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Abstract
Congenital Heart Defects (CHD) are the most frequent form of birth defect, occurring in
nearly one percent of newborns. CHD are the leading cause of premature death in infants «
displaying congenital malformation. Of all congenital heart abnormalities, most often
found are those involving improper formation of valves and septa. 3p- syndrome is a rare
cytogenetic disorder marked by heterogeneous deletions at the distal end of chromosome
3p. The phenotype is variable and atrioventricular septal defects (AVSD) are observed in
individuals with more extensive deletions most likely resulting from haploinsufficiency
of one or more deleted genes (AVSD2;0MIM#606217). Recently, the critical region for
CHD associated with 3p- syndrome has been narrowed to chromosome 3p25 and
CRELDI (Cysteine Rich with EGF-Like Domains; formerly cirrin) maps to this area.
CRELDI encodes a highly conserved protein anchored to the cell membrane that is
widely expressed during embryogenesis. Whole mount in situ hybridization experiments
in chick embryos demonstrate expression of CRELD] in the limb buds and branchial
arches. CRELDI is also expressed in the myocardium and endocardial cushion tissue of
the developing chick heart. Human multiple tissue northern (MTN) blots analyzed with a
CRELD|- specific probe show particularly strong expression in heart. A cardiac-specific
- MTN shows robust CRELDI expression throughout the heart, including outflow tract,
ventricles and atria. Fetal expression was also detected. Taken together these data
support the hypothesis that haploinsufficiency of CRELDI results in CHD. In order to
investigate the function of CRELDI1, two avenues were pursued. The first approach was
to test the hypothesis that CRELD1 haploinsufficiency causes CHD by recapitulating the

specific subset of CHD found in 3p- patients through the generation of a CRELDI*"

xvi



mouse. The second avenue was to conduct a yeast two-hybrid interaction screen with the
aim of identifying proteins with which CRELD1 interacts. This report details the
production of the CRELD1 knockout mouse. Also presented are the results of a yeast
two-hybrid screen which show that CRELDI interacts with the small multifunctional

extracellular matrix proteins SPARC/Osteonectin/BM-40 and decorin.
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Introduction



Introduction
Congenital heart disease: Incidence

Congenital cardiac malformations are among the most common form of birth
defect in humans, occurring in nearly one percent of newborns. It has been noted that,
excluding pathogenic infection, congenital heart defects (CHD) are the single greatest
factor leading to infant mortality (Srivastava and Olson, 2000). In recent decades,
techniques allowing successful surgical correction in infants and young children affected
with congenital heart malformations have put a premium on efforts to establish the rate
with which these anomalies occur. Additionally, the ability to generate animal models of
CHD, coupled with a growing appreciation for the underlying genetic programs
responsible for embryonic heart assembly have opened new avenues of investigation,
with the long term goal of developing novel methods of therapeutic intervention.

The reported incidence of CHD in industrialized nations varies from
approximately 4 to 12 per 1000 live births (Hoffman, 1995a). This variation highlights
the difficulty with which cardiac malformation is detected. In a particularly interesting
study, Grech and Gatt report a frequency of 8.8 per 1000 live births (Grech and Gatt,
1999). Their four-year survey focused strictly on the country of Malta, which has several
features making it amenable for this type of epidemiological study. Officially a Roman-
Catholic state with a population nearing 400,000 people, the Maltese adhere to a strict
policy forbidding termination of pregnancy, yet have aggressive post-natal screening for
syndromic congenital cardiac malformation. Whenever a chromosomal anomaly is
suspected, or when an infant presents with multiple major abnormalities,

echocardiographic assessment is made in order to both detect and formulate appropriate



treatments for children with a heart malformation, taking into account their specific
clinical findings. However, due to the nature of this screening program, it is likely that
non-syndromic CHD is often overlooked, and thus this number represents at best a
conservative figure. Therefore, though consensus estimates of the incidence of CHD are
reported to be approximately 1% of live births, the actual overall incidence is probably
much higher and it is likely that the majority of affected fetuses expire before term

(Hoffman, 1995b).

Cardiovascular development

Assembly of a fully functional cardiovascular system in vertebrates is the result of
a complex cascade of events involving cell migration, epithelium formation, autocrine
and paracrine signaling, and regional differentiation into distinct cell types. Detailed
anatomical observation and experimental manipulation have provided insight into the
fluid process of cardiac morphogenesis (Manner, 2000).

The earliest developmental decisions in all vertebrate hearts share a striking
similarity (Fishman and Chien, 1997). Studies in avian embryos, most notably chicken
and quail, have been of particular utility in elucidating the process of cardiogenesis. In
the developing chick embryo two clusters of mesodermal eells migrate along the ventral
midline towards the apex of the primitive streak (Hensen’s node). A concentration
gradient of fibronectin decreasing caudally appears to be critical for this migration, in that
antibodies against fibronectin but not other extracellular matrix molecules (i.e. laminin,
collagen types I and IV) can disrupt this migration (Linask and Lash, 1988b; Linask and

Lash, 1988a). These cells, arranged bi-laterally with respect to the embryonic axis



constitute the presumptive heart forming fields (cardiogenic mesoderm) and are derived
from splanchnic mesoderm (Gilbert, 2000). Fate mapping in avian embryos supports the
notion that, even at the earliest stages of development, there is a tendency for more
caudally located precursors to contribute to more caudally derived portions of the heart
tube, and more rostrally positioned structures to be derived from more rostrally
positioned populations (Garcia-Martinez and Schoenwolf, 1993).

The migrating splanchnic mesoderm begins to coalesce anteriorly in a crescent
shaped epithelial sheet that will later fold and merge to become the heart tube. As would
be expected in any tissue forming an epithelium, cell adhesion molecules play an
indispensable role. As these cells fuse into the heart tube, expression of N-cadherin, a
calcium-dependent cell adhesion molecule, becomes upregulated and cardiac precursors
begin to differentiate. In chick embryos incubated with a function-disrupting N-cadherin
monoclonal antibody (NCD-2) at 18 hours post-fertilization, hearts fail to form (Linask et
al., 1997). However, in N-cadherin-null mice a thin weakly contracting heart is found,
suggesting the participation of compensatory cell adhesion molecules in the process of
mammalian cardiogenesis (Radice et al., 1997). If the application of NCD-2 in chick
embryos is postponed an additional 2 to 8 hours, only the most anterior portions of the
differentiating heart tube showed staining with MF20, a monoclonal antibody specific for
sarcomeric myosin and an early indicator of cardiac differentiation. Interestingly, the
application of NCD-2 beyond the 29" hour of development has no effect on normal heart
formation, indicating that N-cadherin mediated adhesion (and perhaps, signaling) has

been completed by this time point in avian embryos (Linask et al., 1997).



Even as the cardiac epithelium is forming, with obligatory up-regulation of N-
cadherin and other cell adhesion molecules, a subpopulation (approximately 5%) of the
presumptive cardiac mesoderm is decreasing expression of N-cadherin and is segregating
from the still-forming epithelium. Other proteins involved in cell-cell attachment,
including neural cell adhesion molecule (N-CAM) are down regulated simultaneously
(Mjaatvedt and Markwald, 1989; Crossin and Hoffman, 1991). Studies in quail embryos
demonstrate these cells delaminate from the epithelium and migrate inward, later merging
to form an endothelial layer expressing the QH1 marker, a hallmark of cells destined to
become cardiac endothelium (Coffin and Poole, 1988; Garcia-Martinez and Schoenwolf,
1993). Most cardiac epithelial cells will make up the myocardium; only those QH1
positive cells will later form the endocardium. At this early stage then, the tissues of the
myocardium and endocardium are specified as the two-layered heart tube primordium
extends. Using a replication defective virus containing a -gal reporter to perform fate
analysis on individual progenitor cells within the heart forming field, it was established
that clonal populations of either myocardial or endocardial cells were observed, and in no
instance were clonal populations found to contribute to both layers simultaneously
(Cohen-Gould and Mikawa, 1996). Thus, it appears specification of a myocardial or
endocardial cell fate is made even before the heart forming fields merge to form the
primordial heart.

Morphologically, five primitive regions of the extending heart tube become
visible under the microscope as the fusion of the cardiogenic mesoderm progresses. The
first regions to become visible in the linear heart tube are the primitive right and left

ventricles, followed by the atrioventricular segment and sinoatrial segment caudally.



Finally, a fifth primitive region termed the outflow tract (or conus) forms anteriorly of the
ventricular primordia (Mjaatvedt, 1999). Historically, it was presumed that each of these
morphologically distinct zones represented ‘primitive cardiac cavities’ which later gave
rise directly to each of the mature cardiac cavities, specifically the two atria, two
ventricles and the great arteries (Davis, 1927), (de 1a Cruz, 1989). Using in vivo labeling
techniques coupled with scanning electron microscopy and standard histology, de la Cruz
and others were able to show definitively that the notion of ‘primitive cardiac cavities’
was inaccurate and proposed instead the idea of ‘primitive cardiac regions’ (de la Cruz,
1989). Moreover, their work showed that the early heart tube (preceding morphology of
the atrioventricular and sinoatrial segments) contains primarily two regions and that these
regions are the primordia of only the trabeculated portion of the right and left ventricles,
and that each region itself did not anatomically correspond to the complete right or left
ventricular chamber (de la Cruz, 1989). It is now widely accepted that the definitive
mature heart forms only by the integration and remodeling of the primitive cardiac
regions (Mjaatvedt, 1999). A simplified view of human heart morphogenesis, from

cardiac crescent to a four-chambered heart is shown in figure 1.



Figure 1

Schematic of cardiac morphogenesis. Illustrations depict cardiac development with color
coding of morphologically related regions, seen from a ventral view. Cardiogenic
precursors form a crescent (left-most panel) that is specified to form specific segments of
the linear heart tube, which is patterned along the anterior—posterior axis to form the
various regions and chambers of the looped and mature heart. Each cardiac chamber
balloons out from the outer curvature of the looped heart tube in a segmental fashion.
Neural crest cells populate the bilaterally symmetrical aortic arch arteries (111, IV and VI)
and aortic sac (AS) that together contribute to specific segments of the mature aortic arch,
also color coded. Mesenchymal cells form the cardiac valves from the conotruncal (CT)
and atrioventricular valve (AVV) segments. Corresponding days of human embryonic
development are indicated. A, atrium; Ao, aorta; DA, ductus arteriosus; LA, left atrium;
LCC, left common carotid; LSCA, left subclavian artery; LV, left ventricle; PA,
pulmonary artery; RA, right atrium; RCC, right common carotid; RSCA, right subclavian
artery; RV, right ventricle; V, ventricle.

Reprinted by permission from Nature (Srivastava and Olson. 2000 Vol. 407:221-223)
Copyright 2000 Macmillan Publishers Ltd.






Nevertheless, while the segments of the linear heart tube do not directly correlate
with the fully formed and functional chambers of the mature heart, each segment does
constitute a distinct region with a specific developmental fate and much like the
myocardium and endocardium, begins to express a unique protein profile before the
differences can be appreciated morphologically. For example, it was discovered that in
avian embryos, ventricular myosin heavy chain-1 (VMHCI) was expressed in all
myogenic populations during the initial phases of cellular differentiation, but becomes
restricted to the presumptive ventricular cardiogenic mesoderm prior to the formation of
definitive heart structures (Bisaha and Bader, 1991). Similarly, using RNA isolated from
differentiating hearts of chick embryos ranging in age from embryonic day 7 to hatching
(21 days), the expression of atrial myosin heavy chain-1 (AMHC1) was analyzed.
Surprisingly, the results of these experiments shéwed that AMHCI is most easily
detected in more immature embryos and diminishes during development. Nevertheless,
AMHC]1 was found to be atrial-specific and was never detected in non-cardiac tissues,
including skeletal muscle and brain (Yutzey et al., 1994). Furthermore, in situ
hybridization experiments showed AMHC] lags VMHC1 expression and rather than
being widely expressed in myogenic cells, is restricted only to the posterior portion of the
heart tube — that is, the presumptive atrial tissue.

Expression of ventricular myosin light chain-2 (Mlc2v) during murine
embryogenesis has been examined using a transgenic mouse. This mouse harbored a 250
bp promotor specific for Mlc2v fused to a luciferase reporter. Using both measurement
of luciferase activity and immunchistochemistry with antibodies directed against

luciferase, it was found that by embryonic day 8.5, Mlc2v is restricted to the presumptive



ventricles and, to a lesser degree, the proximal outflow tract of the heart tube. However,
just after embryonic day 10, Mlc2v expression localized to the ventricular region only.
This ventricle-restricted expression of Mlc2v precedes chamber septation, but occurs only
after formation of the heart tube (O'Brien et al., 1993).

Using a combination of Northern blot analysis, RT-PCR, immunoblotting, irn situ
hybridization and RNAse protection assays, a preferential pattern of expression of
myosin light chain 2a (Mlc2a) in the presumptive atria was discovered during murine
cardiac development (Kubalak et al., 1994). In this study, Mlc2a was not detected in
ventricle, skeletal muscle, liver or uterus. Furthermore, Mlc2a expression was clearly
detectable in differentiating ES cells by day 6 in vitro, but not in fibroblast feeder layer
cells, which suggests that activation of Mlc2a gene expression happens relatively early in
cardiogenesis, again preceding distinct morphological differences (Kubalak et al., 1994).

Tissue-specific protein expression is not limited only to those molecules that play
a predominant role in the cardiac musculature. Given that the rhythmic contraction of the
presumptive ventricles and atria begins long before any definitive conduction system is
recognizable, investigators postulated regional differences in cardiomyocytes being
responsible for mediating (either by retarding or increasing) the velocity of contractual
impulses (Lamers et al., 1987). The finding that acetylcholinesterase is expressed
transiently in the cardiomyocytes during the first 24-36 hours of avian embryonic
development suggested that a cholinergic system may modulate these contractions. This
idea was advanced with the observation that acetylcholinesterase, while initially
expressed throughout the myocardium, becomes restricted to the outflow tract over the

next 24 hours. The presumptive ventricles, which show intense acetylcholinesterase
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activity early on, demonstrate a dramatic decrease in activity over this same interval
(Lamers et al., 1990). The implicit conclusion is that a sub-population of embryonic
cardiomyocytes has begun to differentiate into what will ultimately be the cardiac
conductive tissue, concomitant with the chamber-specific expression of different cardiac
myosins (Lamers et al., 1990).

As development proceeds, a population of neural-crest cells, distinct from the
cardiogenic mesoderm, migrates caudally from the cranial region towards the outflow
tract. These cells are crucial for the structural development of the aortic arch and its
derivatives as well as outflow tract septation. Neural crest cell-ablation experiments
performed in chick resulted in malformed great arteries and persistent truncus arteriosus
(Kirby and Waldo, 1995). More exhaustive route-mapping of migrating neural-crest in
quail-to-chick chimeras much later in development showed that, in addition to playing a
role in the septation of outflow tract, these cells were also found at the base of the
ascending aorta and pulmonary trunk, the semilunar valve leaflets as well as at the site of
closure of the ventricular septum (Waldo et al., 1998). These results demonstrate clearly
an essential role for neural-crest in cardiovascular development.

At the onset of neural-crest migration into the pharyngeal arches and outflow
tract, the incomplete linear heart tube has already initiated the process of rightward
looping and spontaneous contractions have begun (33-36 h in chick) (Fishman and Chien,
1997; Farrell et al., 1999). This step is the first in a series of gross morphological
movements and tissue remodeling that will transform the immature tubular heart to a
fully functional four-chambered organ (Manner, 2000). As mentioned previously, the

heart tube (completed only after looping has begun) has five segments: the outflow tract,
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the primitive right and left ventricles, the atrioventricular canal and sinoatrial segment.
Furthermore, the linear heart consists of two concentric epithelia (the outer myocardium
and inner endocardium). Interestingly, even at this early stage, the cells composing the
endocardium are not homogenous. A subpopulation of cells has been identified that
express the JB3" marker. A JB3 monoclonal antibody has been produced which
recognizes a 350 kD band on Western blots. This marker is thought to be fibrillin-2 and
distinguishes those endocardial cells capable of differentiating into endocardial cushion
mesenchyme from myocardial precursors (Mjaatvedt, 1999). Between the myocardium
and the endocardium is a thickened acellular assembly of extracellular matrix proteins
classically called the ‘cardiac jelly’ (Davis, 1924; Bouchey et al., 1996). This matrix is
known to include fibulin-1, vitronectin, fibronectin, flectin, tenascin (cytoactin), CTB
proteoglycan as well as other unidentified proteins (Crossin and Hoffman, 1991; Spence
et al., 1992; Bouchey et al., 1996; Tsuda et al., 1996). These extracellular proteins are not
distributed evenly down the longitudinal axis of the cylindrical heart. Rather, matrix
deposition occurs nearly exclusively at both the atrioventricular region (AV) and outflow
tract (OT) (Mjaatvedt, 1999). As the process of looping continues, inductive signals from
the AV myocardium precipitate delamination of AV endocardial epithelial cells that then
transform to mesenchyme and migrate into the extracellular matrix (Runyan and
Markwald, 1983; Mjaatvedt and Markwald, 1989). In contrast to AV and OT
endothelium, cells from ventricular endothelium are unresponsive to these inductive
myocardial signals (Krug et al., 1987).

The mechanisms responsible for the endocardial epithelial-mesenchymal

transition (EMT) have been investigated using an in vitro assay. This assay involves co-
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culturing endothelial cells on a hydrated collagen matrix with extracts presumed to
include the signaling factors. When the appropriate factors are present, cultured
endothelial cells undergo stereotypical differentiation and subsequent migration into the
underlying matrix, resulting in the formation of mesenchymal valve and septal precursors
(Krug et al., 1987). Using this approach, intact pre-EMT myocardium, pre-EMT
myocardial conditioned media or extracts of embryonic hearts prepared by EDTA
treatment were tested for their ability to induce EMT. Krug and co-workers were able to
mimic the EMT seen in vivo with each of these components, suggesting the
atrioventricular myocardium produces a soluble signal that initiates EMT in a paracrine
fashion. Further, in the absence of myocardial signals, the endothelial monolayer
degenerates after a period of several days, indicating the myocardium produces signals
critical for not only for cellular differentiation but also maintenance. In the same study,
either EGF or FGF alone were unable to initiate EMT (Krug et al., 1987).

The EDTA-soluble extracts of embryonic chick hearts were found to contain
multi-protein aggregates containing fibronectin as well as several lower molecular weight
proteins (Mjaatvedt et al., 1987). Purified fibronectin alone was unable to mimic
complete extract, though intact isolated aggregates (called ‘cardiac adherons’) were
found to preserve biological activity (Mjaatvedt and Markwald, 1989). Furthermore,
anti-serum prepared against isolated EDTA-soluble aggregates was able to block
biological activity in vitro in a dose-dependent manner. Additionally, this anti-serum,
termed ES1 (EDTA-soluble) was able to react with two major and three minor proteins
on immunoblot, confirming the multi-protein nature of the adherons (Mjaatvedt et al.,

1991). Interestingly, the presence of adherons may have a more general role to play in
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development as ES1 antiserum was found to interact with sites of neural-crest formation
and migration in limb ectoderm.

