
Expression and function of transcription factor
Mox-1 during early heart valve development

Item Type text; Dissertation-Reproduction (electronic)

Authors Wendler, Christopher Charles

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:29:06

Link to Item http://hdl.handle.net/10150/284125

http://hdl.handle.net/10150/284125


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter fece, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print t)leedthrough, substandard margins, and improper 

alignment can adversely aff̂  reproduction. 

In the unlikely event that the author dkl not send UMi a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, t)eginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9' black arxl white 

photographic prints are availat)le for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell lnformatk>n and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





EXPRESSION AND FUNCTION OF TRANSCRIPTION FACTOR MOX-I DURING 

EARLY HEART VALVE DEVELOPMENT 

by 

Christopher Charles Wendler 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CELL BIOLOGY AND ANATOMY 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2000 



UMI Number 9965925 

^ 

UMI 
UMI Microform9965925 

Copyright 2000 by Bell & Howell Information and Learning Company. 
All rights reserved. This microfonm edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Learning Company 
300 North Zeeb Road 

P.O. 80x1346 
Ann Art)or, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Christopher C. Wendler 

entitled Expression and Function of Transcription Factor Mox-1 

During Early Heart Valve Development 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

nyan 

Dr. Parker 

O Dr. Herman Cordon g...( V. 

Dr. Robert Erickson 

L.C / 

ItulIoO 
Date 

Date 

-2^ 

Datv / 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommejid^that it be accepted as fulfilling the dissertation 
requirear^n^ 

Dissertation Director Dr. Raymond Runyan Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under the rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgement of source is made. Requests for permission for 

extended quotation from or reproductions of this manuscript in whole or in part may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgement the proposed use of the material is in the interest of scholarship. In 

all other instances, however, permission must be obtained from the author. 

Signed 



4 

Acknowledgements 

First, I would like to thank Dr. Raymond Runyan for his support and 

encouragement. I will forever be grateful for all that Ray has taught me. Working for 

Dr. Runyan has been an excellent experience and it has given me a solid base from which 

to continue my scientific career. 

Second, I would like to thank my dissertation committee. Dr. Antin, Dr. Gordon, 

Dr. St. John, and Dr. Erickson. They have provided excellent advice and guidance during 

my graduate training. Their time and effort is greatly appreciated. 

Next, I would like to thank the members of the Runyan Lab for their support and 

advice. In particular, I would like to thank Dr. Romano for her help and friendship, 

which made working in the lab a real joy. Dr. Boyer provided excellent advice and 

support which was invaluable, and I thank her for that. Dr. Collier also provided help 

and friendship that aided me in my academic pursuits. Dr. Huang must be especially 

thanked for all the work he accomplished on chicken Mox-1 before I began work on the 

project. I also thank him for all his help and advice. I would also like to thank all the 

other members of the Runyan lab that have come and gone over the years for their 

friendship and support. 

I would like to thank the department of Cell Biology and Anatomy for giving me 

the opportunity to pursue my graduate education. Thanks to the faculty, graduate 

students and secretaries who have provided a friendly and supportive environment in 
which to pursue my doctoral degree. 

Finally, I thank my family for their love and support. They have always had 

confidence in me and that has helped me to achieve this goal. My mother and father have 

always encouraged me and supported my academic career and for that I am extremely 
thankful. 



5 

To Carol, 

Your unconditional love and support made this possible. 

I Love You. 



6 

TABLE OF CONTENTS 

LIST OF nCURES 8 

ABSTRACT 10 

CHAPTER 1: INTRODUCTION 11 

I) Overview 11 

n) Heart Development 13 

ni) Epithelial-Mesenchymal Cell Transformation in the Embryo 19 
rV) Epithelial-Mesenchymal Cell Transformation in the Atrioventricular Canal 23 

A) TGFp Family 27 

B) Function of TGFP 28 

C) TGFp Receptors 30 

D) Other Signaling Pathways 32 

E) Markers of Cell Transformation 33 
V) Transcriptional Control of Heart Development 34 

A) Homeobox Genes 35 

B) Identifying Regulatory Factors 40 

C) Mox-l 41 

CHAPTER 2: MATERIALS AND METHODS 50 

I) PCR Analysis of Heart Tissue 50 

II) Cloning of Chicken Mox-l 5' UTR and Proximal Promoter 51 

ni) Production and Characterization of Chicken Mox-1 Antibody 55 
IV) Immunohistochemistry with Chicken Mox-l Antibody 59 

V) Oligodeoxynucleotide Treatment of AV Canal Cultures 62 

VI) Overexpression of Mox-1 64 

VII) Mox-l Promoter Analysis 65 

CHAPTER 3; RESULTS 70 

I) Chicken Mox-l Expression in the Developing Heart 70 

n) Mox-1 is Required for EMT in the AV Canal Cushions 74 

ni) Mox-l is not Sufficient for Cell Transformation in the AV Canal Cultures 77 
IV) Mox-l Promoter Directs Transcription in AV Canal Cultures 79 



