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ABSTRACT 

MEQC (myc embryonic guail cardiomyocytes) is a permanent cell line derived 

from cardiac tumors produced by infection of 3-day quail with the MC29 myelocytoma 

virus, which contains the v-myc proto-oncogene. This cell line can be induced to 

differentiate as evidenced by expression of muscle specific markers upon co-culture with 

NIH 3T3 fibroblasts. When MEQC are treated with low concentrations of BrdU before 

co-culture, they can no longer be induced to express phenotypic markers. In the current 

study, I have isolated BrdU-sensitive transcripts from MEQC cells by subtractive 

hybridization and investigated their distribution in developing chick embryos. In all, 29 

transcripts were isolated, 14 of which could be identified by sequence comparison with 

the Genbank data base. Complete sequences were obtained for two of the remaining 

transcripts, pX 19 and pX27. pX19 encodes a protein of 23 kDa that contains an 

amphipathic a-helix previously described only in plant seed embryos. By in situ 

hybridization pX19 was identified mainly in hemopoietic tissues; it was also found in 

cardiac cushion mesenchyme by PCR. The clone pX27 was identified as the avian 

homologue of mammalian glypican core proteins and was localized in early stages of 

development to the cephalic regions of the neural folds, rostral paraxial mesoderm, and 

newly formed somites. Later, glypican transcripts were found in the apical epidermal 

ridge of the limb buds, mantle zone of the telencephalon, and endocardial cushions of the 

atrioventricular canal and aortopulmonary outflow tract. An antibody raised against the 

glypican core protein was localized to the cell membrane in MEQC cells. Furthermore, 

upon withdraw of serum from cultures of MEQC expression of glypican transcripts was 

enhanced and the cells tended to clump. Administration of a glypican antisense 

oligonucleotide prevented cell clumping and blocked the migration of endocardial 
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endothelial cells over collegen gel. Taken together, these results suggest that MEQC 

express transcripts unique to either myocardium or endocardium and provide a useful 

system from which transcripts expressed during development can be isolated. 
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CHAPTER 1 

INTRODUCTION 

General Purpose 

Congenital heart malformations are a major cause of infant morbidity and 

mortality, affecting about 3% of newborns (Kalter and Warkany, 1983). In most cases, 

these defects can be traced to abnormal development of one of the two layers of the 

primitive heart tube, that is, the endocardium or myocardium (Fyler et al.., 1980). Defects 

within the myocardium, or muscle layer, typically result in death in utero. Abnormalities 

within the endocardium and its associated endocardial cushions, give rise to a variety of 

defects in the heart chamber septation and valve formation. Fetuses with abnormalities in 

these structures may survive until birth and represent the majority of the congenital heart 

abnormalities that require medical attention. 

Understanding the origin of these abnormalities is a topic of considerable medical 

importance. The traditional approach to cardiac development has been to study the heart 

from its earliest beginnings to progressively later stages by anatomical and more recently 

molecular techniques. The small size of the early heart has presented formidable 

obstacles to obtaining a detailed understanding of cellular and biochemical events during 

development. 

In a variety of tissues and organ systems, permanent cell lines have been used 

successfully as model systems for developmental studies, but little progress has been 

made on the use of heart cell lines to study cardiac development. There are a number of 

reasons for this difficulty: 1) Primary cultures of cardiomyocytes undergo only limited 

cell division; 2) Primary cardiac tumors containing proliferating cardiomyocytes are rare 
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and cells from these tumors have proved difficult to propagate (Auclair and Freyss-

Beguin, 1980). There has been some success in establishing heart cell lines by 

immortalization of cardiomyocytes by the use of viruses or viral protein(s). Most of 

these lines, however, express a fairly mature cardiac phenotype and do not undergo 

further differentiation in culture. 

In 1991, Jaffredo et al. reported the development of a heart cell line, MEQC, that 

was derived from rhabdomyosarcomas developed in 3-day quail embryo heart injected in 

ovo with the MC29 virus, which contains the v-myc proto-oncogene. Newly cloned 

MEQC exhibited myogenic markers similar to those of early embryonic cardiac muscle 

cells. With passage of the cells in culture, however, these muscle markers progressively 

disappeared. Cardiomyocyte markers could be re-induced by co-culture of MEQC with 

NIH 3T3 fibroblasts in defined medium. Subsequently, it was observed that when 

MEQC were treated with a low concentration of BrdU before co-culture with NIH 3T3 

cells, they could no longer be induced to express phenotypic markers, presumably 

because BrdU treatment blocks the expression of genes that are responsible for 

differentiation (Antin, P.B., unpublished). It seemed reasonable to believe that 

identification of BrdU-sensitive genes might lead to the discovery of important factors 

involved in cardiogenesis. Using this line of reasoning, the primary goal of my thesis 

research was to use BrdU treatment of MEQC as a model system for identification of 

genes expressed in early cardiac development. 

Literature Review 

Formation of myocardium 

In early avian and mammalian embryonic stages, cardiomyocyte progenitors 

reside in the splanchnic mesoderm of the cardiogenic plate. These cells become 



committed to cardiomyocyte lineage as early as the formation of the primitive streak 

(Garcial-Martines et al.., \ 993). In the late presomite-early somite stages, cardiac 

myogenesis is manifested by the expression of myosin, actin, tropomyosin, titin and 

various intermediate filament proteins (Van Der Loop et al., 1992; Sugi and Lough, 

1992). These proteins are first observed in the portion of the early heart tube that will 

develop into ventricles and their expression spreads both in a rostral and in a caudal 

direction until the 25-somite stage. 

Before peristaltic contraction is initiated, phenotypic properties of cardiomyocytes 

can be altered by transplantation to other positions within the craniocaudal axis of the 

heart tube (Satin et al.., 1988). At this point, distinct cell lineages within the myocardium 

have not yet formed. A low density of gap junctions and other molecular markers of 

heart muscle, such as acetylcholinesterase, a - and P-myosin heavy chain isoforms and 

sarcoplasmic reticulum calcium ATPase mRNA, coexist throughout the entire length of 

heart tube (Moorman and Lamers, 1992). 

As maturation of the myocardium proceeds, atrial and ventricular components are 

developed and peristaltic contractions are initiated. By this time, myocyte progenitors of 

the relatively homogeneous primary myocardium have become dissimilar in protein 

composition. Expression of the a- and (3-myosin heavy chain isoforms becomes 

restricted to atrial and ventricular compartments, gradually replacing co-expression of 

both myosin isofoms (Wessels et al.., 1992). Connexin 43 becomes detectable in atrial 

and ventricular segments, reflecting the formation of gap junctions in the atria and 

ventricular myocytes (Van Kempen et al.., 1991). Acetylcholinesterase disappears from 

the developing compact myocardium and becomes confined to the outflow tract 

trabeculations (Lamers et al., 1990). Sarcoplasmic reticulum calcium ATPase mRNA 
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remains present in a caudocranial gradient, but is remarkably low in the atrioventricular 

junction and in the outflow tract (Moorman et al., 1993). 

Formation of endocardium 

Both atrial and ventricular endocardium are thought to originate from splanchnic 

mesoderm. Proendocardial cells have been seen to detach from the cardiogenic plate to 

form an endocardial network adhering to the basal surface of the endoderm (Viragh et al., 

1989). However, it is not known whether the endothelial cells have a common origin 

with the cardiomyocytes that can be traced back to a pluripotent progenitor population or 

arise from a separate progenitor population. Results from classic anatomic studies 

suggested that lateral splanchnic mesoderm is the source of both the myocardial and 

endothelial cells found in the heart. Sabin (1920) first described the delamination of 

endothelial cells from cardiogenic plates containing the myocardial primordia. 

Autoradiographic studies using ^H-thymidine labeling of DNA by Rosenquist and 

DeHaan (1966) and Stalsberg and DeHaan (1966) support the observation that small 

clusters of endothelial cells arise from the primordial myocardial areas and migrate to 

form the endocardium. Manasek (1976) identified the migratory cells as pre-endocardium 

by transmission electron microscopy. Similar studies by Viragh et al. (1989) noted the 

detachment of preendocardial cells from the cardiogenic areas of HH stage 9 chicken 

embryos. Immunochemical studies using the QH1 monoclonal antibody, which 

recognizes quail endothelial cells, further verified that these cells are endocardial 

angioblasts (Coffin and Poole, 1991; Drake and Jacobson, 1988). An analysis of the cell 

lineage of cardiomyocytes using a replication-defective retrovirus system concluded that 

precardiac mesoderm cells are exclusively myocyte progenitors (Mikawa et al., 1992). 

More recently, a study of preendocardial and premyocardial cells in the quail heart-

forming region in which differentiating myocardiocytes were immunostained with anti-



N-cadherins and endocardiocytes with QH-1, a monoclonal antibody that recognizes an 

antigenic determinant on quail endothelial cells, demonstrated large patches of QH-1 

labeled endothelial cells interspersed with N-cadherin expressing myocardiocytes. 

Furthermore, a subpopulation of cells expressed both antigens, suggesting that 

endocardial and myocardial cells arise from a common precursor and that N-cadherin 

regulation may be a mechanism underlying specific cell sorting of these two cell 

population during heart development (Linask and Lash, 1993). This result is supported 

by the finding that at early stages, endothelial cells of the endocardium have been shown 

to label positively for cardiac specific myosin (Tokuyasu and Maher, 1987; Han etai, 

1992). Finally, as reviewed below, a permanent cardiac cell line, QCE-6, has been 

established which is capable of giving rise to both cardiomyocytes and endocardium 

cells. 

There may be additional cellular contribution to the endocardium of the outflow 

tract from the neural crest which are ectodermally derived. This idea was first proposed 

by Rosenquist (1970), who found transplanted head mesodermal cells in the outflow tract 

endocardium. Noden (1991) further showed that many precursors of outflow tract 

endocardium are found within head mesoderm, located beside the hindbrain at the early 

somite stages. It is not known whether these precursors of the outflow tract endothelial 

cells arise de novo within head mesoderm or originate elsewhere during gastrulation. 

Formation of cardiac cushions 

Early in development of the vertebrate heart unidirectional blood flow is 

established by the development of gelatinous swellings along the endocardial surface. 

Around stage 17 in the chick heart these swellings, referred to as endocardial cushions, 

arise at either end of the primitive ventricle, upstream along the atrioventricular (AV) 
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canal and downstream in the region of conus cordis and truncus arteriosus (Pattern, 

1971). These initial acellular pads fill with mesenchyme to form the cushion tissue, 

primordia of the adult heart valves. Mesenchyme within the outflow track cushion is 

derived from two distinct sources (Thompson and Fitzharris, 1979; Kirby, 1993). The 

first cells to appear are of neural crest origin. The precise contribution of these crest-

derived cells to the formation of the outflow tract cushions is unknown. While not 

numerically large, these neural crest cells may bring important patterning signals from 

the developing rhombomeres, including Hox gene products (Hunt et ai, 1991). 

Delamination of the endocardium is considered to be the another source of cardiac 

cushion formation in the outflow tract and AV canal (Markwald et al., 1984). There is 

evidence that the endothelium in the endocardial cushion region is induced to initiate 

mesenchymal formation by the overlying myocardium. Expression of TGF-P by 

endothelial cells may be required for their transformation into the cushion mesenchyme 

(Potts etai, 1991; Nakajima e/a/., 1994). Membrane-anchored heparin sulfate 

proteoglycans (HSPG) appears on the surface of activated cells during migration and are 

thought to interact with collagen and fibronectin networks within the wall of the 

endocardial cushion (Funderburg and Markwald, 1986). 

Homeobox genes and cardiac development 

Although normal development of heart is depended upon the correct spatial and 

temporal expression of multiple genes, genes encoding transcriptional factors are of 

central importance because their protein products control expression of a multitude of 

downstream target genes. Among various transcriptional factor genes, homeobox genes 

are of particular interest because some of the homeobox genes are believed to be at high 

levels in the hierarchy of developmental controls of various tissues and organs. 



Homeobox genes encode transcriptional factors that share a common amino acid 

DNA binding domain called 'homeobox'. The genes are classified into two major 

categories, the clustered and the dispersed, based on their genomic organization. Human 

and murine clustered homeobox genes share certain sequence characteristics and are 

referred to as Hox genes. Two Hox genes have been clearly implicated in heart 

development. Hoxa-2 (Patel et ai, 1992), Hoxa-3 (Gaunt, 1988) were expressed in 

cardiomyocytes and atrial of early rat embryos, respectively. Targeted disruption of 

Hoxa-3 resulted in a number of cardiac defects, including aortic and pulmonic valve 

anomalies, persistent patent ductus arteriosus, hypertrophy of atria and dilation and 

thickening of the left ventricular wall (Chisaka and Capecchi, 1991). 

The strongest evidence for a pivotal role of homeobox genes in heart 

development, however, comes from studies of the Drosophila gene, tinman and its 

murine homologue, Csx/NKx-2.5. They belong to the dispersed group of homeobox 

genes. In Drosophila, tinman is expressed very early in mesoderm development. 

Mutations in the gene result in the absence of a heart (Bodmer, 1993). Expression of Csx 

is cardiac specific, with transcripts found in both atrial and ventricular myocardium from 

E8.5 to adult in the rat (Komuro and Izumo, 1993). NKx-2.5 expression is also observed 

throughout heart development, including early myocardial progenitor cells (Lints et al., 

1993). Mutation of Nkx-2.5 results in an abnormal heart tube that does not develop 

further than the early stages of cardiac looping. Additional murine homologues of tinman 

have been identified, but their role(s) in heart development have not been identified 

(Bodmer, 1993). 

Other dispersed homeobox genes are implicated in cardiac development. Mox-1 

(mesoderm/mesenchyme homeobox-1) and Mox-2 are mesodermaily-restricted murine 

homeobox genes (Candia et al., 1992). In situ hybridization studies have demonstrated 
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expression of these genes in mesenchymal ceils of the truncus arteriosus and AV canal 

cushions of mice at E10.5. Chicken Msx-1 (muscle segment homeobox-1) is expressed 

in cells delaminating from the AV epithelial endocardium and becoming part of the 

mesenchymal population of the endocardial cushions (Chan-Thomas et al., 1993). At 

later stages, expression of Msx-1 is detected in the outflow tract, mainly in the valves of 

the pulmonary artery and aorta. Msx-2 is seen in a distinct subpopulation of myocardial 

cells that, in later stages, coincides morphologically with the cardiac conduction system. 

