1, respectively (66) (Figure 1). The cardiac progenitor
genes Nkx2-5, Gata-4, Tbx5, and Mef2c are expressed by day 6 of mES cell differentiation
(66, 69, 70). Upon terminal differentiation, cardiomyocytes express MyHC6 and MyHC7
(71).

In addition to mES cells, P19 embryonal carcinoma (EC) cells have been used to
study cardiomyogenesis in vitro because they express signalling pathways during
differentiation that are common to those expressed during embryonic heart development

(72), they are relatively easy to maintain, and their differentiation can be modulated with
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Figure 1. In vitro cardiomyogenesis during mES cell and P19 EC cell differentiation.
During differentiation, mES and P19 EC cell cultures give rise to cell types from the cardiac
lineage. The genes enriched in these cell types are listed relative to the day when they are
expressed during differentiation (66, 69-71, 73).
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dimethylsulphoxide (DMSO) +/- retinoic acid (RA) to enrich for cells in the mesodermal
lineage (74). P19 EC cells were first derived from teratomas in mouse testes, which were
induced by grafting the testes to 7.5-day, post-copulating female mouse egg cylinders (75).
The P19 EC cells were one cell type cultured directly from the tumour that had a normal
40:XY karyotype and gave rise to early mesodermal and endodermal cell types (72).

Upon DMSO treatment and aggregation, pluripotent P19 EC cells become more
restricted to the mesoderm and endoderm lineages (76), express mesoderm marker
Brachyury (77) and can differentiate into cardiomyocytes (78). PI9CL6 EC cells, a
derivative of P19 EC cells that have been cultured for approximately 6 months under
mesoderm enhancing conditions, differentiate in a similar manner but are believed to be of a
closer developmental stage to cardiomyocytes because they do not express the stage-specific
embryonic antigen-1 (SSEA-1) (79-81). In addition to mesoderm-directed differentiation,
P19 EC cell differentiation can be shifted towards the neuroectoderm linage with modulated
RA treatment (74).

P19 EC cells can also be genetically mutated with relative ease and exemplify
phenotypes displayed by similar in vivo genetic mutations. For instance, dominant-negative
fusion protein assays with an engrailed repression domain (EnR) fused to NKX2-5 (NKX2-
S/EnR) or fused to MEF2C with an Nkx2-5 enhancer driving its expression (Nkx2-5-
MEF2C/EnR) result in disrupted cardiomyogenesis, both in vivo (82, 83) and in P19 EC
cells (73, 82, 84).

The HH signalling pathway has become a major developmental pathway of interest
after genetic mutation analyses in developing embryos revealed that many components of

the pathway are essential for proper heart tube looping and outflow tract development (85-
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87). Thus, many studies have since modulated HH signalling during P19 and P19CL6 EC
cell differentiation to further elucidate the molecular mechanisms behind HH-mediated

cardiomyogenesis (73, 81, 88-90).

1.5 Hedgehog signalling

HH signalling is an integral component of many developmental processes including
craniofacial development, retinal pigment epithelium development (91), limb digit
patterning, ventral neural tube patterning (92), pancreas development (93), gut development
(94, 95), erythroid differentiation (96), cardiomyogenesis (87, 89, 90), skeletal myogenesis
(97-99), and hair follicle development (100). It is able to modulate these processes through a
series of different functions, including pattern formation, cell proliferation, homeostasis, and
tissue repair (101, 102).

The hh gene was discovered in Drosophila melanogaster and was named after the
densely packed, disorganized, hair-like bristles on 44" embryos, which resembled hedgehog
spines (103). A dozen years after its discovery, HH was identified as a secreted protein that
patterns gene expression in adjacent cells of developing D. melanogaster (104-106). Further
study in mammals identified three evolutionarily conserved mammalian homologues of the
D. melanogaster protein: Indian hedgehog (IHH), shown to regulate bone and cartilage
development (107, 108); desert hedgehog (DHH), shown to be essential for nerve sheath
formation and germ cell development (109, 110), and sonic hedgehog (SHH), shown to
regulate polarity in the notochord, floor plate, and limb buds (111-114). Once secreted, the

HH ligands can travel long distances to activate HH signalling in HH-responsive cells (101).
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In preparation for secretion of HH from a HH-producing cell, cholesterol is recruited
to the carboxy-terminal domain of a HH protein which initiates an autoproteolytic cleavage
of the carboxy-terminal peptide (HH-C) and leaves the cholesterol covalently bound to the
carboxy-terminal end of the amino-terminal peptide (HH-N) (115). Further processing by
skinny hedgehog (SKI) adds a palmitic acid group to the Cys residue closest to the amino-
terminal end of HH-N before HH-N is presented on the surface of the HH-producing cell
(101, 116). From there the protein is released via the transmembrane protein, dispatch
(DISP), and signal peptide, CUB and EGF-like domain-containing protein 2 (SCUBE?2)
(117, 118). Alternatively, the HH-N lipoprotein may be packaged and released from the cell
as a soluble multimer, a HH-N-associated lipoprotein particle, or on an exovesicle that may
sequentially release the HH-N further from the cell (101). These different secretion methods
are believed to mediate the varying ranges of HH signalling gradients observed in the
adjacent cells of a given developing tissue (119).