Using ES1 antiserum to screen an embryonic cardiocyte cDNA expression
library, an extracellular protein named ES/130 was identified (Rezaee et al., 1993). RT-
PCR results indicated the ES/130 message was detected in the atrioventricular canal and
outflow tract, both regions known to undergo EMT. Monoclonal antibodies prepared
against the isolated peptide identified a 130 kD protein from both cultured cardiocytes
and conditioned media capable of initiating EMT. Further, these antibodies were capable
of blocking EMT, indicating ES/130 was a biologically active component of the cardiac
adherons (Rezace et al., 1993). In 1997, following the identification and isolation of
hLAMP-1 (a 283 kD component of the cardiac adherons) Sinning proposed a model of
the adherons that placed fibronectin at the core of a multi-subunit protein complex with
ES/130, hLAMP-1, and other ECM proteins associated by what is most likely a
combination of ionic interaction and disulfide bond formation. In this same study,
several additional proteins were isolated as part of the particulate matrix, however many
of these components have yet to be identified (Sinning, 1997).

While EGF and FGF were shown to be insufficient in initiating EMT, it has been
shown that modified oligonucleotides designed to specifically interfere with TGFB3
production can block EMT in the in vitro collagen gel bioassay (Potts et al., 1991).
Interestingly, these oligonucleotides specifically block mesenchymal-cell invasion into
the collagen gel, but do not inhibit activation of endothelial cells (characterized by
cellular hypertrophy and loss of cell-cell adhesion). Thus the authors conclude that EMT

is a two-step process: the first involving endothelial cell activation and the second
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marked by cell transformation and migration, and that TGF3 mediates the second stage
of this process, most likely after the cardiac endothelium receives EMT stimulation from
the myocardium. This study did not, however, address whether TGFB3 was produced by
the endocardium, the myocardium or both.

In a follow-up study, Nakajima and co-workers were able to show a second
polyclonal antibody to the EDTA-soluble extract of chick hearts (ES3) was able to inhibit
TGFP expression in transforming atrioventricular and outflow tract cardiac endothelium
(Nakajima et al., 1994). They proposed inductive signals from the myocardium not only
stimulate EMT in AV and OT competent cells, but also regulate endocardial production
of TGFB in a paracrine fashion (Nakajima et al., 1994).

Later experiments from the same laboratory were able to show that TGFf3
antisense oligos were able to block mesenchyme formation despite the presence of
conditioned myocardial medium, and the subsequent addition of recombinant TGF3 was
able to reverse this effect in explant cultures (Nakajima et al., 1998). From this result,
these investigators concluded TGF[3 is absent in the conditioned myocardial medium.
Further study was able to show that production of TGF[33 by cardiac endothelium
competent to undergo EMT is necessary for transformation to mesenchyme. They
propose that TGFB3 produced by endocardium plays an autocrine role by mediating the
earliest steps of EMT in the endocardial epithelium (Nakajima et al., 1998).

As mentioned earlier, the expanding pockets of mesenchyme populate the
thickened cardiac jelly (both in the atrioventricular canal and outflow tract), specifically
in those areas that will ultimately become the endocardial cushions. The main source of

this mesenchyme is the migrating endocardial cells following stimulation to undergo
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EMT from the AV canal and OT. It is primarily this endocardial cushion tissue, with a
contribution from migrating cardiac neural-crest that will eventually give rise to the fully
formed septa and valve leaflets of the mature heart. Therefore, perturbations of this
process, whether insufficient signaling, defective cell-cell de-adhesion and/or migration,
lack of cellular hypertrophy and differentiation or inadequate proliferation would be
predicted to result in atrioventricular septal defects (AVSD). It is worth noting that as a
class, developmental aberrations of valves and septa comprise the largest subset of

congenital heart defects (Eisenberg and Markwald, 1995; Olson and Srivastava, 1996).

Genetics of heart development

Genetic dissection of discrete steps in heart development has led to the emergence
of the notion of genetic ‘modules’ or ‘programs’ of cardiogenesis with each unique
program existing in a spatially and temporally restricted space (Olson and Srivastava,
1996; Fishman and Olson, 1997; Srivastava and Olson, 2000). These ideas have arisen
largely through the study of model organisms resulting from work that took advantage of
naturally occurring mutations, random mutagenesis or targeted gene deletion. Despite the
fact that there now exist numerous examples of genetic defects resulting in heart
malformation in such model systems, finding the genetic causes of human CHD has
proved more difficult. In fact, though the clinical spectrum of many congenital human
heart abnormalities has been well characterized, there remains a paucity of information
with regard to the specific underlying genetic defect(s). In part, this is likely due to the
high rate of embryonic lethality in utero of fetuses harboring the most severe

malformations. Further, as mentioned, the accurate detection and diagnosis of CHD at
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birth remains problematic. Finally, there is accumulating evidence that many forms of
CHD are complex and result from defects in more than a single gene (Novelli et al.,
1999; Epstein, 2001).

Despite these difficulties, a handful of the underlying genetic lesions in families
affected with syndromic or non-syndromic CHD have been identified, with most of the
progress having been made in the last decade. Furthermore, some of these genes have
been identified as being involved in normal cardiogenesis on the basis of defects first
identified in model systems, followed by a candidate gene approach to scan human
orthologs or homologs for mutations. Increasingly, it is appreciated that not only are
defects in septation (aortic, atrial or ventricular) the most common class of CHD, but in
families with a known mutation, CHD is predominantly a disease of haploinsufficiency
marked by both incomplete penetrance and variable phenotype (Olson and Srivastava,
1996; Srivastava and Olson, 2000).

One of the earliest examples of using model systems to aid in clarifying the
genetic basis behind human CHD began with the observation that Drosophila
melanogaster embryos harboring mutations in the homeobox-containing transcription
factor tinman failed to form a heart (dorsal vessel) as well as visceral mesoderm
(Bodmer, 1993). The tinman homologue Nkx2-5 was found to be expressed both in
precardiac mesoderm and myocardium of embryonic mice. Targeted disruption of Nkx2-
3 proved lethal during embryogenesis, with heart development arresting in the mutant
mouse prior to cardiac looping (e8.5) (Lyons et al., 1995; Harvey, 1996). It was also
reported that isolated clusters of cultured ES cells mutant for Nkx2-5 form cardiac foci

and initiate beating. This suggests Nkx2-5 either acts at a different point in heart
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development in mice as opposed to flies, or that there exists partial functional redundancy
of this factor in mammals. A more general explanation between the differences observed
between fly and mouse mutants is that vertebrate cardiogenesis most likely requires
additional genetic pathways operating in concert (Harvey, 1996).

Nevertheless, the clear role of tinman/Nkx2-5 in heart formation captured the
attention of investigators studying autosomal dominant non-syndromic ASD and AV
conduction delay in four separate kindreds (Schott et al., 1998). This group established
linkage in these families to chromosome 5q36 (LOD = 3.91; 8 = 0). Since the gene
encoding the human homeobox transcription factor NKX2-5 had been mapped to this
same region (Turbay et al., 1996), a candidate gene approach was taken to screen the
NKX2-5 gene for mutations in individuals harboring ASD. An identical C to T transition
within the homeodomain substituting a methionine for a conserved threonine was found
in two families. Separate mutations predicting truncated proteins were found in the
remaining two families (Schott et al., 1998). The authors conclude that the homeodomain
mutations likely alter either the sequence-specificity or affinity of target DNA binding,
suggesting that the CHD in these patients is functionally attributable to
haploinsufficiency. It is interesting to note that even within the same kindred, phenotypic
variability — ranging from fatal pulmonary atresia with tetralogy of Fallot (TOF) to
simple AV block without ASD was seen, demonstrating the extreme phenotypic
variability of NKX2-5 mutations (Schott et al., 1998).

A recent prospective study focused on NKX2-5 mutations in individuals
diagnosed with non-syndromic TOF. Patients were screened for microdeletion of

chromosome 22q11 (known to be deleted in many forms of CHD) or other identifiable
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cytogenetic abnormality; a positive result during this screen excluded patients from the
study. Six NKX2-5 mutations were identified in the remaining cohort of 114 patients, all
of which were found to be outside the homeodomain (Goldmuntz et al., 2001).
Asymptomatic first degree relatives of those patients in whom mutations had been
identified were found to harbor mutations themselves, indicating that in addition to
phenotypic variability, NKX2-5 mutations are associated with incomplete penetrance in
humans.

DiGeorge syndrome (OMIM#188400) and velo-cardio-facial syndrome (VCFS;
OMIM #192450) are conditions resulting most often from a common interstitial deletion
at human chromosome 22q11. Deletions at this position are a relatively frequent event,
detected in 1 of 4000 live births using standard cytogenetic techniques (Baldini, 2002).
The hallmark features of DiGeorge syndrome and VCEFS include cardiac anomalies
(TOF, VSD), characteristic facies and underdevelopment of the thymus and parathyroid
glands (Baldini, 2002). Though the phenotypic spectrum is varied, congenital heart
defects are seen in approximately 75% of newborns and del22q11 is perhaps the most
common known cause of CHD in neonates (Johnson et al, 2002).

While the underlying molecular events leading to deletion remain undefined, the
presence of multiple low-copy repetitive DNA elements has lead to the hypothesis that
aberrant recombination between these sequences is the primary mechanism (Stankiewicz
et al 2002). The fact that approximately 90% of patients show a stereotypical 3 Mb
deletion supports this hypothesis (Lindsay, 2001). It is estimated that this region
encompasses 30 genes, and while the phenotype has not been ascribed to a single gene,

compelling work in animal models support the notion that haploinsufficiency of the T-

19



box transcription factor 7BX1 is largely responsible for the phenotype (Lindsay et al.,
2001; Jerome et al., 2001; Merscher et al., 2001). The etiology of DiGeorge/VCFS is
certainly more complex, given that patients have been identified that carry non-
overlapping deletions, and it is suggested that interruption of cis-acting regulatory
elements or haploinsufficiency of other genes within the region may be sufficient to
produce the phenotype (Baldini, 2002).

Holt-Oram syndrome (OMIM #142900) is a clinically variable autosomal
dominant disorder characterized by CHD and radial ray defects. Though there is
evidence for genetic heterogeneity (Terrett et al., 1994), most cases of Holt-Oram
syndrome are attributable to heterozygous mutations in 7BX35 that predict null-alleles and
thus haploinsufficiency of the protein (Bonnet et al., 1994; Basson et al., 1997; Li et al.,
1997b). TBXS5 encodes a member of the T-box transcription factor family and its product
has recently been shown to associate with NKX2-5 via an interaction between the N-
terminal portion of the TBXS5 ‘T-box” and the homeodomain of NKX2-5 (Hiroi et al.,
2001). Further, TBX5 and NKX2-5 were found to promote cardiomyocyte
differentiation in cell culture, thus placing these two transcription factors within a single
cardiac developmental pathway (Hiroi et al., 2001).

Alagille syndrome (AGS, OMIM#118450) is an autosomal dominant condition
occurring in approximately 1:70,000 births. Affected individuals have OT abnormalities
ranging in severity from peripheral arterial stenosis to TOF. In addition, patients often
show developmental defects in the liver, kidney, eye and skeleton (Alagille et al., 1975;
Lietal., 1997a; Oda et al., 1997b). Clues to the underlying genetic defect were revealed

after JAGI was cloned from the Alagille syndrome critical region at 20p12 (Oda et al.,
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1997a). Human JAG/ is the homolog of Jagged] in rats, which itself is the homolog of
the fly gene Serrate (Lindsell et al., 1995). Work in D. melanogaster and C. elegans had
previously shown Delta and Serrate / LAG2 and APX1 were the ligands for the Notch/
LIN12 or GLP1 receptors, respectively (Artavanis-Tsakonas et al., 1995). Notch was
known to be a highly conserved developmentally essential cell-surface receptor that
functions generally to mediate cell fate decisions; among these being the proper
specification and formation of mesodermal and neural cell lineages (Corbin et al., 1991;
Hoch et al., 1994). Delta, Serrate, LAG2, APX1 as well as JAG1 are membrane bound
extracellular proteins containing a hallmark “DSL” (Delta Serrate Lag-2) cysteine rich
region and variable repeats of EGF domains. Recognizing the importance of Notch and
its ligands in early embryogenesis, Oda and coworkers refined the Alagille critical region
and scanned the JAG! gene from affected and normal individuals by SSCP. Using this
method they were able to find insertions (resulting in frame-shift), deletions and splice
donor point mutations. The authors invoke haploinsufficiency, as opposed to a dominant-
negative mechanism of pathogenesis given that the phenotype in patients with
microdeletions or loss of expression does not differ appreciably from patients harboring
point mutations or suffering from alterations in splicing (Oda et al., 1997b). In a related
study, heteroduplex migration analysis (HMA) in cDNA heteroduplexes followed by
direct sequencing of PCR products was used to screen 10 individuals from four Alagille
syndrome families. Small insertions and deletions resulting in a frameshift predicted to
cause chain termination were found in each of the four families. It is interesting to note
that JAGI mutations are analogous to NKX2-5 mutations in that two affected members of

a single family have divergent cardiac phenotypes, again ranging from severe TOF in a
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child to a heart murmur reported in her mildly affected father (Li et al., 1997a). Perhaps
more strikingly, coding changes in JAG/ have been identified in non-syndromic TOF
characterized by variable expressivity and reduced penetrance, much like a group of
NKX2-5 mutations (Eldadah et al., 2001). This clearly demonstrates that alterations in
two separate genes can result in the same restricted cardiac phenotype.

Transcription factors and cell-surface ligands represent but two classes of
molecules implicated in the etiology of CHD. Marfan syndrome (OMIM #154700)
includes skeletal, ocular and cardiovascular defects as hallmark features. Specifically,
mitral valve prolapse, dilated aortic root and a weakened aorta make aortic aneurism
leading to dissection one of the leading causes of death in affected individuals (Maslen,
1993). The finding that mutations in fibrillin-1 (FBNI) cause Marfan syndrome
highlighted the fact that extracellular matrix molecules play a critical role in heart
development (Dietz et al., 1991; Maslen et al., 1991).

Williams syndrome (OMIM #194050) is a contiguous gene deletion syndrome
marked by variable features including characteristic ‘elf-like’ facies, short stature,
developmental delay and infantile hypercalcemia. However, cardiovascular
malformation is one of the most common findings with supravalvular aortic stenosis
(SVAS) occurring in the majority of cases. Complete or partial deletion of the 45 kb
elastin (ELN) gene was found in over 90% of Williams syndrome patients, implicating a
second extracellular protein in the occurrence of CHD (Ewart et al., 1993; Nickerson et
al., 1995).

While large interstitial deletions as well as mutations within specific genes can

lead to congenital heart malformations, so too can the presence of additional genetic
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material. This is perhaps best exemplified by Trisomy 21 or Down syndrome
(OMIM#190685) which arises from aberrant dosage of genes normally found on human
chromosome 21. The stereotypical features of trisomy 21 include congenital heart
defects resulting from abnormal endocardial cushion development, mental retardation,
characteristic facies, and often hearing loss, though a wider spectrum of clinical features
has been defined that includes gastrointestinal anomalies, immune system defects,
increased risk of leukemia as well as a reported “Alzheimer’s-like” dementia (Korenberg
et al., 1994). The occurrence of trisomy 21 increases as a function of advancing maternal
age and is reported to range between 1:100 (advanced maternal age) and 1:1000.

Though most often considered in the context of an intact extra copy of
chromosome 21, it has been established that specific phenotypic features can be assigned
to smaller chromosomal segments. For example, an unbalanced 4;21 translocation in a
Japanese pedigree (resulting in del4q35 and duplication of distal chromosome 21q) gives
rise to individuals which present with clinical Down syndrome, including typical facial
features, heart defects (specifically endocardial cushion defects) and mental retardation
(Korenberg et al., 1990). More recently, a gene encoding a neural cell adhesion molecule
mapping to human chromosome 21q22.2-22.3 has been isolated (Yamakawa et al. 1998).
This gene, called DSCAM (Down syndrome cell adhesion molecule) is a member of the
immunoglobulin superfamily. Based on developmental expression throughout nervous
tissues including the neural tube, cortex and hippocampus and DSCAM was initially
proposed to contribute to the neurological phenotype associated with trisomy 21. Studies
in mouse were able to demonstrate DSCAM expression in neural crest derived tissues,

including branchial arches, trigeminal ganglia and heart ganglion (Yamakawa et al.,
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1998). Using a panel of 19 individuals with partial trisomy 21 and CHD, fine mapping
studies were performed in which a Down syndrome CHD candidate region of
approximately 5.5 Mb was defined (Barlow et al., 2001). Interestingly, DSCAM was
found to lie within this narrowed interval and based on its developmental expression in
migrating neural crest has been proposed as a candidate gene for CHD associated with
trisomy 21 (Barlow et al., 2001). The authors speculate that overexpression of DSCAM
as a consequence of trisomy may adversely affect EMT and/or cell migration thus leading

to abnormal endocardial cushion formation as a possible mechanism.

Congenital heart defects in model systems

While the genetic dissection of human syndromic and non-syndromic CHD has
met with some success, the preponderance of current understanding has come from
experimental manipulation in both vertebrate and invertebrate systems. One rational
approach for modeling human conditions is to make targeted mutations in mouse
orthologs of human genes. Using targeted disruption of candidate genes and observing
the phenotypic consequences has revealed a broad group of factors, acting alone or in
concert during cardiogenesis. Of course, these models are not without their limitations.
Nevertheless, considerable progress has been made by the use of this approach and the
list of molecules known to be essential for cardiogenesis is increasing at a rapid rate.

Heterozygous Thx5 mutant mice were generated to model Holt-Oram syndrome
(Bruneau et al., 2001). These mice were found to exhibit subtle changes of the limbs and
fully penetrant ASDs (n=7), neither of which were found in wild-type littermates.

Furthermore, occasional embryonic death (e16.5) was observed in heterozygous mutants,
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which was attributable to intrauterine heart failure. Conduction system disease resulting
from a lack of connexin 40 (cx40) expression was identified in these animals. Atrial
natriuretic factor (4#f), normally expressed in atrial myocardium was similarly
downregulated. The effect of 7hx5 mutations on these genes suggested they act in the
same pathway. Co- transfection of 7b6x5 and constructs of the putative cx40 or Anf
promotors fused to luciferase showed T-box binding elements were necessary to drive
reporter expression and were reliant on TbxS5 in a dose-dependent manner. Interestingly,
inclusion of an Nkx2-5 expression construct in these experiments showed an additive
effect, demonstrating 4nf and cx40 are directly regulated by both transcription factors.
In contrast to the heterozygotes, homozygous 7hx5 mutants expired by €10.5 due to an
asymmetrically malformed heart, with striking underdevelopment of left-sided structures
and low or absent expression of ventricle-specific markers. Thus, the Thx5 knockout
mouse has provided additional insight into the pathogenesis of Holt-Oram syndrome and
has put Anfand cx40 into a similarly regulated genetic pathway (Bruneau et al., 2001).

The role of Jag! was investigated in vivo by creating a null allele in the mouse
and characterizing both heterozygous and homozygous animals (Xue et al., 1999). As
one might predict, interrupting the Notch pathway in homozygous mutants was lethal in
utero. These embryos were dying at e10.5 of hemorrhage and an apparent lack of large
blood vessels in the yolk sac. Similarly, the vascular network of mutant animals was
irregular and major vessels had a markedly reduced diameter. In heterozygous mutants,
the only apparent defect was a moderately severe ocular phenotype in which the outer
edge of the iris was contiguous with the ciliary body musculature. There was no

detectable involvement of cardiac, hepatic or skeletal tissues, thus the heterozygotes were
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found to be an unsuitable model for Alagille syndrome. The Jag/*" mouse is one
example of the sometimes limited and often unpredictable outcome of this technique.