Pmx (paired mesoderm homeobox gene) is expressed in the pericardium of E 12.5 in 

mice. S8, another dispersed mouse homeobox gene, is expressed diffusely in the heart 

forming region, but later is localized to the atrium and atrioventricular valves (Opstelten 

et al., 1991). 

Cardiac cell lines 

Six permanent ceil lines derived from various heart tissues are summarized in 

Table 1. W1 (Wanget al., 1991), AT-l(Delcarpio era/., 1991), H9C2 (Hescheler er a/., 

1991) cell lines are inappropriate in vitro models for studying differentiation because they 

possess a fully differentiated cardiomyocyte phenotype. The H9C2 cell line expresses 

the skeletal muscle myogenic determinant, MyoD, (Peterson et al., 1990), which is not 

normally found in cardiac muscle, making its usefulness in studying cardiac 

differentiation questionable. The P19 cell line (Edwards et al., 1983) can be induced to 

recapitulate various aspects of heart development. However, because of the 

pluripotential nature of these cells, the ability to identify factors that are specific for 

cardiac development is uncertain. Thus, MEQC (Jaffredo et al., 1991) and QCE-6 

(Eisenberg and Bader, 1995) would appear to be most suitable for modeling progenitor 

cells of the early heart. At the time the present work was initiated, only MEQC were 

available. 
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BrdU suppresses the expression of proteins associated with the differentiated state 

of several embryonic tissues without affecting cell division or the accumulation of 

proteins. (Abbott and Holtzer, 1968; Coleman et al., 1969; Mayne et ai, 1971; 

Stellwagen and Tomkins, 1971) The amount of DNA coding for BrdU-sensitive 

differentiation is exceedingly small, leading to the proposal that low doses of BrdU 

inhibit 'switching loci' for differentiation and thereby block initiation of new synthetic 

programs (Weintraub, 1973; Weintraub et al., 1973). It has been found, for examples, 

that BrdU blocks skeletal muscle myogenesis by depressing the expression of MyoD 

(Tapscott et al., 1989) and inhibits hematopoiesis by preventing the production of 

hemoglobin (Weintraub, 1973). Thus, identification of BrdU-sensitive gene products in 

MEQC potentially may resulted in the detection of proteins that are important in cardiac 

development. Accordingly, the general strategy is to use BrdU treatment of MEQC as a 

model system and isolate BrdU sensitive transcripts. Then, the expression pattern of the 

BrdU sensitive mRNA in developing chick hearts will be examined. Detailed functional 

studies will be carried out with potentially promising candidates 
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Table 1.1. Cardiac cell lines and their major characteristics 

Cell Line 

P19 

W1 

QCE-6 

H9C2 

MEQC 

AT-1 

Source 

T eratocarcinoma 
induced in C3/He 
mice 

Human 
cardiomyocytes 
transfected with SV 
40 large T-antigen 
and neomycin 
resistance gene 

Quail precardiac 
mesoderm treated 
with 20-
methylcholanthrene 

Embryonic rat heart 

Cardiac 
rhabdomyosarcomas 
produced in day 3 
quail heart by 
infection with v-
myc 

Left atrial mouse 
cardiomyocytes 
expressing SV 40 
large T oncogene 

Characteristic 

Expresses cardiac 
and skeletal 
phenotypes after 
induction with 
DMSO 

Morphology and 
isozyme profile 
similar to human 
fetal cardiac 
myocytes; reacts to 
cardiac specific 
myosin antibody 

Express muscle and 
endocardial 
phenotypes after 
culture in retinoic 
acids, bPGF, TGF-
(32 and TGF-p3; 
endothelial 
phenotype is 
inhibited by PDGF 
and IGFn 

Expresses skeletal 
and cardiac muscle-
specific proteins, 
including MyD 

Induced in defined 
medium by co-
culture with NIH 
3T3 to express 
cardiac myogenic 
markers 

Expresses cardiac 
muscle phenotypes 
including organized 
myofibrils, gap 
junctions, and atrial 
specific granules 

Reference 

McBumey et 
a/., 1982; Edwards et 
a/., 1983 

Wang et a/., 1991 

Eisenberg and 
Bader,1995; 
Eisenberg and 
Bader, 1996 

Kimes and 
Brandt, 1976; 
Peterson et al., 
1990; Hescheler et 
al., 1991 

Jaffredo e/a/., 1991 

Delcarpio et al., 
1991 
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CHAPTER 2 

EXPRESSION OF AVIAN GLYPICAN IS DEVELOPMENTALLY REGULATED 

Introduction 

Literature Review on Structure and Function of Membrane HSPG 

A. Polysaccharide 

HSPG are a family of complex macromolecules that consist of a core protein to 

which one or more glycosaminoglycan (GAG) side chains attached through a specific 

trisaccharide (xylose-galactose-galactose) linker. Although the HSPG GAG chains are 

initially synthesized as the simple alternating repeat of glucuronosyl and N-

acetylglucosaminyl residues that are joined by B 1,4 linkages, the final products can be 

highly diverse. This is because HSPG GAG chains undergo a series of modification 

reactions that include N-deaetylation/N-sulfation of N-acetylglucosamine,6-0-sulfation 

of glucosamine, C-5 epimerizaiton of glucuronic acid to iduronic acid, and 2-0-sulfation 

of iduronic acid. Additionally, C3 of glucosamine and C2 of glucuronic acid can be 

subsituted by sulfate. The monosacchride structures, epimerization and sulfate 

substitution can result in four distinct hexuronic acids (glucuronic acid, 2-O-SO3-

glucuronic acid , idouronic acid and 2-0-S03-idouronic acid ) and six glucosamine units 

(N-acetlyglucosamine, 6-0-S03-N-acetlylglucosamine, glucosamine, 6-O-SO3 

glucosamine, 3-O-SO3 glucosamine and 3,6-di-0-S03 glucosamine), allowing for 18 

different hexuronic acids to glucosamine and 12 glucosamine to hexuronic acid 

disacchride sequences (Esko, 1991; Kjellen and Lindahl, 1991). 

The factors that determine the structure of the polysaccharide chains of HSPG are 

still elusive. Currently, it is believed that the synthesis of heparan sulfate is largely 
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controlled by the cell, rather than by information contained within core proteins. This is 

supported by the fact that different proteoglycans within a particular cell population have 

strikingly similar compositional features (Schmidtchen and Fransson, 1992). Also, 

proteoglycans show important polymorphisms of their polysaccharide moieties when 

isolated from different cell types or at different stages of cell differentiation (Berfield et 

ai, 1992). Functions ascribed to a particular proteoglycan in a particular cell type that 

depend on the polysaccharide moiety, and therefore may not necessarily be the same in 

other cell types or other phases of cellular development where this proteoglycan is also 

expressed. 

B. Core protein 

HS attachment sites 

HSPG GAG chains are attached covalently to the serine residues of the core 

proteins through a trisaccride (xylose-galactose-galactose) Unkage. Many efforts have 

been made to identify the recognition sequences of amino acids around the target serine 

residue. Although exception exist, Ser-Gly surrounded by acidic residues seems to be the 

consensus sequence for heparan sulfate attachment (Kjellen and Lindahl, 1991). This 

assumption is further supported by several in vitro studies using recombinant DNA 

sequencing methods. For example. Bourdon et al. (1987) showed that S-G-X-G 

tetrapeptide sequences proceeded by a few acidic residues were amenable to xylosation. 

More recently, Zhang and Esko (1994) examined the assembly of HSPG GAG chains on 

betaglycan, the type III TGF receptor in Chinese hamster ovary (CHO) cells, and found 

that the synthesis of heparan sulfate requires a cluster of acidic residues located near the 

Ser-Gly attachment site. Similar results were obtained when syndecan-1 glycanation 

sites were studied in mouse epithelial (NMuMG) and CHO cells. 
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General Structure 

In recent years, molecular cloning of membrane HSPG core proteins has revealed 

that the core proteins can be classified into at least two different molecular families based 

on their general structural features. Members of one family of HSPG proteins, referred to 

as syndecans, contain transmembrane domains and are associated with the cell membrane 

by intercalation into the lipid bilayer. The members of the other family, known as 

glypicans, are anchored to the cell membrane by linkage to phosphatidylinositol of the 

external leaflet of the plasma membrane. 

Six different cell surface HSPG with core proteins that span the cell membrane 

with transmembrane domains have been identified. Four of these proteins, syndecan 1-4, 

share several common features. Syndecan-1 was originally cloned from mouse 

mammary epithelia (Saunders et al., 1989). Syndecan-2, also known as fibroglycan, was 

identified from human fetal lung fibroblasts (Marynen etal., 1989; David et al., 1990). 

Syndecan-3, also known as N-syndecan was, isolated from chick embryo limb buds 

(Gould et al., 1992) and rat newborn Schwann cells (Carey et al., 1992). Syndecan-4, 

also known as ryudocan or amphiglycan, were found in rat microvascular endothelian 

(Kojima et al., 1992) and embryonic chick limb buds (Baciu et al., 1991). 

All syndecan core proteins are small cysteine-free membrane proteins with 

limited, but significant structural similarity. They all contain a single membrane 

spanning and a short cytoplasmic domain at their COOH-terminal ends. The 

transmembrane and cytoplasmic domains of all four syndecans have striking similar 

structures, with 60-70% sequence identity. This includes the strict conservation of four 

tyrosine residues: one at the junction of the membrane-spanning segment with the 

cytoplasmic domain and three in the cytoplasmic domain itself. In contrast, the 
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ectodomains of all four protein show no more than 10-20% similarity. This sequence 

similarity occurs in the level of the presumptive glycanation signal sequences that serve 

for the implantation of the heparan sulfate chains, and at the junction with the 

transmembrane domain where all four proteins feature basic residues that may mark a 

cleavage site for the protease that is involved in the shedding of the ectodomains from the 

cell surface. 

Another two transmembrane HSPGs are betaglycan and CD44E. They both are 

defined as "part-time" HSPG for the reason that betaglycan may carry either heparan 

sulfate or chondroitin sulfate chains, and only a small fraction of CD44 molecules are 

converted to the proteoglycan form. Moreover, CD44 is primarily a chondroitin sulfate 

proteoglycan, with only the E (epidermal) splice variant of CD44 identified as a HSPG 

(David, 1993). The overall domain structure of betaglycan resembles that of the four 

syndecans, with an amino-terminal extracellular domain with clustered sites for the 

potential attachment of GAG chains and a potential cleavage site near the transmembrane 

region that may be involved in the shedding of this proteoglycan. Also, there is a single 

transmembrane domain, and a short COOH-terminal cytoplasmic tail (Massague, 1992). 

The extracellular domain of betaglycan contains two cysteine-rich regions separated by a 

spacer region. The cytoplasmic domain of betaglycan has no tyrosines, but contains a 

high serine and threonine content with a potential protein kinase C substrate site. CD44E 

is a splice variant of the standard H (hematopoietic) form of the protein that incorporates 

an extra segment of 132 amino acids (Brown et ai, 1991). This segment is rich in serine 

and threonine residues that may serve for the attachment of 0-linked carbohydrate; it 

provides an extra Ser-Gly that is flanked by an acidic residue, and therefore might 

function as a heparan sulfate acceptor site. CD44 also resembles the other 

transmembrane proteoglycans in its domain organization, but shows no significant 
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sequence similarities to these forms and lacks the putative cleavage site in the 

ectodomain. 

GRIPS are bound to the membrane via covalent linkage to glycosyl 

phosphatidylinositol (PI) (David, 1993). The core proteins of GRIPS share several 

common features, including: 1) one or more Ser-Gly glycosylation signal sequences in 

the COOH-terminal region; 2) the occurrence of COOH-terminal signal peptide-like 

sequences; 3) the absence of an apparent transmembrane domain; and 4) the conservation 

of cysteine residues (Filmus et al., 1988; David et al., 1990; Karthikeyan et al., 1992; 

Stipp et al., 1994; Watanabe et al., 1995). Four members of the GRIPS family have been 

identified to date. The first GRIPS family member, glypican, was identified in human 

lung fibroblasts (David et al., 1990). Subsequently, the rat homologue of the human 

glypican core protein was cloned from rat brain by Karthikeyan et al. (1992) and Litwack 

et al. (1994). The human and rat glypican core proteins are highly homologous, with 

=89% overall amino acid identity. The core proteins of the other three members of the 

GRIPS family, cerebroglycan (Stipp etal., 1994), OCI-5 (Filmus et al., 1988) and K-

glypican (Watanabe et al., 1995), were identified from developing rat brain, rat intestine 

and mouse kidney, respectively. K-glypican has 43% identity to human and rat 

glypicans. Cerebroglycan and OCI-5 have low overall amino acid homology with their 

human and rat counterparts (=30%), and with each other (=12%). 

Experimental Purposes 

Various HSPGs have considerable potential for redundancy of function, and may 

perform similar functions, but in different developmental contexts. It is also possible that 

each molecular species of HSPG may be associated with one or more unique functions. 

This follows from the structural heterogeneity of heparan sulfate chains and core 
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proteins, which provides substantial differences in the ligand binding properties of these 

molecules, and hence, in their function (Nurcome et al., 1993; Salmivirta et al, 1991; 

Kato et al., 1994; Sanderson et al., 1993). The concept that each HSPG molecular 

species has one or more unique function(s) also is supported by the observation that 

HSPGs show dramatically different spatial and temporal patterns of expression (David, 

1993). 

The roles of SLIPS family members in development has been studied extensively 

(Solursh etal., 1990; Sutherland etal., 1991; Bemfield etal., 1992; Carey et al., 1992; 

Gould et al., 1992; David et al., 1993; Gould et al., 1995). Data on the developmental 

function of GRIPS, on the other hand, are relatively limited. Expression patterns of 

cerebroglycan, OCI-5 and K-glypican suggest that they may be important in development 

of rat brain, intestine and kidney (Stipp et al., 1994; Filmus et al., 1988; Watanabe et al., 

1995). Comparable data on glypican expression during embryonic development are not 

available. 

