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Abstract

Partial deletion of the short arm of chromosome 3 (3p25-pter) gives rise to the
human cytogenetic disorder 3p- syndrome. The phenotype includes dysmorphic facial
features, microcephaly, and growth and mental retardation. In addition, approximately
1/3 of patients have cardiac septal defects. Molecular genetic analysis of the
chromosome Breakpoints have defined the critical region for cardiac malformations.
Here is described the identification and characterization of a highly conserved gene
encoding an extracellular protein named cirrin. High levels of cirrin mRNA expression
are observed in the endocardial cushions and myocardium of the developing heart. The
cirrin locus is at 3p25 and lies within the critical region for cardiac defects associated
with 3p- syndrome, making it a compelling candidate gene for these heart malformations.
Examination of 3p- cell lines that define the critical region shows that deletion of the
cirrin gene correlates with the occurrence of congenital heart defects. The complete
cDNA sequence of the cirrin gene, its genomic organization, protein domain structure,
and pattern of expression, are presented here. Partial protein characterization
demonstrates that cirrin is an extracellular protein with some features common to matrix
proteins. However, lack of extensive similarity to other proteins indicates that it is not a
member of any known protein family and its function is as yet unknown. In addition to
its association with cardiac septal defects in 3p- syndrome, it is proposed that the cirrin

gene is also a viable candidate for similar heart defects of unknown etiology.
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Chapter 1

Introduction



1.) Cardiac Development:

In developing vertebrates, the heart is the first organ formed with the earliest
cardiac structure evident, in humans, at 3 weeks of gestation (Srivastava 1999). Normal
heart development progresses from bilateral heart forming fields into a primitive, tubular
structure and ultimately into a functioning four-chambered heart. Alterations of any of
the numerous steps involved in cardiogenesis are likely to result in cardiac defects.
Appearing in nearly one percent of newborn infants (Eisenberg and Markwald 1995),
congenital heart defects (CHD) are the most common form of birth defect and are the
major cause of premature death associated with congenital abnormalities. The majority
of CHD are caused by the improper formation of valves and the membranous septa in the
developing heart (Potts, Dagle et al. 1991). Individuals born with a CHD represent a
small fraction of the total number of patients with cardiac defects, with more severe
cardiac abnormalities resulting in spontaneous abortions (Hoffman 1995). To understand
ndrmal heart development and the many routes to congenital heart defects, identification
and functional characterization of genes expressed and proteins produced during cardiac
development is key. What follows is a brief overview of cardiac development with
specific emphasis placed on endocardial cushion formation and subsequent valvuloseptal
morphogenesis.

In all vertebrates, the primary heart tube is created from the ventral midline fusion
of two primordial heart-forming fields (Eisenberg and Markwald 1995) resulting in a
hollow cylinder consisting of two concentric epithelial layers: the endocardium
surrounded by the thicker myocardium. The two epithelial layers are separated by an
acellular matrix traditionally referred to as cardiac jelly (Davis 1924). The fusion,
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occurring anteriorly, forms a series of primitive tubular segments (Cruz, Sanchez-Gomez
etal. 1989). Superficially, each of the five segments of the primary heart tube appears to
be homogeneous throughout the anterior-posterior axis, however sub-populations of cells
found in the atrioventricular (AV) canal and outflow tract (conotruncus) are functionally
distinct in their ability to form endocardial cushion tissue (Figure 1) (Mjaatvedt,

Yamamura et al. 1999).

Aortic sac

\/

Conotruncus j Outflow tract

Right ventricle

Left ventricle
_] Atrioventricular

Atria canal

Ay

Figure 1. Diagram of five segments of linear heart with areas involved in
endocardial cushion morphogenesis indicated on the right side.

As the heart forms, the cardiac jelly in the AV canal and proximal outflow tract
(OT) expand predominantly through myocardial secretion of extracellular matrix (ECM)
proteins such as laminin, proteoglycans, collagen, fibronectin, vitronectin and fibulin-1
(Kitten, Markwald et al. 1987; Bouchey, Argraves et al. 1996). The cardiac jelly exists as
a fusion between a large myocardial derived basement membrane and a smaller
endocardial basement membrane (Kitten, Markwald et al. 1987). The matrix formation is
important for cell adhesion and migration of mesenchymal cells later in development.
The mechanisms that regulate the secretion of matrix proteins into these regions are

unknown,



Once the endocardial cushions have expanded, the myocardium secretes a
particulate form of matrix referred to as adherons. The cardiac adherons, produced only
in the AV canal and OT (Figure 1 and 2), induce a sub-population ofAendocardial cells to
undergo a traﬁsformation to mesenchyme (Mjaatvedt, Yamamura et al. 1999). Adherons
are aggregates of several ECM proteins, including fibronectin, transferrin, hL AMP-1 f
ES/130, as well as othér ES (EDTA soluble) proteins (Kitten, Markwald et al. 1987;
Rezaee, Isokawa et al. 1993; Isokawa, Rezaee et al. 1994; Sinning and Hewitt 1996).
The particulate matrix can be removed by EDTA extraction from AV myocardium and is
capable of inducing an epithelial-mesenchyme transition i# vitro (Krug, Runyan et al.
1987). Antibodies raised against heart lectin-associated myocardial proteins (hLAMP)
are capable of removing the inductive signals in culture assays (Sinning, Hewitt et al.
1995). Similarly, antibodies raised against ES aggregates, as a whole, are able to block
the inductive activity in ES extracts as well as myocardial conditioned medium
(Mjaatvedt, Krug et al. 1991). More spéciﬁcally, antibodies and antisense
oligonucleotides to the ECM molecule ES/130 have been shown to block the epithelial-
mesenchymal transition (Mjaatvedt, Krug et al. 1991; Rezaee, Isokawa et al. 1993).
ES/130 is expressed first in the myocardium and then in the endocardium-mesenchyme
(Mjaatvedt, Yamamura et al. 1999). Endothelial-derived mesenchyme cells have been
shown to migrate toward regions of increasing adheron density (near the myocardium)
(Kitten, Markwald et al. 1987), thus populating the cardiac jelly.