7 

TABLE OF CONTENTS - Continued 

V) Mox-1 Promoter is Sensitive to TGPPS Signaling 82 

CHAPTER 4: DISCUSSION 117 

I) Significance 117 

II) Summary of Data 119 

A) Mox-1 is Expressed in Tissues that Undergo Cell Transformation 119 

B) Mox-1 is Required for Cell Transformation in the AV Canal 123 

C) Overexpression of Mox-1 is unable to Induce Transformation 127 

D) Mox-1 Proximal Promoter Initiates Expression in AV Canal Cultures 128 

E) Mox-1 Promoter is Responsive to TGFp3 131 

III) Model of EMT in the AV Canal 132 

IV) Future Smdies 138 

REFERENCES 144 



8 

LIST OF HGURES 

Figure 1. Diagram of Embryonic Hearts 46 

Figure 2. Steps of Epitheiial-Mesenchymal Cell Transformation 47 

Figure 3. In Vitro Collagen Gel Bioassay 48 

Figure 4. List of Factors Involved in Cardiac Cushion EMT 49 

Figure 5. RT-PCR of Chicken Mox-1 in the Heart 84 

Figure 6. Polypeptide Antigen Sequence for Mox-1 Antibody 80113 and 

Western Blot Analysis 85 

Figure 7. Mox-1 Immunostaining of AV Canal Cultures 87 

Figure 8. Mox-1 Immunostaining of Somites and Neural Tube 89 

Figure 9. Mox-1 Inmiunostaining of Embryonic Chick Hearts 91 

Figure 10. Immunostaining of AV Canal Tissue with Affinity Purified 

Mox-1 Antibody 93 

Figure 11. Oligodeoxynucleotide "Knockout" Experimental Procedure 94 

Figure 12. Summary of Oligodeoxynucleotide Treatment Data 95 

Figure 13. Oligodeoxynucleotide Treated AV Canal Cultures 97 

Figure 14. Loss of Mox-1 Expression with Antisense Oligonucleotide 99 

Figure 15. Adenovirus Assisted Transfection of Plasmid DNA into AV 

Canal Cultures 101 



9 

LIST OF FIGURES - Continued 

Figure 16. Immunosiaining of Mox-1 Overexpression Cultures 103 

Figure 17. Primer Extension and 5' Race Sequence Results 105 

Figure 18. Mox-1 Promoter Sequence 107 

Figure 19. Promoter Constructs 109 

Figure 20. Induction of GFP Expression by Mox-1 Promoter Ill 

Figure 21. Analysis of Mox-1 Promoter Activity in Cultures 113 

Figure 22. Mox-1 Staining of TGF|33 Antibody Treated Explants 115 

Figure 23. Model of Epithelial to Mesenchymal Cell Transformation in 

the AV canal 142 



10 

Abstract 

Epithelial to mesenchymal cell transformation (EMT) in the atrioventricular canal 

(AV canal) produces a population of fibroblast cells that contribute to the mitral and 

tricuspid valves of the fully formed heart. Formation of these cells is critical for normal 

heart development and disruption of this process leads to congenital heart disease. This 

study describes the role of the homeodomain containing transcription factor Mox-1 

during this cell transformation process. Mox-1 protein and mRNA expression were 

detected during cell transformation in the cardiac cushions. This expression 

corresponded in time to stages of EMT characterized by cell shape change and invasion 

of the extracellular matrix. Antisense oligonucleotides to Mox-1 inhibited cell 

transformation in cultured AV canal explants. Previous reports indicated that the TGppS 

signaling pathway also regulates cell transformation at similar stages. Experiments 

inhibiting the TGPPS pathway also inhibit Mox-1 expression. A 2kb portion of the Mox-

1 promoter was cloned and a portion of this construct demonstrated a capacity to initiate 

transcription in AV canal cultures. The active fragment of the Mox-1 promoter was 

responsive to TGFp3 signaling. This study indicates that Mox-1 is necessary but not 

sufficient for cell transformation in the AV canal cushions and is regulated by an 

important signaling pathway involved in this process. 
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Chapter 1: Introduction 

n Overview 

The first organ to form during vertebrate embryogenesis is the heart, a muscular 

structure responsible for pumping blood through the developing vasculature. The 

organism must develop a circulatory system, which delivers nutrients and removes toxic 

waste products to tissues not reached by simple diffusion. The heart is at the center of 

this circulation process, providing the power and directing the flow. The circulation of 

blood begins very early in development. This means that the heart must begin working 

well before it is fully formed. Embryos that fail to develop a heart due to genetic defects 

or environmental toxins cannot develop properly and spontaneously abort. However, less 

severe defects to the heart and vasculature may permit embryogenesis to continue, with 

malformations appearing as congenital heart disease after birth. Malformations of the 

heart and blood vessels are a significant health risk to human newborns, affecting 0.8% of 

live births and an estimaied 10% of still births (Hoffman, 1995a; Hoffman, 1995b). This 

indicates that the vast majority of heart defects are incompatible with life. Those infants 
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with defects that do survive have a reduced life expectancy. A better understanding of 

the developmental processes that control proper heart development could lead to 

prevention and treatment of congenital heart disease, thus reducing health risks to 

newborns. 

