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ABSTRACT

An epithelial-mesenchymal cell transformation (EMT) occurs during the 

formation of endocardial cushions in the atrioventricular (AV) canal of the heart. In this 

study, Slug is shown to be expressed in AV canal endocardium. AV canal endothelial 

cells continue to express Slug as they transform into mesenchymal cells and migrate into 

the endocardial cushions. Treatment of AV canal explants with antisense Slug 

oligodeoxynucleotides disrupted endothelial cell-cell separation, indicating that Slug is 

required for initial steps of EMT in the AV canal.

Slug expression in AV canal endocardium is shown to be dependent on a signal 

provided by AV canal myocardium. Previous studies have implicated several signaling 

factors including Transforming Growth Factor-(32 (TGF|32), Transforming Growth 

Factor-[33 (TGF(33), a G protein-linked receptor, retinoic acid, Bone Morphogenetic 

Proteins (BMPs), and Hepatocyte Growth Factor (HGF) as components of the inductive 

signal. Treatment of AV canal explants with anti-TGF|32 antibody or pertussis toxin (an 

antagonist of G, protein signaling) inhibited initial steps of EMT (Boyer et ah, 1999). In 

contrast, treatment of AV canal explants with anti-TGF(33 antibody inhibited later steps 

of EMT (Boyer et ah, 1999). In this study, treatment of AV canal explants with retinoic 

acid is shown to inhibit initial steps of EMT in a dose-dependent manner. Treatment of
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AV canal explants with noggin (an antagonist of BMP signaling), or anti-HGF antibody 

inhibited later steps of EMT. Addition of exogenous BMP-2 or HGF rescued the 

inhibitory effects of noggin and anti-HGF antibody on EMT, respectively.

To identify specific signaling factors that regulate Slug expression during initial 

steps of EMT, AV canal explants were cultured in the presence of anti-TGF(32 antibody, 

anti-TGF|33 antibody, pertussis toxin, retinoic acid, noggin, or anti-HGF antibody. Only 

treatment with anti-TGF|32 antibody or retinoic acid inhibited Slug expression in AV 

canal explants, consistent with the finding that these signaling factors regulate initial 

steps of EMT. Transfection of AV canal explants with Slug rescued the inhibitory effect 

of anti-TGF|32 antibody but not retinoic acid on EMT. These data contribute to a model 

in which Slug is a primary target of TGFp2 signaling during EMT in the AV canal.
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CHAPTER ONE: INTRODUCTION

Cardiac abnormalities account for many congenital birth defects in human infants 

(Clark, 1988). These cardiac abnormalities frequently involve septal and valvular 

structures. Studies of the molecular regulation of cardiac morphogenesis may contribute 

to a better understanding of how these abnormalities arise. This study investigates the 

role of the transcription factor Slug in the formation of endocardial cushions in the 

atrioventricular (AY) canal region. Endocardial cushion tissue contributes to the 

interatrial and interventricular septa, as well as to the leaflets of the tricuspid and mitral
X

valves in the adult heart. Chapter 1 begins with a review of heart development with an 

emphasis on endocardial cushion formation. This chapter also describes previous work 

related to Slug and other members of the Snail family of transcription factors during 

embryonic development. Information presented in Chapter 1 provides the basis for the 

hypothesis that Slug plays a role in heart development.
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I. Endocardial Cushion Formation in the AY Canal

Shortly after gastralation in chicken and other vertebrate embryos, the lateral plate 

mesoderm divides horizontally into somatic (parietal) and splanchnic (visceral) layers.

At the anterior end of the embryo, the layer of splanchnic mesoderm thickens in the area 

underlying the neural plate to form the myocardial primordium. The endocardial 

primordium, a loose network of mesenchymal cells, also develops within this layer 

between the endoderm and the myocardial primordium. As the embryo undergoes lateral 

folding, the paired myocardial and endocardial primordia become located closer to the 

ventral midline. Eventually, the paired myocardial primordia fuse to form a single 

contractile tube. The endocardial primordia, enclosed by the myocardium, fuse shortly 

thereafter. The most anterior and posterior ends of the tube formed by the endocardial 

primordia extend away from the heart as the aortic outflow and venous inflow tracts, 

respectively (reviewed by Carlson, 1999).

The outer layer of myocardium is separated from the inner layer of endocardium 

by extracellular matrix (ECM) (Fig. 1). While the myocardium ultimately forms cardiac 

muscle, the endocardium forms the inner lining of the heart and contributes to the 

formation of endocardial cushions in the AV canal and outflow tract (Markwald et ah,

1984). The endocardial cushions that form in the AV canal are outgrowths of tissue that
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Figure 1. Endocardial cushion formation in the AV canal. The embryonic chicken 
heart is composed of an outer layer of myocardium and an inner layer of endocardium 
separated by ECM. Endocardial cushions form in the AV canal region of the heart. 
Initially, the endocardial cushions consist only of ECM. However, a portion of the 
endothelial cells lining the endocardial cushions in the AV canal eventually undergo an 
EMT and migrate into the underlying ECM. Endocardial tissue contributes to the 
interatrial and interventricular septa, as well as to the leaflets of the tricuspid and mitral 
valves in the adult heart.
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assist in partitioning the heart into four distinct chambers. The endocardial cushions 

protrude from the dorsal and ventral walls of the AV canal into the lumen of the heart. 

Initially, the endocardial cushions consist only of ECM (Krug et al., 1987). Later, in 

response to an inductive signal emitted by AV canal myocardium (Runyan and 

Markwald, 1983; Krug et al., 1985, 1987), a portion of the endothelial cells lining the 

endocardial cushions undergo an epithelial-mesenchymal cell transformation (EMT) and 

migrate into the underlying ECM (Kinsella and Fitzharris, 1980). The AV canal 

endothelial cells hypertrophy and separate from one another, creating large intercellular 

gaps. The cells eventually acquire an elongated, bipolar shape and extend filopodia, 

which facilitates their migration into the ECM (Fig. 2). Thus, EMT is the process by 

which cells delaminate from an epithelium and transform into a population of 

mesenchymal cells with the ability to migrate through ECM. Similar EMTs occur during 

other developmental processes including gastrulation, neural crest differentiation, somite 

differentiation, Mullerian duct degeneration, and palatal fusion (reviewed by Hay, 1995).

As the mesenchymal cells migrate into the ECM, the endocardial cushions 

expand. Proliferation of the mesenchymal cells leads to further growth of the endocardial 

cushions, which eventually fuse in the midline to form the septum intermedium 

(Markwald et al., 1984). The septum intermedium separates the common atrium from the
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Figure 2. Epithelial-mesenchymal cell transformation. AV canal endothelial cells 
undergo an EMT in response to a signal emitted by AV canal myocardium. During initial 
steps of EMT, AV canal endothelial cells hypertrophy and separate from one another.
The cells then become elongated and extend filopodia, which facilitates their migration as 
mesenchymal cells into the underlying ECM.
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common ventricle, and divides the AV canal into right and left channels. The septum 

intermedium eventually forms the lower portion of the interatrial septum and the upper, 

membranous portion of the interventricular septum (Markwald et ah, 1984). In addition, 

this tissue contributes to the leaflets of the tricuspid and mitral valves (Markwald et al., 

1984; Chin et al., 1992). The tricuspid valve consists of three leaflets and is responsible 

for the unidirectional flow of blood from the right atrium to the right ventricle. The 

mitral valve consists of two leaflets and is responsible for the unidirectional flow of blood 

from the left atrium to the left ventricle. While the leaflets of the mitral valve form 

predominantly from endocardial cushion tissue, the leaflets of the tricuspid valve form 

from both endocardial cushion tissue and surrounding myocardium.

The study of EMT is therefore critical to understanding how certain heart defects 

arise. Approximately 1% of all human infants are afflicted with some form of congenital 

heart defect (Clark, 1988). AV septal defects are the second most common form of 

congenital heart defect diagnosed in human infants less than one year of age (Carmi et 

al., 1992). According to the United States Agency of Health Care Policy and Research 

(1999), heart valve disorders are the fifth most expensive type of medical condition, with 

the average cost of hospital visits being $45,300 per patient.



Most AV septal defects are associated with Down’s syndrome (trisomy 21) 

(Clark, 1989). Linkage analysis has implicated genes located specifically on 

chromosome 21q22.2-22.3 in causing the AV septal defects associated with Down’s 

syndrome (Korenberg, 1994). Interestingly, the number of mesenchymal cells within the 

endocardial cushions of the trisomy 16 mouse, a model of human Down’s syndrome, is 

significantly reduced (Hiltgen et ak, 1996; Webb et ah, 1996). Disturbances in AV 

septation also occur in individuals with Holt-Oram syndrome, a congenital disorder 

affecting the heart and upper limb (Holt and Oram, 1960). Linkage analysis indicates 

that genes located on chromosome 12q2 are responsible for the AV septal defects 

associated with Holt-Oram syndrome (Basson et ah, 1994).

Nonsyndromic cases of AV septal defects occur as well. Recent findings suggest 

that the majority of the nonsyndromic cases are linked to genetic mutations (Boughman 

et ah, 1987). However, AV septal defects also occur in infants bom to mothers who have 

been exposed to chemicals such as the halogenated hydrocarbon trichloroethylene (TOE), 

which is routinely used as an industrial solvent (Goldberg et ah, 1990). Treatment of AV 

canal explants with TOE inhibited initial steps of EMT in vitro, suggesting that the 

endocardial cushions may fail to develop normally in infants born to mothers who have 

been exposed to TCE (Boyer et ah, 2000).
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n. Molecular Regulation of Endocardial Cushion Formation in the AY Canal

A. Regulation of Endocardial Cushion Formation by Signaling Factors

Endocardial cushion formation is restricted along the anteroposterior axis of the 

heart to the AV canal and outflow tract. It is thought that genes involved in segmentation 

of the heart are responsible for restricting the formation of endocardial cushions to these 

regions. Several genes appear to be required for segmentation of the heart into venous 

inflow tract, atrial, atrioventricular canal, ventricular, and outflow tract regions, including 

Hox genes and members of the GAT A family of transcription factors (Olson and 

Srivastava, 1996).

An in vitro assay system has facilitated investigations into the molecular 

regulation of the EMT which occurs during endocardial cushion formation (Runyan and 

Markwald, 1983) (Fig. 3). AV canals are dissected from chicken embryos immediately 

prior to EMT (Hamburger and Hamilton stages 14 -17), and cultured on collagen gels. 

Collagen is used as a substrate since it is a major component of ECM in the heart (Kitten 

et ah, 1987), and since mesenchymal cells are capable of migrating through collagen 

(Overton, 1977; Schor, 1980; Delvos et ah, 1982). After several hours in culture,
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Figure 3. An in vitro assay system to study epithelial-mesenchymal cell 
transformation. (A) The AV canal region is dissected from the heart of a chicken 
embryo immediately prior to EMT (Hamburger and Hamilton stages 14-17), and cut open 
to expose the inner endocardial surface. (B) The AV canal explant is then placed on a 
collagen gel so that the endocardium is in contact with the surface of the gel. After 
several hours in culture, the AV canal endothelial cells form a monolayer on the surface 
of the collagen gel. The cells eventually separate from one another, transform into 
mesenchymal cells, and migrate into the collagen. AV canal myocardium or 
myocardium-conditioned medium must be present in order for AV canal endothelial cells 
to undergo EMT. Previous studies have shown that the regional and temporal 
specificities of EMT are preserved using this in vitro assay system.
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AV canal endothelial cells form a monolayer on the surface of the collagen gel. The cells 

eventually separate from one another, transform into mesenchymal cells, 

and migrate into the collagen. Meanwhile, the myocardial tissue remains intact on the 

surface of the collagen gel.

Studies using this in vitro assay system demonstrated that AV canal endothelial 

cells transform into mesenchymal cells in response to an inductive signal emitted by AV 

canal myocardium. AV canal endothelial cells cultured on collagen gels underwent EMT 

provided AV canal myocardium or myocardium-conditioned medium was present 

(Runyan and Markwald, 1983). In vitro experiments suggest that AV canal endothelial 

cells begin to receive this inductive signal from AV canal myocardium around stage 13 

(Ramsdell and Markwald, 1997). Ventricular myocardium was not sufficient to induce 

AV canal endothelial cells to undergo EMT (Mjaatveldt et ah, 1987). Likewise, 

ventricular endothelial cells were not responsive to AV canal myocardium (Krug et al.,

1985).

Several signaling factors, including members of the Transforming Growth 

Factor-(3 (TGF(3) superfamily of related growth factors, are expressed in the AV canal 

and appear to be components of the inductive signal. TGF|32 is expressed in the 

myocardium and endocardium throughout the heart prior to EMT. In contrast, TGF(33 is
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expressed only in the myocardium. However, TGF|33 expression is upregulated in AV 

canal endocardium during EMT. Mesenchymal cells continue to express both TGF(32 

and TGF(33 as they migrate into the endocardial cushions. TGF(32 expression persists 

throughout the heart, whereas TGFf33 expression eventually is downregulated (Potts et 

ah, 1992; Boyer et ah, 1999). Thus, the expression patterns of TGF(32 and TGF(33 in the 

heart are consistent with a role for these TGF|3 isoforms in EMT.

TGF(32 and TGF[33 bind to TGF(3 receptors in the target cell membrane. The 

Type I and Type II TGFfB receptors are serine/threonine kinases (Lin et ah, 1992; Ebner 

et ah, 1993). In response to ligand binding, the Type II TGF|3 receptor phosphorylates 

the Type I TGF(3 receptor, which subsequently activates downstream signal transduction 

pathways (Wrana et ah, 1994). The Type HI TGF(3 receptor, also known as betaglycan, 

has no identified signaling domain (Wang et ah, 1991; Lopez-Casillas et ah, 1991), and 

was presumed only to “present” ligand to other TGF(3 receptors (Lopez-Casillas et ah, 

1993). However, recent work suggests that the Type III TGF|3 receptor is capable of 

signal transduction (Brown et ah, 1999).

The expression pattern of the Type I TGF(3 receptor in the heart has not yet been 

characterized. The Type H TGF(3 receptor is expressed in the endocardium throughout 

the heart. In contrast, the Type HI TGF(3 receptor is expressed only in AV canal and
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outflow tract endocardium. Mesenchymal cells continue to express both the Type II and 

Type III TGF[3 receptors as they migrate into the endocardial cushions, consistent with a 

role for these receptors in EMT (Brown et ah, 1996, 1999).

In vitro experiments were performed to address the role of TGF|3 signaling during 

EMT in the heart. AV canal endothelial cells cultured on collagen gels in the presence of 

ventricular myocardium underwent EMT in response to the addition of exogenous 

TGF|32 or TGF|33 (Potts and Runyan, 1989; Nakajima et ah, 1997). However, AV canal 

endothelial cells cultured in the presence of AV canal myocardium produced significantly 

more mesenchymal cells (Potts and Runyan, 1989), suggesting that additional signaling 

factors produced by AV canal myocardium are normally required for EMT. Ventricular 

endothelial cells failed to undergo EMT when exogenous TGF(j2 or TGFJ33 was applied 

(Nakajima et ah, 1997).

Additional experiments performed in vitro demonstrated that TGF(32 and TGF|33 

regulate specific steps of EMT. Treatment of AV canal explants with blocking antibodies 

specific for TGF|32 or the Type III TGF|3 receptor prevented initial steps of EMT 

including endothelial cell-cell separation (Boyer et ah, 1999; Brown et ah, 1999). In 

contrast, treatment of AV canal explants with blocking antibodies specific for TGFj33 or 

the Type II TGF[3 receptor inhibited later steps of EMT including mesenchymal cell



migration (Boyer et al., 1999; Brown et al., 1996). Treatment of AV canal explants with 

antisense TGF(33 oligodeoxynucleotides also inhibited later steps of EMT (Potts et al., 

1992). Thus, TGF(32 appears to regulate initial steps of EMT via activation of the Type 

III TGF|3 receptor, while TGF(B3 appears to regulate later steps of EMT via activation of 

the Type II TGF|3 receptor. Several downstream targets of TGF(3 signaling in the AV 

canal have been identified, including P-1,4-galactosyltransferase, which is required for 

mesenchymal cell migration (Hathaway and Shur, 1992; Loeber and Runyan, 1990).

' Bone Morphogenetic Proteins (BMPs), members of the TGF(3 superfamily of 

related growth factors, also are expressed in the heart and may be components of the 

inductive signal emitted by AV canal myocardium. BMP-2 is expressed in AV canal and 

outflow tract myocardium during EMT. Treatment of AV canal explants with antisense 

BMP-2 oligodeoxynucleotides inhibited EMT. Addition of exogenous BMP-2 rescued 

the inhibitory effect of antisense BMP-2 oligodeoxynucleotides on EMT. However,

BMP signaling is not sufficient to stimulate AV canal endothelial cells to undergo EMT. 

AV canal endothelial cells cultured in the absence of AV canal myocardium failed to 

undergo EMT in response to exogenous BMP-2. BMP-2 enhanced the ability of TGF(33 

to induce EMT, suggesting that these and possibly other signaling factors act 

synergistically during EMT (Yamagishi et al., 1999). BMP binds to the Type II BMP
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receptor, which phosphorylates the Type I BMP receptor in a manner similar to that of 

the Type I and Type II TGF|3 receptors (Koenig et ah, 1994; Rosenzweig et ah, 1995). 

The expression patterns of BMP receptors in the heart have not yet been characterized.

Previous studies demonstrated that both TGF(3 and BMP signaling is dependent 

on the activity of SMAD proteins. SMAD2 and SMAD3 mediate TGF(3 and activin 

signaling, whereas SMAD1, SMAD5, and SMAD8 mediate BMP signaling. SMAD 

proteins interact with the cytoplasmic tail of the Type I TGF(3 and BMP receptors. Upon 

phosphorylation by the activated receptor, one of these pathway-specific SMAD proteins 

forms a heterodimer with SMAD4 and translocates to the nucleus, where it acts as a 

transcription factor. SMAD6 and SMAD7 can bind to activated receptors and prevent 

signal transduction by other SMAD proteins. SMAD6 specifically antagonizes BMP 

signaling, whereas SMAD7 antagonizes signaling by all TGF|3 superfamily members 

(reviewed by Heldin et ah, 1997). It remains to be determined which SMAD proteins 

mediate TGFjB and BMP signaling during EMT in the AY canal.