The sub-popuiation of endocardial cells capable of undergoing an epithelial to
mesenchyme transition express the JB3 marker (fibrillin-2) (Rongish, Drake et al. 1998)
and is found only in the AV/OT regions after Hamburger and Hamilton (HH) stages 11-
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13 (staging reviewed in Table 1). Fibrillin-2 is an extracellular matrix protein found in
both elastic and non-elastic connective tissues (Zhang, Apfelroth et al. 1994). In explant
experiments‘on collagen gels, after mesenchyme transition, the JB3 marker is associated
with the mesenchymal cells as well as being located within a network of fibrillar material

(Wunsch, Little et al. 1994).

Table 1. Summary of stages of chick cardiac development.

HH Stage Hrs. Incubation # Somites

Migration of precardiac cells 4 18 0
Assembly of myocardial plate 5 19-22 0
Generation of single heart tube 9 27-30 7
Tubular heart begins contractions 10 33-38 10
Looping begins 11 40-45 13
Endothelial-mesenchyme signal 14 44-52 20
Endothelial cells (EC) activated 16 50-56 27
EC separation and transformation 17 55-64 30
Mesenchyme cell (MC) invasion ' 18 72 36
Cushion tissue mesenchyme formed 17-20

MC invasion continues 18-22

Cushion remodeling '  24-28

Transforming growth factor-B (TGF-B) is another factor involved in the
transformation of epithelial cells to mesenchyme. Addition of antibodies raised against
TGF-B (no distinction as to $1-3) will inhibit both endothelial cell activation as well as
mesenchyme cell invasion in chick embryo explants (Potts and Runyan 1989).
Specifically inhibiting TGF-B3 with antibodies or antisense oligonucleotides blocks
mesenchyme formation in chick hearts (Potts, Dagle et al. 1991; Nakajima, Krug et al.

1994). Ramsdell and coworkers demonstrated that TGF -B3 expression occurs in
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Figure 2. A, Segmental interaction during remodeling of the inner curvature.
The inner curvature of the heart is completely lined by cushion formed
by the fusion of the sinistro-ventral-conal cushion and the superior
atrioventricular cushion. During myocardialization, myocardial cells
from the inner curvature (dashed line) invade the cellularized cushions
(arrows). B, Diagram depicting alignment of the septal ridges. Rings
indicate future septum (Adapted from Mijaatvedt et. al, 1999). Light
gray areas are cushion tissues. Heavy dark lines are myocardium.



transforming cells as a response to a myocardial induction signal (Ramsdell and
Markwald 1997). When myocardial conditioned medium (MCM) and mesenchyme
cushion conditioned medium (MCCM) are immunoadsorbed with TGF-B3 antibodies,
only the MCCM loses its signaling properties. Addition of exogenous TGF-33 to target
endocardial cells elicits an invasive migration only in cultures which have been activated
in vivo by indﬁctive interaction with the myocardium prior to treatment (Ramsdell and
Markwald 1997). These results suggest that TGF-B3 may function to sustain and amplify
cushion formation once induced by myocardial signals. In support of this, it was recently
shown that both TGF- Type II and Type III receptors are expressed in AV endothelial
cells. Antibodies to both receptors inhibit endothelial to mesenchyme transition and
mesenchymal cell migration (Brown, Boyer et al. 1996; Boyer, Erickson et al. 1999;
Brown, Boyer et al. 1999).

As development proceeds, endothelial derived cushion cells colonize the cardiac
jelly to form cellular outgrowths contributing to the formation of definitive heart
chambers (Wunsch, Little et al. 1994). Cells targeted by the myocardial signal show a
decrease in cell adhesion molecules (CAM) and an upregulation of serine and
metalloproteinases, facilitating the loss of adhesion prior to matrix invasion. N-CAM is a
cell adhesion molecule believed to be important in early cardiac cell-cell adhesion.
Endothelial cells undergoing the transition to form mesenchyme, both in vitro and in
vivo, show a decrease in N-CAM expression (Mjaatvedt and Markwald 1989). Alexander
and' coworkers demonstrated that the matrix metalloprotease, MMP-2, is expressed by the
endocardium of the cushion tissues undergoing the transition to mesenchyme and by