Partial recapitulation of Marfan syndrome was found in mice made deficient for
fibrillin-1. These homozygous mutant mice are indistinguishable from wild-type
littermates at birth, yet die suddenly between nine and eighteen days of age as a result of
cardiovascular complications (Pereira et al., 1997). Interestingly, the original fibrillin-1
null mice did not show the characteristic skeletal defects of Marfan syndrome nor do they
show compensatory expression of fibrillin-2. This was likely due to the fact that mutant
pups expired prior to weaning from aortic dilatation and dissection (Pereira et al., 1997).
A second fibrillin-1 mutant mouse has been generated that resulted from an aberrant
targeting event of the original fibrillin-1 targeting vector. This mislaid insertion results in
a 5-fold reduction of fibrillin-1 expression without loss of coding sequence and thus does
not alter the protein itself (Pereira et al., 1999). Nevertheless, the phenotype of these
mice (termed mgR/mgR mice) is relatively benign and homozygous mutants survive into
early adulthood. The ability of these animals to survive beyond the neonatal period
results in a model of Marfan syndrome which more closely approximates the human
condition, including skeletal long bone overgrowth and shortened lifespan resulting from
vascular insufficiency (Pereira et al, 1999).

The Nkx2-5 mutant mouse was produced prior to the discovery of mutations in the
human ortholog as causative for non-syndromic ASD and conduction delay.
Homozygous mutations were found to result in intrauterine death. These embryos show
severe growth retardation and retained linear hearts with no apparent delineation of

individual chamber-forming fields. This phenotype is fully penetrant, in that no
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homozygous mutants were detected in over 1200 offspring from heterozygous mating.
This was a particularly valuable model in that it showed Nkx2-5 is a positive regulator of
MLC2V, one of the first proteins specifying ventricular differentiation, thus introducing
Nkx2-5 and MLC2V into the same genetic control hierarchy (Lyons et al., 1995).

The Nkx2-5 mouse is but one example of using a genetic approach to answer
questions regarding in vivo function. Furthermore, gross phenotypic effects on anatomy
-~ or altered viability do not exhaust the utility of such models, as witnessed by the
discovery that Nkx2-5 regulates MLC2V production. In fact, deconstructing the genetic
pathways essential to vertebrate heart assembly has been significantly advanced by
perturbing genes suspected to play a role in cardiogenesis one by one. Perhaps nowhere
else is this more evident than the relationships that have been established among
transcription factors.

The role of Mef2c in cardiogenesis was investigated in a mouse model (Lin et al.,
1997). Mef2c is normally expressed throughout the heart tube uniformly. While the
heterozygous mice were indistinguishable from wild-type animals, homozygous mutants
died between €9.0 and 10.5. Mef2¢c homozygous mutants produced a linear heart tube
that began contractions, however the contractions were weak and irregular. Further, the
heart tube did not undergo rightward looping, a morphological shift necessary to bring
the presumptive atria and ventricles into alignment. Other cardiogenic genes were
investigated in these mutants. In direct contrast to Nkx2-5 mutations, Mef2¢ mutations
were found to have no effect on Mlc2v production or pattern of expression. One simple
explanation for this observation is that Nkx2-5 and Mef2c regulate different genetic

pathways in heart. Furthermore, the consequences of Mef2¢ mutations on the basic Helix-
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Loop-Helix (bHLH) transcription factors dHAND and eHAND were probed. These
proteins are known to be expressed in a complimentary fashion throughout heart forming
tissue, with dHAND localized predominantly to the right side of the heart, and eHAND
primarily expressed in the conotruncus and future left ventricle (Srivastava et al., 1997).
Transcripts of dHAND were found to be downregulated at the time of looping and the
right ventricle failed to form, whereas e HAND expression was expanded to encompass
the entire heart tube. Nkx2-5 expression appeared similar to wild-type, again suggesting
Nkx2-5 is functioning in a separate pathway. An alternative explanation is that Nkx2-5
acts upstream of Mef2c.

When dHAND mutant mice were generated, again the heterozygotes did not show
any obvious defects. No live-born homozygous mutants were obtained from 155
offspring indicating embryonic lethality. Inspection of embryos recovered by Caesarian
sections revealed death between embryonic days 10 and 11. In these mice, cardiac
looping does begin, but arrests abruptly as a single left ventricle forms a connection with
the outflow tract. No evidence for a right ventricle was detected (Srivastava et al., 1997).
Also found was an absence of aortic arch arteries and a dilated aortic sac. These
structures are populated with migrating cardiac neural crest during development. The
abnormal anatomy in these structures indicates dHAND expression, in addition to a
neural-crest component is required for proper formation. In situ hybridization
experiments using an e/7AND probe detected robust signal throughout the heart, which
further suggests dHAND plays a regulatory role in e ZAND expression. Finally, while the
expression patterns of many of the genes discussed previously (4nf Mic2v, Nkx2-5)

appeared normal, the expression of the cardiogenic transcription factor Gatad, was
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largely eliminated in JHAND mutant hearts, which places Gata4 downstream of dHAND
and in the same genetic module, either directly or indirectly (Srivastava et al., 1997).

The study of homozygous e HAND mouse mutants also revealed embryonic
lethality, only developmental arrest was found between embryonic days 8.5-9.5 (Firulli et
al., 1998; Riley et al., 1998). Primary defects were found in the yolk sac and heart, the
latter of which never underwent looping. In one mouse model, tracking e HAND
expression was facilitated by the use of a ‘knock-in’ B-gal reporter construct that replaced
the native start site with that of the reporter (Firulli et al., 1998). eHAND expression was
localized to the left ventricle and outflow tract, as well as extraembryonic mesoderm.
Additionally, reporter signal was detected in the first branchial arch. Again, expression
of Anf, Mlc2v, Mef2c and Nkx2-5 were unaffected in these models, suggesting e HAND
lies downstream of these elements in development. Presumably, the early embryonic
death results not from cardiac defects directly, but a lack of nutrients due to malformed
extraembryonic components, including chorion, amnion, allantois and yolk sac (Firulli et
al., 1998). This was confirmed by tetraploid-rescue of chimeric embryos, which survived
until at least until €9.5, at which point rightward looping failed (Riley et al., 1998). In
these rescued embryos, Gata-4, Nkx2-5, Mef2c and dHAND were expressed normally.
However, Mic2v transcripts were not detected, suggesting eHAND is necessary for
maintenance of expression of this gene. Additional mutant mice exhibiting a

cardiovascular phenotype are listed in Table A.
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Table A: Knockout mice with cardiovascular defects

HEART
GENE CLASS PHENOTYPE REFERENCE
Gata4 Transcription factor | Aberrant heart field (Kuo et al., 1997,
migration; failure to Molkentin et al.,
form heart tube; 1997)
embryonic lethal
Madh6 (Smad6) Signal- OT septation defects; | (Galvinetal.,
transduction/ valve hyperplasia; 2000)
transcriptional co- | survive to adulthood
activator
Neuregulin Soluble ligand Abnormal endocardial | (Gassmann et al.,
(paracrine factor) cushions and 1995; Meyer and
trabeculae; Birchmeier, 1995)
embryonic lethal
Connexin43 Intercellular OT enlargement with | (Reaume et al.,
membrane channel/ | severe blockage; 1995)
gap junction protein | post-natal lethality
N-cadherin Cell adhesion Expanded pericardial | (Radice et al.,
cavity, failure to 1997)
develop normal
myocardium;
embryonic lethal
Versican/hdf Extracellular matrix | Absent endocardial (Mjaatvedt et al.,
(random insertion of | glycoprotein cushions; primitive 1998)
transgene lead to right ventricle and OT
heart defect mouse) fail to form;
embryonic lethal
m-Bop Histone-deacetylase | Extreme thickening of | (Gottlieb et al.,
dependent cardiac jelly (ECM); | 2002)
transcriptional failure of right
TE€pressor ventricle formation

embryonic lethal
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3p- syndrome

Congenital abnormalities of the heart frequently result from chromosomal
aberration resulting in an altered dosage of one or more genes (Maslen, 1996). 3p-
syndrome is characterized cytogenetically by monosomic deletion of the distal portion of
3p25-pter, or by interstitial deletion at 3p25-26. Since the initial report in 1978, fewer
than 25 cases have been presented, nearly all of them sporadic, demonstrating the rarity
of this disorder (Verjall, 1978; Phipps et al., 1994). The hallmark features of 3p-
syndrome include low birth weight, pre- and postnatal growth delay, psychomotor and
mental retardation, hypotonia, microcephaly, ptosis, low set malformed ears,
micrognathia, telecanthus and long philtrum. Differences in proximal chromosomal break
points result in phenotypic variability including postaxial polydactyly, cleft palate, renal
and gastrointestinal anomalies, rockerbottom feet, seizures, triangular face, preauricular
pits and impaired hearing. Congenital heart defects are also a variable feature associated
with 3p- syndrome. Approximately one-quarter of all infants with 3p- syndrome expire,
with CHD as the principle cause (Phipps et al., 1994; Drumheller et al., 1996).

The underlying molecular genetics and genotype-phenotype correlation of 3p-
syndrome have been examined. One individual with an interstitial deletion of 3p25-26
and the characteristic features of the syndrome was studied. The chromosomal
breakpoints in this patient were between D3S1317 and D3S17, suggesting that the
minimal critical region must lie within this 21cM interval (Mowery, 1993). Using a
combination of fluorescence in situ hybridization (FISH) and analysis of polymorphic

DNA markers from chromosome 3p25-26, the chromosomal breakpoints and phenotypic
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consequences were described in five additional patient cell lines. It was found that
patients with the most proximal deletions presented with cardiac septal defects, whereas
patients with more distal deletions lacked CHD, suggesting haploinsufficiency of one or
more genes in this region leads to heart malformation. Further, through these analyses
the authors determined that a gene for normal cardiac development must lie between
markers D351250 and D3S18 (~4 ¢cM) (Phipps et al., 1994). In a subsequent study,
using somatic hybrid cell lines generated from 3p- syndrome patients, derivative 3
chromosomes were isolated. PCR analysis using microsatellite markers from the region
implicated in CHD refined the critical region. An approximately 1 Mb interval bounded
by markers D381585 and D3S1263 was reported. Interestingly, the most severely
affected patient in this study group had the most extensive deletion and was reported to

have an endocardial cushion defect (Drumbheller et al., 1996).

CRELDI1

We have discovered and characterized a gene mapping to human chromosome
3p25 (Rupp, Fouad et al., 2002; Appendix IIT). The sequence characteristics of this gene
reveal similarity to fibrillinl and 2 as well as other matrix proteins. Our group obtained a
2.1 kb ¢cDNA clone from the Whitehead Institute (WI11041). Complete sequencing
revealed a 1263 bp open reading frame encoding a protein of 420 amino acids.
Originally this protein was named ‘cirrin’ (Maslen, 1999), however the Human Genome
Nomenclature committee has recently designated this protein CRELD1 (cysteine-rich

with EGF-like domains 1), and thus cirrin will be referred to as CRELD1 hereafter.
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A bacterial artificial chromosome (BAC 172117) has been identified that
contains the human genomic sequence. Intron-exon organization has been determined by
direct sequencing of PCR amplified fragments derived from BAC172117. This was
confirmed by direct sequence analysis of PCR products derived from human genomic
DNA. The CRELD] gene has 11 coding exons and spans approximately 12 kb. There is
direct ¢vidence for variable splicing of CRELDI, with one of two alternative terminal
exons utilized.

Analysis of the amino acid sequence of CRELD1 using publicly available online
tools has revealed motifs within the protein with similarity to elements found in
extracellular molecules. A secretion signal is predicted at the amino-terminus followed
by a short, poorly conserved proline-rich region. Adjacent to the proline-rich region, a
sequence enriched for tryptophan and glutamic acid has been ascertained (the WE
domain). This sequence, spanning 135 amino acids, seems to be unique to CRELD
family members. A pair of EGF domains, followed by a pair of calcium binding EGF-like
domains are positioned after the WE domain. Two membrane-spanning helices are
predicted by computer analysis, indicating CRELD] likely extends into the extracellular
space yet remains anchored to the cell membrane. This model further predicts the

carboxyl-terminus of the protein lies outside the cell, as shown in figure 2.
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Figure 2

Schematic representation showing CRELD1 domain structure. The WE domain (yellow)
extends into the extracellular space. A pair of EGF domains and calcium binding EGF
domains (blue) lie adjacent to the membrane. Predicted transmembrane spanning helices
are shown in red; carboxyl terminus is extracellular.
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Multiple-species Southern blot analysis under stringent conditions has revealed
that CRELD] is found in mammals and birds, though not in yeast. Commercially
available adult and fetal multiple-tissue Northern blots have been probed with a CRELD]
cDNA fragment. A 2.1 kb transcript was found to be widely expressed, with particularly
high levels found in fetal and adult heart as well as skeletal muscle. Whole mount in sifu
hybridization studies in chick demonstrate expression in the endocardial cushions and
myocardium of the developing heart, as well as in the limb buds, developing brain,
mandible and branchial arches (Rupp, Fouad et al., 2002).

CRELDI encodes the founding member of a new family of proteins belonging to
the EGF superfamily, and a second closely related gene (CRELD?2) has been identified.
CRELD2 ESTs have been localized to chromosome 22p13 (GenBank accession number
NP_077300) (Rupp, Fouad et al., 2002). While CRELD?2 shares significant sequence
(38% identical, 51% similar at the amino acid level) and structural domain similarity with
CRELDI, it is predicted to be secreted into the extracellular space and contains no
putative membrane spanning domains.

Cell lines from 3p- syndrome patients have been obtained from the NIGMS
Human Mutant Cell Repository (Coriell Institute). Two of these cell lines (GM10922
and GMO07873) are derived from patients with endocardial cushion defects. Cell line
GM10985 is from a patient without heart defects. The patients represented by these cell
lines were carefully evaluated clinically for the standard features of 3p- syndrome prior to
inclusion in the repository. Fluorescent in sifu hybridization (FISH) studies have been
performed on metaphase chromosome from these cell lines using a 11kb CRELD] probe

and a chromosome 3 alpha satellite probe to confirm chromosome identity. FISH results
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for cell lines GM10922 and GM07873 consistently show two chromosome 3 alpha
satellite signals, but only one CRELD] signal, demonstrating CRELD/ is deleted in those
patients with CHD. FISH results for cell line 10985 were ambiguous in that a positive

signal for CRELDI, while present, was not consistently detectable (Rupp, 1999).
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Hypothesis

We propose that CRELDI1, a newly characterized and highly conserved
extracellular protein that is expressed at high levels in the endocardial cushions and
myocardium of the developing heart, is critical for normal cardiac morphogenesis. More
specifically, we propose that CRELD1 plays a key role in the formation of valve leaflets
and the ultimate structural alignment of the internal septa based on its expression pattern.
Defects in this process are predicted to result in AVSD. We have undertaken a project
designed to question CRELD1 involvement in heart development by seeking to
recapitulate the endocardial cushion defects (AVSD) seen in CHD-positive 3p- syndrome
patients by generating a targeted Creld! haploinsufficient mouse. As an ancillary
approach, we further intend to probe the function of CRELD1 by conducting a yeast two-

hybrid library screen in an attempt to identify proteins with which CRELD]1 interacts.
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Chapter 11

Materials and Methods
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Materials and Methods

Mouse genomic library

In order to isolate a DNA fragment of murine Creld! to use as a reagent for
constructing a gene-targeting replacement cassette, a mouse strain 129 genomic library
was obtained from the OHSU Transgenic Mouse Core F acility. The titer of the library
was reported to be 1.0 x 107 pfu/mL and was packaged in Stratagene Lambda FixII with
an average insert size ranging between 15 and 20 kb. The library was estimated to

contain 1.1 x 10° independent phage.

Genomic library titering

A streak of E. coli host strain XL-1 Blue MRA was made on an LB plate
following standard techniques. Individual colonies were then re-streaked onto additional
LB plates followed by 37 °C incubation for 12 hours. A single colony from the working
stock plate was used to inoculate 50 ml LB broth supplemented with 0.2% maltose and
10 mM MgSO;. The culture was incubated over night at 30 C while shaking. The cells
were then collected aseptically (10 min at 2000 RPM) and the pellet resuspended in 15
mL 10mM MgSOy. The cells were diluted to ODggp = 0.5 in 10mM MgSO, and stored
at 4 °C for up to 24 hours. Serial dilutions (1:10; 1:100; 1:1000) were made of the
library-containing bacteriophage in 1X SM buffer (10X Stock: 5.8 g NaCl, 2.0 g MgS0O,
/TH,0, 50 ml 1 M Tris-HCI (pH 7.5), 5.0 ml 2% gelatin; gs to 1 liter with d H,0 and

sterilize). One UL representing each dilution of library was added to 200 UL host cells
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and incubated 15 min at 37 °C. Following incubation, the mixture was added to 2.75 mL

NZY top agar and plated on 100mm NZY plates then incubated at 37 °C overnight.

Plaque transfer to nylon membrane

A fresh culture of E. coli host strain XL-1 Blue MRA was prepared as described
for genomic library titering. To screen‘a minimum of 1 X 10° plaques, 20 plates
containing 50,000 pfu/plate were prepared. 34 uL bacteriophage (2.9 X 10’ pfu/mlL)
were incubated with 12 mL host cells for 15 min at 37 °C with gentle agitation. 600 uL
cell suspension was then mixed with 6.5 mL prewarmed NZY top agar and poured
carefully over 150 mm LB agar plates, followed by incubation at 37 °C for 16 hours.
Positively charged nylon membrane disks were labeled in pencil. Duplicate lifts were
performed sequentially per plate by placing the membrane directly onto the agar for 2 to
3 min per disk. Orientation marks were made and the disk was removed from the
surface of the plate then transferred to a Whatman 3MM filter saturated with 0.5M
NaOH, plaque-side up for 2 to 3 min. Disks were then washed in excess 5X SSC for 1
min and air-dried. Library DNA was immobilized on the disks by baking at 80 °C X 2 h

under vacuum and stored at room temperature.