Previous studies indicate that Hepatocyte Growth Factor (HGF) also regulates 

EMT in the heart. HGF is expressed in the myocardium with higher levels of expression 

in the AV canal and outflow tract regions. HGF is expressed at higher levels in the heart 

during EMT (Song et ah, 1999). HGF binds to C-met, a tyrosine kinase receptor located



on the cell surface that was first identified as a proto-oncogene (Rubin et ah, 1993). 

Ligand binding is thought to activate the MAP kinase signal transduction pathway 

(reviewed by Nishida and Gotoh, 1993). While HGF is expressed in the myocardium, the 

C-met receptor is expressed in the endocardium. Mesenchymal cells continue to express 

C-met as they migrate into the endocardial cushions, suggesting that HGF signaling is 

required for EMT. Consistent with these findings, AY canal endothelial cells cultured in 

vitro in the absence of AV canal myocardium proliferated and exhibited increased cell 

motility in response to exogenous HGF. This was accompanied by an increase in the 

expression of urokinase, a protease involved in cell motility and migration in a variety of 

tissues (Song et ah, 1999). Previous studies demonstrated that urokinase activity is 

required for mesenchymal cell migration into the endocardial cushions (McGuire and 

Alexander, 1993) as well as for the migration of neural crest cells away from the dorsal 

region of the neural tube (Agrawal and Brauer, 1996).

Intracellular signaling via a G protein-linked receptor also appears to regulate 

EMT. Treatment of AV canal explants with pertussis toxin, an antagonist of inhibitory 

trimeric G (G;) protein signaling, inhibited initial steps of EMT (Runyan et ah, 1990; 

Boyer et ah, 1999). Pertussis toxin catalyzes the ADP ribosylation of a ;, a subunit of Gi 

proteins, so that cq remains bound to GDP and is unable to inhibit adenylyl cyclase
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(Okajima and Ui, 1984). Specific receptors that activate G; protein signaling during EMT 

have not yet been identified.

B. Transcriptional Regulation of Endocardial Cushion Formation

AV canal endothelial cells undergo EMT in response to signaling factors that are 

secreted by AV canal myocardium. Presumably, these signal transduction pathways 

stimulate EMT by regulating the expression and/or activity of transcription factors within 

the nucleus. For instance, members of the TGF(3 superfamily presumably influence gene 

expression via the activity of SMAD proteins, which act as transcription factors upon 

heterodimerization. Additional transcription factors are expressed in the endocardial 

cushions and may play a role in EMT. For instance, the proto-oncogene Ets-1 is 

expressed in the endocardium, with higher levels of expression in the AV canal around 

the time of EMT. Mesenchymal cells continue to express Ets-1 as they migrate into the 

endocardial cushions. Ets-1 has been shown to activate the transcription of several genes 

involved in cell migration and ECM degradation (Macias et al., 1998).

PRX1 and PRX2, homeobox transcription factors, are expressed predominantly in 

mesenchyme throughout the embryo. Both genes are highly expressed within the 

endocardial cushions and subsequently, in the AV valves (Bergwerff et al., 1998). It is
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thought that PRX1 and PRX2 are involved in ECM synthesis (Bergwerff et ah, 1998). 

Two additional homeobox proteins, Msx-1 and Mox-1, may play a role in EMT (Suzuki 

et ah, 1991; Chan-Thomas et ah, 1993; Candia et ah, 1992; Candia and Wright, 1996). 

Msx-1 is expressed in AY canal and outflow tract endocardium prior to EMT. 

Mesenchymal cells within the endocardial cushions continue to express Msx-1 (Chan- 

Thomas et ah, 1993). Interestingly, Msx-1 also is expressed by premigratory neural crest 

cells before they undergo EMT (Chan-Thomas et ah, 1993). Although Mox-1 is not 

expressed in the endocardium, its expression is upregulated in mesenchymal cells as they 

migrate into the endocardial cushions (Candia and Wright, 1996). Epicardin, a basic 

helix-loop-helix (bHLH) transcription factor, also is expressed in the endocardial 

cushions as well in the epicardium which surrounds the heart (Robb et ah, 1998).

Finally, retinoic acid receptors (RARs) and retinoid X receptors (RXRs), 

members of the steroid superfamily of ligand-activated transcription factors, appear to 

regulate EMT. RARs and RXRs alter gene expression in response to binding by retinoic 

acid, the metabolically active form of vitamin A (reviewed by Chambon, 1996). RXRoc 

-/- mouse embryos exhibited AV septal defects (Gruber et ah, 1996). Congenital heart 

defects including AV septal defects also are associated with exposure of embryos to 

abnormally high or low levels of retinoic acid (reveiwed by Smith et ah, 1998). These



31

defects may be attributed to failure of AY canal endothelial cells to undergo EMT. The 

hypothesis that retionic acid disrupts EMT during endocardial cushion formation is 

supported by the observation that fewer mesenchymal cells were found within the 

endocardial cushions of chicken embryos exposed to retinoic acid (Bouman et al, 1998).

C. Cell Adhesion Molecules and ECM Components That Regulate Endocardial Cushion 

Formation

These and possibly other transcription factors are thought to regulate the 

expression of proteins such as cell adhesion molecules and ECM components that are 

required for EMT. For example, Platelet Endothelial Cell Adhesion Molecule-1 

(PECAM-1) and Neural Cell Adhesion Molecule (NCAM) may be downstream targets of 

one or more of these transcription factors. Both cell adhesion molecules are expressed in 

AV canal endocardium prior to EMT. PECAM-1 and NCAM expression is subsequently 

downregulated in AV canal endothelial cells as they transform into mesenchymal cells 

(Baldwin et al., 1994; Mjaatvedt and Markwald, 1989). Interestingly, NCAM expression 

also is downregulated in neural crest cells as they migrate away from the dorsal region of 

the neural tube (Thiery et al., 1982). Versican, a chondroitin sulfate proteoglycan, also 

appears to play a role in endocardial cushion formation. Versican is specifically



expressed in AV canal and outflow tract ECM (Henderson and Copp, 1998). Mutations 

in this gene resulted in mouse embryos that died in utero due to heart defects including 

the absence of endocardial cushions in the AV canal and outflow tract regions (Mjaatvedt 

et al., 1998). It has been postulated that versican is required along with other ECM 

components for mesenchymal cell migration into the endocardial cushions (Mjaatvedt et 

al., 1998).

In summary, several signaling factors, including TGF(32, tGF|33, BMPs, and 

HGF, have been implicated in the regulation of EMT during endocardial cushion 

formation. Furthermore, several transcription factors, cell adhesion molecules, and ECM 

components are expressed in the heart in a pattern consistent with a role in endocardial 

cushion formation. A few of these proteins are expressed in multiple sites of EMT in the 

developing embryo, suggesting that EMTs are regulated by conserved molecular 

mechanisms. The transcription factor Slug also is expressed in several populations of 

cells that undergo EMT; however, Slug expression in the heart has not been previously 

examined. Slug is required for cells to undergo EMT during gastrulation and neural crest 

differentiation in the chicken embryo (Nieto et al., 1994). These findings suggest that 

Slug may also play a role in the EMT which occurs during endocardial cushion formation 

in the AV canal. This hypothesis is tested in the present study.
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111. The Snail Family of Transcription Factors

A. Zinc Finger Proteins

Snail family members derive their unusual names from the anatomical phenotype 

produced when the snail gene is mutated in Drosophila (Bonlay et ah, 1987). These 

transcription factors contain tandem repeats of the consensus sequence (Phe, Tyr)-X-Cys- 

X2-4-Cys-X3-Phe-X5-Leu-X2-His-X3-Hs-X2-6, where X is any amino acid. The DNA 

binding motif formed by this sequence is known as a zinc finger because it is stabilized 

by a centrally-located zinc ion bound between the cysteines and histidines (Miller et ah, 

1985). Hence, this DNA binding motif is often referred to as a Cys2:His2 (C2H2) zinc 

finger. Zinc fingers were first identified in the transcription factor TFIIIA, which is 

required for RNA polymerase HI transcription of the 5S-rRNA genes in Xenopus (Miller 

et ah, 1985). A variety of zinc finger proteins have since been discovered, including 

members of the GAT A family of transcription factors, several of which participate in 

cardiac muscle differentiation (Ip et ah, 1994; Grepin et ah, 1995; Laveniere et ah, 1994; 

Jiang and Evans, 1996). It is thought that the zinc fingers protrude from the surface of 

these proteins and bind in the major groove of DNA. Transcription factors containing as 

many as 37 zinc fingers have been identified. The strength and specificity of the protein-
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DNA interaction is directly proportional to the number of zinc fingers. Each zinc finger . 

is predicted to interact with a five base pair DNA sequence (Miller et ah, 1985).

B. Expression and Function of Snail Family Members

In Drosophila embryos, Snail is expressed by ectodermal cells in the ventral 

furrow. These cells continue to express Snail as they delaminate to form a layer of 

mesoderm beneath the ventral ectoderm during gastrulation. At later stages of 

development, Snail is expressed in the imaginal discs (Alberga et al., 1991). Injection of 

antisense Snail RNA into wild-type Drosophila embryos resulted in abnormal 

development of ventrally-derived mesoderm. Mutations in the snail gene produced 

similar defects (Boulay et al., 1987). Snail acts to repress the expression of 

neuroectodermal genes such as single-minded, rhomboid, and lethal of scute in the 

mesoderm (Hemavathy et al., 1997).

Two additional Snail family members, Escargot and Scratch, have been cloned in 

Drosophila (Whiteley et al., 1992; Roark et al., 1995). Escargot is initially expressed as a 

series of longitudinal stripes in the ectoderm. During germband elongation, Escargot is . 

expressed as a series of stripes that transect the anteroposterior axis. Eventually, these 

stripes disappear and Escargot is expressed along with Snail in the ventral midline and in
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the imaginal discs (Whiteley et ah, 1992). Previous studies demonstrated that Snail and 

Escargot are required to activate the transcription of genes such as, vestigial that are 

essential for wing development (Fuse et ah, 1996). Thus, Snail family members can act 

either as activators or repressors of transcription (Mauhin et ah, 1993).

Scratch, a more distantly related Snail family member, is ubiquitously expressed 

in the neural tissue of Drosophila embryos. Mutations in the scratch gene resulted only 

in a mild decrease in the number of photoreceptors within the eye. However, double 

mutant embryos lacking both Scratch and Deadpan, a bHLH transcription factor, had 

significantly fewer neurons. Ectopic expression of Scratch resulted in supernumerary 

neurons. These data indicate that Scratch is required along with Deadpan to promote 

neuronal differentiation (Roark et ah, 1985). Scratch may repress the transcription of 

genes such as egf-r that are required for non-neuronal cell fates. Ectopic expression of 

Scratch resulted in a loss of Egf-r expression, whereas mutations in the scratch gene 

resulted in an expanded domain of Egf-r expression (Roark et ah, 1995).

In the urochordate ascidian Ciona intestinalis. Snail is expressed in mesoderm as 

well as at the lateral border of the neural plate (Corbo et ah, 1997). Snail is expressed in 

a nearly identical pattern in the cephalochordate amphioxus (Langeland et ah, 1998). 

Interestingly, cells located at the lateral border of the neural plate in these species are
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thought to be the evolutionary precursors of the neural crest (Sefton et ah, 1998). A 

homolog of Snail also has been identified in sea urchins, although its expression pattern 

has not yet been characterized (Illingworth et ah, 1992).

Two Snail family members have been described in zebrafish. Both Snail 1 and 

Snail2 are expressed in the mesoderm during gastrulation. However, Snaill expression 

becomes restricted to paraxial mesoderm (Thisse et ah, 1993; Hammerschmidt and 

Nusslein-Volhard, 1993), while Snail2 expression becomes restricted to cephalic and 

axial mesendoderm (Thisse et ah, 1995). At later stages of development, Snaill and 

Snail2 are expressed in the neural crest and somites (Thisse et ah, 1993; Hammerschmidt 

and Nusslein-Volhard, 1993; Thisse et ah, 1995).

In Xenopus embryos, Snail is expressed in the dorsal marginal zone prior to 

gastrulation. Marginal zone cells continue to express Snail as they involute through the 

dorsal lip of the blastopore during gastrulation to form mesoderm. Snail expression 

subsequently becomes restricted to the lateral plate mesoderm and ectoderm, including 

neural crest (Sargent and Bennett, 1990; Essex et ah, 1993). Experiments have identified 

distinct elements within the Snail promoter that are required for mesodermal and 

ectodermal expression (Mayor et ah, 1993). A related protein, Slug, also has been 

described in Xenopus and several other vertebrates. Slug is expressed only in lateral plate
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mesoderm and neural crest of Xenopus embryos (Mayor et al., 1995). Injection of 

antisense Slug RNA into fertilized Xenopus eggs inhibited neural crest migration as well 

as cartilage formation (Carl et al., 1999).

Snail and Slug orthologs have been described in mouse (Nieto et al., 1992; Smith 

et al., 1992; Sefton et al., 1998; Jiang et al., 1998; Savagner et al., 1998). Snail is 

expressed by epiblast cells flanking the primitive streak of the mouse embryo. These 

cells continue to express Snail as they transform into mesenchymal cells and migrate 

down into the blastocoel during gastrulation. Snail expression then becomes restricted to 

paraxial and lateral plate mesoderm. Snail is asymmetrically expressed in the lateral 

plate mesoderm, with higher levels of expression on the right side of the embryo. At later 

stages of development, Snail is expressed in both premigratory and migrating neural 

crest. Snail also is expressed in a dynamic pattern within limb bud mesenchyme.

Finally, Snail is expressed in the myotome and sclerotome compartments of each somite 

(Nieto et al., 1992; Smith et al., 1992; Sefton et al., 1998). Interestingly, cells in the 

somite undergo an EMT. In response to an inductive signal emitted by the notochord and 

the ventral region of the neural tube, sclerotome cells transform into mesenchymal cells 

and migrate away to form the axial skeleton. Myotome cells subsequently migrate away 

to form the axial and appendage musculature (reviewed by Carlson, 1999).



Slug is initially expressed in the lateral plate mesoderm of mouse embryos. At 

later stages of development, Slug also is expressed by migrating neural crest cells and in 

several non-neural crest derived mesenchymal cell populations within the developing 

lung, kidney, digestive tract, and limb bud. Within the limb bud, Slug is expressed in the 

mesenchyme in a pattern similar to that of Snail. Slug also is expressed in limb bud 

ectoderm including the apical ectodermal ridge (AER) and in the lens of the developing 

eye (Sefton et ah, 1998; Jiang et ah, 1998; Savagner et ah, 1998). The Slug gene maps to 

the proximal region of chromosome 16 in mouse (Rhim et ah, 1997; Jiang et ah, 1998). 

The Slug gene is located on chromosome 8 in humans (Rhim et ah, 1997; Cohen et ah, 

1998). Although homologs of Snail and Slug have been identified in humans, their 

expression patterns have not yet been characterized.

Unlike in mouse embryos, Snail is not expressed in the primitive streak of chicken 

embryos. Snail is initially expressed in the lateral plate mesoderm at the anterior end of 

the chicken embryo, with higher levels of expression on the right side. Anterior lateral 

plate mesoderm corresponds to the cardiogenic mesoderm. The posterior inflow tract 

region of the heart, derived from cardiogenic mesoderm on the right side of the embryo, 

continues to express Snail after fusion of the cardiac primordia. Treatment of chicken 

embryos with antisense Snail oligodeoxynucleotides randomized the direction of heart
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looping and embryo torsion, suggesting that Snail plays a role in the establishment of 

left-right asymmetry. Snail also is expressed bilaterally in the somites and pharyngeal 

endoderm, as well as in a subpopulation of migrating cephalic neural crest cells (Isaac et 

ah, 1997).

Slug is expressed by epiblast cells flanking the primitive streak of the chicken 

embryo. These cells continue to express Slug as they transform into mesenchymal cells 

and migrate down into the blastocoel during gastrulation. Slug also is expressed in cells 

at the lateral border of the neural plate. These cells eventually transform into 

mesenchymal cells and migrate away from the dorsal region of the neural tube as neural 

crest. When stage 4-9 chicken embryos were cultured in vitro in the presence of 

antisense Slug oligodeoxynucleotides, mesoderm formation was impaired. Likewise, 

presumptive neural crest cells failed to undergo EMT, resulting in a wide range of defects 

(Nieto et ah, 1994). At later stages of development. Slug also is expressed in the limb 

bud (Buxton et al., 1997; Ros et al., 1997). Within the limb bud. Slug is predominantly 

expressed in the progress zone (PZ), an area of undifferentiated, rapidly proliferating 

mesenchymal cells subjacent to the apical ectodermal ridge (AER) (Buxton et al., 1997; 

Ros et al., 1997). Slug also is expressed in interdigital mesenchyme. Finally, Slug is 

expressed in the lens of the developing eye (Sefton et al., 1998).
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The expression of Snail and Slug at early stages of development is inverted 

between chickens and other vertebrate species. For instance, Snail is expressed by 

epiblast cells flanking the primitive steak that undergo EMT during gastrulation in mouse 

embryos. Similarly, Snail is expressed in the dorsal marginal zone by cells that involute 

during gastrulation in Xenopus embryos. In contrast, Slug, but not Snail, is expressed in 

the primitive streak of chicken embryos. It has been proposed that the inversion in sites 

of expression in tissues such as the primitive streak is the result of a recombination event 

between the regulatory sequences of both genes that occurred within the avian lineage 

(Sefton et ah, 1998). Previous studies demonstrated that distinct elements within the 

promoter of Snail regulate mesodermal and ectodermal expression in Xenopus embryos 

(Mayor et ah, 1993). Therefore, the inversion of early sites of expression in tissues such 

as the primitive streak and the conservation of later sites of expression may have resulted 

from a recombination event between distinct elements within the promoter such as those 

identified in Xenopus (Sefton et ah, 1998).