In the present study, we have isolated a cDNA encoding the avian homologue of 

the mammalian glypican core proteins and have studied its expression pattern during 

development by Northern analysis and in situ hybridization. The data demonstrate that 

expression of this transcript is highly tissue restricted and under tight developmental 

control, suggesting that glypican plays roles in the morphogenesis and cytodifferentiation 

of somite, limb, heart and brain in the chick. Furthermore, the pattern of avian glypican 

expression appears to co-localize with certain growth factors and, in some cases, with 

growth factor receptors. Given earlier studies (Toole, 1991; Esko, 1991, for reviews) 

implicating HSPG as an essential intermediate in growth factor-receptor interactions, it is 

tempting to hypothesize that glypican may participate in the developmental processes by 

mediating the function of growth factors. 
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Results 

Molecular Cloning of Avian Glypican 

While performing subtractive hybridization screening of transcripts from MEQC, 

a clone was identified containing a 663-bp insert with =70% nucleotide homology to the 

core proteins for glypicans from human lung fibroblast (David et aL, 1990) and rat brain 

(Karthikeyan et al., 1992). Northern analysis of RNA from MEQC using this cDNA 

fragment as probe demonstrated a single band with size of 5.0 kb (Fig. 2.1). To obtain a 

clone containing the complete open reading frame, the same fragment was used to screen 

a MEQC cDNA library. A cDNA clone containing a 1946-bp insert was obtained and 

both strands were sequenced. A single open reading frame of 1806 bp encoding 602 

amino acids, corresponding to a protein of M^ = 70 kDa, was found (Fig. 2.2). Since the 

open reading frame begins 24 bp downstream from an in-frame stop codon and the 

sequence around the initial ATG agrees closely with the Kozak consensus, we believe the 

protein coding region of the transcript is complete. 

The sequence of the COOH-terminal region of the cDNA translation product is in 

good agreement with "rules" that specify precursors of Pl-anchored cell membrane 

protein (Low, 1987; Cross, 1987; Ferguson and Williams, 1988; Caras and Weddell, 

1989). Specifically, a cluster of hydrophobic amino acids (residues 582-597) is found 

near the COOH-terminus (Fig. 2.2). This hydrophobic sequence is not likely to function 

as a membrane spanning domain because of its short length and the fact that the sequence 

is interrupted by polar residues. Moreover, a Gln-Ser-Gly tripepetide is located ten 

positions from the start of the hydrophobic cluster. Taken together, these two features 

suggest that the translation product is a precursor of a Fl-anchored membrane protein and 

the Gln-Ser-Gly tripeptide could serve as a potential cleavage site. 



The putative translation product contains potential heparan sulfate attachment 

sites. Direct repeats of Ser-Gly dipeptide in COOH-terminal region is an unique feature 

shared by all GRIPS members (David, 1993). Three direct repeats of Ser-Gly can be 

found near the COOH-terminal end of the product at positions 535-539 (Fig. 2.2). In 

addition, a Ser-Gly dipeptide also is found at positions 104-105. Both of these clusters of 

Ser-Gly sequences are flanked by acidic amino acids, meeting the criteria for heparan 

sulfate attachment sites (Kjellen and Lindahl, 1991; Bemfield et al., 1992; Kokenyesi 

and Bemfield, 1994; Zhang and Esko, 1994). 

Direct comparison of the cDNA translation product with the core proteins for 

human lung fibroblast and rat brain glypicans suggests that these proteins are closely 

related (Fig. 2.2). An overall identity of 60 % was found among the deduced amino acid 

sequences of the avian protein and the human and rat glypican core proteins. Excluding 

the 50 amino acids at the NH2-terminus, which are unique to the avian protein, and the 

34 residues at the COOH-terminus, which are cleaved during processing, the remaining 

amino acid sequence (residues 51-568) is =75% homologous with the human and rat 

proteins. One of the striking features of this homology is the absolute conservation of 

sequences flanking the potential heparan sulfate attachment sites. Another feature, 

which is unique among Pl-anchored HSPG, is the conservation of cysteine residues. Out 

of a total of 20 cysteines in the predicted avian sequence, 16 are conserved among the 

human, rat and chicken proteins. Furthermore, two stretches of 58 and 96 amino acids 

are virtually identical among the proteins. Based on the results of sequence analysis, we 

believe that we have cloned the avian homologue of the mammalian glypican core 

proteins. 

Expression of Avian Glypican during Development 
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The expression pattern of avian glypican during embryogenesis was analyzed by 

in situ hybridization beginning at 24 hr (stage 7) of incubation. At this stage, glypican 

signals were detected in the folding anterior part of the neural plate (Fig. 2.3A). Weaker 

staining was observed in the paraxial mesoderm, which is destined to give rise to the 

somites, and in the remaining primitive streak. Glypican mRNAs were not detected 

elsewhere in the embryo or in extra-embryonic membranes at this stage. 

In a dorsal view of the developing embryo at 27 hr (stage 8) (Fig. 2.3B), glypican 

transcripts were present at high levels in all four newly formed epithelial somites and in 

the rostral paraxial mesoderm. Transverse sections of the embryo show that expression is 

uniform throughout the entire uncompartmentalized epithelial somite (Fig. 2.3F). 

Expression also was seen in the cephalic region of the developing neural fold. A ventral 

view of the same embryo (Fig. 2.3C) shows that staining was not observed in the 

developing cardiac primordia. 

As the somites matured, glypican expression diminished laterally and was seen 

only in the medial portion of somites closest to the neural tube (Fig. 2.3D). Glypican 

expression was not detected in mature somites. By Day 4, staining was observed only in 

the last three pairs of somites and in the caudal segmental plate (Fig. 2.3E). 

Sequential views of the developing forelimb at stages 20-25 are shown in Fig. 2.4 

A-E. At stage 20, the transcript was restricted to the anterior and posterior margins of the 

developing limb bud. At stage 21, expression of the transcript was detected in the apical 

ectodermal ridge (AER). At the same time, signals in the anterior and posterior areas had 

expanded toward the middle of the limb (Fig. 2.4B). At stages 22 and 23, the strongest 

signals were seen in the AER (Fig. 2.4C&D). Signals in the anterior and posterior 

ectoderm and mesenchyme had expanded to cover almost the entire limb, except for the 
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centromedial portion which remained largely unstained. By stage 25, the limb had 

elongated and expression in the AER was no longer detectable (Fig. 2.4E). At this time, 

however, expression appeared in the proximal region of the limb. Expression of the 

glypican transcript within the proximal region and in the anterior and posterior margins 

was restricted to the surface ectoderm and to a few underlying layers of mesenchymal 

cells (Fig. 2.4F). A similar, but weaker, pattern of expression also was observed in the 

hind limb (data not shown). 

Glypican transcript expression in chick brain and heart at stage 20-25 was highly 

cell type-restricted. In heart, transcripts were strongly expressed only in the 

atrioventricular (AV) canal and aortopulmonary outflow track (Fig. 2.5A). Transverse 

section through these regions indicated that expression in the AV canal and 

aortopulmonary outflow tract was restricted to bipolar cells in the inner one-third of the 

endocardial cushions, with the strongest staining intensity being located adjacent to the 

forming myocardial layer (Fig. 2.5B) Interestingly, cells in the bulbar ridges were not 

stained, suggesting that glypican expression is limited to endothelium-derived 

mesenchymal cells and is not expressed by the neural crest-derived mesenchymal cells, 

which make up the core of the bulbar ridges and contribute to the septation of the outflow 

tract. 

In brain at stages 20-25, expression was restricted to a portion of the frontal wall 

of the two lateral telencephalic vesicles (Fig. 2.5C). Expression in other parts of the brain 

was at background levels. A sagittal section through the head region of the stained 

embryo demonstrated that only post mitotic cells in the mantle zone of the frontal 

telencephalic walls expressed the message (Fig. 2.5D). 

Northern Blot Analysis of Chick Embryonic Tissues 
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Antisense riboprobes corresponding to the glypican cDNA coding region were 

used for in situ hybridization and the signals that were detected in multiple chick 

embryonic tissues could have represented hybridization to more than one related 

transcript. To examine this possibility, mRNA from multiple tissues of day-5 chick 

embryos were hybridized by Northern blot analysis with the same 663-bp probe used for 

in situ hybridization. As shown in Fig. 26, only a single band of the same size was 

detected across different tissues, suggesting that the signal pattern detected by in situ 

hybridization reflects the expression of a single glypican transcript. 

Discussion 

Litde is known about the role of GRIPS in vertebrate development. The tight 

temporal and spatial control of avian glypican expression demonstrated in this study by 

whole mount in situ hybridization is consistent with an important role for the glypican 

during limb, somite, heart and brain development. Given the ability of HSPGs to interact 

with a variety of growth promoting substances, including activin, thrombospondin, 

TGFB, and FGF (Toole, 1991; Esko, 1991, for reviews), it seems likely that glypican 

may participate in signal transduction pathways between genes responsible for growth 

and differentiation. Comparisons between the expression patterns observed for glypican 

and those of growth factors and their receptors may provide clues as to the function of 

glypican in various regulatory pathways. 

Glypican in Limb Bud 

Glypican was expressed strongly, but transiently, in the AER of stage 21-23 

embryos. Expression also was detected in the posterior and anterior margin ectoderm of 

the more proximal portion of the limb bud. The strong localization of glypican signals in 
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the AER is particularly interesting, because this structure plays an important role in limb 

development and recently has been the subject of intensive study. It has been shown that 

FGF-2, -4 and -8 are expressed in AER (Savage et al., 1993; Niswander and Martin, 

1992; Heikinheimo et al., 1994), and most likely are the endogenous signals that regulate 

limb growth and patterning (Niswander et al., 1993; Fallon et al., 1994; Cohn et al., 

1995). Given the requirement of HSPG for binding to their high-affinity receptors 

(Klagsbrun and Baird, 1991; Nugent and Edelman, 1992; Kan etai, 1993), and the 

ability of HSPG to protect FGFs from proteolytic activity (Saksela et al., 1988), it is 

tempting to speculate that glypican may play a role in mediating the effects of AER/FGF 

in limb bud development. Active FGF-heparan sulfate complex has been shown to be 

released by proteolysis of the core protein (Saksela and Rifkin, 1990) or cleavage of the 

phosphatidylinositol linkage by Pl-specific phospholipase C (Bashkin et al., 1992). A 

similar sequence for secretion, binding and release of FGF may also occur in the AER. 

Before accepting a role for glypican in mediating FGF signals, a number of 

inconsistencies must be resolved. In particular, limb bud outgrowth and expression of 

FGFs occur before glypican can be detected in the ridge, at least by the techniques used 

here. Also, there is no evidence that FGF acts on the cells of the AER, but rather on the 

underlying cells in the "progress zone," which do not express glypican transcripts. It 

should be noted, however, that the period of limb development during which glypican 

signals are detected overlaps with time when FGFs are strongly expressed in the AER 

(Niswander and Martin, 1992; Savage et al., 1993; Heikinheimo et al., 1994). Glypican 

located on the surface of the epidermal cells might serve as a reservoir of FGFs to be 

released to act at other sites. Finally, the results indicate that glypican transcripts 

disappeared from the AER while the presumed effects of FGF continue, suggesting that, 

whatever its role, glypican is needed only transiently. 



By contrast with the pattern of glypican expression, syndecan is expressed 

throughout the entire limb bud, including mesenchyme and ectoderm, but not specifically 

in the AER (Solursh et al., 1990). Syndecan-3 transcripts have been detected in high 

amount in the proximal chondrogenic core where cartilage differentiation is initiated 

(Gould et ai, 1992), while Syndecan-3 protein has been detected in the mesenchyme of 

the central core of the limb, the proximal ventral region, and the mesenchyme 

immediately under the AER (Gould et al., 1995). Thus, the transient, but strong, 

expression in the AER is unique to avian glypican among HSPG molecules studied to 

date. 

Glypican in Somitogenesis 

During vertebrate embryogenesis the paraxial mesoderm segments in a rostral-to-

caudal progression to form the somites. Subsequently, the somites are 

compartmentalized into the sclerotome, myotome, and dermatome, which give rise to the 

axial skeleton, axial musculature, and dermis, respectively (Wachtler and Christ, 1992). 

At the time of initiation of mesodermal segmentation, an increase in cell division occurs 

in cells forming the most rostral portion of the paraxial mesoderm (Stem and Bellars, 

1984). This may represent a response to FGF in these cells, which contain abundant 

FGFR-1 message (Yamaguchi et al., 1992). Also, there is a marked tendency of 

dissociated epithelial somites to reaggregate, which is thought to be mediated by an 

interaction between Pl-anchored HSPG and fibronectin (Cheney and Lash, 1984). 

Glypican transcripts initially are found in unsegmented mesoderm that is destined 

to form the paraxial mesoderm. By stage 8, glypican is expressed strongly in the rostral 

paraxial mesoderm immediately caudal to the youngest somite. As the somites mature, 

glypican expression diminishes in the lateral portion and becomes localized medially. 
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This sequence of events suggests that glypican is involved in initiation of segmentation 

and epithelialization of somite. Interestingly, syndecan is required for maintenance of 

epithelial morphology (Leppa et ai, 1991) and, like glypican, is also expressed in newly 

formed somites and disappears at the time of compartmentalization (Bemfield et 

a/., 1992). 

Glypican in Developing Heart 

Early in development of the vertebrate heart, gelatinous swellings, referred to as 

endocardial cushions, appear along the endocardial surface of the primitive cardiac tube 

(Patten et al, 1948). Around stage 17 in the chick heart, these swellings arise at either 

end of the primitive ventricle, just upstream in the developing AV canal and downstream 

along the conus cordis and truncus arteriosus. There is evidence that the endothelium in 

these two area is induced to initiate mesenchymal formation by the overlying epicardium 

(myocardium) (Markwald et al., 1984). Expression of TGFB by endoethlial cells may be 

required for their transformation into cushion mesenchyme (Potts et ai, 1991; Nakajima 

et al., 1994). Membrane-anchored heparan sulfate appears on the surface of activated 

cells during migration and is thought to interact with collagen and fibronectin network 

within the wall of the endocardial cushions (Funderburg and Markwald, 1986). Later in 

development (stage 20-27), activated mesenchymal cells migrate within the extracellular 

matrix and undergo transition from multipolar mesenmchyme to bipolar fibroblasts 

organized into tendon-like strata (Markwald et al., 1984). At a slightly earlier time (stage 

19), cells derived from neural crest migrate from the nearby branchial arches into the 

developing truncus where they comprise an undefined fraction of the interstitial cell 

population (reviewed in Kerby and Waldo, 1990). 