Preparation of genomic probe

Human CRELD] ¢cDNA was used to search the mouse EST database. Seventeen
unique overlapping murine EST’s were found that shared significant sequence homology
with human ¢cDNA. Primers were designed in areas of greatest similarity. These primers

were added to a PCR reaction consisting of 100 ng mouse strain 129 genomic DNA as
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template and Gibco BRL Tag DNA Polymerase (Rockville, MD, cat. #1 8038) reagents.
The reaction conditions were as follows (note: all concentrations are initial):

68 }LL deO

10 pL. 10X Reaction buffer

8 uL dNTPs[10 mM)]

4 pL Forward Primer E1-2F [25 uM]

4 uL Reverse Primer E1-2R [25 uM]

4 pL MgCl, [50 mM]

1 pL Taq DNA Polymerase

1 _ul. Mouse genomic DNA
100 puL total

Conditions: 95°C X3’

[94°C X 457 /61°CX 457 /72°C X 2°] X 35 cycles

72°CX5%
The PCR product derived from this reaction was electrophoresed on a 1% agarose gel
prepared in 1X TBE containing 1 pg/mL ethidium bromide and visualized via UV
transillumination. A band migrating between 400 and 600 base pairs (bp) was purified
from the agarose using QIAquick Gel Extraction Kit (Qiagen Inc., Valencia CA
Cat.#28706) following kit protocol. The concentration of the extracted product was
estimated by loading 5 uL on a 0.8% agarose gel and comparing with HyperLadder
quantitative standard (ISC BioExpress, Kaysville, UT Cat# C-5087-200). Approximately
20 ng of the recovered fragment was cloned u;ing pMOSBlue blunt ended cloning
reagents according to kit protocol (Amersham Pharmacia Biotech, Buckinghamshire UK
Cat.# RPN5110). Ligation products were transformed into MOS Blue competent cells
following standard methods and plated on LB Agar plates containing 50 pg/mL

ampicillin and 15 pg/mL tetracycline then incubated at 37 °C X 16 hrs. Colonies were

used to inoculate 3 mL LB containing 50 pg/mL ampicillin, which were incubated at 37
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°C overnight shaking at 220 RPM. pMOS plasmids were recovered from MOSBlue
cultures using QIAprep Spin Miniprep columns (Qiagen, Cat #27106) following
manufacturer’s instructions. Isolated plasmids were then screened using primer set E1-
2F/R as described above. Plasmids yielding PCR products of expected size were
sequenced at the Shriners Hospital Sequencing Core facility using vector primer T7

(Appendix I).

Labeling for chemiluminescent detection

Gel purified PCR product (50 ng) was labeled using ECL Random Prime
Labeling and Detection System (version IT) (Amersham Pharmacia Biotech,
Buckinghamshire UK Cat.#RPN3040/3041) following system procedures. Dilutions of
labeled probe were made (1:5, 1:25, 1:50, 1:100, 1:250, 1:500, 1:1000 in TE) and
determination of probe labeling efficiency was made using a rapid labeling assay. This
was accomplished by applying 5pl aliquots to positively charged nylon filters followed
by a gentle wash in 2X SSC (60°C) X 15 min and visualization by UV transillumination

and comparison against standards.

Probe hybridization, stringency washes and signal detection

Filters were divided into groups of 10 and hybridized with labeled probe.
Hybridization buffer was prepared according to kit instructions. Labeled probe was

denatured at 100°C for five min and added to buffer. Hybridization was performed

overnight at 60°C. Two stringency washes were carried out: 1XSSC/0.1% SDS followed
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by 0.5X SSC/0.1% SDS each at 60°C for 15 min. Filters were then rinsed briefly in
excess buffer A (100 mM Tris-HCI, 600 mM NaCl pH 7.5) and incubated an additional
30 min at room temperature using supplied blocking reagent. A 1:1000 dilution of o-
fluorescein-HRP conjugate was prepared in buffer A containing 0.5% BSA (Sigma, St.
Louis, MO Cat.# A-2153) in a total volume approximately equivalent to 0.25ml/cm? of
membrane. Filters were incubated at room temperature for 30 min followed by 3X 10
min washes in excess buffer A containing 0.1% Tween-20. Kit supplied detection
solution (0.125ml/ cm? membrane) was prepared according to protocol and applied
directly to filters. After 1 minute, excess reagent was removed and filters were wrapped
in saran-wrap. Filters were exposed to Amersham Hyperfilm ECL (Cat#RPN3114) for

10 min at room temperature and developed.

Identification and isolation of plaques

Films showing pinpoint signals were aligned with original plates and signals
present in duplicate were identified. Plates were placed over film and the stack was
viewed over a light box. Using sterile pasture pipettes, plugs of agar containing viral
plaques were isolated. Agar plugs were placed in 1 mL 1X SM buffer and bécteriophage
were eluted overnight at 4°C. Eluant was diluted 1:50 in 1X SM buffer and used to
inoculate additional XL-1 Blue MRA E. coli . These cultures were used to prepare
additional plates that were then re-probed as described above to identity single, well-

isolated plaques.
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Purification and subcloning of murine genomic DNA

A5 mL culture of XL-1 Blue MRA E. coli was incubated overnight in LB
containing 0.2% maltose; 10 mM MgSO;4. 500 uL of the overnight culture was
inoculated with 25 pL viral eluate and incubated for 20 min at 37 °C. This was then
added to 100 mL prewarmed supplemented LB in a sterile flask and incubated at 220
RPM at 37°C. Th¢ culture was monitored until lysis (defined as rapid _clearing of the
otherwise turbid culture) occurred. Viral DNA was isolated from this solution using the
Wizard Lambda Prep DNA Purification System according to manufacturers instructions
(Promega, Madison, WI Cat#A7290). Purified DNA was assessed by PCR (primers E1-
2F/R) as described previously. PCR positive clones were digested with Not/ following
supplier’s recommended conditions in order to excise the murine insert. Notl was
similarly used to linearize pBluescript IT SK (-) (Stratagene, La Jolla, CA Cat#212206)
for use in subcloning and subsequent restriction mapping of the genomic fragment. Not/
restricted bacteriophage insert and pBluescript IT SK(-) were gel purified as described
previously. The vector was treated with calf-intestine alkaline phosphatase according to
supplier’s suggested conditions (Boehringer Mannheim, Indianapolis, IN Cat.#713 023).
Ligation reactions were performed using a 1:10 ratio of vector: insert in a 20 ML reaction
using T4- ligase and incubation overnight at 15°C . Aliquots (1 UL and SuL) of the
ligation reaction were then used to transform competent DH5a. E. coli using standard
methods (Ausubel, 2001). Colonies were picked and grown under selection followed by
plasmid recovery using the alkaline lysis miniprep method (Ausubel, 2001). Individual
plasmids were assessed for inéert using Not restriction digest followed by

electrophoresis and visualization as described previously. Sequencing reactions were
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prepared using primers E1-2F, E1-2R, E2-3F and E2-3R (Appendix I). Sequencing was
performed on an ABI 373 Sequencer at the Vollum Sequencing Core Laboratory.
Successful sequencing reactions were used to design additional primers for further clone
characterization. Initially, these included MExon1.Seq and MIntronl.seq (Appendix D).
Upon positive identification of clones, maxi preps (Qiagen) were performed to obtain
ample DNA for characterization by restriction mapping. Resulting plasmid was extracted
using standard phenol-chloroform methodology. Following extraction, sample was'
precipitated with sodium acetate and ethanol, followed by resuspension in 10mM Tris pH

8.0.

Radiation hybrid mapping of murine Creld1

A mouse/hamster whole genome radiation hybrid panel was obtained through
Research Genetics (McCarthy et al., 1997). The panel contains DNA extracted from 100
mouse/hamster clones, with mouse genome representation in the hybrid array estimated
at between 20-25%. Using primer pair E1-2F/R and Advantage 2 PCR reagents, a single
528 bp fragment was obtained from 100 ng mouse strain 129Sv genomic DNA but not
100ng hamster genomic DNA (control). Two-step cycling parameters were used: 95 °C
for 1 min. initial denaturation followed by 95 °C for 30 s then 68 °C for 1 min for 30
cycles. Using these conditions, 50 ng DNA from each hybrid was used in a 25 uL. PCR
reaction, followed by visualization of 15 UL reaction product on a 0.8% agarose gel
containing 0.05 ug/mL ethidium bromide in 1X TAE running buffer. The panel was
screened and scored in duplicate. Total mouse and hamster genomic DNA controls were

included. A single ambiguous result was scored “R”, whereas all positive results were
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scored “1” and negative “0”. The data set was analyzed using the online Jackson
Laboratory T31 Mouse Radiation Hybrid Database found at:

(http://www.jax.org/resources/documents/cmdata/rhmap/rhsubmit/html).

Localization of restriction sites on the murine Creld! clone

In order to generate a partial restriction mép of the genomic clone, the insert was
excised from pBluescript IT SK(-) using Not/ followed by precipitation using 3M sodium
acetate and 70% ethanol (Ausubel, 2001). A panel of enzymes was selected for
restriction of excised insert [Sacl, Sacll, Smal, BamHI, Hindlll, EcoRl, EcoRV, Xbal,
Pstl, Spel, Clal, Sall, Xhol, BstXI, various suppliers]. 1 pg of DNA was used in each
reaction following recommended conditions for each individual enzyme. Products were
electrophoresed and visualized as described previously, followed by transfer to positively
charged nylon membrane with an alkaline buffer (Ausubel, 2001). Oligonucleotide
probes were end-labeled with T4 polynucleotide kinase (Roche Molecular Biochemicals,

Mannheim, Germany Cat#174 645) in a 30 UL reaction (all concentrations initial):

3 uL oligonucleotide (50 pmol)

3 uL 10X Polynucleotide Kinase buffer

5 uL [Y°P]dATP (10 uCi/uL)

0.5 pL T4 Polynucleotide Kinase (10U/uL)

18.5uL di,0

Incubate at 37 °C X 30 min; Heat inactivate at 65°C X S min.
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Unincorporated Y°P dATP, salts and enzymes were removed from the probe using
Microcon YM3 spin columns (Millipore Corporation, Bedford MA Cat#42403). This
was accomplished by adding 200 pL. TE to the sample and centrifuging the column at
13,000 RPM X 100 min followed by washing the column with an additional 200 pL. TE
at 13,000 RPM X 45 min. Probe was collected by inverting the column and pulsing at
1000 g X 3 min. Specific activity of each probe was determined by adding a 1:100
dilution of 1 pL purified probe to 10 mL scintillation fluid followed by detection. SDS

pre/hybridization buffer for use with oligonucleotides was prepared (2X solution):

25 mL 2M NaHPO, pH7.2
0.2 mL 0.5 M EDTA
4 mL 25% (w/v) BSA

20 mL 25% SDS

Working solution is prepared by adding 12 mL 40% formamide and 3 mL dH,O to 15
mL 2X SDS pre/hybridization buffer. Blots were prehybridized for a minimum of 15
minutes at 42 °C. Denatured probe (5 min @ 95°C) was added to hybridization solution
and allowed to hybridize over night at 42°C with mild agitation. Following incubation,
blots were washed in 2X SSC/0.1% SDS for 15 min at room temperature followed by a 1
min rinse in 0.2X SSC/0.1% SDS at 25°C. The membranes were then wrapped in saran-
wrap and exposed to x-ray film for 24-72 hours. Blots were stripped for reuse with
successive probes by placing membranes into a boiling solution of 0.1% SDS and

shaking gently until the solution had cooled to room temperature.
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Generation of the knockout-replacement construct

A strategy for assembling a targeting vector suitable for homologous
recombination was designed. In order to accomplish assembly, a 10.7 kb genomic
fragment of the mouse Creld] gene was isolated by restricting the full-length genomic
clone with Sall and Spel according to standard methods. Following gel purification, this
fragment was subcloned into the pEGFP (Clontech, Cat# 6077-1) vector backbone using
routine ligation conditions. Upon isolation of a suitable subclone, a 1.9 kb fragment was
excised from within the genomic insert using BamHI and Sac/ following manufacturer’s
recommended conditions; the resulting plasmid was gel purified using QIAquick Gel
Extraction Kit. A pair of oligonucleotides containing a Bgll[ site (Linker “T” and “B”;
Appendix I) was then designed for insertion into the subcloned 10.7 kb fragment between
existing BamHI and Sacl sites. Double-stranded linker was prepared by combining 0.5
g each oligonucleotide in 50mM Tris Buffer (pH 8.0) in 10 pl total volume. The
solution was heated at 65 °C for 5 min and allowed to cool and remain at room
temperature for 1 hour to allow annealing. Prepared linker solution was diluted 1:500 in
dH>0 and used in standard ligation reactions, which were performed by combining 1, 2
and 4 pl linker respectively in 10 pl total volume and incubating at 15 °C overnight.
Ligation products were transformed into competent DH5a E. coli and cultured on
appropriate media. Resulting colonies were grown in 3 mL cultures for 12-16 hours and
plasmids were recovered as described previously. Clones containing appropriate linker
placement were identified by restriction with BglII followed by electrophoresis and
visualization according to protocol. The vector pACN-1 was obtained as a gift from Dr.

Kirk Thomas, University of Utah (Bunting et al., 1999). pACN-1 was used as starting
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material from which a “self-excising” neomycin resistance cassette was isolated for use
in the targeting construct as a positive selectable marker. This was accomplished by
treating pACN-1 with Bg/I/ under standard conditions followed by gel purification of the
desired fragment as described previously. The purified neo-cassette was inserted into the
linker positioned within the mouse Creld] clone as detailed above (figure S, results).
Orientation of the neo-cassette was deduced by using HindIII to fragment the construct
and confirming one of two possible ouicomes made a priori. Next, a negative selectable
marker was also incorporated downstream of the 3° arm of homology. The vector pMCl1-
TK was obtained as a gift from Dr. Scott Stadler of Shriners Hospital for Children in
Portland, OR, from which a thymidine kinase gene was isolated using X#o! and Sall
according to protocol. Xhol and Sall have complementary cohesive ends, which allowed
for easy incorporation of TK into a pre-existing Sal[ site that was conveniently located
adjacent to the 3’ end of the mouse genomic sequence. Upon complete assembly of the
replacement construct and confirmation of structure, a maxi-prep was performed
(Qiagen). 60 ug of plasmid was linearized with Sall (recreated now downstream of the
TK gene) according to standard conditions. The linear construct was precipitated using
3M sodium acetate and 70% ethanol as described (Ausubel, 2001) and resuspended in
sterile TE under aseptic conditions. The complete, linear replacement vector was then
delivered to the OHSU Transgenic / Gene Targeting Facility for electroporation, culture
and selection of ES cells. Later, 200 g of targeting vector was prepared in a similar
fashion for submission to the Gene Targeted Mouse Service at the University of
Cincinnati, Dept. of Molecular Genetics, Biochemistry and Molecular Biology (231

Albert Sabin Way, Cincinnati, OH 45267).
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Partial analysis of BAC inserts

In order to develop a Southern blot assay suitable for identifying positively
targeted ES cells, BACs were obtained from Incyte Genomics (St. Louis, MO) using
Incyte BAC Mouse II PCR library screening service. Via this service, three individual
BACs were identified that yielded appropriately sized PCR product using primers E1-
2F/R as detailed above. Agar stabs of BACs (pBeloBAC11 vector) were used to make
streaks on LB agar plates containing 12.5 pg/mL chloramphenicol. BACs were isolated
from 500 mL culture using components and methods as outlined in the Qiagen Large
Construct Kit Handbook (Cat#12462). Upon isolation of BAC DNA, inserts were
characterized by PCR. In addition to primer pair E1-2F/R, several additional primers
were used. These included E2-3F.2 and E2-3R, M.Ex3-4F and M.Ex3-4R as well as
M.Ex5-6 F and R (Appendix I). A two step PCR protocol was followed using Advantage
2 PCR components (1X reaction, all concentrations initial; Clontech Cat#K1910-1):

38 uL. dHO

5 uL 10X Reaction buffer

1 pL 50X dNTP mix [10 uM each]

2 pL Forward Primer [25 uM]

2 pL Reverse Primer [25 pM]

1 pL 50X Advantage 2 Polymerase Mix

1 plL BAC template (50 ng/uL)
50 L total

Conditions; 95°CX 3’

[95°C X 307 /68 °C X 1 min] X 30 cycles
68 °C X 1 min

PCR products were obtained, gel purified and directly sequenced on an ABI 373 DNA

Sequencer. Because primer set E2-3F.2/E2-3R spanned the 3’ end of the genomic clone
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used to make the targeting vector, additional primers were designed from this relatively
large PCR product for purposes of obtaining additional sequence and deriving probes
suitable for Southern analysis. These include primers E2-3F.3, E2-3F.4 and E2-3F.5
(Appendix I). Similarly, using sequence from the same PCR fragment, primers NeolR
and NeolR2 (Appendix I) were designed anticipating a PCR genotyping assay for rapid
identification of the null allele in mice. In order to generate PCR products from BAC
DNA for assembly into a complete contig spanning the 3’ end of the genomic clone
through mouse exon 5, several permutations of the primer pairs listed above were
utilized, including M.Ex3-4F and M.Ex5-6R. Primers E2-3F.4 and E2-3F.5 were also
paired with M.Ex3-4R in order to generate smaller fragments in regions presupposed
suitable for probes. Furthermore, a partial restriction map of the contig was constructed
using a combination of direct sequence analysis using the online sequence analysis tool

Webcutter 2.0 (http://www.firstmarket.com/cutter/cut2.html) and enzyme treatment as

detailed previously.

Characterization of murine Creldl ¢cDNA

Using sequence generated from PCR products derived from BACs and mouse
genomic DNA, an EST likely to contain full-length murine Creldl was identified from
the EST database (blastn parameters with the “est_mouse” database specified;

http://www.ncbi.nlm.nih.gov/BLAST/). An EST representing and IMAGE Consortium

Clone ID # 1547690 (GenBank accession #BE200505) was obtained from Incyte

Genomics Inc. The cDNA had been cloned into vector pT7T3D-Pac and the insert ends
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were thus sequenced using standard T7 and T3 sequencing primers and conditions.
Additionally, sequence generated using primers M.Ex3-4F, M.Ex5-6F and M.Ex8-9F

(Appendix I) was used to complete assembly of the insert sequence.

Extraction of ES cell genomic DNA

Samples from the OHSU facility were received as ES cell colonies in duplicate 96
well plates. Due to a limited number of cells in each well, all DNA extraction steps as
well as treatment with restriction enzyme were performed directly in the plates. DNA
was extracted according to a method developed in the laboratory of Allen Bradley
(Ramirez-Solis et al., 1992). ES cell pellets were received in 1.5 mL microfuge tubes
from the University of Cincinnati. Pellets were suspended in 0.5 mL 1X lysis buffer (100
mM Tris-HCI pH 8.3, 5 mM EDTA, 200 mM NaCl; 0.2% SDS [final concentration] and
100 pg/mL Proteinase K added immediately before use) and incubated overnight at 37
°C. DNA was precipitated by adding 1.0 mL ethanol. Tubes were centrifuged 1 min and
the supernatant was carefully aspirated. Pellets were washed in 1 mL cold 70% ethanol
and again the supernatant was removed. Remaining liquid was drawn up with a
pipetman. Péllets were air dried for a minimum of 10 minutes and resuspended by

adding 150 pl 10 mM Tris pH 8.5 and incubating overnight at 50 °C.
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Southern analysis of mouse genomic DNA

A strategy to screen ES cells (or high molecular weight genomic DNA from tail
clips and thus assess germline transmission) for appropriate insertion of the targeting
vector was devised. A 757 bp probe was generated by PCR (primer pair E2-3F5/M.Ex3-
4R) using BAC DNA as template with Advantage 2 reagents and conditions listed above.
50 ng gel purified probe was labeled using [oc32P]dCTP (NEN Life Sciences, Boston
C.at#BLU513H) and “Ready-To-Go” DNA Labeling Beads (Amersham Pharmacia
Biotech, Cat#27-9240-01) following manufacturer’s instructions. Probe was purified
using QIAquick Nucleotide Removal Kit components and methods (Qiagen Cat#28304).
Specific activity of each probe was determined by adding a 1:100 dilution of 1 uL
purified probe to 10 mL scintillation fluid followed by detection. Approximately 5 to 8
ug genomic DNA template was treated with Bgl/l and allowed to incubate at 37°C for 12
hin a 50 pl reaction after which 5 pl 10X loading dye was added. A 0.8% agarose gel
containing 0.05 pg/mL ethidium bromide was prepared in 1X TAE. For each blot,
approximately 40 ul sample was loaded and electrophoresed at 60V X 3 h. The gel was
removed, rinsed briefly in dH,O and immersed in 0.25M HCI for 25 min. Next, the gel
was placed in 0.4M NaOH for 30 min then DNA was transferred to a positively charged
nylon membrane over night using 0.4M NaOH as the transfer buffer (Ausubel, 2001).
Following transfer, the blot was labeled, rinsed in 2XSSC briefly and allowed to dry at
ambient temperature. 10 mL hybridization solution was prepared containing 0.4 mL
dH,0, 0.5 mL 20% SDS, 3 mL 20XSSC, SmL formamide, 1 mL 50X Denhardt’s
solution. Denature 0.1 mL sheared DNA [initial concentration: 10mg/mL] at 95°C X 5

min and add to prewarmed hybridization solution (42°C) immediately prior to use.
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Membranes containing DNA were allowed to pre-hybridize for a minimum of 2 hours,
after which pre-hybridization solution was removed and replaced with 10 mL fresh
hybridization solution containing purified radiolabeled probe. Hybridization was
typically allowed to proceed over night at 42°C. Following incubation with probe,
washes were performed as follows: Rinse for 10-15 s in 200 mL 2XSSC at room temp;
200 mL 2XSSC/0.5% SDS at 25°C for 30 min; 200 mL 2XSSC/0.5% SDS at 60°C for 30
min; 200 mL 0.5XSSC/0.5% SDS at 60°C for 10 min. After washing, membranes were
wrapped in saran-wrap and exposed to Amersham Hyperfilm ECL for 3-5 days at -80°C

then developed.