C. Phylogenetic Relationship Between Snail Family Members

Snail family members have five zinc fingers at the 3’ end of the protein, except 

for zebrafish Snail 1 and mouse Snail which have only four. The absence of the first zinc



finger in zebrafish Snail 1 and mouse Snail suggests that the first zinc finger of Snail 

family members is not functionally significant. Interestingly, the first zinc finger of the 

human GL1 oncogene which contains five zinc fingers does not interact with DNA 

(Pavletich and Pabo, 1993). In all cases, the sequence similarity between Snail family 

members is highest in the zinc finger domain. For example, chicken Slug and Xenopus 

Snail show 69% identity within the zinc finger domain, but only 30% identity at the 5’ 

end of the protein. Of the three Snail family members cloned in Drosophila, Escargot 

shows the highest degree of identity to vertebrate members of the Snail family. For 

example, chicken Slug shows 80% identity to Drosophila Escargot but only 69% identity 

to Drosophila Snail. However, Drosophila Snail is functionally most closely related to 

Snail family members in other species.

Several features are used to distinguish between Snail and Slug proteins. For 

instance. Slug is characterized by a unique 29 amino acid sequence motif immediately 

preceding the zinc finger domain (Sefton et ah, 1998) (see Appendix I). Likewise, Snail 

contains several short amino acid stretches at conserved positions that are absent in Slug. 

Based on sequence information and the existence of Slug only in “higher vertebrates,” it 

has been proposed that the Snail gene is more ancestral than the Slug gene (Sefton et ah, 

1998). This hypothesis is consistent with the fact that only a single Snail family member



has been cloned in ascidians, and that this gene does not contain the unique amino acid 

sequence present in Slug. It also is consistent with the fact that the Slug genes exhibit a 

greater degree of identity between themselves than the Snail genes. It is likely that Slug 

arose in vertebrates as a duplication of the ancestral Snail gene. It has been proposed that 

gene duplication also explains the existence of two Snail genes in zebrafish (Sefton et al., 

1998). This hypothesis is supported by the fact that there are several short amino acid 

stretches specific to Snail 1 and Snail2 that are not found in other Snail family members.

It remains to be determined whether a Slug gene exists in zebrafish.

The expression patterns of Slug and related transcription factors such as Snail, 

Escargot and Scratch, suggest that these transcription factors have evolved to play diverse 

roles in embryonic development. Interestingly, many sites of expression are tissues in 

which EMT occurs, such as the neural crest and somites in zebrafish, Xenopus, mouse 

and chicken embryos. Therefore, a role for Snail family members in EMT appears to 

have been conserved in evolution.

IV. Purpose of Study

In chicken embryos, the transcription factor Slug is expressed in several 

populations of cells that undergo EMT including epiblast cells flanking the primitive
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streak and presumptive neural crest cells located in the dorsal region of the neural tube. 

Treatment of chicken embryos with antisense Slug oligodeoxynucleotides resulted in 

failure of these cells to transform into mesenchymal cells (Nieto et ah, 1994). These data 

suggest that Slug plays a conserved role in EMT in chicken embryos. In this study, 

experiments were done to test the role of Slug in the EMT which occurs during 

endocardial cushion formation. Additional experiments were performed to identify 

specific signaling factors that regulate Slug expression, in an effort to establish a pathway 

of genes required for EMT in the heart. Candidate signaling factors included TGF(32, 

TGF|33, a G protein-linked receptor, BMP, HGF and retinoic acid based on previous 

work along with data presented in this study (Boyer et ah, 1999; Yamagishi et ah, 1999; 

Song et ah, 1999).
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CHAPTER TWO: MATERIALS AND METHODS

I. RT-PCR

Fertilized White Leghorn chicken eggs were obtained from Rosemary’s Farm (Santa 

Monica, CA) and incubated at 37°C to obtain embryos which were staged according to 

Hamburger and Hamilton (1951). Total RNA was extracted from stage 14, 16,17, 18, 

and 20 chicken embryos using RNA Stat-60 (Tel-Test “B”, Inc., Friendswood, TX) and 

treated with DNase (GibcoBRL, Gaithersburg,MD). The total volume for each reverse 

transcription reaction was 30 pi for 2 pg of RNA. The reaction also included 1.5 pL of 

Random Primers (GibcoBRL, Gaithersburg, MD), 1 pi of 10 mM dNTPs (Gibco), 20 U 

of rRNasin RNase inhibitor (Promega, Madison, WI) and 400 U of M-MLV Reverse 

Transcriptase in 5X First Strand Buffer supplied with the enzyme (GibcoBRL). cDNA 

was synthesized in a PTC-100 Programmable Thermal Controller (Ml Research, Inc., 

Watertown, MA) under the following conditions: 1.5 hour incubation at 37°C and 10 

minute incubation at 75°C.

Specific primers were designed for PCR based on the published chicken Slug 

sequence (Nieto et ah, 1994). The primer sequences were 5’:

CTGCCTTCAAAATGCCAC (bp 1-14), and 3’: TTGGACTGGATTCTCTCT (bp 341-



358). The total volume for each PCR reaction was 50 |al The reaction included 0.1 jig 

of each specific primer (Integrated DNA Technologies, Inc., Coralville, IA), 0.1 pg of 

cDNA, 1 pi of 10 mM dNTPs, 3 pi of 25 mM magnesium chloride (Fisher Scientific, 

Pittsburgh, PA), and 2.5 U of Taq DNA Polymerase in 10X Assay Buffer B supplied with 

the enzyme (Fisher Scientific). PCR was performed for 36 cycles in a PTC-100 

Programmable Thermal Controller (MJ Research, Inc.) under the following conditions:

30 second denaturation at 92°C, 1 minute annealing at 580C, and 1.5 minute extension at 

72°C. The 358 bp PCR product was fractionated on a 1% agarose gel and visualized 

using ethidium bromide. As a control for loading, RT-PCR also was performed using 

specific primers designed to amplify an 800 bp Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) sequence.

II. Immunoprecipitation

Chicken embryos between stages 14 and 18 of development were minced by 

placing tissue fragments between the frosted ends of two glass microscope slides and 

gently rubbing the slides together. Chicken Slug protein was immunoprecipitated 

according to Fowler et al. (1993) with the following modifications: 20 jxg of a 

monoclonal anti-chicken Slug antibody (provided by Dr. Thomas Jessell at Columbia



University, NY; available from the Developmental Studies Hybridoma Bank, Iowa City, 

IA) were added to GammaBand Plus Sepharose Beads (Pharmacia Biotech, Uppsala, 

Sweden). Immunoprecipitation using beads in the absence of antibody served as a 

negative control. Samples were loaded on a 12% PAGE gel and transferred to 

nitrocellulose. The nitrocellulose was baked at 60°C for 45 minutes and stained with 

Ponceau S (Gelman Instrument Company, Ann Arbor, MI) to visualize chicken Slug 

protein. Coomassie did not adequately stain chicken Slug protein in the gel (data not 

shown).

III. Immunostaining of Tissue Sections

Stage 17 embryonic chicken thoraxes were frozen in liquid nitrogen-cooled 

isopentane and placed in plastic scintillation vials filled with 100% ethanol (EtOH). The 

vials were stored in a -80 °C freezer for at least 5 days prior to embedding the tissue in 

paraffin. After the EtOH substitution, the tissue was rinsed twice with 100% EtOH for 5 

minutes, and cleared by rinsing 3 times with xylene for 10 minutes. After incubating the 

tissue in a 1:1 mixture of xylene and paraffin for 20 minutes, the tissue was incubated in 

100% paraffin for 1 hour at 55 °C. The tissue was then transferred to plastic molds, 

positioned, and cooled. Once embedded in paraffin, 7 pm sections of tissue were cut
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with a microtome and transferred to glass slides. The slides were stored at 4°C prior to 

use.

After immersion in xylene for 2 minutes, the tissue was rehydrated in an EtOH series 

and rinsed for 1 hour in IX PBS at 4°C. To block nonspecific binding sites, IX PBS 

containing 0.1% dried milk and 1% donkey serum (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) was applied to the sections for 30 minutes at 37°C in 

a humidified chamber. A monoclonal anti-chicken Slug antibody was diluted 1:100 in 

the blocking solution and centrifuged at 12,000 RPM for 1 hour. The primary antibody 

was applied to the sections overnight at 4°C. Alternatively, mouse IgG (Jackson 

ImmunoResearch Laboratories, Inc.) (1 pg/ml) diluted in the blocking solution was 

applied to some of the sections as a negative control. After incubation with the primary 

antibody, the slides were rinsed with IX PBS containing 0.2% Tween for 30 minutes or 

longer. AffiniPure Rabbit Anti-Mouse IgG (H+L) (Jackson ImmunoResearch 

Laboratories, Inc.) (20 pg/ml) was diluted in the blocking solution containing 1% chicken 

serum (Sigma), and centrifuged at 12,000 RPM for 1 hour. The secondary antibody was 

applied to the sections for 30 minutes at room temperature. After incubation with the 

secondary antibody, the slides were rinsed as previously described. Finally, Cy5- 

conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResesarch



Laboratories, Inc.) was diluted 1:200 in the blocking solution containing 1% chicken 

serum, and centrifuged at 12,000 RPM for 1 hour. The tertiary antibody was applied to 

the sections for 30 minutes at room temperature. After incubation with the tertiary 

antibody, the slides were rinsed as previously described. Coverslips were mounted using 

glycerol gelatin and sealed with nail polish. The slides were stored in the dark at 4°C 

until viewed under a Leica confocal microscope.

IV. Treatment of AY Canal Explants with Antisense Slug Oligodeoxynucleotides

The antisense oligodeoxynucleotide sequences were A: AGGAAGGAGCGTGGC 

(bp 3-17), B: ATATAATCACTGTAT (bp 74-88), C: TCCTTGTCACAGTAC (bp 497- 

511), and D: TGCATCTTAAGTGCT (bp 527-541). Control oligodeoxynucleotide 

sequences corresponded to A, B, C, and D but were the sense sequences in a reversed, 3’ 

to 5’ direction; A: TCCTTCCTCGCACCG, B: TATATTAGTGACATA, C: 

AGGAACAGTGTCATG, andD: ACGTAGAATTCACGA. The control 

oligodeoxynucleotide sequences were chosen to provide GC compositions identical to 

those of the corresponding antisense oligodeoxynucleotide sequences. Reversed sense 

sequences do not perturb potential hairpin RNA structure such as may occur with direct 

sense sequences. A mixture of unmodified oligodeoxynucleotide (Integrated DNA
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Technologies, Inc.) and LipofectAMINE Reagent (GibcoBRL) was prepared as follows:

6 pg of oligodeoxynucleotide were diluted in 100 ul of Media 199 (GibcoBRL). 6 pi of 

LipofectAMINE Reagent also were diluted in 100 pi of Media 199. The 

oligodeoxynucleotide and LipofectAMINE Reagent solutions were mixed and incubated 

for 15 minutes at room temperature. An additional 800 pi of Media 199 were then added 

to the mixture to produce a final concentration of 10 mM unmodified 

oligodeoxynucleotide.

Collagen gels were prepared according to Potts and Runyan (1989): 1 ml of rat tail 

collagen diluted 1:1 in water was mixed with 200 pi of 2.2% sodium bicarbonate diluted 

1:1 in 10X Media 199 (GibcoBRL). 280 pi of the collagen solution were poured into 

each well of a Nunclon MultiDish culture dish (Nunc, Roskilde, Denmark) and allowed 

to solidify for at least 15 minutes at room temperature. 500 pi of media were applied to

the collagen gels for at least 1 hour at 37°C in a Revco Ultima tissue culture incubator
\

prior to use.

AY canals were dissected from stage 14 embryonic chicken hearts in Tyrode’s 

solution (Sigma) and cut open to expose the inner endocardial surface. The explants 

were incubated in the mixture of oligodeoxynucleotide and LipofectAMINE Reagent for 

30 minutes at 37°C in the tissue culture incubator. After 30 minutes of incubation in the



presence of oligodeoxynucleotide, the explants were placed on collagen gels so that the 

endocardium was in contact with the surface of the gel to facilitate endothelial cell 

outgrowth. The explants were then returned to the tissue culture incubator. 1 pi of 

additional oligodeoxynucleotide (6 pg/pl) was applied directly to the top of each explant 

6 and 18 hours after the explants were placed in culture. After 24 hours of incubation, 

the number of mesenchymal cells within the collagen gel was counted for each explant 

under an Olympus inverted microscope using Hoffman Modulation Optics (Hoffman 

Inc., Brooklyn, NY). Observation under the microscope also revealed that both control 

and antisense-treated explants were viable and that the myocardium was beating.

After 18 hours of incubation, selected explants were stained with a monoclonal anti

chicken Slug antibody. After 24 hours of incubation, RNA was isolated from selected 

explants to perform semi-quantitative RT-PCR.

V. Semi-Quantitative RT-PCR

RNA was isolated from selected explants using RNA Stat-60 (Tel-Test “B”, Inc.) 

and treated with DNase. RT-PCR was then performed using specific primers designed to 

amplify a 358 bp Slug sequence or an 800 bp GAPDH sequence from RNA collected 

from control explants as described above. The PCR products were fractionated on a 1%



agarose gel and visualized using ethidium bromide. Band densities were quantitated 

using NIH Image analysis software. The background density of the gel was subtracted 

from the peak density for each band. The area of each band measured was then 

multiplied by the adjusted band density to determine relative amplification levels. 27 

cycles was determined to be within the linear range of both Slug and GAPDH 

amplification by removing and analyzing aliquots from a series of cycles (20-35). RT- 

PCR was then repeated for 27 cycles using RNA collected from both control and 

antisense-treated explants. Slug and GAPDH band densities were quantitated using NIH 

Image analysis software as described above. Slug band densities were normalized to 

GAPDH levels in the same RNA samples. The RT-PCR experiment was performed three 

times and average Slug band densities were obtained. The average Slug band densities 

obtained from AV canal explants treated with control oligodeoxynucleotides or with 

antisense Slug oligodeoxynucleotides were plotted relative to the average Slug band 

density obtained from AY canal explants treated with lipofectamine alone, which was 

arbitrarily set at 1.
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VI. Immunostaining of AY Canal Explants

The AY canal was dissected from stage 14 chicken embryos in Tyrode’s solution 

(Sigma) and placed on collagen gels. The myocardium was removed from selected 

explants after 9 hours of incubation at 37 °C in a tissue culture incubator. After 24 hours 

of incubation, the explants were rinsed with Tyrode’s solution (Sigma) for 30 minutes at 

room temperature, and fixed with 2% paraformaldehyde for 40 minutes at room 

temperature. After fixation, the explants were rinsed with IX PBS for 1 hour at room 

temperature. To block nonspecific binding sites, IX PBS containing 1% bovine serum 

albumin and 2% donkey serum (Jackson ImmunoResearch Laboratories, Inc.) was 

applied to the explants for 30 minutes at 37°C. Blocking solution containing 0.2%

Tween was then applied to the explants overnight at 4°C. A monoclonal antii-chicken 

Slug antibody was diluted 1:100 in IX PBS containing 0.5% bovine serum albumin 

(Sigma), 1% donkey serum (Jackson ImmunoResearch Laboratories, Inc.) and 0.2% 

Tween, and applied to the sections for 2 hours at 4°C. Alternatively, mouse IgG 

(Jackson ImmunoResearch Laboratories, Inc.) (1 jxg/ml) diluted in IX PBS containing

0.5% bovine serum albumin (Sigma), 1% donkey serum (Jackson ImmunoResearch 

Laboratories, Inc.) and 0.2% Tween was applied to some of the explants as a negative 

control. After incubation with the primary antibody, the slides were rinsed with IX PBS



containing 0.2% Tween for 2 hours at room temperature. AffiniPure Rabbit Anti-Mouse 

IgG (H+L) (Jackson ImmunoResearch Laboratories, Inc.) (10 pg/ml) was diluted in IX 

PBS containing 0.2% Tween and applied to the explants for 30 minutes at 4°C. After 

incubation with the secondary antibody, the explants were rinsed as previously described. 

Finally, Cy5-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson 

ImmunoResearch Laboratories, Inc.) was diluted 1:300 in IX PBS containing 0.2% 

Tween, and applied to the explants for 45 minutes at 4°C. After incubation with the 

tertiary antibody, the slides were rinsed with IX PBS containing 0.2% Tween for 2 hours 

at room temperature, and then with IX PBS for 30 minutes at room temperature. After 

rinsing the explants with water, the collagen gels were transferred to glass slides. 

Coverslips were mounted using glycerol gelatin and sealed with nail polish. The slides 

were stored in the dark at 4°C until viewed under a Leica confocal microscope.

VII Treatment of AV Canal Explants with Signaling Factors or Signaling Factor 

Antagonists

Fertilized white Leghorn chicken eggs (Rosemary’s Farm) were incubated at 

37°C to obtain embryos, which were staged according to Hamburger and Hamilton 

(1951). AV canals were dissected from embryonic chicken hearts in Tyrode’s solution



(Sigma) and cut open to expose the inner endocardial surface. The explants were placed 

on collagen gels. After approximately 6 hours of incubation at 37°C in a tissue culture 

incubator, the following signaling factors or signaling factor antagonists were applied to 

the explants: a polyclonal anti-chicken TGF(32 antibody (R&D Systems, Minneapolis, 

MN) (10 pg/ml) diluted in 300 pi of Medium 199, 300 pi of monoclonal anti-chicken 

TGF(33 antibody supernatant (Developmental Studies Hybridoma Bank, University of 

Iowa), pertussis toxin (Sigma) (10 ng/ml) diluted in 300 pi of Medium 199, retinoic acid 

(Sigma) (10 ng/ml) diluted in 300 pi of Medium 199, 300 pi of noggin-containing or 

control conditioned medium diluted 1:1 in Medium 199, or a polyclonal anti-human HGF 

antibody (R&D Systems) (10 pg/ml). Conditioned media were prepared using parental 

Chinese hamster ovary (CEO) cells or CEO cells stably expressing Xenopus noggin 

(Smith and Earland, 1992) (CEO cells were provided by Dr. Richard Earland, University 

of California, Berkeley). A range of retinoic acid concentrations was tested (.5 -  300 

ng/ml). Retinoic acid at a concentration of 10 ng/ml proved to most effectively inhibit 

EMT without any visible signs of toxicity.

