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Abstract.

Congenital heart defects (CHD) are the largest class of birth defects in humans and
are a major cause of infant mortality and morbidity. Deciphering the molecular and genetic
etiologies central for heart development and the pathogenesis of congenital heart diseases (CHD)
is a challenging puzzle. We have previously demonstrated that the zinc-finger kruppel-like
transcription factor KLF13, expressed predominantly in the atria, binds evolutionarily conserved
regulatory elements known as CACC-boxes and transcriptionally activates several cardiac
promoters. KLF13 loss of function in Xenopus embryos was associated with cardiac
developmental defects, underscoring its critical role in the heart. In the current study, using in
vivo and in vitro approaches, we examined KLF13’s mechanisms of action and its interaction
with other cardiac regulators. To test the evolutionary conserved role in the mammalian heart,
we deleted the KIf13 gene in transgenic mice using homologous recombination. Mice with
homozygote deletion of KIf13 were born at reduced frequency owing to severe heart defects. We
also report the existence of a novel isoform of KLF13, referred to here as KLF13b. Furthermore,
we report that KLF13 interacts biochemically and genetically with the T-box transcription factor
TBXS5 which is a key regulator of heart development. Our data provide novel insight into the
role of KLF13 in cardiac transcription and suggest that KLF13 is a genetic modifier of
congenital heart disease. Furthering our knowledge of protein-protein interactions and gene
transcription will enhance genotype-phenotype correlation and contribute to better understanding

of the etiology of CHD.
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1. Introduction
1.1 Morphology of heart development.

The heart is a four-chambered pump composed of diverse cell types (e.g.
cardiomyocytes, conduction system cells, smooth muscle cells, and endothelial cells) (1).
This pumping organ, the first functional organ during vertebrate embryogenesis, arises
through orchestrated spatiotemporal cell fate specification, migration, differentiation,
proliferation, and morphogenesis. Cardiogenesis is initiated during gastrulation as inductive
signals from the underlying endoderm commit mesodermal cardiac progenitor cells into two
distinct cardiac progenitor cell fields. The two cardiac fields are presently known as the first
and the second heart fields (FHFs and SHFs). As development progresses, these progenitor
cells undergo expansion, migration, and organization to form the cardiac crescent (Figure
1.1). While the first heart field is located at the medial region of the crescent, the second
heart field occupies more lateral regions of the crescent (2). Later during development, the
beating linear heart tube will be formed from the migration of the FHF and its fusion along
the ventral midline. At this stage, the tubular linear heart consists of: 1) an interior
endocardial layer of cells that lines the lumen of the heart; 2) a muscular myocardial exterior
layer of cells that grant the linear heart its peristaltic contraction; and 3) a cardiac jelly
composed of extracellular matrix (ECM) that separates the two last layers (1,3-9). The
spatiotemporal control of cardiac jelly development is essential for the septation of the heart
as well as for valvulogenesis. As development progresses, the heart tube breaks the
symmetry of the early embryo by looping to the right and initiating the correct positioning of
the atrial and ventricular chambers along with the aorta and the pulmonary artery (10).
Looping is accompanied by the onset of cardiac ballooning to form the archetypal vertebrate

four-chambered structure. The chambers will form along the outer curvature of the balloons,



and the inner curvature will form the septa and valves. Cardiac maturation will then proceed to
refine the ballooned structures by further growth, septation, and trabeculation to form the

definitive four-chambered heart (11-13).

In contrast to the first heart field, the temporally delayed second heart field (SHF)
line of progenitor cells contributes to the heart tube at the venous and arterial poles of the
tube (1,3-8). Ultimately, the FHF will form the left ventricle of the four-chambered heart,
whereas the SHF will give rise to the outflow tract, right ventricle, and most of the atria
(1,3-6). Furthermore, the multipotent epicardium, a simple squamous mesothelium tissue
that covers the outer surface of the myocardium, is also reported to contribute to the atrial

and ventricular myocardium, coronary smooth muscle, and cardiac fibroblasts (6,13,14).

FHF
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Stage: Cardiac crescent Linear heart tube Looping heart Chamber formation
Mouse embryo day: E75 E8 E9 E10
Human embryo day: Day 15 Day 20 Day 28 Day 32
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Figure 1.1: Overview of mammalian heart development.

At the earliest stages of heart formation (cardiac crescent), two pools of cardiac precursors
exist. The first heart field (FHF) contributes to the left ventricle (LV), and the second heart
field (SHF) contributes to the right ventricle (RV) and later to the outflow tract (OT), sinus
venosus (SV), and left and right atria (LA and RA, respectively). Outflow tract septation
separates the common outflow tract (OT) into the aorta (AO, connected to the left ventricle)
and the pulmonary artery (PA, connected to the right ventricle). Figure modified from
(6,12).



1.2 Formation of the cardiac valves.

The transition from the two chambered heart in fish, to the three chambered heart in
amphibian and reptiles, to the archetypical four chambered heart in birds and mammals
necessitated the formation of the cardiac valvular and septal system. Valve formation and
chamber septation are necessary for proper and efficient blood flow into the pulmonary and

systemic circuits (15,16).

In higher vertebrates, cardiac valves are classified as atrioventricular (AV) and
outflow tract (OFT) valves. The AV valves originate from the AV cushions and separate the
atria from the ventricles. While the mitral valve controls blood flow between the atrial and
ventricular compartments of the left side of the heart, the tricuspid valve regulates blood
flow in the compartments of the right side. The flattened laminar leaflets of the AV valves
(two leaflets in the mitral and three in the tricuspid) are anchored by the annulus fibrosus
and supported by a tension apparatus composed of tendinous chords and papillary muscles.
In contrast to the AV valves, the semilunar OFT valves, the aortic and the pulmonary valves,
control the blood flow between the left ventricle and aorta, and right ventricle and the
pulmonary artery, respectively. The semilunar valves are composed of three leaflets that are

formed from endocardial- and neural-crest mesenchymal cells (16,17).

Puimonary Valve Aortic Valve

Figure 1.2: The four cardiac valves.
Modified from (18)
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The formation of the endocardial cushion starts with the delamination of the
endocardium from the myocardium. The process is initiated and guided by the myocardium,
which secretes the major components of extracellular matrix (ECM) in the AVC and OFT.
The myocardium also hinders the expression of chamber-specific genes in these regions. At
E9.0, the ECM can be considered as a thick, highly-hydrated and acellular basement
membrane that extends from the myocardial layer to the endocardium that lines the
endocardial cushions. Interestingly, at this stage the protruded or swollen endocardial
cushions are able to act as a barrier to prevent the backflow of blood. The major
components of this ECM include hyaluronan (HA), the proteoglycans aggregan and versican
and glycoproteins like laminin, collagens (I, I1, and V), fibronectin, fibulins, fibrillins and

periostin (16,17).

As cardiac development progresses, at E9.5 an evolutionarily conserved mechanism
known as epithelial to mesenchymal transition (EMT) is initiated. Signaling from the
myocardium and endocardium instructs the endocardial cells that line the endocardial
cushions to undergo EMT. Paracrine signaling, such as TGFf and Notch, from the
myocardium instructs the endocardial cells to lose their cell polarity, to lose their cell-cell
junctions, and to acquire the motile phenotype. Transcriptionally, the loss of cell-to-cell
contact is facilitated by the downregulation of intercellular adhesion junction (E-cadherin
and Tight Junctions) gene expression. On the other hand, the expression of EMT-inducing
transcription factors, such as Snaill and Snail2, promotes the formation of filopodia and
lamellipodia by endocardial cells. In addition, the expression of extracellular matrix
remodeling enzymes (such as metalloproteases) facilitates the migration of the nascent

mesenchymal cell to exit the epithelium and migrate into the cardiac jelly (16,19).



Cellularization of the cushions by the proliferative mesenchymal cells prompts the
fusion of the cardiac cushions and the formation of thin protruding primordial leaflets. The
remodeling and maturation of the primordial leaflets into tri-stratified leaflets correctly
attached to their supporting apparatus is not fully deciphered. However, it involves
orchestrated events that include proliferation and apoptosis of mesenchymal cells, fusion of
the cardiac cushions, and tissue maturation. The stratification of the leaflets is also
manifested by their differential gene expression to form separate strata rich in elastin
(ventricularis of OFT / atrialis of AV), proteoglycan (spongiosa) and collagen (fibrosa),
oriented relative to blood flow. Together, these strata are required for normal valve
structure and function, with dysregulation leading to disease (20). The most prominent
difference between the AV and OFT valves is the presence of a supporting chordea
tendineae on the ventricular side of the tricuspid and mitral valves. Furthermore, in the AV
canal, EMT-derived mesenchymal cells are the sole contributor to the mitral and tricuspid
valves, whereas in the OFT, endocardial and neural crest-derived EMT contribute to the
formation of the aortic and pulmonary valves (16).

Atrioventricular valve

EMT - A Remadeling bt
_> - - _> 22
- L / \‘lsl

Semilunar valve

Elongation

()
EMT . Remodeling Elongation |‘
’

L}

E9.0 E9.5-11.5 E12.5 Birth

Key B Myocardium Endocardium « Mesenchymal cells Cardiac jelly

Figure 1.3: Development of the semilunar and atrioventricular valves.

Following EMT to generate mesenchymal cells that populate the cushions, the cellularized
cushions remodel and elongate to from primitive valves that mature into thin valve leaflets.
Modified figure from (21).



1.3 Atrial Septation.

Following the completion of cardiac looping, atrial septation is initiated around E10
(in mice). It starts with the formation and the growth of the muscular primary atrial septum
(PAYS), also known as septum primum, from the atrial roof downward to merge with the AV
cushions. Although this septum emerges from the myocardium near the venous pole, EMT-
derived mesenchyme from the adjacent rim of the pulmonary pit and the endocardium will
coat the leading edge of the septum to form the mesenchymal cap. At this stage, and despite
the presence of the septum, atrial communication through ostium primum maintains an
adequate right-to-left shunt important for the oxygenation of the developing brain tissue.
With further growth of the PAS towards the superior endocardial cushion of the AV canal,
the atrial foramen gets smaller and then closes as the mesenchymal cap fuses with the
superior endocardial cushion of the atrioventricular canal after E11.5. This closure is
followed by myocardialization (the ingrowth of myocardial cells) of the mesenchymal cap.
Interestingly, even before the completion of the septum primum, programed cell death takes
place in this septum to form fenestrations that allow blood shunting between the atria.
These fenestrations coalesce to eventually form the ostium secundum. At this stage, the
primary atrial septum functions as a flap valve for the secondary septum. Concomitant with
PAS closure, the AV endocardial cushions initiate their fusion to form separate left and right

AC connections (16,22,23).

The secondary atrial septum, also known as septum secundum, grows as an infolding
of the dorsal atrial wall on the right side of the existing primary septum base. However, this
outgrowth never closes and an oval-shaped opening is left below its outer rim to form the

foramen ovale (FO). Prior to birth, the venous blood shunts to the left atrium via the



foramen ovale for the delivery of the mother’s oxygenated blood to the systemic circulation.
As the lung pressure drops after birth and the pressure in the left atrium rises above that of
the right atrium, the PAS flap adjoins the secondary septum’s base. This closure will then

be sealed by fusion of the two septa (16,22,23).

A B c Ostium

Ostium e Secundum

) (A

Foramen ™
ovale

Fused dorsal
. and ventral EC

B Septum primum Muscular IVS Membranous IVS

I Septum Secundum

Figure 1.4: Atrial and ventricular septation

Atrial septation starts with the migration of the septum primum (red) and formation of the
ostium primum (A), followed by apoptosis of the septum primum to create the ostium
secundum (C) and migration of the septum secundum (blue) (C, D). In the final step, both
septa fuse, leaving a foramen ovale (D). At around the same time, ventricular septation
begins with the growth of the muscular IVS towards the ECs (A-C). Fusion of the 1VVS with
the ECs closes the interventricular foramen and leads to the formation of the membranous
IVS. EC: endocardial cushion; IVS: interventricular septum.




1.4 Ventricular Septation.

In addition to the inter-atrial septum, the proper division of the systemic and
pulmonary circulations is also accomplished through the formation of the interventricular
septum. Concomitant with the differentiation of the cardiac chambers, the development of
the interventricular septum is initiated at around E10.5 with the infolding and coordinated
growth of a primitive muscular interventricular septum that will eventually fuse with the
endocardial cushions in the AV junction and the outflow tract at around E14.5. Initially, the
primitive muscular interventricular septum is shaped as a crescent that extends posteriorly to
the inferior endocardial cushion and anteriorly to the superior endocardial cushion. Proper
septation of the ventricles involves the expansion and fusion of the superior and inferior
endocardial cushions. As the IVS grows to septate the ventricles, an apical sinus persists
between the two ventricles, known as the interventricular foramen. The membranous VS,
the last portion of the septum to be formed, is derived from the cushion tissue and it closes
the foramen between the AV septum and the muscular septum. The cellular origin of the
IVS is not completely deciphered yet, however, reports have pointed to the anterior heart

field and trabecular myocardium as the origin (16,22-25).

1.5 Congenital Heart Diseases.

Congenital heart diseases (CHD) are a class of prenatal abnormalities affecting heart
structure or function. These abnormalities are the most common developmental
abnormalities in humans, afflicting nearly 1% of all live births, and are believed to be a
major cause for prenatal death (6,26). Of the CHDs, abnormalities in cardiac septation and
valvulogenesis are the most frequent. Septal defects range in severity from relatively minor,

such as patent foramen oval (PFO), to complex malformations that require corrective



surgery to restore heart function like Tetralogy of Fallot (ToF). However, even minor,
subclinical, or undiagnosed congenital defects can often lead to progressive phenotypes.
Although considered minor, defects in valvulogenesis such as bicuspid aortic valves may
progress to valve deterioration requiring valve replacement at a young age. Thus, early
detection and interventions are crucial preventive measures for future complications such as
valvular stenosis, stroke, or heart failure (12). Interestingly, cases of congenital heart
diseases are frequently accompanied by secondary neurological disorders (27). Therefore, it
is necessary to decipher the nature of CHDs and to understand their secondary effects on

prenatal and postnatal physiology (6).

Understanding the genotype-phenotype relationship, identifying the contributing
genes and molecular pathways, and deciphering the nature of variable penetrance of CHDs
are essential for understanding the pathophysiology of CHDs (12). Despite sporadic random
isolated cases of CHDs, patients suffering from CHDs often have a familial history. A
wealth of knowledge was collected from the identification of several genomic loci linked to
CHDs. Two patterns emerged from the associated defects: first, the defects are polygenic in
nature meaning that a given structural defect is often linked to more than one locus; second,
the mutation-linked genes are polymorphic - they are linked to multiple cardiac defects.
Furthermore, the accumulated research indicates that phenotypes often display variable
penetrance and expressivity, thus pointing to the influence of modifier genes and
environmental influences on cardiac phenotypes (12,28). Interestingly, penetrance
variability was also detected on the level of autosomal dominant diseases such as Holt-Oram
Syndrome (HOS), which is caused by mutations in TBX5 (26). Within the same family,
HOS affected members presented variable cardiac defects that varied from asymptomatic

conduction system defects to severe structural anomalies (12) .



Heart development is an interplay of different genetic pathways and circuits.
Disturbances in the intricacies of a particular circuit (e.g., ligand, receptor, transcription
factor, or extracellular matrix protein) often result in correlated phenotypes. For example, in
BMP signalling during atrioventricular valve formation, the conditional deletion of BMP
(ligand), ALKZ2, 3 or 6 (receptors), or SMAD (transcription factors) were shown to result in
similar cardiac defects (29). The combinatorial nature of transcription factors can also
explain the polygenic nature of cardiac malformation. Many reports have indicated that the
combinatorial interaction between the cardiac transcription factors NKX2.5, GATA-4 and
TBX5 activates a subset of cardiac promoters. Interestingly, mutations in any of these

factors are linked to similar ASD or VVSD defects (Table 1.1) (12).

A buffering model might explain the penetrance variability of CHD (30,31). In this
model, penetrance variability is attributed to: the function of a second allele, a duplicated
gene, a pathway that maintains residual function, and/or from epigenetic and environmental
factors. According to the model, the buffering capacity and tolerant window of loss of
function of a particular gene becomes narrower by increased mutation loading on different
components of a particular network (32). For example, in Gata4-Gata6 double heterozygote
mutant mice, and although mice haploinsufficient in one of the genes are viable, the
compound heterozygosity of Gata4 and Gata6 is embryonically lethal at E13.5 due to
numerous cardiovascular defects, including thinning of the ventricular walls and ventricular
septal defects (33). As demonstrated by many reports, specific background and
environmental factors are required for heterozygous mutation carriers to display cardiac
defects (12). Thus, elucidating the genetic architecture of CHD requires the identification
and characterization of: signaling pathways, downstream target genes, and cardiac

transcription regulators and their interacting partners. An understanding of gene—gene as
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well as gene—environment interactions is indispensable in the identification of additional

regulators and effectors that are potential disease-causing genes.

With the previous points in mind, our lab has uncovered a novel role for KLF13, a
member of the Kruppel-like family of zinc-finger proteins, in the transcriptional network of
cardiac development. Loss of KLF13 function in Xenopus embryos, as well as mice, was
linked to atrial septal defects and trabeculation defects similar to those observed in humans
or mice hypomorphic in Gata4 alleles (34). Thus, the analysis of KLF13’s role in the
genetic architecture of CHD and its underlying transcriptional networks will provide new

insights for the discovery of novel molecular targets for diagnostics and therapeutics.

1.6 Molecular regulation of cardiac cushion and valve development.

Various molecules, transcription factors, and signaling pathways govern the process
of valvular development as well as chamber septation including TGF/BMP, Notch, VEGF,
NFATc1, ErbB, Wnt/B-catenin, Twistl, SOX9, TBX20, Msx1/2 and GATAA4, and

hyaluronic acid (16,35).

1.6.1 TGF, BMP and SMAD pathways

Members of the transforming growth factor beta (TGF) superfamily were among
the first signaling molecules implicated in endocardial EMT. TGF signaling is mediated
via type I and II TGFp receptors leading to the activation of the SMAD transcription factors
in the nucleus (21,36). Interestingly, multiple TGF isoforms are expressed in the
endocardial cushions of mouse embryos. Spatially, while TGFB1 is expressed in the
endocardium, TGF[2 is expressed in the myocardium and endocardium of the AV and OFT

regions. On the other hand, TGF(3 expression is confined to the endocardium and
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mesenchymal cells after the onset of EMT. Due to the isoform’s functional redundancy,
disruption of multiple TGFp ligands is often required to decipher their roles in heart
development (37,38). The first direct evidence for the role of the TGFp family in EMT
came from in vitro AV cushion explant assays. Treatment of the explant with exogenous
TGFB1 and TGFpB2 promoted endocardial EMT and mesenchymal invasion of the collagen
gel (19). Further studies demonstrated that TGF2 functions downstream of the NOTCH1,

BMP2 and TBX2 pathways to activate Wnt/p-catenin signaling to promote EMT (16,21,38).

Expression of bone morphogenetic proteins (BMPs) is spatially and temporally
correlated to the onset of EMT in the endocardial cushions. Spatially, BMP2 and BMP4 are
expressed in the AV and OFT myocardium respectively; BMP6 is expressed in the
myocardium of the OFT region and endothelial/mesenchymal cells of the AV canal; and
BMP7 is restricted to the myocardium of the AV and OFT regions (39). Functionally,
BMPs have diverse roles in valve development and cardiac septation. In the myocardium,
BMP4 is essential for proper atrial and ventricular septation; as for BMP6 and BMP7, they
are functionally redundant in the myocardium and in the cushion mesenchyme. While initial
studies demonstrated that neither Bmp6 nor Bmp7 genes are required during cardiogenesis,
mice that are null for both of these genes displayed hypocellular OFT cushions as well
abnormal chamber septation (40). Myocardial BMP2 signaling, via Bmp type 1A receptor
(Bmprla), induces the expression of Twistl, Msx1 and Msx2, which are all essential for
EMT. In addition to that, myocardial BMP2 signaling activates the expression of the
cushion extracellular matrix remodeling enzyme hyaluronic acid synthetase 2 (Has2) which
is required for EMT (21). Adding to the complexity, signalling of BMP2, BMP4 and BMP7
through Bmp type 2 receptors (BMPR2) showed to have different spatial roles. Mice

heterozygote for Bmpr2 display interruption of the aortic arch (IAA), persistent truncus
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arteriosus (PTA), and absent semilunar (OFT) valves. Conditional deletion of bmpr2 in
endothelial cells causes atrial septal defect (ASD), ventricular septal defect (VSD), and
hyperplastic semilunar as well as AV valve leaflets, whereas bmpr2 deletion in myocardial
cells or in neural crest cells leads to septal defects characterized by double outlet right

ventricle (DORV) or overriding aorta (OA)(16,21).

1.6.2 The Notch pathways

The Notch signalling pathway is essential for proper mammalian cardiac
development. Dysregulation and mutations in Notch signaling were linked to human
congenital heart defects such as bicuspid aortic valve disease (BAV), calcification of the
heart valves, and ventricular septal defects (41). In mammals, the Notch receptor family
encompasses a highly conserved family of four type | transmembrane receptors (NOTCH 1
to 4). Their ligands, five members collectively referred to as the DSL (Delta/Serrate/Lag-2),
are also type | transmembrane proteins, and they include: Jagged1, Jagged2 (also called
Serratel and Serrate2), and Delta-like 1, 3 and 4 (DII1, DII3 and DII4) (42). Upon activation
of Notch receptors by ligand binding at the cell surface, a series of sequential cleavages of
the receptor (mediated by y-secretase complex) ultimately releases the intracellular domain
of Notch (NCID). Consequentially, NCID will then translocate to the nucleus to regulate
gene transcription through interacting with the transcriptional repressor RBPJx
(recombination signal-binding protein 1 for J-x) (41). Among Notch signaling target genes,
the Hes (hairy enhancer of split) and Hey (hairy/enhancer of split-related with YRPW motif)

families of basic helix—loop-helix transcription factors are the best defined (16,41).

The expressivity and the role of the different Notch signaling intricacies during

cardiac development were extensively studied (43). Loss- and gain-of-function studies have
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revealed the critical role of the Notch pathway in regulating cardiac development. Both
notchl-deficient and rbpjx -deficient embryos have significantly reduced EMT in the AV
canal, as was determined using an ex vivo AV canal explant assay. In addition, these mutant
mice were associated with reduced expression of TGFB2 and its receptors, which as
previously discussed, are critical initiators of EMT during heart development. Interestingly,
supplementation of exogenous TGFB2 or TGFp3 to the mutant AV cushions in eX Vivo
explant assays was not sufficient to rescue the observed EMT defects (41,42,44). In
addition, notchl-deficient embryos also presented with trabeculation defects due to
decreased myocardial proliferation during early development. Notchl is highly expressed in
the trabecular endocardium, where it controls myocardial differentiation and proliferation in
a Neuregulin-1 (NRG-1)- and BMP10-dependent manner, respectively (42,44). The Notch
target gene, hey2, was also found to be critical for proper heart development. Hey?2 is
abundantly expressed and restricted to the endocardium of the AV canal and the compact
myocardial layer of the ventricles. Studies showed its necessity for the initiation of EMT
but not for the maintenance of the mesenchymal phenotype. Mice that are null for hey?2
have high postnatal mortality due to cardiovascular defects, including VSDs, pulmonic

stenosis (PS), AV canal valve irregularities, and cardiac hypertrophy (16,42,45).

1.6.3 VEGF/NFAT/ Calcium signaling

Normal cardiac development is intricately dependent on the correct dosage of
several growth factors including the vascular endothelial growth factor (VEGF)(46).
VEGF is recognized for its role in regulating cell proliferation, vascular permeability,
chemotaxis, survival of endothelial cells, and vasculogenesis as well as angiogenesis in the
developing embryo (47). VEGF, also known as vascular permeability factor (VPF), is a

potent secreted mitogen implicated in the activation, proliferation, and remodelling of the
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endocardium (46,48). There are five VEGF isoforms in mammals: VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and the placental growth factor (PIGF). VEGF ligands are assembled
by the homodimerization of two identical monomers associated by disulphide bonds (49).
VEGF signaling is complicated and can occur by a combination of the five ligands binding
to the two primary tyrosine receptors VEGFR1 (also known as FLT) and VEGFR2 (also
known as FLK) with different specificities (50). The two VEGF receptors are expressed

abundantly in the endocardium (16,48).

Cardiac expression of Vegf is induced during hypoxia, thus potentially mediating the
morphogenic effects of hypoxia during cardiac morphogenesis. During early stages of
cardiac development, VEGF is expressed in most endocardial cells of the primitive heart
tube; however, at E9.5-10.5 its spatial expression becomes more restricted to cardiac
cushions of the AV canal and OFT (51). Strikingly, VEGF has a dose and time dependent
dual function in both initiating and terminating endocardial EMT. Interestingly, both gain
and loss of VEGF function were associated with embryonic lethality. VEGF hypomorphism
is embryonically lethal due to underdeveloped endocardial cushions, chamber malformation
and compromised vascular development (52). Lethality in VEGF gain of function, a 2-3
fold increase in VEGF protein, was attributed to abnormal vasculogenesis and a myriad of
heart defects including hypertrabeculation, thinner compact myocardia, and septal defects
(51). In addition, conditional myocardial overexpression of VEGF at E9.5 also leads to
septal and valve defects due to the abnormal expansion of the endocardial cushions (46).
The aforementioned studies demonstrate the critical role of VEGF signaling, as well as its
spatiotemporal expression, in regulating the proper development of the endocardial cushion

and cardiac septation (16).
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At E9.0, in mice, the endocardial cell transformation into mesenchymal cells
requires the repression of VEGF expression in the myocardium underlying the site of
prospective valve formation. This repression is mediated by calcineurin/NFATc (nuclear
factor of activated T cells) signaling. Furthermore, at E11.0, a second wave of
calcineurin/NFATc signaling is also required in the endocardium to direct valvular
elongation and refinement (53). Calcineurin/NFATc signaling is activated by several
receptors and ion channels that elevate intracellular Ca2+ leading to the activation of the
Ca2+/calmodulin-dependent phosphatase, calcineurin. NFATc calcineurin-dependent
dephosphorylation exposes nuclear localization signals and causes the transcription factor to
translocate into the nucleus (53,54). Once NFATCc is in the nucleus it forms a
transcriptional complex, with the with NFAT nuclear partners (NFATN), that acts to repress

or activate the expression of target genes (16,53,55).

Loss of NFATcL in mice is embryonically lethal: the embryos die at E14.5 from
hypomorphic semilunar and AV valves, as well as VSDs (56,57). However, analysis of
earlier embryos showed normal endocardial cushion formation as well as normal initial
septation of the OFT into aortic and pulmonary channels. Therefore, the developmental
defects are likely to be due to abnormalities in the maturation of the endocardial cushions
into valvuloseptal structures (56,57). Furthermore, loss of function of the myocardial factors
NFATc2, NFATc3 or NFATc4 did not show abnormal valve development (16,58-60).
However, compound deletions of NFATc2;c3;c4 in mice lead to significantly reduced EMT
at E10.5 that was associated with a strong upregulation of VEGF expression (16,61). The

precise molecular nature of Calcium-NFATc-VEGF signaling is still to be determined (16).
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1.6.4 ErbB signalling

The neuregulins (NGR) are a family of four structurally related transmembrane
proteins (NRG1-4). Among the family members, Neuregulin-1 (NRG-1) is the most
abundant in the cardiovascular system (62). NRG-1 has approximately 30 isoforms as a
result of its synthesis from different promoters and splicing variants, and these isoforms are
classified into at least three subgroups (type I-111) (63). The active amino terminal domain
of NRG-1 is secreted to the extracellular space through the a-secretase activity of
metalloproteinase ADAMTs17 and ADAMTSs19 (63,64). The active form of NRG-1
contains a cysteine-rich domain, a domain related to the epidermal growth factor (EGF),
which exerts its effect in a paracrine manner. The paracrine effect of NRG-1 is mediated by
binding and activating the ErbB family of tyrosine kinase transmembrane receptors that
belong to the EGFR family (63). ErbB receptors are composed of an extracellular ligand-
binding domain, a transmembrane domain, and a cytoplasmic tyrosine kinase domain.
Binding of NRG-1 to its receptor induces dimerization and autophosphorylation events that

lead to the propagation of the signal to the cytoplasm of the cell (16,62).