In D. melanogaster, the zinc-finger protein, cubitus interruptus (Ci) mediates the
transcriptional effects of the HH signalling pathway in the HH-responsive cells (119). This
single transcriptional mediator has evolved into three separate zinc-finger, glioma-associated
(GLI) proteins - GLI1, GLI2, and GLI3 - in vertebrates (120). All three GLI transcription
factors have a common zinc-finger binding domain which binds to a common consensus
sequence, 5’-GACCACCCA-3’ (121). Once bound, these factors can mediate different
transcriptional responses depending on their activator or repressor domains (119).

GLI1 has only a minor role in amplifying the transcriptional response of the HH
signal through a C-terminal activator domain (122). Notably, during early embryonic

development, GLI2 and GLI3 expression are essential for activating the Gli/ promoter (119,
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123). As such, GLI1 has been determined to be non-essential for ectopic HH signalling in
mammalian cells (124).

The function and mechanism of GLI2 and GLI3 more closely resemble that of Ci,
which each have a C-terminal activator domain, an N-terminal repressor domain, and a
processing determinant domain (PDD) (119). When the proteins are full-length, they contain
both an activator and a repressor domain and act primarily as transcriptional activators
(GLI2A and GLI3A). After proteolytic processing, they contain only the repressor domain
and act primarily as transcriptional repressors (GLI2R and GLI3R) (125, 126). The PDD in
the GLI proteins is believed to support their partial cleavage in the absence of HH signalling
(127) like it does for Ci (128). GLI3 has a relatively potent PDD and, thus, is often partially
cleaved, while GLI2 has a less potent PDD and is more prone to complete degradation (127).
GLI1, for which no truncated GLI1R has been observed, does not have a PDD (119).

Although GLI2 and GLI3 are structurally similar and can act as either activators or
repressors, they predominantly have different roles. This may be in part due to the potency
of their respective PDD domains (119, 127). GLI2 is primarily involved in transducing the
activator response of HH signalling and GLI3 generally mediates the repressor response
(119, 129, 130). Altogether, the GLI family of proteins modulates the culminated effect of
the HH signalling pathway (119).

Given the pleiotropic functions of HH signalling, research efforts in many fields have
sought to elucidate the mechanisms behind the signalling pathway in hopes of identifying
key factors driving HH-related development and diseases (101, 119). In vertebrates, the
active or repressive fate of the GLI2 and GLI3 (GLI2/3) proteins is determined within the

primary cilia of cells (Figure 2). Independent of HH signalling, suppressor of fu (SUFU) can
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Figure 2. The HH signalling pathway in the absence and presence of HH ligand.

(A) In the absence of HH, PTCH1 inhibits SMO, which allows SUFU to transit GLI2/3 into
the primary cilium and out past the basal body where kinases phosphorylate the GLI12/3
proteins. This phosphorylation triggers proteolytic cleavage of GLI2/3 to become repressor
GLIs (GLI2/3R) (orange truncated ellipses) and enter the nucleus to repress downstream
GLI target genes. (B) In the presence of HH, HH binds to PTCH1 allowing SMO to mediate
GLI12/3’s dissociation from SUFU in the primary cilium. This allows GLI2/3 to bypass
phosphorylation and proteolytic cleavage, and enter the nucleus as a transcriptional activator
(GLI2/3A) (green ellipses) (reviewed in 101, 119). (C) Inhibition of the HH signalling
pathway can be achieved independent of HH ligand by treating cells with KAAD-
cyclopamine, which binds to SMO and inhibits downstream activation of the pathway.

16



be found bound to GLI2 and GLI3 while moving through the primary cilium via the
microtubule motor protein, KIF7 (131-134). Processing within the primary cilium has been
shown to be essential for both transducing the active HH signal and maintaining an inactive
HH signal (101).