migrating mesenchymal cells. This suggests a role for MMP-2 in regulating cell motility
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and matrix invasion (Alexander, Jackson et al. 1997). Additionally, elevated activity of
urokinase, a serine protease, occurs with the onset of mesenchymal cell migration in the
endocardial cushion tissues (McGuire 1990). Urokinase converts inactive plasminogen
to plasmin, a broad-spectrum protease capable of activating procollagenase and
degrading many components of the extracellular matrix (McGuire and Alexander 1993).
Upregulation of genes involved in matrix interactions, such as fibronectin (Mjaatvedt,
Lepera et al. 1987), fibulin-1 (Bouchey, Argraves et al. 1996), fibulin-2 (Miosge, Sasaki
et al. 1998), proteoglycans (Funderburg and Markwald 1986; Little and Rongish 1995),
tenascin (Crossin and Hoffman 1991) and hyaluronate synthase (Spicer, Augustine et al.
1996) also occurs. Hurle and coworkers found as endocardial cells delaminate to form
the cushion tissue mesenchyme (HH stages 17-20), fine fibrillar tracts containing
fibrillin-1, a component of 10-12 nm microfibrils, are detected in association with these
cells (Hurle, Kitten et al. 1994). Similarly, emilin (elastic microfibril interface located
protein) positive tracts extend through the cardiac jelly and are associated with the
migrating cushion mesenchymal cells (Hurle, Kitten et al. 1994).

The now cellularized cushions expand by cell proliferation and send out
extensions into atrial and ventricular regions to form septa. The atrial extension of the
superior AV cushion (SAVC) comes in contact with the posterior wall of the atrium.
Extracardiac mesenchyme (spina vestibuli) enters the atrium at this point of contact and
has been shown to grow along the atrial extension adding tissue to the future atrial
septum (Tasaka, Krug et al. 1996). The ventricular extension of the SAVC comes in
contact with and fuses to a similar ventricular extension from the sinistro-ventral conal
cushion (SVCC) (Figure 2). The fused mesenchymal tissue progressively migrates,
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deepening the inner curvature fold of the ventricular myocardiﬁm (Mjaatvedt, Yamamura
etal. 1999). The final morphogenetic step of the SAVC and SVCC is the
muscularization of these tissues in a process known as myocardilization (Figure 2,
beginning at HH stage 24). Nonproliferating myocardial cells from the inner curvature of
the heart migrate into conal cushions and the SAVC allowing the posterior wall of the
conus to fuse with the anterior wall of the right AV canal forming the mitroaortic
continuity (Mjaatvedt, Yamamura et al. 1999).

The extracellular matrix plays a number of crucial roles during heart
development. Initially, expansion of the endocardial cushions occurs by secretion of
matrix proteins in the AV canal and OT. The matrix deposited allows the cardiac
adheron, itself composed of ECM proteins, to signal the endocardial cells to begin their
transformation to mesenchyme. Once transformed, the mesenchymal cells use, and add
to, the matrix to migrate and populate the cushions eventually giving rise to the valves

aﬁd septum needed to form a four chambered heart.

2.) Animal Models:

While the processes of cushion formation, epithelial-mesenchyme transition and
myocardilization are occurring, the tubular heart has been looping to bring the developing
septa into proper alignment to produce a normal four-chambered heart. Looping is under
control of a variety of molecules, of which only a handful are known. The study of
animals with situs inversus (reversal of left-right polarity) offers an opportunity to
investigate the mechanism of looping.

Homozygosity of the iv (inversus viscerum) mutation in mice results in the

randomization of the direction of heart looping (Brueckner, D'Eustachio et al. 1989).
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Recently the gene was found and determined to encode a protein named left-right dynein
(LRD) (Supp, Witte et al. 1997). Dyneins are a family of microtubule-based motors with
axonemal dyneins producing ciliary and flagellar movement. In addition to sifus
inversus, there is a high frequency of cardiac defects. Approximately 20% of
homozygous iv/iv mice exhibit heart defects, regardless of whether the heart is looping
abnormally to the left or normally to the right (Brueckner, D'Eustachio et al. 1989).
Interestingly, situs inversus, mucociliary dysfunction in the lungs and immotile sperm,
are observed in the human autosomal recessive disorder known as Kartagener syndrome
as a result of defects in the dynein arms of cilia (Fishman and Chien 1997).

The recessive inv mutation, in which all homozygous mice have situs inversus,
resulted from the random insertion of a transgene (Yokoyama, Copeland et al. 1993).
The gene disrupted by the transgene insertion was cloned, sequenced and published
almost simultaneously by two separate groups (Mochizuki, Saijoh et al. 1998; Morgan,
Turnpenny et al. 1998). The encoded protein contains 15-16 ankyrin-like repeats at the
amino terminus believed to be involved in protein-protein interactions. A member of the
TGF-B family called lefty is found expressed in the left half of gastrulating mouse
embryos. In the iv and inv mouse mutants, lefty expression is inverted suggesting that
lefty may function in determination of left-right (LR) symmetry downstream of iv and inv
(Meno, Saijoh et al. 1996).

Other animal studies have helped in elucidating factors involved in looping.
Levin and coworkers, working wi‘;h chick embryos, described the asymmetric expression
patterns of three genes involved in LR determination: activin receptor Ila, Sonic
hedgehog (Shh), and cNR-1 (Levin, Johnson et al. 1995). Reversing the sidedness of
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either activin protein (normally on right) or Shk expression (normally on left) altered
heart looping (Levin, Johnson et al. 1995). Repression or reversing the sidedness of Shh
expression suggests that Sh# activates expression of cNR-1 (chicken nodal related 1)
(Levin, Johnsén et al. 1995).