The distinct patterns of expression of NRG-1 signaling intricacies during cardiac
morphogenesis suggest their differential functions. Around E9.0, NRG-1 is highly
expressed and restricted to the endocardium. At this stage, the receptors ErbB2 and ErbB4
are highly expressed in the ventricular myocytes. On the other hand, ErbB3 is expressed in
the endocardial and mesenchymal cells of the endocardial cushions (62). Interestingly,
disruption of NRG-1 signaling (NRG-1 or the ErbB2, ErbB3, or ErbB4 receptors) is
embryonically lethal due to numerous cardiac defects that are endocardial in nature (62).
Furthermore, erbb2 and nrgl null embryos die at E10.5 due to trabeculation defects and

underdeveloped cushions. ErbB3 loss of function was lethal at E13.5 with severe
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endocardial cushion defects that lead to blood reflux (65). On the other hand, erbb4-null
embryos died ~E9.5 due to severe trabeculation defects but had no associated valvulogenesis

defects (16,66).

The exact role of NRG-1 signaling and its mechanisms of action during cardiac
development are yet to be deciphered. However, insight for its actions was acquired from
studies of the function of hyaluronan synthase 2 (Has2) during AV canal formation. Has?2
loss of function is embryonically lethal at E9.5 due to vasculature defects and severe
reduction of cardiac jelly. Furthermore, ex vivo explant studies of AV canals from the
mutant mice showed diminished endocardial cell migration and defective EMT.
Mechanistically, the endocardial cushions of has2 null embryos were also characterized with
a reduced phosphorylation state of ErbB2 and ErbB3. Interestingly, the defects observed
with the explant assay were rescued by the addition of exogenous hyaluronic acid (HA) or
NRG-1 to the endocardial cushion explants which phosphorylated the ErbB receptors (67).
These studies suggested that HA and NRG-1 in the cardiac jelly co-regulate ErbB2/ErbB3

signaling (16).

1.7 Cardiac transcription: Different levels of control

Cardiac progenitor populations undergo lineage commitment and expansion via
coordinated positive and negative inductive signals from neighbouring endothelial,
endocardial, and other mesodermal derived cells. Among these inductive signals are bone
morphogenetic proteins (BMPs), basic fibroblast growth factors (FGF), and Wnt proteins.
The decisive nature of these inductive signals during cardiac differentiation can be

represented by the loss of FGF8 function in mice. FGF8 deficient embryos demonstrated
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multiple cardiovascular lethal malformations that were related to the secondary heart field

(SHF) (13,16,68,69).

Following the aforementioned inductive signaling, a number of cardiac-specific and
evolutionarily-conserved transcription factors (TF) were found to be activated within the
cardiac progenitor cells of the FHF and AHF. These factors include members of GATA
(12), NKX2 (70), TBX (71), MEF2 (72), SRF (73) and HAND (74) factors. As an example,
the zinc-finger containing factors, GATA4 and the homeodomain containing factor NKX2.5,
were found to mediate BMP signalling (12). Furthermore, many of the cardiac regulators
interact cooperatively to control their target promoters which express genes that control
cardiac cell fates and morphogenesis. These target genes include muscle specific proteins
such as a-myosin heavy chain (a-MHC), cardiac a-actin, and the A- and B-type natriuretic
peptide genes (Nppa and Nppb) (75). Cardiac transcription factors also control the
expression of other transcription factors via transcriptional feedback loops that stabilize and
maintain proper cardiac gene programs (76). For example, GATA4 and TBX20

cooperatively activate both the NKX2.5 and MEF2C enhancers (13,77).

Chromatin remodelling and histone modification tightly control the accessibility and
affinity of transcription factors to their binding sites. This layer of control adds another
level of modulation to the spatiotemporal activity of cardiac transcription factors. For
example, Baf60c, a unit of the BAF chromatin remodelling complex, mediates the
augmentation of the transcriptional activities of GATA4, NKX2.5, and TBX5. This
augmentation is mediated by the interaction between these DNA-binding transcription
factors and the BAF complexes. Interestingly, embryos deficient in Baf60c demonstrated

cardiac lethality at E10.0-11.0 (77). In addition, several histone modifying enzymes are
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known to interact with various cardiac transcription factors (78,79). Histone
acetyltransferase (HAT) proteins, for example p300, does not only control gene expression
via the acetylation of lysine residues on histones but also via the acetylation of several
transcription factors (e.g., GATA4). Acetylation activates and enhances the DNA-binding
activity and the transcriptional activity of transcription factors (80). Treatment of
embryonic stem cells with histone deacetylase (HDACS) inhibitors enhanced cardiac lineage
differentiation due to the elevated levels of acetylated GATA4 (81). Therefore, multiple
levels of transcriptional control regulate the accessibility and affinity of transcription factors
to the downstream target genes. These levels of control ensure the proper spatiotemporal

cardiac gene expression during the multiple stages of cardiac development (13,16,78,82).

1.8 Natriuretic peptides: A tool to decipher cardiac transcription.

The discoveries of the atrial natriuretic peptide (ANP), and brain natriuretic peptide
(BNP) by De Bold and Sudoh, respectively, had tremendous impact on the current
understanding of cardiac development and homeostasis (83,84). The two proteins are
synthesized by the A- and B-type natriuretic peptide genes, NPPA and NPPB, respectively.
These highly homologous polypeptides are currently used in clinical practices as biomarkers
of heart failure. Natriuretic hormones are synthesized as pro-peptides, they are
enzymatically cleaved to give rise to biologically active forms that can be stored in specific
granules (85). These two hormones are continuously released, and deviation from the basal
level of release is controlled by mechanical and neuroendocrine stimuli which modulate the
rate of ANP and BNP synthesis or/and release. The activities of ANP and BNP are
mediated via the natriuretic polypeptide receptors NPR-A and NPR-B which are guanylyl

cyclases coupled receptors that catalyse the synthesis of cGMP from GTP. Within the cells,

20



cGMP targets include cGMP-dependent protein kinases, cGMP-gated ion channels, and
cGMP-regulated cyclic nucleotide phosphodiesterases (PDE). In turn, these targets
modulate the response to the natriuretic factors which include diuretic, natriuretic, and

vasodilating actions and inhibitory effects on renin and aldosterone secretion (13,86-88).

Postnatally, ANP and BNP hormones are secreted from the atria and ventricles,
respectively. While ANP functions as a modulator of blood pressure, BNP is a paracrine
regulator of cardiac remodeling. In mouse models, loss of function in the murine ANP gene,
Nppa, was associated with hypertension. However, loss of the BNP gene Nppb showed no
signs of hypertension or ventricular chamber hypertrophy (89). However, the ventricles of
the Nppb null mice were characterized with fibrotic lesions that were found to be aggravated

in response to pressure overload (90).

The importance of natriuretic hormones for cardiac development can be
demonstrated by their expression in precursor cardiac cells prior to the formation of the
primitive heart (91). During the early stages of embryogenesis in mice, Nppa is expressed
both in atrial and ventricular, but not in skeletal, muscle cells. In later stages of fetal
development, Nppa expression is dramatically reduced in the ventricles but remains high in
the atria (87,92). On the other hand, postnatal ventricular Nppa gene expression is
reactivated in response to hemodynamic overload and cardiac abnormalities (13,87,93).
Moreover, Nppa expression and secretion are also modulated via neural and endocrine
factors including a-adrenergic agonists, 3-adrenergic agonists, endothelin-1 (ET-1),
glucocorticoids, prostaglandins, thyroid hormones, Nitric Oxide inhibition and angiotensin
I1 (Ang I1) (13,87,94,95). At the genetic level, analysis of the Nppa and Nppb promoters

and their patterns of expression have led to the characterization of key cardiac regulators and
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pathways that converge onto these sensitive markers of cardiac stress. Among these cardiac
transcription factors are GATA4, TBX5, and NKX2.5, which are fundamental to cardiac
development; their mutations were found to be linked to a wide array of cardiac defects
(13,85). KLF13, the focus of this thesis, was identified as a cardiac transcription factor able

to regulate the function of the Nppa and Nppb promoters.

1.9 Essential cardiac regulators

The use of genetic engineering to induce the loss of function of specific genes
allowed for the identification of proteins involved in cardiac development and their
associated congenital heart defects (CHD)(12). These mouse models also allowed for the
identification of genes important to postnatal cardiac development and homeostasis (Table
1.1). The wealth of knowledge gained from developmental biology was also utilized to
provide insight on studies pertaining to cardioprotection postnatal heart (86). The following
section will provide an overview of some of the major cardiac transcription factors that have

been shown to be important for cardiac development.

1.9.1 GATA4

GATA-binding proteins are a subfamily of zinc-finger transcription factors that
are characterized by their interaction with the DNA consensus sequence A/G GATA A/T.
There are six mammalian members (GATA1-6) of the GATA family. These factors share a
highly conserved DNA-binding domain containing two C-X2-C-X17-C-X2-C (C2C2-type)
zinc-fingers, of which 82 residues are identical across the six proteins (96,97). Several
reports have indicated that while the N-terminal zinc-finger stabilizes DNA-protein

interactions, DNA-binding is chiefly the function of the C-terminal zinc-finger (96,98). On
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the other hand, the N-terminal zinc-finger also mediates specific protein—protein

interactions.

The GATA family can be subdivided into two subfamilies based on their sequence

homology and tissue expression: GATA1/2/3 and GATAA4/5/6. Members of the GATA4/5/6

subfamily share two structurally related amino-terminal transcriptional activation domains

(16,99). Beyond the aforementioned domains, the GATA4/5/6 proteins retain very low

similarity to one another (96).

Table 1.1: Transcription factors associated with cardiac development.

Cardiac specification and

NKX2.5 Pan-cardiac patterning: Development of the HEID: ELD, BUmRLETE ot
. defects 105)
conduction system
. Cardiac differentiation; Ventral
GATA4 Pan-cardiac B I ASD, VSD (106)
. Cardiac differentiation; Ventral (107,120
GATAS Pan-cardiac P ASD, VSD, BAV 8)
LV; Epicardium; Cardiac differentiation; Ventral
GATAE OFT morphogenesis VLD, Eial
FOG2 Pan-cardiac Modulator of GATA-4 activities ASD, TOF (109)
MEF2C Pan-cardiac Cardiomyocytes specification N/A (110)
FGF10 AHF Ventricular patterning N/A (111)
Isl-1 AHF AHF development N/A (112)
Hand1 LV; AVC; OFT Cardiac patterning and proliferation N/A (113)
Hand2 RV; Endocardium Cardiac proliferation; RV identity N/A (4,114)
AHF proliferation; Development of Conotruncal
TBX1 PA the OFT abnormalities ()
Primitive - . L
TBX2 i Inhibits chamber differentiation N/A (116)
Primitive Inhibits chamber differentiation;
TBX3 myocardium; CCS Sinoatrial node patterning A ()
TBX5 LV; At Atrial and left ventricle identity == VSdlg],cecC(inductlon (118)
TBX20 Pan-cardiac Repress TBX2; Development of the N/A 77)

endocardial cushions.

Legend: AHF: Anterior/Secondary Heart Field; ASD: Atrial Septal Defect; At: Atria. AVC:

Atrioventricular Canal; BAV: Bicuspid Aortic Valves; CCS: Central Conduction System; LV: Left

Ventricle; N/A: Not Associated with Phenotype; N/R: Not Reported; OFT: Outflow Tract; PA:

Pharyngeal Arches; RV: Right Ventricle; ToF: Tetralogy of Fallot; VSD: Ventricular Septal Defect;

Modified from (13)
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Members of the GATA family are lineage-restricted and are known to be essential
during cellular growth and development (96,119). While the GATAL/2/3 subfamily is
required for the proper development of the hematopoietic system, GATA4/5/6 are important
for proper cardiac development and endoderm derived cells. Of the six members,
GATAA4/5/6 are the chief factors expressed in the cardiovascular system. While GATA4 is
widely expressed in all cardiac progenitors and at all stages, GATAS expression is restricted
to endocardial cells and GATAG is expressed mainly in myocardial and vascular smooth

muscle cells (16,96,119).

By far, GATA4 is the most comprehensively studied member of the family. It was
first identified as a transcriptional regulator for the BNP gene, Nppb (120). Several lines of
evidence support GATA4’s importance as a critical regulator of cardiac development as well
as for regulating survival and hypertrophic growth of the adult heart (12,121,122). Firstly,
GATAA4 is detected as early as E7.0 in the precardiac splanchnic mesoderm, and is thus one
of the earliest cardiac developmental markers (12,123). At E8.0, GATAA4 is also highly
expressed in the folding heart tube, both in the endocardium and the myocardium. This
expression persists throughout prenatal and postnatal life (124). Secondly, GATA4 is an
integral member of the positive feedback loop that controls the expression of several cardiac
transcription factors and modulates the onset of cardiogenesis. For example, its
combinatorial interaction with SMAD proteins, the signalling intermediates of the
TGF/BMP signalling pathway, activates the expression of the early cardiac factor, NKX2.5
(125). Thirdly, GATAA4 was found to directly regulate more than 30 cardiac promoters and
enhancers (12). Lastly, the indispensability of GATA4 during cardiac development is
evident by the numerous forms of congenital heart disease (CHD) associated with GATA4

loss of function and mutations in several animal models (12,126,127). Mouse embryos null
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for gata4 displayed severe cardiac abnormalities as early as ED 7.0. These defects included
the absence of a primitive heart tube due to the failure of the FHF to migrate and fuse along

the ventral midline (13,126).

Structurally and similar to other members of the family, GATAA4 contains two zinc-
fingers of the C2C2-type in which a zinc ion is tetrahedrally bound by four cysteine residues
(127,128). While the C-terminal zinc -finger is critical for DNA binding, the N-terminal
zinc-finger stabilizes and confers specificity to the protein-DNA complex
(128,129). Proper nuclear localization of GATAA4 is granted by the nuclear localization
sequence (NLS) located within the basic domain flanking the C-terminal zinc-finger.
Several cardiac transcription factors were found to combinatorially interact with GATA4
including NKX2.5 (130), TBXS5 (71), and the multi zinc-finger protein friend of GATA
(FOG2) (131). The majority of the elucidated protein-protein interactions were found to be
mediated via the C-terminal zinc-finger of GATA4, except for FOG2 and KLF13, which are
directed via the N-terminal zinc-finger of GATA4. As previously described, GATA4/5/6
contain two separate transcriptional activation domains (i.e., TAD1 and TAD2) within the N
terminal of the protein. The partial conservation of the two transactivation domains between
the subfamily members might explain the functional redundancy and the buffering capacity

among GATA4/5/6 (129,132).

1.9.2 MEF2

Myocyte enhancer factor 2 (MEF2) proteins are members of the evolutionarily
conserved MADS (MCM1, AGAMOUS, DEFICIENS, and SRF) family of transcription
factors. These proteins functionally act as “transcriptional switches” and their expression is

concurrent with onset of differentiation programs in their enriched tissues including cardiac
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tissue (133). Structurally the four members of the MEF2 family (MEF2A, B, C, and D) are
highly divergent in their C-terminal regions but have highly similar N-terminal regions;
these contain the evolutionarily conserved MADS and MEF2 domains, which mediate both
DNA as well as protein interactions (133). Developmentally, MEF2 proteins are
characterized by a distinct spatiotemporal expression profile with highest expression in the
striated muscles and the nervous system (134). MEF2C is the first family member to be
expressed in the heart, as it is detected as early as E7.5 in the cardiogenic precursors of the
precardiac mesoderm. The transcripts of the other members are detected shortly after, at
E8.5, in the myocardium. Their activities are mediated by strongly activating or repressing

gene transcription via interactions with their repertoire of cofactors (133,134).

Developmentally, loss of Mef2c function in mouse was associated with embryonic
lethality at E9.5 due to failure in the cardiac looping process and right ventricular aplasia
(135). Similarly, Mef2a-null mice were lost perinatally due to a range of cardiac
abnormalities that included right ventricular dilation and myofibrillar fragmentation (136).
MEF2 regulates the expression of numerous cardiac differentiation genes that include
structural and contractile proteins. Note that examination of the developmental function of
each of the MEF2 proteins in the heart is a challenge due to their overlapping spatiotemporal
expression. To overcome this, a cardiac-specific overexpression of a dominant-negative
MEF2 mutant (MEF2C/EnR) was generated. Overexpression of this mutant protein was
associated with loss of cardiomyocyte differentiation in both transgenic mice and P19 cells.
Moreover, the overexpression in P19 cells was associated with drastic loss of the expression
of GATA4, BMP4, NKX2.5 and MEF2C (137). Postnatally, MEF2 proteins are involved in
mediating postnatal cardiac hypertrophic growth. For example, cardiac-specific

overexpression of MEF2A and MEF2C in mice was associated with higher incidence of
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dilated cardiomyopathy and lengthening. Mechanistically, MEF2A and MEF2C
overexpression were found to induce sarcomeric disorganization and focal elongation that
were associated with altered gene expression of extracellular matrix remodeling, ion
handling, and metabolic genes (138). Collectively, the aforementioned studies point to an
essential role for MEF2 proteins in the proper differentiation and postnatal development of

the contractile heart.

1.9.3 NKX2.5

NKX2.5 (Nirenberg and Kim X=Mammalian class 2.5) is a member of the NK-2
family of homeodomain transcription factors. The importance of this class of transcription
factors in the field of development and organogenesis was first established in Drosophila.
Azpiazu et al, demonstrated that Tinman, the founding member of the NK-2 class of
homeobox genes, lacked all dorsal mesodermal derivatives, including the dorsal vessel,
visceral muscle, and a subset of body wall muscles (139). It is noteworthy that the dorsal
vessel is the insect equivalent of the vertebrate heart. This class of transcription factors is
evolutionary conserved and is characterized by binding to the DNA consensus sequence
T(CIT) AAGTG (125,127). Members of the NK-2 family are lineage-restricted and are
known to play indispensable roles during cellular growth and development. Of the NK-2
genes expressed in vertebrates NKX2.3, NKX2.5, NKX2.6, NKX2.7, NKX2.8, and

NKX2.10 are referred to as the cardiac group due to their high cardiac expressivity (13,125).

Among the NK-2 cardiac group, NKX2.5 is the most extensively studied member.
NKX2.5 was first identified in a screen for mammalian homologues of Drosophila’s Tinman
(12,125). Species conservation of Nkx2.5 suggests a conserved regulatory mechanism

during cardiogenesis (140). During cardiogenesis in mice, NKX2.5 is expressed quite early
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at E7.5, and continues to be expressed at a high level in the heart throughout adulthood
(103). In contrast to the loss of Tinman in Drosophila, which exhibited complete absence of
the structure equivalent to mammalian heart, nk2.5 loss of function in mice didn’t affect the
formation of the linear heart tube. However, the targeted deletion of NKX2.5 was
associated with embryonic lethality at E9.0-E10.0. In the mutant embryos, the linear heart
tube failed to progress to the looping stage and a single ventricular chamber was present
with a truncated OFT (12,125) (103). The discrepancy in the phenotype severity between
Drosophila and mice might be due to a buffering effect from other NK factors that remains
to be identified (12,16). Human mutations in NKX2.5, most within the homeodomain, were
linked to septal defects, conduction abnormalities, thinning of the ventricular myocardium,
and hypotrabeculation (12,13,125). At the molecular level, the expression of a number of
cardiac-specific genes were down-regulated in NKX2.5 mutant mice, including Nppa and
the basic helix-loop-helix TF (eHand). Although NKX2.5 expression is homogeneous
throughout the heart, analysis of mutant mice suggests the necessity of NKX2.5 for proper
chamber specification and septation (12). The discrepancy between NKX2.5’s broad spatial
expression and specific regionalization in the heart is attributed to combinatorial interaction

with other cardiac regulators, such as GATA4 and TBX5 (12,130,141).

Homologous to the other members of the NK2 family, NKX2.5 is structurally
comprised of four conserved motifs. Ordered from the amino terminus of the protein, these
motifs are: the tinman (TN) domain, the homeodomain, the NK-2 specific domain, and the
sequence GIRAW. The DNA-binding domain of NKX2.5 is attributed to the homeodomain.
NKX2.5’s homeodomain is composed of three helices (I/11/111) that form a hydrophobic core
with a tyrosine () at position 54 characteristic of the NK-2 family members. Of the three
helices, helix I11 is responsible for DNA binding specificity (125). The homeodomain also
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mediates protein-protein interaction with other cardiac transcription factors (e.g. GATA4,
TBX5 and SRF) (130,142,143). The precise functions of the TN-Domain and NK-2 domain
are yet to be determined; however recent reports indicate their importance in regulating the
transcriptional activity of NKX2.5 (144,145). The deca-peptide TN domain, also found in
some basic helix-loop-helix (bHLH) factors such as Olig2, was shown to mediate the
interaction of NKX2.5 with the Groucho family of co-repressors. These co-repressors were
implicated in the formation of a repressed chromatin state in several genetic loci in order to
control major developmental processes ranging from body axis patterning to eye
development (146,147). Interestingly, point mutations of the TN domain were linked to
atrial fibrillation and were shown to modify the interactions of NKX2.5 and p300 (145,148).
The characteristic domain of the NK-2 class, NK-2 domain, is localized adjacent to the C-
terminal of the homeodomain and is structurally composed of a proline-rich region, a
hydrophobic core, and a cluster of flanking basic amino acids. This domain likely facilitates
protein-DNA interaction as well as interactions with other members of the transcriptional
machinery (125,140,149). Using mutational analysis in the NK-2 transcription factor
Ventral Nervous System Defective protein (VND), the NK2-domain was found to be
responsible for mediating cell death upon ectopic expression of VND in various Drosophila
tissues (150). Lastly, the function of the amino acid sequence “GIRAW” has yet to be
determined (125). Interestingly, deletion of the C-terminal domain does not impair NKX2-5
activity in inducing cardiomyogenesis in P19 cells. However, it appears that the C-terminal
of NKX2.5 that contains both the NK-2 domain and the GIRAW sequence has an
autorepression functionality as its deletion leads to super-activation of the Nppa promoter

(151).
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Mechanistically, part of the regulatory mechanism assumed by the NK-2 proteins is
attributed to the choice of the transcriptional partner. For example, while Nppa transcription
is stimulated by the combinatorial interaction between NKX2.5 and GATA4, Nppa gene

transcription is inhibited by NKX2.5-TBX2 transcription interaction (125).

1.9.4 TBX5

The Brachyury (T) gene family encodes phylogenetically-conserved
transcriptional regulators that share a highly-conserved 180-amino acid DNA-binding
domain, termed the T-box (152,153). This family plays diverse roles in metazoan
embryogenesis and germ cell differentiation (154). To date, 17 T-box genes have been
identified in mouse and human and are organized into five subfamilies. Seven members of
these families (i.e. TBX1-5, TBX18, and TBX20) were shown to be expressed in the
embryonic vertebrate heart with overlapping expression patterns (152). Loss of function of
any of these seven genes is linked to embryonic/prenatal lethality due to a wide range of
cardiac defects. Each of these genes has a unique spatiotemporal expression pattern within
progenitor fields, including those of the early germ layers, to control a different set of
developmental processes, most prominently differentiation and patterning. Furthermore, T-
box genes execute their diverse function in a combinatorial or hierarchical fashion. The
dose-sensitive nature of T-box genes is demonstrated by the human congenital defects

associated with their haplo-insufficiency as well as their over-expression (155).
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Figure 1.5: Schematic representation of A) GATA4 and B) NKX2.5 protein structure.

The exonic germline mutations related to nonsyndromic CHD are also indicated. All mutations
related to ASDII are represented on the top. Mutations found in patients with CHD other than ASDI|I
are shown below the structural domains. All mutations which were evaluated by family and/or
functional studies are represented in bold letters. Somatic and intronic mutations are not included.
The lines represent the regions required for the interaction with the protein identified under the line.

The figure is modified from (26).
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TBXS5 is the most extensively studied member of the T-box genes. Uniquely,
haplosufficiency in TBX5 was also found to be associated with embryonic lethality
(152,159). Furthermore, TBXS5 is the gene linked to human Holt-Oram Syndrome (HOS), a
dominant syndrome characterised primarily by upper fore-limb defects and cardiac
abnormalities (160). The latter abnormalities include chamber septal defects, tetralogy of
Fallot (TOF), hypoplastic left heart, and conduction anomalies (152). TBX5 is expressed at
the earliest stages of cardiogenesis, in the cardiac mesoderm, and is co-localized with other
early cardiac transcription factors such as NKX2.5 and GATA4 (161). Studies on zebrafish,
revealed that TBX5 expression in the anterior lateral plate mesoderm provides the required
competency for the later BMP signaling that is required for proper cardiogenesis and
chamber formation (162). As the heart differentiates, TBX5 expression follows the retinoic
acid signaling gradient along the linear heart tube with a peak in the posterior sinoatrial
segments of the heart. This gradient is thought to serve as a positional cue for the anterior-

posterior cardiac axis (13,163).

Structurally, tbx5 encodes five different isoforms, through alternative splicing of 11
exons, with differing N- and C-terminal domains (164). Most of the structure function
studies were conducted on isoform TBX5a which contains a 56 amino acid N-terminal, a
180-amino acid DNA binding domain, and a 282-amino acid C-terminal (Error! Reference
source not found.) (165). Beyond the T-box domain of TBX5, which is common with the
other isoforms, structure-function analysis of the other regions is yet to be determined. The
T-box domain is composed of a seven-stranded B-barrel domain that is closed by a smaller
B-pleated sheet (166). Based on binding studies with synthetic oligonucleotides, the
consensus sequence of TBX5 was defined as the following 8-bp-long DNA half-site
(A/G)GGTGT(C/GIT)(A/G) (166,167). The T-box domain does not only mediate DNA-
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binding, but also protein-protein interactions (168). Over 70 mutations in the TBX5 gene
have been associated with Holt-Oram syndrome including: nonsense, frameshift, splice site,
deletion, and missense (164). The majority of these mutations introduce a premature stop
codon within the T-box domain. Hence, these mutations impact the DNA-binding
properties of TBX5 to target genes, leading to deregulated transcriptional activation by
TBX5 and abnormal synergistic transcriptional activation with its partners (e.g. NKX2.5,
GATAA4, and the MAD box cardiac transcription factor MEF2C) (165). The poorly
conserved N-terminal extension (residues 1-50) of TBX5 was also shown to be necessary
for interaction with MEF2C and NKX2.5 (169,170). On the other hand, the C-terminal of
TBX5 possesses a transactivation domain (TAD), 339-379aa. The mechanism underlying
the transactivation by the C-terminal of TBXS5 is largely unknown (165,171). However,
DNA-TBXS5 crystallization studies conducted by Stirnimann et al. indicated that proper
folding of the T-box domain also affects the correct orientation of the transactivation domain
(166). Thus, mutations that effect the T-box structure may also impact the proper folding of
the adjacent transactivation domain. In addition, the transcriptional co-activator TAZ,
transcriptional co-activator with PDZ-binding motive, was also found to interact with TBX5.
The co-activational properties of TAZ were found to be mediated via interactions with the
histone acetyltransferases p300 and PCAF. Although TBXS5 lacks a PY motif that mediates
the association of other proteins with TAZ, it alternatively interacts with TAZ through
multiple domains including its C-terminal structure. Interestingly, truncated HOS mutants

of TBXS5 lose the capacity to associate with and be stimulated by TAZ (172).