One area of heart development that merits research attention is the process of 

septation, which creates four separate chambers in avian and mammalian hearts. Heart 

chambers are formed by the growth of muscular septations, within the atrium and 

ventricle, and by the creation of heart valves between the atria and ventricles. These 

partitions in the heart allow blood flow in only one direction. Errors in septation can lead 

to mixing of oxygenated blood with deoxygenated blood that is harmful to the embryo. 

Thus, the common heart defects seen in newborns are often failures in septation of the 

heart, since more severe malformations of cardiac tissues are usually incompatible with 

life. The purpose of the research presented in this thesis is to further the understanding of 

proper septation in the developing heart. Specifically, this thesis is concerned with the 

development of the heart valves that arise at the atrioventricular junction through a 

process of epithelial to mesenchymal cell transformation (EMT). This thesis identifies 

the transcription factor Mox-1 as a necessary component of normal valve formation in the 

developing heart. 
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ID Heart Development 

Septation begins very early during embryogenesis and heart development. Even 

before differentiation, heart cells are being specified for specific roles during heart 

development (reviewed in Fishman and Chien, 1997). In order to get a clear picture of 

septation and valve formation it is important to understand the developmental history of 

the cells that will form the developing hean. Research with the chick demonstrates that 

particular cells are specified to form heart tissue by early to mid-gastrulation (Gonzalez-

Sanchez and Bader, 1990; Antin et al., 1994; Montgomery et al., 1994; Gannon and 

Bader. 1995; Yatskievych et al., 1997). Segmental identity is given to the cells as they 

migrate out of the primitive streak. For example, precardiac ceils migrating out of the 

primitive streak most rostrally contribute to the outflow tract (bulbous cordis), and 

precardiac cells migrating out most caudally contribute to the inflow tract (sinoatrial 

region) of the heart (Garcia-Martinez and Schoenwolf, 1993; DeHaan. 1963; Rosenquist 

and DeHaan, 1965). This segmental information is critical for setting up proper tissue 

interactions and eventual formation of separate chambers in the heart. Formation of heart 

valves only occurs in two areas of the developing heart, the atrioventricular canal (AV 
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canal) and the outflow tract (OFT). Thus proper valve formation is dependent on cells 

developing the correct segmental identity early, even though valve formation doesn't 

begin until much later in heart development. 

Precardiac cells that will form the heart proper are derived from lateral plate 

mesoderm, specifically the splanchnic mesoderm. Precardiac mesoderm migrates to the 

anterior lateral portion of the developing embryo. It forms symmetrically paired regions 

on either side of the primitive streak, known as heart forming fields (Garcia-Martinez and 

Schoenwolf, 1993; Rosenquist, 1970; Rosenquist and DeHaan, 1966). The precardiac 

mesoderm of the heart field is specified to form heart tissue, and will do so under defined 

culture conditions without further signaling from the rest of the embryo. This was 

demonstrated in urodele amphibians by dissecting precardiac mesoderm out of the mid-to 

late-neurula embryos and growing it in culture. Explants developed into myocardium 

and began beating (reviewed in Jacobson and Sater, 1988). Each heart field develops a 

cardiac primordium consisting of two cell types, an inner layer of endothelial cells that 

will be continuous with the rest of the vasculature and myocardial cells that will 

differentiate into heart muscle (reviewed in Fishman and Chien, 1997). 

The paired tubular primordia then migrate ventrally to the midline of the embr>'0 

and fuse at stage 10 to form a primitive heart tube. Shortly after forming a single heart 
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tube, the myocardial layer begins contracting rhythmically and pumping blood 

throughout the embryo. Development of a beating heart is completed very early in 

development, by 23 days in humans and stage 10 in chicken (Fishman and Chien. 1997). 

The inner endothelial cell lining of the heart tube is the endocardium; this single layer of 

tightly packed endothelial cells secretes a basement matri.x and has a typical epithelial 

morphology. The outer layer of the heart tube is the myocardium. The myocardium, in 

addition to pumping blood, secretes the majority of extracellular matrix (ECM) molecules 

deposited between it and the endocardium. This ECM is historically referred to as 

cardiac jelly (Krug et al., 1987). The extracellular matrix is necessary for maintaining a 

proper structure in the heart as well as allowing communication between the cell layers. 