Mouse colony establishment and maintenance

Chimeric mice were obtained first from the OHSU Transgenic Core facility. In
all, 5 male chimeras were derived from two cell lines and kept in a pathogen free barrier
room at OHSU. Ten female C57/BL6 mice were obtained from the Jackson Laboratory
(Bar Harbor, ME) and delivered to the OHSU Department of Comparative Medicine
(Protocol #A727). Two female mice were placed with each male chimera. Mice were
monitored regularly for offspring. Individual mice from each litter of pups were ear-
tagged, tail snips obtained and gender determined. High molecular weight genomic DNA
was extracted from tail clips using Qiagen Genomic-tip 100/G columns and buffer set
according to protocol (Qiagen, Cat#10243/19060). Genomic DNA derived from pups
was then used to genotype each pup by Southern blotting according to methods described

above. Later, pups were monitored and cataloged according to coat color only.
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Offspring exhibiting black coat color were weaned from parents between 25 and 30 days
of age, and non-essential mice were delivered to the Department of Animal care for

additional use or euthanasia.

Rapid genotype screening

A unique feature of the térgeﬁng vector includes the ability of the neo-cassette to
self-excise upon transmission through the male germline. PCR primers were designed to
take advantage of this phenomenon for use in a rapid genotyping screen in agouti mice.
Primer Genotype2.F was designed from mouse genomic sequence 5’ of the point of
insertion of the neo-cassette. Genotype2.F was paired with E1-2R (Appendix I) for use
with Advantage Genomic PCR reagents (Clonetech Cat#K1906-1). A two-step PCR
reaction using mouse genomic DNA was prepared as follows (1X reaction, all

concentrations initial):

34.3 uL dH,O

5 pL 10X Reaction buffer

1 pL 50X dNTP mix [10 uM each]

2 pL Forward Primer [25 uM]

2 uL Reverse Primer [25-uM]

2.2 pL Magnesium acetate [25 mM]

1 pL 50X Advantage Polymerase

2.5 ul. Genomic template (~ 100 ng/uL)
50 uL total

Conditions: 95°CX1’

[95 °C X 30”/ 68 °C X 1 min] X 35 cycle
68 °C X 3 min
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Following amplification, PCR products were visualized by electrophoresis on a 0.8%

agarose gel in 1X TAE and image capture following routine procedures.

Assessment of Creld] expression in heart tissue

A human cardiovascular system multiple tissue Northern blot was obtained from
“Clontech (Cat#7791-1). This Northern blot cons.i.sts'of approximately 2 ug poly A+ RNA
from separate cardiovascular tissues including aorta, left and right atria, left and right
ventricle as well as apex, total adult and total fetal heart tissue. The blot was probed
using 50 ng gel-purified full-length human CRELDI cDNA labeled with [0*?P]dCTP as
described above. Hybridization solution was ‘ExpressHyb’ supplied with the membrane.
Probe was added directly to fresh ExpressHyb and allowed to hybridize for 1 h at 68°C.
All washed were carried out according to kit protocol, followed by exposure to film as

noted previously for 24-72 hours.

Yeast two-hybrid library

A pre-transformed human heart “Matchmaker” cDNA library was obtained from
Clontech (Cat#HY4042AH). Briefly, the library was made from mRNA from normal,
whole heart tissue pooled from three adult males. The number of independent clones was
estimated by Clontech to be 3.5 X 10° with an average size cDNA insert of 2.0 kb. The
“MatchMaker” Two-Hybrid System 3 screening components (including cloning and

control vectors, yeast strains AH109 and Y187, carrier DNA, sequencing primers and
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protocols) were also obtained from Clontech (Cat#K1612-1). This system is a GAL4-

based system used in detecting protein-protein interactions.

Assembly of the DNA binding domain fusion construct

A strategy was designed to fuse amino acids 46 through 178 (nucleotides 137 to
530 of cDNA) of CRELDI to the GAL4 DNA-BD. This constitutes approximately 31%
of the protein, beginning just downstream of the secretion signal sequence and ending in
the center of the first of four predicted EGF-like domains. Two primers were designed to
amplify the appropriate region of the CRELDI ¢cDNA. These primers, named Y2H3F
and Y2H2R (Appendix I), were used in PCR with Gibco BRL Tag DNA Polymerase and
reagents. The reaction conditions were as follows (note: all concentrations are initial):

35uL dHO

UL 10X Reaction buffer

pPL dNTPs [10 mM)]

WL Forward Primer Y2H3F [25 uM]

ML Reverse Primer Y2H2R [25 pM]

uL MgCl; [50 mM]

UL Taq DNA Polymerase

1 pl Template (full length cDNA in pcDNA3.1)
100 pL total

=N NN W

Conditions: 95°CX 5’
[95°CX1°/60°CX 1’/72°C X 2°] X 30 cycles
72°CX 1

PCR product was gel purified then precipitated with 3M sodium acetate and 70% ethanol
as described earlier. The fragment was then cloned into pMOSBlue blunt ended vector

using reagents and methods included with the vector (Amersham Pharmacia Biotech).
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Mini-preps were made from colonies according to standard methods and sequencing
reactions performed using primer T7 to confirm proper sequence as well as assess
orientation. Suitable clones were selected for further manipulation. A double restriction
reaction was prepared using BamHI and Ndel (Boehringer Mannheim, Cat#220612 and
#1040219 respectively) resulting in the excision of an insert with appropriate “sticky”
ends. Vector pPGBKT7(kan"), the GAL4 DNA-BD fusion vector, was treated in an
identical fashion. 20 L reactions were made using 2 pg plasmid(s), 2uL Buffer B, 2ul
each restriction enzyme and qs dH,O; incubate at 37 °C for 2 h. Bands representing
desired fragments were gel purified as described and standard ligation reactions were
assembled using 1:4 ratio vector:insert. Transformants were selected on kanamycin
(50ug/mL) plates. Plasmids were purified from resulting colonies and sequenced using
vector T7(c) (Appendix I). Completed DNA-BD fusion plasmid was designated

“pGBKT7.Y2H2".

Yeast phenotype testing

To make certain yeast stocks contained suitable host strains, phenotype was
assessed based on the ability of each strain to grow on a variety of plates lacking essential
nutrients. This was accomplished by streaking yeast strains AH109 (1n, MATa) and
Y187 (1n, MATo) from frozen stocks on adenine-supplemented (complete) YPD plates
(YPDA) for several days @ 30°C. A single colony was then used to inoculate SD plates
lacking one of the following: adenine, methionine, tryptophan, leucine, histidine and

uracil. AH109 is auxotrophic for listed amino acids except methionine; Y187 is
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auxotrophic for all listed amino acids (Note: for all reagent stocks and recipes, refer to the
Yeast Protocols Handbook [*YPH’ from Clontech, PT3024-1] Appendix C: Media

Recipes and Appendix D: Solution Formulations).

Yeast transformations and controls

Prior to screening the library, a series of control transformations, mating and
phenotype testing was performed to reduce or eliminate the possibility of false positives
and to verify the transformation markers of both bait and library plasmids. Using the
small scale LiAc transformation procedure (YPH, Clontech), 100 ng of plasmids pCL1
(contains wild-type GAL4 as a positive control for the fgal assay), pGBKT7 (empty
DNA-BD fusion plasmid), pGBKT7.Y2H2 (‘bait’ construct containing CRELD] ),
pGADT7 (empty DNA-AD fusion plasmid), DNA-BD/p53 (DNA-BD fusion with
murine p53), pGADT7/T (AD-fusion with SV40 large T-antigen) were transformed into
either the AH109 (in the case of DNA BD fusions or ‘bait’ plasmids) or Y189 (library
plasmids) . For each transformation, 100 uL of 500 uL was plated. Additionally, serial
dilutions of 1:10, 1:100 and 1:1000 were made and 100 puL each was plated.
Transformations were grown on appropriate SD plates according to plasmid markers
(SD/-Leu for DNA-AD vectors; SD/-Trp for DNA-BD vectors) and incubated 2-4 days at
30°C until colonies appeared. Colonies were counted and transformation efficiency
calculated according to section V., YPH. Strain AH109 containing pGBKT7.Y2H2 was
mated with strain Y189 containing pGADT7 (DNA-AD plasmid) and plated on

quadruple drop-out media (QDO) to test the ‘bait” plasmid for the ability to auto-activate
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nutritional markers in the presence of the GAL4 activation domain. Later, these diploids
were grown on SD -Lew/-Trp followed by feal assay, again as a check for the ability of
the bait plasmid to drive the reporter alone or interact with the empty DNA-AD plasmid.
Further, strain Y189 harboring plasmid pGADT7/T was mated with AH109 containing
DNA-BD-p53 and grown on QDO as a positive control, since SV40 large T-antigen and

p53 are known to interact in the yeast two-hybrid assay (Li and Fields, 1993).

Yeast two-hybrid library screen

A 1.0 mL aliquot of the pre-transformed human heart cDNA library in yeast strain
Y187 was mated with AH109 containing pGBKT7.Y2H2. This was accomplished by
inoculating 50 mL SD/-Trp with a single ‘bait’ colony and incubating at 30°C while
shaking until ODgyo ~1.3. The cells were pelleted then resuspended in approximately 5
mL SD/-Trp. Next, the entire library was added to AH109/pGBKT7.Y2H2. The final
volume was brought to 50 mL with YPDA/kan in a sterile flask shaking gently overnight
(20-50 rpm, 30°C) to allow mating. Cells were then collected according to kit guidelines
and resuspended in approximately 10 mL. YPDA/kan. A portion of the mating mixture

was reserved in order to titer the library and calculate mating efficiency. The latter was
accomplished by spreading 100 pL of a 1:10, 1:100, 1:1000 and 1:10,000 dilution onto
SD/-Leu, SD/-Trp and SD/-Lew/-Trp plates and incubating for 3-5 days at 30°C (until
discreet colonies appeared). The remaining mating mixture was plated (approximately
200 puL per plate) onto 150 mm QDO plates and incubated for a minimum of 9 days at

30°C. All single, well isolated colonies from large library plates were transferred using a
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sterile loop to 100 mm QDO plates placed over a grid. Plates were marked for
orientation and individual colonies were given a binomial tag which included plate

number and grid position (i.e. 14.17). These plates were incubated an additional 3-5 days

prior to fgal assay.

B-Galactosidase assay

The lacZ reporter lies downstream of two separate GAL4 responsive upstream
activating sequences in the diploid yeast. In order to qualitatively assess activation of
this reporter, fgal assays were performed on all transferred yeast following the colony
filter lift method (YPH Section V1.(C)). Briefly, sterile Whatman #5 filters were placed
on top of yeast plates and gently rubbed with forceps to get colonies to adhere to the
filter. Filters were pierced with a syringe and marked in ink for later orientation. The
filter was then removed from the surface of the plate and plunged into Na(1) for 10-15 s,
followed by thawing at room temperature for several minutes in order to ‘crack’ the
yeast. Filters were then placed colony side up on presoaked filter paper containing
freshly prepared Z buffer/X-gal as described in the YPH. Filters were incubated at 30°C

and monitored every 30 min (up to 8 hours) for color change.

Yeast plasmid recovery and analysis

Colonies showing rapid and robust color change in the fgal assays were selected

for further analysis. Plasmids representing library clones of interest were recovered
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using the YeastMaker yeast plasmid isolation kit (Clontech, Cat#K1611-1) and Chroma-
spin 1000 columns following supplied protocol. After plasmid isolation, library inserts
were PCR amplified using vector embedded primers and Advantage 2 PCR kit

components as follows (note: all concentrations initial):

36 uL dH,O

5 uL 10X Reaction buffer

1 pL 50X dNTPs

1 pL Forward Primer 5> AD-LD amplimer [20 uM]
1 pL Reverse Primer 3° AD-LD amplimer [20 pM]
1 pL 50X Adv. 2 Polymerase mix

5 ubL Template

50 uL total

Conditions: 94°CX 1’

[94 °C X 30/ 68 °C X 3°] X 30 cycles

68 °CX 3’
PCR products were visualized according to standard methods, followed by purification of
each PCR reaction using Qiaquick PCR purification columns and a vacuum manifold
according to manufacturers instructions (Qiagen Cat#28106). Purified PCR product was
submitted to the Vollum Sequencing Core Laboratory for direct sequencing using 5° LD
AD amplimer. Electronic sequence files were received and raw electropherograms were
viewed using the Chromas (v.1.45) program. Successful reactions were manually edited
to remove vector-based regions followed by comparison against the database at the

National Center for Biotechnology Information (NCBI)

(http://www.ncbi.nlm.nih.gov/BLASTY/) using standard blastn parameters. Next, the

sequence was analyzed using the DNA->Protein function

(http://www.expasy.ch/tools/#translate) at Expert Protein Analysis System (ExPASy)
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made available online by the Swiss Institute of Bioinformatics. Inserts were translated
in-frame relative to the sequence of the upstream DNA Activation Domain of pACT?2.
Translated sequence was then compared against the NCBI database a second time using
blastp. A list of all DNA insert and translated sequence was compiled. Comparisons
were made between nucleotide and predicted proteins. Clones whose “blastn” result
matched the “blastp” result were selected for additional study. Clones whose predicted
nucleotide sequence diverged from the predicted translation were judged to be out of
frame relative to the DNA-AD and thus assessment of this subset of clones was

discontinued.

Confirmation of putative positive two-hybrid clones

Library clones selected for further analysis were confirmed for their fgal
phenotype (as diploids) as described previously. Concentration of plasmids recovered
from the diploid yeast were quantified by UV spectrophotometry, and approximately 50
ng each plasmid was used to transform DH5a using standard methods. Plasmids were
amplified in 3 mL cultures and mini-preps performed. Confirmation of appropriate
insert-containing plasmid was made by PCR using conditions noted above, followed by
visualization on an agarose gel and comparing to original insert size. Furthermore, to be
certain all plasmids contained expected library clones, each plasmid recovered from E.
coli was sequenced and reassessed using methods and online tools described previously.
Following these confirmation steps, a set of reciprocal experiments were carried out by

moving each library plasmid from strain Y187 to AH109 and by placing bait and control
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plasmids into strain Y187. To accomplish this, small scale yeast transformations were
performed using each plasmid as described in YPH, Section V.(E). Included with the
library inserts, empty vector pGADT7 was transformed into yeast strain AH109 as a
control. Additionally, using identical methods, strain Y187 was transformed with
pGBKT7.Lam, pGBKT7 alone, or pPGBKT7.Y2H2. Haploid strains were then grown on
SD/-Leu (AH109) or SD/-Trp (Y 187) followed by fgal assay, again as a check for auto-
activation. Each library insert in strain AH109 then underwent three crosses: one with
empty pGBKT?7, one with pGBKT7.Lam and a third with pGBKT7.Y2H2 (CRELD! bait
plasmid). Additionally, pPGADT7 (empty DNA-AD plasmid) in AH109 was mated with
Y187 containing pPGBKT7 alone or pPGBKT7.Y2H2. Mated yeast were plated on SD/-
Lew/-Trp and QDO, to confirm both phenotype and expectations of control crosses. After

3 to 5 days of growth at 30°C, fgal assays were performed to confirm earlier results.

In vitro transcription/translation

Library plasmids containing inserts of interest, as well as bait plasmid
pGBKT7.Y2H2 were used as templates in coupled transcription/translation reactions
- utilizing a TNT T7 Coupled Wheat Germ Extract System (Promega Cat#1.4140).
Reactions were prepared following manufacturer’s guidelines (components were added in

order listed, mixing gently after the addition of each reagent):

25 uL. TNT wheat germ extract

2 uL TNT reaction buffer

1 pL TNT RNA polymerase (T7)

1 pL amino acid mixture minus Cysteine [1pM]
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5 uL 35S-Cysteine (Amersham Pharmacia Cat # SJ232)
1 pL RNAsin Ribonuclease inhibitor (Promega
Cat#N2111)
I pg DNA Template (circular plasimd)
dH,O quantity sufficient
50 uL. total

Incubate: 30°C x 90’

Following transcription/translation, 5, 10 and 20 pL aliquots were loaded onto a 12%
acrylamide gel. Poly-acrylamide gel elctrophoresis was performed following standard
procedures (Ausubel, 2001), after which the gel was washed in a solution of 7%
methanol, 7% acetic acid and 1% glycerol for 5 minutes. The gel was then mounted on
Whatman 3MM paper, covered with saran wrap and placed on a slab drier under vacuum
at 80 °C for a minimum of 1 hour. Once dry, autoradiograms were obtained by exposing

film to gels for 48-72 hours and developed following routine procedures.

Co-immunoprecipitation of labeled translation products

Co-immunoprecipitation experiments were carried out using newly synthesized in
vitro transcription/translation protein products. This was accomplished by using the
Clontech MATCHMAKER Co-IP kit (Cat# K1316-1), and was facilitated by virtue of
the fact that the pGBKT7.Y2H?2 insert was tagged with c-Myc while library inserts were
tagged with the HA-epitope. Briefly, duplicate experiments were performed by mixing
10 uL each in vitro translated *° S-cysteine-labeled reaction product and placing on a

nutator at 4°C for 90 minutes. Kit supplied positive controls were used in parallel.

Following this initial mixing step, either o-c-Myc or a—HA antibodies (1 pug) were added
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to each reaction. Negative controls were performed by mixing c-Myc tagged translation
products alone with o-HA antibody, and HA tagged translation products alone with o-c-
Myc antibody. Each mixture was further incubated again on a nutator at 4°C for 90
minutes. Protein A beads (3 UL bed volume) were prepared by washing in 200 uL cold
PBS followed by centrifugation at 7000 RPM x 30”. Beads were brought to original
volume by adding 3 pL PBS and the suspension was added to the reaction tube followed
by mixmg at 4°C for 90 minutes. Washes were performed by adding 100 uL kit-supplied
Wash Buffers 1 and 2 and pelleting beads at 7000 RPM for 10” (5 X per buffer). SDS-
PAGE loading buffer (20 puL) was added directly to the beads followed by heating (80°C
for 5°). Samples were visualized by autoradiograms obtained following electrophoresis

procedures as described above.