After 24 hours of incubation, the number of mesenchymal cells within the 

collagen gel was counted for each explant under an Olympus inverted microscope.
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Observation under the microscope revealed that both control and treated explants were 

viable and that the myocardium was beating.

After 48 hours of incubation, selected explants were stained with a monoclonal 

anti-chicken Slug antibody as described above. Stained explants were stored in the dark 

at 4°C until viewed under a Leica confocal microscope. In addition, RNA was isolated 

from selected explants to perform semi-quantitative RT-PCR as described above. The 

average Slug band densities obtained from treated AV canal explants were plotted 

relative to the average Slug band density obtained from control AV canal explants, which 

was arbitrarily set at 1.

VIII. Transfection of AV Canal Explants with Slug cDNA

Full-length chicken Slug cDNA (provided by Dr. Thomas Jessell at Columbia 

University, New York) was cloned into pIRES2-EGFP Vector (Clontech, Palo Alto, 

California) using EcoRI and BamHl restriction enzymes (GibcoBRL). A mixture of 

plasmid DNA and Lipofectamine Reagent (GibcoBRL) was prepared as follows: 12 pg 

of plasmid DNA (pIRES2-EGFP or Slug-pIRES2-EGFP) were diluted in 100 pi of Media 

199 (GibcoBRL). 12 pi of Lipofectamine Reagent also were diluted in 100 pi of Media 

199. The plasmid DNA and Lipofectamine Reagent solutions were mixed and incubated
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for 15 minutes at room temperature. An additional 800 pi of Media 199 were then added 

to the mixture.

AV canals were dissected from stage 14 embryonic chicken hearts in Tyrode’s 

solution (Sigma) and cut open to expose the inner endocardial surface. The explants 

were incubated in the mixture of plasmid DNA and Lipofectamine Reagent for 30 

minutes at 37°C in a tissue culture incubator. After 30 minutes of incubation, the 

explants were placed on collagen gels and returned to the tissue culture incubator. After 

approximately 6, 18 and 30 hours of incubation, a polyclonal anti-chicken TGF|32 

antibody (R&D Systems) (10 pg/ml) or retinoic acid (Sigma) (10 ng/ml) diluted in 300 pi 

of Medium 199 was applied to the explants. The number of mesenchymal cells within 

the collagen gel was counted for each explant under an Olympus inverted microscope 

following 48 hours of incubation. Observation under the microscope revealed that 

transfected explants were viable and that the myocardium was beating.

IX. Statistical Analysis

A T-Test: Two-Sample Assuming Unequal Variances was performed to compare 

control and treated AV canal explants.
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CHAPTER THREE: RESULTS

I. Slug is Expressed in the AY Canal

Slug was hypothesized to play a role in the EMT which occurs during endocardial 

cushion formation in the AV canal. To determine if Slug expression in the heart is 

consistent with a role in EMT, RT-PCR was performed. Specific primers were designed 

to amplify a 358 bp Slug sequence from DNase-treated heart RNA collected from 

chicken embryos between stages 14 and 20 of development. Stage 17 is the time at 

which EMT becomes visible in the AV canal although AV canal endothelial cells begin 

to transform as early as stage 13+ (Ramsdell and Markwald, 1998). Furthermore, there 

are cells still in the process of transformation as late as stage 20 (Huang and Runyan, 

unpublished observations). The outflow tract was excluded from the dissections since 

neural crest cells, which contribute to this region of the heart, express Slug (Nieto et al., 

1994). A single band of the expected size was detected for each stage examined (Fig. 4). 

RT-PCR performed with whole embryo RNA collected from stage 17 embryos served as 

a positive control since Slug is known to be expressed in neural crest-derived tissue at 

this stage of development (Nieto et al., 1994). RT-PCR performed without reverse 

transcriptase served as a negative control.
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Figure 4. RT-PCR analysis of Slug expression in the heart at different 
developmental stages. RT-PCR was performed using specific primers designed to 
amplify a 358 bp Slug sequence from DNase-treated heart RNA collected from stage 14, 
16, 17, 18, and 20 chicken embryos. RT-PCR using primers designed to amplify an 800 
bp GAPDH sequence served as a control for loading. As a positive control (+), RT-PCR 
was performed with whole embryo RNA collected from stage 17 chicken embryos since 
Slug is known to be expressed in neural crest-derived tissue at this stage of development. 
As a negative control (-), RT-PCR was performed without reverse transcriptase.
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To further characterize the temporal and spatial localization of Slug protein in the 

heart, sections of stage 17 embryonic chicken thoraxes were stained with a monoclonal 

anti-chicken Slug antibody. This antibody was previously used to stain cultured cells 

(Liem et ah, 1997). To further confirm the specificity of the antibody, 

immunoprecipitations were performed with protein extract from chicken embryos 

between stages 14 and 18 of development. Gel electrophoresis followed by Ponceau S 

staining of immunoprecipitated protein revealed a single band that ran at 34 IcD (Fig. 5), 

the predicted size of chicken Slug protein.

Immunostaining of sections revealed that Slug is expressed by AV canal endothelial 

cells as well as by mesenchymal cells within the endocardial cushions (Fig. 6B). These 

mesenchymal cells are derived from the AV canal endocardium by EMT. Slug is 

expressed by AV canal endothelial cells and mesenchymal cells at slightly later 

developmental stages as well; however, virtually no staining was observed in the AV 

canal at stage 14 (data not shown). Slug also is expressed in the myocardium (Fig. 6D). 

Staining was observed in the myocardium throughout the heart at all stages examined 

(data not shown). Finally, immunostaining revealed that Slug is expressed in the somites, 

another tissue in which EMT occurs (Hay, 1995). Specifically, staining was observed in
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Figure 5. Immunoprecipitation of chicken Slug protein with a monoclonal anti
chicken Slug antibody. Immunoprecipitated protein was visualized with Ponceau S 
staining following gel electrophoresis and transfer onto nitrocellulose. (Lane 1) No 
bands were detected when immunoprecipitation was performed in the absence of 
antibody as a negative control. (Lane 2) Three bands were detected when a monoclonal 
anti-chicken Slug antibody was used to immunoprecipitate protein from an embryonic 
chicken extract. Arrow points toward chicken Slug protein, which ran at 34 kDa. 
Arrowheads point toward IgG heavy chain (55 kDa) and light chain (25 kDa).
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Figure 6. Immunostaining analysis of Slug expression in the heart. (A) Section 
through the AV canal of a stage 17 chicken embryo stained for normal IgG as a negative 
control. (B) Section through the AV canal of a stage 17 chicken embryo showing Slug 
expression in AV canal endocardium and mesenchyme. (C) Section through a stage 17 
chicken embryo showing Slug expression in the myotome of the somites. Arrows point 
toward myotome. (D) Section through the heart of a stage 14 chicken embryo showing 
Slug expression in the myocardium. (Myo = myocardium; Endo = endocardium; Mes = 
mesenchymal cells) (Scale bars = 40 pm)
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the myotome (Fig. 6C) and sclerotome (data not shown). No staining was observed when 

sections were stained with normal IgG as a negative control (Fig. 6A).

II. Antisense Slug Oligodeoxynucleotides Inhibit Initial Steps of Epithelial-Mesenchymal 

Cell Transformation

Previous studies demonstrated that AV canal endothelial cells undergo EMT when 

explanted onto collagen gels, provided AV canal myocardium or myocardium- 

conditioned medium is present (Runyan and Markwald, 1983). After placing an AV canal 

explant onto a collagen gel, the AV canal endothelial cells form a monolayer on the 

surface of the gel. In response to an inductive signal from AV canal myocardium, the 

AV canal endothelial cells eventually separate from one another, transform into 

mesenchymal cells, and migrate into the collagen.

This in vitro system was used to determine if Slug is required for the EMT which 

occurs during endocardial cushion formation. The AV canal was dissected from stage 14 

embryonic chicken hearts and cultured on collagen gels in the presence of antisense Slug 

oligodeoxynucleotides. After 24 hours of incubation, the number of mesenchymal cells 

that migrated beneath the surface of the collagen gel was counted for each explant. Two 

different antisense oligodeoxynucleotides, A and B, which Nieto et al. (1994) used



successfully in initial studies of Slug, as well as two additional antisense 

oligodeoyxnucleotides, C and D, were tested (see Appendix I). In order to provide 

control oligodeoxynucleotides with identical GC compositions, the corresponding sense 

sequences were reversed. All oligodeoxynucleotides were pre-incubated with 

Lipofectamine to facilitate delivery into the cells.

Treatment of AV canal explants with any of four antisense Slug 

oligodeoxynucleotides resulted in a statistically significant decrease in the number of 

mesenchymal cells found beneath the surface of the collagen gel after 24 hours of 

incubation as compared to explants treated with control oligodeoxynucleotides (Fig. 7). 

Specifically, treatment of explants with antisense oligodeoxynucleotide A or B resulted in 

81% or 67% fewer mesenchymal cells than explants treated with corresponding control 

oligodeoxynucleotides, respectively. Antisense oligodeoxynucleotides C and D produced 

similar results (data not shown). It should be noted that treatment of explants with 

Lipofectamine, with or without oligodeoxynucleotides, resulted in 26% fewer 

mesenchymal cells than untreated explants. However, no discernible differences in cell 

morphology were observed between explants treated with Lipofectamine and untreated 

explants (data not shown).
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Figure 7. Treatment of AV canal explants with antisense Slug oligodeoxynucleotides 
inhibited epithelial-mesenchymal cell transformation. Stage 14 AV canal explants 
were cultured on collagen gels in the presence of antisense Slug oligodeoxynucleotides. 
After 24 hours of incubation, the number of mesenchymal cells within the collagen gel 
was counted for each explant. Treatment of explants with either of two antisense Slug 
oligodeoxynucleotides, A or B, resulted in a statistically significant decrease in 
mesenchymal cell formation as compared to explants treated with control 
oligodeoxynucleotides or explants treated with Lipofectamine alone. Error bars indicate 
the standard errors. An asterisk (*) denotes a value significantly different from control (p 
< .05). N = number of explants.
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Antisense Slug oligodeoxynucleotides prevented initial steps of epithelial- 

mesenchymal cell transformation including endothelial cell-cell separation (Fig. 8). That 

is, the AV canal endothelial cells of antisense-treated explants were smaller and remained 

in tight contact with one another as compared to the AV canal endothelial cells of control 

explants (Figs. 8A, B, C). A few mesenchymal cells still formed in the presence of 

antisense Slug oligodeoxynucleotides (Fig. 8F). The mesenchymal cells of both control 

and antisense-treated explants migrated into the collagen gel normally (Figs. 8D, E, F).

RT-PCR was performed to determine if antisense treatment resulted in a reduction in 

levels of Slug mRNA expression within AV canal explants. After 24 hours of incubation, 

RNA was isolated from both control and antisense-treated explants and treated with 

DNase for use in a semi-quantitative “kinetic” approach to RT-PCR (Freeman et ah, 

1999). Specifically, RT-PCR was performed using specific primers designed to amplify 

a 358 bp Slug sequence or an 800 bp GAPDH sequence from RNA collected from 

control explants. A single band of the expected size was detected with each set of 

primers (data not shown). 27 cycles was determined to be within the linear range of both 

Slug and GAPDH amplification by removing and analyzing aliquots from a series of 

cycles (20-35). RT-PCR was then repeated for 27 cycles using RNA collected from both 

control and antisense-treated explants. Quantification of Slug band density normalized to
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Figure 8. Treatment of AV canal explants with antisense Slug oligodeoxynucleotides 
inhibited initial steps of epithelial-mesenchymal cell transformation. (Endothelial 
cells, A, B, C; mesenchymal cells, D, E, F). The AV canal endothelial cells of explants 
treated with Lipofectamine alone (A) or with control oligodeoxynucleotides (B) exhibited 
endothelial cell-cell separation. In addition, mesenchymal cells migrated beneath the 
surface of the collagen gel when treated with Lipofectamine alone (D) or with control 
oligodeoxynucleotides (E). In contrast, the endothelial cells of antisense-treated explants 
remained in tight contact with one another (C). Furthermore, fewer mesenchymal cells 
were observed beneath the surface of the collagen gel when explants were treated with 
antisense Slug oligodeoxynucleotides (F). Arrows point toward mesenchymal cells. 
(Scale bar = 40 pm)
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GAPDH levels from the same RNA samples demonstrated that antisense treatment 

resulted in a statistically significant decrease in Slug mRNA expression as compared to 

control explants (Fig. 9A, B). In addition, these results suggest that the antisense Slug 

oligodeoxynucleotides reduced Slug expression levels without affecting the expression of 

other mRNAs such as GAPDH. No bands were detected when RT-PCR was performed 

without reverse transcriptase.

Immunostaining was performed to determine if antisense treatment resulted in a 

reduction in the level of Slug protein expression within AV canal explants. The AV 

canal endothelial cells of explants treated with Lipofectamine alone or with control 

oligodeoxynucleotides express Slug, as do mesenchymal cells within the collagen gel 

(Figs. 10A, B). Mesenchymal cells that formed in the presence of antisense Slug 

oligodeoxynucleotides also express Slug (data not shown). However, staining was 

significantly reduced within the endothelium of antisense-treated explants (Fig. IOC), 

demonstrating that the antisense Slug oligodeoxynucleotides were effective in reducing 

levels of Slug protein expression.
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Figure 9. Antisense Slug oligodeoxynudeotides inhibited Slug mRNA expression in 
AY canal explants. Semi-quantitative RT-PCR was performed using RNA collected 
from AV canal explants treated with Lipofectamine alone, control oligodeoxynudeotides 
or antisense Slug oligodeoxynudeotides. (A) Slug mRNA (top gel) and GAPDH mRNA 
(bottom gel) detected by RT-PCR in AV canal explants treated with Lipofectamine alone, 
control oligodeoxynudeotides, or antisense Slug oligodeoxynudeotides, respectively.
(B) Treatment of AV canal explants with antisense Slug oligodeoxynudeotide A resulted 
in a statistically significant decrease in Slug mRNA expression as compared to control 
explants. Error bars indicate the standard errors. An asterisk (*) denotes a value 
significantly different from control (p < .05). (N=3).
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Figure 10. Antisense Slug oligodeoxynucleotides inhibited Slug protein expression in 
AV canal explants. (A) Slug is expressed by untreated AV canal endothelial cells, as 
well as by mesenchymal cells that migrated beneath the surface of the gel. (B) Slug is 
expressed by AY canal endothelial cells and mesenchymal cells treated with control 
oligodeoxynucleotides. (C) Slug expression by AV canal endothelial cells was reduced 
when explants were treated with antisense Slug oligodeoxynucleotides. The explants 
were photographed approximately two hours after the final application of 
oligodeoxynucleotide at 18 hours of incubation. Although virtually no staining was 
detected in the explant shown here, partial staining was detected within the endothelium 
of other antisense-treated explants (data not shown). (Mes = mesenchymal cells; Endo = 
endothelial cells) (Scale bar = 40 pm)
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HI. Slug Expression in AY Canal Endocardium is Dependent on a Signal Provided bv 

AY Canal Myocardium

The in vitro system was also used to determine if Slug expression by AV canal 

endothelial cells is dependent on the presence of AV canal myocardium. The AV canal 

was dissected from stage 14 embryonic chicken hearts and cultured on collagen gels for 9 

hours to allow the AV canal endothelial cells to form a monolayer on the surface of the 

gel. The myocardium was then removed from several of the explants. After 24 hours of 

incubation, the explants were stained for Slug. Immunostaining revealed that Slug is 

expressed by AV canal endothelial cells provided AV canal myocardium remains intact 

(Fig. 11C). When the myocardium was removed from the explant before the AV canal 

endothelial cells began to transform into mesenchymal cells, the staining was reduced 

(Fig. 11B). No staining was observed when .explants were stained for normal IgG as a 

negative control (Fig. 11 A).

IV. Retinoic Acid Inhibits Initial Steps of Epithelial-Mesenchymal Cell Transformation 

Slug expression within AV canal endocardium thus appears to be an early response 

to a signal emitted by AV canal myocardium. Previous studies have implicated several 

signaling factors including TGF|32, TGF(33, BMP, and HGF as components of the
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Figure 11. Slug expression in AY canal endocardium is dependent on a signal 
provided by AY canal myocardium. (A) The endothelial cells of an AV canal explant 
stained for normal IgG as a negative control. (B) AV canal endothelial cells cultured in 
the absence of AV canal myocardium and stained for Slug. Virtually no staining was 
detected within the explant shown here. (C) AV canal endothelial cells cultured in the 
presence of AV canal myocardium and stained for Slug. The endothelial cells as well as 
the mesenchymal cells within the collagen gel express Slug. (Scale bar = 40 pm)
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inductive signal (Potts et al., 1992; Boyer et al., 1999; Song et al., 1999; Yamagishi et al., 

1999). TGF(32 was shown to be required for initial steps of EMT, while TGF(33 was 

shown to be required only for later steps (Boyer et al., 1999). In this study, experiments 

were performed to determine if BMP and HGF are required for specific steps of EMT. In 

addition, the in vitro system was used to test the effect of retinoic acid on EMT, since 

exposure of embryos to retinoic acid has been shown to induce AV septal defects (Gruber 

et al., 1996). Signaling factors required for initial steps of EMT such as TGF(32 were 

hypothesized to be good candidates for regulating Slug expression in the heart.