The future heart chambers are already specified along the anterior-posterior axis 

of the primitive hean tube. The first visual indication of this is seen as constrictions and 

swellings along the heart tube (Garcia-Martinez and Schoenwolf, 1993; Markwald et al., 

1977). The outflow tract (OFT), or conotruncus region, is the most anterior segment of 

the heart and will form the great vessels (aorta and pulmonary artery) of the heart (de la 

Cruz et al., 1977). Proceeding posteriorly along the heart tube, the next segment is the 

primitive ventricle, which will be divided into right and left chambers by a muscular 

septum (de la Cruz et al., 1972). This is connected to the primitive atrium and inflow 
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tract through a transient developmental structure called the atrioventricular (AV) canal. 

The AV canal is an important structure for valve formation that gives rise to the tricuspid 

and mitral valves separating the atria from the ventricles (Chin et al., 1992). Sites of 

valve formation, AV canal and OFT, were first identified as bulges of endocardial tissue 

into the lumen of the heart tube (Markvvald et al., 1977). The heart looping to the right, 

which introduces the first asymmetry into the developing embryo, quickly follows 

formation of the heart tube. This is necessary for bringing the different segments of the 

heart into proper alignment and completing septation, resulting in a fully formed heart 

(Taber et al., 1995). 

Valve formation proper begins with the formation of endocardial cushions at 

specific sites along the heart tube. AV cushions form the AV valves and will also 

contribute tissue to the interatrial septum and the interventricular septum (Chin et al., 

1992). The outflow tract cushions give rise to membranous portions of the 

interventricular septum and the semilunar valves, which control blood flow to the aorta 

and pulmonary artery (Thompson and Fitzharris. 1979). Cushion tissue is expanded by 

massive amounts of ECM or cardiac jelly secreted primarily by the overlying 

myocardium (Manasek, 1976; Krug et al. 1985; Kitten et al., 1987). Cardiac cushions 

form as pairs of tissue impinging on the lumen of the heart. They are composed of ECM 



molecules such as hyaluronan. heparin sulfate proteoglycan. Collagens type I. type IV. 

type VI, fibronectin and laminin (Markwald et al., 1984; Johnson et al., 1974; Kitten et 

al., 1987; Little et al. 1989; Klewer et al., 1998). Paired cardiac cushions in the AV canal 

expand and eventually fuse in the lumen of the heart tube. This creates right and left AV 

canals that act as primitive heart valves. 

As the cushions are expanding, mesenchymal cells are also invading them. AV 

canal cushion mesenchyme transforms from the overlying endocardial cell layer and 

invades the cardiac jelly (Markwald el al., 1977). Outflow tract cushions are invaded by 

two separate mesenchymal cell populations, transformed endothelial cells (like the AV 

canal) and migrating neural crest cells (Thompson and Fitzharris, 1979; Ranger et al.. 

1998). Cardiac neural crest cells migrate over pharyngeal arches 3, 4, and 6 and enter the 

outflow tract region of the heart. Ablation of cardiac neural crest cells causes septation 

defects in the outflow tract (Kirby et al., 1990; Leatherbury et al.. 1993). This indicates 

that both mesenchymal cell populations in the OFT are necessary for proper septation. 

Due to this developmental difference and the fact that AV canal endothelium transforms 

earlier in development, the majority of research performed on cushion development has 

focused on the AV canal. Since both cell transformations in the heart are thousht to be 
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very similar, AV canal epithelial to mesenchymal cell transformation (EMT or cell 

transformation) is the focus of this dissertation. 

A critical step in normal valve formation is the creation of fibroblasts that will 

contribute to the structure of the fully formed heart. After transforming from 

endothelium, mesenchymal cells invade the cardiac jelly and differentiate into fibroblasts. 

This process is described in a diagram of the heart before and after cell transformation 

(Figure 1: Markwald et al., 1996; Huang et al., 1995). Briefly, epithelial (endothelial) to 

mesenchymal cell transformation progresses through four main steps, 1) activation by an 

inductive signal, 2) cell-cell separation 3) cell shape change, and 4) invasion of the ECM. 

Activation is at least a two step process regulated by more than one signal and limited to 

endothelium of the AV canal and outflow tract. Separate steps of activation can be 

demonstrated in culture. For example, blocking an early signal prevents endothelial 

outgrowth and cell-cell separation, which is in preparation for invasion of the ECM 

(Boyer et al., 1999a; Brown et al.. 1999; Boyer et al., 1999b). While other treatments 

allow endothelial cells to grow out and begin separating from each other, they block 

completion of transformation and invasion of the ECM (Figure 13; Boyer et al., 1999b; 

Brown et al.. 1996). Only a small fraction of the cushion endothelium transforms, and 

those cells that respond lose cell-cell contacts and gain interactions with the underlying 
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ECM. Transforming cells continue to change their cell shape to a more fusiform shape 

by sending out filopodia and invading the ECM. Transformation is complete when cells 

loose all contact with the endothelial layer and are able to migrate freely in the ECM. 