Other structural features of TBXS5 include two functional nuclear localization signal
(NLS) motifs, one in the DNA-binding domain and the other in the C-terminal of the

protein. Furthermore, the T-box domain also contains a Crm1-dependent nuclear export
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signal (NES) (169). These nuclear import and export sequences are important regulators of
the TBX5 subcellular localization and availability. In addition, LMP4 protein, a member of
the PDZ-LIM protein, has been identified as interacting with the C-terminal transactivation
domains of both TBX5 and TBX4 to induce their re-localization from the nucleus to the
cytoplasm. As LMP4 negatively regulates the nuclear availability of TBX5, it works as a
modulator of the transcriptional activity of the TBX5 protein (169). Not only was tbx5 loss
of function associated with cases of HOS, duplications in chromosome 12g2, which harbour
the tbx5 gene, have also been linked to HOS (173). These observations suggest that striking
a balanced level of TBX5 protein in the cell, in the nucleus in particular, is critical for its

proper transcriptional activities (13,169).

Mechanistically, TBX5 interacts directly and synergistically with other conserved
cardiac transcription factors, including NKX2.5 and GATA-4, to activate the expression of
chamber-specific genes such as Nppa (152). Takeuchi and Bruneau showed that GATAA4,
TBXS5, and Baf60c (the cardiac-specific subunit of BAF chromatin-remodeling complexes)
can direct ectopic differentiation of mouse mesoderm into beating cardiomyocytes (174).
Their results indicated that while GATA4 and Baf60c initiated ectopic cardiac gene
expression, the addition of TBX5 allowed differentiation into contracting cardiomyocytes
and repression of non-cardiac mesodermal genes (174). In addition, Garg et al. (2003)
demonstrated that a missense mutation in GATAA4 (i.e., G296S), associated with cardiac
septal defects, abrogated the interaction with TBX5. Conversely, interaction of GATA4 and
TBX5 was disrupted by specific human TBX5 missense mutations that are linked to similar
cardiac septal defects (175). The genotype-phenotype associations with TBX5 point
mutations provided a “Rosetta stone” for deciphering how disruption of the combinatorial

interactions of transcription factors can lead to specific birth defects (13,71).
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Figure 1.6: Schematic representation of TBX5a protein structure.
The exonic germline mutations related to HOS are also indicated. The majority of mutations are

located in the DNA-binding T-box domain of TBXS5. Intronic and somatic mutations are not
included. The lines represent the regions required for the interaction with the protein identified
under the line. NLS: Nuclear localization signal, NES: Nuclear export signal, TAD: Transactivation

domain. The mutations are located according to reference (26).
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1.9.5 PEX1

A decade ago, we reported that PEX1 (Phenylephrine-induced Complex-1), also
known as ZFP260 (zinc-finger transcription factor 260), is implicated in al-adrenergic
(phenylephrine) signalling in the heart (180). Detailed spatiotemporal expression of the
protein is yet to be reported, however in adult mice, the protein is expressed in the heart,
skeletal muscle, and adrenal gland. In the developing heart, the expression profile of PEX1
is curiously similar to the pattern of Nppa gene expression, with a robust expression during
cardiogenesis that decreases in postnatal ventricles. Furthermore, we found that PEX1
physically and functionally interacts with GATAA4 to synergistically activate transcription of
Nppa and other hypertrophy-induced genes. Our data identify PEX1 as a novel
transcriptional regulator the heart and a nuclear effector of al-adrenergic and Endothelinl
signaling (180,181). The role of PEX1 during cardiac development is in progress in our

laboratory.

It is well established that a1-adrenergic receptors mediate catecholamine signaling to
control several biological processes (e.g., myocyte growth and contractility) and the
transcriptional regulation of several cardiac genes including Nppa (180,181). Phenylephrine
response element (PERE) is essential for mediating the response of the Nppa promoter to the
al- adrenergic receptor agonist phenylephrine (182,183). PEX1 was identified in our
screening for regulatory factors binding to the evolutionarily-conserved phenylephrine
response element (PERE) on the Nppa promoter. Interestingly, PEX1 transcripts were also
induced by the al-adrenergic agonist phenylephrine (183). Furthermore, the transcriptional
activity of PEX1 was found to be potentiated in a PKC-dependant manner by endothelin-1
(ET-1) (181). Physiologically, elevated PEX1 transcripts were detected in genetic models of

hypertension and cardiac hypertrophy. Furthermore, conditional upregulation of PEX1
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expression was sufficient to induce the morphological and genetic changes characteristic of
cardiac hypertrophy with preserved cardiac function (181,183). On the other hand,
knocking down PEX1 using an antisense strategy in cardiomyocytes eliminated the
endogenous Nppa gene response to al-adrenergic receptor stimulation (183). Together, our
data identify PEX1 as a novel nuclear effector of a.1- adrenergic receptor agonist signaling
and suggest that PEX1 is a regulator of the early stages of adaptive cardiac hypertrophy.
Understanding the PEX1 mechanism of action is critical in deciphering the poorly
understood signaling cascade linking the o1-adrenergic receptor activation to its

accompanied genetic changes (13,183).

The 407-amino-acid translated PEX1 protein is structurally characterized by the
presence of thirteen C2H2-type zinc-fingers, which group the protein under the Kruppel
family of zinc-finger proteins. Searching for a homologous protein in mice and humans
uncovered only zinc finger (OZF), also named Zfp146, as a possible homologue. Not much
is known about OZF, however it was found that the mammary gland in transgene female
mice could not sustain full growth of their pups due to impaired mammary development
(184). Furthermore, OZF was found to be overexpressed in the majority of pancreatic
cancers and in more than 80% of colorectal cancers (185). Murine PEX1 is larger than
OZF, with three additional N-terminal zinc-fingers, however they share high sequence
similarity in the region containing zinc-fingers IV to X111 (13,183). Structure-function
analysis of PEX1 are undergoing in our laboratory. However the protein contains several

putative phosphorylation sites for PKC, PKA, and casein kinase 11 (13,183).

37



Mechanistically, PEX1 and GATA-4 are two of the few transcription factors that
are required for nuclear signalling of a1-adrenergic receptors. Our data indicate that PEX1
physically and functionally interacts with GATAA4 to cooperatively activate the transcription
of Nppa and other hypertrophy-induced genes. ET-1 enhances PEX1 transcriptional
activity in a PKC dependent pathway that phosphorylates the protein to potentiate its
synergy with GATAA4. Thus, it appears that the PEX1-GATA-4 interaction is critical for

transducing the nuclear and cytoskeletal effects of al-adrenergic agonists (181,183).
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Figure 1.7: Schematic representation of PEX1 protein structure. The protein contains 13
zinc fingers of the C2H2 type and has no other identifiable domains.
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1.10 The Kruppel-like transcription factor KLF13
1.10.1 Introducing the family

The Kruppel-like transcription factors (KLFs) are zinc-finger-containing
transcription factors that are named for their homology to the zinc-finger (ZnF) domains
found in the Drosophila segmentation transcriptional regulator Kruppel (186). This family
is categorized along with the zinc-finger containing specificity protein (Sp) family of
transcription factors under the Sp/KLF family of which there are currently 26 members. Up
to the date of this thesis, there are 17 distinct mammalian members of the KLF subfamily
and nine related proteins that form the SP1 subfamily. Furthermore, several members of this
family exhibit splice variants (e.g., KLF6, KLF10, and KLF8) (187,188). The nomenclature
rule of the KLF subfamily uses the name KLFX factors, where X corresponds to the
approximate order in which the genes were described (KLF1-KLF17). The family is
conserved across species with variability in numbers probably due to multiple gene-
duplication events throughout evolution (Figure 1.8 depicts a phylogenetic tree for the

Sp/KLF family) (189).

The KLF family is structurally characterized by three consecutive C-terminal
Cys2/His2 zinc-finger motifs that are connected by a conserved 7-residue linkage sequence,
TGEKP(Y/F)X(190). These zinc-fingers are DNA-binding motifs that preferentially bind to
the consensus sequences GC-, GT-, and CACCC-box motifs that are found in gene
promoters and enhancer regions in order to mediate activation and/or repression of
transcription (187,188). Although initially regarded as silencers of Sp1 transactivity,
members of the KLF family are now implicated in a myriad of cellular processes including
proliferation, apoptosis, differentiation, and development (186,188). Most of the Sp/KLF
members display a wide spatial expression pattern, but some show a restricted
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spatiotemporal pattern (table 1.2 highlights their expression pattern and cellular function).
Despite the numerous reports describing the role of KLFs in mammalian health and disease,
the family’s contribution to cardiac development is just emerging. Currently, there are only
three published reports describing the function of KLFs in the developing heart—KLF13 in
cardiomyocytes (34), KLF2 in the cardiac cushion (191) and KLF3 in cardiomyocytes
(192). Interestingly, in the postnatal heart, recent publications have shown that KLF15 is an
important regulator of cardiac transcription and metabolism through the recruitment of p300
to specific metabolic target genes during fasting. Interestingly, reduction of KLF15
expression was concomitant to the recruitment of p300 to pro-hypertrophic transcription
factors such as GATA4 and MEF2 (193). Table 1.3 highlights some of the published
findings pertaining to KLFs in the heart and the two other muscle types. Among the three
factors, only KLF13 was implicated with human cardiac malformations as heterozygote
microdeletions or microduplication of the chromosomal band 15g13.3, harbouring at least

seven genes including KLF13, are associated with cardiac defects (194).

The preferential binding of the KLF family to similar DNA consensus sequences is
the function of their highly homologous C-terminal DNA binding zinc-finger domain. The
diverse biochemical mechanisms and cellular functions attributed to the KLF family are due
to the heterogeneity of their N-terminal domain (187,195). Physiologically, members of the
KLF family can have opposing roles in the regulation of the same cellular process (table 1.2
and table 1.3). For example, while KLF5 gain of function promotes smooth muscle cell
(SMC) proliferation, KLF15 gain of function inhibits SMC proliferation. Furthermore,
while mice hypomorphic for KLF5 are characterized with reduced neointimal growth and
perivascular fibrosis in response to vascular injury, KIf15 null mice exhibited an exaggerated

neointimal response to vascular injury (13,196). It is the N-terminal region that bestows the
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functional identity to each member of this family. It is possible that these proteins have
structurally evolved in a way that provided a strategic opportunity for interaction with a
distinct repertoire of cofactors; not only does this allow the KLF family to regulate gene
expression, but also to participate in the divergent regulation of the same gene (195). This is
exemplified by the activation of the Nppa promoter by Sp1 in cardiomyocytes and the
opposing repressive function by Sp3 on the same promoter. In addition, while KLF13 was
shown to functionally interact with GATA4 to synergistically activate several cardiac
promoters including Nppa, KLF15 repressed GATA4 DNA-binding and transcriptional
activity [52, 97]. Recent reports have pointed to KLFs’ regulatory effect on the expression
of other family members, including the expression of KLF3 in erythroid cells (186).
However, unlike other developmental regulators (e.g., Hox transcription factors) that are
encoded gene clusters, the loci of Sp/KLF proteins are randomly dispersed throughout the
genome and are thought to function independently except for the locus containing KLF2 and
KLF3 genes. The precise gene structure of the Sp/KLF family is yet be determined

(13,189).

The existence of alternative splicing isoforms for members of the Sp/KLF family
bestows an additional layer of functional regulation [93, 95]. For example, while the first-
discovered KLF6 transcript functions as a classic tumor suppressor, the splice variant KLF6
SV1, which lacks a nuclear localization signal, exhibits a strikingly opposite effect on cell

proliferation, colony formation, and invasion (13,197).
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KLF8 CDILAGCSEVYTESSHLKAHRRIHTGEKPYKCTWDGCSWKFARSDELTREFREHTGIKPFRCTDCNrSFSRSDHLELHERrRE
KLF9 CPySGCGEVYGKSSHLEAHYRVHTGErPLPCTWPDCLEKFSRSDELTREYRTHTGEKQFRCPLCEKRFMRSDHLTEHArRH
KLF10 CSHPGCGKTYFESSHLEAHVRTHTGEKPLSCSWKGCERrFARSDELERHRRTHTGEKEFACPMCD rRFMRSDHLTEHATRH
KLF11 CSfPGCRETYFESSHLEKAH] RTHTGEKPLTNCSWDGCDKKFARSDELSRHRRTHTGEKKFVCPVCD rRFMRSDHLTEHArRH
KLF12 CDLEGCHNEVYTESSHLFKAHRRTHTGEKPYKCTWEGCTWKFGRSDELTREYREHTGVEPFECADCDrRFSRSDHLALHAYRHE
KLF13 CHyAGCEKVYGKSSHLEKAH] RTHTGErPTACSWODCNEKKFARSDELARHYRTHTGEKKFSCPICEKRFMRaSHLTKHATRHE
KLF15 CTLPGCEFKMYTESSHLEKAH] RRHTGEKPLACTWPGCGWrFSRSDELSRHRREHSGVEPyQCPVCEKKFARSDHLEKHIEVH
KLF16 CPLPDCRAFKAYYKSSHLEsHIRTHTGErPLACDWOGCDEXFARSDELARHHRTHTGEKRFSCPLCSKRFTRSDHLAKHATRHE
BTEBS5 CPIPGCTEAYYKSSHLEsHORTHTGErPLSCOWLDCDEKFTRSDELARHYRTHTGEERFSCPLCPKQFSRSDHLTKHAYRH
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Figure 1.8: Mammalian members of the Sp1-like/KLF family.

(@) A phylogenetic tree of human Spl-like/KLF proteins and mouse Sp5 and Sp6 (mSp5 and
mSp6) identified three general subgroups. (b) Sequence alignment of the zinc-finger
domains of Sp/KLF protein family members in comparison to zinc-finger motifs of human
Spl. The percentage similarity between the Spl and the other Sp1-like/KLF zinc-finger

domains is indicated on the right. The figure is modified from (189).
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Table 1.2: The functional features of Sp1-like/KLF famil

Spl - Ubiquitous CRSP, p300/CBP, TAFII130 Embryogenesis
Sp2 - Unknown Unknown
Sp3 - Ubiquitous Unknown Unknown
Sp4 - Brain-enriched Unknown s sur\./llval and male
fertility
mSp5 - Ubiquitous Unknown Unknown
Sp6 KLF14 Ubiquitous Unknown Unknown
EKLF KLF1 Erythroid and mast cells CEIOYE?, PCA.F’ e Erythropoiesis
mSin3A
LKLE KLF2 Lung, blood vessels, Unknown Blood vessel, Iungde?velopment, T-
lymphocytes cell survival
BKLF KLF3 Erythroid tissue-and CtBP2 Unknown
brain-enriched
GKLF KLF4 Gut-enriched p300/CBP Anti-proliferation, survival
IKLF KLF5 Gut an.d epithelial Unknown Cell growth
tissues
CPBP KLF6 Ubiquitous Unknown Putative tumor suppressor
UKLF KLF7 Ubiquitous Unknown Cell-cycle arrest
BKLF3 KLF8 Ubiquitous CtBP2 Unknown
BTEBL KLF9 Ul mSin3A Neurite outgrowth zi\nd carcinogen
metabolism
TIEG1 KLF10 Ubiquitous mSin3A Apoptosis, anti-proliferation
TIEG2/ FKLF KLF11 Ubiquitous mSin3A Anti-proliferation
AP-2rep KLF12 Brain, kld&iz liver and CtBP1 Unknown
5135 Anti-proliferation and carcinogen
RFLAT-1/ KLF13 Ubiquitous mSin3A, p300/CBP and PCAF P : g
metabolism
FKLF-2
KKLF KLF15 Unknown Unknown Unknown
BTEB4 / - . . .
MDRRE KLF16 Ubiquitous mSin3A Carcinogen metabolism

The table is modified from (189).
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Table 1.3: The Kruppel-like Factors in muscle biology.

Heart

¢ Expressed in endothelial cells in the developing heart
KLF2 e By E10.5, the AV cushions of KO mice are hypocellular, suggesting defective EMT (191)
o KLF2 ablation leads to myocardial thinning, high output cardiac failure, and death by mouse E14.5

¢ Cardiac expression not reported
¢ No cardiac defects reported in k/f3 null mice despite associated prenatal lethality

KLF3 ¢ Analysis of ENU-induced mutation in the DNA-binding domain of KLF3 was linked to prenatal lethality and (192)
biventricular cardiac hypertrophy with diminished cardiac chambers. Adult survivors exhibited hypotension, cardiac
hypertrophy with enlarged cardiac chambers, and aortic valvular stenosis

® KLF4 expressed in the heart from late embryonic development through adulthood
e KLF4 (-/-) mice were born at the expected Mendelian ratio but they gradually died after birth. Mice that survived

L
KLF4 beyond postnatal day 28 exhibited marked growth retardation and a significant decrease in cardiac output et
® KLF4 (-/-) mice had a reduction in expression of multiple cardiac genes, including GATA4
¢ Expressed in cardiac fibroblasts and induced by angiotensin Il
KLFS * Regulates expression of PDGF-A and TGF- (199)

o KLF5(+/-) mice have reduced hypertrophic remodeling in response to angiotensin Il infusion
e Interacts with retinoic acid receptor alpha whose activation modulates KLF5 function

¢ Cell-specific and temporal expression within the heart not reported
KLF10 e KLF10(-/-) mice (males only) develop spontaneous pathologic hypertrophy by 16 months of age (200)
* Regulates expression of Pituitary Tumor Transforming Gene (Pttgl).

® Expressed in developing cardiomyocytes with substantial reduction postnatally

¢ Trans-activates multiple cardiac promoters, including ANP and BNP, synergistically with GATA4

* Knockdown in Xenopus embryos causes cardiac developmental defects (atrial septal defects and ventricular
hypotrabeculation) that can be rescued by GATA4

* Not expressed in the heart developmentally, but upregulated postnatally in cardiomyocytes and cardiac fibroblasts

¢ Downregulated with hypertrophic stimulation and functions as a transcriptional inhibitor of hypertrophy (201,
e Can inhibit GATA4 and MEF2 DNA-binding and transcriptional activity 202)
® KLF15(-/-) mice develop severe eccentric hypertrophy and LV dysfunction with pressure overload

Smooth muscle
* SMC expression is low under basal conditions but rapidly induced following vascular injury
¢ PGDF-bb mediated repressive effects on SMC gene expression/differentiation are, in part, KLF4 dependent and may
involve inhibition of myocardin
¢ Can inhibit the TGFB1-mediated induction of SMC differentiation markers a-SMC actin and SM22a
¢ Expressed in fetal SMC but downregulated postnatally
* Robust re-induction with vascular injury or angiotensin Il stimulation that may involve signaling through Survivin and
MAP-kinase pathways
¢ Induces PDGF-A/B, PAI-1, iNOS, and VEGF-R and promotes SMC proliferation
* KLF5(+/-) mice have reduced neointimal growth and perivascular fibrosis in response to vascular injury and
angiotensin Il infusion

KLF13

KLF15

KLF4 (203)

KLF5 (204)

KLF13 e Activates the minimal promoter for the SMC differentiation marker SM22a (205)

* Robust expression in SMC at baseline with significant downregulation after vascular injury
KLF15 e Overexpression prevents SMC proliferation (206)
* KLF15(-/-) mice exhibit an exaggerated neointimal response to vascular injury
Skeletal muscle
KLF6 ¢ Expressed in skeletal muscle but role unknown (207)
KLf13 e Expressed in skeletal muscle but role unknown (208)

* Regulates expression of glucose transporter GLUT4 (209)
e Interacts with MEF2A

The table is modified from (13,196).

KLF15
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1.10.2. KLF13 in embryogenesis: emphasis on cardiogenesis

The thirteenth member of the KLF family, KLF13 (also known as RFLAT1/FKLF-
2/BTEB3), was initially identified as the transcriptional regulator of the chemokine
RANTES in activated T lymphocytes (210). Subsequent publications have also indicated its
role as a transcriptional regulator of other promoters including the human y globin promoter,
Nppa, Nppb, SV40, and SM22a. promoters (34,208,211). Transcripts of KIf13 were
detected as early as E 8.0 in mice with a succeeding robust expression in the heart, cephalic
mesenchyme, thymus, dermis, skeletal muscle, and epithelial layers of the gut and urinary
bladder (196,212). The cardiac expression of KIf13 was detected as early as E 9.5 with
future expressions in the developing atrial myocardium, ventricular trabeculae, AV
cushions, and truncus arteriosus. Postnatally, KIf13 expression is downregulated in the
heart, except for the valves and interventricular septum (196). The first report of KIf13
knock out in mice implicated the gene in controlling erythropoiesis. Mice null for KIf13
were born with reduced Mendelian inheritance ratios (<25%) and were characterized by

reduced numbers of circulating erythrocytes and displayed a larger spleen and thymus (213).

The role of KLF13 during cardiac development was first reported by our lab (34).
Our examination of the Nppb promoter identified an evolutionarily conserved KLF
consensus sequence critical for proper promoter activity and flanked by nearby GATA sites.
Interestingly, this conserved sequence was found to have a preferential transcriptional
contribution in the atria compared to the ventricles. Using in silico analyses that were
supported by in vitro assays, we isolated KLF13 as the most likely member of the KLF
family regulating Nppb promoter activity. Furthermore, our luciferase reporter assay
showed that KLF13 was capable of activating multiple cardiac promoters (e.g. Nppb, Nppa,

Myh7, a-cardiac actin) synergistically with GATA4 through the N-terminal zinc finger
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domain of GATA-4 (34,196,214). Knock down of kIf13, using antisense morpholinos in
Xenopus embryos revealed the importance of kIf13 in the early stages of cardiac
development. Loss of kIf13 function was associated with ventricular hypotrabeculation,
atrial septal defects, as well as delayed atrioventricular cushion formation and valve
maturation. Analysis of early cardiac markers showed that kIf13 is not essential for the
initial specification of cardiac cell fates. The first sign of cardiac defects were detected
during the linear heart tube stage which included slower pace of cardiac peristaltic beating
and signs of pericardial edema. These results revealed an important role of kIf13 in later
stages of cardiac cell fate specification and morphogenesis. Our gene expression analysis, at
the onset of cardiac tube formation, indicated severe reduction of several cardiac specific
transcription factors, including GATA4, GATAS and TBX5. Furthermore, late cardiac
differentiation markers such as Nppa and the atrial isoform of myosin light chain (aMLC)
were shown to be delayed. Our TUNEL, terminal deoxynucleotidyl transferase dUTP nick
end labeling, assays for apoptotic nuclei eliminated the probability of cardiomyocyte loss.
Thus, we hypothesized that kIf13 is involved in cardiac cell proliferation. Supporting this
hypothesis, our luciferase reporter assays found that KLF13 is a potent transactivator of the

cyclin D1 promoter, which contains several KLF binding sites (34,196,214).

In addition to the aforementioned phenotypes in Xenopus embryos, human
heterozygous for the microdeletions of the chromosomal band 15913.3, harbouring at least
seven genes including KLF13, are associated with cardiac defects (194). Thus, it is highly

probable that KLF13 is important during mammalian and human cardiac development.
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1.10.3. KLF13: A portrait of the family’s structural features

To understand the function of a transcription factor, a dissection of its basic
structural features and properties is necessary. A minimum of two domains are required to
formulate a site-specific transcription factor - a DNA-binding domain and a transcriptional
regulatory domain (195). This section will describe the structure—function aspects of KLFs
with a primary focus on KLF13 features (Figure 1.9 represents the structural features of

KLF13).

As previously described, the distinguishing feature of the KLF family is the presence
of a C-terminal DNA-binding domain composed of three contiguous and highly conserved
Cys2/His2 zinc-fingers. The architecture and sequences of the three zinc-fingers, well
conserved among the family members (Figure 1.8), allow the transcription factor to bind to
related GC/GT rich sites on the major groove of DNA (186,187). Each of the Cys2/His2
zinc-fingers is composed of a beta-hairpin followed by an alpha-helix where a single zinc
atom is tetrahedrally co-ordinated by two cysteine and two histidine moieties to form a
finger-like tertiary structure (215). The consecutive three zinc-fingers are divided by the
highly conserved seven-amino acid linkage sequence TGEKP(Y/F) X. Although several
hypotheses were proposed to explain the necessity of three zinc-fingers, it is widely believed
that each zinc-finger recognizes a nucleotide triplet, and thus the three zinc-finger repeats of
the KLFs recognize nine base pairs in total (215). In vitro analyses have indicated that
amino acids positioned at —1, 2, 3, and 6 from the N-terminal end of the a-helix in each ZF
are critical for direct DNA interaction and thus for determining the consensus sequence

specificity (215).

47



Structural analysis of non-KLF C2H2 zinc-fingers were important in our
understanding and predictions of the DNA recognition modes of the ZF motifs (215,216).
However, complementary in vitro analysis showed that some of the KLF factors prefer
slightly different DNA sequences from those projected by their amino acid sequence
analysis. For example, while KLF13 was predicted to bind to GC rich sequences, KLF13
binds robustly to CTCCC boxes within the RANTES promoter as well as to the CACCC
boxes of y-globin (Hbg), Nppb, and Nppa promoters (34,208,210). Several models were
suggested to explain the discrepancies between predicted in silico models and actual in vitro
DNA-binding. These included a “co-operative binding” model of the zinc-fingers and a
“wobble” effect similar to that observed during peptide synthesis (195,217). In addition, the
effects of post-translational modifications and combinatorial interactions with other factors
are yet to be explored. Since the mammalian genome is rich in GC/GT sites, deciphering
the mechanism of the zinc-fingers” wobbling DNA-binding code would be critical for

studies that are focused on the mechanism of gene expression (195).

Another structural feature of transcription factors is the possible existence of nuclear
localization signals (NLS). The signal is a stretch of basic amino acids that is recognized by
nuclear transport proteins that target the translocation of NLS-bearing-proteins across the
nuclear membrane in an ATP-dependent manner (187). Unlike the conserved three zinc-
fingers of the KLF family, the location and structure of the NLSs are highly variable (195).
Although some members of the KLF family possess a basic amino acid (Arg/Lys)-rich
region juxtaposed to the zinc-fingers, including KLF13, they proved non-functional for
nuclear localization in some KLFs including KLF1 (189,215). Interestingly, several basic
moieties within the zinc-fingers that mediate the interactions with other nuclear proteins

were also found to be determinants for nuclear localization (215).
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As previously discussed, the heterogeneity of the N-terminal domain of the KLF
factors partly explains the diverse biochemical mechanisms by which KLFs regulate
transcription and influence diverse cellular processes (187,195). Analysis of these N-
terminal domains revealed several activation and repression domains that interact with
various co-activators and co-repressors in a context-dependent manner (187,195). The
amino-terminal region of KLF13 (1-146aa) is rich in proline (24/146), serine (10/146), and
alanine (30/146) moieties (187). Using luciferase reporter assays co-transfected with
constructs of GAL4-DBD fused to different KLF13 deletions, a possible transactivation
domain within the 1-35aa region of KLF13 was identified. Although typical transactivation
domains are rich in hydrophilic amino acids, KLF13’s transactivation domain is rich in
hydrophobic amino acids (Ala, Pro and Val). Interestingly, this transactivation domain has a
high homology to the transactivation domain of KLF9. Similar luciferase reporter studies
showed that KLF13 possesses a unique repression domain (67-112aa) rich in alanine (19%)
and proline (20%) (187). Proline and alanine rich domains are known to mediate protein-
protein interactions. Other KLFs were also found to possess both activating and repressing
domains and work as activators and repressors depending on the targeting promoters, their

interacting partners, and the cellular context (187,195,196).