CRELD1 GST-Fusion

The CRELDI insert used in the yeast two-hybrid library screen was also
expressed as a GST fusion protein after cloning into the pGEX-2T vector (Amersham-
Pharmacia Cat#27-4801-01). A 20 ml starter culture of E. coli transformed with the
fusion construct was grown in LB/Amp supplemented with 2% glucose at 37°C overnight
in a shaking incubator. The following day, this culture was used to seed 1 liter of
prewarmed LB/Amp and allowed to incubate at 30°C until the ODggq >1, at which point
0.4 mM IPTG was added followed by one additional hour of incubation. In order to
extract the protein, cell pellets were collected (10° at 4000 RPM) and resuspended in cold

PBS (1 ml per 4 g cells) containing protease inhibitor cocktail (Sigma Cat# P8465)
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according to manufacturer’s guidelines. Cells were then passed through a French press at
least two times and the lysis was cleared at 16,000 RPM, 4°C X 30” in 50 ml
polypropylene tubes using a super speed centrifuge . The cleared lysate was reserved,
while the insoluble pellet was dissolved in 8M urea followed by dialysis in a buffer
composed of 20 mM Tris pH 7.5, ImM DTT, 1 mm EDTA and 250 mM NaCl. The
dialysis of the solublized pellet was performed in 1liter of buffer at 4°C. Dialysis tubing
containing proteins was moved to fresh buffer at least three times, allowing a minimum
of 1 hour between transfers. The concentrated pellet as well as the cleared lysate were
then added to 1 mL GST resin (Sigma Cat#G4510) followed by gentle shaking at 4°C for
30 minutes. GST resin was collected, washed 2X in excess PBS (approximately 20 ml
PBS per ml resin) and samples were eluted from resin in 10 ml 25 mM glutathione
(Sigma Cat#G4251). A second round of dialysis was performed on these supernatants as
described above, after which 10 and 20 pL aliquots were visualized both by Western blot
as well as Comassie stained protein gels. Electrophoresis and transfer to PVDF
membranes were carried out according to standard methods (Ausubel, 2001 ). Western
analysis was performed by incubating the membrane with mouse o-GST primary
antibody (1:500; Santa Cruz Biotechnology Cat# SC138) for 1 hour followed by3X15¢
washes in TBST. A second 1 hour incubatién was performed using sheep o-mouse HRP
conjugate (1:10,000; Amersham Pharmacia Cat#NA931V) as the secondary antibody
followed by 3 X 15° washes in TBST. Finally, detection was performed using
SuperSignal West Pico Chemiluminescent Substrate (Pierce Cat#34080T) according to

manufacturers guidelines.
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Results
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Results
Library screen and isolation of genomic clone

In order go generate Creld! deficient mice, it was first necessary to clone the
murine Creldl gene. Thus, a genomic library was screened to isolate a fragment of
murine Creld! suitable to serve as a template for replacement cassette construction. This

library, prepared by Eric P. Fox at the Transgenic Mouse Core Facility at Oregon Health
Sciences University in 1998, was derived from mouse strain 129 murine embryonic stem
(ES) cells. After obtaining an aliquot of this reagent, the library was titered and found to

contain an average of 2.9 x 107 pfu/mL.

To generate a probe for use in screening the library, mouse EST sequence was
first compared to the known human ¢cDNA sequence. Primers were then chosen from
areas of greatest similarity. These primers were used in PCR reactions to amplify regions
of mouse genomic DNA, and the resulting fragments were cloned and sequenced. A
PCR product of 538 bp was obtained in this fashion using primers E1-2F and E1-2R.
Sequence data demonstrated this PCR product contained a portion of murine Creld! exon
1, intron 1 in its entirety and a portion of exon 2. Closer examination revealed significant
sequence identity between human and mouse Creld] exons 1 and 2 (91% and 87%
respectively) though the sequence of the first intron was highly divergent between
species. This PCR product was selected for use as a probe with which to screen the

mouse genomic library.

A total of approximately 2 X 10° plaques were screened. Clones identified

during the primary screen were confirmed positive by successive rounds of plaque
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purification followed by re-plating, filter lifts and re-hybridization with the probe until all
plaques on a given plate gave a positive signal. This process was repeated a minimum of
three times per positive plaque. Viral DNA was obtained from 100 mL cultures
inoculated with phage eluate using the Wizard Lamda Prep DNA Purification system
following kit protocol. Though recovery efficiency varied, adequate amounts (ranging
from 24 to 86 ng total) of viral DNA was obtained. Bacteriophage DNA was assessed by
PCR using primers E1-2F and E1-2R, reasoning that those templates yielding positive
results would contain at minimum two exons of the target gene and would be of greatest
utility in terms of constructing the replacement cassette. Two individual clones were
positive by this PCR assay. Of these, a single clone was selected for further

characterization.

After recovering the murine insert from the bacteriophage vector, the fragment
was subcloned into pBluescript II SK(-). Because the library was prepared by cloning
genomic fragments into LamdaFix II using Sall, and because the insert was recovered
using Notl, the subcloned fragment carried T7 and T3 ends derived from the multiple
cloning sites of LamdaFix II (Appendix II). The subcloned library insert was thus used
as the starting material for partial characterization of the mouse genomic fragment by
restriction mapping. Oligonucleotide primers were end-labeled with T4 polynucleotide
kinase and free nucleotide removed. These probes were then used on Southern blots
harboring restricted insert. By using a combination of oligonucleotides known to localize
to different portions of the complete subcloned genomic insert, a partial restriction map

was deduced (figure 3).
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Figure 3

A partial restriction map of the murine Creld] lamda clone. Shown at the top is the full
length clone in 1 kb intervals (approximate). T7 was determined to be at the 5° end of the
insert relative the first exon of the gene, and T3 at the 3° end. Informative enzymes are
listed in the column on the left, and each individual enzyme pattern is illustrated. Solid
lines indicate intact fragments, and approximate size of each fragment is shown
immediately above. Dashed lines indicate regions of multiple recognition sites (for the
given enzyme) and thus remain unresolved. The double bar above the single Sacl site
represents the probe used to screen the library, and includes portions of exons 1 and 2
(not shown).
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Radiation hybrid panel

The mouse Creld] gene was localized within the mouse genome using the T31
Mouse Radiation Hybrid Panel RH04.02. This was done to test the prediction that the
murine Creld! locus had been successfully cloned and that the gene mapped to mouse
chromosome 6, an area known to by syntenic with distal human chromosome 3p (Blake
etal., 2001). 100 cell lines were included in the analysis, and judged positive when a
single unambiguous 528 bp band was visualized upon electrophoresis. All procedures
were performed in duplicate and analyzed using the Jackson Laboratory t31 Mouse
Radiation Hybrid Database. Creld! was localized to a 26.6 cR interval between D6Mit10
and D6Mit329, with highest anchor LOD score of 12.5 to D6Mit329, indicating the gene
maps to distal (49.5 cM) chromosome 6. As shown in figure 4, this finding is in close
agreement with predictions made from the human mapping data, which places CRELD!

on chromosome 3p25.
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Figure 4

Comparison of loci found on human chromosome 3p25 (on right) and distal mouse
chromosome 6 (on left). Anchor loci from radiation hybrid analysis are shown in bold.
Note the high degree of synteny between the two regions. The interval spans
approximately 8 Mb physical distance in humans. The physical distance in mouse has
not yet been determined. CAMKI1, Calcium/Calmodulin dependent protein kinase I;
VHL, von Hippel Lindau Syndrome; HRH-1, Histamine Receptor H1; TIMP4, Tissue
inhibitor of Metalloproteinase 4.
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Complete characterization of the mouse Creldl ¢cDNA

A mouse EST (GenBank accession#BE200505) was obtained and sequenced
using vector primers T7 (5°) and T3 (3°). Insert specific primers (M.Ex3-4F, M.Ex5-6F
and M.Ex8-9F) were also used. When compared to the human ¢cDNA, the murine
orthologous cDNA was shown to be 89% identical at the nucleotide level. The translated
sequence was found to be 91% identical (94% similar) between mouse and human
(Appendix II). The mouse sequence and mapping data were deposited at the Mouse

Genome Database (http://www.informatics.jax.org/nomen/), and the mouse locus was

given the official designation CreldI (J72511).

Creldl knockout targeting vector

A replacement vector was assembled for use in targeted deletion of CreldI via
homologous recombination in mouse ES cells (figure 5). Assembly details of this vector
are summarized in material and methods. The completed construct contains a self-
excising neomycin resistance cassette (Bunting et al., 1999) termed ACN. This cassette
contains a neo-gene downstream of the mouse RNA Polymerase II promotor, which itself
is downstream of a gene encoding the Cre recombinase. The Cre gene in turn is under
the control of the murine testis-specific angiotensin-converting enzyme promotor, tACE,
which is activated during spermatogenesis. This entire sequence is flanked by two loxP
sites. When ES cells carrying a targeted allele contribute to the germline of male mice,
Cre expression occurs during gametogenesis causing Cre-mediated recombination

between the loxP sites thereby excising the entire cassette. The resulting paternal
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Figure 5

Visualization of the strategy for assembling the completed targeting vector. The ACN
contains a neomycin resistance gene downstream of mouse RNA Polll promotor. The
Cre-recombinase is upstream of neo and is under control of the murine angiotensin
converting enzyme (tACE) promotor. The entire cassette was inserted into the BglII site
of BamHI/Bglll/Sacl linker (shown in yellow). The linker had been positioned in
between native BamHI and Sacl sites after the removal of approximately 2 kb of the
cirrin gene and 5’UTR. Downstream of the 3* homologous arm, a thymidine kinase (TK,
shown in red) cassette was positioned to aid in negative selection. The entire targeting
vector was assembled on a pEGFP vector backbone after excision of GFP coding
sequence. Exons 1 and 2 of CRELD] are shown.
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contribution to the offspring is either a wild-type or null allele. The benefit of this
approach is that the null allele lacks the strong promotor typically used to drive neo
expression, thus eliminating the possibility of phenotypic consequences resulting from
the improper activation of nearby genes. It has been demonstrated that such effects can

lead to ambiguous results in mouse models (Olson et al., 1996).

The ACN is flanked by two regions homologous to the Creld! locus. The
upstream (5’ relative to the Creld! ATG codon) arm of the finished replacement cassette
spans approximately 6.3 kb. The region downstream of ACN harbors nearly 3 kb with
homology to murine Creldl. The ACN-cassette itself was positioned within the genomic
fragment such that all of exon 1, a portion of intron 1, and 1.9 kb of 5> UTR was
eliminated (figure 5). This construct was delivered to the OHSU Transgenic / Gene
Targeting Facility as well as to the Gene Targeted Mouse Service at the University of
Cincinnati for ES cell culture, electroporation and blastocyst injection with the goal of

obtaining chimeras for colony establishment.

Upon delivery of the targeting vector to the core laboratories, an aliquot of mouse
strain 129 genomic DNA was used in the development of a Southern assay for later
application in the positive identification of homologous recombination. Using a 1.8 kb
portion of the genomic clone not included in the targeting vector, probes were designed
and tested on total genomic DNA treated with a variety of restriction enzymes in pilot
Southern blot experiments, the results of which are summarized in Appendix II, table I.
By this method it was revealed that the probes were inadequate for the intended

application. Further analysis of this 1.8 kb region demonstrated the presence of several
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SINE/B1 and LINE elements as recognized by the RepeatMasker online sequence utility

at (http://ﬁp.,qenome.washington.edu/RM/RepeatMasker.htmi) (figure 6).
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Figure 6

(A) Diagram of the genomic clone, showing the positions of exons 1 and 2, as well as the
1.8 kb fragment at the 5° end of the sequence. (B) A detailed view of the subcloned 1.8
kb fragment. Three probes (1.8, N/S and B) are indicated by double bars. Sequencing
primers (T7,T3, Fragl.8-2.seq and Frag1.8-3.seq) are shown. Also shown are repeat
elements (hatched boxes) present within the sequence. Subtype of repeat and size in bp
are indicated.
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Analysis of mouse chromosome 6 BACs

Three mouse BACs were obtained from Incyte Genomics. These BACs were
identified using the Incyte BAC Mouse II PCR library screening service. Primers E1-2F
and E1-2R were submitted to Incyte Genomics for the purposes of positively identifying
BAC:s containing the region of interest by PCR. BACs were cultured according to the
guidelines recommended by Incyte Genomics and these relatively large DNA molecules
were isolated using the Qiagen Large Construct Kit. DNA .v;fas collected from each of
three BACs, ranging from 4 to 8 pg total. After DNA extraction, PCR results were
confirmed using the same primer set and conditions for each BAC. Partial
characterization of each BAC was accomplished by using additional primers, designed
from sequence obtained by scanning the EST database or designed directly from
sequence generated from the genomic clone used in making the targeting vector. PCR
products were produced and sequenced. One of the primer pairs (E2-3F.2 and E2-3R)
encompassed the end of the clone obtained from the bacteriophage library, thus enabling
the assembly and partial characterization of a contig extending into the Creldl gene
downstream of the genomic clone. This was accomplished by using overlapping primer
sets as described in materials and methods. Furthermore, restriction sites were identified
from sequenced regions using Webcutter 2.0. Finally, several restriction digests Weré
performed to further characterize the region. A summary of the position of these

overlapping PCR products and restriction sites is illustrated in figure 7.
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Figure 7

(A) Wild type Creldl locus. The ATG codon, exons 1 through 4 and critical restriction
sites are labeled. Shown above this locus are PCR fragments, labeled with the primers
used to amplify each fragment as well as relative size and location of each PCR product.
For clarity, primer M.Ex3-4F (used with M.Ex5-6R) has been omitted. The probe used in
genotyping both ES cells and mice is shown as a double bar below the locus. (B)
Targeting vector shown in relation to the wild-type allele. (C) The Creldl locus shown
after a homologous recombination event. Note the introduction of a BglII site
downstream of the neo-cassette. The wild-type and mutant alleles, after restriction with
Bglll, are illustrated below the modified Creld! locus.
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Using the sequence available from the BACs, a new probe for use in genotyping
was derived by PCR. This probe was the result of amplification using primers E2-3F.5
and M.Ex3-4R (figure 7). Additional Southern blots were prepared. When high
molecular weight genomic DNA was restricted using Bgl///, this probe annealed to a wild-
type allele migrating at approximately 6.5 kb relative to size markers. Since the neo-
cassette was inserted using Bgl/l, it was evident that after homologous recombination, a
targeted allele would yield a fragment of approximately 4.2 kb that would be recognized
using the same probe (figure 7), thereby allowing discrimination between native and

mutant alleles.

Analysis of ES cell genomic DNA

After receiving ES cell pellets (either in 96 well plates or 1.5 mL microfuge
tubes), high molecular weight genomic DNA was obtained as described above. This
DNA was treated with BglII and assessed by Southern blot. A total of 74 cell lines
received from the OHSU facility were evaluated by this method. An additional 274 cell
pellets delivered from the University of Cincinnati were treated in an identical fashion.
Of the initial 74 cell lines screened from the OHSU core, 5 positives were identified and
confirmed. This translates to a targeting efficiency of 6.8%. Similarly, of 274 cell lines
screened from the University of Cincinnati facility, 15 positive clones (5.5%) were found

(figure 8).
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Figure 8

(A) Identification of a single recombinant ES cell line by Southern blot. Lane marked
with (*); mutant band identified with an arrow; wild-type band shown above (present in
each lane). (B) Southern blot confirming homologous recombination in 8 separate ES cell
lines. M, HyperLadder molecular weight standard, reference bands (2.5,4 and 6 kb)
labeled on the right. Four non-recombinant (negative control) cell lines labeled as “wild-
type” shown (cell lines obtained from University of Cincinnati).
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Establishment of mouse colony and breeding

Chimeric male mice were obtained from the OHSU transgenic facility. These
male mice (5 total) were designated A, B, C, D and E. Each chimera was paired with two
female C57/BL6 mice. Mice were monitored routinely for a period of 11 months.

During this time, multiple litters were obtained from all male chimeras with the exception
of mouse E for which litters were not obtained even after being paired for several months
with fertile female mice. It was thus determined that mouse E was sterile and breeding
was discontinued.

Initially, pups obtained from each fertile male were tagged using ear clips and
logged into a notebook. At 3-4 weeks of age, a 1 cm sample of tail was removed after
which the litter was weaned. The tail biopsy was used to extract high molecular weight
genomic DNA. In this manner, DNA from the first 64 pups (representing at least 1 litter
from each chimera) was obtained and assessed by Southern blot as described. Primarily,
this was done to establish familiarity with these techniques since there were no pups
showing agouti coat color on visual inspection. In all cases Southern assay results
confirmed the visual observations. Weaned pups were donated to the Department of
Animal Care (DAC) for euthanasia or for use in training exercises. Additional offspring
were evaluated by visual inspection only prior to weaning and delivery to DAC. In order
to assure the presence (or absence) of germ line transmission, a minimum of 50 pups
were obtained from each chimera. As of this writing, a total of 229 pups have been

produced. The individual totals are summarized in Table (B):
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Table B: Offspring produced by OHSU chimeras

CHIMERA | PUPS (#)
A 57 Pups
B 58 Pups
C 52 Pups
D 62 Pups
Total 229 Pups

Because of the apparent lack of germ line transmission from any of our five
original chimeras, additional chimeras were generated at the University of Cincinnati. ,
Three rounds of blastocyst injections were performed with four independent ES cell lines.
Pups were obtained from these blastocyst injections. A total of 16 pups were born, 6 of
which were chimeric males. Each male exhibited a high proportion of agouti coat color,
thus increasing the probability that the injected ES cells contributed to the reproductive
organs in these mice. Thus far, 37 agouti pups have been derived from four of six
chimeras, demonstrating a contribution of targeted ES cells to the germ line of each of the
four chimeras. Further, these chimeras were derived from two separate ES cell lines,
DNA recovered from tail biopsy from each pup was analyzed using the rapid PCR based
assay detailed above. Of the initial 37 agouti pups received, 5 male and 4 female
heterozygous pups were identified (figure 9). These pups were used to establish a Creld!

knock-out colony at OHSU.
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Figure 9

Agarose gel stained with ethidium bromide showing the presence (or absence) of a 720
bp product which detects the self-excision of the neo-cassette in heterozygous agouti
pups. Presence of PCR product indicates an appropriately targeted insertion of the neo-

cassette. Lack of PCR product indicates a wild type locus. Molecular weight of visible
marker bands are indicated (HyperLadder).

CRELDI homozygous null mice expire in utero

Initially, each of five male Creld] heterozygote-null mice were paired with two
female C57/BL6 mice . Offspring from these breeding pairs were collected and
genotyped both by PCR and Southern blot as previously outlined. Wild-type (+/+) and
heteroz.ygous (+/-) Creldl mice were obtained in essentially equal numbers as expected

for the F, generation (Table C).
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Table C: Creld]l genotype distribution in F, and F, generations. Embryonic genotypes
were determined following timed matings between €9.5-11.5.