Without invasion of heart cushion tissue by mesenchymal cells, malformation of the 

valves and septa develops and causes congenital heart disease. Epithelial to 

mesenchymal cell transformation happens often throughout the developing embryo, and 

insights into cell transformation in the heart can be gained by examining this process in 

other tissues. 

Ill) Epithelial-Mesenchymai Cell Transformation in the Embrvo 

Epithelial to mesenchymal cell transformation occurs many times throughout the 

developing embryo and it is critical for normal embryogenesis. An overview of this 

process will provide a good base of information from which to understand EMT in the 

cardiac cushions. The steps involved in this process are presented (Figure 2). The result 

of EMT is the production of migratory cells capable of invading extracellular matrix. 

This creates a three dimensional tissue out of a two dimensional sheet of cells (Hay, 

1995, review). Prior to EMT, epithelial cells are arranged in a tightly packed sheet held 
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together by cell adhesion molecules (CAMs) (Prieto and Crossin, 1995). The close 

association of epithelial cells is strengthened by cell-cell attachment structures on the 

lateral sides of the cell such as desmosomes and near the apical surface by zonulae 

occludentes and adherentes (Farquhar and Palade, 1965). CAMs expressed on the cell 

surface, along with desmosomes and zonulae occludentes, allow cells to aggregate and 

form close associations with their neighbors. Epithelial cells produce a basement 

membrane of extracellular matrix at their basal end, which is composed of collagen type 

IV and laminin (Hay. 1990). Epithelial cells are able to attach to the basement membrane 

through an array of cell matrix receptors such as integrin a6pi and a6P4. These are 

located on the basal surface of the cell (Garratt and Humphries, 1995). 

Hypertrophy of epithelial cells is the first sign of cell transformation. Then cells 

downregulate CAMs and begin loosing cell-cell attachments (reviewed in Hay, 1995). 

Cells lose their apical-basal polarity and become more fusiform with a front end-back end 

polarity to the cell as it migrates into the ECM. Expression and secretion of proteases 

facilitates the breakdown of basement membrane, providing access to the extracellular 

matrix (Erickson, 1996). As the transforming cells increase their interactions with the 

extracellular matrix, they begin secreting new matrix components including fibronectin. 

collagens type I, III, V and occasionally type IV collagen (Kuhl et al., 1984; Fitch et al.. 
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1991; Greenburg and Hay, 1986). Migrating mesenchyme cells produce large amounts of 

ECM, with the exception of primary mesenchyme and cells slated for smooth muscle 

differentiation (Hay, 1995; Hay, 1965). Cell transformation switches on cell surface 

receptors that were not previously detected. For example lens epithelium cultured on a 

collagen gel, express integrin aSPl in order to invade and migrate through the matrix 

(Zuk and Hay, 1994). After cell transformation is complete, cells migrate to specific 

areas of the embryo where they will undergo differentiation. 

Epithelial to mesenchymal cell transformation is first seen during gastrulation, 

when primary mesenchyme cells form by migrating out of the primitive streak (Viebahn. 

1995). Before gastrulation, the amniote embryo consists of a flat epithelial disc 

(epiblast). After gastrulation. primary mesenchyme transforms into two separate tissues, 

mesoderm and endoderm, thus completing formation of the three embryonic germ layers 

(Viebahn, 1995). The mesoderm splits into three main developmental groups of cells, the 

intermediate, paraxial, and lateral mesoderm (reviewed in Carson, 1999). Definitive or 

secondary mesenchyme transforms from these mesoderm tissues as well as from 

ectoderm in the case of neural crest cells. The intermediate mesoderm will go on to form 

tissues such as the kidneys and gonads, while the paraxial mesoderm gives rise to axial 

skeleton and axial and limb muscles. The lateral mesoderm splits again into somatic 



mesoderm that contributes to limb skeleton, and splanchnic mesoderm that forms 

hemangioblastic tissue and the heart (Carlson, 1999). 

Somite differentiation is a good example of secondary mesenchyme formation 

(Trelstad. 1977; Solursh et al., 1979). EMT in the somites produces mesenchymal tissue 

(sclerotome) which develops into connective tissue. Sclerotome arises from the 

ventromedial epithelial somite under the influence of Sonic hedgehog secreted by the 

ventral neural tube (Fan and Tessier-Lavigne, 1994). The dorsal lateral wall of the 

somite is induced to transform by a signal (neurotropin) secreted by the neural tube. 