AY canals were dissected from Hamburger and Hamilton (1951) stage 14 chicken 

embryos, and cultured on collagen gels in medium containing retinoic acid. After 24 

hours of incubation, the number of mesenchymal cells beneath the surface of the collagen 

gel was counted for each explant. Treatment of explants with retinoic acid resulted in a 

statistically significant decrease in mesenchymal cell formation as compared to untreated 

explants (Fig. 12). Retinoic acid treatment resulted in approximately 63% fewer 

mesenchymal cells than untreated explants.

Retinoic acid interfered with initial steps of EMT including endothelial cell-cell 

separation. The AV canal endothelial cells of retinoic acid-treated explants (Fig. 131) 

were smaller and remained in tight contact with one another as compared to the AV. canal
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Figure 12. Retinioic add inhibited epithelial-mesenchymal cell transformation.
Retinoic acid inhibited initial steps of epithelial-mesenchymal cell transformation. Stage 
14 AV canal explants were cultured on collagen gels in the presence of retinoic acid. 
After 24 hours of incubation, the number of mesenchymal cells within the collagen gel 
was counted for each explant. Treatment of explants with retinoic acid (>1 ng/ml) 
resulted in a statistically significant decrease in mesenchymal cell formation as compared 
to untreated explants. Error bars indicate the standard errors. An asterisk (*) denotes a 
value significantly different from control (p < .05). (N>10)
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Figure 13. Retinoic acid inhibited initial steps of epithelial-mesenchymal cell 
transformation, while noggin and anti-HGF antibody inhibited later steps of 
epithelial-mesenchymal cell transformation. (Endothelial cells, A, C, E, G, I; 
mesenchymal cells, B, D, F, H, J). The AV canal endothelial cells of untreated explants 
(A), explants cultured in noggin-containing (G) or control (E) conditioned medium, or 
explants treated with anti-HGF antibody (I) exhibited endothelial cell-cell separation. In 
contrast, the AV canal endothelial cells of explants treated with retinoic acid remained in 
tight contact with one another (C). Fewer mesenchymal cells were observed beneath the 
surface of the collagen gel when explants were treated with retinoic acid (D), noggin (H), 
or anti-HGF antibody (J), as compared to untreated explants (B) or explants cultured in 
control conditioned medium (F). Arrows point toward mesenchymal cells.
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endothelial cells of control explants (Fig. 13A). In addition, fewer mesenchymal cells 

were observed within the collagen gel (Fig. 13J).

AV canal explants were treated with exogenous TGF|32 in an attempt to rescue 

the inhibitory effect of retinoic acid on EMT. AV canals were dissected from stage 14 

chicken embryos, and cultured on collagen gels in medium containing both retinoic acid 

and TGF(32. After 24 hours of incubation, the number of mesenchymal cells within the 

collagen gel was counted for each explant. Treatment of explants with a combination of 

retinoic acid and TGF(32 produced no change in mesenchymal cell formation as 

compared to explants treated only with retinoic acid (Fig. 14). Therefore, TGF|32 was 

not sufficient to overcome the inhibitory effect of retinoic acid on EMT.

V. Noggin, ah Antagonist of BMP Signaling. Inhibits Later Steps of Epithelial- 

Mesenchymal Cell Transformation

Previous work suggests that BMP signaling is required for EMT in the heart 

(Yamagishi et al, 1999). Therefore, experiments were performed to test the effect of 

noggin, an antagonist of BMP signaling, on EMT. AV canals were dissected from stage 

13, 14, 15, or 16 chicken embryos, and cultured on collagen gels in noggin-containing or 

control conditioned medium. After 24 hours of incubation, the number of mesenchymal
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Figure 14. TGF|32 did not rescue the inhibitory effect of retinoic acid on epithelial- 
mesenchymal cell transformation. Stage 14 AV canal explants were cultured on 
collagen gels in the presence of retinoic acid alone or a combination of retinoic acid and 
TGF|32. After 24 hours of incubation, the number of mesenchymal cells within the 
collagen gel was counted for each explant. Treatment of explants with a combination of 
retinoic acid and TOP(32 resulted in a statistically significant decrease in mesenchymal 
cell formation as compared to untreated explants or explants treated with only TGF(32. 
Error bars indicate the standard errors. An asterisk (*) denotes a value significantly 
different from control (p < .05). N = number of explants.
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cells within the collagen gel was counted for each explant. Noggin had no significant 

effect on mesenchymal cell formation in stage 13, 14, or 15 explants. However, 

treatment of stage 16 explants with noggin resulted in a statistically significant decrease 

in mesenchymal cell formation as compared to untreated explants or explants cultured in 

control conditioned medium (Fig. 15). Treatment of stage 16 explants with noggin 

resulted in approximately 30% fewer mesenchymal cells than explants cultured in control 

conditioned medium. The inhibitory effect of noggin on stage 16 explants was rescued 

by the addition of exogenous BMP-2 (Fig. 15).

The AV canal endothelial cells of both control (Fig. 13 A, E) and noggin-treated 

(Fig. 13C) stage 16 explants formed a large monolayer on the surface of the collagen gel 

and eventually separated from one another. However, significantly fewer mesenchymal 

cells were observed within the collagen gel in the presence of noggin (Fig. 13D) as 

compared to control explants (Fig. 13B, F). Therefore, BMP signaling appears to be 

required only for later steps of EMT such as mesenchymal cell migration. This is 

supported by the finding that noggin had no discernible effect on stage 13, 14, or 15 

explants, although AV canal endothelial cells begin to receive an inductive signal from 

AV canal myocardium as early as stage 13+ (Ramsdell and Markwald, 1998).
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Figure 15. Noggin, an anatagonist of BMP signaling, inhibited epithelial- 
mesenchymal cell transformation. Stage 13, 14, 15, or 16 AV canal explants were 
cultured on collagen gels in noggin-containing or control conditioned medium. After 24 
hours of incubation, the number of mesenchymal cells within the collagen gel was 
counted for each explant. Noggin had no significant effect on mesenchymal cell 
formation in stage 13, 14, or 15 explants. However, treatment of stage 16 AV canal 
explants with noggin resulted in a statistically significant decrease in mesenchymal cell 
formation as compared to untreated explants or explants cultured in control conditioned 
medium. The inhibitory effect of noggin on stage 16 explants was rescued by the 
addition of exogenous BMP-2. Error bars indicate the standard errors. An asterisk (*) 
denotes a value significantly different from control (p < .05). N = number of explants.
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VI. Anti-HGF Antibody Inhibits Later Steps of Epithelial-Mesenchymal Cell 

Transformation

HGF signaling also may be required for AV canal endothelial cells to undergo 

EMT (Song et al., 1999). Therefore, AV canals were dissected from Hamburger and 

Hamilton (1951) stage 14, 15, 16, or 17 chicken embryos, and cultured on collagen gels 

in medium containing anti-HGF antibody. After 24 hours of incubation, the number of 

mesenchymal cells within the collagen gel was counted for each explant. The anti-HGF 

antibody had no effect on mesenchymal cell formation in stage 14, 15, or 16 explants. 

However, treatment of stage 17 explants with anti-HGF antibody resulted in a statistically 

significant decrease in mesenchymal cell formation as compared to untreated explants 

(Fig. 16). Treatment of stage 17 explants with anti-HGF antibody resulted in 

approximately 28% fewer mesenchymal cells than untreated explants. The inhibitory 

effect of the anti-HGF antibody on stage 17 explants was rescued by the addition of 

exogenous HGF (Fig. 16).

The AV canal endothelial cells of both control explants (Fig. 13 A) and explants 

treated with anti-HGF antibody (Fig. 13G) formed a large monolayer on the surface of 

the collagen gel and eventually separated from one another. However, significantly
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Figure 16. Anti-HGF antibody inhibited epithelial-mesenchymal cell 
transformation. Stage 14, 15, 16, or 17 AV canal explants were cultured on collagen 
gels in the presence of anti-HGF antibody. After 24 hours of incubation, the number of 
mesenchymal cells within the collagen gel was counted for each explant. Anti-HGF 
antibody had no significant effect on mesenchymal cell formation in stage 14, 15, or 16 
explants. However, treatment of stage 17 AV canal explants with anti-HGF antibody 
resulted in a statistically significant decrease in mesenchymal cell formation as compared 
to untreated explants. The inhibitory effect of anti-HGF antibody on stage 17 explants 
was rescued by the addition of exogenous HGF. Error bars indicate the standard errors. 
An asterisk (*) denotes a value significantly different from control (p < .05). N = number 
of explants.
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fewer mesenchymal cells were observed within the collagen gel when stage 17 explants 

were treated with anti-HGF antibody (Fig. 13H) as compared to control explants (Fig. 

13B). Therefore, like BMP, HGF appears to be required only for later steps of EMT such 

as mesenchymal cell migration. This is supported by the finding that the anti-HGF 

antibody had no discernible effect on stage 14, 15, or 16 explants.

VII. Anti-TGF(32 Antibody or Retinoic Acid Inhibits Slug Expression in AV Canal 

Explants

To determine if TGF(32 or possibly other signaling factors regulate Slug 

expression during EMT in the heart, AV canal explants were cultured on collagen gels in 

the presence of anti-TGF(32 antibody, anti-TGF(33 antibody, pertussis toxin, retinoic acid, 

noggin, or anti-HGF antibody. RNA was collected after 24 hours of incubation and used 

to perform semi-quantitative RT-PCR. Specifically, RT-PCR was performed using 

specific primers designed to amplify a 358 bp Slug sequence or an 800 bp GAPDH 

sequence. A single band of the expected size was detected with each set of primers. No 

bands were detected when RT-PCR was performed without reverse transcriptase (data 

not shown). 27 cycles was determined to be within the linear range of both Slug and 

GAPDH amplification by removing and analyzing aliquots from a series of cycles (20-
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35). RT-PCR was then repeated for 27 cycles using RNA collected from both untreated 

and treated explants. Quantification of Slug band density normalized to GAPDH levels 

from the same RNA samples demonstrated that only treatment with anti-TGF(32 antibody 

or retinoic acid resulted in a statistically significant decrease in Slug mRNA expression 

as compared to untreated explants (Fig. 17).

Immunostaining demonstrated that treatment with anti-TGF(32 antibody or 

retinoic acid resulted in a decrease in Slug protein expression. After 24 hours of 

incubation, the explants were stained with a monoclonal anti-chicken Slug antibody. The 

AV canal endothelial cells of untreated explants express Slug, as do mesenchymal cells 

within the collagen gel (Fig. 18B). However, staining was reduced within the 

endothelium of explants treated with anti-TGF(32 antibody or retinoic acid (Fig. 18C, D). 

No staining was observed when explants were stained for normal IgG as a negative 

control (Fig. 18A).

VIII. Slug Rescues the Inhibitory Effect of Anti-TGF[j2 Antibody But Not Retinoic Acid 

on Epithelial-Mesenchymal Cell Transformation

Treatment of AV canal explants with anti-TGF(32 antibody or retinoic acid 

inhibited Slug expression, suggesting that Slug either is directly or indirectly regulated by
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Figure 17. Anti-TGF(32 antibody or retinoic acid inhibited Slug mRNA expression in 
AV canal explants. Semi-quantitative RT-PCR was performed using RNA collected 
from untreated explants, stage 14 explants treated with anti-TGF|32 antibody, anti-TGF(33 
antibody, pertussis toxin, or retinoic acid, stage 16 explants cultured in noggin-containing 
or control conditioned medium, or stage 17 explants treated with anti-HGF antibody. (A) 
GAPDH mRNA (left) and Slug mRNA (right) detected by RT-PCR. (B) Treatment of 
explants with anti-TGF(32 antibody or retinoic acid resulted in a statistically significant 
decrease in Slug mRNA expression as compared to untreated explants. Error bars 
indicate the standard errors. An asterisk (*) denotes a value significantly different from 
control (p < .05). (N = 4).
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Figure 18. Anti-TGF(32 antibody or retinoic acid inhibited Slug protein expression 
in AV canal explants. (A) The endothelial cells of an untreated stage 14 AV canal 
explant cultured on a collagen gel for 24 hours and stained for normal IgG as a negative 
control. (B) The endothelial cells of an untreated explant stained for Slug. The 
endothelial cells as well as the mesenchymal cells within the collagen gel express Slug. 
(C) The endothelial cells of an explant treated with anti-TGF(32 antibody and stained for 
Slug. (D) The endothelial cells of an explant treated with retinoic acid and stained for 
Slug. Staining within the AV canal endothelium was reduced in the presence of anti- 
TGF(32 antibody or retinoic acid.
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these signaling factors. Experiments were performed to test whether Slug is sufficient to 

overcome the inhibitory effect of anti~TGF|32 antibody or retinoic acid on initial steps of 

EMT. AV canals were dissected from stage 14 embryonic chicken hearts and transfected 

with a plasmid encoding full-length Slug and Green Fluorescent Protein (Fig. 19). The 

plasmid was preincubated with Lipofectamine to facilitate delivery into the cells. The 

transfected tissue was then cultured on collagen gels in the presence of anti-TGF|32 

antibody or retinoic acid. After 48 hours of incubation, the number of mesenchymal cells 

within the collagen gel was counted for each explant.

Slug partially rescued the inhibitory effect of anti-TGF(32 antibody but not 

retinoic acid on EMT (Fig. 20). In the presence of anti-TGF|32 antibody, transfection of 

explants with Slug resulted in approximately 40%, more mesenchymal cells than explants 

transfected with control plasmid. In contrast, in the presence of retinoic acid there was 

no significant difference between explants transfected with Slug and explants transfected 

with control plasmid. Therefore, Slug is sufficient to overcome the inhibitory effect of 

anti-TGF|32 antibody but not retinoic acid on initial steps of EMT.
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Figure 19. A plasmid encoding full-length Slug and Green Fluorescent Protein 
(EGFP) was constructed to rescue AV canal explants treated with anti-TGF(32 
antibody or retinoic acid. Full-length Slug cDNA (829 bp) was cloned into the 
Clontech bicistronic expression vector pERES2-EGFP (5.3 kb) using EcoRI and BamHl 
restriction enzymes. This vector permits both Slug and EGFP to be translated from a 
single RNA due to the presence of an internal ribosome entry site (IRES).
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Figure 20. Slug rescued the inhibitory effect of anti-TGF|32 antibody but not 
retinoic acid on epithelial-mesenchymal cell transformation. AV canals were 
dissected from stage 14 chicken embryo hearts and transfected with a plasmid encoding 
full-length Slug and GFP (Green Fluorescent Protein). The explants were incubated for 
48 hours on collagen gels in the presence of anti-TGF(32 antibody or retinoic acid. The 
number of mesenchymal cells within the collagen gel was then counted for each explant. 
Transfection of explants with Slug resulted in a statistically significant increase in 
mesenchymal cell formation in the presence of anti-TGF|32 antibody, as compared to 
explants transfected with control plasmid. No significant difference was observed 
between explants transfected with Slug and explants transfected with control plasmid in 
the presence of retinoic acid. Error bars indicate the standard errors. An asterisk (*) 
denotes a value significantly different from control (p < .05). N = number of explants.
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CHAPTER FOUR: DISCUSSION

I. Slug is Expressed in the AV Canal and is Required for Epithelial-Mesenchymal Cell 

Transformation During Endocardial Cushion Formation

An epithelial-mesenchymal cell transformation occurs during the formation of 

endocardial cushions in the AV canal of the heart. Similar EMTs occur during 

gastrulation and neural crest differentiation in chicken embryos (reviewed by Hay, 1995). 

Previous studies suggest that the transcription factor Slug plays a conserved role in EMT 

(Nieto et ah, 1994). In this study, experiments were performed to test the hypothesis that 

Slug plays a role in the EMT which occurs during endocardial cushion formation. The 

temporal and spatial localization of Slug in the embryonic chicken heart was found to be 

consistent with a role for Slug in endocardial cushion formation. Slug is expressed in the 

AV canal endocardium of stage 17 chicken embryos. AV canal endothelial cells continue 

to express Slug as they transform into mesenchymal cells and migrate into the 

endocardial cushions. Interestingly, Slug also is expressed in the somites. Slug 

expression was detected specifically within the sclerotome and myotome compartments 

of each somite. Cells in the sclerotome transform into mesenchymal cells and migrate 

away to form the axial skeleton, while cells in the myotome migrate away to form axial
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and appendage musculature (reviewed by Carlson, 1999). It is possible that Slug is 

required for cells in the somite to undergo EMT as well.

To determine if Slug is required for EMT during endocardial cushion formation, AV 

canal explants were treated with antisense Slug oligodeoxynucleotides. 

Phosphorothioate-modified oligodeoxynucleotides are commonly used to inhibit gene 

expression and have proven to be effective in many instances (Srivastava et al., 1995; 

Jiang et al., 1998). However, recent studies have raised some concern about the use of 

oligodeoxynucleotides with this type of modification. For instance, phosphorothioate- 

modified oligodeoxynucleotides can have sequence-specific but non-antisense effects on 

growth factors and cell-ECM interactions (Benimetskaya et al., 1995; Guvakova et al., 

1995; Rockwell et al., 1997; Stein, 1997). It is extremely difficult to control for potential 

non-antisense effects of phosphorothioate-modified oligodeoxynucleotides. Therefore, 

unmodified oligodeoxynucleotides were used in this study. The same two antisense 

oligodeoxynucleotide sequences that Nieto et al. (1994) used in initial studies of Slug, as 

well as two additional antisense oligodeoxynucleotide sequences, were tested. To 

facilitate their delivery into the targeted AV canal endothelial cells, the unmodified 

oligodeoxynucleotides were pre-incubated with Lipofectamine. Liposomal delivery
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protected the oligodeoxynucleotides from degradation by nucleases present in the ECM 

or culture medium.