KLF13 also contains a serine-rich carboxyl-terminal tail (AA 250-288), but the

exact function of this serine rich region is yet to be determined (187).
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1.10.4. KLF13: Mechanisms of regulation

Myriad reports have linked the state of histone acetylation and deacetylation with
repression and activation of transcription, respectively (189). Histone modification is
thought to be the molecular switch by which Sp1/KLF proteins function as activators or
repressors. With this in mind, KLF13 was shown to be a transcriptional activator for several
promoters including y globin, Nppa, Nppb, SV40, and SM22a (34,189,208,211). KLF13
was also reported to function as a transcriptional repressor for promoters such as the
cytochrome P450 CYP1AL1 (189,218). These studies emphasizes the promoter-dependent

transcriptional activities of KLF13 (189).

Song et al, 2002 revealed that acetylation also modulates KLF13 transcriptional
activity. The coactivators p300/CREB-binding protein (CBP) and p300/CBP-associated
factor (PCAF) were found to act synergistically in stimulating KLF13 transcriptional
activity (219). These findings are consistent with the previous reports linking the co-
activational properties of CBP and PCAF to their acetylation of histones and/or transcription
factors. Acetylation of transcription factors modulates the activity of transcription factors at
multiple levels, including DNA binding, interaction with other proteins, and stability.
Indeed, acetylation of KLF13 by CBP and PCAF was found to modulate its DNA binding
capacity (219). PCAF was found to directly bind to and to acetylate specific lysine residues
at the first and third zinc-fingers of KLF13, enhancing DNA-binding activity.
Unexpectedly, acetylation by CBP was found to be disruptive for KLF13’s DNA binding to
its consensus sequence. These observations demonstrate that “... transcription is a very
dynamic process involving the assembly and disassembly of pre-initiation, initiation or

elongation complexes. Therefore, in the context of the complex process of transcriptional
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regulation, CBP and PCAF may function at distinct steps of the transcription process to
facilitate the assembly or disassembly of the complex through acetylation of target proteins

in the complex,” (219).

Several members of the KLF family, including KLF13, are also involved in the
process of histone deacetylation via a mechanism that includes a direct interaction with the
histone deacetylase co-repressor Swi-independent-3 (Sin3). Sin3 is a master transcriptional
scaffold and corepressor that silences transcription by the recruitment of histone
deacetylases (HDACS) (220). The N-terminal domain (1-114aa) of KLF13 was found to
contain a sin3-interacting domain, SID, which is a hydrophobic pocket that recruits and
directly interacts with Sin3 (189,195,221). Interestingly, the previously described amino-
terminal activation domain of KLF13 also encompasses the SID domain (189). Thus, itis
necessary to decipher the mechanistic code that dictates the recruitment of co-activators or

co-repressors which eventually control KLF13's role on a given gene (189).

KLF13 was also shown to be modified via phosphorylation, suggesting that its
activity is regulated by posttranslational modification. Huang et al. showed that PRP4, a
member of the MAPK family, modulates RANTES gene expression via the control of
KLF13 phosphorylation state. Although KLF13 phosphorylation by PRP4 was correlated
with weaker DNA-binding, co-expression of PRP4 and KLF13 increased the nuclear
localization of KLF13 and RANTES transcription (222). The exact nature of the
aforementioned observation is yet to be determined. With that in mind, structural analyses
of the KLF13 complex with its cofactors and transcriptional partners are necessary to
decipher the molecular activities of KLF13 and the nature of its role in the processes of self-

renewal, proliferation, differentiation, and development
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Figure 1.9: Schematic representation of KLF13 protein structure.
The lines represent the regions required for the interaction with the protein identified under

the line. DBD: DNA binding domain, SID:Sin3A binding domain, TAD: Transactivation
domain, RD: Repression domain.
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1.11 Hypothesis and Objectives

Despite important efforts devoted to the study of chamber and tissue specific gene
expression and the identification of several cardiac transcription factors (TF) involved in
heart formation, the molecular mechanisms underlying the spatiotemporal regulation of
transcription within the heart remain unclear. We previously showed that KLF13 is
expressed predominantly in the atria and the endocardium, binds evolutionarily conserved
regulatory elements known as CACC-box on several cardiac promoters (including ANP),
acts as a cardiac transcriptional activator, and functionally and physically interacts with the
master regulator of cardiac development, GATA-4. Furthermore, depletion of KLF13 from
Xenopus embryos led to delayed cushion formation, septal defects, and hypotrabeculation,
suggesting that KLF13 may be a disease-causing gene for CHD. However, the role of
KLF13 in four chambered mammals, the mechanism by which it acts, and its spatiotemporal
role are still to be determined. We hypothesize that KLF13 is an evolutionarily conserved
component of the genetic circuit that controls cardiac development and that plays distinct
roles in endocardial and myocardial cells. We also hypothesize that the interaction between
KLF13 and other conserved cardiac transcription factors underlie its role during heart
development.

The main objectives of this thesis are to use a combination of mouse models and
cellular and molecular biology techniques to:

1. Explore KLF13’s role and mechanism(s) of action during murine cardiac development.
2. Pursue structural and functional analysis of the two KLF13 isoforms.
3. Evaluate the genetic interactions between KLF13 and its collaborators (e.g. TBX5) and

to ascertain its role as a genetic modifier of congenital heart diseases.
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2. Experimental Chapter One
Essential Role for KLF13 in Heart Development

Abir Yamak?, Salim Hayek?, Rami Darwich?, Wael Maharsy?, Hiba Komati*, Mona Nemer!

1- Laboratory of Cardiac Development and Differentiation, Department of
Biochemistry, Microbiology, and Immunology, University of Ottawa, Ottawa
(Ontario), Canada

2- Emory University, School of Medicine, Atlanta, USA

My contributions to the chapter are the following:
1- Uncovered the atrial septal defect in the KIf13 mutant mice (Described later as
PFO by Abir Yamak in Figure 2.2 D).
2- carried out luciferase assays shown in Fig 6N
3- Dissected hearts from E11.5 embryos, prepared RNA for RNA seq and analysed
data presented in Tables 2+3
4- Validated several transcript changes by QPCR as shown in Fig 8
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2.1. Abstract

KLF13 is a member of the Krioppel-like transcription factors that are important
regulators of cell proliferation and differentiation. KLF13 is highly enriched in the
developing heart where it is found in both myocardial and endocardial cells. In myocytes, it
interacts with GATA4 and regulates the A- and B-type natriuretic peptide genes, Nppa and
Nppb. Knock down of KIf13 in Xenopus causes developmental heart defects, suggestive of
an important role in heart morphogenesis. To test whether this role is evolutionary
conserved in the mammalian heart, we deleted the KIf13 gene in transgenic mice using
homologous recombination. Mice lacking both KIf13 alleles are born at reduced frequency
owing to severe heart defects. Variable cardiac phenotypes are observed in KIf13 null mice
and most are endocardial cushion defects including “Goose-neck’” deformity and
atrioventricular (AV) valvular abnormalities. Epithelial-mesenchymal transformation (EMT)
is altered in these mice with reduced endothelial cell proliferation. Surviving KIf13 null
mice have several structural cardiac anomalies including cardiomyopathies and aortic valve
stenosis; and expression levels of several cardiac genes are also altered. Our data uncover a
role for a new class of transcription factors in heart formation and point to KLF13 as a

potential congenital heart disease causing gene in human.
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2.2. Introduction

Congenital heart diseases (CHD) account for the loss of around 25% of human
embryos and around 1-2% of newborns have some form of cardiac malformations (1,2).
Despite the significant advances of the past two decades that have shed more light on our
understanding of cardiac morphogenesis, few CHD-causing genes have been identified to date

and the genetic basis of the majority of familial congenital heart diseases remain unelucidated.

Cardiac morphogenesis is a complex process whereby multiple lineages contribute to
a properly developed heart. The first or primary heart field (PHF) gives rise mainly to the left
ventricle and most of the atria; the secondary or anterior heart field (AHF) contributes to the
right ventricle, outflow tract (OFT) and parts of the atria (3,4). One important step that takes
place during heart development is epithelial-mesenchymal transformation (EMT). This is
crucial for the formation of the cardiac cushions that ultimately give rise to the cardiac valves.
An extracellular matrix or cardiac jelly (composed of elastin, collagen, and
glycosaminoglycans) separates the endocardial from the myocardial layer in the primary heart
tube. A subpopulation of cells from the endocardial layer in the atrioventricular canal (AVC)
and OFT, in response to inductive signals from the overlying myocardium, undergoes EMT,
thus, cellularizing the cardiac jelly and forming the endocardial cushions (EC) (5). Various
signaling molecules govern this process of cardiac valve formation including VEGF, Notch,
wnt/B-catenin, TGF-B, BMP and hyaluronic acid signaling (6). Malformation of the
atrioventricular canal cushions result in atrioventricular septal defects (AVSDs) or
endocardial cushion defects. One type of these defects is “Goose-neck deformity” that can be
seen on a left ventricular angiography. It is characterized by an abnormal apical positioning

of the anterior mitral valve leaflet that encroaches on the left ventricular outflow tract resulting
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in a narrowing of its lumen and an anterior displacement of the aorta. The distance between
the mitral valve and the apex is abnormally shorter than that between the aortic valve and the
apex due to the deficiency of the IVS (7-9). Non-membranous VSDs and AV valve defects
can also be observed in association with “Goose-neck deformity.” The molecular basis
underlying this deformity is unclear and no gene has been linked with this valvular
abnormality. AVSDs account for 5% of all CHDs and are associated mainly with Down

syndrome. Isolated cases are also present as an autosomal dominant trait (10,11).

KLF13 has been identified in our laboratory as a novel regulator of cardiogenesis (12).
It belongs to the Kruppel-like family of transcription factors that were first identified by virtue
of their similarity to Sp1, one of the first factors cloned and characterized in mammals. 21
KLF members have been identified in humans so far, of which 17 homologs are found in mice
(13). They contain three highly conserved Cysz/His2 zinc fingers in the C-terminal region
connected by a highly conserved Kruppel-link seven-amino acid sequence [TGEKP(Y/F)X].
The three zinc fingers confer specificity to KLFs to bind the consensus GC- and CACCC DNA
boxes (14,15). KLF13 is expressed in the heart and the cephalic mesenchyme of the
developing mouse embryo (16). A detailed spatiotemporal expression analysis of KLF13 in
the developing mouse heart by Lavalleé et al shows that E9.5 embryos have strong expression
in the heart and the epidermis. At E10.5, KLF13 is highly detected in the atrial myocardium
and the endocardium. By E12.5, its expression is stronger in the atria yet is also highly
detected in the ventricular trabeculae. KLF13 is downregulated in the postnatal heart where
the highest levels are found in the interventricular septum and the atrioventricular valves (12).
A similar expression pattern is also observed in the Xenopus (12). Knockdown of xKIf13 in
Xenopus results in a cardiac phenotype. Although early heart formation up to the heart tube

stage appears normal in these embryos, several defects are observed shortly after looping and
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chamber formation. Among others, the single ventricle is often hypoplastic, atrioventricular
cushion formation and valve maturation is delayed and several cardiac markers are altered in
these knock down embryos (12); these findings are suggestive of a role of KLF13 in

amphibian heart morphogenesis (12).

In this study, we tested the role of KLF13 in mammalian cardiogenesis. We show that
KIf13 null mice have defective heart morphogenesis and postnatal viability. Endocardial
cushion defects including “Goose-neck” deformity and AV valvular anomalies are observed.
The mechanism underlying these defects involves altered EMT with reduced endothelial cell
proliferation and excessive mesenchymal differentiation in the AV cushion. Surviving KIf13
" mice have several structural cardiac abnormalities and the expression of several genes
involved in EMT is altered. Our data point to a novel role of KLF13 in endocardial cell

proliferation and heart formation and identify KLF13 as a potential CHD causing gene.
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2.3. Materials and Methods

Animals. All animal experiments were carried out in accordance with institutional guidelines
for animal care. Experiments were approved by the International Animal Care and Use
Committee (IACUC) of the University of Ottawa, which conforms to that of the US National
Institute of Health (NIH) (Assurance number for University of Ottawa: A5043-01). At end
points, mice were anesthetized with 2.2ul/g i.p KXA cocktail (Ketamine 42.86 mg/ml,
Xylazine 8.57 mg/ml, and Acepromazine 1.43 mg/ml) and sacrificed. For euthanasia, CO2
and cervical dislocation (CD) was used. CD without prior anesthesia is required for embryo

collection in mice.

Generation of KIf13 knockout mice. The knockout mice were generated by targeted deletion
of the 2" exon as described (in chapter 4). The mice were kept on the C57/BL6 background.
Pregnant mothers or newborn litters were sacrificed at various embryonic and postnatal time

points. The morning a vaginal plug was observed was considered as embryonic day (E) 0.5.

Histology. Adult heart tissues or staged embryos were fixed in 4% paraformaldehyde at 4°C
overnight, processed, paraffin embedded and sectioned at 4um intervals as previously
described (17). Masson Trichrome and Alcian blue staining were done as previously

described (18,19).

Echocardiography analysis. Mice were anesthetized (2.0% isoflurane, 80 ml/min 100% O2)
and two-dimensional guided M-mode echocardiography was performed using a Visual-Sonics

VEVO 700 and a 30-MHz linear array transducer as described by Aries et al., 2004 (20).
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Real-Time PCR analysis. Total RNA was isolated from mouse tissues using TRIZOL
reagent (Invitrogen). Transcript levels of the various markers were determined by real-time

PCR as previously described (21).

Cell Cultures. NIH3T3 cells were maintained in culture and transfected as previously
described (12). Transient transfections were conducted in 24-well plates and the amount of
luciferase-reporter was kept at 1.0 ug per well and the total amount of DNA was kept
constant (usually 1.25 pg). After overnight incubation, the medium and precipitates were
removed and replaced with fresh medium. At 48 h post-transfection, cells were harvested,
lysed, and luciferase activity was assayed with a GloMax®-96 Microplate Luminometer.
The preparation KLF13a expression vector was obtained by subcloning the amplified
reverse transcription (RT)-PCR cDNA constructs into the CMV-driven pCGN vector in

phase with the hemagglutinin (HA) epitope as previously described (12).

RNA-Sequencing. The embryonic hearts of three wild type and five kIf13 null mice at
E11.5 were carefully dissected. Total RNA was isolated from mouse tissues using TRIZOL
reagent (Invitrogen). Total RNA concentration and 260/230 and 260/280 ratios were
estimated by Nanodrop spectrometer N1000 (Thermo Scientific). RNA integrity was
estimated by resolving 1 pg of sample ina 1 % (m/v) ethidium bromide agarose gel. The
RNA library was built using the Illumina TruSeq RNA library preparation protocol. The
library was sequenced on a Illumina HiSeq 2500 (at the Centre for Applied Genomics,
Hospital for Sick Children, Toronto, Canada) using a paired end recipe (2x100-bases) with
TruSeq v3 chemistry. RNS-sequencing was also provided by the aforementioned centre.
Adaptors were trimmed using "Trim Galore!" and low quality read ends were removed

based on the Phred score (t< 20). TopHat was used to align reads to the reference genome
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UCSC mm10. Resulting alignments from TopHat were then processed to extract raw read
counts for genes and exons using HTSeq. Raw gene counts were loaded and sample-
normalized using DESeq. PCA (Principal Component Analysis) was also performed to
assess relation among samples; an empirical permutation-based procedure was used to
identify informative principal components. Atwo-condition differential analysis for genes
was also conducted using DESeq; we discarded genes whose max sample-normalized count
across samples was lower than the 25% quantile of max sample-normalized counts (this was
intended to remove genes that werenot expressed). Raw exon counts were then loaded and
sample-normalized using DEXSeq. Atwo-condition differential analysis for exons was also
done using DEXSeq; we discarded exons whose max sample-normalized count across
samples was lower than the 25% quantile of max sample-normalized counts (this was

intended to remove exons that were not expressed).

Immunohistochemistry. Immunohistochemistry on heart sections from each mouse group
was performed as previously described (20). The antibodies used were: Ki67 (Clone SP6,
Rabbit Monoclonal, Thermo Scientific RM-9106-S0), phospho histone H3 (Ser 10, Rabbit

polyclonal, Millipore 06-570).

Cell count. Image J software was used to count the endocardial and mesenchymal cushion

cells.

Statistics. The data are presented as mean + SEM; p<0.05 by student two-tailed t-test is

considered statistically significant.
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2.4. Results

2.4.1. KIf137 mice have a cardiac phenotype.

The mouse KIf13 gene consists of two exons. We generated the KIf137- mice through
targeted deletion of exon 2, which encodes the 2" and 3™ zinc fingers and the entire C-
terminus (please refer to experimental chapter 3). KIf13 heterozygous mice were intercrossed
to generate KIf13”- mice and were kept on a C57BL/6 genetic background. Quantitative PCR
analysis (QPCR) confirmed the deletion of exon 2 in the knockout mice. Transcript levels

from the first coding exon were reduced by 80% (Figure 2.1).

First, we examined the survival of the KIf13 null mice. Even though they were viable,
the null mice were born at almost half the expected Mendelian ratios. Three to five litters were
analyzed at each stage (Figure 2.2 A-C). Anatomical examination revealed a cardiac
phenotype in a subset of the surviving mutant mice: right ventricular dilation and left
ventricular hypertrophy were observed (Figure 2.2 D upper panel). Patent foramen ovale
(PFO) was also observed in 35-45% of the live knock out mice (Figure 2.2 D, lower panel).
Quantitative PCR (QPCR) analysis on RNA from adult hearts showed that the expression
levels of various cardiac genes were altered in KIf13”7 mice as compared to wild types:
ACTAL, SERCA, HAND2 and GATA4 transcript levels were significantly increased (Figure
2.2 E) (n=5 for Wt; n=6 for KIf13"). Further examination by echocardiography analysis
revealed a statistically significant increase in the mean pressure gradient across the aortic
valve in ~ 60% of the mutant mice (Figure 2.3 F). Other cardiac functions appeared normal
(Figure 2.3 A-E) (n=6 for Wt, n=7 for KIf137). These results suggest that a subset of the

KIf13 null mice suffer from aortic valve disease and/or left ventricular dysfunction.

62



2.4.2. AVC and myocardial defects in KIf13”- neonates.

As mentioned earlier, up untill embryonic day 18.5 (E18.5), KIf13” mice were
obtained at normal Mendelian ratios. Around 35% of the mice die shortly after birth at
postnatal day 0.5 (P0.5) and only half of them survive to adulthood. Consequently, we
analyzed the hearts at PO; hence, including in our analysis those that do not survive.
Anatomical examination revealed variable penetrance of myocardial and atrioventricular
cushion (AVC) defects in these mice with higher incidences of AVC defects (n=4 for Wt;
n=27 for KIf13") (refer to Table 2.1 for percentages of incidence). Serial sections were
thoroughly examined to confirm the observed phenotypes. Among the myocardial defects
seen were ventricular hypertrophy (Figure 2.4 E-F); right ventricular dilation (Figure 2.4 1),
right atrial dilation and right atrial hypertrophy (Figure 2.4 K-L). The AVC defects observed
were thick AV valves (Figure 2.4 D) and “Goose-neck” deformity (Figure 2.4 G) which was
sometimes accompanied by a membranous or AV type VSD (AVSD) (Figure 2.4 H).
Ventricular hypertrophy and right atrial dilation were also observed at earlier stages of
development E13.5-14.5 (Figure 2.5 B and 5 D) (n=6 for Wt; n=14 for KIf137"). These results
point to a defective endocardial and/or myocardial development in these mice. Note that the
dilation of the right atria in some cases and its hypertrophy in others point to dysregulated
proliferation in the hearts of these mice. No cardiac defects were observed in KIf13*" neonates

(n=6) (data not shown).

2.4.3. Reduced proliferation and early differentiation in KIf137- AVC.

To determine the origin of the AVC defects in these mice, we analyzed embryos at
E11.5. Immunohistochemistry for the proliferation marker Ki67 and the mitosis marker phH3
was done on wild type and knockout sections. Less staining of both markers was observed in

the AVC of the KIf13 null embryos (Figure 2.6 B, C, E, F). This decrease was also seen at
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E14.5 in the endocardial cushion (EC), mitral valve (MV) and tricuspid valve (TV) (Figure
2.6 J-L). We then counted the numbers of Ki67 and phH3 positive cells in the AVC of three
wild type and eight knockout E11.5 embryos. Cell counts indicated reduced levels of both
endocardial and mesenchymal Ki67 and phH3 positive cells in the KIf137- AVC. Proliferation
of the endocardial cells seemed to be affected more dramatically (Figure 2.6 M). Moreover,
co-transfection of KLF13 and cyclin D1-luciferase expression vectors shows that KLF13
activates the cyclin D1 promoter in a dose dependent manner (Figure 2.6 N). This is
consistent with our previous results (Lavallee et al, EMBO 2006) and further confirms a role

of KLF13 in cellular proliferation.

Cardiac jelly is critical for development of the EC. It arises from epithelial-
mesenchymal (EMT) transformation of a subset of endocardial cells that undergo
proliferation, migration and differentiation into mesenchymal cells inorder to invade and
cellularize the extracellular matrix (ECM). Altered proliferation of endocardial cells in the
AVC of KLF13 knockout mice suggests a defective EMT in the hearts of these mice.
Moreover, the delamination of a subset of endocardial cells from the endocardium and their
transformation into mesenchymal cells is a complex process governed by various signaling
molecules and involves a large subset of genes. QPCR analysis on RNA from PO hearts
revealed altered expression levels of several EMT regulating genes (Figure 2.7). Vegf, Ctgf,
Hifla, and Adamts2 transcript levels were significantly reduced in the knockout hearts as
compared to wild types. RNA sequencing on hearts from E11.5 knockout mice vs wild type
littermates revealed profound genetic reprogramming (1572 genes significantly up-regulated
and 1607 genes significantly down regulated) suggesting that KLF13 is involved in multiple
processes during heart formation. Of the altered genes are those involved in cellular

proliferation, migration and EMT including: Ccnd2 (gene encoding cyclin D2); Adamts
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(metalloprotease), Bmpr2 (encoding Bone morphogenetic protein receptor), Vcan (gene
encoding Versican); Erbb3 and Erbb4 (receptor tyrosine kinases); Vegf ; Notchl (Table 2.2).
Several other myocardial and endocardial genes were also affected some of which were
verified by QPCR (Figure 2.8). A list of all the genes that were significantly (p<0.05) up

(fold change >1.5) or down (fold change <0.66) regulated is available upon request.

Collectively, these results point to an important role of KLF13 in mammalian heart
development and endocardial cell proliferation. They indicate that KLF13 is essential for
proper EMT and AV cushion development. Moreover, the data suggest that loss of KLF13 in

mice results in AV cushion defects and in 50% of these cases causes perinatal death.
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Figure 2.1: Generation of KIf13-null allele.

A. KIf13 locus and targeting strategy. Positions of the 5 and 3’ probes used in southern blot
are shown. Homologous recombination deletes most of exon2 replacing it with a neo cassette.
ZF: zinc finger; UTR: untranslated region; Wt: wild type. B. Southern blot analysis of targeted
ES cells. Genomic DNA was digested with Hpal and hybridized to the 3’ probe. Note the
appearance of a 7.7Kb fast migrating band in KIf13”* mice sample in comparison to wildtype
mice. This band represents the deletion of exon 2 and the flanking region of the KIf13 gene.
C. QPCR analysis of KIf13 transcripts in hearts of adult mice. Results confirm complete
absence of exon 2 and 80% reduction of exon 1a in KIf137 mice. TBP was used as an internal
control. * p<0.05; # p<0.005; ## p<0.0001 vs. KIf13**,

67



Relative mRNA levels

vs. Wt

Expected 50%
Observed 48.6% 51.4% OLEETELN  43.3% 40% 16.7%

Postnatal
Expected 25% 50% 25%
Observed 31.6% 54.5% 14.0%

Wt/KO X KO/KO WH/KO X WKO

25%

50%

50%

Expected 25%

WH/KO X Wt/KO

Dilated RV Thick LV wall

# O+/+

o/

[l

Nppb Actal Nfatc1 Serca2a Gatad Hand2

68



Figure 2.2: Postnatal death in KIf13-/- mice.
A-C Expected Mendelian ratios of KIf13 genotypes at E18.5, PO and postnatally. Three to

five litters were used at each stage. Note the lower than expected ratios of KIf137 at PO and
postnatally. D. Trichrome staining of whole heart frontal sections of KIf13** and KIf13™
mice. Dilation of the right ventricle, thickening of the left ventricular wall and PFO were seen
in a subset of the analyzed KIf13” mice. RV: right ventricle; LV: left ventricle; PFO: Patent
foramen ovale. E. QPCR analysis using RNA from heart tissue of ~100-day-old mice (n=5-6
for each group). Note the statistically significant change in the transcript levels of ACTAL,
SERCA2A, GATA4 and HAND?2. *p<0.05; #p<0.005; ##p<0.0001 vs. KIf13**,
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Figure 2.3: Cardiac functional analysis in KIf137 mice

Echocardiography analysis of 265-day-old KIf13** and KIf13” mice (n=6 Wt; n=7 KO).
Note the statistically significant increase in the mean pressure gradient across the aortic valve
of a subset of the KIf13” mice. # p<0.005 vs. KIf13"*. EF: ejection fraction; FS: fractional
shortening; CO: cardiac output; HR: heart rate; MV: mitral valve; AoV: aortic valve; Grad:

gradient.
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Figure 2.4: Variable cardiac morphogenetic defects in KIf137- neonates.
A-L Trichrome staining of frontal heart sections of KIf13*/* and KIf13”- PO mice. Note the
variable cardiac defects in the KIf137 neonates (D-L). AV: atrioventricular; VSD:

ventricular septal defect; RA: right atrium.
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Figure 2.5: Anatomical analysis of KIf13** and KIf137- at E13.5-14.5.

A-D Trichrome staining of frontal sections of KIf13** and KIf13”- E13.5 (A-B) and E14.5
(C-D) embryos. Note the hypertrophied right ventricle (B) and the dilated right atria (D) in

the knockout embryos.
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Figure 2.6: Reduced proliferation in the AVC of KIf13”- embryos.

A-F Immunohistochemistry analysis of Ki67 and phH3 proliferation markers in E11.5
KIf13** and KIf13” mice. Note the reduced level of positive nuclei in the AVC of the
knockout embryos (B-C and E-F). G-L Immunostaining of Ki67 on KIf13** and KIf13"
embryos at E14.5. Note decreased staining in the EC (J), the mitral valve (K) and the
tricuspid valve (L) of the knockout embryos. M. Percent of Ki67 and phH3 positive
endocardial and mesenchymal cells in the AVC of E11.5 KIf13** and KIf13”- embryos (n=3
for Wt; n=8 for KO). Note the significant decrease in the percent of proliferating
mesenchymal and endocardial cells. N. Transient activation of Ccnd1-luciferase by
increasing doses of KLF13 expression vector (25, 50, 100, 200, and 400ng).