At stages 24-27, strong glypican expression was found in the developing heart 



tube, where the signal was localized to the truncus and AV canal. Sections of the stained 

heart demonstrated that expression was restricted to bipolar fibroblasts within the inner 

one-third of the endocardial cushions, which would be consistent with an origin from 

mesenchymal cells arising from activated endothelium. The function of glypican in these 

cells is unclear, but it is perhaps noteworthy that, in the developing cardiovascular system 

of the mouse, FGFR-1 and FGFR-2 are expressed most prominently in the endocardial 

cushions (Peters etai, 1992). From 9.5 to 12.5 days p.c. in the mouse, which 

corresponds to 4 to 5 days of incubation in the chick, expression of FGFR-2 in the heart 

is restricted to the endocardial cushions and the overlying endothelium. FGFR-1 

expression, however, is more generalized; moderate levels are detected in the endocardial 

cushions and lower levels in the myocardium. The localization of FGF receptors, 

particularly FGFR-2, in the endocardial cushions and in the valve primordia suggests that 

FGFs play some role in cardiac septation and valve formation. Furthermore, similar 

expression patterns for glypican and FGFR suggest that glypican may mediate this action. 

Glypican in Developing Brain 

Glypican is first detected at stage 7 in the anterior portion of the neural folds that 

are destined to give rise to the telencephalon. Later in development (stage 25), glypican 

transcripts were found in postmitotic cells in the mande zone within the wall of the 

frontal part of the two lateral telencephalic vesicles. Expression of glypican in the mantle 

zone, but not the germinal cell layer, is intriguing with respect to the expression of FGF 

and NGF, which are the growth factors most closely associated with central nervous 

system development. Proliferation and progressive differentiation of neuroepithelial cells 

are profoundly influenced by members of the FGF family. It has been proposed that FGF 

(or an FGF-like factor) may play a role in the initial stages of neuronal differentiation, 

generating immature neurons that are subsequently induced by NGF or an NGF-iike 



factor to survive and mature (Heuer et al., 1990). In keeping with this suggestion, FGFR 

transcripts are expressed abundantly in the germinal neuroepithelial layer, which ceases 

as the cells migrate into the mantle layer. The pattern of NGFR is in general reciprocal to 

FGFR, being expressed by cells in the mantle layer as FGFR transcripts decrease. In 

contrast to the patterns observed in other tissues, glypican seems to co-localize with NGF 

rather than FGF. The reason for this discrepancy is unclear, but the role of glypican in 

forebrain development clearly merits further study. 

Experimental Procedures 

Screening cDNA Libraries and Sequencing of cDNAs 

Avian glypican was initially isolated as a 663-bp fragment during subtractive-

hybridization screening of a stage-17 chick embryonic heart cDNA library (gift of Dr. 

Ray Runyan, Univ. of Arizona) while attempting to identify transcripts that are inhibited 

by BrdU treatment. The cDNA fragment of 663 bp was labeled with p dCTP by 

random OND priming using a Random Primed DNA Labeling Kit (Boehringer 

Mannheim, Indianapolis, IN) and used to screen a MEQC Uni-ZAP XR cDNA library 

(Stratagene, La Jolla, CA) under stringent conditions. Plaque hybridization was 

performed using Hybond-Nylon filters (Amersham). Hybridization was carried out 

overnight at 65°C in 6X SSC (IX SSC is 150 mM NaCl, 15 mM Na-citrate), 5X 

Denhardt's solution (IX is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA), 0.1 

mg/ml salmon sperm DNA, and 0.1% SDS. Filters were washed three times for 20 min 

each in 6X SSC, 0.1% SDS at 65°C followed by autoradiography at -70°C for 24 hr. The 

purified plaques were rescued into plasmids following the manufacturer's protocol for in 

vitro excision of pBIuescript from Uni-ZAP XR (Stratagene). The longest clone 

obtaining (1946 bp) was amplified and both strands were sequenced using synthetic 
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primers and the Applied Biosystems Model 373A sequencing system. Sequence 

alignments were obtained using the software package PC/GENE (IntelliGenetics, 

Mountain View, CA). 

Whole-Mount In Situ Hybridization 

Fertilized chicken eggs were incubated at 38°C. Embryos were staged according 

to Hamburger and Hamilton (1951) and dissected in fresh chick salt solution (123 mM 

NaCl) for in situ hybridization according to the procedure described by Wilkinson 

(1992). The 663-bp cDNA fragment that was used in library screening was cloned into 

the EcoRl/Xbal sites of pBluescript SK. Plasmids were linearized and used as template 

to generate digoxigenin-labeled RNA probes using a Genius 4 kit (Boehringer 

Mannheim). For sectioning, stained embryos were dehydrated by passage through a 

graded series of ethanol concentrations (50%, 70%, 85%, 95% and 100%) for 15 min at 

each concentration (=22°C). Embryos then were cleared in xylene (2X for 10 min) at 

room temperature, followed by a 15 min incubation in 1:1 xylenerparaffin and a 15 min 

incubation in paraffin wax at 60°C. Finally, the embryos were embedded in paraffin and 

sectioned at 3-4 |im with a microtome. 

Northern Blot Analysis 

Total RNA were isolated from MEQC cells and multiple tissues of day 5 

embryonic chickens using TRIzol Reagent (GEBCO BRL, Grand Island, NY). The total 

RNA was further purified into poly(A)+ RNA by using a Poly(A) Quick mRNA isolation 

kit (Stratagene). For Northem blots, 10 |ig poIy(A)"^ RNA were run on 1% agarose gels 

containing 2.2 M formaldehyde. After electrophoresis, the gels were treated for 40 min 

with 50 mM NaOH, 10 mM NaCl, neutralized for 40 min in 100 mM Tris (pH 7.4), 20X 

SSC and transferred overnight to Hybond-N"*" nucleic acid transfer membranes 
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(Amersham) in 20X SSC. The membranes were washed in 6X SSC for 5 min and baked 

in a vacuum oven at 80°C for 1.5 hr. The dried membranes were hybridized to the same 

663-bp cDNA probe used to screen the MEQC library in Rapid-hyb buffer (Amersham) 

at 65°C for 2 hr, washed once in 6X SSC at room temperature for 20 min, and twice in 

0.5X SSC at 65°C for 20 min before being subjected to autoradiography. 
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Figure 2.1. Expression of glypican in myc-embryonic cardiomyocytes (MEQC). A 

single transcript of about 5.0 kb was detected by Northern blot analysis of poly (A)^ 

RNA. 
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Figure 2.2. Nucleotide and deduced amino acid sequence of avian glypican and 

homology with core proteins of human and rat brain glypicans. (A) Nucleotide sequence 

and predicted open reading frame of avian glypican core protein. Ser-Gly sequences that 

represent potential heparan sulfate attachment sites are bolded. A stretch of hydrophobic 

amino acids in the COOH-terminal region, representing the signal sequence for the 

precursor of the Pl-anchored membrane protein, is underlined. The arrow indicates the 

potential site for attachment of the Pl-anchor. (B) Homology between the avian glypican 

core protein and core proteins of human and rat glypicans. Dashes indicate amino acid 

identity at that position. The regions that contain the putative heparan sulfate attachment 

sites in the avian glypican (position 104-105 and 535-539) are identical to the heparan 

sulfate attachment sites in the human and rat proteins. Residues that are not identical 

between the avian and mammalian proteins, but which have similar hydrophilicity, are 

highlighted. When these residues are taken into account, the homology among the three 

proteins is 75%. 
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TAACTCGTGCCCGAACTTCCCCTTGTGCCCCACGTAATACCGCAGGTAGAAGTCGCTCGC 6 0 
CATGGTCCCGCCGCTCCGCGCCGCTCCGGTATGCACCGCCACGGCGTCCCGCCGGGGCTG 120 

M V P P L R A A P V C T A T A S R R G C  2 0  
CCCGGACCCCGCTTCGCCCGGCGCCGGGGCCCCCTCCGCGGGACCTTGGTTTTGCCCTTC 180 

P D P A S P G A G A P S A G P W F C P S  4 0  
GCGCTGCAGGTGGCGGGGCCAGCGAAGAAGGATAAGGATGCGTTTCTTCCCGTGGGGATT 240 

R C R W R G Q R R R I R M R F F P W G F  6 0  
TTGGCTGCTGTGTGTCGCCTCCGCCCCGGCTCGCGGTGACAGCGGCAGCAAGGCGAGGAG 300 

W L L C V A S A P A R G D S G S K A R S  8 0  
CTGCGCCGAGGTCCGGCAGCTGTATGGGGCCAAGGGCTTCAGCCTCAACGGCGTGCCCCA 360 

C A E V R Q L Y G A K G F S L N G V P Q  1 0 0  
GGCCGAGATCTCCGGGGAGCACCTGCGAATCTGTCCGCAAGGCTACACCTGCTGCACCAG 420 

A E I S G E H L R I C P Q G Y T C C T S  120 
TGAGATGGAGGAGAACTTTGCAAACAAAAGCCGAAGTGAATTTGAAGCCATGATGAAAGA 480 

E M E E N F A N K S R S E F E A M M K E  140 
GGCCGGCCGCTCTGTGCAGACCATCCTAACGGCGCAGTACAAAAGCTTTGACAATTATTT 540 

A G R S V Q T I L T A Q Y K S F D N Y F  1 6 0  
TC AGGATCTGTTGAACAAGTC AGAAAAAGCCCTTTACGATACTTTTCC AAGCCTGTACGG 600 

Q D L L N K S E K A L Y D T F P S L Y G  180 
AGACTTGTACACTCAAAACATGAAGGTCTTCAAGGACTTGTACAGTGAGCTACGCCGCTA 660 

D L Y T Q N M K V F K D L Y S E L R R Y  2 0 0  
TTACCGGGGCTCCAACATCAACTTGGAAGAGGCCCTGAATGAATTCTGGACGCGCTTGCT 720 

Y R G S M I N L E E A L N E F W T R L L  2 2 0  
GGAGCGACTGTTC AAGCTGATGAACGCCCAGTATCACATC ACGGACGAGTATCTGGACTG 780 

E R L F K L M N A Q Y H I T D E Y L D C  2 4 0  
C ATGGTGAAACACGC AGAGCAGC AC AAGCCCTTCGGGGAAGTTCCC AGGGACCTGAAGGT 840 

M V K H A E Q H K P F G E V P R D L K V  260 
GAAGGCAACACGAGCCTTCATCGTGGCACGCTCCTACGCACAGGGCTTCCTCGTGGGCAG 900 

K A T R A F I V A R S Y A Q G F L V G S  2 8 0  
TGACGTGGTCAAAAAGGTTTCTCAGGTGTCCCTCAGCCACGAGTGCACCCGTGCTGTC AT 960 

D V V K K V S Q V S L S H E C T R A V M  3 0 0  
GAAGCTGATGTACTGCCCGCACTGCCGGGGCATGGCCAGCGTGAAGCCATGCAGCAACTA 1020 

K L M Y C P H C R G M A S V K P C S N Y  3 2 0  
CTGCCTGAACGTGGTCAAGGGCTGCCTGGCCAACCAAGCTGACCTGAACACCGAGTGGAA 1080 

C L N V V K G C L A N Q A D L N T E W K  3 4 0  
GTATCTGATGGATGCGCTGGTTGCTGTGGCTGATCGGATTGATGGACCATACAATGTAGA 1140 

Y L M D A L V A V A D R I D G P Y N V D  3  6 0  
CACAGT AATAGGGACTATTCAC ATGAGGATCTCTGAAGCT ATTTCTAACTTGCAAGAAAA 1200 

T V I G T I H M R I S E A I S N L Q E M  3  8 0  
CAAAGTTTCAATCACAGCCAAGGTTTTCCAAGGCTGTGGAAATCCCAAAGTCAGCATGAA 1260 

K V S  I T A K V F Q G C G N P K V S M K  4 0 0  
AGGCTCCAGCAGTGAGGACAAGAAGAGGCGAGGGAAGGTCACGTTAGAAGCCAAATCCTC 1320 

G S S S E D K K R R G K V T L E A K S S  4 2 0  
TGC AGTAGC ACTGGAGATGCTGGTTTTGGATGCCAAAGGGAATCTGACAGCTCTCAAGTC 1380 

A V A L E M L V L D A K G N L T A L K S  4 4 0  
TTACTGGGTCACCCTGCCTGGAGTCCTGTGCAGCAAAAAAATAATGGCCAGCCCAGCAGA 1440 

Y W V T L P G V L C S K K I M A S P A E  4 6 0  
GGATGACAAGTGTTGGAATGGGATGACCAAGGGCAGTTACCTGCCTGAAGTGATGGGGGG 1500 

D D K C W N G N T K G S Y L P E V M G G  4 8 0  
CGGCTTAGCTAATCAGATTAACAACCCAGAGGTGGAGGTGGACATCACCAAGCCAGATAT 1560 

G L A N Q I N N P E V E V D I T K P D M  500 
GACCATTCGCCAGCAAATCATGCAACTGAAGATCATGACAAACCGACTGGGCAACGCCAA 1620 

T  I  R Q Q  I M Q L K I M T N R L G N A N  5 2 0  
CATCGGGAATGATGTGGATTTCCAAGATGCGAGTGATGACATGAGCGGCTCAGGCAGTGG 1680 

I G N D V D F Q D A S D D M S G S G S G  5 4 0  
TGACAGCTGTCCTGACGACGTCTGTGTCAAAAGACTTTCTAAGAGCCCCAGCACCAGACA 17 40 

D S C P D D V D V K R L S K S P S T R Q  560 
GCCAGAAACGCACGCTATCCCAAAGCAGTCCGGACACGGTGTCATTGGGGCCAGCAGCAG 1800 

P E T H A I P K Q S G H G V I G A S S R  5 8 0  
ATCTTTGCCTTCTGCCTTCCTCCTCTTCCTTTCAGGGGCTTCCATTGTTGTGCAGCACTT 1860 

S  L P S A F L L F L S  G A S I V V H3 L 600 
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GTGGCGGTAACTCAGCAGGACAGCCAGGAAAGAGACTGCAGCCGAGGGCTTCACTTTGCC 1920 
W R • 602 

AAAACCAACCAACAATAAGACGAGTG 1946 
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Figure 2.3. Expression pattern of glypican in neural folds, segmental plate mesoderm and 

somites in the chicken embryo. (A) At stage 7, moderate expression was detected in the 

cephalic neural folds with weaker expression in segmental plate mesoderm before 

formation of the first somite (arrow). (B) In a dorsal view of a stage 8 embryo, 

transcripts were detected in the cephalic neural folds, newly formed epithelial somites 

and rostral portion of the paraxial mesoderm immediately caudal to the youngest somite 

(arrow). (C) A ventral view of the same embryo shows that developing heart tube areas 

in the lateral mesoderm were not stained at this stage. (D) By stage 12, strong 

expression was localized to the rostral portion of the segmental plate (arrow) and 

throughout the newly formed somites. As somites matured, expression became 

progressively localized to the medial aspect adjacent to the neural tube. Weaker 

expression was observed in caudal paraxial mesoderm and in brain vesicles. (E) In a 

stage 24 embryo, signals were limited to newly formed somites and the immediately 

caudal segmental mesoderm . (F) A transverse section through the developing embryo at 

stage 8 revealed that the glypican signal was expressed uniformly throughout the 

epithelial somites. 
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Figure 2.4. Expression pattern of giypican in stage 20-25 forelimb buds detected by 

whole-mount in situ hybridization. (A) At stage 20, signals were detected at the anterior 

and posterior limb bud margins. (B) Strong expression was seen in anterior and 

posterior margins and weak expression in AER (arrow) of a stage 21 limb. (C&D) 

Strong expression was evident in the AER of stage 22 and stage 23 limb buds, 

respectively. Relatively weak signals also were seen in the anterior and posterior area of 

the limb buds. (E) By stage 25, signals were localized to the proximal region of limb. 