All four unmodified antisense Slug oligodeoxynucleotides tested proved to be very 

effective in inhibiting mesenchymal cell formation in vitro when delivered in liposomes. 

Antisense Slug oligodeoxynucleotides prevented endothelial cell-cell separation, 

indicating that Slug is required for initial steps of EMT. Antisense 

oligodeoxynucleotides inhibit gene expression by targeting transcripts for degradation by 

RNase H (reviewed by Runyan et ah, 1999). Experiments confirmed that the unmodified 

antisense oligodeoxynucleotides reduced both Slug mRNA and protein levels in AV 

canal explants despite their shorter half-life relative to phosphorothioate-modified 

oligodeoxynucleotides. The effectiveness of the unmodified antisense 

oligodeoxynucleotides may be attibuted to a relatively slow turnover of Slug mRNA 

following RNase H-mediated degradation of targeted transcripts. Alternatively, there 

may be only a short period of time during which Slug expression is critical for EMT; 

consequently, the explants were not able to recover from loss of Slug expression 

following exposure to the antisense oligodeoxynucleotides during this time period.

Despite the presence of antisense Slug oligodeoxynucleotides, a few mesenchymal 

cells still formed within treated AV canal explants. It is possible that these cells had



already begun to undergo EMT at the time of antisense treatment, and no longer required 

Slug activity. Due to the relatively short half-life of unmodified oligodeoxynucleotides, 

it also is possible that these cells escaped oligodeoxynucleotide exposure and were able 

to complete transformation during the interval between applications of 

oligodeoxynucleotides to the explants. Finally, Slug may be only one of several related 

transcription factors that play a role in EMT in the AV canal. A related protein such as 

Snail may have functionally compensated for the lack of Slug protein in these 

mesenchymal cells. Previous studies indicate that functional redundancy exists within 

the Snail family of transcription factors. For instance, injection of Snail RNA into 

fertilized Xenopus eggs rescued the inhibitory effect of antisense Slug RNA on neural 

crest migration (Carl et al., 1999). It remains to be determined whether other Snail 

family members are required for EMT during endocardial cushion formation.

This study thus provides further evidence that Slug plays a conserved role in EMT. 

However, Slug may serve additional functions during development besides promoting 

EMT. For instance. Slug is expressed in non-neural crest derived mesenchymal cell 

populations within the chicken limb bud. Slug is expressed in the progress zone, an area 

of undifferentiated, rapidly proliferating mesenchymal cells subjacent to the apical 

ectodermal ridge (AER), as well as in the interdigital mesenchyme. Slug expression
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within the limb bud is subsequently downregulated in regions of cell differentiation such 

as cartilaginous or tendon condensations. It has been postulated that Slug acts to 

maintain the mesenchymal phenotype in these tissues (Buxton et ah, 1997; Ros et ah, 

1997). Snail family members can activate or repress transcription (Mauhin et ah, 1993).

It remains to be determined whether Slug activates the expression of genes required for 

cells to remain in an undifferentiated state and/or represses the expression of genes 

required for cell differentiation.

In this study, Slug expression was shown to also be expressed in the myocardium. 

Although the reason for Slug expression in this tissue is unknown, it is possible that Slug 

may play a role in the shape changes that individual myocardial cells undergo during 

heart looping. Such a role in cell shape change would be consistent with control of cell 

shape change by Slug during EMT.

II. TGF(32 and Retinoic Acid Regulate Slug Expression in the AY Canal

Slug expression within AV canal endocardium appears to be an early response to a 

signal emitted by AV canal myocardium. Removal of the myocardium from AV canal 

explants was shown in this study to result in a decrease in Slug expression by AV canal 

endothelial cells. Previous studies indicate that the myocardial signal is multifactorial



112

(Potts et al., 1992; Boyer et al., 1999; Song et al., 1999; Yamagishi et al., 1999). In this 

study, experiments were performed to identify specific signaling factors that regulate 

Slug expression in the heart, in an effort to establish a pathway of genes required for 

EMT.

Several signaling factors are required for initial steps of EMT and therefore, could 

potentially regulate Slug expression in the heart. For instance, TGF|32 and G; proteins are 

required for AV canal endothelial cells to undergo initial steps of EMT. Treatment of 

AY canal explants with anti-TGF(32 antibody or pertussis toxin, an antagonist of G; 

protein signaling, inhibited initial steps of EMT including endothelial cell-cell separation 

(Boyer et al., 1999; Runyan et al., 1990). Retinoic acid also was a good candidate for 

regulating Slug expression in the heart. RXRa -/- mouse embryos exhibit AV septal 

defects (Gruber et al., 1996). Likewise, AV septal defects arise when embryos are 

exposed to inappropriate levels of retinoic acid (Taylor et al., 1980; Osmond et al., 1991; 

Dersh and Zile, 1993; Dickman and Smith, 1996). In this study, treatment of AV canal 

explants with retinoic acid was shown to inhibit initial steps of EMT including 

endothelial cell-cell separation, consistent with the fact that fewer mesenchymal cells 

were found within the endocardial cushions of chicken embryos exposed to retinoic acid 

(Bouman et al., 1998). Recent findings suggest that retinoic acid inhibits initial steps of
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EMT by interfering with the inductive signal provided by AV canal myocardium (Yan et 

al., 2000), possibly by disrupting the expression of one or more signaling factors required 

for AV canal endothelial cells to undergo cell-cell separation. Retinoic acid also may 

directly affect the expression of genes in the AV canal endocardium.

Additional signaling factors are required for EMT in the heart. For instance, 

TGF|33 is required for later steps of EMT including mesenchymal cell transformation 

(Boyer et ah, 1999). BMP and HGF signaling also are required for EMT. Treatment of 

AV canal explants with antisense BMP-2 oligodeoxynucleotides inhibited EMT 

(Yamagishi et ah, 1999). In this study, treatment of AV canal explants with noggin, an 

antagonist of BMP signaling, was shown only to inhibit later steps of EMT including 

mesenchymal cell migration. Treatment of AV canal explants with anti-HGF antibody 

was also shown to inhibit later steps of EMT. These signaling factors were thus 

considered unlikely to regulate Slug expression during initial steps of EMT in the AV 

canal.

Treatment of AV canal explants with anti-TGF|33 antibody, noggin or anti-HGF 

antibody did not inhibit Slug expression, consistent with the finding that these signaling 

factors are required only for later steps of EMT in the AV canal. However, BMP and 

HGF signaling have been shown to regulate Slug expression in other tissues. BMP



signaling from adjacent non-neural ectoderm regulates Slug expression in the neural crest 

of chicken embryos (Liem et ah, 1995; Selleck et ah, 1998). Previous work demonstrated 

that Slug also is a downstream target of HGF signaling during the transformation of 

NBT-II cells. The addition of exogenous HGF induced NBT-II cells to undergo EMT in 

vitro. NBT-II cells transfected with Slug cDNA completed initial steps of 

transformation. However, NBT-II cells transfected with antisense Slug cDNA did not 

transform into mesenchymal cells and resisted induction by HGF (Savagner et ah, 1997). 

Although Slug appears to play a conserved role in EMT, these data suggest that the 

signaling factors that regulate Slug expression during EMT are tissue-dependent.

Only treatment of explants with anti-TGF|32 antibody or retinoic acid inhibited 

Slug expression. These data are consistent with the fact that TGF(32 is required along 

with Slug for initial steps of EMT (Boyer et ah, 1999). In addition, they are consistent 

with the fact that retinoic acid was shown in this study to inhibit initial steps of EMT. 

Retinoic acid has been shown to inhibit Slug expression in the chicken limb bud as well. 

Implantation of retinoic acid beads inhibited Slug expression in the progress zone, an area 

of undifferentiated, rapidly proliferating mesenchymal cells subjacent to the AER 

(Buxton et ah, 1997). It is interesting to note that neural crest defects are associated with 

exposure of embryos to abnormal levels of retinoic acid (reviewed by Smith et ah, 1998).
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It is possible that retinoic acid also disrupts Slug expression in presumptive neural crest 

cells, including those that contribute to the outflow tract region of the heart.

Transfection of AV canal explants with Slug did not rescue the inhibitory effect 

of retinoic acid on EMT. Slug may not have been sufficient to overcome the inhibitory 

effect of retinoic acid on EMT because it was only one of several genes disrupted by 

retinoic acid exposure. Exposure of embryos to abnormal levels of retinoic acid appears 

to have a widespread effect on gene expression. For instance, abnormal levels of retinoic 

acid have been shown to disrupt the development of many tissues including the neural 

crest, heart, eyes, limbs, and nervous system (reviewed by Smith et ah, 1998).

In contrast, Slug is sufficient to rescue the inhibitory effect of anti-TGF|32 

antibody on EMT. Therefore, Slug appears to be a primary target of TGF(32 signaling 

during initial steps of EMT in the heart. TGF|32 signaling may regulate Slug expression 

through activation of the Type III TGF(3 receptor. Treatment of AV canal explants with a 

blocking antibody specific for the Type III TGF(3 receptor inhibited endothelial cell-cell 

separation, suggesting that the Type III TGF(3 receptor is required along with Slug for 

initial steps of EMT (Brown et ah, 1999). In contrast, treatment of AV canal explants 

with a blocking antibody specific for the Type II TGF(3 receptor inhibited later steps of 

EMT (Brown et ah, 1996).
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III. Model for the Role of Slug in Epithelial-Mesenchymal Cell Transformation

In response to an inductive signal emitted by AY canal myocardium, a portion of 

the endothelial cells lining the endocardial cushions undergo EMT and migrate into the 

endocardial cushions (Kinsella and Fitzharris, 1980). Several signaling factors are 

expressed in the AV canal and are required for EMT. Previous studies along with data 

presented here indicate that these signaling factors are required for specific steps of EMT. 

Both TGF(32 and G; protein signaling are required along with Slug for initial steps of 

EMT (Boyer et ah, 1999). AV canal endothelial cells are also sensitive to retinoic acid 

during initial steps of EMT. However, only TGF|32 and retinoic acid were shown to 

regulate Slug expression in the heart. Treatment of AV canal explants with pertussis 

toxin, an antagonist of G, protein signaling, failed to inhibit Slug expression. The 

signaling factors involved in initial steps of EMT thus appear to regulate the expression 

of different or overlapping sets of genes.

It has been proposed that Slug subsequently activates the expression of genes 

required for the changes in cell adhesion and cytoskeletal organization necessary for 

initial steps of EMT (Nieto et ah, 1994). Candidate genes include cell adhesion 

molecules such as PEC AM-1 and NCAM, which mediate calcium-independent cell-cell



adhesion. Expression of PEC AM-1 and NCAM is downregulated in AV canal 

endothelial cells as they undergo EMT (Baldwin et ah, 1994; Mjaatvedt and Maricwald, 

1989). Slug may also regulate the expression of cadherins, integral membrane proteins 

which mediate calcium-dependent cell-cell adhesion (reviewed by Takeichi, 1991). 

Changes in cadherin expression have been shown to occur during EMT. For instance, N- 

cadherin expression is downregulated at the onset of neural crest cell migration (Bronner- 

Fraser et al, 1992). In addition, mouse Snail was shown to repress E-cadherin 

transcription during metastasis in mouse and human epithelial tumor cell lines (Batlle et 

al., 2000; Cano et al., 2000). Snail represses E-cadherin transcription by binding to E- 

boxes in the mouse and human E-cadherin promoters, which contain an identical core 

sequence of 5’-CACCTG (Batlle et al., 2000; Cano et al., 2000). This sequence was 

shown to be the DNA-binding site for Snail in both Drosophila and mouse (Mauhin, et 

al., 1993; Nalcayama et al., 1998). Interestingly, mutations in the snail gene result in 

failure of Drosophila embryos to undergo gastrulation due to impaired downregulation of 

E-cadherin expression (Oda et al., 1998). Cadherins interact with the cytoskeleton via 

intracellular attachment proteins known as catenins (Ozawa et al., 1989). Slug may also 

regulate the expression of catenins during EMT. Finally, Slug may regulate the 

expression of integrins, which mediate cell-ECM adhesion (Knudsen et al., 1985).
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Slug may also activate the expression of signaling factors such as TGF|33, BMPs, 

and HGF, that are required for later steps of EMT. AY canal endothelial cells themselves 

appear to secrete one or more signaling factors in an autocrine manner to amplify the 

initial myocardial induction. For instance, TGF|33 is secreted by AY canal endothelial 

cells, and is required for mesenchymal cell migration in vitro (Ramsdell and Markwald, 

1997). Slug may play a role in regulating the expression of autocrine signaling factors 

such as TGF(33.

Previous studies along with data presented here indicate that TGF(33, BMP, and 

HGF signaling are required for later steps of EMT (Boyer et ah, 1999). These signaling 

factors may ultimately regulate the expression of genes required for mesenchymal cell 

migration. For instance, one or more of these signaling factors may regulate the 

expression of the transcription factor ets-1, which is expressed in the AY canal and has 

been shown to activate the transcription of genes involved in ECM degradation (Macias 

et ah, 1998).

These data contribute to a model in which AY canal endothelial undergo EMT in 

response to multiple, independent signaling pathways (Fig. 21). In this study, it was 

shown that Slug expression in the heart is regulated, at least in part, by TGF(32 and' 

retinoic acid, and is required for initial steps of EMT. Identification of downstream



targets of transcriptional regulation by Slug will help to further elucidate the genetic 

pathway involved in EMT. Additional studies on the molecular regulation of EMT also 

will contribute to a better understanding of endocardial cushion formation and may 

eventually lead to a treatment for AV septal defects in human infants.
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Figure 21. A model for the role of Slug in epithelial-mesenchymal cell 
transformation.

(A) TGF(32 and G: protein signaling are required for AV canal endothelial cells to 
undergo initial steps of EMT (Boyer et ah, 1999). TGF|32 may bind to the Type III 
TGF|3 receptor (Type III TGF(3R), which also is required for initial steps of EMT (Brown 
et ah, 1999). Although the Type HI TGFJ3 receptor has no known signaling domain, it 
appears to be capable of signal transduction (Brown et ah, 1999). Activated G protein- 
linked receptor is thought to regulate initial steps of EMT via the phospholipase C (PEG) 
pathway. PEC cleaves phosphatidylinositol-bisphosphate (PIP2) into inositol 
trisphosphate (IP3) and diacylglycerol (DAG). IP3 triggers calcium to be released from the 
endoplasmic reticulum, whereas DAG activates protein kinase C (PKC). Changes in 
calcium concentration and PKC activity presumably influence gene expression in the 
nucleus. Pertussis toxin (PTX) disrupts Ĝ  protein signaling. In this study, retinoic acid 
exposure was shown to inhibit initial steps of EMT. (Although this diagram depicts 
retinoic acid acting on an AV canal endothelial cell, it remains to be determined whether 
retinoic acid acts on AV canal endocardium and/or myocardium during EMT.) Retinoic 
acid presumably influences gene expression via the activity of retinoic acid receptors 
(RARs) and retinoid X receptors (RXRs) in the nucleus. In this study, both TGFJ32 
signaling and retinoic acid were shown to regulate the expression of Slug during initial 
steps of EMT. Genes regulated by G, protein signaling have not yet been identified. Cell 
adhesion molecules such as NCAM, PECAM-1, N-cadherin, and E-cadherin, may be 
downregulated by Slug and other genes in the nucleus during initial steps of EMT. In 
addition, these genes may regulate the production of autocrine signaling factors such as 
TGF(33, BMP, and HGF.

(B) Previous studies along with data presented here indicate that TGF(33, BMP, and HGF 
signaling are required for later steps of EMT (Boyer et ah, 1999). TGF(33 may bind to 
the Type II TGF(3 receptor (Type H TGF(3R), which also is required for later steps of 
EMT (Brown et ah, 1999). BMP may bind to the Type H BMP receptor (Type IIBMPR). 
(Although this diagram depicts BMP interacting with receptors on an AV canal 
endothelial cell, it remains to be determined whether BMP acts on AV canal endocardium 
and/or myocardium during EMT.) In response to ligand binding, the Type II TGF(3 and 
BMP receptors phosphorylate the Type I TGF|3 and BMP receptors (Type I TGF|3R,
Type I BMPR) which subsequently influence gene expression in the nucleus via the 
activity of SMAD proteins. HGF binds to C-met, a tyrosine kinase receptor, resulting in
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activation of the MAP kinase (MAPK) signal transduction pathway. Genes regulated by 
TGF(33, BMP, and HGF signaling have not yet been identified. Candidate genes include 
Ets-1, Mox-1, PRX1, and PRX2. Proteins involved in ECM degradation such as versican 
may be regulated by one or more of these transcription factors in the nucleus during later 
steps of EMT.

)
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Appendix I. Chicken Slug cDNA sequence. Slug was isolated by screening a stage 12- 
15 embryonic chicken cDNA library using Xenopus Snail as a probe. The Slug transcript 
contains a single open reading frame of 804 bp (underlined). The predicted amino acid 
sequence indicates that there are five zinc fingers located at the 3’ end of the protein 
(shown in green). Slug is distinguished from related Snail family members by a unique 
29 amino acid sequence motif immediately preceding the zinc finger domain (Sefton et 
al., 1998) (shown in red). Antisense Slug oligodeoxynucleotide sequences A and B used 
in this study are shown in blue.