Other mouse models have been important in determining genes involved in
normal cardiac develobment. Mice homozygous for a null mutation of the MADS-box
transcription factor MEF2C are embryonic lethal (Lin, Schwarz et al. 1997). In mutant
embryos, the heart tube does not initiate a rightward looping and there is no
morphological evidence for a future right ventricle. In addition, the left ventricle is
severely hypoplastic, the trabeculae are poorly developed, the endocardial cells appear to
be disorganized, and although the AV canal is present, endocardial cushions do not form
(Lin, Schwarz et al. 1997).

Homozygous mice in which the homeobox gene Nkx2-5 has been knocked out
show growth retardation and die from cardiac msufficiency. A lineér heart tube forms
and begins to beat but fails to undergo correct looping. Additionally, null mice have
diminished cardiac expression of the left ventricle marker, eHand (Biben and Harvey
1997). Once again, as with the Mef2C mouse, no endocardial cushions are formed and
trabeculation is poor (Lyons, Parsons et al. 1995).

The bHLH transcription factors, dHAND and eHAND, show restricted expression
during the looping process of cardiogenesis. dHAND is expresseci only in the right
atrium while eHAND ‘expression is restricted to the conotruncus and left ventricle
(Srivastava 1999). The MEF2 proteins have been shown to interact as cofactors with the
MyoD family of bHLH proteins (Molkentin, Black et al. 1995). It has been speculated
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that MEF2C acts as a cofactor with both dHAND and e HAND (Black and Olson 1999;
Srivastava 1999). Such an interaction could account for the MEF2C null phenotype in
which no right ventricle is formed (dHand is down regulated) and the left ventricle is
hypoplastic (¢HAND is present) (Lin, Schwarz et al. 1997). Conversely, Nkx2-5 null
mice show a decreased expression of eHAND while MEF2C expression is normal,
suggesting a similar role for eHAND in the formation of the left ventricle.

The heart defect (hdf) mouse line arose from a recessive lethal insertional
mutation on chromosome 13 (Yamamura, Zhang et al. 1997). The future outflow tract
and right ventricle fail to develop normally and the endocardial cushion swellings in both
the OT and AV canal are missing. Rescue experiments where AV endothelial cells are
grown on three-dimensional collagen gels in the presence of myocardium from normal
AV showed that the Adf endothelium is intrinsically competent to form cushion
mesenchyme and that the defect is an extrinsic factor probably secreted by the
myocardium. Fibronectin (FN), a matrix protein involved in cell adhesion and spreading,
cell migration and cytoskeletal organization, is a major component of the endocardial
cushions (Kitten, Markwald et al. 1987). FN is present in the matrix of homozygous Adf
mice, but not in the same pattern as hemizygous Adf mice (Yamamura, Zhang et al.
1997), concluding that the mutant might be involved with the production, modification,
or distribution of extracellular matrix molecules.

Mice that lack fibronectin die in early embryonic development with defects in
mesodermally derived tissues. The notochord and somites are absent, the yolk sac,
extraembryonic vasculature and amnion are defective, as well as the embryonic vessels
and heart being abnormal and variable (George, Georges-Labouesse et al. 1993).

12



Correct looping of the heart is required to bring the septa into proper orientation
and position to form a normal four-chambered heart. Some of the known defects of
looping are caused by alterations of transcription factors, which affect a variety of
downstream molecules. Defects in ciliary and flagellar movement, an ankyrin repeat

containing protein and ECM proteins also have been shown to disrupt proper looping.

3.) Human Genetics:

As was mentioned earlier, CHD are the most common form of birth defect
appearing in nearly one percent of newborn infants (Eisenberg and Markwald 1995). The
most common of these are defects in atrial and ventricular septation. In spite of the high
incidence of heart malformations, only 3 causal genes for congenital heart malformations
have been identified. All three were characterized for rare disorders; the jagged 1 (JAGI)
gene in Alagille syndrome, 7BX3 in Holt-Oram syndrome, and NKX2-5 in autosomal
dominant ASD/atrioventricular conduction delay (Basson, Bachinsky et al. 1997; L.i,
Krantz et al. 1997; Li, Newbury-Ecob et al. 1997, Oda, Elkahloun et al. 1997; Schott,
Benson et al. 1998).

Alagille syndrome is an autosomal dominant developmental disorder that affects
structures in the liver, heart (tetralogy of Fallot), skeleton, eye, face, and kidneys (Li,
Krantz et al. 1997). Identification of patients with cytogenetic deletions allowed mapping
of the gene responsible to chromosome 20p12 and suggested that haploinsufficiency is
one mechanism of causing Alagille syndrome (Oda, Elkahloun et al. 1997). Two groups
simultaneously mapped the human J4G gene to the Alagille critical region and linked
mutations in the gene to the syndrome (Li, Krantz et al. 1997; Oda, Elkahloun et al.
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1997). JAG1 encodes a ligand for the developmentally important Notch receptor. The
Notch signaling pathway controls the ability of non-terminally differentiated cells to
respond to differentiation and proliferation signals (Artavanis-Tsakonas 1997).