(F) Sections though the proximal region shows that expression of giypican is limited to 

the surface ectoderm and to a few cell layers of underlying mesenchyme. 
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Figure 2.5. Localization of glypican core protein transcripts in stage 24 heart and brain by 

whole-mount in situ hybridization. (A) Glypican expression in heart is limited to the 

regions of the atrioventricular canal and outflow tract. (B) A transverse section through 

the outflow tract and AV canal reveals that expression is limited to laminated bipolar 

fibroblasts in the wall of the atrioventricular canal and truncus arteriosus. Interestingly, 

in the outflow tract transcripts are expressed in endothelial-derived mesenchymal cells, 

but not in the neural crest-derived bulbar ridge (arrow). (C) In the brain, expression is 

confined to the frontal portion of the telencephalic vesicles. (D) A section through the 

telencephalon shows that expression of transcripts is confined to the post mitotic mantle 

zone (arrow). 
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Figure 2.6. Expression of glypican in heart, limb bud, brain and whole body of day 4.5 

embryonic chick. A single transcript was detected in these tissues by Northern blot 

analysis of poly (A)+ EINA. 
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CHPATER 3 

STUDffiS ON SUBCELLULAR DISTRffiUTION, REGULATION AND FUNCTION 

OF AVIAN GLYPICAN-A MARKER OF ENDOCARDIAL CUSfflON AND AV 

CANAL DEVELOPMENT 

Introduction 

Cell HSPG function as co-receptors for cell adhesion molecules, growth factors, 

matrix components, and protease inhibitors (Eslco,1991; Kjellen and Lindahl,1991; 

David, 1993). Two broad classes of HSPG that are permanently associated with cell 

membranes have been identified: syndecans and glypicans. Syndecans are attached to the 

cell surface through transmembrane domains and share highly conserved cytoplasmic 

domains (see Bemfield et a/., 1992 for review). This class of HSPG include syndecan-

l(Saunders et a/.,1989), fibroglycan (Marynen era/.,1989), N-syndecan (Carey et 

a/.,1992), and amphiglycan or ryudocan (Kojima et a/.,1992). By contrast, glypicans are 

linked to the cell membranes through glycosyl-phosphatidylinositol (GPI) moieties and 

include human and rat glypicans (David et a/., 1990; Karthikeyan et a/., 1992; Litwack et 

a/., 1994), K-glypican (Watanabe et a/., 1995), cerebroglycan (Stipp et a/., 1994) and OCI-

5 (Filmus et a/., 1988). The glypican core proteins are synthesized as precursor molecules 

containing a short stretch of 15-20 hydrophobic residues followed by a small 

'cytoplasmic domain' at the COOH-terminus (David, 1993). The hydrophobic sequence 

serves to signal cleavage by transamidation, which usually occurs 20 residues upstream 

from the beginning of the hydrophobic sequence, followed by transfer of the NHj-

terminal fragment to a preassembled GPI anchor (Low, 1987). 
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A number of studies have examined the functions of syndecans. For examples, 

syndecan-1 has been shown to bind a variety of matrix components and is involved in 

epithelial organization. It is believed to be a required partner in the binding of bFGF to 

its membrane receptor and initiation of the signal transduction pathway (Berfield et 

a/., 1992). There are few reports, however, describing, the biological functions of 

glypicans. Carey et al. (1993) showed that glypican from cultured rat Schwann cells 

binds fibronectin and laminin in vitro and may participate in the binding of the Schwann 

cells to basement membranes. 

Recently, a cDNA encoding an avian 72 kDa protein with 60% identity to human 

and rat glypican core proteins has been reported (Niu et a/., 1996a). The homologous 

regions of these proteins include two putative heparan sulfate attachment sites and a 

stretch of 15 hydrophobic residues (LPSAFLLFL-SGASIVV) representing a possible 

GPI anchorage site. However, the avian sequence in the latter region differs 

significantly from its mammalian counterparts, containing three Ser residues, which make 

it less hydrophobic. 

In the early tubular stage of heart development, the valves and membranous 

portion of the AV canal and outflow track are derived from endothelial cells. These cells 

undergo a transformation to become mesenchymal cells that invade the underlying 

extracellular matrix (ECM). The signal to initiate this process is produced by the 

myocardium, transmitted through the ECM, and received by the endothelium (Potts et 

a/., 1991). By in situ hybridization, transcripts encoding glypican core protein are 

strongly expressed in the layer of endocardial cells that have undergone mesenchymal 

transformation (Niu et al., 1996a), suggesting that glypican may play a role in the process 

of migration or transformation. 
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In this study, we have investigated the subcellular localization of glypican by 

immunostaining of MEQC with a polyclonal antiserum raised against a 20-residue 

peptide from the sequence of the glypican core protein. Also, we have examined the 

effects of mitogenic factors on expression of glypican core protein transcripts in the cells. 

Serum withdrawal was found to increase expression of glypican transcripts, which could 

be partially reversed by simultaneous addition of TGF-P, and bFGF. We observed that 

serum withdrawal was associated with clumping of MEQC and that this effect could be 

prevented by addition of an antisense OND to the mRNA encoding glypican core protein. 

The effects of antisense OND for glypican core protein also was studied in an in 

vitro model that mimics cardiac epithelial-mesenchymal transformation (Bemanke and 

Markwald, 1982). In this model system, a monolayer of epithelial cells migrate out of 

transplanted chick cardiac tubes that have been transplanted onto collagen gels. The 

endothelial cells then become activated and undergo transformation characterized by a 

change in shape from round endothelial cells to stellate cells that invaded the collagen 

gel. Addition of an antisense OND for the mRNA encoding the glypican core protein 

appeared to interfer with the migration process, suggesting that glypican may be 

necessary for cell mobility during cardiac development. 

Materials and Methods 

Materials 

Recombinant human TGF-B, and bFGF were purchased from R&D systems. Inc. 

(Minneapolis,MN). ECL^M Western blotting detection kit was from Amersham Life 

Science (Arlington Heights, IL). Bacterial expression and protein purification system 

(PinPoint^M) was purchased from Promega (Madison, WI). The eukaryotic expression 

vector, pCDNAS, was from Invitrogene (San Diego, CA). EDC/Diamino-dipropylamine 
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Immobilization Kit was from Pierce (Rockford, IL). TRIzol^^ RNA purification system 

was from Gibco BRL (Grand Island, NY). Nitrocellulose membranes were from 

Pharmacia Biotech (San Francisco, CA). 

Cell Culture And Transfection Experiments 

MEQC were routinely grown in DMEM supplemented with 100 units/ml 

penicillin, 100 units /ml streptomycin sulfate, 10% fetal calf serum and 2 % chick serum 

(DMEM/Serum). To deplete the cultures of serum, cells were washed in DMEM and 

then incubated overnight in DMEM containing 1 mg/ml BSA (DMEM/BSA) to ensure 

removal of any residual growth factors. The cells then were maintained in DMEM/BSA 

with one change of medium daily. 

The cDNA insert containing the full-length glypican core protein was subcloned 

into the Not 1 and Kpn 1 sites of the eukaryotic expression vector, pCDNA3. An aliquot 

of 1x10^ MEQC cells in 0.7 ml PBS was mixed with 10 |ig of the plasmid and 

transfected by electroporation. After transfection, cells were transferred to 100 mm plate 

and incubated overnight in growth medium (DMEM+P/S, 10% fetal bovine serum and 

2% chicken serum). Cells then were grown in a selection medium (growth medium 

containing 400 |J.g/ml G418) for 2 wks and maintained in maintenance medium (growth 

medium plus 200 (ig/ mi of G-418). 

Preparation of Collagen Gels And Culture of Heart Explants 

Three-dimensional collagen lattices were prepared according to methods 

described earlier (Runyan and Markwald,1983; Bemanke and Markwald,1982). Briefly, 

1.0 ml of collagen extract (1.0 mg/ml) was mixed with 100 |i L of 2.2% NaHCO, and 100 

|iL of lOx Medium 199 (Gibco BRL). The mixture was immediately poured into 4-well 
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dishes (Nunc Products, Naperville, EL). The gels were washed several times with culture 

medium (Ix Medium 199 supplemented with 1% chicken serum, 1% 

penicillin/streptomycin, and 0.1 % insulin/transferrin/selenium and placed in an incubator 

(37°C and 5% CO2) for at least 1 hr. To initiate the cultures, whole heart explants from H-

H stage 15-17 chicks were placed on drained collagen-lattice substrates and incubated at 

37° C in an atmosphere of 5% CO2 for 6 hr. Afterward, culture medium was added to 

each dish, taking care to avoid dislodging the adhering explants. 

Antibody Production 

A peptide (CNPKVSMKGSSSEDKKRRGK) was synthesized by the 

Macromolecule Core Facility at the University of Arizona. A Cys residue was added at 

the of the glypican sequence to provide a sulfhydryl group for coupling to 

keyhole limpet hemocyanin (KLH) with m-maleimidobenzoyl-N-hydroxysuccininimide 

ester (Harlow and Lane, 1988). A rabbit was immunized subcutaneously with the KLH-

conjugated peptide by HRP, Inc. (Denver, PA). The serum from the production bleed 

was partially purified using an affinity column conjugated with the antigenic peptide. 

The column was prepared using a EDC/Diaminodipropylamine Immobilization kit. 

Inununostaining 

MEQC were grown on coverslips in 35 mm plates and were fixed in 3.7% 

paraformaldehyde. After washing with PBS the cells were incubated for 20 min in a 

blocking buffer (10% goat serum and 0.05% Tween-20 in PBS), followed by incubation 

for 1 hr at room temperature with affinity-purified primary antibody. The cells were 

washed 4 times, 5 min each, with washing buffer (1% goat serum and 0.05% Tween-20 

in PBS) and incubated for an additional 1 hr in a 1/100 dilution of fluorescein-conjugated 

goat anti rabbit IgG (Pierce) in blocking buffer. The coverslips were washed again with 
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washing buffer and mounted on glass slides using Citifluor Glycerol (Ted Pella, Inc., 

Redding, CA). The staining pattern was detected using confocal microscopy (Leica 

model TCS-4D). 

Bacterial Expression of Glypican Core Protein and Western Analysis 

The cDNA coding for glypican core protein was subcloned into the Not 1 and Kpn 

1 sites of Pinpoint expression vector Xa-2 and used to transform E. coli strain Jml09. 

Expression of the fusion protein was induced by addition of 100 M IPTG to the culture, 

which then was incubated in the presence of biotin for 4-5 h at 37°C with shaking. To 

detect the expressed protein, the bacterial lysate was resolved by 12% SDS-PAGE and 

transferred onto a nitrocellulose membrane. Subsequently, the expressed protein was 

visualized using streptavidin conjugated with alkaline phosphatase. For Western blot 

analysis, the lysate was subjected to 12% SDS PAGE under reducing condition and 

transferred to a nitrocellulose membrane. The binding of antibody to protein was 

detected by chemoluminescence using alkaline phosphatase-conjugated goat anti-rabbit 

IgG. 

Northern Analysis 

RNA were extracted from MEQC using TRIzol solution. Twenty |ig of total 

RNA were used for Northern analysis on 1% agarose gels containing 2.2 M 

formaldehyde. Relative amounts of RNA were checked by ethidium-bromide staining. 

Gels were treated for 40 min with 50 mM NaOH, 10 mM NaCl, neutralized for 40 min in 

100 mM Tris HCl (pH 7.4), 20X SSC and transferred overnight to nitrocellulose 

membranes (Schleicher & Schuell) in 20X SSC. The membranes were then washed in 

6X SSC for 5 min and baked in a vacuum oven at 80° C for 1.5 h. Membranes were 

hybridized in 6X SSC, 2X Denhardt's solution and 0.1% SDS at 65°C for 18 h and 
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washed in 6X SSC at RT for 20 min, in 2X SSC at 65° C for 20 min twice followed by 

autoradiography. The blot was re-probed for glyceraldehyde-3-phosphate dehydrogenase 

(G3PDH) mRNA for comparison of RNA loading and transfer efficiency. 

OND treatments 

OND-1 ('5'cgggaccatggcgag3') and OND-2 (5'gaaacgcatccttat3'), and OND-3 

(5'ctcgcc atggtcccg3') were synthesized by Gene Set (San Diego, CA). The backbone of 

these ONDs were modified with phosphorothioate. Before ONDs were added, MEQC 

were grown in medium to 70% confluence in a 96-well plate (Falcon) and switched to 

DMEM/BSA for 8 hr. Single doses of 20 or 40 |iM of oligomers were then added and 

the cultures were continued for 3 additional days in DMEM/BSA. For treatment with 

ONDs, heart explants from 2-day chick embryos were allowed to attach overnight to the 

surface of collagen gels and sense-or antisense ONDs (50-70 |iM) were added to the 

medium and incubated overnight at 37° C. Myocardial contractions were maintained in 

these cultures, suggesting that the toxic effects of the ONDs were minimal. 

Reverse Transcriptase-PCR 

RNA from control MEQC and cells treated with sense and antisense ONDs were 

prepared as described above. cDNAs were synthesized by use of the reverse transcription 

reaction using the enzyme supplied by Boehringer Mannheim (Indianapolis, IN). One 

forward primer (AGCAGTGAGGACAAGAAG-AGGCG) and one reverse primer 

complementary to the sequence GCCGAGGGCTTCACTTTGCCAA, corresponding to 

the cDNA encoding the glypican core protein at nucleotide positions 1268-1291, and 

1900-922, respectively. The reaction was carried out for 1 min at 94° C for 1 cycle, then 

1 min. at 94° C, 30 sec at 55°C, and 30 sec at 72°C for 30 cycles. The same PGR 

conditions were used to amplify a fragment from pX19, an abundant transcript found in 
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MEQC (Niu etal., 1996b), using forward (CCCTGAGCACATGGGGAAATAC) and 

reverse (TGCGTCCAGCTCTTCACACGAA) primers. 