In the absence of HH ligand, the transmembrane protein, patched homolog 1
(PTCHI) is enriched on the plasma membrane near the primary cilium of the HH-responsive
cell and prevents another transmembrane protein, smoothened (SMO), from presenting itself
on the plasma membrane of the primary cilium through a poorly characterized mechanism
(Figure 2A) (101). In the absence of SMO, the SUFU-GLI2/3 complex associates with the
basal body of the primary cilium where PKA, CKI, and GSK3f3 phosphorylate the GLI
proteins (135). Another transmembrane protein, GPR161, found on the primary cilium near
the basal body in the absence of HH signalling, is presumed to activate PKA through cAMP
signalling (136), and thus assist in negatively regulating HH signalling. Upon
phosphorylation of the GLI2/3 proteins, the E3 ubiquitin ligase B-transducin repeat-
containing protein (B-TrCP) binds to the GLI2/3 proteins and mediates their proteolytic
cleavage through proteasomes that are enriched near the basal body (137). This transforms
the full-length GLI2/3 proteins into transcriptional repressors as they exit the cilium (101)
(Figure 2A). From there they move into the nucleus where they can repress HH target genes.

The HH pathway is activated when HH ligand binds to PTCH1 (Figure 2B) (138,
139). This triggers the removal of PTCH1 from the cell’s surface (140) and the removal of
GPR161 from the surface of the primary cilium (136). BOC, CDO and GAS1, which each
form a distinct HH-receptor complex with PTCH1, are required during this initial signal

transduction step (141). With PTCH1 removed, SMO can translocate to the primary cilium
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of the cell either through lateral transport on the plasma membrane or direct transport from
an intracellular vesicle (142-146). SMO then accumulates around the basal body of the
primary cilium through interactions with the ciliary proteins EVC and EVC2 (147, 148)
which leads the SMO C-terminal tails to oligomerize (135). The mechanisms through which
GLI2 and GLI3 dissociate from SUFU are still unclear, but when more SMO is near the
primary cilium, the SUFU-GLI2/3 complex passes more slowly through the primary cilium
and their individual protein concentrations increase especially at the cilium tip (131, 133,
149). Following dissociation from SUFU in the primary cilium (150), full length GLI2 and
GLI3 bypass the proteolytic machinery into the nucleus and replace their repressor
counterparts on HH target genes to enable activation (119) (Figure 2B).

As the HH ligand levels fluctuate around HH-responsive cells, the profile of active
and repressive GLI transcription factors bound to HH target genes varies within the nucleus
and mediates differential expression of HH target genes in a concentration dependent manner
(119). This concentration-dependent response permits a gradient of HH signalling within a
tissue, which influences tissue patterning (119).

In addition to unidirectional signalling, the pathway is mediated through a set of
positive and negative feedback loops. Ptchl and Glil are induced by HH signalling in all
types of cells (92, 151-153) through direct binding of GLI1 and GLI2 (154, 155) in
overlapping manners (156). These mechanisms further regulate the signal initiated by the
initial dose of HH ligand and throttle the pathway as the concentration of the ligand
fluctuates around the HH-responsive cell (119).

The stability of GLI2 was the focus of one prostate cancer research study because

prostate cancer cells have higher levels of GLI2 protein than non-cancerous cells, but the
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Gli2 transcript levels in both cells remained relatively similar (157). By making an in vitro
model system with a mutant GLI2, researchers were able to recapitulate this GLI2
phenotype. The GLI2 mutant was prepared by mutating a potentially phosphorylated Ser at
the 662™ residue to an Ala. As a result, the mutant GLI2***** could no longer bind B-TrCP
nor be subject to B-TrCP-mediated ubiquitination (157). Therefore, without changing the
level of Gli2 expression, the amount of GLI2 protein remained high in the studied fibroblast

cells due to less protein turnover.

1.6 HH signalling agonists and antagonists

To assess the effects of HH signalling on developmental processes through loss-of-
function experiments many studies use the HH signalling antagonist, cyclopamine.
Cyclopamine is a steroidal alkaloid common to plants of the Veratrum genus and was
discovered after an investigation into an endemic of cyclopia in newborn lambs (158). In the
1950’s, abnormal levels of fetal cyclopia in lambs from south-central Idaho caught the
attention of researchers at the U.S. Department of Agriculture. This lead to the discovery of
cyclopia-inducing alkaloid steroids in corn lilies, Veratrum californicum, on which pregnant
ewes grazed at higher altitudes during droughts (159-161). The most potent of these was
alkaloid V, which was subsequently named cyclopamine (162).