Holt-Oram syndrome is characterized by upper limb malformations and cardiac
septation defects (Basson, Bachinsky et al. 1997). Mutations in the TBXS gene, a
member of thé Brachyury (T) family of transcription factors, have been identified in five
families and three sporadic cases of Holt-Oram syndrome (Basson, Bachinsky et al. 1997;
Li, Newbury-Ecob et al. 1997). Li and coworkers investigated the expression of 7BXS in
human embryos between 26 and 52 days gestation. The highest cardiovascular
expression was observed in the inflow of the heart tube (primitive atria and sinus
venosus) at 26 days and later in the atrial wall, atrial septa, coronary sinus, and AV
endocardial cushions and valves (33,41,48, and 52 days) (Li, Newbury-Ecob et al. 1997).
This pattern of expression is consistent with the areas of the heart where structural defects
of Holt-Oram syndrome (HOS) arise. Between 33 and 52 days, high levels of expression
can be detected in developing forelimbs, trachea, lung and thoracic wall (L1, Newbury-
Ecob et al. 1997). Structural defects are not often observed in the trachea and lung of
HOS suggesting possible redundancy within the TBX gene family.

Recently, mutations in the gene encoding the human homeobox transcription
factor NKX2-5 were found to cause nonsyndromic congenital heart disease and
atrioventricular conduction abnormalities (Schott, Benson et al. 1998), the most
prominent cardiovascular defect being atrial septal defects. Of the four families shown to
have NKX2-5 mutations, two had C-T transitions at nucleotide 642 that are likely to alter
target-DNA binding. The other two mutations resulted in truncated proteins believed to
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be unable to bind DNA, thus resulting in haploinsufficiency (Schott, Benson et al. 1998).
NKX2-5 is the homologue of the Drosophila melanogaster gene known as tinman, a
homeobox transcription factor having an essential role in specifying heart muscle
progenitors in nascent mesoderm (Schott, Benson et al. 1998).

More commonly, CHD occur as part of a malformation syndrome caused by
chromosomal aberrations, resulting in abnormal dosage of one or more genes. Trisomy
21 (Down syndrome) accounts for the majority of congenital heart defects associated
with chromosomal abnormalities (Kramer, Majewski et al. 1987). Liveborn children with
Down syndrome (DS) have a 50-fold increased incidence of congenital heart defects
(Klewer, Krob et al. 1998). When specifically looking at endocardial cushion defects
(ECD), Down syndrome constitutes 78% of the syndromic ECD and 59.5% of all ECD
(Carmi, Boughman et al. 1992). The remaining cases of ECD are isolated (24%) or
associated with other syndromes or chromosomal abnormalities (Carmi, Boughman et al.
1992). The DS phenotype and associated ECD are most likely caused by overexpression
of a number of genes on chromosome 21 due to additional gene copies. Phenotypic
features of DS have been mapped to distinct regions of chromosome 21 through the use
of families with partial trisomy.

In trisomy 21, the critical region for endocardial cushion defects has been
narrowed to a 9 Mb span of DNA localized to chromosome 21q22.2-21q22.3 (Payne,
Johnson et al. 1995). Although the gene(s) responsible for cushion defects in DS have
not been identified, the collagen type VI, o-1 and o-2 genes, map to the critical region
and are excellent candidate genes. The collagen genes are coordinately regulated and
expressed in the human fetal heart (Duff, Williamson et al. 1990). The collagen protein
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has been shown to localize within the embryonic AV valves (Hurle, Kitten et al. 1994;
Kitten, Kolker et al. 1996) and be involved in proliferation and migration of cells (Perris,
Kuo et al. 1993; Pfaff, Aumailley et al. 1993; Atkinson, Ruhl et al. 1996). Further, Kitten
and coworkers demonstrated that addition of antibodies to type VI collagen inhibited the
attachment and migration of the transformed mesenchyme cells (Kitten, Kolker et al.
1996).

Chromosomal aberrations resulting from deletions may also give rise to cardiac
defects. Congenital conotruncal defects observed in DiGeorge syndrome arise from
haploinsufficiency of one or more genes present on chromosome 22q11 (Farrell, Stadt et
al. 1999). Microdeletions of chromosome 22q11 are the most common genetic defects
associated with cardiac and craniofacial anomalies in humans and cause DiGeorge, velo-
cardio-facial (VCFS) and conotruncal anomaly face syndromes (CAFS) (Yamagishi,
Garg et al. 1999). Deletions in this region are believed to affect cardiac neural crest
migration and function. Recently, Yamagishi and coworkers suggested the human
UFDIL gene, which encodes a protein involved in degradation of ubiquitinated proteins,
can contribute to many of the congenital heart and craniofacial defects seen in 22ql11
microdeletion syndrome (Yamagishi, Garg et al. 1999). The gene was deleted in all 182
patients studied with 22q11 deletion. In addition, they screened a number of individuals
with cardiac and craniofacial defects who did not have detectable deletions and found one
individual with a de novo deletion of exons 1 to 3 of UFDIL (Yamagishi, Garg et al.
1999).