Results 

Subcellular Localization of Avian Glypican 

The subcellular localization of glypican was investigated using a polyclonal 

antibody raised against a 20-amino acid synthetic peptide. The sequence of this peptide 

corresponded to residues 394-412 of the glypican core protein, which is predicted to form 

a strongly hydrophilic region within the protein. To test whether the antibody recognized 

the glypican core protein, the cDNA encoding the full-length product (72 kDa) was 

expressed as a fusion protein with an apparent molecular mass of 85 kDa. When the 

protein product was allowed to react with the antibody in a protein blot, a single major 

band migrating at the anticipated molecular mass was detected (Fig. 3.1, lane 1). As a 

control, the antibody was reacted with the peptide used as antigen (5 |ig/nil) before it was 

incubated with the protein blot. This treatment completely prevented the antibody from 

recognizing the glypican core protein (Fig. 3.1, lane 2). 

When the antibody was used to detect the glypican core protein in MEQC by 

immunofluorescent staining, a signal could not be detected. This results is consistent with 

the weak expression of the mRNA encoding the glypican core protein under these 

conditions (Fig. 3.4, lane 1). To enhance the expression of glypican, MEQC were stably 

transfected with the full-length cDNA encoding the glypican core protein driven by the 

CMV promoter. By Northern analysis, a strong signal was detected with RNA from cells 

transfected with the glypican core protein construct (Fig. 3.2, lane 3) as compared to non-

transfected cells or to ceils stably transfected with the vector alone (Fig. 3.2, lane 1 and 2, 

respectively). 
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Immunofluorescent staining of cells hyper-expressing the core protein revealed a 

punctate pattern of staining associated with the cell surface (Fig. 3.3 A). About 15% of 

cells appeared to express the signal, presumably representing the proportion of cells 

over-expressing the message. The specificity of antibody staining was shown by pre

incubation with the peptide antigen. Under these conditions detection of the membrane-

localized signal was prevented (Fig. 3.3 B). 

Effects of Growth Factors on the Expression of Glypican Transcripts 

The effects of growth factors on the expression of glypican transcripts was 

investigated by adding bFGF, aFGF, IGF-I, PDGF, EGF, and TGF-B,, at a concentration 

of 10 ng/ml to separate cultures of MEQC in DMEM/Serum. RNA from these cultures 

was subjected to Northern analysis to detect changes in the level of glypican transcripts. 

When the growth factors were added individually to the cultures, no effects on the level 

of expression of glypican core protein could be detected (results not shown). Since the 

transcripts of human glypican core protein has been reported to be down regulated by 

bFGF and TGF-6, (Romaris et a/., 1995), we examined the possibility that the serum in 

the medium might contain sufficient amounts of these growth factors to suppress 

glypican expression. To test this possibility, MEQC were grown in a serum-free medium 

(DMEM/BSA) for periods up to 3 days and glypican expression was monitored daily by 

Northern analysis. After the cells had been grown in DMEM/BSA for 1 day, expression 

of transcripts encoding glypican core protein was not affected (Fig.3.4, lanes 1-2). After 

the cells had been in serum-free medium for 2 or 3 days, however, expression was 

increased about 5-folds (Fig. 3.4, lanes 3-4). 

To further examine the possibility that up-regulation of glypican transcripts in 

MEQC cultured in DMEM/BSA was caused by mitogen withdrawal, a number of growth 
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factors, including EGF, IGF-I, PDGF, bFGF and TGF-B, were added to the DMEM/BSA 

medium individually and in various combinations. Addition of the growth factors 

individually did not prevent up-regulation of the glypican core protein mRNA during 

serum withdrawal. However, addition of the combination of bFGF and TGF-B, 

prevented up-regulation by about 30-40%. Adding EGF, IGF and PDGF to the 

combination of bFGF and TGF-P, had similar effects (Fig.3.5, lane 4,5). These results 

suggest that expression of avian glypican transcripts may be controlled, in part, by levels 

of bFGF and TGF-B,. 

Effects of a Modified Antisense OND on MEQC Growth Characteristics 

After MEQC were cultured in DMEM/BSA for 2 days or longer the cells became 

rounded and formed aggregates (Fig. 3.6A). Since membrane-bound HSPG species have 

been implicated in cell adhesion, we examined the possibility that enhanced expression of 

glypican might be related to increased cell interaction by use of sense- and antisense 

ONDs to the mRNA encoding glypican core protein For this purpose, two 15-mer 

antisense ONDs (OND-1 and OND-2) were synthesized that were inverse complements 

of the sequences flanking the first and second Met codons in the mRNA encoding the 

glypican core protein. A sense OND to the sequence flanking the first Met codon was 

also prepared (OND-3). Database searches revealed no homology among these three 

ONDs and other known sequences. All three ONDs were modified with 

phosphorothioate linkages to protect them from RNase H activity (Wahlestedt, 1994). 

ONDs were added to cultures at concentrations of 20 and 40 |iM, to avoid non-specific 

effects reported at higher concentrations (Heikkila et a/., 1987; Jaskulski et a/., 1988; 

Gewirtz and Calabretta,1988). 



After MEQC were cultured in DMEM/BSA for 3 days in the presence of 20 jiM 

antisense OND (OND-1) for 3 days, ceil aggregation was no longer observed (Fig.3.6 C). 

This effect was not caused by nonspecific toxicity, since the appearance of MEQC 

observed after cultured in the presence of 40 fiM sense OND (OND-3) or 40 ̂ iM of the 

second antisense OND (OND-2) was the same as in control cultures (Fig.6 A,B,D). 

To determine whether addition of antisense OND to the cultures caused the 

anticipated decrease in mRNA encoding glypican core protein, we used RT-PCR to 

compare the relative levels of this message in cultures treated with antisense OND 

(OND-1) with the levels in untreated cultures and those treated with sense OND (OND-

3). A product of the expected size could be readily detected in control (untreated) 

cultures and cultures treated with OND-3, but was barely detectable after treatment with 

OND-1. The relative amounts of mRNA in each experiment was compared by RT-PCR 

using primers for pXI9, an abundant message in MEQC (Niu et ai, 1996b), and appeared 

to be similar. 

Effects of Antisense OND on the Migration of Endothelial Cells. 

H-H stage 16-17 heart explants were cultured in the presence of 50 (J.M of 

modified sense- and antisense glypican OND, respectively. In sense OND treated and 

control cultures, large numbers of endothelial cells were observed migrating out of the 

heart tubes after 24 hr incubation (Fig.3.8 A&B), while relatively few cells were seen 

migrating out of explants treated with antisense OND (Fig.3.8 C). The toxicity of ONDs 

in these experiments was judged by the beating of the explant muscle mass. No apparent 

differences in beating was seen among the three treatments. Although this result does not 

demonstrate whether glypican participates in the activation or transformation of 
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developing endothelial cells, it does suggests that glypican is involved in endothelial cell 

migration. 

Discussion 

We have investigated the subcellular localization of glypican and regulation of 

expression of its core protein by niitogens. Initial attempts also were made to understand 

the function(s) of the avian glypican, particularly as related to mobility of cells in cardiac 

development. The results demonstrate that glypican is a cell surface protein, as would be 

anticipated from its structural characteristics. Up-regulation of glypican transcripts in 

MEQC by serum withdrawal was partially prevented by addition of TGF-|3 , and bFGF, 

suggesting that these growth factors may regulate its expression. Serum withdrawal also 

caused MEQC to form clumps, which could be blocked by an antisense OND (OND-1) to 

the mRNA encoding the glypican core protein. OND-1 also inhibited migration of 

endothelial cells from H-H stage 15-17 chick heart explants over the surface of collagen 

lattices. 

Chemical evidence has been presented which suggests that human and rat 

glypican are bound to cell membrane through GPI anchors (David et a/., 1990; Carey et 

a/., 1993). The pattern of membrane association demonstrated in the present study is the 

first direct localization of avian glypican on cell membranes. The significance of the 

punctate staining pattern observed is uncertain; it may indicate that glypican molecules 

are clustered on the surface of the cell membrane, possibly in association with other 

membrane components. By in situ hybridization in chick embryos the pattem of 

transcripts encoding avian glypican core protein appears to co-localize with certain 

growth factors, and in some cases, with growth factor receptors (Niu et al., 1996a). 

HSPG is thought to be required for binding of members of the FGF family to their high-



affinity membrane receptors (Klagsbrun and Baird, 1991; Nugent and Edelman, 1992; 

Kan et al., 1993). Active FGF-heparan sulfate complexes have been shown to be 

released by proteolysis of the core protein (Saksela and Rifkin, 1990) or cleavage of the 

phosphatidylinositol linkage. (Bashkin etal., 1992). Alternatively, clusters of HSPG 

attached to glypican core protein on the surface of developing heart cells may serve 

simply as reservoirs for binding of growth factors to be released to act at other sites. 

Binding of mitogens by HSPG chains is only one of several possible roles 

glypican might have in promoting cell motility during development. Of the three basic 

steps in cell motility, i.e., signal recognition, migration and adhesion, it is not clear at 

which step(s) glypican might be involved. Mammalian glypican has been shown to bind 

fibronectin and laminin, which are important substrates for cell motility (Carey et 

a/., 1993;Carey et al., 1990). In the present study, treatment of the cells with antibody to 

the glypican core protein was not found to be useful in defining the role of glypican in 

cell motility. The antibody did not prevent clumping of MEQC upon serum withdrawal 

or migration of endothelial cells out of early heart tubes (data not shown). The glypican 

antibody was raised against a relatively short hydrophilic sequence of the core protein 

and interaction of the antibody with this localized sequence may not be sufficient to 

interfere with cell motility. Use of antibodies directed against other sequences within the 

protein will be needed to clarify this point. 

Serum withdrawal from many immortalized cell lines causes mitotic arrest and, in 

some cases, may induce expression of a specific phenotype. Expression of the skeletal 

muscle phenotype by immortalized myoblast lines upon serum withdrawal is an 

established paradigm for skeletal muscle development that has proved to be useful in 

defining the role of mitogens and other factors in this process. Serum withdrawal clearly 

induces expression of glypican in MEQC, which may be a phenotypic marker for 
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endothelial cells that have undergone mesenchymal transformation in developing 

endocardial cushions and AV canal. The appearance of glypican transcripts in 

postmitotic cells in the mantle zone of the developing telencephalon vesicles, but not in 

the germinal zone (Niu et al., 1996a), suggests that glypican expression also is part of the 

phenotype of a subset of brain cells during their development. 

The observation that addition of bFGF and TGF-P, counteracts induction of 

glypican transcripts is similar to the effects of these mitogens on mammalian glypican 

reported by Romaris et al. (1995). These workers found that expression of glypican 

transcripts in human lung fibroblasts cultured under serum-free conditions could be 

decreased 35-50% by addition of bFGF and TGF-B,. The similarities between their 

observations and those reported here provide further evidence that avian and mammalian 

glypicans are closely related and may function similarly. In this regard, it is interesting to 

note that TGF-6, and bFGF have been reported to up)-regulate expression of other types of 

proteoglycans. For example, these growth factors in combination are reported to 

stimulate production of syndecan-1 mRNA and protein in 3T3 cells (Elenius era/., 1992), 

while TGF-6, has been found to increase synthesis of biglycan (Romaris et a/., 1991), 

versican (Schonherr era/.,199I), and hyaluronate (Salustri etal.,1990). These 

observations suggest that regulation of the mammalian and avian glypican core proteins 

are distinct from other classes of proteoglycans even though they may have partially 

overlapping functions. 

Inhibition of motility of MEQC and endothelial cells in early heart tubes by OND 

is the clearest evidence to date of the importance of glypicans in cell motility. The 

mechanism of antisense OND action is uncertain, however. The most popular theories 

are that ONDs exert their effects either by causing translational arrest or by providing 

substrates for RNase H activity (Wahlestedt,I994). To determine that transcripts for 
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glypican core protein were reduced by antisense OND treatment, we carried out RT-PCR 

experiments using a pair of sequence specific primers for glypican core protein. While a 

product of expected size was easily detected with RNA from control MEQC cultures and 

cultures treated with sense OND, a similar product was only faintly detected when RNA 

from cultures treated with antisense OND-1 was subjected to amplification under 

identical conditions (Fig. 3.7A). The reason for the fact that only one of the two antisense 

ONDs had an inhibitor effect on motility and mRNA levels is unknown. Antisense 

ONDs designed around the translation initiation site, like OND-1, intron-exon junctions 

or cap site generally are more efficient blockers, but probes designed to other sequences 

occasionally have proved to be effective (Wahlestedt,1994). 
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Figure 3.1. Western blot analysis showing the specificity of polyclonal antibody for 

glypican core protein. Antibody was raised in rabbit by immunization with a 19-residue 

peptide corresponding to a sequence from the glypican core protein and purified by 

affinity chromatography using the same peptide. Avian glypican core protein was 

expressed in whole cell lysate of E. coli (JM109), resolved by 12% SDS PAGE, blotted 

onto a nitrocellulose membrane and reacted with affinity-purified antibody. Reaction 

with antibody (Lane 1); antibody which has been pre-blocked by incubation with 5 |ig/ml 

of peptide in PBS (lane 2). 
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Figure 3.2. Northern analysis showing over expression of glypican core transcripts in 

MEQC which have been stably transfected with an expression vector containing the 

cDNA sequence. Total RNA from control MEQC (Lane 1), MEQC transfected with 

vector (pcDNA3) (Lane 2), and MEQC stably transfected with the full-length cDNA 

encoding glypican core protein (pCDNA3-GCP) (Lane 3). RNA species were resolved in 

a denaturing formaldehyde-agarose gel, blotted onto nylon membrane, and analyzed by 

hybridization with a cDNA probe for glypican core protein. 
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Figure 3.3. Cellular localization of glypican in MEQC. MEQC were grown on 

coverslips in DMEM containing 5% PCS, fixed in 3.7% paraformaldehyde, and 

immunostained with affinity-purified polyclonal antibody against the glypican core 

protein. A) MEQC which have been stably transfected with cDNA for glypican core 

protein and which hyperexpressed this protein, B) MEQC which hyperexpressed glypican 

were immunostained with the antibody against glypican core protein that had been pre-

blocked by incubation with the 5 (ig/ml of the antigenic peptide in PBS. 
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Figuer 3.4. Northern analysis showing the effect of serum depletion on the expression of 

glypican transcripts. Total RNA from MEQC cultured in growth medium (Lane 1), 

MEQC in serum-free medium for 1 day (Lane 2), 2 days (Lane 3) and 3 days (lane 4) 

were resolved in a denaturing formaldehyde-agarose gel, blotted onto nylon membrane, 

and hybridized with a cDNA probe for the glypican core protein. The same blot also was 

probed with a cDNA probe for human G3PDH to demonstrate the relative amount of 

RNA loading in each lane. 
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Figure. 3.5. Northern analysis showing the effects of TGF-B, and bFGF on the 

expression of glypican protein. A low level of the transcript for glypican core protein 

was expressed in MEQC grown in DMEM/serum (Lane 1). Expression of the mRNA 

encoding glypican core protein was enhanced by culture in serum-free medium 

(DMEM/BSA) for 2 days (Lane 2). Expression of glypican transcripts was decreased in 

serum-free medium containing TGF-6, and bFGF at a concentration of 10 ng/ml for 2 

days (Lane 3). Glypican expression was decreased to about the same extent when aFGF, 

IGF, PDGF, and EGF were added to the combination of TGF-P , and bFGF. RNA 

species were resolved in a denaturing formaldehyde-agarose gel, blotted onto nylon 

membrane and analyzed by hybridization with a cDNA probe for glypican core protein. 