* p<0.05; ** p<0.01; v p<0.001; # p<0.0005; ## p<0.0001 vs. KIf13** PLV: primitive left
ventricle; AVC: atrioventricular cushion; OFT: outflow tract; EC: endocardial cushion; MV:

mitral valve; TV: tricuspid valve; E: endocardial; M: mesenchymal.
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Figure 2.7: Altered cardiac gene markers in KIf137 neonates.
QPCR analysis using RNA from heart tissue of PO day old mice (n=5 for each group). Note
the statistically significant change in the transcript levels of the analyzed markers in the

knockout mice. *p<0.05 vs. KIf13*"*,
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Figure 2.8: Validation of a subset of RNA sequencing altered genes.

QPCR analysis using RNA from hearts of E11.5 wild type and knockout littermates. Note the

statistically significant change in the transcript levels of the analyzed markers in the knockout

mice. *p<0.05 vs. KIf13**,
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Table 2.1: Percentages of incidence of the indicated cardiac phenotypes in KIf137 PO
mice subdivided into myocardial and AVC defects. AVC: atrioventricular cushion.
N=27.

Defect % of incidence

Thicker o
% ventricular wall(s) 14.8%
[
u_qc-, lr!ypertrt?phy of 3.7%
right atrium
[z
£ |Dilatation of RA 22.2%
o
S
= |Dilatation of RV 7.4%
" Thicker AV valves 22.2%
g
‘@ |AV type VSD 11.1%
T
S e k
oose-nec o
< deformity 20%
Normal 29.6%




Table 2.2: Subset of the EMT altered genes in RNA sequencing analysis on hearts from
E11.5 wild type and KIf13” mice.

Gene Fold change P-value

Ccnd2, Ccnd3 0.43,0.66 0.02, 0.047
Adamts6, Adamts9, 0.3,0.49,042,0.56, 0.44 | 0.008, 0.017, 0.03,
Adamts14, Adamts15, 0.017, 0.012
Adamts17

Bmpr2 0.27 1.39E-06

Vcan 0.4 0.014

Erbb3, Erbb4 0.44,0.2 0.035, 0.0006
Vegfc 1.65 0.04

Notch1, Notch2 0.4, 0.57 0.0004, 0.003
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2.5. Discussion

In this study, we show that KLF13 is a novel regulator of the EMT and of endocardial
cell proliferation. KLF13 is a member of the KLF family of DNA binding proteins that contain
three CyszHis2 residues. The first evidence for their role in cardiovascular development came
from gene disruption studies that revealed the essential role of KLF2 in blood vessel integrity
(22). KLF2 was later reported to be important for vascular smooth muscle cell migration (23).
Another KLF member, KLF5, was also detected in developing blood vessels albeit it plays a
distinct role from that of KLF2 therein. KIf5*- mice showed attenuated cardiac remodeling
and decreased levels of arterial-wall thickening in response to external stress (24). Other KLF
members involved in the heart include KLF10 and KLF15. KIf10 null mice developed signs
of pathologic hypertrophy (25). KLF15 was reported to act as a negative regulator of cardiac
hypertrophy and was later shown to inhibit smooth muscle cell proliferation; KIf157 mice had

an exaggerated response to vascular damage (26,27).

An early report by Lavalleé et al showed that KLF13 is predominantly expressed in
the developing mouse heart and knocking it down in Xenopus revealed its critical role in heart
development (12). The KIf13 null embryos developed ventricular hypotrabeculation, atrial
septal defects (ASDs) and delayed AV cushion formation pointing to KLF13 function in both
the endocardium and the myocardium (12). In the present manuscript, we used mouse genetics
to determine the role of KLF13 in the mammalian heart. KIf13”" mice were viable; however,
postnatal death was observed and the mice were obtained at almost half the expected
Mendelian ratio. Dilatation of the right ventricle or hypertrophy of the left ventricular wall
was seen in a subset of the surviving KIf13 null adult mice. PFO was observed in 35-45 % of

the surviving knockout mice consistent with the Xenopus phenotype thus suggesting
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evolutional conservation. It is important to note that this percentage as well as the severity of
the PFO does not include the knockout mice that don’t make it to adulthood. Increased aortic
valve mean pressure gradient and left ventricular mass was also seen in 50-60% of the
analyzed hearts. When examined at PO, myocardial and AV cushion defects were observed
with variable penetrance; higher percentages were seen in the AV cushion defects. Among the
AV cushion defects was “Goose-neck deformity.” This is usually accompanied with anterior
displacement of the aorta, non-membranous VSDs, and valvular defects (7-9), which were
also seen in the analyzed hearts. One outcome of AV cushion defects is left ventricular outflow
tract obstruction in the adults (28), which could explain the increased aortic valve mean
pressure gradient observed in the surviving mutant mice. This in turn could lead to the
ventricular hypertrophy seen in these mice. The complex process of cardiac cushion formation
starts at E9.5 in the mouse and involves interaction between the myocardium and the
endocardium. The presence of both myocardial and cardiac cushion defects in the KIf13
knockout hearts reflect cross talk between the endocardium and the myocardium. However, it

could also point to a distinct role of KLF13 in both the myocardium and the endocardium.

Formation of the endocardial cushion starts with the deposition of extracellular matrix
(ECM) components. This is then followed by EMT to cellularize the cushions, leading to their
maturation and remodeling. Defective ECM organization has been linked to endocardial
cushion defects. Various proteases, including the ADAMTS family of metalloproteases, are
required for degradation of ECM molecules, a significant process for ventricular trabeculation
and endocardial cushion maturation (29-31). Two ECM components that have been reported
to be important for heart development include hyaluronan (HA) and versican. Versican is
cleaved by matrix metalloproteinases (MMPs) and members of the ADAMTSs family of

metalloproteinases (29,30). Decreased Adamts2 and versican transcript levels were detected
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in the hearts of KIf13 mutants suggesting an abnormal ECM and/ or EMT process. Other EMT
markers, such as hypoxia inducible factor Hifla, connective tissue growth factor Ctgf and
vascular endothelial growth factor Vegf were also altered. Moreover, immunostaining for the
proliferation markers Ki67 and phH3 showed decreased proliferation of both the endocardial
and mesenchymal cells in the AVC of the KLF13 mutants; the proliferation of endocardial
cells was more dramatically affected. Collectively, these results point to a novel role of KLF13

in the process of endocardial to mesenchymal transformation.

The natriuretic peptide genes, Nppa and Nppb, encoding ANF and BNP respectively,
are known in vitro targets of KIf13 (12) and were down-regulated in the KIf13 null hearts. On
the other hand, transcript levels of the cytoplasmic calcium pump, SERCA, were
downregulated in the PO mutant hearts suggesting cardiac stress. SERCA levels were, on the
other hand, upregulated in the surviving adult KIf13 null hearts. Thus, the absence of KLF13

also has profound effects on adult heart homeostasis.

Altogether, these results point to KLF13 as a novel regulator of mammalian cardiac
development and more specifically in the development of the AV cushion and in endocardial
cell proliferation. Based on these data, it is tempting to speculate on the role of KLF13 as a

novel congenital heart disease causing or modifier gene in humans.
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3.1. Abstract.

KLF13, a member of the kriippel-like factor family is a dosage sensitive
regulator of several biological processes including haematopoiesis and cardiogenesis.
Dysregulated KLF13 expression is associated with congenital heart disease in human and in
animal models. Unfortunately, the mechanisms regulating KLF13 levels or activity remain
incompletely understood. Here we report that KLF13 exists as two isoforms with distinct
spatiotemporal distribution and biochemical properties. Alternate promoter use resulting in
distinct exonl sequences is the mechanism responsible for the production of KLF13 proteins
that share 2 of the 3 zinc finger domains but diverge in their N-terminal regions. Both
isoform retain the ability to bind sequence specific DNA but differ in transcriptional
activation of target promoters. Gain of function experiments in cardiac cells reveal that the
two isoforms have overlapping as well as divergent gene targets likely reflecting differential
interaction with other cardiac transcription factors. We identify NKX2.5 as a novel KLF13
co-activator and show that both KLF13a and b physically interact with NKX2.5, however
only KLF13a has a strong synergistic interactions with NKX2.5 on the Nppa promoter. The
results uncover a novel interaction between a member of the KLF family and a new
homeobox containing protein that regulates transcriptional activity in cardiac and possibly
other cells. They also reveal that KLF13 function can be modulated at the transcription level
through the use of alternate promoters. This finding may help understand the phenotype

manifestations of microdeletions involving the KLF13 locus.
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3.2. Introduction
The Krippel-like transcription factor KLF13 is a member of the krippel-like

factors (KLFs), so named for their homology to the Drosophila segmentation gene product
Krippel (1-3). There are 18 distinct members of the KLF family in mammals; all are
characterized by their three C-termini Cys2/His2 zinc-finger motifs that confer preferential
binding to GC/GT rich sequences in gene promoters and enhancers in order to mediate
activation and/or repression of transcription (1). The N-terminus region bestows the
functional identity to each member of this family and its heterogeneity may explain in part
the diverse biochemical mechanisms by which KLFs regulate transcription (4). Thus,
differential interactions with a distinct repertoire of cofactors not only allow the various
Sp/KLF members to regulate a distinct subset of genes, but also to participate in the
divergent regulation of the same genes (4). For example, while KLF15 can inhibit the
cardiac transcription factor GATA4 DNA-binding and transcriptional activity (5), KLF13

was shown to transactivate multiple cardiac promoters synergistically with GATAA4 (6).

Although initially regarded as silencers of Spl transactivity, the KLF family has
emerged as a critical regulator of a broad range of cellular processes including proliferation,
apoptosis, differentiation, and organogenesis. For example, during the last decade, several
reports have implicated KLF13 in multiple biological processes including cardiac
development (6-8), haematopoietic development (9), establishment of uterine receptivity and
implantation success (10), tumorigenesis of oral squamous cell carcinoma (11), and
development of hereditary schizophrenia (12). In the heart, knocking-down KLF13 in
Xenopus embryos leads to delayed cushion formation and valve maturation, septal defects,
and hypotrabeculation, suggesting that KLF13 is important for amphibian heart

morphogenesis (6). In human, heterozygous microdeletions and duplications of the
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chromosomal band 15q13.3 (harboring KIf13) are associated with a wide range of cardiac
defects that include Tetralogy of Fallot, mitral valve prolapse, and hypoplasia of the right
side of the heart (7;13). In the circulatory system, KLF13 is involved in the development of
B and T cells at multiple stages and the differential activation of macrophages and
inflammation (9;14). In ovarian granulosa cells KLF13 functions as potent gonadal
transregulator of genes encoding proteins that mediate sterol uptake and steroid biosynthesis
(10;15). In oral cancer, KLF13 is overexpressed and is linked to the overexpression of
several oncogenes including the chemotactic chemokine CCL5 (RANTES) and the cell cycle
regulator cyclin D1 (CCND1) (8;11). Biochemically, and similar to the well-known bi-
functional EKLF subfamily (KLF1, KLF2, and KLF4), KLF13 can act as an activator or
repressor of transcription depending upon the targeting promoters, the interacting proteins,
and the cellular context. KLF13 is an activator of several promoters including Hbg
(encoding human y globin), Nppa (encoding the atrial natriuretic peptide ANP), Nppb
(encoding the b-type natriuretic peptide BNP), SV40 (encoding the Simian virus 40), and
adult smooth muscle SM22a promoters (6;16-18). KLF13 was also shown to repress

promoters such as cytochrome P450 enzyme, Cyplal (18;19).

Given the biological importance of KLF13 in multiple physiological systems,
understanding its regulation is of paramount importance. Several studies have addressed
post-transcriptional KLF13 regulation. In T cells, the eukaryotic translation initiation factor
elFAE-dependent translation of KLF13, which is further regulated by ERK-1/2 and p38
MAP kinases, allows T cells to rapidly adjust RANTES expression in response to changes in
the cellular environment (e.g, stress and/or growth factors) (223). In addition, microRNA-
125a (miRNA-125a) has been reported to regulate a KLF13-dependent inflammatory

response (20). Interestingly, oral squamous cell carcinoma (OSCC) cell lines are associated

94



with significantly elevated levels of KLF13 and substantially lower levels of miRNA-125b
(11). Post-translationally, Song et al demonstrated that the coactivators p300/CREB-binding
protein (CBP) and p300/CBP-associated factor (PCAF) act synergistically in stimulating
KLF13 transcriptional activity indicating that both acetyltransferases are involved in KLF13
activation (21). In addition to acetylation, Huang et al reported that PRP4, a MAPK family
member, phosphorylates KLF13 leading to increased nuclear localization and RANTES

transcription in human T lymphocytes (22).

Little is known regarding transcriptional regulation of KLF13 including the
possible existence of stage-specific promoters or even the presence of alternative
transcription start sites (TSS) which can further contribute to fine tuning KLF13 levels
and/or activity through differential regulation of mRNA production and/or the generation of
protein isoforms with unique functions. In this respect, it is interesting to note that
alternatively spliced isoforms of several KLF family members were recently reported (23)
and two of them, KLF4 and KLF6, were analyzed for their isoforms distribution and
biochemical properties (24;25). For example, while the wild-type KLF6 acts as a classic
tumor suppressor, the splice isoform KLF6 SV1, which lacks a nuclear localization signal,
displays a markedly opposite effect on cell proliferation, colony formation, and invasion
(26). Similarly, while KLF4 is associated with tumor suppression, the cytoplasmic isoform
KLF4a promotes cell cycle progression and in vivo tumour formation by decreasing the
expression of the cyclin-dependent kinase inhibitors. We now report that KLF13 exists as 2
isoforms that are generated through the usage of alternative transcription start sites of the
KIf13 gene. The new isoform, KLF13b, lacks the entire N-terminal domain of KLF13a as
well as the first zinc finger but can still bind KLF13 response elements. The 2 isoforms have

distinct spatiotemporal distribution and transcriptional activities. Moreover, we identify
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novel KLF13 coactivators and show that physical and functional interaction between KLF13
and different transcription factor families occurs through distinct protein domains some of
which are absent in KLF13b. These results provide novel insight into KLF13 regulation and

help to further elucidate its mechanisms of action in development and disease (24).
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3.3. Material and Methods

Animals. Wildtype C57/B6 mice were utilized for tissue extraction. All animal
experiments were carried out in accordance with institutional guidelines for animal care.
Experiments were approved by the International Animal Care and Use Committee (IACUC)
of the University of Ottawa, which conforms to that of the US National Institute of Health
(NIH) (Assurance number for University of Ottawa: A5043-01). For euthanasia, CO2 and
cervical dislocation (CD) was used. CD without prior anesthesia is required for embryo

collection in mice.

Cell Cultures. Primary cultures of cardiac myocytes were prepared from 4-day-
old Sprague -Dawley rats as previously described (27). NIH3T3, AD293, TC13 cells, and
HL-1 cells were maintained in culture and transfected as previously described (28-30). For
transient transfections in 10 cm dishes, 10 pug DNA was used per dish; in the 24-well plates,
the amount of luciferase-reporter was kept at 1.0 pug per well and the total amount of DNA
was kept constant (usually 1.25 ug). After overnight incubation, the medium and
precipitates were removed and replaced with fresh medium. At 48 h post-transfection, cells
were harvested, lysed, and luciferase activity was assayed with a GloMax®-96 Microplate
Luminometer. Atrial and ventricular cardiomyocyte primary cultures were prepared from 4-
to 5-day-old Sprague-Dawley rats (Charles River) as previously described (32).

Plasmids. KLF13a, GATA4, NKX2.5 and PEX1 expression vectors were
obtained by subcloning the amplified reverse transcription (RT)-PCR cDNA constructs into
the CMV-driven pCGN vector in phase with the hemagglutinin (HA) epitope as previously
described (6;31). Similarly KLF13b coding sequences were PCR amplified using a 5’
oligonucleotide against the predicted exonlb and a 3’ oligonucleotide spanning the stop
codon in exon2 and the cDNA was cloned in the pCGN vector. Internal N- and C-terminal
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KLF13 deletions were generated in the same pCGN vector using PCR-mediated
mutagenesis. Mutant Nppa -luciferase and Nppb-luciferase constructs were generated using
PCR-mediated mutagenesis utilizing the wild type Nppa and Nppb promoter constructs. All
constructs were confirmed by sequencing. All other luciferase constructs were previously
described (6;29;32-34).

Adenoviral Constructs. Two recombinant replication-deficient type 5
adenoviruses expressing Flag-tagged KLF13a and KLF13b were generated using the
AdEasy XL Adenoviral Vector system (Stratagene). In summary, a 3XFlag-KLF13
construct was subcloned into a shuttle vector (pshuttle-CMV), and the adenovirus was
generated through recombination with the pAdEasy-1. The cloning and production of
adeno-LacZ and pShuttle controls were reported previously (27). The viruses were
produced in bulk, and titers were determined as described (27). Cardiomyocytes were
infected at a multiplicity of infection (MOI) of lor 5 as indicated.

Protein analysis. Immunofluorescence microscopy on primary cardiomyocytes
and AD293 were performed as previously described (30). Anti-HA antibody (Y-11 sc-805;
Santa Cruz) was used at a dilution of 1/1000; anti-Flag antibody (M-2 2368; Cell Signaling)
was used at a dilution of 1/1000; Ki67 (clone SP6 RM9106-S1; Thermo Scientific
Medicorp.) was used at a dilution of 1/1000; phospho histone H3 (DAM1545035; Millipore)
was used at a dilution of 1/1000. The coverslips were mounted onto cover slides using
ProLong Gold antifade reagent (P36930, Invitrogen) and observed on Zeiss
AxioObserver.D1 microscope. Slides were stored for up to 3 months at -20°C. For Ki67
and phospho histone H3 immunostatining an average of 10 random fields were counted per

condition. Image J software was used to count the cells.
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For Western blots, anti-HA, anti-flag, and anti-KLF13 (C-terminal C2C3
GTX104837; GeneTex) antibodies were used at a dilution of 1/1000 and revealed with
peroxidase-tagged secondary antibodies. Co-immunoprecipitations and gel shift assays were

performed as described before (6).

Electrophoretic mobility shift assays. Nuclear or whole-cell extracts from 293T
cells overexpressing KLF13a, KLF13a deletion constructs, or KLF13b were used. Binding
reactions were carried out at room temperature in the presence of 1 pg of poly(dI-dC). The
probes used were double-stranded synthetic oligonucleotides containing wild-type or mutant
CACCC elements of the rat BNP promoter (5~ ATAACCCCACCCCTACTC-3’) that were
radioactively end-labeled using [y-32P] ATP by T4-polynucleotide kinase (T4-PK, New
England BioLabs). The mixture was incubated at 37°C for 30 min in a binding buffer (1 pg
of poly-(dI-dC)-(dI-dC) containing 10 mM HEPES pH 7.9, 1 mM MgClI2, 50 mM KCI, 1
mM DTT, 0.1 mM EDTA, 10 % glycerol, 0.025 % NP-40, 0.25 mM PMSF and 1 uM of
aprotinin, leupeptin, and pepstatin. Reactions were carried out at room temperature for 20
minutes and protein-DNA complexes were separated by electrophoresis on 5 %
polyacrylamide gel in 0.5 x Tris-borate-EDTA buffer (TBE) at +4 °C. Nonlabelled double-
stranded oligonucleotides were also used as specific (wild type) and non-specific (mutant)

competitor DNAs.
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RNA analysis. Total RNA was isolated from cardiomyocytes, wild type mouse
tissue from a C57BL/6 genetic background, TC13 and HL-1 cells with TRIzol (Invitrogen).
Reverse transcription was done using Omniscript RT kit (Qiagen). Semi-quantitative PCR
and gPCR were carried out on 1:20 diluted cDNA. gPCR was conducted using Qiagen
gPCR kits where DNA template and 300 nM oligonucleotides were used at an annealing
temperature of 58 °C using the Quantitect SYBR Green PCR kit (Qiagen) in a Corbett
Rotor-Gene™ 6000 machine (Qiagen). Primer sequences are available upon request.

Statistics. The data are presented as mean + SEM; p<0.05 by student two-tailed

t-test is considered statistically significant.
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3.4 Results

3.4.1. The KIf13 gene produces two protein isoforms with distinct biochemical properties.
Using the ENSMBL database built on Human and Vertebrate Analysis and Annotation

(HAVANA) manual curation, our in silico analysis of the KIf13 gene in mouse (as well as in
human and rat) revealed the possible existence of an alternative first exon (exonlb) within
the large KLF13 intron. Since exonla encodes the N-terminal domain of KLF13a as well as
the first zinc-finger, alternate use of exonlb would generate a shorter isoform lacking these
domains but containing the last two zinc fingers and a shorter new N-terminal domain
(Figure 3.1A). Two pairs of oligonucleotides designed to span the splice junctions were
utilized to assess the presence of the corresponding two KIf13 transcripts in different tissues
during development. As shown in Figure 3.1C, Klf13a mRNA was detected at E11.5 in
heart, lung, brain, limb, and liver whereas KIf13b transcripts were found in brain and lung
tissues, but not in heart, limb, or liver tissues. As development proceeded, the ratio of
KIf13b/KIf13a transcripts increased in all expressing tissues notably in the heart, brain, and
limb. Interestingly, postnatal expression of the two isoforms was differentially regulated.
For example, Klf13a transcripts (but not KIf13b) were upregulated in the brain, whereas both
isoforms were re-expressed in the liver. Conversely, KIf13b transcripts showed a more
robust expression in the kidney and liver then in the lung where they were barely detectable.
No other intermediary bands were detected with either primer pairs. These results suggest
the presence of two distinct KIf13 transcripts derived from alternative first exons that maybe

differentially used in a spatiotemporal manner during development.

To further confirm the presence of the alternate KIf13b transcript, we used
primers corresponding to the 5” end of exonlb and the 3’end of the common exon2 (which

contains the stop codon and the 3’untranslated region) to amplify the entire KIf13b cDNA
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from adult mouse heart. Isolated clones were sequenced and analysis of the DNA sequence
perfectly matched the predicted exon usage. The cDNA was then sub cloned in a eukaryotic
expression vector to produce an HA-epitope tagged protein of the expected molecular
weight (16kD) as shown in Figure 3.2A. This recombinant protein retained the ability to
bind the KLF13a binding site on the Nppb promoter as shown in Figure 3.2B.
Immunocytochemical analysis revealed that, like KLF13a, KLF13b was mostly nuclear but
diffuse cytoplasmic staining was also observed (Figure 3.2C). Of note, deletion of amino
acids (AA) 1-195 of KLF13a, which are encoded by exonla, also results in increased
cytoplasmic localization. In contrast, deletion of AA1-147 which removes the N-terminal
domain but keeps the three zinc fingers maintains the protein mostly in the nucleus. These
results suggest that the first zinc finger, which is missing in KLF13b, contributes to the

nucleo-cytoplasmic localization of KLF13a.

Next, we tested the ability of KLF13b to transactivate the Nppb promoter which
is a known KLF13a target. Unlike KLF13a, increasing concentration of KLF13b failed to
significantly activate the Nppb-luciferase reporter either alone or in presence of KLF13a
(Figure 3.2D and Figure 3-2F). In fact, KLF13b dose dependently reduced KLF13a
activation suggesting that, on this promoter, it acted to antagonize KLF13a (Figure 3.2D).
To test whether KLF13b was transcriptionally inactive, we co-transfected it with several
other KLF13a target promoters. On a subgroup of promoters, which included those of
Cyclind1/2 (Ccndl and Ccnd2), KLF13b was unable to mediate transcriptional activation
(Figure 3.3 top row). However, on another subgroup which included myosin heavy chains
6/7 (Myh6 and Myh7), KLF13b activated transcription albeit at generally lower level than
KLF13a (Figure 3.3 bottom row). Together with the tissue distribution, these results

suggest that KLF13 isoforms may have distinct but also partially overlapping functions.
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3.4.2. KLF13 isoforms have differential effects on cardiac cells.
Previously, we showed that the KIf13 gene is expressed in both cardiomyocytes

and endocardial cells of the heart (6). To assess the role of KLF13 isoforms on
cardiomyocytes function and gene expression, we tested the effects of their gain of function
on primary neonatal rat ventricular cardiomyocyte cultures. For this we generated two
adenovirus vectors, each expressing one of the KLF13 isoforms (FLAG-tagged), and used
them to infect primary cardiomyocytes isolated from 4-day neonatal rats. Infecting the
myocytes at a multiplicity of infection (MOI) varying from 1-5 led to a significant increase
in the corresponding MRNA and protein levels, as assessed by gPCR (Figure 3.5A) and
Western blots (Supplemental Figure 3.1). Of note, KLF13a is the predominant isoform in
these primary cultures. Mammalian cardiac myocytes rapidly divide during fetal life but
have very minimal proliferative capacity soon after birth; during the post-natal stage of
development, cardiomyocyte growth is accomplished essentially by cardiac hypertrophy and
nuclear division (karyokinesis) without cell division (cytokinesis). The switch to
hypertrophic growth occurs in about a week after birth in rodents (35). Postnatal
upregulation of GATA4, which cooperates with KLF13a in heart development (6), leads to
cytoskeletal reorganization and cardiomyocyte hypertrophy (33). Unlike with GATA4, no
myofibrillar reorganization and/or cell hypertrophy were present in the KLF13a or KLF13b
infected cells in comparison to LacZ infected control cells. Moreover, no changes in cell
number or shape were detectable. To further analyze the effect of KLF13 isoforms on
cardiomyocyte growth, we used immunofluorescence microscopy with alpha-actinin
staining that identify cardiomyocytes and Ki67 staining to identify active nuclei.
Quantitative analysis showed that Ki67-positive cardiomyocytes were increased in KLF13a

infected cells, but not in KLF13b infected cells, as compared to the pShuttle control. Since
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Ki67 marks cells that are active in all phase of the cell cycle - with the exception of

Go phase, we also stained the cardiomyocytes with anti phosphohistone H3 (PHH3)
antibody to evaluate cell division. No detectable change in PHH3 positive cardiomyocytes
was found in KLF13 infected cardiomyocytes (Figure 3.4B and data not shown). The
increase in Ki67 positive cardiomyocytes may be due to the significant increase in the
transcript levels of cyclinD2 (Ccnd2) in KLF13a but not KLF13b infected cells (Figure
3.4C). QPCR analysis revealed that other transcripts were differentially affected by KLF13
isoforms including Nppb and Myh6. Interestingly, serum response factor (Srf), was similarly
increased by both KLF13 isoforms. We conclude that neither KLF13 isoform has detectable
effect on cardiomyocyte hypertrophy and that the two isoforms induce distinct changes in
postnatal cardiac gene expression including cell cycle, contractile and hormone coding

genes.

To gain further insight into the differential role of the two isoforms on
embryonic-like cardiac cells, we analyzed KLF13 isoform gain of function in the
endocardial progenitor cell line TC13 and the atrial myocyte immortalized cell line HL1,
both of which express the KIf13 gene. First, we tried to establish stable transfectants using
retroviral infection but were not successful at obtaining cell lines overexpressing either
isoform suggesting that cell growth may be inhibited by elevated levels of KLF13. We next
tried infecting the cells with KLF13 isoforms encoding adenovirus and harvested the cells
8hrs post infection. This approach was successful at achieving transient overexpression of
both isoforms as evident by QPCR and western analysis (Figure 3.5 and Supplemental
Figure 3.1). In HL1 atrial cardiomyocytes, both isoforms overexpression resulted in
suppression of Ccndl1, Ccnd2, and Nfatcl transcripts and upregulation of Nppa and Myh?7.