There is substantial intra- and inter-familial variability in the phenotype
associated with the 2 Mb 22q11 deletion suggesting other genes are likely involved. The
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human HIRA gene may contribute some to the variable phenotype. The gene was named
after the yeast histone regulatory genes, which act as repressors of histone gene
transcription (Schiaffino, Dallapiccola et al. 1999). It has also been shown that HIRA
orthologues, in chick and mouse, are expressed in neural crest cells and neural crest
derived tissues (Farrell, Stadt et al. 1999). Farrell and coworkers using antisense
oligonucleotides to attenuate cHIRA in chick cardiac neural crest, ex-ovo, followed by
orthotopic backtransplantation to untreated embryos, found an increased incidence of
persistent truncus arteriosus, a characteristic of DiGeorge syndrome (Farrell, Stadt et al.
1999). However, they did not observe any affect in the repatterning aortic arch arteries,
the ventricular function, or the alignment of the outflow tract. Homozygous inactivation
of the Hira gene in mice results in death about embryonic day 10, before cardiac neural
crest migration and outflow septation (Scambler, Roberts et al. 1998).

Individuals with deletion of the distal region of chromosome 8p have CHD
(typically ECD) in addition to microcephaly, intrauterine growth retardation, mental
retardation and a characteristic hyperactive, impulsive behavior (Devriendt, Matthijs et
al. 1999). The human gene encoding the GATA4 transcription factor maps to
chromosome 8p23.1-p22 (Huang, Heng et al. 1996) and is known to be important in
ventral morphogenesis and heart formation (Kuo, Morrisey et al. 1997; Molkentin, Lin et
al. 1997). Devriendt and coworkers found that GATA4 was deleted in all their patients
except for one individual in which no heart defect was observed, making it an excellent
candidate gene for CHD (Devfiencit, Matthijs et al. 1999).

Although the genetic basis for some forms of CHD have been determined, many
more remain unknown. In addition to the single gene defects mentioned earlier, a
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number of families have shown endocardial cushion defects (ECD), also known as AV
canal defects (AVCD), being transmitted in an autosomal dominant fashion with
incomplete penetrance (O'Nuallain, Hall et al. 1977; Emanuel, Somerville et al. 1983;
Wilson, Curti;c, et al. 1993; Cousineau, Lauer et al. 1994; Gennarelli, Novelli et al. 1994;
Amati, Mari et al. 1995; Johnson, Payne et al. 1995 ; Payne, Johnson et al. 1995; Burn,
Brennan et al. 1998). Under the heading of ECD/AVCD lie the malformations known as
atrial septal defects, ventricular septal defects, complete atrioventricular canal defects,
and common atrium. The spectrum of AVCDs is attributed to abnormal extracellular-
matrix during development (Lin, Herring et al. 1999). Mapping with some families has
shown exclusion of linkage with chromosome 21 and 8 (Wilson, Curtis et al. 1993;
Cousineau, Lauer et al. 1994; Gennarelli, Novelli et al. 1994; Amati, Mari et al. 1995),

suggesting alterations in genes elsewhere in the genome are responsible.

4.) 3p- Syndrome:

The first patient with monosomy 3p25-pter, due to a deletion of the distal part of
chromosome 3 (3p- syndrome), was presented by Verjall and De Nef in 1978 (Verjall and
Net 1978). Since then, only 22 additjonal cases have been presented in the last two
decades making this syndrome very rare. This is interesting, since Aula and von Koskull
found that chromosome 3p2 is one of the most common sites for spontaneous
chromosome breakage in lymphocyte cultures, accounting for 13% of all observed breaks
(Aula and Koskull 19.76). However, 3p- has not been observed in studies of spontaneous
abortions (Hassold, Chen et al. 1980: Kajii, Ferrier et al. 1980; Olson and Magenis 1988).
Zygotes with 3p2-pter deletions may be aborted before the pregnancy 1s recognized
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clinically (Merrild, Berggreen et al. 1981). In the few individuals who survive to birth, it
is possible that the position of the break allows development to continue.

Chargcteristic features of 3p- syndrome include low birth weight, pre- and
postnatal growth delay, psychomotor and mental retardation, microcephaly, ptosis, low
set malformed ears, micrognathia, telecanthus, long philtrum, and hypotonia. More
variable features include CHD, postaxial polydactyly, cleft palate, renal anomalies,
gastrointestinal anomalies, rocker bottom feet, seizures, triangular face, preauricular pits,
and hearing impairment (Verjall and Nef 1978; Merrild, Berggreen et al. 1981; Sagredo,
Castilla et al. 1981; Higginbottom, Mascarello et al. 1982; Beneck, Suhrland et al. 1984:
Witt, Biedermann et al. 1985; Reifen, Gale et al. 1986; Tolmie, Batstone et al. 1986;
Ramer, Ladda et al. 1989; Tazelaar, Roberson et al. 1991; Mowrey, Chorney et al. 1993;
Phipps, Latif et al. 1994; Drumheller, McGillivray et al. 1996). With the exception of
one incidence in which a mother and son had deletion of 3p25-pter (Tazelaar, Roberson
etal. 1991), all cases have arisen de novo. The mortality rate among reported cases is
25%, principally related to cardiac malformation, with all deaths occurring in infancy
(Ramer, Ladda et al. 1989).