Decades passed before researchers elucidated the mechanism behind the cyclopic
phenotype that linked cyclopamine to the HH signalling pathway (158, 163, 164). In 1998,
cyclopamine and other Veratrum alkaloids were shown to disrupt HH dependent patterning
in developing embryos, independent of cholesterol metabolism (158, 163). Later analysis

showed that cyclopamine binds directly to SMO and inhibits its ability to activate GLI
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proteins (165) without inhibiting its ability to translocate to the primary cilium (166) (Figure
20).

Since the discovery of cyclopamine, other chemically synthesized derivatives have
been produced. KAAD-cyclopamine, for example is roughly 10-20 times more potent than
cyclopamine without being more toxic (167) and has been used to study the in vitro effects
of HH signalling (90, 91, 168).

Smoothened agonist (SAG) is another synthetic compound that modulates HH
signalling, but as its name infers, it targets Smoothened to enhance the pathway (169). This
small molecule enhancer has been used to modulate HH signalling both in vivo and in vitro

experiments (170, 171).

1.7 HH signalling during cardiomyogenesis

HH signalling and its primary transducer, GLI2, play an important role during
cardiomyogenesis in vivo and in vitro (87, 89, 90). Shh” mice have considerably altered
heart looping (172) and have a single outflow tract (173). The size of the embryos, including
the size of the heart, is also smaller than wild type (WT) embryos. Further analysis with
tissue-specific, SHF Shh” mouse embryos using Nkx2-5-Cre has revealed that HH signalling
is required for mediating cardiac neural crest cells to the outflow tract cushions and is
required for signalling of myocardial cells to establish proper septation (174).

Shh'"/Ihh"" mouse embryos resemble Smo” embryos and, in addition to showing no
embryonic turning, both knockout embryos have only a small linear heart tube (87). This
phenotype is attributed to delayed heart tube formation that correlates with delayed Nkx2-5

expression, compared to WT embryos (87). Ptchl” embryos on the other hand, which
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exhibit higher levels of HH independent signalling than WT embryos, express higher levels
of Nkx2-5 in the cardiac crescent. Thus, HH signalling has a role in timely regulation of
heart development.

Similar to the upstream transducers of the HH signal, the downstream transcriptional
mediators are also essential for efficient heart septation. G/i2” Gli3*" mouse embryos have
persistent truncus arteriosus (PTA) and a single outflow tract (85, 86). Together these
knockout models demonstrate that functional HH signalling is essential for proper heart
development in mammals.

Intriguingly, HH signalling can rescue atrial septal defects (ASD) in SHF Thx5*"
mutant mouse embryos by potentially normalizing the proliferation of the atrial septum
progenitors (175). In zebrafish, downregulation of SHH reduces Nkx2-5 expression during
embryogenesis and the number of cardiomyocytes in the developing cardiac chambers (176).
Alternatively, Shh-injection into zebrafish embryos has the opposite effect. Another study
has also shown that the number of proliferating cardiomyocytes in zebrafish treated with
SAG increase by 60% (177). Meanwhile, treatment with cylcopamine, decreases
proliferation by 27%. Therefore, HH signalling can modulate cardiomyocytes and atrial
progenitors in vertebrates.

Members of the HH signalling pathway are expressed during cardiomyogenesis in
P19 EC (73, 89, 90), P19CL6 EC (81), and mES cells (73). These HH signalling members
can also regulate cardiomyogenesis induction in P19 EC cells, as overexpression of SHH or
GLI2 is sufficient for inducing cardiomyogenesis through the expression of cardiac

progenitor factors like Mef2c, Nkx2-5, and Gata-4 in P19 EC cells without DMSO treatment
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(89). Alternatively, inhibition of HH signalling by cyclopamine results in delayed expression
of Gata-4 (90).

Further study of GLI2’s role during cardiomyogenesis in vitro has revealed that GLI2
and MEF2C can regulate one another’s transcriptional expression during P19 EC cell
differentiation, possibly by directly binding to each other’s promoter regions (73). Both
proteins can form a complex as well, which can synergistically activate a luciferase reporter
gene driven by an Nkx2-5 promoter. This multifaceted relationship between GLI2 and
MEF2C in vitro, along with them both being essential for proper heart looping and outflow
tract formation in vivo, suggests that HH signalling and MEF2C mediate important stages of

cardiomyogenesis together, in vivo (37, 38).