Cells disperse as the connective tissue mesenchyme of the dermatome (Brill et al.. 1995). 

Other sites of EMT include the medial edge of the palate during secondary palate 

formation (Fitchet and Hay, 1989) and Mullerian tube dissociation in males (Trelstad et 

al.. 1982). A different type of EMT creates migratory neural crest cells. This is different 

because ectoderm (instead of mesoderm) transforms into mesenchyme that migrate 

throughout the embryo (Weston, 1970). Neural crest cells differentiate into many 

different types of tissue including sensory neurons, Schwann cells, and melanocytes 

(Noden, 1983; Duband et al., 1995). Neural crest cells also produce facial connective 

tissues and bones (Noden, 1983; Le Douarin et al.. 1993). Further, neural crest cells 

migrate over the pharyngeal arches to contribute to the outflow tract of the heart (Kirby 
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and Waldo. 1990). Cell transformation in the cardiac cushions produces cells with a 

single differentiated phenotype (fibroblasts). This is in contrast with transformation in 

the somites and neural crest that produce cells with many different developmental fates. 

This limited differentiation potential of cardiac cushion mesenchyme makes studying 

EMT in the heart very attractive, because it is possible to study the process of cell 

transformation without having to control for different differentiation potentials of 

transformed cells. 

IV^ Epithelial-Mesenchymal Cell Transformation in the Atrioventricular 

Canal 

EMT in the AV canal region of the heart has been studied more extensively then 

EMT in the outflow tract region. Examination of valve formation in the AV canal is not 

complicated by invasion of neural crest cells. Atrioventricular canal cushions are 

populated only with mesenchymal cells that transform and migrate from the overlaying 

endothelium. The extensive volume of information on EMT in the AV canal is due 

largely to the development of an in vitro culture system. The three dimensional collagen 

gel system used to study cardiac cushion development was originally used to investigate 
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migratory activity of transformed cells (Bemanke and Markwald, 1982). The collagen 

gel system was further modified to study cell transformation in the AV canal, from the 

time before activation through the formation of invaded mesenchyme (Runyan and 

Markwald, 1983). In this system, chick heart AV canals are dissected out of stage 14 

embryonic hearts (Hamburger and Hamilton. 1951) and placed on a polymerized collagen 

gel (Figure 3). AV canal explants are viable and continue to beat for several days when 

given medium supplemented with chick serum. The in vitro bioassay is critical for 

observing the invasive phenotype characterized by transformed mesenchyme, because of 

the three dimensional structure of the collagen gel. After AV canals are placed on gels, 

endothelial cells migrate away from the explant and onto the surface of the gel. This 

endothelial outgrowth is a typical epithelial sheet of tightly packed cells. Ventricle 

explants are able to form a similar but smaller endothelial sheet but do not form invaded 

mesenchyme. The AV canal endothelial sheet becomes activated in response to a signal. 

This causes several responses including hypertrophy and loss of cell-cell contacts 

(Markwald et al., 1975; Mjaatvedt and Markwald, 1989). Observations of cultured AV 

canal explants suggest that a majority of endothelial cells become activated, but only a 

fraction (5-10%) will complete transformation and invade the collagen gel matrix 

(Runyan et al., 1990; personal communication Huang J.-X.). The final commitment to 
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transformation is initiated by a signal produced in the myocardium and transferred to the 

endocardium through the extracellular matrix (Runyan and Markwald, 1983; Krug et al. 

1985). Cells that continue with transformation change their cell shape to a more 

elongated or fibroblastic type and invade the collagen matrix (Markwald et al., 1984). In 

vivo, these cells are progenitors of fibroblast cells that contribute to valves and septa of 

the fully formed heart (Markwald et al. 1984; Chin et al. 1992). 

Cell transformation is a regionally specific event in the heart. Collagen gels have 

been used effectively to confirm the temporal and spatial characteristics of EMT seen 

during heart development in vivo. When competent AV canal endothelium, able to 

respond to the induction signal, is co-cultured with ventricular myocardium, the 

endothelial cells are unable to transform (Runyan and Markwald. 1983; Mjaatvedt et al., 

1987). And conversely, ventricular endothelium cultured with AV canal myocardium is 

unable to transform (Runyan and Markwald, 1983, Mjaatvedt et al., 1987). This evidence 

indicates that only endocardium of the AV canal (not ventricle) is able to respond to a 

specific signal produced only by the AV canal myocardium and complete cell 

transformation. Further evidence that AV canal ECM conducts the myocardial signal 

was observed when it was added to competent AV canal endocardial cultures and 

induced cell transformation (Krug et al., 1987). 
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What is the nature of the myocardial signal? Treating AV canal cultures with 

growth factors identified candidates for the myocardial signal. A list of signaling 

molecules and other factors involved in EMT are listed (Figure 4). When members of the 

TGPP family of growth factors were added to competent AV canal endothelium, they 

were unable to induce cell transformation. However when TGppi or TGFP2 were 

added to competent endothelium in the presence of ventricular myocardium, they induced 

cell transformation and invasion of the collagen gels (Potts and Runyan. 1989). 