6
12
18
24
30
36
42
48
54
60
66
72
78
84
90
96

102
108
114
120
126
132
138
144

124

c t g c c t t c a a  a a t q c c a c q c  t c c t t c c t q q  t c a a q a a a c a  t t t c a a t t c a  t c c a a q a a q c
c a a a c t a c a q  c q a a c t q q a c  a c t c a t a c a q  t q a t t a t a t c  c c c a t a c c t q  t a t q a a a q c t
a c c c a q t c c c  t a t c a t a c c q  c a q c c a q a q a  t c c t q a q c t c  t q t a q c t t a c  a a c c c c a t t a
c t q t q t q q a c  t a c a a c c q q q  c t q c t a c c q t  c t c c t c t a c c  c a a t q a c c t c  t c t c c q c t t t
c t q q a t a c c c  c t c a t c t t t q  q q a a q q q tc a  q c c c a c c t c c  a c c a t c c q a c  a c c t c c t c c a
a a q a t c a c a q  c q q t t c a q a a  a q t c c c a t t a  q c q a t q a a q a  a q a q a q a a t c  c a q t c c a a q c
t t t c a q a c c c  t c a t q c c a t c  q a a q c t q a a a  a q t t t c a q t q  c q q t t t a t q c  a a c a a q a c c t
a t t c c a c t t t  c t c t q q q t t q  q c c a a a c a c a  a q c a q c t q c a  c t q t q a t q c c  c a q t c t a q q a
a a t c q t t c a q  c t q c a a q t a c  t g t q a c a a q q  a q t a t q t c a q  c c t q q q a q c a  c t t a a q a t q c
a c a t c a q q a c  c c a c a c q c t a  c c t t q c q t c t  q c a a q a t c t q  c q q c a a q q c t  t t c t c c a q a c
c c t q q c t a c t  t c a a q q q c a c  a t c a q a a c c c  a c a c t q q a q a  q a a a c c q t t t  t c c t q t c c t c
a c t q c a a c a q  q q c t t t c q c a  q a c a q a t c c a  a t c t q a q q q c  t c a t c t q c a q  a c c c a c t c q q
a t q t q a a c a a  a t a c c a q t q c  a a a a a t t q c t  c c a a a a c t t t  c t c c a q a a t q  t c t c t t c t q c
a c a a a c a t g a  q q a a t c t q q c  t q c t q c q t a q  c a c a c t q a q t  c a t q c a q t c a  a t g t t t a c c t
g g a c t c a a t g  c a t t t q t c t c  c a c t c c t q t t  c c a a a t g a t a  a q t q q a a a t a  a a g g c a t t t t
c t c t t c c a c t  t t t c a q c c a a  a a a a a a c c a a  c a q c c a a a c a  a a c a a a a a a a  q a a a c c a a c t
a t c a a a a c c a  a q c a a a c a a a  c a a a g t a g t g  g a g a c t t a g a  a t g t c a g t a g  a a a a c a g c c t
t a a g t a g t t g  t c t t t a g t c a  c a c a t t c a c g  t t c t t a a g t g  t g a a c t c t g a  g a t a t g g g g a
a a g g g t c a t g  c a t g a c a t t t  c a a g t a c a t c  t a a a g c a a g a  a g c g t t a t g a  g c t t t g t t t a
t a g a t c a a g c  c a a a c c t a t g  t a g t c t t t t c  t t g c t t a g a a  a a g g c t g c a a  a g t t a c t a a t
a c a t t c c t g c  c a a g c c a t t t  c a a c c a a a g a  a a c a g t a t t t  t a a t g g a a c t  t t t g a t a a a a
a t a c t a c c c g  a g t g a a t t t a  c t a g a c a c c a  t t t a t c t c a g  g t g c c t t a a a  a a g t a t t c c a
a g t t t a c c t t  a g t a a a t g t t  t a a t a t t a t t  c a t t g c t g t g  t t t t t t t t t c  t a a a a a g t t t
t a t t t t a t t a  a a g c c a a g g c  c t t c a a t a a t  g a t c t a a a a t  g c t t t a a a g a  g g g a t a a t t a
a g a g a g g a a a  c g t g t a a g a g  a a g t a t c g a a  a a a c t a c a c c  a c g a a t t a a c  c g c a g t g t c c



125

REFERENCES

Alberga, A., Boulay, J. L., Kempe, E., Dennefeld, C , and Haenlin, M. (1991) The snail 
gene required for mesoderm formation in Drosophila is expressed dynamically in 
derivatives of all three germ layers. Development 111(4), 983-992.

Agrawal, M., and Brauer, P. R. (1996) Urokinase-type plasminogen activator regulates 
cranial neural crest cell migration in vitro. Dev. Dyn. 297(3), 281-290.

Baldwin, H. S., Shen, H. M., Yan, H. C., DeLisser, H. M., Chung, A., Mickanin, C., 
Trask, T., Kirschbaum, N. E., Newman, P. J., Albelda, S. M. (1994) Platelet endothelial 
cell adhesion molecule-1 (PECAM-1/CD31): alternatively spliced, functionally distinct 
isoforms expressed during mammalian cardiovascular development. Development 120(9), 
2539-2553.

Basson, C. T., Cowley, G. S., Solomon, S. D., Weissman, B., Poznanski, A. K., Traill, T. 
A., Seidman, J. G." and Seidman, C. E. (1994) The clinical and genetic spectrum of the 
Holt-Oram syndrome (heart-hand syndrome). N. Engl. J. Med. 330(13), 885-891.

Batlle, E., Sancho, E., Franci, C., Dominguez, D., Monfar, M., Baulida, J., and Garcia de 
Herreros, A. (2000) The transcription factor Snail is a repressor of E-cadherin gene 
expression in epithelial tumour cells. Nature Cell Bio. 2(2), 84-89.

Benimetskaya, L., Tonkinson, J. L., Koziolkiewicz, M., Karwowski, B., Guga, P.,
Zeltser, R., Stec, W., and Stein, C. A. (1995) Binding of phosphorothioate 
oligodeoxynucleotides to basic fibroblast growth factor, recombinant soluble CD4, 
laminin and fibronectin is P-chirality independent. Nucleic Acids Res. 23(21), 4239- 
4245.

Bergwerff, M., Gittenberger-de Groot, A. C , DeRuiter, M. C., van Iperen, L., Meijlink,
F., and Poelmann, R. E. (1998) Patterns of paired-related homeobox genes PRX1 and 
PRX2 suggest involvement in matrix modulation in the developing chick vascular 
system. Dev. Dyn. 213(1), 59-70.



126

Boughman, J. A., Berg, K. A., Astemborski, J. A., Clark, E. B., McCarter, R. J., Rubin, J. 
D., andFerencz, C. (1987) Familial risks of congenital heart defect assessed in a 
population-based epidemiologic study. American J. Medical Genet. 26(4), 839-849.

Boulay, J. L., Dennefield, C., and Alberga, A. (1987) The Drosophila developmental 
gene snail encodes a protein with nucleic acid binding fingers. Atoure,330(6146), 395- 
398.

Bouman, H. G., Broekhuizen, M. L., Baasten, A. M., Gittenberger-de Groot, A. C., and 
Wenink, A. C. (1998) Diminished growth of atrioventricular cushion tissue in stage 24 
retinoic acid-treated chicken embryos. Dev. Dyn. 213(1), 50-58.

Boyer, A. S., Ayeiinskas, 1.1., Vincent, E. B., McKinney, L. A., Weeks, D. L., and 
Runyan, R. B. (1999) TGF(32 and TGF(33 have separate and sequential activities during 
epithelial-mesenchymal cell transformation in the embryonic heart. Dev. Biol. 208(2), 
530-545.

Boyer, A. S., Erickson, C. P., and Runyan, R. B. (1999) Epithelial-mesenchymal 
transformation in the embryonic heart is mediated through distinct pertussis toxin- 
sensitive andTGFP signal transduction mechanisms. Dev. Dyn. 214(1), 81-91.

Boyer, A. S., Finch, W. T., and Runyan, R. B. (2000) Tiichloroethylene inhibits 
development of embryonic heart valve precursors in vitro. Tox. Sci. 53(1), 109-117.

Bronner-Fraser, M., Wolf, J. J., and Murray, B. A. (1992) Effects of antibodies against N- 
cadherin and N-CAM on the cranial neural crest and neural tube. Dev. Biol. 153(2), 291- 
301.

Brown, C. B., Boyer, A. S., Runyan, R. B., and Barnett, J. V. (1996) Antibodies to the 
type II TGF|3 receptor block cell activation and migration during atrioventricular cushion 
transformation in the heart. Dev. Biol. 174(2), 248-257.

Brown, C. B., Boyer, A. S., Runyan, R. B., and Barnett, J. V. (1999) Requirement of type 
III transforming growth factor 3 receptor for endocardial cell transformation in the heart. 
Science 283(5410), 2080-2082.



127

Buxton, P. G., Kostakopoulou, K., Brickell, P., Thorogood, P., and Ferretti, P. (1997) 
Expression of the transcription factor Slug correlates with growth of the limb bud and is 
regulated by FGF-4 and retinoic acid. Int. J. Dev. Biol. 41(4), 559-568.

Candia, A. F., Hu, J., Crosby, J., Lalley, P. A., Noden, D., Nadeau, J. H., and Wright, C. 
V. E. (1992) Mox-1 and Mox-2 define a novel homeobox gene subfamily and are 
differentially expressed during early mesodermal patterning in mouse embryos. 
Development 116(4), 1123-1136.

Candia, A., and Wright, C. (1995) The expression pattern of Xenopus Mox-2 implies a 
role in initial mesodermal differentiation. Mech. Dev. 52(1), 27-36.

Cano, A., Perez-Moreno, M. A., Rodrigo, I., Locascio, A., Blanco, M. J., del Barrio, M.
G., Portillo, P., and Nieto, M. A. (2000) The transcription factor Snail controls epithelial- 
mesenchymal transitions by repressing E-cadherin expression. Nature Cell Bio. 2(2), 76- 
83.

Carl, T. F., Dufton, C., Hanken, J., and Klymkowsky, M. W. (1999) Inhibition of neural 
crest migration in Xenopus using antisense Slug RNA. Dev. Biol. 213(1), 101-115.

Carlson, B. M. (1999) Human embryology and developmental biology. (B. Copland, Ed.) 
Mosby, Inc., St. Louis. r

Carmi, R., Boughman, J. A., and Ferencz, C. (1992) Endocardial cushion defect: further 
studies of “isolated” versus “syndromic” occurrence. American. J. Medical Genet. 43(3), 
569-575.

Chambon P. (1996) A decade of molecular biology of retinoic acid receptors. FASEB J. 
10(9), 940-954.

Chan-Thomas, P. S., Thompson, R. P., Robert, B., Yacoub, M. H., and Barton, P. J.
(1993) Expression of homeobox genes Msx-1 (Hox-7) and Msx-2 (Hox-8) during cardiac 
development in the chick. Dev. Dyn. 197(3), 203-216.



128

Chin, C., Gandour-Edwards, R., Oltjen, S., and Choy, M. (1992) Fate of the 
atrioventricular endocardial cushions in the developing chick heart. Pediatr. Res. 32(4), 
390-393.

Clark, E. (1988) The origin of common cardiac defects. J. American College of 
Cardiology 12(4), 1087.

Clark, E. (1989) Congenital cardiovascular defects in infants with Down syndrome. 
Pediatr. Review 11(4), 99-100.

Cohen, M. E., Yin, M., Paznekas, W. A., Schertzer, M., Wood, S., and Jabs, E. W. (1998) 
Human Slug gene organization, expression, and chromosome map location on 8q. 
Genomics 51(3), 468-471.

Corbo, J. C., Erives, A., DiGregorio, A., Chang, A., and Levine, M. (1997) Dorsoventral 
patterning of the vertebrate neural tube is conserved in a protochordate. Development 
124(12), 2335-2344.

Delvos, U., Gajdusek, G., Sage, H., Barker, L. A., and Schwartz, S. M. (1982) 
Interactions of vascular wall cells with collagen gels. Lab Invest. 46(1), 61-72.

Ebner, R., Chen, R-H., Shum, L., Lawler, S., Zioncheck, T. P., Lee, A., Lopez, A. R., and 
Derynck, R. (1993) Cloning of a type I TGF|3 receptor and its effect on TGF|3 binding to 
the type II receptor. Science 260(5112), 1344-1348.

Essex, L. J., Mayor, R., and Sargent, M. G. (1993) Expression of Xenopus Snail in 
mesoderm and prospective neural fold ectoderm. Dev. Dyn. 198(2), 108-122.

Fowler, V. M., Sussman, M. A., Miller, P. G., Flucher, B. E., and Daniels, M. P. (1993) 
Tropomodulin is associated with the free (pointed) ends of the thin filaments in rat 
skeletal muscle. J. Cell Biol. 120(2), 411-420.

Freeman, W. M., Walker, S. J., and Vrana, K. E. (1999) Quantitative RT-PCR: pitfalls 
and potential. Biotechniques 26(1), \12-125.



129

Fuse, N., Hirose, S., Hayashi, S. (1996) Determination of wing cell fate by the escargot 
and snail genes in Drosophila. Development 122(4), 1059-1067.

Goldberg, S. J., Lebowitz, M. D., and Graver, E. (1990) An association of human 
congenital cardiac malformations and drinking water contaminants. J. Am. Coll. Cardiol. 
16(1), 155-164.

Grepin, C., Robitaille, L., Antakly, T., and Nemer, M. (1995) Inhibition of transcription 
factor GATA-4 expression blocks in vitro cardiac muscle differentiation. Mol. Cell Biol. 
15(8), 4095-4102.

Gruber, P. J., Kubalak, S. W., Pexieder, T., Sucov, H. M., Evans, R. M., and Chien, K. R.
(1996) RXRa deficiency confers genetic susceptibility for aortic sac, conotruncal, 
atrioventricular cushion, and ventricular muscle defects in mice. J. Clin. Invest. 98(6), 
1332-1343.

Guvakova, M. A., Yakubov, L. A., Vlodavsky, I., Tonkinson, J. L., and Stein, C. A. 
(1995) Phosphorothioate oligodeoxynucleotides bind to basic fibroblast growth factor, 
inhibit its binding to cell surface receptors, and remove it from low affinity binding sites 
on extracellular matrix. J. Biol. Chem. 270(6), 2620-2627.

Hamburger, V. and Hamilton, H. L. (1951) A series of normal stages in the development 
of the chick embryo. J. of Morphology 88, 49-92.

Hammerschmidt, M., and Nusslein-Volhard, C. (1993) The expression of a zebrafish 
gene homologous to Drosophila snail suggests a conserved function in invertebrate and 
vertebrate gastrulation. Development 119(4), 1107-1118.

Hathaway, H. J., and Shur, B. D. (1992) Cell surface beta 1,4-galactosyltransferase 
functions during neural crest cell migration and neurulation in vivo. J. Cell Biol. 117(2), 
369-382.

Hay, D. (1995) An overview of epithelio-mesenchymal transformation. Acta Anatomica 
154(1), 8-20.



130

Heldin, C. H., Miyazono, K., and ten Dijke, P. (1997) TGF(3 signaling from cell 
membrane to nucleus through SMAD proteins. Nature 390(6659), 465-471.

Hemavathy, K., Meng, X., Ip, Y. T. (1997) Differential regulation of gastrulation and 
neuroectodermal gene expression by Snail in the Drosophila embryo. Development 
124(19), 3683-3691.

Henderson, D. J., and Copp, A. J. (1998) Versican expression is associated with chamber 
specification, septation, and valvulogenesis in the developing mouse heart. Circ. Res. 
83(5), 523-532,

Hiltgen, G. G., Markwald, R. R., and Litke, L. L. (1996) Morphogenetic alterations 
during endocardial cushion development in the trisomy 16 (Down syndrome) mouse. 
Pediatr. Cardiol. 17(1), 21-30.

Holt, M. and Oram, S. (1960) Familial heart disease with skeletal malformations. Br. 
Heart J. 22,236-242.

Illingworth, C., Cheetham, J., and Hardin, J. (1992) Cloning and characterization of 
homologues of twist and snail in the sea urchin embryo. Mol. Biol. Cell(suppl) 3 ,110a.

Ip, H. S., Wilson, D. B., Heikinheimo, M., Tang, Z., Ting, C. N., Simon, M. C , Leiden,
J. M., and Parmacek, M. S. (1994) The GATA-4 transcription factor transactivates the 
cardiac muscle-specific trooponin C promoter-enhancer in nonmuscle cells. Mol. Cell 
Biol. 14(11), 7517-7526.

Isaac, A., Sargent, M. G., and Cooke, J. (1997) Control of vertebrate left-right asymmetry 
by a snail-related zinc finger gene. Science 275(5304), 1301-1304.

Jiang, Y., and Evans, T. (1996) The Xenopus GATA-4/5/6 genes are associated with 
cardiac specification and can regulate cardiac-specific transcription during 
embryogenesis. Dev. Biol. 174(2), 258-270.

Jiang, R., Norton, C. R., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., and Gridley, T. 
(1998) Genomic organization, expression and chromosomal localization of the mouse 
Slug (Slugh) gene. Biochem. Biophys. Acta. 1443(1-2), 251-254.



131

Jiang, R., Yu, L., Norton, C. R., Sundberg, J. P., and Gridley, T. (1998) The Slug gene is 
not essential for mesoderm or neural crest development in mice. Dev. Biol. 198(2), 277- 
285.

Jiang, Y., Tarzami, S., Burch, J. B., and Evans, T. (1998) Common role for each of the 
cGATA-4/5/6 genes in the regulation of cardiac morphogenesis. Dev. Genetics 22(3), 
263-277.

Kinsella, M. G. and Fitzharris, T. P. (1980) Origin of cushion tissue in the developing 
chick heart: cinematographic recordings of in situ formation. Science 207(4437), 1359- 
1360.

Kitten, G. T., Markwald, R. R., and Bolender, D. L., (1987) Distribution of basement 
membrane antigens in cryopreserved early embryonic hearts. Anat. Rec. 217(4), 379-390.

Koenig, B. B., Cook, J. S., Wolsing, D. H., Ting, J., Tiesman, J. P., Correa, P. E., Olson, 
C. A., Pecquet, A. L., Ventura, P., and Grant, R. A. (1994) Characterization and cloning 
of a receptor for BMP-2 and BMP-4 from NIH 3T3 cells. Mol. Cell Biol. 14(9), 5961- 
5974.