The same blot also was probed with a human G3DPH cDNA probe as a control for the 

amount of EINA loaded in each lane. 
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Figure 3.6 Effects of antisense OND complementary to Met initiation codon (OND-I) on 

aggregation of MEQC cultured in absence of serum. MEQC cells form clumps after 

culture in DMEM/BSA for 2 days (A). When the sense OND to the first Met initiation 

codon for the glypican core protein message (OND-3) was added (40 |iM) to MEQC 

grown in DMEM/BSA medium for 2 days, there was no effect on the tendency of cells to 

clump (B). By contrast, addition of OND-1 (20 pM) initiation codon inhibited clumping 

almost completely (C). Antisense OND to sequences flanking the second Met codon 

(OND-2) had no effect on the clumping phenomena when added at 40 ^iM (D). 
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Figure 3.7 PGR products for glypican core protein (A) and pX19 (B) using total RNA 

from control MEQC (Lanes A1 and Bl, antisense OND (OND-1) U-eated MEQC (Lanes 

A2 and B2) and MEQC U-eated with sense OND (Lanes A3 and B3) as template. RT-

PCR using primers specific for pX19, an abundant message in these cells, was used as a 

control for the amount of RNA used in the reactions. While a product of the size 

expected from mRNA for the glypican core protein can be easily detected in RNA from 

control cultures and cultures treated with sense OND, a product of appropriate size only 

faindy present after treatment with antisense OND. 
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Figure 3.8 Effects of sense- and antisense OND treatments on the migration of 

endothelial cells from H-H stage 15-17 heart explants onto the surface of collagen lattice. 

Four to 6 heart tubes were placed on each gel and a representative example is shown for 

each treatment. The heart tubes explants appear as dark objects near the margins of these 

photographs. A) Surface of the collagen gel in a culture that was not treated with ONDs 

shows numerous cells migrating out of the explants. B) Surface of collagen gel from 

culture that was treated with sense OND, showing similar numbers of migrating cells. C) 

Surface of gel that was treated with antisense OND, showing many fewer migrating cells. 



85 



86 

CHAPTER 4 

CLONING AND SEQUENCING OF A DEVELOPMENT ALLY 

REGULATED AVIAN mRNA CONTAINING THE LEA 

MOTIF IN EMBRYONIC BIRCH (Betula pendula Roth.) 

Introduction 

BrdU suppresses the appearance of the proteins associated with the differentiated 

state of several embryonic tissues without affecting cell division or the accumulation of 

other proteins (Abbott and Holtzer, 1968; Coleman et al., 1969; Mayne et a/.,1971; 

Stellwagen and Tomkins,1971). The amount of DNA coding for BrdU-sensitive 

differentiation is exceedingly small, leading to the proposal that low-doses of BrdU 

inhibit "switching loci" for differentiation and thereby block initiation of new synthetic 

programs (Weintraub, 1973). It has been found, for example, that BrdU blocks skeletal 

myogenesis by depressing the expression of MyoD (Tapscott et al., 1989). Therefore, 

identification and characterization of BrdU-sensitive gene products may lead to the 

discovery of important developmental factors. 

MEQC, an immortalized cell line, derived from 3-day quail embryo hearts 

infected with v-myc, can be induced to differentiate as evidenced by the expression of 

several muscle-specific markers after co-cultured with NIH 3T3 cells in defined medium 

(Jaffredo et al.,1991). When MEQC are treated with low concentrations of BrdU before 

coculture, we have observed that they no longer can be induced to express phenotypic 

markers, presumably because BrdU treatment blocks the expression of genes that are 

responsible for differentiation. In this study, we have treated MEQC with BrdU in an 

attempt to identify genes involved in development. 
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Using a subtraction hybridization procedure, transcripts were identified that had 

been attenuated by treatment with BrdU. The corresponding cDNAs then were isolated 

from an early (H&H stage 16-18) chick heart cDNA library. Among the clones isolated 

was a cDNA encoding a putative translation product that contains two a helices with 

oppositely-oriented amphipathic surfaces. Each of the helices contains an LEA Gate 

embryogenesis abundant) consensus sequence (A/TAEKAK/RETKD), which has been 

described previously only in a group of plant seed-specific proteins (Puupponen-Pimia et 

al., 1993). To our knowledge, this is the first LEA sequence identified in animal 

proteins. 

The temporal and spatial distribution patterns of the message in chick embryos 

were examined. It was expressed consistently in hematopoietic sites, such as blood 

islands in area opaca and liver during development, suggesting that one of the potential 

functions of the pX19 product may be related to hematopoiesis. 

Experimental and Discussion 

(a) cDNA cloning and sequence analysis 

MEQC mRNA was reverse transcribed into 32p-iabeled cDNA and the resulting 

32p-labeled cDNA was subtracted twice against photobiotinylated mRNA from BrdU 

treated MEQC using a subtractor kit (Invitrogen, San Diego, CA). The resulting twice-

subtracted cDNA probe was used to screen a H&H stage 16-18 chick embryonic heart 

cDNA library (gift of Dr. Ray Runyan, Univ. of Arizona) under high-stringency 

conditions. Twenty-seven clones were isolated and are being characterized. One of 

these, designated pX19, contained an insert of about 0.9 kb. Northern blot analysis using 

mRNA from both MEQC and BrdU-treated MEQC detected a single band of about I kb 
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(Fig.4.1). The expression of the transcript was reduced about 50% in BrdU-treated 

MEQC. Sequence analysis revealed a cDNA insert of 918 nucleotide (nt), which 

contains a single open reading frame coding for a protein of 215 amino acids having the 

calculated relative molecular mass of 23.6 kDa (Fig. 4.2). When pX19 was translated in 

a cell-free reticulocyte lysate system or expressed as a GST fusion protein in E. coli, a 

product of similar size was detected ( data not shown). 

(b) Nucleotide and amino-acid comparisons 

Database search revealed significant nt homology (77%) between the putative 

coding region of pX19 (nt 82 to nt 335) and a low-abundant transcript from mouse 

embryonic carcinoma F9 cells (Nishiguchi et a/., 1994; EMBL accession No. D21767). 

The second half of the coding region (nt 314-105) was 78% homologous to a human EST 

(GenBank Accession No. R31127). Analysis of secondary structure of the pX19 product 

predicted two amphipathic a helices near the COOH-terminaJ end (aa 176-193 and aa 

196-213) (Fig. 4.3). Interestingly, each helix contains an identical stretch of 9 residues 

(ATEKAKD/ET/LA). Protein database search indicates that this sequence is closely 

related to the amino acids consensus sequence for the group 3 LEA motif (A/TA E 

KAK/RETKD) found in the birch (Betula pendula Roth) BP8 translation product and 

carrot (Daucus carota sativa) protein, DC 8 (Puupponen-Pimia et ai, 1993). The group 3 

LEA motif also occurs as multiple repeats and has been suggested to form as a-helices 

with twisting amphipathic surfaces (Dure et ai, 1989). To our knowledge, this is the first 

LEA consensus found in an animal protein. The significance of the motif is unknown, 

but the remarkable conservation between plants and animals suggests that the sequence 

may have significant biochemical function(s). 
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(c) Developmental expression of pX19 

As an initial step towards understanding the potential function(s) of pX19 in 

development, we studied its expression pattern in early chick embryos by Northern 

analysis and whole mount in situ hybridization. Northern analysis was performed with 

RNAs from multiple 5- and 7-day chick tissues. A single band of about 1 kb was 

detected in all tissues examined (Fig. 4.4), indicating that only a single message is 

expressed. The results of whole mount in situ hybridization using 5-day chick embryos 

with digoxiginin-labelled antisense probe provided more detailed information on the 

expression levels among different tissues. As shown in Fig. 4.5B, the expression of 

pX19 in liver, mesonephrons and nephric ducts was much stronger than other tissues. 

No signal could be detected in these tissues when the embryos were treated with the 

sense probe (data not shown). 

To determine the cell type in the liver which expressed the transcript, whole 

mount-treated 5-day embryos were frozen and sectioned with a cryostat. The sections 

demonstrated that the transcript was localized exclusively to the hematopoietic cells in 

liver (Fig. 4.4C). Since hematopoiesis occurs mostly in the blood islands of area opaca 

during early avian development before it switches to liver (Small and Davis, 1972; Wong 

and Cavey, 1993), we carried out whole mount in situ hybridization using earlier (H&H 

stages II-14) embryos. As shown in Fig. 4.4A, pX19 indeed was strongly expressed in 

the blood islands of area opaca at stage 11. (The staining in the head region also was 

present in the sense strand control, indicating trapping of the probe in the developing 

head.) These results suggest that one of the functions of thepX19 product may be 

associated with hematopoiesis during early chick development. Interestingly, BrdU 

previously has been found to block differentiation of erythroblasts by inhibiting the 
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synthesis of hemoglobin (Miura and Wilt, 1971). Whether the effect of BrdU on 

suppression of pX 19 during blood cell differentiation is related in anyway is unknown. 

Conclusion 

We report the cloning and sequencing of an avian cDNA encoding a protein 

containing an LEA motif. It is the first report of a protein in animal tissues containing an 

LEA motif. (2) Developmental expression pattern of pX19 suggests that its product may 

be involved in hematopoiesis during early chick development. 
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Figure. 4.1. Northern analysis of pxl9 transcripts in MEQC (lane 2) and BrdU-treated 

MEQC (lane 1) using 918 nucleotide of pX 19 as a probe. A single band of approx. 1 kb 

was detected. To verify the relative RNA loading in each lane, the same blot was probed 

with the coding region of P-actin. The expression of pX19 in MEQC was attenuated by 

BrdU treatment. Methods: 4 |ig of mRNA from MEQC or BrdU-treated MEQC were 

loaded onto 1% agarose gels containing 2.2 M formaldehyde. After electrophoresis, the 

gels were treated for 40 min with 50 mM NaOH, 10 mM NaCl, neutralized for 40 min in 

100 mM Tris (pH 7.4), 20X SSC and transferred overnight to nitrocellulose membranes 

(Schleicher & Schuell, Keene, NH, USA ) in 20X SSC. The membranes were washed in 

6X SSC for 5 min and baked in a vacuum oven at 80°C for 1.5 h. The dried membranes 

were hybridized in 6X SSC/2X Denhardt's solution/ 0.1% SDS at 65°C for 18 h, washed 

once in 6X SSC at room temperature for 20 min and twice in 2X SSC at 65°C for 20 min 

before being subjected to autoradiography. 



92 

ti-acnn (2 2k0i 

P*19 



93 

Figure 4.2. The nucleotide sequence of pX 19 and deduced amino acid sequence. The 

amino acids are positioned under the first nucleotide of each codon and are numbered 1 

to 215. Predicted amphipathic helices are underlined. Methods: MEQC were cultured as 

described by Jaffredo et a/. (1991) for 4 days in the presence or absence of 20 mM BrdU. 

Afterward, cells were harvested for preparation of mRNA using a Fast Track mRNA 

isolation kit (Invitrogen, San Diego, CA, USA). Subtracted cDNA probes were prepared 

using a Subtractor kit (Invitrogen). Briefly, about 1 p,g MEQC mRNA was reverse 

transcribed into 32p-iabeled cDNA and the resulting ^^p-iabeled cDNA was hybridized to 

10 Jig photobiotinylated mRNA from BrdU treated MEQC at 60°C for 72 hr. 

Photobiotinylated mRNA and mRNA/cDNA hybrids were complexed with streptavidin 

and removed from the hybridization mixture by phenol/chloroform extraction. The 

hybridization procedure was repeated and the resulting twice-subtracted cDNA probe was 

used to screen a H&H stages 16-18 chick embryonic heart cDNA library under high-

stringency conditions, ^^p.iabeled cDNA also was synthesized from BrdU-treated 

MEQC and used for screening without subtraction. Both strands of the cDNA insert 

were sequenced with an Applied Biosystems Model 373A DNA sequencing system. The 

nucleotide and amino acid sequences were compiled using the software package PC/Gene 

(Intelligenetics, Mountain View, CA, USA) and compared against the non-redundant 

database at the National Center for Biotechnology Information (NCBI) of the National 

Library of Medicine using the BLAST algorithm (Altschul et al., 1990). This sequence 

was assigned GenBank accession No. U31977. 
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AATTCGGCACGAGATGGCGGCCGCCCAGCAGGCCAGGGCCGGAACCGGGGCGGCGGCGGC 60 , 

GCGGCCCTGAGCCCTGAGCACATGGGGAAATACTGCGCCAGCCTGGGCGTCCTCAAGGGG 120 

M G K Y C A S L G V L K G  1 3 '  