Ventricular myocardium is normally unable to induce transformation, but in this case it 

provided a co-factor that allowed TGpp to trigger cell transformation. There appear to be 

at least two signals needed to complete transformation. The first signal activates the 

whole AV canal endocardium. This signal appears to involve TGFp2 and at least one 

additional ligand (Boyer et al., 1999a; 1999b). A second set of signals then trigger a 

subset of activated cells to transform into mesenchyme. Evidence suggests that this 

second signal travels from the myocardium, and without it endothelial cells are unable to 

progress past the activated stage of EMT. This second signal includes TGFP3 and an 

unknown ligand that activates a G-protein signal transduction pathway (Boyer et al., 

1999a: 1999b). 
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A) TGPP Family 

Transfomiing growth factor |3 is the prototype of a large family of growth factors 

including activins and inhibins (Ling et al.. 1985). decapentaplegic (dpp) in Drosophila 

(Padgett et al.. 1987). bone morphogenetic proteins (Wozney 1989). Vgl in Xenopus 

(Weeks and Melton, 1987), and mullerian inhibiting substance (Gate et al., 1986). 

TCppi was first identified based on its ability to promote anchorage independent growth 

of fibroblast cells (a transformed phenotype) and as a potent growth inhibitor of cells 

(Roberts et al., 1981). Four other TGpps (TGFP2, -PS. -^4, and -PS) have been 

identified in several species, and they have similar activities in different systems 

(Massague 1990). Evolutionary considerations indicate that the chicken TGFp4 is 

probably the homolog of mammalian TGppi (Jakowiew et al.. 1991). Members of the 

TGpp family share a 10% sequence identity at the amino acid level, with 9 cysteines in 

the bioactive domain being highly conserved (Massague 1990). 

The expression pattern of TGpps in the developing mouse and chicken heart 

supports the idea that they could be the in vivo myocardial signal for cell transformation 

in developing cardiac cushions. In the mouse, TGFpl, TGFp2, and TGFP3 are localized 

in the developing heart with TGppi expression in the endocardium becoming limited to 

endothelial cells overlying cardiac cushions (Millan et al., 1991; Akhurst et al., 1990). 
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TGFP2 on the other hand is localized to the myocardium of the AV canal and outflow 

tract with increased expression during cell transformation (Dickson et al., 1993). TGppi 

is also expressed during gastrulation and palatal fusion, two other sites of epithelial to 

mesenchymal cell transformation. This indicates that it may have a conserved role in 

signaling cell transformation (Millan et al.. 1991). 

In the chicken, TGFP2 and TGFP3 expression in the heart increase at the time of 

EMT, with TGFP2 mRNA and protein localized to endocardium and myocardium of the 

AV canal and ventricle (Boyer et al., 1999a; Potts et al., 1992). TGFP 3 mRNA and 

protein expressions are restricted mainly to the AV canal myocardium just prior to and 

during EMT (Boyer et al., 1999a; Huang et al.. 1995). Endothelial cell expression of 

TGF(33 is also limited to the AV canal and begins after the induction of cell 

transformation (Boyer etal.. 1999a). 

B) Function of TGFP 

The functional importance of TGFP2 was demonsu^ated with knockout mice. 

which exhibited defects in the outflow tract and AV canal regions of the heart (Sanford et 

al., 1997). However, TGFPi and TGFp3 null mice have no cardiac defects, and this may 

indicate some functional redundancy among TGFP family members (Proetzel et al.. 
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1995; Shull at al., 1992). Functional analysis of chicken TGpps shows they are 

important for cardiac cushion EMT. Using the AV canal culture system, it was observed 

that blocking TGPP function inhibited cell transformation. Several different e.xperiments 

were used. The first demonstration was performed with a panspecific antibody to TGPP 

(blocked several isoforms of TOPP) that completely inhibited EMT (Potts and Runyan. 

1989). Subsequently, expression of specific isoforms of chicken TGpps were inhibited 

with antisense oligodeoxynucleotides. These oligonucleotides bind specifically to 

mRNA and target transcripts for degradation. Antisense oligonucleotides against TGP33 

inhibited cell transformation in culture, while antisense oligonucleotides to TGppi, P2 

and P4 had no affect (Potts et al., 1991). Subsequent studies with specific blocking 

antibodies demonstrated that both TGFp2 and TGPPS have distinguishable roles during 

chick AV canal transformation, TGP32 was required for cell-cell separation and TGPPS 

was required for cell invasion (Boyer et al., 1999a). Although other factors, including 

activin (Moore et al., 1998), ES/130 (Mjaatvedt et al., 1991; Rezaee et al., 1993) and 

BMP2 (Yamagishi et al., 1999), are associated with EMT in the heart, the expression and 

functional data for chicken TGP(3s indicate that they are primary inductive signals for cell 

transformation in the developing cardiac cushions. These data also indicate that mouse 
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and chick hearts use different isoforms of TGFp for signaling during EMT in the heart 

with chicken using TGFP2 and P3 and mouse using TGppi and |32. 