The cytogenetic breakpoint of the deletion associated with 3p- syndrome has been
identified as 3p25. It is thought that the extent of the deletion may correspond with the
severity of the syndrome. Using molecular genetic analysis, Phipps and co-workers
investigated five cases of 3p- syndrome to determine a relationship between breakpoints
and clinical phenotype (Phipps, Latif et al. 1994). It was determined that loss of
sequence telomeric to D3S1317 was required for expression of the characteristic 3p-
syndrome phenotype. An individual studied by Mowrey and co-workers helped define
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the distal end of the critical region responsible for expression of characteristic features of
3p- syndrome when deleted. The individual was determined to have an interstitial
deletion of chromosome 3p25-26 with the proximal breakpoint near the Von Hipple-
Lindau (VHL) locus and the distal breakpoint near D3S17 (Mowrey, Chorney et al.
1993). The smallest critical region (21 cM) for expression of characteristic features of
3p- syndrome therefore must lie between D3S1317 and D3S17 (figure 3). |

Other correlations between breakpoints and phenotype have been made.
Molecular genetic analysis of five 3p- syndrome patients, three with cardiac septal
defects, demonstrated that the patients with cardiac defects had more proximal deletions
than those without (Phipps, Latif et al. 1994). Detailed molecular analysis of the
chromosome breakpoints for each of the patients showed that the presence of CHD
correlates with deletion of the inierval between markers D3S1250 and D3S18 (4 cM). It
was concluded that a gene involved in normal cardiac development resides in this interval
and that deletion or disruption of that gene results in cardiac septal defects. At the time,
three genes had been isolated from this region including the plasrﬁa membrane calcium
transporting ATPase isoform 2 gene (PMCA2 or ATP2B2) (Latif, Duh et al. 1993), the
VHL disease gene, and a cDNA (g6) of unknown function (Latif, Tory et al. 1993),
Large germline deletions containing both the VHL and g6 genes were found in VHL
disease patients who did not have congenital heart disease (Latif, Tory et al. 1993;
Phipps, Latif et al. 1994) therefore eliminating them as candidates for CHD. Using
fluorescent in situ hybridization (F ISH) and polymorphic microsatellite analyses,
Drumbheller and co-workers refined the location of the putative cardiac development gene
to a much smaller region bordered by D3S1585 and D3S1317 (2 cM) (Figure 3)
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(Drumbheller, McGillivray et al. 1996). In addition to PMCAZ2, the human homologue of |
the yeast Sec13 gene involved in vesicle formation is contained within this region.
Detailed mapping by Green and coworkers refined the critical region to an even smaller
interval (1000 kb) and excluded the candidate genes PMCA?2 and fibulin-2 (Green, Latif
et al. 1998).

The génetic factors involved in the complex process of cardiac development are
numerous and only beginning to be understood. Identification and functional
characterization of the genes expressed during cardiac development, and their protein
products, are key to our understanding of normal heart development and the many routes

to congenital heart defects.
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Figure 3. Diagram delineating critical chromosomal regions for congenital heart defects
and characteristic features of 3p- syndrome.
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5.) Hypothesis:

A screen of expressed sequence tag (EST) clones mapped to human chromosome
3p24.2-25 revealed a cDNA with sequence similarities to the fibrillins and other
extracellular matrix proteins (Timmers, Whitney et al. 1996). This cDNA clone was
further characterized based on the idea that ECM proteins play an important role in
cardiovascular development. We have partially characterized the gene and its protein
product, which we have named cirrin. Due to its chromosomal location, expression
pattern, predicted protein structure, and potential association with ECM (described in this
work), we hypothesize that cirrin is involved in normal cardiac development and that

mutation or deletion of cirrin results in endocardial cushion defects.
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Chapter 2

Materials and Methods



Whole-mount in situ hybridization

1.) 1XPBS (DEPC treated)

2.) 1XPBST (1XPBS + 0.1% Tween-20) (DEPC treated)
3.) 1XTBST (1X TBS + 0.1% Tween-20) (DEPC treated)
4.) 4% paraformaldehyde in PBS (make fresh every use)
5.) 25%, 50%, 75% Methanol/PBST; 100% Methanol

6.) Proteinase K (10 pg/ml in PBST)

7.) Hybridization mix: Final Concentrations
- formamide 50%
- SSC 1.3X SSC
- EDTA (pH 8.0) 5mM
- Yeast RNA 50 pg/ml
- Tween-20 0.2%
- CHAPS 0.5%
- Heparin 100 pg/ml
- DEPC dH,0 XX ml]
Total 50 ml

8.) Pre-block solution:

- 10% sheep serum (heat-inactivated at 70 °C x 10 min.)
- 100 ul BSA

- 8.9 ml TBST

e keep serum and BSA cold

9.) NTMT solution (make fresh with every use)

Final Concentrations

- NaCl 100 mM

- Tris-Cl (pH 9.5) 100 mM

- MgCl, 50 mM

- Tween-20 0.1%

- dH,0 XX
Total 50 ml
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Embryo preparation:

Fertilized chicken embryos were incubated at 37 °C. Eggs were rotated one half
turn every 12 hours. Embryos were harvested at 66, 72, and 90 hour time points,
Embryos were resected and placed in DEPC treated PBS. Extraembryonic membranes
were removed and embryos fixed in 4% paraformaldehyde at room temperature for two
hours. Embryos were dehydrated for one hour sequentially with 25%, 50%, 75%, and
100% methanol/PBS then stored at -20 °C. Prior to hybridization, embryos were

rehydrated for one hour with 25%, 50%, 75% and 100% PBS/methanol.