CCCTGGGACCAGGTGTTCGCCGCCTTCTGGCAGCGCTACCCCAACCCCTACAGCAAACAT 180 

P W D Q V F A A F W Q R Y P N P Y S K H  3 3  

GTGCTGACCGAGGACATCGTGCACCGGGAGGTGACGGCGGACCACAAGCTGCTCTCACGG 240 

V L T E D I V H R E V T A D H K L L S R  5 3  

CGCCTCCTGACCAAGACCAACCGCATGCCGCGATGGGCCGAACGATTCTTCCCGGCCAAC 300 

R L L T K T N R M P R W A E R F F P A N  7 3  

GTCGCACACAACGTTTACATCGTGGAGGATTCAATCGTGGACCCCAAGAACCGAACCATG 3 60 

V A H N V Y I V E D S I V D P K N R T M  9 3  

ACCACGTTCACCTGGAAC ATCAACCACGCGCGTCTCATGGCAGTGGAGGAGCGCTGCGTC 420 

T T F T W N I N H A R L M A V E E R C V  1 1 3  

TACAGAGTGAACCCTGAGAACAGCAGCTGGACCGAAGTGAAGCGCGAGGCCTGGGTCTCC 480 

Y R V N P E N S S W T E V K R E A W V S  1 3  3  

TCCAGCCTCTTTGGCGTCTCACGGGCAGTCCAGGAGTTTGGTCTGGCCAGGTTCAAAAGC 540 

S S L F G V S R A V Q E F G L A R F K S  1 5 3  

AACGTCACCAAGAGCACTAAAGGATTTGAATACGTGCTAGCAAGGATGCAAGGAGAAGCT 600 

N V T K S T K G F E Y V L A R M Q G E A  1 7 3  

CCATCTAAAACTCTGGTGGAAACAGCAAAGGAAGCAACTGAGAAAGCAAAGGAGACAGCT 660 

P  S  K T L V E T A K E A T E K A K E T A  193 

CTGGCTGCTACAGAAAAAGCCAAGG ACCTGGCGAGCAAAGCAGCCACCAAGAAGAAGC AG 720 

L  A  A T E K A K D L A S K A A T K K K O  213 

TTCGTGTGAAGAGCTGGACGCAGGCAAGAGCTGGGCTATGCAGAACAGATAGGAGCCTCC 7 80 

F V * 215 

TTAGATTTTATATTTTTAACTGTAAAAGTCTGACAATCAGCTGCTGTTAGATCCTAAGGT 84 0 

GTAATTATCATTAAAGAGTCAACCTTCACCTCAAAAAAAAAAAAAAAAAAAAAAAAAAAA 900 

AAAAAAAAAAAAAAAAAA 918 
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Figure 4.3. Helical wheel diagrams of residues 176-193 (A) and 196-213 (B) in the 

putative pX19 protein product. Hydrophobic and hydrophilic residues are located on 

opposite sides of the helical wheels. 
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Figure 4.4. Northern analysis of pX19 transcripts in multiple day 5 (lane 1-5) and day 7 

(lane 6-10) embryonic chick tissues. Day 5 embryonic tissues; lane 1, limb bud; lane 2, 

trunk; lane 3, heart; lane 4, brain; lane 5, liver; Day 7 embryonic tissues; lane 6, heart; 

lane 7, gizard; lane 8,kidney; lane 9, liver; 7, lane, 10, brain. About 25 mg total RNA 

was loaded onto each lane. Method is same as described in Fig. 4.1, except that the blot 

was reprobed with human glycerol-3-phosphate dehydrogenase 9 (G3PDH) cDNA as 

control. 
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Figure 4.5. Expression of pX19 during chick development as detected by whole-mount 

in situ hybridization. A. pX19 is expressed in blood islands (arrow) of the area opaca at 

H&H stage 11. B. pX19 is strongly expressed in liver, mesonephron, and nephric duct at 

day 5. C. Developing blood cells within the liver express pX19. Methods: Fertilized 

chick eggs were incubated at 38°C. Embryos were staged according to Hamburger and 

Hamilton (1951). To generate the probe, the putative coding region (nucleotide 82-726) 

of pX19 was subcloned into Hind HI and Xba I sites of pBluscript SK by the polymerase 

chain reaction. Sense and antisense RNA probes were synthesized using a digoxiginin-

uridine triphosphate RNA labeling kit (Boehringer Mannheim, Indianapolis, IN, USA). 

Whole-mount in situ hybridization was performed according to the procedure described 

by Wilkinson (1992). For microscopic study, stained embryos were frozen and 

sectionedat 7 ^m with a cryostat. 



100 



101 

CHAPTER 5 

SUMMARY AND FUTURE STUDffiS 

Summary 

Subtractive hybridization between MEQC and BrdU-treated MEQC was used to 

isolate transcripts that had been attenuated by BrdU treatment. The corresponding 

cDNAs were isolated from an early (H&H stages 16-18) chick heart cDNA library. 

Using this procedure, 31 clones were isolated and partially sequenced (Table 5.1). 

Database search indicated that 15 of these clones were avian homologues of various 

mammalian genes. Of the remaining 16 clones, three were further characterized. 

Survey of the clones that have been identified reveals transcripts that are 

characteristic of the myocardial, endocardial and hemopoietic lineages. For example, 

isolation of the transcript encoding avian cardiac a-actin is consistent with a cardiac 

muscle phenotype. However, the distribution pattern of three transcripts (pXl, pX19, and 

pX27) indicated they are localized to the endocardium and blood cells. Although all 

three of the transcripts are expressed in heart at various stage by Northern analysis, they 

are detected within the endocardiumby in situ hybridization. The clone, pXl, which 

encodes an avian homologue of mouse dihydroorotate dehydrogenase, is expressed in 

ventricular endocardium of 3-day chick heart. pX27 is strongly expressed in the 

endocardium-derived bipolar fibroblasts in the AV canal and outflow track of 4-5 day 

chick hearts (Fig. 2&3). By m 5/rw hybridization, pX 19 is expressed very early in 

hematopoietic tissue, including the blood islands in the extraembryonic membrane (area 

opaca) and in blood forming tissue within the developing liver. pX19 transcripts were 

not found in 2-3 day chick heart (Fig. 5.1). However, RT-PCR analysis using RNA from 



endocardial endothelium and transformed mesenchymal cells indicated that pX19 

transcripts are expressed cell types derived from endocardium (Figure 5.2). To further 

confirm that MEQC are capable of expressing endocardial-specific markers, I analyzed 

total RNA for Mox-1 by RT-PCR using a pair of primers corresponding to the coding 

sequence for chick Mox-1. A distinct product of 600 bp was amplified and cloned. 

Sequencing results of this PCR product confirm that it is the quail homologue of chick 

MOX-1 (Fig. 5.4). 

Identification of endocardial, myocardial and hemopoietical molecular markers 

from MEQC was initially surprising given its origin from rhabdomyosarcoma cells, but is 

consistent with studies suggesting that myocardium, endocardium and blood cells are all 

derived from splanchnic mesoderm. Taken together, these observations suggest that 

MEQC represents a partially dedifferentiated cell type in the splanchnic mesoderm 

lineage that is able to express transcripts found in all three cell types (myocardium, 

endocardium and blood) derived from splanchnic mesoderm. 

Sequence homology searches indicated that pX27 is an avian homologue of 

mammalian glypican core protein. Glypicans are integral membrane HSPGs whose 

function is not yet clearly known. At stages HH 7-12, strong signals were detected in the 

cephalic region of the neural folds, rostral portion of paraxial mesoderm, and newly 

formed epithelial somites. At stages HH 20-25, strong expression was observed in the 

endocardial cushions, mantle zone of the telencephalon, the apical epidermal ridge and 

proximal region of developing limb. This distribution pattern suggests that avian 

glypican may be involved in the morphogenesis of limb, somite, heart, and brain. The 

expression of glypican also overlaps FGFs in limb bud, FGF receptors in heart and 

somite, and NGF receptors in forebrain. 
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The affinity of HSPGs for growth factors and the distribution of the avian 

glypican are consistent with a role for this molecule in growth factor-mediated signal 

pathways. Accordingly, I carried out a fiirther series of experiments on the function and 

transcriptional regulation of avian glypican. A polyclonal antibody raised against avian 

glypican was used to localize the protein to the cell membrane. Studies on the regulation 

of glypican expression in MEQC cultures demonstrated that withdrawal of serum caused 

clumping of the cells and an increase in expression of glypican transcripts. Treatment 

with an antisense OND to glypican transcripts prevented cell clumping in serum-starved 

MEQC. Also, addition of the antisense OND to 3-day chick heart tube explants 

prevented the migration of cells on to a collagen matrix. These results suggest that 

glypican may be required in cell migration during heart development. 

Efforts also were made to identity the function of the pX19-translation product. 

Transcripts were found to be strongly expressed in day 3- 5 chicken heart. Analysis of 

the secondary structure of the pX19 product indicated that it contains two amphipathic a-

helices near the COOH-terminus with homology to the lea motif found in proteins of 

embryonic plant seeds. In plants, these proteins are thought to participate in drought 

resistance, but the function of the related protein in vertebrates is unknown. 

Future Studies 

Among the novel BrdU-sensitive transcripts isolated, detailed functional studies 

were carried out only with pX27 (avian glypican). The function of the other transcripts 

should be investigated in a similar manner. Further attempts should be made to 

characterize the protein(s) that are recognized by the glypican antibody in MEQC cells. 

It is important to establish that the immunoreactive materials are proteoglycan in nature 

and contain features consistent with the glypican characters, such as GPI-anchorage and 
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heparan sulfate substitution. Results of the experiment using antisense OND indicated 

that glypican was involved in MEQC clumping. It would be interesting to know whether 

the clumping phenomenon is sensitive to compounds, such as heparinase, heparin and 

xyloside, which interfere with the normal function of glypican. 
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Table 5. 1. Results of sequence database homology search using avian cDNA clones resulted 

from subtraction hybridization between transcripts of MEQC and BrdU treated MEQC. 

Clone 

pXl 

pX2 

pX4 

pX5 

pX6 

pX7 

pX8 

pXlO 

pX12 

pX13 

pXI4 

pX15 

pX16 

pX17 

pX18 

pX19 

Insert Size 

0.6 kb 

1.2 kb 

0.7 kb 

1.2 kb 

0.3 kb 

1.6 kb 

0.3 kb 

1.7 kb 

1.2 kb 

0.7 kb 

1.6 kb 

0.5 kb 

0.7 kb 

2.0 kb 

1.5 kb 

0.9 kb 

Homologue 

Dihydroorotate 
dehydrogenase 
mRNA (rat) 

sds 22-like mRNA 
(human) 

Ribosomal protein 
s6 mRNA (chicken) 

Proteinase inhibitor 
mRNA (chicken) 

a-Cardiac actin 
mRNA (chicken) 

Clathrin light chain 
mRNA (human) 

Cardiac Expression 

Endocardial 
endothelium 

Myocardium 

Endocardium 
related cells 
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pX20 

pX21 

pX22 

pX23 

pX26 

pX27 

pX28 

pX29 

pX30 

pX31 

pX35 

pX36 

pX39 

pX40 

pX42 

1.4 kb 

1.0 kb 

1.8 kb 

1.2 kb 

2 k b  

1 kb 

1.6 kb 

2 k b  

GTP binding protein 
mRNA (rat) 

2 k b  

0.7 kb 

1 kb 

1.2 kb 

0.7 kb 

1.5 kb 

1 kb 

Glypican core 
mRNA (human and 
rat) 

Phospolipase c 
mRNA (rat) 

Several DNA 
binding protein 
mRNA (rat and 
drosophila) 

Cardiac cushion 
cells 

a-Smooth muscle 
actin mRNA 
(chicken) 

Ribosomal protein 
Lll mRNA 
(human) 

Cytochrome c 
mRNA (chicken) 

Cyclin B2 mRNA 
(chicken) 

ATP synthase 
mRNA (human) 

Expressed in heart; 
cell type remains to 
be identified. 

Myocardium 
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Figure 5.1. Northern analysis of pX19 transcripts in MEQC and embyronic chicken 

hearts. About 25 |i g total RNA each from MEQC (lane 1), day 2 hearts (lane 2), day 3 

hearts (lane 3) and day 4 hearts (lane 4) were used. Method: RNA samples were loaded 

onto 1% agarose gels containing 2.2 M formaldehyde. After electrophoresis, the gels 

were treated for 40 min with 50 mM NaOH, 10 mM NaCl, neutralized for 40 min in 1(X) 

mM Tris-HCl (pH 7.4), 20X SSC and transferred overnight to nitrocellulose membranes 

(Schleicher & Schuell) in 20X SSC. The membranes were washed in 6X SSC for 5 min 

and baked in a vacuum oven at 80°C for 1.5 hr. The dried membrane were hybridized in 

6X SSC/2X Denhardt's solution/ 0.1% SDS at 65°C for 18 hr, washed once in 6X SSC at 

room temperature for 20 min and twice in 2X SSC at 65°C for 20 min before being 

subjected to autoradiography. 
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Figure 5.2. Expression of pXl in developing chicken heart as detected by whole-mount in 

situ hybridization. A. pXl is expressed in endocardium of a day 3 heart. B. A higher 

magnificant view (40x10) of image A. C. pXl transcripts are detected in endothelium of 

atrial endocardium. Methods: Fertilized chicken eggs were incubated at 38°C. Embryos 

were staged according to Hamburger and Hamilton (1951). Sense and antisense EINA 

probes corresponding to a 700 bp fragment of the 3' untranslated region of pXl were 

synthesized using a digoxiginin-uridine triphosphate RNA labeling kit (Boehringer 

Mannheim, Indianapolis, IN, USA). Whole-mount in situ hybridization was performed 

according to the procedure described by Wilkinson (1992). For microscopic study, 

stained embryos were frozen and sectioned at 7 jim with a cryostat. 
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Figure 5.3. Expression of pXl(lane 2), pX19 (lane 3) and pX27 (lane 4) in endothelial 

cells of explanted HH stage 15-17 chicken hearts as detected by RT-PCR. All three 

transcripts were found epxressed in the cells. Methods: Endothelial cells were prepared 

according to Potts et al. (1991). Total RNA was extracted from these cells using Trizol 

solution (Progmea). cDNA was synthesized by use of reverse transcriptase (Boehringer). 

RCP conditions were selected as following: 1 min at 94°C for 1 cycle, then 1 min at 94°C, 

30 sec at 55°C, and 30 sec at 72°C for 30 cycles. 



112 



113 

Figure 5.4. Detection of Mox-1 gene transcripts in MEQC by RT-PCR using mRNA 

(lane 1) and total RNA (lane 2). Methods: MEQC were cultured as described by Jaffredo 

et al. (1991). mRNA was prepared using a Fast Track mRNA isolation kit (Invitrogen). 

Total RNA preparation and RT-PCR reaction was carried out in the same manner as 

described in Appendix 3. 
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