Additionally, isoform specific effects were observed- for example KLF13a but not KLF13b
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significantly decreased Gata4 and Gata5 transcripts whereas KLF13b but not KLF13a
reduced Thx5 transcripts level by half. Lastly, as in primary cardiomyocytes, KLF13a gain
of function induced Vegfa transcription (Figure 3.5A). However, in TC13 cardiac
progenitors, both isoforms induced Vegfa transcript levels and concomitantly decreased
those of Vegfr2 and Gata4 mRNA levels and increased Twist transcripts (Figure 3.5B). Of
all the genes tested, only Nfatcl expression was differentially regulated by KLF13a
overexpression. Given that Gata4 and Vegfr2 signaling are critical for
endothelial/endocardial proliferation, the results suggest that KLF13 gain of function

disrupts normal proliferative pathways in these cells.

On the basis of the genes analyzed, and unlike primary cardiomyocytes, our data
indicate a partial functional redundancy in the role of the two KLF13 isoforms in the
transcriptional program of TC13 and HL-1 cells. Our results also reveal that KLF13 effects
are promoter and cell context dependent likely reflecting differences in protein-protein

interactions for the 2 isoforms.

3.4.3. ldentification of two novel KLF13a specific co-activators.
Given the spatiotemporal co-expression of KIf13 and Nppa in the atria, and our

previous report showing that the Nppa promoter is activated by KLF13a (6), we selected this
promoter to further analyze differential interaction of the two KLF13 isoforms with
promoter bound transcription factors. The first 699bp of the Nppa promoter are rich in
regulatory sequences and their analysis has provided key insight into the combinatorial
interaction among cardiac transcription factors (31;36;37). Figure 3.6A depicts the known
and evolutionary conserved regulatory elements within this region. First we tested the

response of the Nppa promoter to the two KLF13 isoforms. Whereas KLF13a was able to
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potently induce (up to 60 fold) transcription of the Nppa-Luciferase reporter, the maximal
response to KLF13b was a modest 5 fold activation (Figure 3.6B). Fine mapping of KLF13
response elements, using deletion analysis, suggested the presence of at least three regions
that contribute to the maximal response (Figure 3.6C). Importantly, the proximal promoter
which contains, among other, conserved GATA, NKX2.5 and PEX1 (also termed ZFP260)
binding sites was activated over 20 fold by KLF13a. Given that PEX1 and NKX2.5 are also
enriched in the atrial cardiomyocytes we tested for the existence of cooperative interaction
between these factors and KLF13. Co-transfections of KLF13a with increasing dose of
NKX2.5 or PEX1 resulted in a significant 3-fold synergy in transcriptional activation
(Figure 3.6D). Interestingly, KLF13b was unable to support significant synergy with either
proteins. Synergy with GATA4 was carried out as control; consistent with previous reports,
KLF13a further enhanced GATA4 dependent transcription (Figure 3.6D). Pull-down
analysis indicated that KLF13a directly interacts with both NKX2.5 and PEX1 (Figure

3.6E).

To further elucidate the molecular basis for the differential effects of KLF13a
and KLF13b on NKX2.5 dependent transcriptional activation, we carried out a structure-
function analysis to determine the KLF13 domains required for physical and functional
interaction with NKX2.5. Various KLF13 deletion constructs were generated and
sequenced, and all were tested for protein expression using western analysis, nuclear
localization using immunofluorescence microscopy, and DNA binding using electromobility
gel shift analysis (Supplemental Figure 3.2). When the KLF13 mutant proteins were tested
in pull-down assays, removal of the last two zinc fingers but not removal of the N- or C-
terminal domains interfered with the physical interaction with NKX2.5. In fact the last two

zinc fingers (ZF2 and ZF3), maintained the capacity to bind to NKX2.5. Consistent with
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this, KLF13b was as efficiently pulled down as KLF13a by NKX2.5 (Figure 3.7A). KLF13
contacted NKX2.5 via its homeodomain which was sufficient to pull-down KLF13 (Figure
3.7B). Next we tested which KLF13 domains were required for synergistic interaction with
NKX2.5 and the other cardiac transcription factors. Analysis of the various KLF13 deletion
constructs using either Nppa or the minimal Nppb promoters revealed the presence of three
transactivation domains (TAD) in KLF13a; two within the N-terminal domain (TAD1:
AA1-67 and TAD2:AA67-147) and one in the C-terminal (TAD3) at AA 250-288. Of these,
only the C-terminal TAD is present in KLF13b (Figure 3.7C). The various mutants were
then tested for their ability to synergize with GATA4, PEX1 or NKX2.5. Maximal synergy
with GATA4 required all KLF13 TADs and removal of either TAD2 or TAD3 reduced
synergy by half whereas deletion of TAD1 decreased synergy by 33% (Figure 3.7D).
Interestingly, KLF13b retained the ability to potentiate GATA4 activation albeit to half the
extent of KLF13a. In the case of NKX2.5, removal of TAD3 significantly enhanced synergy
whereas removal of TAD1 and TAD2 abrogated it; not surprisingly, KLF13b was unable to
support synergy with NKX2.5 (Figure 3.7E). Lastly, functional cooperativity with PEX1
was most dependent on TAD1 and its deletion reduced synergy to 1.5 fold vs 5.5 fold for
intact KLF13a protein. Interestingly TAD3 contributed to maximal synergy and its deletion
reduced synergy by 30%; the presence of TAD3 in KLF13b likely contributed to the modest
but significant 1.5 fold synergy with PEX1. These results indicate that the various domains
of KLF13 differentially contribute to its combinatorial interactions with other transcription
factors and provide a mechanism that explains —at least in part- the distinct effects of the two

isoforms on gene transcription and cell fates.
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Figure 3.1: KLF13 exists as 2 distinct isoforms.

A) Schematic representation of the KIf13 locus. This organization is conserved across
species. When exonla. encoding the transactivation domain and the N-terminal zinc-finger,
is used, the 288AA KLF13a isoform is generated; when the alternative exonlb is used, it
generates KLF13b an isoform with only two C2H2-type zinc-fingers and a novel short N-
terminal. B) Multiple sequence alignment (ClustalW) of KLF13b isoforms from different
species. An * (asterisk) indicates positions which have a single, fully conserved residue; a :
(colon) indicates conservation between groups of strongly similar properties; a . (period)
indicates conservation between groups of weakly similar properties. C) RT-PCR carried out
using primers specific to each of the isoforms in different tissues during development (E
11.5,13.5, and 16.5).
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Figure 3.2: Distinct biochemical properties of the two KLF13 isoforms

A) Western blot using anti HA antibody showing expression of recombinant HA tagged
KLF13 isoforms (KLF13a and KLF13b) as well as deletion constructs (A1-147 and A1-195)
in transfected AD293 cell nuclear extracts. B) KLF13b is capable of binding sequence
specific DNA. Electrophoretic mobility shift assays (EMSA) of several HA-tagged KLF13
constructs as indicated above the corresponding lanes. The DNA probe utilized is derived
from the proximal CACCC element of the Nppb promoter. The radioactive probes were
incubated with either the nuclear extract of control or KLF13 transfected AD293 cells. The
arrowheads shows the binding of the different KLF13 constructs to the radioactive probes.
Note that antibody super-shift/band disappearance confirms the identity of the KLF13
containing bands. The arrows represent protein-DNA complexes of different sizes which are
due to size differentials of the utilized KLF13 constructs. C) Immunofluorescence
localization of the HA-tagged KLF13 recombinant proteins transfected into cells. The green
color shows the Alexa 488 conjugated secondary antibodies against the anti-HA antibody.
The nuclei are blue as visualized with Hoechst 33424 autofluorescence. D) KLF13b
antagonizes KLF13a transcriptional activity on the -120bp Nppb minimal promoter. The
study was conducted with a constant dose of (50ng) for KLF13a and different doses of the
KLF13b (25ng, 50ng and 75ng). The data are the mean of n=3+SEM.
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Figure 3.3: Analysis of KLF13 isoforms transcriptional activity on different cardiac

promoters.

Transfections were carried out in NIH 3T3 with increasing doses of KLF13 isoforms. In
panels A-C we used 25, 50, or 100ng, and in panels D-F we used 25, 50, 100, or 250g. Note
that the total amount of DNA was kept constant (2500ng) using an empty pCGN vector.
Fold promoter activity was expressed as the fold change relative to the control. The data
shown are from one representative experiment carried out in duplicate. Ccndl: cyclinD1
promoter, Ccnd2: CycinD2 promoter, Myh6: a-Myosin heavy chain promoter, Myh7: -
Myosin heavy chain promoter, Nppb: BNP promoter,
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Figure 3.4: Gain of KLF13 function in postnatal cardiomyocytes.

A) Fluorescence microscopy of cardiomyocytes infected with Flag-tagged KLF13a, KLF13b,
GATAA4 or LacZ adenoviral vectors. Exogenous KLF13 isoforms and GATA4 were detected
using anti-Flag antibody (red). The nuclei were visualized by Hoechst 33424 autofluorescence
(blue) and the cardiomyocytes were visualized with anti-alpha-actin in antibody (green). Note
how only GATAA4 induces cytoskeletal reorganization of cardiomyocytes. B) Ki67 staining of
of cardiomyocytes infected with Flag-tagged KLF13a, KLF13b, or pShuttle adenoviral
vectors. The left panel shows representative fields with Ki67 positive (red) cardiomyoctes.
Indicated by arrowheads, the nuclei a blue and the cardiomyocytes (green) marked by alpha-
actin in staining. The right panel represents the data quantification for the different infected
groups (n=5 for each group). *p<0.05. C) QPCR analysis using RNA extracted from primary
rat neonatal cardiomyocyte cultures infected with Flag-tagged KLF13a, KLF13b, or pShuttle

adenoviral vectors (n=3 for each group). *p<0.05.
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Figure 3.5: KLF13 isoforms activate distinct gene programs in cardiac cells.

QPCR analysis using RNA extracted from endocardial progenitor (TC13) cells (panel A) and
atrial cardiomyocytes (HL-1) cells (panel B) infected with Flag-tagged KLF13a, KLF13b, or

pShuttle adenoviral vectors (n>3 for each group). *p<0.05.
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Figure 3.6: KLF13 isoforms differentially interact with novel co-activators.

A) Representation of the -699bp Nppa promoter showing known regulatory elements. CA/GT
boxes are also shown. C is KLF CACCC binding sites, TBE is T-Box element, NKE is the
NKX element, G is GATA element, and PERE is for Phenylephrine Response element. B)
The transcriptional activity of the 2 KLF13 isoforms on the -699 bp Nppa promoter in NIH
3T3cells. Increasing doses of KLF13 isoforms were used (25ng, 50ng, and 100ng). Note how
only KLF13a activates the Nppa promoter. C) Transient co-transfections map several KLF13
response regions within the -699bp Nppa promoter. The different doses of KLF13 used were
25ng, 50ng, and 100ng. The data shown is from on representative out of three different
experiments, each carried out in triplicates. D) KLF13 activates the Nppa promoter
synergistically with GATA4, NKX2.5, and PEX1. Cells were transfected 2ug of -699bp Nppa
promoter and a constant dose of KLF13 (either 50ng or 100ng), together with increasing doses
of the indicated transcription factors (25ng, 50ng, and 100ng). E) KLF13 physically interacts
with GATA4, NKX2.5 and PEX. The pull-down assay was performed using in vitro-translated
%5-labeled-KLF13 and bacterially produced fusion proteins MBP-NKX2.5 and GST-PEX1.
The left panel is the coomassie blue staining of SDS-PAGE gel showing the bacterially
produced fusion proteins. Note how KLF13 is retained by MBP-NKX2.5, and GST-PEX1 but
not on the control MBP and GST.
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Figure 3.7: Mapping functional KLF13 domains involved in transcriptional activation
and synergy.

A) The zinc finger domain of KLF13 is involved in physical interaction with NKX2.5. Note
how A1-195 and KLF13b were retained by MBP-NKX2.5. B) The homeodomain (HD) of
NKX2.5 is required for physical interaction with KLF13. In A and B, pull-down assays were
performed using bacterially produced MBP-NKX2.5 constructs and in vitro-translated S-
labeled-KLF13 protein. In each case, the left panel is the coomassie blue staining of the SDS-
PAGE gel showing the bacterially produced MBP-fusion constructs. Note how KLF13 was
retained efficiently by MBP-HD (AA137-203). C, D, E an F) Structure-function analysis of
KLF13 domains involved in transcriptional activation as well as synergy with GATA-4,
NKX2.5, and PEX1 over the Nppa promoter. In (C), Nppa reporter was co-transfected with
KLF13 expression vectors alone or in (D, E and F), in combination with GATA-4, NKX2.5,
or PEX1 expression vectors, respectively. The fold synergy is calculated using the ratio of
promoter activation by KLF13 in the presence of its functional partner over the sum of the

individual promoter activation by KLF13 plus that of its partner.
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Supplemental Figure 3.1: Overexpression of KLF13 isoforms in different cardiac cell

lines.

Western blot analysis of endogenous and exogenous (adenovirus mediated infection) Flag-
tagged KLF13 isoforms in primary postnatal cardiomyocyte cultures (A), endocardial TC13
cells (B) and atrial cardiomyocyte (HL1) cell line (C). The KLF13 antibody directed against

the common exon2 coding sequences was used.
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Supplemental Figure 3.2: Structure function analysis of KLF13.

A) Western blot showing the expression of the recombinant KLF13 proteins in nuclear and
cytoplasmic extracts of transfected AD293 cells. The expressed proteins were detected using
anti-HA antibody. Lamin B was used as loading control for nuclear extracts and GAPDH for
cytoplasmic extracts. B) Cellular localization of the HA-tagged KLF13 protein constructs
transfected into AD293 cells. The green color shows the Alexa 488 conjugated secondary
antibodies against the anti-HA antibody. The nuclei were visualized by Hoechst 33424
autofluorescence (blue). C) Binding properties of various KLF13a mutant and KLF13 to
electrophoretic mobility shift assays (EMSA) of several HA-tagged KLF13 constructs as
shown above the corresponding lanes. The DNA probe utilized is derived from the proximal

CACCC element of the Nppb promoter. The arrowheads show KLF13 — DNA complexes.
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Table 3.1: Summary of KLF13 structure function analysis.

Construct Cellular Activation DNA Synergy
Localization ©fNppa/b  Binding GatTA4 NKX2.5

KLF13a N>>C +++ Yes +++ 4+ +++
L 7777RaR A250-288 N>>C ++ Yes + 4+ ++
A221-288 N>C + No NA NA NA
VR A C-Ter N=C +/- No NA NA NA

s - |- |~ il Al1-67 N>>C ++ NA ++ ++ +

[ —a|e || A67-147 N>>C + NA + ++ ++
FEmE || A1-147 N>>C +/- Yes ] ] ot

BBl 1| AN-Ter N=C +/- Yes - - .
[ By | KIf13b N>C + Yes + +/- +/-
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3.5. Discussion
KLF13 is a dosage sensitive regulator of hematopoiesis and heart development

but the mechanisms regulating KIf13 gene expression as well as protein levels and activity
remain poorly understood. In this manuscript, we report that KLF13 exists as two distinct
isoforms that have in common the last two zinc fingers and carboxyl-terminus but differ
markedly in their N-terminal domain. These isoforms, which are the results of the use of
alternative promoters and first exons, have differential cellular and target promoter activity.
Additionally, we uncovered novel interactions between KLF13 and two cardiac enriched
transcription factors, PEX1 and NKX2.5 belonging respectively to the Kruppel family of
zinc fingers and the NK homeobox containing proteins. Through structure-function analysis
we provide evidence for the existence of multiple transactivation domains on the known
KLF13a protein which are differentially required for interaction with various KLF13 co-
activators. Since KLF13b lacks all KLF13a N-terminal TADs, it is able to support some but
not all physical or functional interactions with these co-activators. Thus, our work provides
insight into two new regulatory mechanisms for KLF13, alternate exonl usage leading to
distinct protein isoforms and interaction with a new class of transcription factors, the NK
family of homeobox proteins. Lastly, through gain of function studies, we demonstrate
differential effects of KLF13a/b on proliferation and differentiation genes and on cell
growth of endocardial progenitors and cardiomyocytes. Together, the data provide novel
insight into an important regulator of homeostasis whose alteration is associated with human

disease.
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Alternate promoter usage generates distinct KLF13 isoforms.

Previous studies showed that KIf13 transcripts are derived from two exons;
exonl contains the 5’ untranslated region (5° UTR) as well as the coding sequence for an N-
terminal transcriptionally active domain and the first zinc finger; exon2 contains the two
additional zinc fingers and a short C-terminal domain. This genomic structure is conserved
across species. Our data indicate that KIf13 is transcribed from two distinct promoters. When
the alternate transcription start site (TSS) is used a transcript containing exonlb and exon2
sequences is generated translating into a shorter protein with a novel 5’UTR and the last two
zinc fingers along with the serine (Ser) rich carboxyl- domain (Figure 3.1A). Structure-
function analysis on two target promoters activated by KLF13 revealed the presence of 3
distinct TADs within the N-terminal domain of KLF13a that are absent in KLF13b and one
within the C-terminal domain common to both isoforms. Importantly, KLF13b retained the
ability to bind DNA but was generally a weaker transcriptional activator that reduced
KLF13a activity (Figure 3.2B-D). Thus, the production of KLF13b may serve as a rheostat
to maintain the proper level of KLF13 activity. Of note, the presence of both transcripts in
several target organs and their changing relative abundance, with KLF13a/KLF13b ratio
being greater in postnatal vs embryonic tissues (Figure 3.1C).

Multiple isoforms for other KLF family members have been reported recently
(23); they include KLF5, 7, 8, 10 and 12. bKLF4 and 6 were also previously shown to exist
as multiple isoforms with differential effect on cancer progression (24;25). In all cases, the
isoforms were the result of alternative splicing producing shorter proteins with similar
translational start and termination codons. While we cannot rule out the existence of
alternative splicing in the KIf13 locus, we didn’t detect additional bands using our PCR

strategy in any of the tissues tested. Thus, our data reveal an additional mechanism to
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generate isoforms within the KLF family through alternative transcription start site. In silico
analysis of promoter, TSS and transcripts data bases (e!Ensembl; EPD; FANTOM) suggest
the conservation of this regulatory mechanism in humans (38-40). In both cases, the TSS for
the shorter isoform is within the first intron, approximately 14 Kbp downstream of the other
TSS. Alignment of the human and mouse genomic sequences revealed a high level of
conservation in the first 500bp upstream of exonlb with clusters of transcription factor
binding sites. Among other, is the presence of conserved CAAT, GATA, STAT and SP1/GC
rich elements is noteworthy. Little is known regarding transcriptional regulation of KLF13
gene. Mitsuma et al reported that the first 500bp upstream of exonl are sufficient to direct
expression in erythroid cells and are activated by GATAL (41). In the future, it will be
interesting to analyze the two KLF13 promoters and determine common as well as divergent

regulatory mechanisms.

Distinct role of KLF13 isoforms in cardiac cells.

In human, deletion of the chromosomal region that contains KLF13 was
associated with various heart defects (7). Similarly, loss of KLF13 in Xenopus leads to
developmental cardiac defects that include hypoplastic myocardium and delayed
atrioventricular cushion formation (6); this phenotype is suggestive of an important role for
KLF13 in either one or both major cardiac cell types, cardiomyocytes and endocardial cells
which both express KLF13a. We tested the effect of the two KLF13 isoforms on
cardiomyocytes using quiescent postnatal cardiomyocytes as well as an established atrial
cardiomyocyte cell line with embryonic-like features. Ectopic expression of KLF13 in
postnatal cardiomyocytes indicated that KLF13a but not KLF13b increased expression of

target genes including CyclinD2 (Ccnd2), Nppb and o-myosin heavy chain (Myh6), and
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doubled the number of Ki67 positive myocytes indicative of a growth promoting effect.
Interestingly, both isoforms significantly upregulated expression of serum response factor
(Srf), which is a critical muscle regulatory transcription factor. In contrast, gain of KLF13
function in proliferating embryonic like cardiomyocytes was associated with growth arrest
and downregulation of both Ccnd1 and Ccnd2, but upregulation of the embryonic genes
Nppa and B-myosin heavy chain (Myh7). While these effects were common to KLF13a and
b, other changes in gene expression were isoform specific; for example, KLF13a but not
KLF13b downregulated Gata4 and Gata5 transcripts and upregulated Vegf mRNA,;
conversely, only KLF13b downregulated Tbx5. Together, these results suggest differential
temporally regulated functions for KLF13 isoforms on cardiomyocyte proliferation and
differentiation. Analysis of KLF13 effects on the endocardial progenitor cell line TC13 was
also consistent with a dual regulatory role for KLF13 on cell proliferation and
differentiation. Interestingly, some of the genes that are common to endocardial and
myocardial cells were differentially regulated by KLF13 proteins in a cell type specific
manner. For example, whereas only KLF13a decreased Gata4 transcripts in cardiomyocytes,
both isoforms similarly inhibited Gata4 transcription in endocardial cells (Figure 3.5 A and
B). On the other hand, Nfatc was inhibited by both isoforms in cardiomyocytes but only by
KLF13a in endocardial cells. Others like Vegfr2 were responsive to KLF13 in one but not
the other cell type. Disruption of endocardial or myocardial cell proliferation or
differentiation can alter critical endocardial-myocardial cell interactions and has profound
consequences on heart morphogenesis and postnatal heart function. The data obtained in
these in vitro cell systems warrant closer investigation of cell and isoform specific

manipulation of KLF13 in transgenic mouse hearts.
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KLF13 functional domains and interacting partners.

Like other members of the KLF family, KLF13a can act either as a
transcriptional activator or repressor by recruiting to target promoters co-activators like
p300/CBP, PCAF and Brgl (21;42) or corepressors such as mSin3A and HDAC (43). GAL4
fusion assays indicated that the N-terminus of KLF13a contains both activation and
repression autonomous domains (43;44). KLF13b lacks the entire KLF13a N-terminal
domain and contains a novel 24 amino acid N-terminal region with no homology to known
transcriptional activation/repression domains. Nonetheless, KLF13b retained the ability to
activate several KLF13a target promoters. Interestingly, both PCAF and CBP interact with
AA167-289 which contain the zinc fingers and Serine rich C-terminus (44). KLF13b is thus
able to translocate to the nucleus, bind DNA and activate transcription, possibly through
similar or distinct mechanisms to KLF13a.

Our structure-function analysis of KLF13 on the Nppb promoter revealed an
important contribution of the C-terminus (AA 250-288) as well as two N-terminal domains
(AA 1-67 and AA 67-147) in transcriptional activation. Of note, all three domains were
needed for maximal synergy with GATA4 and KLF13b retained the ability to cooperate —
albeit to lower extent — with this transcription factor. In contrast, the N-terminal TADs of
KLF13a, which are absent in KLF13b were required for synergy with NKX2.5 and KLF13b
retained the ability to physically associate with NKX2.5 but not to enhance NKX2.5
activation. These findings suggest that KLF13 proteins may have a subset of common
cofactors but also isoform specific ones.

Lastly, the identification of NKX2.5 as a novel KLF13 coactivator is

noteworthy. NKX2.5 is a key regulator of heart development and mutations in NKX2.5 are
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associated with human congenital heart disease (45;46). Few DNA binding transcription
factors have so far been identified as KLF co-factors. They include the GATA family of zinc
finger proteins (6), the MADS box containing SRF which was shown to cooperate with
KLF3 in activating muscle creatine kinase (McK) (47) and more recently the leucine zipper
cMAF transcription factor shown to cooperate with KLF13 for activation of the interleukin 4
(114) promoter in T-cells (48). KLF13 is co-expressed with other members of the NK family,
for example NKX2.1 in T-cells (49) and NKX6.1 and NKX2.2 in the brain (50). Thus
cooperativity between KLF13 and NK proteins may extend to other organs beyond the heart

and may be worth further investigation.

Taken together, our data point to a possible mechanism for regulating kIf13 gene
activity that involves the production of two isoforms, KLF13a and KLF13b, that have
distinct spatiotemporal distributions and partially redundant activities. We suggest that the
differential interactions with a distinct repertoire of cofactors not only allow kIf13 isoforms
to regulate distinct subsets of genes, but also to participate in the divergent regulation of the
same gene (4). Deciphering the role of cardiac transcription factors and their isoforms
during development, as well as their effects on cell proliferation and differentiation, will

contribute to our understating of genotype-phenotype relations in patients with CHD.
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4.1 Abstract

TBX5, a member of the T-box family of transcription factors, is a dosage sensitive
regulator of heart development. Mutations in TBX5 are responsible for Holt-Oram
Syndrome, an autosomal dominant disease with variable and partially penetrant cardiac
defects suggestive of the existence of genetic and environmental modifiers. KLF13, a
member of the Kruppel-like family of zinc finger proteins is co-expressed with TBX5 in
several cardiac cells including atrial cardiomyocytes and cells of the interatrial septum. We
report that KLF13 interacts physically and functionally with TBX5 to synergistically
activate transcription of cardiac genes. We show that TBX5 contacts KLF13 via its T-
domain and find that several disease-causing mutations therein have decreased KLF13
interaction. Whereas KIf13 heterozygote mice have no detectable cardiac defects, loss of a
KIf13 allele in Thx5 heterozygote mice significantly increases the penetrance of TBX5-
dependent cardiac abnormalities including atrial and ventricular septal defects. The results
reveal for the first time combinatorial interaction between a T-box protein and a KLF family
member and its importance for heart and possibly other organ development. The data also
suggest that, in human, KLF13 may be a genetic modifier of the Holt-Oram Syndrome gene

TBX5.
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4.2 Introduction

Congenital heart disease (CHD) represents the most common human birth defect
with an incidence of 1-2% of all live births; CHD is a major cause of fetal loss and the
leading cause of infant mortality (1;2). Septal defects, the most frequent CHDs, range in
severity from the relatively minor patent foramen oval (PFO), to the complex and potentially
fatal Tetralogy of Fallot (ToF). Although a subset of CHDs are etiologically monogenic, the
majority of CHDs are multifactorial (2;3). Human genetic studies, which have linked
several genomic loci to CHDs as well as genetic manipulations in animal models, revealed
two important patterns: on the one hand, a given structural defect is often linked to more
than one locus or gene; on the other hand, disease manifestation is often characterized by
variable penetrance and expressivity. Variable penetrance can be attributed to the
differences in the genetic buffering capacity of interconnected regulatory networks needed
to compensate for both environmental and genetic variations. This buffering capacity is
influenced by modifier genes, genetic polymorphisms, and environmental factors (1;4;5).
This variability is even observed in the case of autosomal dominant diseases such as Holt-
Oram Syndrome (HOS) which is caused by mutations in TBX5 and where cardiac
manifestation among affected family members can vary from asymptomatic conduction
system defects to severe structural anomalies. Understanding the genotype-phenotype
relationship is critical for improving patient care. This in turn necessitates deciphering the

molecular basis of CHD including the identification of modifier genes and factors.