Fy F2 F, EMBRYOS
Wild Type (+/+) 29 31 14
Heterozygous (+/-) 30 52 35
Homozygous (-/-) -- 0 12

Next, a second round of crosses were performed between F; heterozygotes. DNA
samples from the F, progeny were obtained and used to genotype each mouse. Over 80
F> mice were collected and analyzed. Of these, no homozygous Creldl pups were
identified, suggesting that Creld] null mutants were dying prior to term. In order to
confirm this hypothesis, timed matings were performed using heterozygous-null pairs.
Female mice were sacrificed and embryos were harvested between € 9.5 - €11.5. A gross
anatomical inspection of each embryo was made prior to DNA extraction and analysis.
During these inspections a population of strikingly underdeveloped embryos were
observed (Figure 10). Upon manipulation, the tissues of these smaller embryos were
found to be qualitatively more fragile than those of larger, more fully formed littermates.
Genotyping assays were performed using DNA extracted from embryos after dissection
from placental tissues. As shown in Table C, embryonic F, genotypes followed the
predicted Mendelian distribution, thus confirming the hypothesis that homozygous

Creldl-null mutations are not compatible with survival to term.
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Figure 10

A Creld] null embryo (approximately embryonic day 11.5; top of figure) is shown
compared to its wild-type litter mate. The mutant embryo shows a dramatic reduction in
size. This qualitative size reduction is marked by severely underdeveloped limbs and a
small mis-shapen head.
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Figure 10
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CRELD! expression in the heart

We have hypothesized that CRELD] is involved in heart development. It has
been shown previously by ir situ hybridization that CRELDI is expressed in the
myocardium and endocardial cushions in the developing heart (Rupp, Fouad et al., 2002).
In order to assess CRELD] expression in individual cardiac tissues, a human
cardiovascular system multiple tissue Northern blot was obtained and probed using full-
length CRELDI ¢cDNA as described. As shown in Figure 11, the 2.1 kb transcript is
highly expressed in each tissue included on the blot. Additionally, there is evidence that
the full-length cDNA recognizes a second slightly larger transcript as demonstrated by
the presence of a weakly detectable band just above the primary transcript. Whether this
is an alternatively spliced transcript or the transcript of CRELD?2 remains to be

determined.
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Figure 11

A human cardiovascular system multiple tissue Northern blot probed with full- length
CRELDI cDNA. The major 2.1 kb transcript is apparent in all tissues examined. The
presence of a second alternatively spliced (or closely related gene transcript) appears at
approximately 2.8 kb and is particularly evident in the apex and aorta. Size markers are
shown on the right. Lanes: RV, right ventricle, LV, left ventricle, RA, right atrium, LA,
left atrium, APX, apex of heart, AO, aorta, AH, adult heart (total), FH, fetal heart (total).
A B-actin control probe (to normalize loading) is shown below and appears on the blot as
a doublet. B-actin is known to be over expressed in aorta.
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Yeast-two hybrid construct

In order to screen a pre-transformed human heart ‘Matchmaker’ cDNA library, a
GAL4 DNA-BD fusion construct was assembled in pGBKT7. The CRELD1 protein is
modular, composed of sets of tandem EGF-like and calcium binding EGF-like domains
as illustrated in Figure 12. Additionally, two predicted transmembrane spanning domains
lie at the carboxyl-terminal end of the protein, whereas at the amino-terminus, a secretion
signal peptide is followed by a tryptophan/glutamic acid-rich region (WE domain).
Using CRELD1 amino acid sequence to scan the database revealed proteins from diverse
families containing each of these ‘modules” with the exception of the Trp/Glu rich region.
Thus, we hypothesized that this WE domain may be performing a unique function and
that using this region of the protein in a two-hybrid library screen might provide insight
into the biological role of CRELD1. Thus, the ‘bait’ construct contains a 132 amino acid
fragment of CRELD]1 fused downstream of the GAL4 DNA-BD. This peptide lacks the
native CRELD1 secretion signal but encompasses nearly one third of the protein,

including the tryptophan/glutamic acid-rich region (Figure 12).

Yeast transformation and library screen

Prior to transforming yeast with the bait and control plasmids, the phenotypes of
strains AH109 and Y187 were confirmed as described in Materials and Methods. After
verification of each phenotype, transformations were performed with test and control
plasmids as listed previously. Haploid yeast were then mated and tested on either —Leu/-

Trp plates (to ensure both DNA-BD and DNA-AD plasmids are maintained) or QDO
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plates to assess nutritional marker activation and fgal assay reporter. In particular,
diploid AH109/Y187 containing pGBKT7.Y2H2 (bait) and pGADT7 (empty AD vector)
did not grow on QDO plates indicating the bait construct does not auto-activate
nutritional markers and was suitable for use in the screen. All controls yielded expected
outcomes with the exception of pCL1 (which encodes the full-length wild-type GAL4
protein and acts as a positive control for the fgal assay) for which no transformants were
obtained. Nevertheless, the presence of both positive (blue) and negative (white)
colonies on separate figal assays with other test and library plasmids confirmed the assay
was working. Transformation efficiency was relatively low, calculated to be between
100 to 500 cfu/ug plasmid for pPGADT7 and pGBKT7.Y2H2 respectively.

Once appropriate transformants had been identified, an aliquot of the library in
strain Y189 was screened by mating with AH109 containing pGBKT7.Y2H2 as outlined
above. Following mating, serial dilutions were made and both titer and mating efficiency
were calculated. The titer of the library itself was determined to be 3 X 107 cfu/mL;
mating efficiency was calculated to be 1.8% and approximately 3.67 X 10° clones were
screened.

1137 individual colonies were transferred from library plates to 100mm QDO
plates arranged on a grid. Filter lifts were made of these colonies and fgal assays
performed. Colonies typically began to change color within 30-45 minutes, though the
reaction was allowed to proceed for up to 8 hours. Colonies were chosen for further
analysis based on robust color change within the first 2-4 hours. In this fashion, a subset

of 80 colonies was selected and plasmids were obtained from yeast grown in liquid
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Figure 12

A diagram of the CRELDI domain structure is shown. The WE (tryptophan-glutamic
acid) domain (underlined) was cloned into the MCS of pGBKT7 (BamHI/Ndel), fusing it
downstream of the GAL4 DNA-BD. This construct was then used to screen a human
heart ‘Matchmaker’ cDNA library.

101



| secretion signal 1 calcium binding EGF-like
= 7] domains

WE domain transmembrane domains

EGF-like domains

Subcloned fragment (cDNA nucleotides 137 — 530)

Hind Il

f1
ori Fg{;g; s
BAL4

DNA-BD

Hind
(6544)

Hind 1
(1606)

A ¢-Myc epitope tag

Clontech
Figure 12

102



culture. PCR products from each plasmid were produced and directly sequenced. As
noted above, a strategy was chosen for further selection of positive clones based on
sequence analysis. First, the nucleotide sequence was subjected to a blastn search,
followed by translation (in frame relative to the GAL4 DNA-BD) and blastp scarch.
Only those clones whose nucleotide sequence and predicted translation product were
found to match one another were considered further. In this manner the final number of

colonies was reduced to nine (Table D).

Given the prediction that CRELDI] is a membrane associated protein and the
broad expression pattern evident on multiple tissue Northern blot and in sifu
hybridization those clones above showing restricted expression were eliminated from
immediate consideration. Furthermore, clones encoding proteins whose cellular
localization is primarily cytoplasmic or nuclear were also removed from the list of
potential CRELD1 interaction candidates. Based largely on these criteria, the primary
conclusion drawn from these studies is that CRELDI is a potential binding partner for the

extracellular protein decorin and the matricellular protein SPARC/Osteonectin/BM-40.

Yeast two-hybrid confirmation

The two putative positive clones identified in the library screen were re-tested by
recovering each plasmid and transforming the opposing strains of yeast, followed by
mating both with yeast strains containing bait plasmid or appropriate controls. For

clarity, descriptions of each plasmid are presented in Table E.
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Table D: Clones isolated during yeast two-hybrid screen. Four independent clones were
isolated for Troponin I, all others represent a single clone.

CLONE

DESCRIPTION

17.40 Decorin B

2 splice variants (A & B); widely
expressed, found in connective tissues
(ECM). Postulated to play a role in
epithelial/mesenchymal transitions during
organ development and shaping.
(Danielson et al., 1993; Scholzen et al.,
1994).

19.15 SPARC / Osteonectin / BM-40

Secreted Protein, Acidic, Rich in Cysteine;
thought to be involved in cell proliferation,
wound healing, modulation of ECM
structure; so-called ‘de-adhesion
molecule’(Goldblum et al., 1994; Young et
al., 1998)

16.27 Homology: COP9 Subunit
5/JAB1/MOV34 homologue (contains PCI
domain)

Subunit of the multifunctional 26S
proteosome; intracellular; clear
physiological roles undefined (RNA
binding, macromolecular assembly)(Asano
et al., 1997; Hofmann and Bucher, 1998)

8.14 Cardiac Troponin I

Subunit of troponin complex, regulates
contractility of striated muscle (cardiac;
skeletal) (Bhavsar et al., 1996)

' C1 “DAZ” associated protein

Deleted in Azoospermia; testes specific
expression (Reijo et al., 1995)

17.26 Huntingtin-associated protein
interacting protein (HAPIP)

Brain specific expression; contains tandem
spectrin-like repeats (Colomer et al., 1997)

14.31 Ferritin light polypeptide

Light chain of ferritin; iron storage and
detoxification complex (Harrison and
Arosio, 1996)

15.22 SMAD/MADD homology [SMAD-
4A]

Cytoplasmic/nuclear protein regulates
transcription via low affinity DNA binding;
specificity conferred by forming DNA-
binding multimers (Wrana, 2000)

C2 Human Sarcoglycan; S0kD dystrophin
associated glycoprotein / “ Adhalin’

Transmembrane glycoprotein; expression
limited to skeletal, cardiac and some
smooth muscle types (Roberds et al., 1993)
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Table E: Yeast two-hybrid plasmid descriptions

PLASMID

DESCRIPTION

pGBKT7.Y2H2

Yeast two-hybrid bait construct used in
library screen (see Figure 12)

pGBKT7

Empty yeast two-hybrid vector containing
GAL4 DNA-Binding Domain. Constructs
derived from pGBKT7 carry TRP1
allowing for growth on media lacking
tryptophan.

pGADT7

Empty yeast two-hybrid vector containing
GAL4 DNA-Activation Domain. Carries
LEU2 for growth on media lacking leucine.

pGBKT7.Lam

Encodes a fusion of the Lamin C protein
(known not to form complexes and shows
rare and very limited interaction with other
proteins) with the DNA-BD.

19.15

Library clone shown to contain cDNA
encoding amino acids 119-272 (of 280) of
SPARC

17.40

Library clone encoding amino acids 218 to
359 (of 359) of proteoglycan core protein
Decorin
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Initially, all mated yeast were grown on -Lew/-Trp plates to confirm the presence
of both test plasmids in the diploid. The haploid strains Y187 and AH109 are
auxotrophic for leucine and tryptophan. Growth on media lacking leucine and tryptophan
indicates the presence of both plasmids. Combinations of plasmids found in diploid yeast

(after mating) and growth profiles on —Lew/-Trp plates are summarized in Table F:

Table F: Growth of yeast containing yeast-two hybrid constructs and library clones on
—Leuw/-Trp media after mating

pGBKT7.Y2H2 | pGBKT7 | pGBKT7.Lam

O (+) (+)

0 | *) *)

pGADT7 (+) (+) not done

In order to test whether any of the above combinations were sufficient to bring
together both the DNA-AD and DNA-BD and drive expression of reporter genes, mated
yeast were also plated on QDO (SD/-Ade/-His/-Leu/-Trp). As expected, only
pGBKT7.Y2H2 and putative positive binding partners were shown to be sufficient for

growth. The results of these tests are summarized in Table G.
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As a further test of the potential binding partners identified during the library
screen, mating between strain AH109 carrying 19.15 or 17.40 were performed with strain
Y187 containing pGBKT7.Y2H2, pGBKT7 alone or pPGBKT7.Lam, followed by growth
on QDO or —Lew/-Trp. Colonies were then transferred to filters and fgal assays were

performed. As expected, in the case of pPGBKT7 and pGBKT?7.Lam, no colonies were

Table G: Growth of yeast containing yeast-two hybrid constructs and library clones on
QDO media after mating

pGBKT7.Y2H2 | pGBKT7 | pGBKT7.Lam

b5 | () ) ()

a0 | () ) ¢

pGADT7 E - not done
() (-)

obtained from QDO plates thus these fgal assays were carried out on filter lifts obtained
from —Leu/-Trp plates. The results of these experiments indicate that the SPARC or
Decorin DNA-AD fusion proteins interact with the CRELD1 DNA-BD fusion only. This

outcome can be visualized in Figure 13.
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Figure 13

(A) Three individual colonies each containing both pGADT7 and pGBKT7.Y2H2 (bait
construct), streaked on —Lew/-Trp plates followed by Pgal assay, demonstrating the bait
construct does not activate the reporter in the presence of empty AD vector. (B) Bgal
assay results from yeast containing both control vectors (empty DNA-BD and DNA-AD).
(C) Library clone 19.15 (SPARC) in strain AH109 mated with strain Y187 containing
either pGBKT7.Lam or pGBKT7 alone, followed by Bgal assay (note: (-) is a section
lacking yeast) (D) Clone 19.15 (SPARC) mated with pGBKT7.Y2H2 demonstrating
robust color change after Bgal assay, indicating interaction between CRELD1 and
SPARC. (E) Results of assay with control strains mated with 17.40 (Decorin). (F) Pgal
assay using library clone 17.40 (Decorin) in strain AH109 mated with strain Y187
containing pGBKT7.Y2H2, again demonstrating interaction between bait and library
inserts.
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In vitro transcription/translation and co-immunoprecipitation.

In order to obtain labeled protein products for further analysis, an in vitro
transcription/translation approach was taken. The vector pGBKT?7, into which the
CRELD1 fragment was cloned, contains a c-Myc tag 5° of the MCS. Similarly, library
inserts were positioned 3” of an HA-tag. Sequences encoding both the c-Myc and HA
epitopes were themselves 3” of a T7 promoter, allowing direct use of circular plasmid
template with TNT T7 Coupled Wheat Germ Extract System reagents. We were able to
successfully produce appropriately sized protein fragments for CRELD1, SPARC and
Decorin labeled with *°S-cysteine (data not shown).

To further substantiate interactions between CRELDI and its potential binding
partners, a co-immunoprecipitation approach was used. As described in materials and
methods, bait and target translation products were mixed and incubated with either o-c-
Myc or a-HA antibodies followed by addition of Protein A beads to precipitate
complexes containing both protein fragments. SV-40 large T-antigen and p33 vectors
were supplied with the kit for use as positive controls which worked as predicted (data
not shown). Further, initial immunoprecipitation data suggested that the WE domain of
CRELD] formed complexes with SPARC and to a lesser degree Decorin. Several
experiments were conducted where the ability to immunoprecipitate c-Myc tagged
protein with a-c-Myc antibody verified the specificity of the interaction. The same
approach was used for HA-tagged translated product. However, when o-HA antibody
was used with c-Myc tagged protein (as a negative control), a significant amount of
translated product was precipitated. This was also found to be the case with HA tagged

products mixed with c-Myc antibody. Thus, while the results of these analyses were

110



suggestive, the high degree of background in negative control experiments prevent

definitive conclusions from being drawn (data not shown).

CRELD1 GST-Fusion

Because the co-immunoprecipitation approach proved problematic, a secondary
approach was chosen. This involved fusing the WE domain of CRELD1 to glutathione-
S-transferase using the pGEX-2T vector, followed by expression in E. c.';)li. After
purification of fusion protein using GST resin, pull-down experiments were conceived
where the CRELD1 fusion protein would be incubated with purified SPARC or Decorin,
complexes isolated with a second step of purification over GST resin, followed by
Western analysis with appropriate antibodies.

After transformation, induction and protein purification it was discovered that,
while it was possible to detect GST-CRELDI fusion protein by Western blotting, the
quantities eluted off the GST resin were extremely small (data not shown). Furthermore,
it was observed that the bulk of expressed protein formed insoluble inclusion bodies in E.
coli. While numerous attempts were made to solubilize these aggregates and refold the
expressed protein using 8M urea followed by stepwise removal of salts via dialysis, the
latter stages of purification uniformly yielded an insoluble precipitate. Subsequent
analysis revealed this precipitate was composed largely of expressed fusion protein. The
viscous nature of this material, and the presence of multiple bands on Western blot lead
us to postulate that the fusion protein was forming extensive disulfide bridges as urea was
removed and this not only caused significant amounts of GST-CRELD1 to end up as an

insoluble precipitate, but could also account for the very low yields of GST-CRELD 1
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obtained from purification procedures using GST-resin and elution with excess
glutathione. Due to these difficulties, insufficient quantities of properly folded and
purified GST fusion protein were obtained, thus precluding use of this reagent in pull-
down experiments. Nevertheless, denatured protein was detectable on Western analysis
using o-GST antibodies, and we realized that it was possible to use this material to more
completely characterize peptide antibodies previously generated in rabbit against
CRELDT1 (Rupp, Fouad et al., 2002). The use of this GST fusion protein for this purpose
has been successful, and these antibodies are being used to identify cellular localization
and tissue distribution of Creld1 at high resolution using immunohistochemical

techniques.
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Chapter 1V

Discussion
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Discussion

CRELDI is a newly described gene encoding a highly conserved protein
belonging to the EGF superfamily that maps to chromosome 3p25 (Rupp, Fouad et al.,
2002). 3p- syndrome is a contiguous gene deletion syndrome characterized by loss of
distal chromosome 3p, or interstitial deletion at 3p25-26. A critical region between
markers D351263 (proximal) and D3S3594 (distal) has been deﬁﬁéd. 3p- syndrome
patients with more proximal breakpoints exhibit AVSD, whereas patients with more
distal deletions do not (Mowery, 1993; Phipps et al., 1994; Drumheller et al., 1996).
CRELDI expression is detected in the myocardium and endocardial cushions by in situ
hybridization in chick embryos. The endocardial cushions are populated with
mesenchymal cells that are derived specifically from the endocardium via an inductive
signal generated by the myocardium. Mesenchyme proliferation and migration is
essential for proper formation of the valves and septa of the mature four-chambered heart,
and defects in these processes as well as in signaling and/or de-adhesion are predicted to

result in AVSD.

Initially, FISH analysis demonstrated deletion of a single copy of CRELD] in 3p-
syndrome patients with an associated cardiac malformation (Rupp, Fouad et al., 2002),
and it has been shown by several different groups that haploinsufficiency of a single gene
product can result in congenital heart defects (Ewart et al., 1993; Li et al., 1997b; Oda et
al., 1997b; Schott et al., 1998). Subsequent examination of cell lines derived from 3p-
patients without CHD using FISH revealed a CRELD/ deletion in this subset of

individuals as well (Rupp, Fouad et al., 2002). Based on this finding it is reasonable to
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initially conclude CRELDI deletion is inconsequential with respect to the presence or
absence of CHD. However, it is important to stress that incomplete penetrance has been
documented in families with AVSD (Eldadah et al., 2001; Goldmuntz et al., 2001), thus it
is possible that individuals with 3p- syndrome deleted for CRELD1 do not universally
exhibit cardiac anomalies. Taken together, these data led us to hypothesize that CRELD]
may play a role in normal heart development and that CRELD] haploinsufficiency may

be partly responsible for the heart abnormalities (AVSD) seen in 3p- syndrome patients.