1.8 Mef2c

MEF2C belongs to the myocyte enhancer factor 2 (MEF2) family of MADS-box
binding transcription factors in mammals. The four factors, MEF2A-D, have redundant roles
and are expressed in various cell types, but are more commonly known for their ability to
regulate muscle regulatory genes (178). As seen in knockout studies, mammalian MEF2
proteins can compensate for the loss of one another (178), whereas mutations in D.
melanogaster’s single Mef2 gene inhibits myogenesis in all muscle cell types (179). Mef2¢”
mice are able to undergo limited cardiomyogenesis in the absence of Mef2c likely because
MEF2B is enriched 7-fold in these knockout mice and can compensate for the loss of Mef2c
(37). Nevertheless, these mice have heart looping, right ventricle, and outflow tract defects,
which culminate in embryonic lethality by E9.5. A more recent study with conditional

knockout of Mef2c, through either Myhc6-Cre or Mlc2v-Cre, in the myocardium also show
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that, although Mef2c is required for early heart morphogenesis, it is not required for heart
morphogenesis after heart looping, as the conditional Mef2¢”” embryos live to term with no
significant deficiencies (38).

Mef2c is found on chromosome 13 (Figure 3). As previously mentioned, it is
expressed during cardiomyogenesis, but it is also expressed in skeletal muscle and
endothelial tissue (180). The Mef2c gene is composed of at least 14 exons - 4 untranslated
exons and 10 coding exons - which can be alternatively spliced prior to translation
depending on the tissue in which it is expressed (180). Amongst these exons, it contains four
known tissue-specific enhancer regions, which flank three known transcription start sites
(Figure 3) (180). A skeletal muscle (SkM) specific enhancer region lies upstream of exon 1
(181) and overlaps with known MEF2C, MyoD, and E12 binding sites (182). Most of the
intronic region between exons 2 and 3 is an ISL-1-dependent SHF (SHF I) enhancer region
with two sets of two known binding sites for ISL-1 and GATA-4 ~1kb inwards of the 3’-end
of the enhancer (44). An NKX2-5/FOXH]1-dependent SHF (SHF II) enhancer region is
immediately downstream of exon 3 (45), while an endothelial (Endo) specific enhancer
region flanks exon 4 (183). There is a triplet of known SOX10 binding sites ~5 kb upstream
of the 5° end of the endothelial enhancer (184). ETS1 and ETV2 bind to non-consensus
binding domains that overlap with FOXC1, FOXC2, and FOXO1 binding sites ~7.2 kb
downstream of the 3’- end of the endothelial enhancer (183, 185).

There are nine conserved GLI consensus binding motifs situated throughout the
Mef2c gene (Figure 3) (73). GLI2 has been shown to bind to eight of them in P19 EC cells

(Mef2c sites B-1) (73). One of these GLI2 binding sites is situated upstream of the open
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Figure 3. A schematic representation of the Mef2c gene.

The first layer outlines the location of Mef2c-associating transcription factors. The second
layer depicts major sites of interest in this study. The third layer marks Mef2c¢’s position in
the Mus musculus genome (mm10 genome assembly). Sites of interest include the GLI
consensus binding motifs, which were originally outlined in (73) and enhancer regions
reviewed in (180). This schematic was constructed using the UCSC Genome Browser
(http://genome.ucsc.edu), data collected through TRANSFAC, and data from previous
publications (44, 45,73, 180-186). A detailed description of the binding sites can be found in
Appendix A. Chr: Chromosome. SHF I: ISL-1-dependent SHF enhancer. SHF II: NKX2-
5S/FOXH1-dependent SHF enhancer.
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reading frame and another is downstream of it. Of the six within the Mef2c gene, two sites
are proximal to the SHF enhancer regions. Mef2c site C is ~2.4kb upstream of the known
SHF I enhancer region’s 5’-end (44). Mef2c site D is roughly ~300 bp downstream of the
known SHF I enhancer region’s 3’-end and ~100 bp upstream of the SHF II enhancer
region’s 5’-end (44, 45). These many regulatory regions illustrate the complexity of Mef2¢’s

expression throughout various tissues.

1.9 SWI/SNF chromatin remodelling complexes

A combinatorial binding of transcription factors and co-activators are commonly
necessary to facilitate transcriptional regulation during development (187). These
combinations can be dynamic and modulate subsets of genes specific to cell lineages in a
spatiotemporal manner. However, when DNA 1s packaged as nucleosomes around histone
octamers, transcription factors have limited access to the target genes (188). Chromatin
remodelling factors moderate chromatin accessibility to activate or repress genes through
DNA methylation, post-translational histone modifications, or ATP-dependent translocation
of nucleosomes (189-192). The switch/sucrose non-fermentable (SWI/SNF) complexes
constitute one family of factors that mediate nucleosome shifting on chromatin in an ATP-
dependent manner (193).

The SWI/SNF complexes belong to a family of chromatin remodelling complexes
whose funct