Korenberg, J. R., Chen, X. N., Schipper, R., Sun, Z., Gonsky, R., Gerwehr, S., Carpenter, 
N., Daumer, C., Dignan, P., and Disteche, C. (1994) Down syndrome phenotypes: the 
consequences of chromosomal imbalance. Proc. Natl. Acad. Sci. USA, 91(11), 4997- 
5001.

Knudsen, K., Horwitz, A. P., and Buck, C. (1985) A monoclonal antibody identifies a 
glycoprotein complex involved in cell-substratum adhesion. Exp. Cell Res. 157(1), 218- 
226.

Krug, E. L., Runyan, R. B., and Markwald, R. R. (1985) Protein extracts from early 
embryonic hearts initiate cardiac endothelial cytodifferentiation. Dev. Biol., 112(2), 414- 
426.



132

Krug, E. L., Mjaatvedt, C. H. and Markwald, R. R. (1987) Induction of embryonic 
cardiac endothelial differentiation into mesenchyme by myocardially-derived 
extracellular proteins. Dev. Biol. 120(2), 348-355.

Langeland, J. A., Tomsa, J. M., Jackman, W. R., and Kimmel, C. B. (1998) An 
amphioxus Snail gene: expression in paraxial mesoderm and neural plate suggests a 
conserved role in patterning the chordate embryo. Dev. Genes Evol. 208(10), 569-577.

Laverriere, A. C , MacNeill, C., Mueller, C., Poelmann, P. E., Burch, J. B., and Evans, T.
(1994) GATA-4/5/6, a subfamily of three transcription factors transcribed in developing 
heart and gut. J. Biol. Chem. 269(37), 23177-23184.

Liem, K. P., Tremmi, G., Roelink, H., and Jessell, T. M. (1995) Dorsal differentiation of 
neural plate cells induced by BMP-mediated signals from epidermal ectoderm. Cell 
82(6), 969-979.

Liem, K. P., Tremmi, G., and Jessell, T. M. (1997) A role for the roof plate and its 
resident TGF(3-related proteins in neuronal patterning in the dorsal spinal cord. Cell 
91(1), 127-138.

Lin, H. Y., Wang, X-F., Ng-Eaton, E., Weinberg, R. A., and Lodish, H. F. (1992) 
Expression cloning of the TGF|3 type II receptor, a functional transmembrane 
serine/threonine kinase. Cell 68(4), 775-785.

Loeber, C. P., and Runyan, R. B. (1990) A comparison of fibronectin, laminin, and 
galactosyltransferase adhesion mechanisms during embryonic cardiac mesenchymal cell 
migration in vitro. Dev. Biol. 140(2), 401-412.

Lopez-Casillas, F., Cheifetz, S., Doody, J., Andres, J. L., Lane, W. S., and Massague, J.
(1991) Structure and expression of the membrane proteoglycan betaglycan, a component 
of the TGF(3 receptor system. Cell 67(4), 785-795.

Lopez-Casillas, P., Wrana, J. L., and Massague, J. (1993) Betaglycan presents ligand to 
the TGFP signaling receptor. Cell 73(7), 1435-1444.



133

Macias, D., Perez-Pomares, J. M., Garcia-Garrido, L., Carmona, R., Munoz-Chapuli, R. 
(1998) Immunoreactivity of the ets-1 transcription factor correlates with areas of 
epithelial-mesenchymal transition in the developing avian heart. Anat. Embryol. 198(4), 
307-315.

Markwald, R. R., Kitten, G. T., Runyan, R. B., Funderburg, F. M., Bemanke, D. H., and 
Brauer, P. R. (1984) Use of three-dimensional collagen gel culture to study celkmatrix 
interactions in heart development. In “Role of the Extracellular Matrix in Development” 
(R. Trelstad, Ed.), pp. 323-350. Alan R. Liss, Inc., New York.

Mauhin, V., Lutz, Y., Dennefeld, C., and Alberga, A. (1993) Definition of the DNA- 
binding site repertoire for the Drosophila transcription factor Snail. Nucleic Acids Res. 
21(17), 3951-3957.

Mayor, R., Essex, L. J., Bennett, M. F., and Sargent, M. G. (1993) Distinct elements of 
the Xsna promoter are required for mesodermal and ectodermal expression. Development 
119(3), 661-671.

Mayor, R., Morgan, R., and Sargent, M. G. (1995) Induction of the prospective neural 
crest of Xenopus. Development 121(3), 767-777. v

McGuire, P. G., and Alexander, S. M. (1993) Inhibition of urokinase synthesis and cell- 
surface binding alters the migratory behavior of embryonic endocardial-derived 
mesenchymal cells in vitro. Development 118(3), 931-939.

Miller, J., McLachlan, A. D., and Klug, A. (1985) Repetitive zinc-binding domains in the 
protein transcription factor IIIA from Xenopus oocytes. EMBO J. 4(6), 1609-1614.

Mjaatvedt, C. H., Lepera, R. C., and Markwald, R. R. (1987) Myocardial specificity for 
initiating endothelial-mesenchymal cell transition in embryonic chick heart correlates 
with a particulate distribution in fibronectin. Dev. Biol. 119(1), 59-67.

Mjaatvedt, C. H., and Markwald, R. R. (1989) Induction of an epithelial-mesenchymal 
transition by an in vivo adheron-like complex. Dev. Biol. 136(1), 118-128.



134

Mjaatvedt, C. H., Yamamura, H., Capehart, A. A., Turner, D., andMarkwald, R. R. 
(1998) The Cspg2 gene, disrupted in the hdf mutant, is required for right cardiac chamber 
and endocardial cushion formation. Dev. Biol. 202(1), 56-66.

Moore, C. S., Mjaatvedt, C. H., and Gearhart, J. D. (1998) Expression and function of 
activin beta A during mouse cardiac cushion tissue formation. Dev. Dyn. 212(4), 548- 
562.

Nakajima, Y., Mironov, V., Yamagishi, T., Nakamura, H., and Markwald, R. R. (1997) 
Expression of smooth muscle alpha-actin in mesenchymal cells during formation of avian 
endocardial cushion tissue: a role for TGF(33. Dev. Dyn. 209(3), 296-309.

Nakayama, H., Scott, I. C., and Cross, J. C. (1998) The transition to endoreduplication in- 
trophoblast giant cells is regulated by the mSna zinc finger transcription .factor. Dev. Biol. 
199(1), 150-163.

Nieto, M. A., Bennett, M. F., Sargent, M. G., and Wilkinson, D. G. (1992) Cloning and 
developmental expression of Sna, a murine homolog of the Drosophila snail gene. 
Development 116(1), 227-237.

Nieto, M. A., Sargent, M. G., Wilkinson, D. G., and Cooke, J. (1994) Control of cell 
behavior during vertebrate development by Slug, a zinc finger gene. Science 264(5160), 
835-839.

Nishida, E., and Gotoh, Y. (1993) The MAP kinase cascade is essential for diverse signal 
transduction pathways. Trends Biochem. Sci. 18(4), 128-130.

Oda, H., Tsukita, S., and Takeichi, M. (1998) Dynamic behavior of the cadherin-based 
cell-cell adhesion system during Drosophila gastrulation. Dev. Biol. 203(2), 435-450.

Okajima, P., and Ui, M. (1984) ADP-ribosylation of the specific membrane protein by 
islet-activating protein, pertussis toxin, associated with inhibition of a chemotactic 
peptide-induced1 arachidonate release in neutrophils. J. Biol. Chem. 259(22), 13863- 
13871.



135

Olson, E. N. and Srivastava, D. (1996) Molecular pathways controlling heart 
development. Science, 272(5262), 671-676.

Overton, J. (1977) Response of epithelial and mesenchymal cells to culture on basement 
lamella observed by scanning microscopy. Exp. Cell Res. 105(2), 313-323.

Ozawa, M., Baribault, H., and Kemler, R. (1989) The cytoplasmic domain of the cell 
adhesion molecule uvomorulin associates with three independent proteins structurally 
related in different species. EMBO J. 8(6), 1711-1717.

Pavletich, N. P., and Pabo, C. O. (1993) Crystal structure of a five-finger GL1-DNA 
complex: new perspectives on zinc fingers. Science 261(5129), 1701-1707.

Potts, J. D., and Runyan, R. B. (1989) Epithelial-mesenchymal cell transformation in the 
embryonic heart can be mediated, in part, by transforming growth factor (3. Dey. Biol. 
134(2), 392-401. y /

Potts, J. D., Dagle, J. M., Walder, J. A., Weeks, D. L., and Runyan, DM). (1991) 
Epithelial-mesenchymal transformation of embryonic cardiac endothelial cells is 
inhibited by a modified antisense oligodeoxynucleotide to TGF(33. Proc. Natl. Acad. Sci. 
USA 88(4), 1516-1520.

Potts, J. D. and Runyan, R. B. (1992) Sense and antisense TGF(33 mRNA levels correlate 
with cardiac valve induction. Dev. Dyn. 193(4), 340-345.

Ramsdell, A. P., and Markwald, R. R. (1997) Induction of endocardial cushion tissue in 
the avian heart is regulated, in part, by TGF(33-mediated autocrine signaling. Dev. Biol. 
188(1), 64-74.

Ramsdell, A. P., Moreno-Rodriguez, R. A., Wienecke, M. M., Sugi, Y., Turner, D. K., 
Mjaatvedt, C. H., and Markwald, R. R. (1998) Identification of an autocrine signaling 
pathway that amplifies induction of endocardial cushion tissue in the avian heart. Acta 
Anat. 162(1), 1-15.



136

Rhim, H., Savagner, P., Thibaudeau, G., Thiery, J. P., and Pavan, W. J. (1997) 
Localization of a neural crest transcription factor, Slug, to mouse chromosome 16 and 
human chromosome 8. Mamm. Genome 8(11), 872-873.

Roark, M., Sturtevant, M. A., Emery, J., Vaessin, H., Grell, E., Bier, E. (1995) Scratch, a 
pan-neural gene encoding a zinc finger protein related to snail, promotes neuronal 
development. Genes Dev. 9(19), 2384-2398.

Robb, L., Mifsud, L., Hartley, L., Biben, C., Copeland, N. G., Gilbert, D. J., Jenkins, N. 
A., Harvey, R. P. (1998) Epicardin: a novel basic helix-loop-helix transcription factor 
gene expressed in epicardium, branchial arch myoblasts, and mesenchyme of developing 
lung, gut, kidney, and gonads. Dev. Dyn. 213(1), 105-113.

Rockwell, P., O’Connor, W. J., King, K., Goldstein, N. I., Zhang, L. M., and Stein, C. A.
(1997) Cell-surface perturbations of the epidermal growth factor and vascular endothelial 
growth factor receptors by phosphorothioate oligodeoxynucleotides. Proc. Natl. Acad. 
Sci. USA 94(12), 6523-6528.

Ros, M. A., Sefton, M., and Nieto, M. A. (1997) Slug, a zinc finger gene previously 
implicated in the early patterning of the mesoderm and the neural crest, is also involved 
in chick limb development. Development 124(9), 1821-1829.

Rosenzweig, B. L., Imamura, T., Okadome, T., Cox, G. N., Yamashita, H., ten Djke, P., 
Heldin, C. H., and Miyazono, K. (1995) Cloning and characterization of a human type II 
receptor for bone morphogenetic proteins. Proc. Natl. Acad. Sci. USA, 92(17), 7632- 
7636.

Rubin, J. S., Bottaro, D. P., Aaronson, S. A. (1993) Hepatocyte growth factor/scatter 
factor and its receptor, the c-met proto-oncogene product. Biochem. Biophys. Acta. 
1155(3), 357-371.

Runyan, R. B. and Markwald, R. R. (1983) Invasion of mesenchyme into three- 
dimensional collagen gels: a regional and temporal analysis of interaction in embryonic 
heart tissue. Dev. Biol. 95(1), 108-114.



137

Runyan, R. B., Potts, J. D., Sharma, R. V., Loeber, C. P., Chiang, I. J., and Bhalla, R. C.
(1990) Signal transduction of a tissue interaction during embryonic heart development. 
Cell Regulation 1(3), 301-303.

Runyan, R. B., Wendler, C. C., Romano, L. A., Boyer, A. S., Dagle, J. M., and Weeks, D. 
L. (1999) Utilization of antisense oligodeoxynucleotides with embryonic tissues in 
culture. Methods 18(3), 316-321.

Sargent, M. G., and Bennett, M. F. (1990) Identification in Xenopus of a structural , 
homologue of the Drosophila gene snail. Development 109(4), 967-973.

Savagner, P., Yamada, K. M., and Thiery, J. P. (1997) The zinc-finger protein Slug 
causes desmosome dissociation, an initial and necessary step for growth factor-induced 
epithelial-mesenchymal transition. J. Cell Biol. 137(6), 1403-1419.

Savagner, P., Karavanova, 1, Perantoni, A., Thiery, J. P., and Yamada, K. M. (1998) Slug 
mRNA is expressed by specific mesodermal derivatives during rodent organogenesis. 
Dev. Dyn. 213(2), 182-187.

Schor, S. L. (1980) Cell proliferation and migration on collagen substrata in vitro. J. Cell 
Sci. 41,159-175.

Sefton, M., Sanchez, S., and Nieto, M. A. (1998) Conserved and divergent roles for 
members of the Snail family of transcription factors in the chick and mouse embryo. 
Development 125(16), 3111-3121.

Selleck, M. A. J., Garcia-Castro, M. I., Artinger, K. B., and Bronner-Fraser, M. (1998) 
Effects of Shh and Noggin on neural crest formation demonstrate that BMP is required in 
the neural tube but not ectoderm. Development 125(24), 4919-4930.

Sinning, A. R. (1997) Partial purification of HLAMP-1 provides direct evidence for the 
multicomponent nature of the particulate matrix associated with cardiac mesenchyme 
formation. J. Cell Biochem. 66(1), 112-122.



138

Smith, D. E., Franco del Amo, P., and Gridley, T. (1992) Isolation of Sna, a mouse gene 
homologous to the Drosophila genes snail and escargot, its expression pattern suggests 
multiple roles during postimplantation development. Development 116(4), 1033-1039.

Smith, S. M., Dickman, E. D., Power, S. C., and Lancman, J. (1998) Retinoids and their 
receptors in vertebrate embryogenesis. J. Nutr. (suppl) 128(2) 467-470.

Song, W„ Majka, S. M., and McGuire, P. G. (1999) Hepatocyte growth factor expression 
in the developing myocardium: evidence for a role in the regulation of the mesenchymal 
cell phenotype and urokinase expession. Dev. Dyn. 214(1), 92-100.

Srivastava, D., Cserjesi, P., and Olson, E. N. (1995) A subclass of bHLH proteins 
required for cardiac morphogenesis. Science 270(5244), 1995-1999.

Stein, G. A. (1997) Controversies in the cellular pharmacology of oligodeoxynucleotides. 
Ciba. Found. Symp. 209, 79-93. -

Suzuki, H. R., Padanilam, B. J., Vitale, E., Ramirez, P., and Solursh, M. (1991) 
Repeating developmental expression of G-Hox-7, a novel homeobox-containing gene in 
the chicken. Dev. Biol. 148(1), 375-388.

Takeichi, M. (1991) Cadherin cell adhesion receptors as a morphogenetic regulator. 
Science 251(5000), 1451-1455.

Thiery, A. R., and Dritschilo, A. (1992) Intracellular availability of unmodified, 
phosphorothioated and liposomally encapsulated oligodeoxynucleotides for antisense 
activity. Nucleic Acids Res. 20(21), 5691-569S.

Thiery, J. P., Duband, J. L., Rutishauser, U., and Edelman, G. M. (1982) Cell adhesion 
molecules in early chick embryogenesis. Proc. Natl. Acad. Sci. USA 79(21), 6737-6741.

Thisse, C., Thisse, B., Schilling, T. P., Postlethwait, J. H. (1993) Structure of the 
zebrafish Snaill gene and its expression in wild-type, spadetail and no tail mutant 
embryos. Development 119(4), 1203-1215.



139

Thisse, C., Thisse, B., and Postlethwait, J. H. (1995) Expression of Snail2, a second 
member of the zebrafish snail family, in cephalic mesendoderm and presumptive neural 
crest of wild-type and spadetail mutant embryos. Dev. Biol. 172(1), 86-99.

Valles, A. M , Boyer, B., Badet, J., Tucker, G. C., Barritault, D., and Thiery, J. P. (1990) 
Acidic fibroblast growth factor is a modulator of epithelial plasticity in a rat bladder 
carcinoma cell line. Proc. Natl. Acad. Set USA 87(3), 1124-1128.

Wang, X-F., Lin, H. Y., Ng-Eaton, E., Downward, J., Lodish, H. P., and Weinberg, R. A.
(1991) Expression cloning and characterization of the TGF[3 type HI receptor. Cell 67(4), 
797-805.

Webb, S., Anderson, R. H., and Brown, N. A. (1996) Endocardial cushion development 
and heart loop architecture in the trisomy 16 mouse. Dev. Dyn. 206(3), 301-309.

Whiteley, M., Noguchi, P. D., Sensabaugh, S. M., Odenwald, W. P., and Kassis, J. A.
(1992) The Drosophila gene escargot encodes a zinc finger motif found in snaz'Z-related 
genes. Mech. Dev. 36(3), 117-127.

Wrana, J. L., Attissano, L., Wieser, R., Ventura, P., and Massague, J. (1994) Mechanism 
of activation of the TGF(3 receptor. Nature 370(6488), 341-347.

Yamagishi, T., Nakajima, Y., Miyazono, K., and Nakamura, H. (1999) Bone 
morphogenetic protein-2 acts synergistically with transforming growth factor-|33 during 
endothelial-mesenchymal transformation in the developing chick heart. J. Cell. Physio. 
180(1), 35-45.

Yan, M., Nick, T. G., and Sinning, A. R. (2000) Retinoic acid inhibition of cardiac 
mesenchyme formation in vitro correlates with changes in the secretion of particulate 
matrix from the myocardium. Anat. Rec. 258(2), 186-197.