In order to test this hypothesis, we initiated a project designed to recapitulate
AVSD in mice by creating a mutation that results in a single Creld] null-allele. Further,
we sought to understand on a molecular level the role of CRELD1. Thus, to gain
additional insight into CRELD1 function, we performed a yeast two-hybrid interaction
screen. To accomplish this, a CRELD1-GAL4 AD fusion protein was used in the hope of
identifying interacting proteins for which functional data is available. This work details
the successful generation of a Creld] knock-out mouse, and the identification of two
small, multifunctional extracellular proteins implicated in mediating cell adhesion and

migration as CRELD] interaction partners.

Our laboratory is actively pursuing projects in parallel with those described here
with the aim of demonstrating a clear role for CRELDI during cardiogenesis. One
approach that has been particularly productive has been to take advantage of the Oregon
Heart Registry, a catalogue of patient information that tracks individuals in whom heart
malformation has been recognized. The availability of this resource has facilitated the

collection of samples for CRELDI characterization. In addition, collaborations with
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other laboratories have proved a valuable resource for the procurement of patient

samples.

Mutation analysis has been performed using DNA from these sources. Of 63 total
patients analyzed, 3 presented with syndromic CHD. An additional 12 demonstrated
heterotaxy and CHD, while the remainder had isolated AV canal defects or AV canal
defects with additional heart malformation. Oregon Heart Registry Patient 25778996,
who has a partial AV canal, was found to have a heterozygous C to T transition at
nucleotide 4201 resulting in the substitution of an arginine to cysteine. This mutation
results in an additional cysteine in the second calcium binding EGF domain (Sue
Robinson, Personal Communication). EGF domains contain specific disulfide bridges
between cysteine residues, and the presence of an additional cysteine would be predicted
to cause an alteration in disulfide bond distribution within the domain. That the structure
of the molecule is affected by such a substitution has been demonstrated by altered
mobility on native protein gel analysis following transient expression in 293 cells.
Furthermore, it has been shown that this mobility shift is not due to either glycosylation
or beta-hydroxylation (Sue Robinson, Personal Communication). Allele specific PCR
has failed to detect this alteration in over 400 chromosomes. Similarly, Oregon Heart
Registry Patient 15630221, an individual with a partial AV canal exhibits a heterozygous
G to A transition at nucleotide 37, which results in methionine replacing valine at amino
acid position 13. Computer analysis predicts such a substitution abolishes the secretion
signal of CRELD1. Normal chromosomes are currently being screened for this

alteration.
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Samples received from collaborators have been of equally informative. Patient
G9 who has a complete AV canal defect was found to harbor a heterozygous C to T
transition at nucleotide 4148. Not unlike Oregon Heart Registry patient 25778996, this
mutation occurs in the second calcium-binding EGF domain, though rather than
introducing cysteine, substitutes an isoleucine residue for threonine at amino acid 311.
Again, this alteration was not found in 382 normal chromosomes by allele specific PCR.
Most interestingly, patient G7, who presents with an AV canal and heterotaxy shows a
heterozygous G to A transition at nucleotide 1566 which predicts the substitution of
arginine with histidine at amino acid 107. This substitution is positioned within the
unique WE domain of CRELD1. Whether or not this has implications for the clinical
finding of heterotaxy in this individual remains to be determined. Further, this individual
is of mixed African-American (Caribbean) and Hispanic ethnicity, and an analysis of
over 100 chromosomes from each population has thus far failed to demonstrate that this
substitution is a polymorphism. The discovery that CRELD] mutations occur in
individuals with CHD, but not in many hundreds of appropriately selected normal control
samples is perhaps the strongest evidence yet that CRELDI plays a critical role in
cardiogenesis. Recapitulation of CHD in a mouse model should, in conjunction with the
human mutation data, show unequivocally that CRELD] is an essential for heart

development.
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CRELDI1 interacts with Decorin and SPARC in a yeast two-hybrid system

Two CRELDI binding partners have been identified by conducting a yeast-two
hybrid screen using a portion of the human CRELD1 protein fused to a GAL4 activation
domain. Sequence analysis has revealed that CRELD1 is a modular protein, containing a
stereotypical secretion signal, a short, low-complexity proline rich domain, tandem EGF-
domains, two calcium binding EGF-like domains and is predicted to be anchored to the
cell membrane by a pair of transmembrane spanning helices. The protein also contains a
tryptophan and glutamic acid rich region (WE domain), which lies at the amino-terminal

end of the molecule, just downstream of the proline rich tract.

When homology searches were conducted using CRELDI sequence, no
significant hits were identified using the WE domain in unrelated molecules. However,
during these searches, orthologous and homologous genes were identified from several
species. Comparisons between mouse, human, Chinese hamster, C. elegans and D.
melanogaster showed that, though there is no significant similarity of the WE domain
between CRELD1 and other proteins, the WE domain is very highly conserved between
species (Appendix II). This suggests a strong evolutionary pressure to maintain intact
function. Because conservation across the WE domain is high, and because it is
apparently unique to CRELD proteins, this region was chosen as “bait’ for a yeast two-

hybrid library screen.

This screen resulted in the identification of two putative interacting proteins,
decorin and SPARC (secreted protein, acidic, rich in cysteine). SPARC and decorin are

well-studied, multi-functional extracellular (or matricellular) molecules. Though other
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interacting proteins were identified, they were excluded from further study based on two
principle criteria: sub-cellular localization (nuclear or intracellular rather than

extracellular) and limited, tissue-specific expression patterns.

Decorin

Decorin is a proteoglycan first isolated from adult bovine cartilage in 1985
(Rosenberg et al., 1985). Decorin, which consists of a ~ 36 kD protein core, is a major
constituent proteoglycan of most connective tissue and belongs to the family of small
leucine-rich proteoglycans (SLRPs) that are secreted into the ECM (Scholzen et al., 1994;
Tozzo, 1999). The SLRP family currently includes nine proteins. Decorin and biglycan
are the most closely related SLRPs and contain a propeptide that may serve as a
recognition signal for enzymes involved in the addition of glycosaminoglycan chains.
Other SLRP family members include fibromodulin, lumican, epiphican, keratocan,
PRELP, PG-Lb and osteoglycin (Iozzo, 1999) The hallmark feature of decorin and
biglycan is a canonical 24 amino acid residue leucine-rich region with asparagine and
leucine positionaly conserved (LX,LXLX,NX(L/I)) and repeated within the protein
multiple times (Scholzen et al., 1994; Tozzo, 1999). Decorin is known to bind a diverse
group of molecules including TGFp, several fibrillar collagens, fibronectin,
thrombospondin as well as cell endocytosis receptors (Yamaguchi et al., 1990; Schmidt et
al., 1991) (Winnemoller et al., 1991) (Winnemoller et al., 1992) (Hausser et al., 1998;
Tozzo, 1999). Additionally, decorin has been shown to bind tropoelastin (the precursor to

elastin) as well as fibrillin-containing microfibrils, suggesting decorin may play a role in
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elastinogenesis (Reinboth et al., 2002). Decorin acts to attenuate TGFJ3 activity via direct
binding of the growth factor (Yamaguchi et al., 1990). Moreover, decorin has been
shown to exert cytostatic effects in a variety of tumor cell lines when stably transected
with decorin (Santra et al., 1997). More recently, decorin has been found to induce cell
cycle arrest via direct interaction with EGFR, leading to phosphorylation of MAP kinase
and p21 induction in A431 squamous carcinoma cells (Iozzo et al., 1999b). Decorin has
also been shown to up-regulate p21 in endothelial and epithelial cells, though through a

separate pathway (Schonherr et al., 2001).

Decorin has been cloned from several species and comparison of amino acid
sequence demonstrates a high degree of conservation (>80%) (Scholzen et al., 1994).
Expression patterns of decorin in the adult mouse have been probed by Northern blot.
Decorin shows widespread expression in mature animals, with strongest levels in skin,
liver and in heart, specifically the pericardium. This is in contrast to the signals detected
in developing embryos using in situ hybridization, where a dynamically changing pattern
is seen. During development, decorin expression is initially found in neural cell
precursors (e11), later becoming restricted to the linings of the major organs, including
pericardium of the heart and meninges (e13). Signals were subsequently seen in
connective tissues and skin, as V\-/ell as the gut (e16). The common theme underlying the
observed shifts in expression is that decorin expression occurs in the embryonic
mesenchymal tissues and organ-lining layers. Based on these expression patterns, the
authors speculate decorin may play a role in epithelial-mesenchymal interactions during

organogenesis (Scholzen et al., 1994).
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In order to gain further insight into the functional role of decorin, mice harboring
a disruption at the decorin locus have been generated (Danielson et al., 1997). Mendelian
ratios were seen in offspring of decorin deficient heterozygotes, demonstrating decorin is
not required for survival. Though gross anatomical inspection was normal, a severe
fragility of skin, marked by dermal thinning and loose connective tissue in the
hypodermal layer was found. Biomechanical analysis of skin segments showed a three-
fold reduction in tensile strength compared to wild-type littermates. Interestingly, this
phenotype was not fully penetrant. Ultrastructural analysis of dermal collagen by
clectron microscopy revealed a disorganized collagen fibril array. Further, collagen
fibrils showed irregularity in shape and size, both longitudinally as well as in cross-

section. No abnormalities of internal organs were reported (Danielson et al., 1997).

Because decorin has been shown to induce cell growth arrest, but decorin-
deficient mice show no sign of unchecked cell proliferation, lozzo and colleagues
hypothesized that the absence of decorin could lead to tumorigenesis in a suitable genetic
background. This hypothesis was tested by making a mouse mutant for both decorin and
the well-known tumor-suppressor p53 (Iozzo et al., 1999a). Double homozygous mutant
mice were uniformly found to develop thymic lymphomas, and tumorigenesis occurred
more rapidly than in the p53 knockout alone. A p53 7 decorin ** mutant showed thymic
lymphomas with the same frequency, though at a much slower rate. Growth of cultured
lymphoma cells was slowed considerably with the addition of exogenous decorin or
decorin secreted from fibroblasts, and the human decorin protein core was shown to be
the functional equivalent of mouse protein. In fact, isolated human protein core was

shown to be a more potent inhibitor of proliferation, suggesting that this activity is
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mediated by the protein itself and not the glycosaminoglycan side chain. In a separate
study, exogenous addition or ectopic expression of the isolated protein core was found to
cause growth suppression in neoplastic cells of various origins (Santra et al., 1997). It
was further found that growth arrest in these cells was p21 dependent, and de novo
expression of decorin in HCT116 human colon carcinoma cells with a disrupted p21 gene
were unresponsive. The conclusion drawn from these data is that decorin can act to

negatively regulate cell proliferation.

Using an in vitro assay designed to test the response of endothelial cells to
different ECM substrates, it was found that decorin alone (isolated from cartilage), or
decorin with thrombospondin-1 was able to inhibit the formation of endothelial tube-like
structures (TLS) (Davies et al., 2001). TLS formation is a measure of neovascularization
activity (Davis and Camarillo, 1996). Further, decorin was able to prevent the formation
of endothelial cell ‘aggregates’ when added to cell suspensions during or prior to plating.
This suggest that decorin plays an ‘anti-adhesive’ role via interactions involving

anchoring extracellular substrate(s) and/or cell surface receptors.

When bovine endothelial cells were transduced with replication-deficient
retroviral vectors containing bovine decorin, it was found that these cells show decreased
cellular migration during monolayer outgrowth assays when compared to cells transduced
with empty vector alone (Kinsella et al., 2000). The edges of these monolayers did
appear more dispersed after 72 hours, again suggesting decorin has de-adhesive
properties. Accelerated fibrillogenesis was a consistent feature of the expressing cells,
and this was found to be dose-dependent when non-decorin expressing cells were

incubated with increasing amounts of purified protein. These investigators also studied
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the effect of decorin on cell proliferation by BrdU labeling, and found that endothelial
cell proliferation is unaffected by decorin, which seemingly contradicts the finding that
decorin causes cell cycle arrest (Iozzo et al., 1999b). Clearly, more work needs to be
done to clarify these conflicting results, and it is likely that the functional outcome of
decorin activity is modulated by the extracellular matrix and cell surface

microenvironment.

SPARC

SPARC (also known as osteonectin or BM-40) encodes a highly conserved
developmentally regulated matricellular protein belonging to a group of factors that are
thought to mediate cell-matrix interactions rather than contributing directly to ECM
structure (Murphy-Ullrich, 2001). Other members of this class include thrombospondins
I and 2, tenascins C and X, and osteopontin (Brekken and Sage, 2001). SPARC is a 32
kD (286 amino acid) glycoprotein is composed of three ‘modules’ including an N-
terminal acidic domain, a cysteine rich ‘follistatin-like’ domain (FS) and an extracellular
calcium-binding domain (EC) (Hohenester et al., 1997). Like decorin, SPARC is
multifunctional and is reported to mediate embryogenesis, tissue remodeling and wound
healing, modulate cell shape and adhesion as well as act to enhance or inhibit cell
proliferation (Bradshaw and Sage, 2001) (Brekken and Sage, 2001; Murphy-Ullrich,

2001).

SPARC was originally purified from developing bone and was thus thought to be

bone specific, as it was shown to bind calcium with high affinity, perhaps acting as a link
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between mineral and collagen (Termine et al., 1981). Subsequent observation showed
that SPARC interacts with a wide variety of extracellular molecules including platelet
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and TGFp.
Furthermore, SPARC is reported to interact with structural matrix molecules such as
collagens type I, III, IV and V as well as vitronectin and entactin/nidogen, again
highlighting the varied roles of this protein (Bradshaw and Sage, 2001) (Brekken and

Sage, 2001).

The modular nature of SPARC has lead to dissection of the functional and
structural domains of the molecule. The crystal structure for the globular EC domain of
SPARC has been solved at 2.0 Angstrom resolution (Hohenester et al., 1996). The
solution revealed a tandem pair of canonical EF-hand calcium-binding sites, as well as
three a-helices postulated to constitute the collagen-binding site. In a subsequent study,
the crystal structure of FS domain of SPARC was elucidated (Hohenester et al., 1997).
The FS domain is stabilized by five disulfide bonds and takes a more open conformation
than that of the EC domain. Sequence alignment with other follistatin-like proteins
(follistatins I, IT and III; agrins) shows nearly complete conservation of the five disulfide
cysteine pairs. These domains are reminiscent of the ‘Kazal’ family of serine protease
inhibitors, suggesting a possible relationship between these molecules, though this
activity has never been attributed to SPARC. Structure definition has shown an
inhibitory loop from the EC domain extends into the protease inhibitor-like FS domain,
which may explain the failure to detect inhibition of proteases by SPARC. The N-

terminal acidic domain is short (~50 amino acids) and presumably loosely ordered, thus
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the FS-EC structure provides a near-complete picture of SPARC architecture (Hohenester

etal., 1997).

An in vitro system of angiogenesis was used to study the response of endothelial
cells to the addition of SPARC (Lane et al., 1992). Bovine aortic endothelial cell clones
were isolated due to their ability to spontaneously form ‘tubes’ and ‘cords’ after ECM
synthesis. Contact-inhibited endothelial cells, which do not form these structures, were
used as controls. It was found that exogenous SPARC added to neovascularizing c;ells
decreased the synthesis of both fibronectin and thrombospondin, but had no effect on
collagen I. Peptides derived from SPARC synthesized to represent different portions of
the protein were used to identify functional domains. A peptide from the acidic region of
SPARC (amino acids 4-23) was found to substitute for the intact protein in this assay,
although the peptide was considerably less bioactive than intact protein. Nevertheless, a
19 residue peptide containing an identical but scrambled amino acid profile as peptide 4-
23 was entirely inactive, suggesting this region of SPARC does contain biological
activity. Higher concentration of intact protein caused changes in cell morphology
(rounding) in addition to shifting levels of extracellular molecule expression. These
effects were not seen in confluent cultures free of ‘tubes’ and ‘cords’. Though the
authors speculate that these observations were likely the result of SPARC-induced
changes in cell adhesion to the ECM or changes in the ECM itself, they could not rule out

the existence of a cell surface SPARC receptor.

Subsequent experiments conducted by the same laboratory sought to detect direct
interaction between SPARC and endothelial cells via a putative receptor (Yost and Sage,

1993). In order to carry out these experiments, '>I-SPARC was added directly to
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endothelial cells followed by washing and detection. It was found that SPARC can bind
directly to endothelial cells. Predictably, SPARC adhesion to these cells is calcium
dependent (ImM Ca"™" at pH 7.1), though surprisingly stable through a relatively broad
range of pH (pH 4 — 7). In this study peptide 4-23 was unable to compete with binding.
Thus, other peptides were prepared and analyzed in competition experiments. In this
manner it was found that a peptide containing amino acids 254-273 was able to compete
directly with full length SPARC. This sequence localizes to the EF-hand region in the
EC domain of the mature protein. Peptide 254-273 was immobilized to a solid support
and used in affinity isolation experiments with proteins recovered from endothelial cell
membrane preparations. By this method several proteins were purified ranging in size
from 100 to 153 kD. However, the identities of these fragments remained unclear and
the authors caution that in general, short synthetic peptides or protein fragments often

show binding properties different from native protein.

In a follow-up study, Murphy-Ullrich and co-workers were able to show that
SPARC protein purified from mouse or recombinant protein produced in S. cerevisiae
caused loss of cellular focal adhesion plaques in endothelial cells (Murphy-Ullrich et al.,
1995). This effect could be blocked by using rabbit anti-SPARC polyclonal antibody.
Interestingly, though cells appeared round and lost focal adhesion plaques with the
addition of SPARC, the integrin receptor and its ECM ligand (vitronectin) were shown to
remain intact. It has been suggested that this represents an intermediate state of adhesion,
one in which cell migration is favored (Murphy-Ullrich, 2001). As before, peptides
derived from distinct regions of SPARC were analyzed. Two peptides, 54-73 and 254-

273 were found to cause dissolution of focal adhesion plaques, though this activity was
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not additive. Furthermore, as with the intact protein, this activity could be blocked with
antibodies raised against these peptides. The authors highlight the fact that though each
peptide can cause loss of focal adhesion plaques, they each contain properties of their
own, and it is not clear whether these peptides are recognized by a single or multiple

receptors.

In an unrelated set of experiments, it was found that heart-conditioned medium
derived from newborn rat ventricular primary cell culture was able to cause focal
adhesion disassembly in rat embryo fibroblasts (Dunlevy and Couchman, 1993). This
work also showed that stimulation with known growth factors (PDGF, FGF, EGF , TGFP)
could not substitute for conditioned heart medium. The authors concluded that highly
migratory fibroblasts from newborn heart secrete a factor(s) that mediates focal adhesion
stability, and that the ‘wounded’ heart tissue from which the primary cultures were
derived enhanced release of these factors. Though follow up work by Dunlevy and
colleagues implicated the cytokine IL8 in focal adhesion stability in this experimental
system, it is tempting to speculate that SPARC may be a secondary factor involved in this
process, particularly given that IL8 was not as effective as complete conditioned heart
medium (Dunlevy and Couchman, 1995). In fact, SPARC ha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>