TBX5, the gene mutated in human Holt-Oram Syndrome (HOS), encodes a member
of the T-box family of transcription factors, TBX5, one of the most extensively studied
cardiac transcription factors. HOS is a dominant disorder characterised primarily by upper
limb defects and heart abnormalities (6). The prevalent HOS-associated cardiac defects are
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atrial and ventricular septal defects (ASD, VSD), hypoplastic left ventricle and conduction
anomalies (7;8). TBX5 is expressed at the earliest stages of cardiogenesis, throughout the
heart primordia, where it is co-expressed with other cardiac transcription factors such as
NKX2.5 and GATAA4. In mice, loss of both Thx5 alleles is embryonic lethal due to arrested
cardiac morphogenesis (9). Interestingly, mice heterozygous for Thx5 or with hypomorphic
Thx5 alleles recapitulate many features of HOS (9;10) and represent unique tools to

elucidate gene-gene and gene-environment interactions in the onset of CHD.

TBX5 mechanisms of action involves cooperative interactions with other conserved
cardiac transcription factors such as GATA4, NKX2.5 and MEF2C (9;11;12). The
relevance of these interactions is underscored by the finding that mutations that disrupt
cooperativity between TBX5 and its cofactors are associated with CHD (7). Similarly,
combined heterozygous loss of TBX5 and its GATA4 cofactor leads to increased penetrance
of severe cardiac defects (13;14), confirming that GATAA4 is a genetic modifier of TBX5.
Several TBX5 cofactors were identified because of their shared transcription targets. This is
best illustrated for NKX2.5 which binds the atrial natriuretic peptide (Nppa) promoter at
juxtaposed NKE/TBE sites and synergises with TBXS5 in transcriptional activation (9). The
Nppa promoter contains binding sites for several key cardiac transcription factors and has
been extensively used to characterise several regulatory pathways essential for heart
development (15). We previously showed that Nppa is activated by KLF13, a member of the
Kruppel-like family of important regulators of cell growth and differentiation (16). KLF13
binds evolutionary conserved regulatory elements known as CACC-box that are present on
several cardiac promoters (Nppb, Nppa, Myh6 and Myh7), and acts as a cardiac transcription
activator; KLF13 functionally and physically interacts with GATAA4, a critical regulator of

cardiac development (16). In murine hearts, KIf13 expression is detected as early as ED 9.5
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in both myocardial and endocardial cells with higher expression in the developing atrial

myocardium and ventricular trabeculae.

Here, we show KLF13 and TBX5 co-localize in several cardiac cells, and physically
and functionally interact to synergistically activate the Nppa and other promoters. We find
that several TBX5 mutations associated with congenital heart defects in HOS patients are
impaired in their functional and physical interactions with KLF13. We also report that
whereas KIf13 heterozygosity is not associated with detectable cardiac defects, compound
haploinsufficiency of KIf13 and Thx5 is associated with decreased postnatal viability and
significantly higher incidence of septal defects than observed in Thx5 heterozygous mice.
These results identify KLF13 as a TBX5 cofactor and point to KLF13 as a genetic modifier

of Holt-Oram Syndrome and possibly other congenital heart diseases.
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4.3 Materials and Method

Ethics statement. Research was performed in accordance with institutional guidelines and
was approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Ottawa. The guidelines of the IACUC conform to those of the US National

Institute of Health (NIH) (Assurance number for University of Ottawa: A5043-01).

Mouse strains and genotyping. Mice heterozygous for null Tbx5 alleles were previously
described (9). KIf13*" mice were generated by targeted deletion of exon 2, which encodes
the 2" and 3 zinc fingers as well as the entire C-terminus of KLF13. 129Sv ES cells were
electroporated with the targeting vector and homologous recombination was tested by
southern blot analysis in individually isolated ES clones. Two clones positive for the
targeted KIf13 deletion were then microinjected into C57/B6 blastocysts (3.5d) followed by
implantation into pseudo pregnant CD1 females. Germline transmission was achieved
through breeding the resulting chimeras to C57/B6 mice. KIf13* mice were confirmed by
Southern blots and the level of KIf13 transcripts in the heart was confirmed by QPCR. Mice
were kept on a C57/B6 background. To generate the double heterozygote mice used in this
study, KIf13 heterozygote mice were mated with CMV-Cre transgenic mice on the same
C57BL6 background to produce KIf13*- CMV-Cre*" mice. KIf13*- CMV-Cre*"were then
mated with mice homozygote for the floxed Thx5 alleles on Black Swiss/129 background to
constitutively delete the sequences between the loxP sites. For embryo collection and
analysis, pregnant mothers were sacrificed at various embryonic time points. Embryonic day
0.5 was marked the morning a vaginal plug was seen. Littermates were used as controls for

the various studies performed.
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Histology. For histological analysis, adult heart tissues or staged embryos (E11.5, E15.5
and E18.5) were fixed in 4% paraformaldehyde (PFA) at 4°C overnight and paraffin
embedded. Masson Trichrome staining and immunohistochemistry were conducted as
previously described (17). The antibodies used were: N-terminal TBX5 (previously

described: (13;18), KLF13 (previously described: (16).

Echocardiographic analysis. Mice were anesthetized (2.0% isoflurane, 80 ml/min 100%
02) and shaved to facilitate two-dimensional guided M-mode echocardiography using a
Visual-Sonics VEVO 2100 system (Visual Sonics, Amsterdam) with a 30-MHz linear array
transducer. Images and videos were analyzed using the VEVO 2100 analysis software

(Visual Sonics, Amsterdam).

Real-Time PCR analysis. Total RNA was isolated from mouse tissues using TRIZOL
reagent (Invitrogen). Transcript levels of the various markers were determined by real-time

PCR. Primer sequences are available on request.

Cell count. Image J software was used to count the endocardial and mesenchymal cushion

cells.

Cell cultures. NIH3T3 cells were maintained and transfected as previously described (19).
The Nppa-Luciferase reporter (9) was used for analyzing the transcriptional effects of KLF13
and TBX5. TBX5 mutants were introduced in the HA-tagged TBX5 expression vector (18)

using PCR amplification and sequence confirmed.

Protein binding assays. Pull down assays were carried-out using bacterially expressed
MBP-KLF13 or MBP-NKX2.5 and in vitro translated 3S-labelled TBX5 protein using

previously described protocols (16). For the bacterial expression, KLF13 and NKX2.5
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cDNA constructs were cloned in-frame into the pMALC vector to produce MBP fusion
proteins. These constructs were used to transform BL21 cells, and then bacterial cells were
harvested in MBP binding buffer (MBP binding buffer: 20 mM Tris-HCI pH 7.5, 200 mM
NaCl, 1 mM EDTA, 0.5 mM PMSF, 1 mM DTT) ( GST binding buffer: 1XPBS, 100 mM
Tris-HCI pH 7.5, 1 mM EDTA, 0.5 mM PMSF). The suspended cells were then sonicated
and the cellular debris were then removed by centrifugation. The fusion proteins were then
purified by binding to amylase/sepharose beads (New England Biolabs, Inc.). Immobilized
fusion protein concentration estimation was conducted using 10%SDS-PAGE stained with
Coomassie blue and BSA as a standard (1-2-5-10-15ug).

For in vitro translated TBX5, we used TNT coupled in vitro transcription-translation
system (Promega Corp., Madison, Wis.) with [3*S] methionine. In vitro binding studies
were performed by incubating 10 pl of *S-labeled TBX5 with 500 ng of immobilized
KLF13 and NKX2.5 fusion proteins in 500 pl of binding buffer (150 mM NaCl, 50 mM
Tris-Cl [pH 7.5], 10 mM ZnCl20.3% Nonidet P-40, 1 mM dithiothreitol [DTT], 0.5 mM
PMSF, 0.25% bovine serum albumin [BSA]) overnight at 4°C with agitation and then
centrifuged for 2 min at 15,000 rpm at room temperature. Beads were washed three times
by vortexing in 500 ul of binding buffer at RT and three times by vortexing in 500 pl of
binding buffer without BSA. The protein complexes were released after boiling in Laemmli
buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gel

was then dried and exposed to autoradiography film (Hyperfilm ECL, Amersham).

Statistics. The data are presented as mean + SEM; p<0.05 by student two-tailed t-test is

considered statistically significant.
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4.4 Results
4.4.1. Functional and Physical Interaction between KLF13 and TBX5.

Previously, we reported that loss of kIf13 in the African clawed frog (Xenopus
laevis) causes CHD including atrial septal delay/defects and hypoplastic ventricles (16).
These defects are reminiscent of those observed in mice with hypomorphic Tbx5 alleles (9).
KLF13 is enriched in atrial cardiomyocytes and in endocardial cells (16). Immuno-
histochemical staining for KLF13 and TBX5 on consecutive mouse heart sections shows
that the two proteins have a similar expression profile in certain regions of the heart (Figure
4.1). TBX5 and KLF13 are both expressed in the myocardium of the atrio-ventricular
cushion (AVC) at E11.5. At E15.5, both proteins are expressed in the atria, atrial septum and
ventricular trabeculae. KLF13 is also expressed in the interventricular septum and the
ventricular walls at E15.5. Within these regions, several cells (see red arrows in Figure 4.1)
co- stain for both TBX5 and KLF13 notably in the atrial septum. Interestingly, in silico
sequence analysis reveals evolutionary conservation of juxtaposed TBX5 (TBE) and KLF13
binding sites (CACCC elements) on the Nppa promoter and on other cardiac/endocardial
promoters such a Nppb, Vegfa , and Nos3 promoters. This prompted us to test for functional
cooperativity between KLF13 and TBX5.

The functional interaction between KLF13 and TBX5 was first assayed using
luciferase co-transfection assays. When co-transfected into heterologous cells (NIH 3T3),
the Nppa-luciferase promoter was activated 5-10 fold in the presence of either KLF13 or
TBXS5 expression plasmids; however, simultaneous presence of both factors produced a
synergistic activation of up to 200 fold (Figure 4.2). This synergy was also observed over
other TBX5 activated promoters, including Vegfa and Nos3 (Figure 4.2D and data not

shown).
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To study the structure-function of the TBX5-KLF13 synergy, we utilized TBX5
constructs containing deletions of specific functional domains. We previously (20) reported
the presence of two transactivation domains within the C-terminal of TBX5 between 400-
518aa and 250-300aa. Deleting these two TADs and the N-terminal domain (A1-52aa) led
to a significant decrease in Nppa promoter activation but did not abrogate the synergy
between KLF13 and TBX5 suggesting that the T-domain is sufficient for supporting synergy
with KLF13 (Figure 4.2E). Next, we tested whether the 2 proteins physically interact.
Pull-down assays were carried out using in vitro- translated *S-labeled-KLF13 and GST-
TBX5 recombinants. As shown in Figure 4.2F, KLF13 was retained on the GST-TBX5
columns and the T-domain was sufficient for maintaining the physical interaction with
KLF13. Reciprocally, we also sought to determine the KLF13 domains important for
functional and physical interaction with TBX5 (Figure 4.2G-H). Deletion of the last 38 aa
reduces KLF13 activity by half in presence or absence of TBX5. The N-terminal domain of
KLF13 contains 2 discreet transactivation domains located between 1-67 and 67-147aa, and
deletion of either one of them abrogates synergy with TBX5 (Figure 4.2G) on the Nppa
promoter. Interestingly, a mutant protein containing the last 2 zinc-fingers and C-terminal
domains as well as the KLF13b isoform that spans these sequences are able to support
synergy, albeit to a lower extent than the full length KLF13a isoform. These results suggest
that both sequence and conformation considerations are involved in KLF13 interaction with
TBX5. To test which domains are required for physical contact with TBX5, pull-down
assays were carried out using MBP- TBX5 and various in vitro- translated 3S-labeled-
KLF13 deletion constructs. (Figure 4.2H). Deletion of the last two zinc fingers (A195-
288aa) severely reduced physical interaction with TBX5. Interestingly, constructs

containing the last 2 zinc fingers (A 195-288 and KLF13b) were capable of physically
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interacting with MBP-TBX5. Overall our structure function analysis indicates that the
physical interaction between KLF13 and TBX5 is mediated via the last 2 DNA-binding zinc

fingers of KLF13 and the T-box domain of TBX5.

4.4.2. KIf13 is a genetic modifier of Thx5-dependent septal defects.

The functional interaction between KLF13 and TBX5 as well as the similarity of
the cardiac phenotypes resulting from mammalian TBX5 haploinsufficiency and KLF13 loss
of function in Xenopus (ASD, hypoplastic ventricle, AV defects) suggest the existence of
genetic interaction between these pathways in heart morphogenesis. To test this in
mammalian development, we generate KIf13 heterozygote mice by targeting for deletion
KIf13 exon 2 using homologous recombination in ES cells as described in materials and
methods. Mice lacking a functional KIf13 allele were born at expected Mendelian ratios.
Detailed histological examination of heart structure revealed no obvious defects. Functional
analysis using echocardiography showed that all cardiac parameters were indistinguishable
from control littermates (data not shown). To generate Tbx5 and KIf13 double heterozygote
mice, Thx5 fo¥floX mice were mated with KIf13** CMV-Cre*” mice. An equal ratio of the
following four genotypes would be expected: Thx5*MoX KIf13*/*, Tox5*/Mox KIf13*", Thx5*de!
KIf13**, and Thx5*®! KIf13*". However, and consistent with the reported perinatal lethality
of Thx5 "% mice, only 62% of the expected Thx5*%! KIf13** were present at weaning
(postnatal day 28) in comparison to the number of control mice; similarly, the observed ratio
of double heterozygote mice at weaning was also lower than expected by almost 50%

(Figure 4.3 A).

Despite their lower frequency, the surviving Thx5"% KIf13** (Thx5 heterozygotes)
and Tbx5*% KIf13* (Thx5-KIf13 double heterozygotes) mice appeared morphologically

normal when compared with control littermates. Thx5*%' mice were previously reported to
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have smaller left ventricle (LV) end-diastolic diameter (EDD) and end-systolic diameter
(ESD) which are indicative of impaired diastolic function (21). Using echocardiographic
analysis on 150 day old mice the assessment of left ventricular mass over body weight
(LV/BW) revealed that a subgroup (3/8) of Thx5/% KIf13** mice had a lower ratio than the
littermate controls (Figure 4.3 B). Although analysis of cardiac fractional shortening
(Figure 4.3 C) showed no significant changes in comparison to the controls, Thx5*/4
KIf13*~ mice and the Tbx5-KIf13 double heterozygotes showed more heterogeneity within
their group. Analysis of pulmonary and aortic valve mean gradients showed no significant
difference among the various genotypes (Figure 4.3 D and data not shown). Consistent
with previous reports (22), histological analysis by Masson Trichrome staining of the
Thx5*"de! KIf13** hearts revealed 55% (6/11) prevalence of ASD compared to 0-0.5% in
control littermates (0/20 for Thx5*/o* KIf13** and 1/20 for Tox5*M°x KIf13*").

Interestingly, Thx5*%¢ KIf13*" double heterozygotes had a higher prevalence of ASD (15/20,

75%) than Thx5 heterozygote littermates (Figure 4.3 F-H).

Although only 48% of the Thx5*/%! KIf13*- were present at weaning, genotype
analysis of E13.5 and E15.5 embryos showed no lethality at these embryonic stages (Figure
4.4 A) suggesting that loss of a KIf13 allele affects later stages of development or postnatal
survival. Consistent with previous reports, Thx5"%! embryos had evidence of cardiac septal
defects at E15.5 (Figure 4.4 C and D) (9). Atrial septal defects and membranous
ventricular septal defects were observed in 42% (3/7) of the Tbx5*"®! KIf13** embryos. At
this stage, increased penetrance of atrial (75% or 6/8) and ventricular (63% or 5/8) septal
defects were observed in Thx5*¢! KIf13*-embryos but were not present in either KIf13
heterozygotes or in littermates with functional Tbx5 and KIf13 alleles. (Figure 4.4 E).

Taken together, our results show that loss of a KIf13 allele in a Thx5*%! genetic background
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is associated with higher rates of septal defects suggesting that KIf13 is a genetic modifier of

Tbx5 in septal formation.

To analyse the consequences of the compound loss of a KIf13 and a Thx5 allele on
cardiac gene expression, we performed QPCR analysis (Figure 4.5) on E11.5-12.5 embryos.
The selected genes analysed included known regulators of heart morphogenesis (eg:
GATAA4/5, MEF2) as well as reported TBX5 targets (eg, Slit2, Nos3, Myl7). These studies
revealed interesting patterns of gene expression including that in morphologically normal
KIf13 heterozygotes where many transcripts were unexpectedly altered. In fact, the level of
several transcripts were similarly upregulated in Thx5 and KIf13 heterozygotes, albeit not to
the same extent. They included Gata4, Gata5, Mef2a, Erbb4, Vegfc, PlexinD1, Sema6d, and
Myh7. Interestingly, although transcripts of Slitl were upregulated only in embryos
heterozygote for Thx5, the double mutant embryos showed a significant upregulation in
comparison to the littermate controls. Similarly, while transcript levels of Dkk3 in either
KIf13 or Thx5 heterozygotes were not significantly different from control littermates, the
double heterozygotes showed significant downregulation in comparison to the littermate
controls. In other cases, such as BMP10, Flt1, Scn5a and Hcn4 the upregulation observed
in Tbx5 heterozygotes was reversed by the loss of KIf13. These changes may reflect
compensatory mechanisms that were no longer operative in the absence of both alleles, and

may explain KIf13 action as a Tbx5 modifier.

2.4.3. Effect of disease causing TBX5 mutants on KLF13 interaction.
Analysis of point mutations is considered as the “Rosetta stone” in deciphering the
genotype-phenotype relation and how disruption of the combinatorial interactions of

transcription factors can lead to specific birth defects (51). To date, over 60 mutations in the
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TBX5 gene have been associated with Holt-Oram syndrome; the majority introduce a
premature stop codon or change an amino acid within the T- domain (52;53). To analyze
the effect of TBX5 point mutants on the interaction with KLF13, we produced TBX5
constructs harboring thirteen HOS missense point mutations and tested them for physical
and functional interaction with KLF13 and the known TBX5 co-factors NKX2.5 and
GATAA4. Figure 4.6A shows a schematic diagram of the TBX5 protein structure depicting
the location of the mutations tested. First the expression and subcellular localization of all
Flag-tagged-TBX5 point mutants were verified and compared to the wild type protein using
Western blot and protein extracts prepared from transfected AD 293 cells (Figure 4.6B).
While the wild-type Flag-TBX5 showed a preferential nuclear localization, several point
mutants (G80Q, G169R, T223M, and R237Q) showed a predominant cytoplasmic
localization, while others (A79V, L102P, W121G, T144l, and G195A) had an equal protein
distribution in the 2 cellular compartments. We further ascertained our results at the cell
level using immunofluorescence with anti-Flag-antibody in transfected cells (Figure 4.6C).

The immunofluorescence generally confirmed the results obtained by Western blot analysis.

The transcriptional activities of the point mutants were analyzed using the Nppa-
luciferase reporter. To account for the differential nuclear localization, a dose response
study was conducted (25ng, 50ng, 100ng, 200ng, and 400ng). As shown in Figure 4.6D, in
comparison to WT-TBX5, mutants G80Q, G169R, W121G, T223M, and R237Q showed
drastic losses of transcriptional activity; G169R and G195A displayed a moderate but
significant reduction (40%) in the ability to trans activate the Nppa-luc reporter. The
reduced transcriptional activity of these point mutants might be due, in part, to defective
nuclear localization. On the other hand, 145T whose expression and subcellular localisation

are indistinguishable from those of native TBX5 showed a significant increase in
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transcriptional activity. Intriguingly, despite their cytoplasmic leakiness, mutants A79V,
L102P, and T1441, showed no significant deviation from the transcriptional activity of wild
type TBX5. The activity of 154T, Y100C, and R134C was similar to that of intact TBX5.
To evaluate the effect of all mutants on transcriptional synergy with KLF13, GATAA4, and
NKX2.5, we conducted luciferase co-transfection assays with Nppa-luciferase reporter
(Figure 4.7 B-D, respectively). Similar to the transcriptional analysis of the point mutants,
5 different dosages of TBX5 plasmids were used, thus minimizing artefacts due to the
difference in their basal activity (25ng, 50ng, 100ng, 200ng, and 400ng). Given the variable
transcriptional activity of the point mutants, we opted to express the results as fold synergy
[activity when both proteins present/ additive effect of each protein] to better distinguish
basal and synergistic effects. Point mutants G80Q, W121G, T223M, and R237Q showed no
synergy with either KLF13, GATA4, or NKX2.5. Interestingly, despite an intact basal
transcriptional activity, A79V and Y100C had reduced synergy with KLF13 but not with
GATA4 or NKX2.5. In contrast, R134C and G169R affected only GATA4 synergy while
G169R and G195A affected synergy with both GATA4 and KLF13 but not with NKX2.5.
Mutants 154 T, L102P, and T1441 had similar activity as wild type TBX5 with all 3 co-
factors. To test whether altered synergy is due to altered physical interactions, the binding
of wild type and TBX5 mutants with KLF13 and NKX2.5 was carried out using MBP-
KLF13/MBP-NKX2.5 and in vitro- translated **S-labeled-TBXS5 protein. Figure 4.7 F- G
show the quantitative analysis of the pull down assay presented in Figure 4. 6E. Mutants
G80Q, T223M, and R237Q by MBP-KLF13 and -NKX2.5 were severely hindered in their
interaction with both KLF13 and NKX2.5 indicating that, in addition to defective nuclear
localisation, these mutations disrupt important protein-protein interactions. Interestingly,

A79V and Y100C and G169R which show reduced synergy with KLF13 also have
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decreased physical interaction with MBP-KLF13 while R134C ability to physically or
functionally interact with KLF13 is unchanged. Our results indicate that the loss of function
observed in TBX5 mutants are associated with selective disruption of physical and/or

functional interaction with co-factors including with KLF13.
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Figure 4. 1: Similar expression profile of TBX5 and KLF13 in consecutive heart
sections at E11.5 and E15.5.

Both proteins are expressed in the myocardial wall of the AVC at E11.5 (A) and in the atria,
atrial septum and ventricular trabeculae at E15.5 (B and C). Note that KLF13 is additionally
expressed in the 1VVS and ventricular walls. Red arrowheads indicate individual cells stained
for both proteins at E11.5 and in the AS of E15.5 hearts. AVC: atrioventricular cushion; LA:
left atrium; RA: right atrium; LV: left ventricle; RV: right ventricle; IVS: interventricular

septum; AS: atrial septum.
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Figure 4. 2: KLF13 and TBX5 functionally and physically interact to potentiate their

activities on cardiac promoters.

A-B) Schematic representation of the TBX5 and KLF13 protein structures, respectively. C-
D) KLF13 and TBXS5 synergistic interaction on the Nppa- and Vegfa-reporters, respectively.
The study was conducted by co-transfecting NIH 3T3 with 2ug of -699bp Nppa or Vegfa
promoter and a constant dose of TBX5 (either 50ng or 100ng, respectively) without/with an
increasing doses of KLF13 (25ng, 50ng,100ng, and 200ng). Note that the total amount of
DNA was kept constant using an empty pCGN vector. Fold promoter activity is expressed
as the fold change relative to the control. The data shown is a representation of two
different experiments, each carried out in duplicates. E) Structure function analysis of the
synergy between TBX5 and KLF13. Transfections were carried out using the -699bp Nppa
promoter. The study was conducted by co-transfecting NIH 3T3 with 2ug of Nppa
promoter, a constant dose of KLF13 (50ng), and five dosages of each of the TBX5
constructs. One representative dose is reported here. Note how the Tbox domain alone was
sufficient to maintain synergy with TBX5. F) Pull-down assays (right panel) using in vitro-
translated *S-labeled-KLF13 (middle panel) and the GST-TBXS5 fusion proteins (left panel).
Note how in-vitro translated KLF13 was retained by the T-box domain. G) Structure
function analysis of KLF13 domains important for the synergy with TBX5 on the Nppa
promoter. The study was conducted by co-transfecting NIH 3T3 with 2ug of Nppa
promoter, a constant dose of Thx5 (50ng), without/with five dosages of each of the KLF13
constructs. One representative dose is reported here. Note how the constructs containing
only zinc-fingers (A1-147 and A1-195) as well as the second isoform were sufficient to
maintain synergy with TBX5. H) Pull-down assays (right panel) using in vitro-translated
%3-labeled-KLF13 constructs (left panel) and the MBP-TBX5 fusion protein (middle panel).
Note how the region containing the last two zinc-fingers, amino acids 195-288, as well as

the second isoform, were sufficiently retained by the MBP-TBX5 beads.
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Figure 4. 3: Reduced viability and higher frequency of cardiac defects in compound
Thx5*% KIf13*~ heterozygotes adult mice.

A) Frequency of genotypes obtained from intercrossing Thx5"fox with KIf13* CMV-
Cre*" mice at weaning. B-D) Echocardiography of Tbx5*%! KIf13*~ mice at 150 days of
age. B-D) Echocardiography analysis assessing the cardiac function in the Thx5 KIf13
mutant mice. The parameters assessed were Ventricular Mass / Body Weight (LV/BW),
Fractional Shortening (FS), and Pulmonary Valve Mean Gradient (PV), respectively. B)
Shows a decrease in the ratio of Left Ventricular Mass / Body Weight (LVV/BW) which is
indicative of left ventricular hypotrophy (n=8 per group). * P < 0.05 in comparison to the
control. E) Gross morphologies of freshly dissected hearts from 150 day-old control,
KIf13*, Tbx5*"®! and Thx5*% KIf13* mice. Note how significantly smaller Thx5*d!
KIf13*" hearts are with signs of right atrial hypertrophy. F-G) Trichrome staining of a
frontal section from hearts of 150 day-old mice showing the normal septum in control and
KIf13*" hearts whereas Tbx5"%! and Thx5*"®' KIf13*" hearts are afflicted with atrial septal
defects (*). The Thx5*% KIf13*" also exhibited signs of left ventricular hypotrophy (A). H)
Quantitative analysis of the atrial septal defects frequency in the our genotypes. Note the
increased incidents of ASDs in Tbhx5*%! KIf13*- mice in comparison to Tox5*%!, AS, Atrial
Septum; RA, Right Atria; LA, Left Atria; IVS, Interventricualr Septum; LV, Left Ventricle;
RV, Right ventricle.
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Figure 4. 4: Higher frequency of cardiac defects in compound Thx5*/de! KIf13*/~
heterozygotes E15.5 embryos.

A) Frequency of genotypes obtained from intercrossing Tbx5m"/fox with KIf13*~ CMV-
Cre*” mice at E15.5 and E11.5. Note that no significant deviation was noticed between the
genotypes. B) Representative images of E15.5 Thx5*! KIf13"'~ heterozygotes as compared
to their littermates. C) Coronal sections through E15.5 embryonic hearts at the level of the
interventricular septum. In Tbx5*"' and Thx5/%! KIf13"~ double heterozygotes,
interventricular septation defects (white arrow) are demonstrated. Normal interventricular
septation is seen in control and KIf13"~. D) Coronal sections through E15.5 embryonic
hearts at the level of the atrial septum. Atrial septal defects (white arrow head) were found
in hearts of Thx5*% and Thx5"%¢! KIf13"~ double heterozygote embryos. AS, Atrial
Septum; RA, Right Atria; LA, Left Atria; IVS, Interventricular Septum, LV, Left Ventricle;
RV, Right ventricle. D) Table representing the frequency of cardiac abnormalities
identified in each genotype at E15.5. ASD, atrial septal defect; VSD, ventricular septal
defect.
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Figure 4. 5: Quantitative real-time PCR comparing expression of selected cardiac
genes in KIf13 and Thx5 mutant embryos (E11.5-12.5).