Probe preparation (Day 1):

Whitehead Institute clone 11041, which contains the complete cirrin gene, was
digested with BamHI and Accl restriction enzymes. A fragment corresponding to cirrin
sequence —321 to 732 was gel purified and subcloned into pGEM-4Z (Promega). The
clone was linearized with BamHI or Accl for probe production. SP6 RNA polymerase,
in conjunction with the Accl linearized plasmid as template, was used to produce a sense
RNA probe (negative control). T7 polymerase, in conjunction with the BamHI linearized

plasmid as template, was used to produce an antisense RNA probe (Figure 4).
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Figure 4. Diagram of construct used to produce sense (- control) and antisense (+) RNA
probes for whole-mount in situ hybridizations. A 1053 base probe is created using cirrin
¢DNA sequence, from position (-) 321 to position 732, as template.
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The following reactions were run to produce labeled probes:

x Wl linearized plasmid (equivalent to 1 g of insert DNA)
1 pl 10x nucleotide mix (with digoxigenin-UTP)
2 pl 5x transcription buffer
1 uI DTT (100 mM for T7/ 10 mM for SP6)
1 ul RNAsin
2 ul T7 or SP6 RNA polymerase (10 U/ul)
x ul DEPC dH,0
10 pl total

- incubated at 37 °C for 1 hr.

- added 2 ul DNAse I (20 U/ul)

- incubated at 37 °C for 20 min.

- checked probes by electrophoresis on 0.8% agarose gel in TBE buffer
- aliquoted probes and stored at —20 e

Hybridization:

rehydrated embryos were incubated 2 x 30 min. in PBS

- 1 ml of 10 pug/ml proteinase K in PBST was added to each embryo

- embryos were incubated at 37 °C for 7-20 min. depending on size and stage of
embryo

- to quench reaction, proteinase K was removed by pipetting and embryos washed 3 x 1
min. in PBST

- embryos were fixed in 4% paraformaldehyde at room temperature for 20 min.
(rocking)

- embryos were rinsed 1 min. in PBST

- embryos were washed 10 min. in PBST
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- embryos were placed in a 1:1 mix of PBS/hybridization solution at 70 °C x 30 min.
(rocking)

- placed embryos in 100% straight hybridization solution at 70 °C x 1 hr. (rocking)

- put fresh hybridization solution on embryos

- added 500 ng of appropriate Dig-labeled probe to each embryo

- incubated at 70 °C x overnight

Washes and antibody hybridization (Day 2):

---Embryos should be transluscent after overnight hybridization---

- washed 2 x 1 min. with 70 °C hybridization solution

- washed 2 x 30 min. in 70 °C hybridization solution

- washed 30 min. in 1:1 mix of hybridization solution/TBST at 70 °C
- washed 3 x 1 min. in TBST at room temperature

- incubated 20 min. in 100 pg/ml RNAse A in TBST at 37 °C

- antibody pre-adsorption was begun now (described in next section)

- washed 2 x 1 min. with TBST at room temperature to remove RNAse A
- placed embryos in pre-block solution at 4 °C for 2 hr. (rocking)

- removed pre-block solution and replaced with pre-adsorbed antibody
- incubated overnight at 4 °C while rocking

;4ntibody pre-adsorption (anti-digoxigenin):

Mixed- 250 ul TBST
2.5 pl sheep serum (heat inactivated)
2.5 ul 10% BSA
10 mg of chick embryo powder (dehydrated ground up embryos)
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incubated at 70 °C x 20 min.
vortexed 5 min at room temp
iced 5 min.
added 2 pl of Anti-Digoxigenin-AP Fab fragments and incubated at 4 °C x 2 hr.
(rocking)
centrifuged at 4 °C for 10 min. at 14,000 RPM
removed supernatant and added to:
9.8 ml TBST
100 pl BSA (10%)

100 pl Sheep serum (heat inactivated)

mixed and kept on ice

Post-antibody washes and immunokhistochemistry (Day 3):

rinsed 3 x 1 min. in TBST

washed 3 x 1 hr. in TBST

rinsed 2 x 1 min. in NTMT (made fresh)

washed 2 x 10 min. in NTMT

incubated with NTMT buffer containing 4.5 pl/ml nitroblue tetrazolium (NBT) and
3.5 ul/ml bromochloroindolyl phosphate (BCIP) until color appeared (incubated in
dark at room temperature)

quenched reaction by rinsing 3 x with PBST

fixed color by incubating in 4% paraformaldehyde in PBS overnight

washed embryos 3 x 1 min. in PBS and photographed with Ektachrome 320T

Tungsten film (Kodak)



Materials:

1.) DIG RNA labeling mix
2.) SP6 RNA Polymerase
3.) T7 RNA Polymerase
4.) Yeast RNA

5.) CHAPS

6.) Heparin

7.) Sheep Serum

8.) Paraformal