QPCR analysis using RNA extracted from hearts of E11.5-12.5 mouse embryos. N=3-5 for
each genotype. * P < 0.05 in comparison to the control. # P < 0.05 in comparison to Thx5
+del and KIf13*,
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Figure 4. 6: Functional analysis of CHD linked TBX5 point mutants.

A) Schematic representation of the Thx5 protein structure showing the location of the
germline mutations related to human incident CHDs. The majority of mutations are located
in the DNA-binding domain of TBX5. Intronic and somatic (non-familial) mutations are not
included. NLS: Nuclear localization signal, NES: Nuclear export signal, TAD:
Transactivation domain. The mutations are located according to reference (1). B) Western
blot showing the expression the expression and cellular localization of each of the TBX5
point mutant produced. 10ug of each of the plasmid expressing a mutant Flag-tagged-TBX5
were transfected into AD293 cells, and cellular extracts were prepared 48 h post-
transfection. Expression of the proteins was monitored using an anti-Flag antibody. C)
Immunocytochemistry staining for flag-tagged TBX5 point mutants showing their cellular
localization. AD293 cells were transfected by 10ug of each of the Flag-TBX5 point mutant
proteins indicated on the left side. The green color shows the Alexa 488 conjugated
secondary antibodies against the anti-actin antibody. The red colour shows the Alexa 546
conjugated secondary antibodies against the anti-Flag antibody. The nuclei were visualized
by Hoechst 33424 autofluorescence. Staining of cells transfected with the backbone
pCDNAS3 (empty vector) were used as background controls. D) The transcriptional
activities of TBX5 point mutations on the Nppa promoter. Transfections were carried out
using the -699bp Nppa promoter and increasing dosages (25, 50, 100, 200, and 400ng) of
each point mutant. Each dosage was conducted in duplicate and the experiment was

conducted twice. The data shown are for one representative experiment.
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Figure 4. 7: Effect of TBX5 point mutations on the on the interaction with KLF13,
GATA4, and NKX2.5,

A-D) effects TBX5 point mutations on the on the synergy with KLF13, GATA4, and
NKX2.5 on the Nppa promoter. Transfections were carried out using the -699bp Nppa
promoter. In (A) TBX5 point mutants were co-transfected with the Nppa reporter, whereas
in (B, C, and D) KLF13, GATA4, and NKX2.5 expression vectors was also included,
respectively. The synergy results represent the ratio of promoter activation by TBX5 point
mutants in the presence of its functional partner over the sum of promoter activation by
TBX5 point mutants and their partners alone. Note that different dosages (25, 50, 100, 200,
and 400ng) of each point mutant were also used. Each dosage was conducted in duplicate
and the trend was confirmed at least in three dosages. The data shown are for one
representative dosage. E-G) The effect of TBX5 point mutations on the physical interaction
with KLF13 and NKX2.5. In vitro translated 35S radio-labelled TBX5 point mutants were
incubated with MBP-KLF13, MBP-NKX2.5, or MBP proteins on Dextrin Sepharose beads.
The bound TBX5 mutants were resolved by SDS/PAGE and revealed by autoradiography.
Right panel is coomassie blue staining of SDS-PAGE gel showing the bacterially produced
KLF13 and NKX2.4-MBP fusion proteins. F-G) Quantification analysis of the pull-down of
TBX5 point mutants by KLF13 (F) and NKX2.5 (G). The quantification was carried on two
radiographs using the open access program ImageJ. * P < 0.05 in comparison to the wild
type TBX5.
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4.5. Discussion
In this paper, we show that KLF13 and TBX5 are mutual cofactors and that they

interact physically and functionally to synergistically activate expression of common
downstream targets. Additionally, we find that loss of one KIf13 allele in a Thx5
heterozygote genetic background potentiates the penetrance of Thx5-dependent septal

defects suggesting that KIf13 is a genetic modifier of Thx5 in congenital heart disease.

We previously uncovered the functional importance of the KLF13 protein, a
member of the kruppel-like factors (KLFs), during cardiac morphogenesis in the African
clawed frog (Xenopus laevis). Knocking-down KIf13 alleles in Xenopus embryos led to
delayed cushion formation and valve maturation, septal defects, and hypotrabeculation,
suggesting that the KLF13 protein is important for amphibian heart morphogenesis (16).
Gene expression analysis using Xenopus embryos with KIf13 loss of function, at stage 30 of
development which is prior to the formation of the cardiac tube, indicated significant
reduction in the gene expression of several cardiac specific transcription factors, including
Gata4, Gata5, and Thx5. Our present work suggests that KLF13 function in heart
developmental is evolutionary conserved and that KLF13 may be a CHD causing gene or a
genetic modifier of CHD. Interestingly, whereas loss of one KIf13 allele does not produce
any overt structural or functional cardiac alteration, transcript analysis suggests significant
alteration of gene expression that may not affect heart development or steady state heart
function or that may reflect compensatory changes to loss of one KIf13 allele. Nonetheless,
combined loss of a KIf13 and a Thx5 allele have profound consequences on postnatal
viability as well as heart structure and function. These results have profound implications
for human genetic studies and for deciphering genes whose alteration can cause CHD. In an

independent study, we generated and analysed KIf13 null mice. These mice are born at
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reduced frequencies owing to severe heart defects due to abnormal endocardial cushion
development. The surviving KIf13”- mice have several partially penetrant structural cardiac
abnormalities including aortic and atrio-ventricular septal defects. Consistent with a
conserved role in heart development, heterozygous micro-deletion or duplication of the
chromosomal band harboring KLF13 (15913.3) in human are associated with a wide range
of cardiac defects that include Tetralogy of Fallot, mitral valve prolapse, and hypoplasia of
the right side of the heart (26-28). Together with the work shown in this manuscript, the

data strongly support an evolutionary conserved role for KLF13 in heart morphogenesis.

Several studies have correlated abnormal endocardial cushion cell proliferation and
apoptosis to the aforementioned structural cardiac defects; however, the molecules and
pathways regulating endocardial cell survival are not fully understood (13,29,30). Ina
previous study (13), we showed that TBX5 is a marker of a subset of endocardial cells
destined to form the atrial septum and its loss of function is associated with excessive
apoptosis and fully penetrant ASDs. On the other hand, in our unpublished report, KLF13
was shown to be robustly expressed in the endocardial cushions and its loss of function in
mice was associated with altered endothelial-mesenchymal transformation (EMT) in the AV
cushion with reduced endothelial cell proliferation and enhanced mesenchymal
differentiation. KLF13 was also found to be a potent activator of cyclin D1/2 as well as
VEGF which are important for cardiac cell proliferation (16). Taken together, we suggest
that KLF13 and TBX5 genetic interaction plays an important role in regulating proper
endocardial cushion development. Furthermore, our reported QPCR analysis using E11.5
showed an overlap among the transcripts that was disrupted by the heterozygote deletion of
either Thx5 or KIf13. Many of the affected transcripts were shown to be genes important for

proper endocardial cushion development (Gata5, Mef2a, Erbb4, Vegfc, PlexinD1, and
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Sema6D) (31-34). Interestingly, in the double mutant mice transcripts of Slitl showed a
significant upregulation and transcripts of Dickkopf3 (Dkk3) and Hcn4 were significantly
downregulated in comparison to littermate controls. Interestingly, many members of the Slit
and Dkk gene family were shown to be suppressors of Wnt/p-catenin signalling (35-40).
The Wnt/B-catenin signaling pathway plays an important role in embryonic cardiac
specification, cardiovascular progenitor expansion, endocardial cushion formation, and
cardiomyocyte proliferation (41,42). While SLIT1 protein enhances -catenin complex
formation with E-cadherin, DKK3 reduces the cytoplasmic accumulation of 3-catenin (35-
38). Although the role of Dkk3 in cardiac development and the etiology of congenital heart
disease is yet to be investigated (43), loss of function of Slit2 or Slit3 were associated with
several congenital heart defects that were endocardial in nature (39,40). Our results support
that KIf13 and Thx5 participate in common cardiac genetic programmes that are important

for proper endocardial cushion development and septation of the heart.

Concerning structure-function, the physical interaction between KLF13 and TBX5
was found to be mediated via the three zinc-finger domain and the T-box domain of KLF13
and TBX5, respectively. To our knowledge, this transcriptional interaction is the first one
reported to date between the TBX and KLF families. However, TBX5 was shown to
interact with other zinc-finger-containing transcription factors including GATA4 (a two C4-
type zinc-finger-containing protein) and SALL4 (an eight C2H2-type zinc-finger-containing
protein) (44-46). Similarly, TBX5 interaction with SALL4 and GATA4 was mediated by
their zinc-finger domains - the first zinc-finger and second zinc-finger, respectively.
However, while TBX5 - GATA4 interaction was mediated via the T-box domain of TBX5,
TBX5 -SALL4 interaction was mediated by the C-terminal domain of TBX5 [28, 30, 46].

Interestingly, mutations in these two factors, GATA4 and SALL4, were also correlated with
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cardiac septal defects similar to those found in Holt-Oram syndrome (46). Our report
complements the previous reported combinatorial interactions between GATA4, KLF13,
and TBX5 (47,48) and suggests that KLF13 and TBX5 might be involved in a multifactorial
complex that controls cardiac gene expression by both direct protein-protein and protein-

DNA interaction.

More than 60 single point or deletion mutations of human TBX5 are associated with
Holt—-Oram syndrome, and the majority are within the T-box domain (49,50).
Mechanistically, the deleterious effect of some of the TBX5 mutations on the physical and
functional interactions with GATA4 and NKX2.5 supported the existence of a tri-complex
composed of the three TFs to regulate the expression of a subset of genes required for
cardiac septal formation (44, 45, 51). Here we showed that among thirteen missense point
mutations localized to the T-box domain and associated with Holt-Oram syndrome, at least
nine (A79V, G80Q, Y100C, L102P, W121G, G169R, G195A, T223M, and R237Q) had
reduced functional and/or physical interaction with KLF13. Interestingly, the majority of
the mutants were also associated with other basic biochemical defects (nuclear localization,
DNA-binding, and promoter activation) as well as defective interaction with NKX2.5 and
GATAA4. The effects of TBX5 mutations on interactions with KLF13, GATA4, and
NKX2.5 support the existence of a multifactorial complex composed of these transcription
factors to regulate the expression of a subset of genes required for cardiac septal formation.
Analysis of TBX5 point mutations can function as a Rosetta Stone in understanding how
disruption of the combinatorial interactions of transcription factors can lead to specific birth

defects (48).
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The mechanism of action of KIf13 as a genetic modifier of Thx5 will need to be
further clarified. However, notwithstanding the mechanistic uncertainty, the novel finding
that a member of the KLF family is a co-factor of a T-domain protein involved in human

congenital heart disease is important for developmental biology and translational medicine.
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5. Discussion:

In this thesis we show that KLF13, a member of the kruppel-like factors (KLFs)
family, is important for the proper development of the heart. Mice lacking both KIf13 alleles
are born at reduced frequency and are afflicted with severe heart defects that could be
endocardial or myocardial in nature. We also report that KIf13 gives rise to two KLF13
isoforms (i.e., KLF13a and KLF13b) through the use of an alternative transcription start site
(TSS). The two isoforms have distinct biochemical properties and spatiotemporal
expression. We also identified TBX5, NKX2.5, and PEX1 as novel transcriptional partners
of KLF13. Furthermore, we uncovered a role for KIf13 as a genetic modifier for the septal

defects associated with Thx5 heterozygosity.

5.1. Kruppel like transcription factors and Cardiac development

Identifying the molecular and genetic pathways important for heart development and
the causes of CHD are still a challenging puzzle. Dissection of the cis-elements that control
the complex spatiotemporal cardiac gene expression is important in deciphering the
molecular mechanisms controlling cardiac-development. Analysis of several cardiac
promoters revealed the presence of CACCC boxes (putative binding sites of the KLF
family) within their regulatory domains. Among these promoters are those of the genes
Nppa, Nppb, Myh7, and cardiac troponin C (cTnC) (34). The presence of these putative
sites suggests a regulatory function for the KLF family in the heart. Our lab was first in
describing the role of a KLF member, KLF13, during cardiac development by reporting
KLF13’s contribution to Nppb gene regulation and Xenopus cardiogenesis (34). The
knockdown of KIf13 in Xenopus embryos leads to a cardiac phenotype with ventricular
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hypotrabeculation, atrial septal defects, delayed atrioventricular cushion formation and
maturation of valves. Interestingly, microdeletion/microduplication of the chromosomal
region 15913.3 in human, which contains KIf13 is also associated with human cardiac
malformations (194). Here we show that KLF13 loss of function is embryonically lethal in
mice and surviving mice are afflicted with endocardial cushion related defects that include
“Goose-neck” deformity, AV valvular anomalies, and patent foramen ovale. Surviving
KIf13”- mice have several structural cardiac abnormalities and the expression of several
genes involved in epithelial-mesenchymal transformation (EMT) is altered. Embryonically,
the endocardium in these mutant mice have altered EMT with reduced endothelial cell
proliferation and excessive mesenchymal differentiation in the AV cushion. Noteworthy,
our RNA sequencing analysis of E11.5 mouse embryonic heart, showed that KIf13 knock-
out hearts are associated with dysregulated expression of several endocardial cushions genes
(e.g. Nos3, Thx20, Jag1/2) as well as genes important for cell migration and adhesion (e.g.
Adamts, Bmpr2, Notchl/2, Fibrillin, Erbb4, VEGF, FIt1, and EIk4), actin cytoskeleton
organization, and microtubule organizing center. These dysregulated processes ascertain
our finding of altered EMT and implicate cellular migration and adhesion as one possible
mechanism for the associated endocardial cushion defects. Our results support an

evolutionary conserved role for KIf13 in cardiac morphogenesis.

Recently, two other members of the KLF family, KLF2(191) and KLF3(192), were
reported to have a role during cardiac development and were specifically correlated with
endocardial cushion defects. Knockdown of kIf2a in zebrafish, a homolog of KLF2 in
mouse and human, using morpholino antisense oligonucleotides (MOs) was associated with
valvular dysgenesis characterized with thicker and less flexible valves and increased

regurgitation (224). In mice, KLF2 loss of function was associated with atrial septal defects
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and abnormal EMT in the endocardial cushions of the AV canal (191). On the other hand,
the role of KLF3 was recognized in a screen for dominant mutations affecting
cardiovascular function in N-ethyl-N-nitrosourea (ENU) mutagenized mice. Loss of KLF3
function was correlated with various defects including ventricular and atrial septal defects,
abnormal thickness and disorganization of the ventricular and septal myocardium, and
abnormal hyperplasia of atrioventricular cushion tissue. Noteworthy, our RNA sequencing
analysis of the KIf13 knock-out embryos showed a significant decrease in both the
transcripts of KIf3 and KIf7 (0.6 and 0.75 reduction) in comparison to control embryos. In
light of these recent reports, our results emphasize the role of the KLF family as important

regulators of endocardial cushion development.

5.2. The transcriptional activities of KLF13

The Sp1-like/KLF family is characterized by the presence of three Cys2/His2 zinc
fingers that bestow preferential binding to GC/GT rich sequences in gene promoters and
enhancer regions in order to mediate activation and/or repression of transcription (187,188).
On the other hand, members of the KLFs diverge beyond their zinc finger domain. The
heterogeneity beyond the zinc finger domain, especially that of the N-terminal domain, may
explain in part the diverse biochemical mechanisms by which KLFs regulate transcription,
which, together with their specific spatiotemporal expression can explain their influence on
diverse cellular processes (187,195). Several activation and repression domains that interact
with various co-activators and co-repressors, determined by the cellular environment, were

localized within the amino-terminal region in several KLFs. Here we report that KLF13
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contains at least three transactivation domains (TAD); two within the N-terminal domain
(TAD1: AA1-67 and TAD2:AA67-147) and one in the C-terminal (TAD3) at AA 250-288.
It is worth mentioning that while KLF13 acts as an activator on many promoters including
Nppa, Nppb, Sv40, Hbg, and Sm22a (34,189,208,211), it also acts as a repressor for low
density lipoprotein receptor (LdIr) and cytochrome P450 1A1 (Cyplal) promoters in vitro
(189). Thus, it is most likely that the transcriptional activities of KLF13 are cell and
promoter context dependent. Several members of the Sp1-like/KLF family were identified
as having bi-functional activities by interacting with different co-repressors or co-activators

to regulate transcription.

The endocardial defects associated with KLF2, KLF3, and KLF13 loss of function in
mice are indicative of a convergent role for the KLF/Sp family in regulating endocardial
gene expression. The existence of multiple KLF proteins with distinct spatiotemporal
expression, diverse biochemical interactions, and preferential binding to GC/GT rich
sequences grant the nucleus a bio-molecular rheostat to control gene expression at each
stage of cardiac development. For example, while Sp1 and KLF13 can activate the Nppa
promoter in cardiomyocytes, Sp3 has opposing negative effects on Nppa expression
(34,225). In addition, while KLF13 was shown to potentiate GATA transactional activities
on several cardiac promoters (34), KLF15 repressed GATA4 DNA-binding and its
transcriptional activity (226). The distinct biochemical properties of the KLF family not
only allow them to regulate a distinct subset of genes, but also to participate in the divergent
regulation of the same gene (195). In addition, we report that KLF13 is implicated in an
additional layer of gene regulation during development via isoform production. The
isoforms, KLF13a and KLF13b, have differential expression during development as well as

distinct cellular and target promoter activity. They are the results of the use of alternative
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promoters and first exons. Although KLF13b lacks all KLF13a N-terminal TADs, it was
able to translocate to the nucleus, bind DNA, and activate transcription possibly through a
similar or distinct mechanism to KLF13a. Furthermore, KLF13b was able to support some
but not all physical or functional interactions with KLF13a co-activators (e.g. GATA4 and
TBX5). Thus, the production of distinct isoforms may serve as a bio-molecular transistor to
control KIf13 gene activities. Interestingly, while our knock out mice were generated by the
targeted deletion of the common exon 2 and thus knocking out both isoforms, Gordon et al
generated their KIf13 knock out mice by the targeted deletion of exon 1a and thus only
deleting KLF13a. While Gordon et al knock out mice were produced with the expected
Mendelian ratio, they reported that fewer mice were present at weaning (213).
Phenotypically, their mice were characterized by splenomegaly, modified Erythropoiesis,
and enlarged hearts. On the other hand, our knock out model mice were born at reduced
frequency owing to severe congenital heart defects. The earlier onset of death and our
congenital heart defects might be due to the additional loss in KLF13b function.
Interestingly, the production of isoforms with differential functions and distinct effects on
gene expression is not unique to KLF13. The best studied example is that of KIf6 - while
KLF®6 acts as a classic tumor suppressor, the nuclear localization signal lacking isoform
KLF6 SV1 exhibits an opposite effect on cell proliferation, colony formation, and invasion
(197). Other KLF family members that have been reported to exist as different isoforms
include KLF4, 5, 7, 8, 10 and 12 (197,227,228). Thus, the importance of KLF13 isoform
production may extend to other organs beyond the heart and may be worth further

investigation.
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5.3. Identification of new KLF13 transcriptional partners.

The morphological changes that take place during cardiac development require the
proper expression of different structural, metabolic, regulatory, and signaling genes (229).
The use of experimental animals in genetic screens, expression analysis, transgenic and
knockout models, and transplantation/ablation studies was indispensable to the discovery
and the investigation of many genes essential for cardiac development. Transcription factors
are major regulators of embryonic developmental processes by virtue of controlling the
genetic programs proper to the different stages of development. A wealth of knowledge was
collected from the identification of transcription factors linked to CHDs. Two patterns
emerged from the associated defects: first, the defects are polygenic in nature meaning that a
given structural defect is often linked to more than one locus; second, the mutation-linked
genes are polymorphic - they are linked to multiple cardiac defects. These patterns can be
explained by the overlap in function and spatiotemporal expression and the combinatorial
interaction between transcription factors during cardiac development. The aforementioned
explanation provided the framework for the discovery of the importance of KLF13 during
cardiac development. During cardiac development in Xenopous, KLF3 and GATA4
expression overlap at the heart tube stage in both the myocardial and endocardial cells (34).
This overlap, together with KLF13 functional and physical interaction with GATA4 on
several cardiac promoters including Nppa, suggested that both are part of the regulatory
network required for early stages of cardiogenesis. The importance of KLF13 was
supported by the phenotype associated with its knockdown in Xenopus, which produced
atrial septal defects, hypotrabeculation, and hypoplastic myocardium.

In a step towards analyzing KLF13’s mechanism of action and deciphering its role in

the genetic networks regulating cardiac development, we pursued the identification of the
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factor(s) that might cooperate with KLF13 on the Nppa promoter. Our use of Nppa as the
primary model with which to study KLF13’s cardiac-specific transcription was prompted by
its early expression during development and its atrial co-prevalence with KLF13. We found
three KLF13 binding sites (centered at -365, -515 and -535) on the Nppa promoter were
juxtaposed to several cardiac response elements including GATA, PERE, NKE, and TBE.
Using a candidate approach based on the overlap in spatiotemporal expression during
cardiac development as well as associated cardiac defects upon loss of function, we tested
for possible cooperation of KLF13 with TBX5, NKX2.5, and PEX1. KLF13 was able to
synergistically activate the Nppa promoter in the presence of the cardiac transcription
factors GATA4, TBX5, NKX2.5, and PEX1 (Figure 5. 1). A direct physical interaction was
also shown between KLF13 and TBX5, NKX2.5 and PEX1. Interestingly, the loss of
function in either TBX5 or NKX2.5 was associated with similar septal defects and reduced
heart mass as to those seen with KLF13 loss-of-function (214). Thus, our results show that
KLF13 is an important member of the genetic network that patterns the embryonic heart.
The interaction of KLF13 with other members of the GATA, TBX and NKX families in the
context of other organs is worth investigating. For example, KLF13 is co-expressed with
other members of the NK family including NKX2.1 in T-cells (230) and NKX6.1 and
NKX2.2 in the brain (231). Thus cooperativity between KLF13 and NK proteins may extend

to other organs beyond the heart and may be worth further investigation.
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CACCC : KLF13 binding element
TBE : Tbox binding element
NKE : NKX binding Element
GATA  : GATA binding Element

Figure 5. 1: A hypothetical model for the molecular mechanism of KLF13 synergy with
the transfection factors NKX2.5, TBX5, and GATA-4. The model illustrates the bridging
functionality of p300/CBP. In addition, the figure shows the acetylation of several residues

in NKX2.5, GATA-4 and KLF13.
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5.4. KIf13 as a genetic modifier for congenital heart diseases.

Cardiac defects often display variable penetrance and expressivity due to the influence
of modifier genes as well as the contribution of non-genetic factors including
environmental exposures, epigenetics, and stochastic effects (232). Epidemiological
analysis suggests that genetic factors are the predominant cause of variable penetrance and
expressivity in CHD (233). For example, variable penetrance and expressivity is observed
at the level of autosomal dominant diseases such as Holt-Oram Syndrome (HOS), linked
to the Thx5 gene, where the associated cardiac manifestation among affected family
members can vary from asymptomatic conduction system defects to severe structural
anomalies (12). Unfortunately the genetic basis of CHD is known for only minority of
afflicted patients (less than 25%)(234). Therefore, the discovery of genes linked with
CHD remains an important and clinically relevant endeavor. Here, we show that
compound haploinsufficiency of KIf13 and Tbx5 alleles is associated with higher mortality
and an increased incidence of atrial septal defects. The increased incidence in ASD point
to KIf13 as a candidate modifier gene for atrial septal defects in mice. Of note, the
incomplete penetrance of ASD, points to an additional regulatory factors influencing both
KIf13 and Thx5. Although not reported here, we also found that KIf13 is a genetic modifier
for bicuspid aortic valves associated with Gata5 mutant mice. A buffering model might
explain the penetrance variability of CHD in which a compensatory mechanism might exist
through the function of a second allele, a duplicated gene, a pathway that maintains
residual function, and/or from epigenetic and environmental mechanisms. For example,
we previously showed that injection of GATA4 RNA rescued the cardiac defects in KLF13
knockdown embryos in a dose-dependent manner (34). However, a buffering capacity and

tolerant window of loss of function of a particular gene becomes narrower by increased
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mutation loading on different components of a particular network. We hypothesize that the
loss of tolerance window is the cause of the increased septal defects associated with KIf13

Tbx5 double heterozygote mice.

5.5. Conclusion and future studies

In the current study, using in vivo and in vitro approaches, we examined KLF13’s
mechanisms of action and the cardiac defects associated with its loss of function in mouse.
Variable cardiac phenotypes were observed in KIf13 null mice and most were endocardial
cushion defects including “Goose-neck” deformity and atrioventricular (AV) valvular
abnormalities. Furthermore, epithelial-mesenchymal transformation (EMT) was found to be
altered in these mice with reduced endothelial cell proliferation and dysregulated EMT
regulatory genes. Further analysis is needed to establish the exact nature of these defects
and whether it is due to defective myocardium, endocardium, or cardiac jelly. An ex vivo
collagen gel assay is a relatively quick method to ascertain our findings of altered EMT with
abnormal cellular migration and adhesion as a possible mechanism for the associated
endocardial cushion defects (235). Furthermore, a modified method that uses pre-EMT
endocardial cells from E9.0 embryos might be useful to study endocardial cell EMT in
isolation of myocardial signaling defects (236). Long term goals would be to generate a
tissue-specific deletion mouse model to decipher the tissue specific role of KIf13 in the
development of the endocardium and the myocardium. Furthermore, it would be interesting
to examine the postnatal role of KIf13 in the heart following angiotensin 11 (Ang Il) infusion.
This is of a particular interest as loss of function of the family member KIf15 in mice is

associated with the development of severe heart failure and aortopathy in response to stress.
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Here we also report that alternate promoter usage gives rise to two KLF13 isoforms,
KLF13a and KLF13b, which have distinct spatiotemporal distribution and biochemical
properties. The isoforms share 2 of the 3 zinc finger domains but diverge in their N-terminal
regions. Elucidating the specific function of KLF13 isoforms will require an isoform
specific deletion or inducible disruptions of KIf13 isoforms. Beside the heart, it would be
interesting to evaluate the effect of KLF13b loss of function in tissues that were previously
effected by KLF13a loss of function such as the hematopoietic system. Also, detailed
analysis of each isoform promoter will provide valuable insight to the mechanisms of
KLF13 expression and activity control.

In human, heterozygous microdeletions and duplications of the chromosomal bands
15q13.3 (harboring KLF13 along with at least another 7 genes) are associated with a wide
range of cardiac defects that include Tetralogy of Fallot, mitral valve prolapse, and
hypoplasia of the right side of the heart (237,238). Taken together, it is highly probable that
KLF13 is a critical component of human cardiac development and screening for mutations
in KLF13 in patients with congenital heart diseases will be of clinical relevance. Given the
synergistic partnership between KLF13 and the cardiac transcription factors GATA4, TBX5,
and NKX2.5, it would also be interesting to see the effect of KLF13 mutation on the
penetrance of CHD in human associated with the aforementioned transcriptional partners.

Taken together, the analysis of KLF13’s role in the genetic architecture of CHD and
its underlying transcriptional networks may provide new insights to the elucidation of the
genetic architecture of CHD. In addition, our studies may provide a new paradigm that may
help to decipher the genotype-phenotype relationship in patients with congenital heart

diseases.
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