C) TGF(3 Receptors 

Further evidence for the importance of TGF(3 signaling during cell transformation 

in the heart comes from the analysis of two receptors that bind TGF^s. Antibodies to 

chicken type II and type III TGF3 receptors were produced and were able to block cell 

transformation in AV canal cultures (Bamett et al., 1994; Brown et al., 1996; Brown et 

al., 1999). The chicken type II TGFP (TBRII) receptor is a serine/threonine kinase, binds 

TGFpi and P3 preferentially over TGFP2, and it is expressed in AV canal endocardium 

(Bamett et al., 1994; Brown et al., 1996). Chicken type III TGFP (XPRIII) receptor is 

also called betaglycan and binds with highest affinity to TGF32 (Lopez-Casillas et al.. 

1993). It is also delected in AV canal endothelium and mesenchyme during cell 

transformation (Bamett et al., 1994; Brown et al., 1999). Antibodies to the chicken type 

II and type III TGFP receptors have different effects on cell transformation when added 

to AV canal cultures. TBRJII antibodies block cell transformation before the activation 

stage by inhibiting endothelial cell hypertrophy and cell-cell separation (Brown et al., 

1999). In cultures treated with TBRII antibodies, cells separate from the endothelial 
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sheet and hypertrophy, but are unable to complete transformation and invade the collagen 

gel (Brown et al., 1996; Boyer et al., 1999a). 

The signaling pathway that leads from the type II TGPP receptor and results in 

transcriptional activation is fairly well understood. Binding of TGpp to the type II 

receptor causes the receptor to comple.x with and phosphorylate the type I receptor. This 

activated type I receptor then activates Smad2 or Smad3 through phosphorylation 

(reviewed Kretzschmar and Massague, 1998). The receptor regulated Smads then bind to 

a common mediator. Smad4. translocate to the nucleus, and activate transcription. The 

role of Smad proteins during EMT in the heart is just now beginning to be explored. 

In contrast, the type III TGFp receptor has a short cytoplasmic tail that does not 

interact with any known signaling pathway. The TBRIII is thought to act by presenting 

TGpps to the type Il-type I receptor complex and initiating signaling as just described 

(Lopez-Casillas et al., 1993). However, antibodies to the type II and type III TGpp 

receptors have different effects on cell transformation, which would indicate that they are 

using separate signal transduction pathways to regulate EMT. Examining the expression 

of cell transformation markers supported this hypothesis. Por example, Mox-1. Pibrillin-

2. and integrin a6 are all downregulated by THRU antibody treatment but are unaffected 

by TBRIII antibody treatment (Boyer et al., 1999b, Dr. Boyer personal communication). 
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This evidence indicates that both types of TGPP receptors are important for inducing cell 

transformation in the AV canal cushions, and that at least some of the type III receptor 

signaling is independent of the type II receptor. Comparison of these data with the TGpp 

antibody treatment results suggests that endothelial cells use distinct TGFP2/TBRIII and 

TGF33/TBRII signal transduction pathways to regulate cell transformation. 

D) Other Signaling Pathways 

There is evidence that other receptors and signaling molecules are required for 

EMT in cardiac cushions. For example, pertussis toxin but not cholera toxin inhibits cell 

transformation in culture (Runyan et al., 1990; Boyer et al., 1999b). Pertussis toxin 

blocks cell transformation very early in the process resulting in very little endothelial 

outgrowth and almost no mesenchymal cell formation in treated cultures. The effect of 

pertussis toxin treatment indicates that one or more G-proteins (G, or G^) are required for 

signal transduction during EMT. Pertussis toxin inhibits signal transduction by 

modifying the G^a or G^a subunits of G-proteins, which are then unable to interact with 

receptors (reviewed Alberts et al, 1994). G-proteins generally interact with seven 

transmembrane type receptors, but the one active during EMT in the heart is unknown. 

Another signaling molecule that may play a role in transducing the early activation signal 
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is protein kinase C (PKC) which can be activated by phorbol esters. When competent 

AV canal endothelia were treated with phorbol 12-myristate 13-acetate (PMA), 

endothelial cells separated from one another and became more fibroblastic in shape but 

were unable to transform and invade the collagen gel (Runyan et al., 1990). Inhibitors of 

PKC. such as Stauroporine and l-(5-isoquinolinyIsulfonyl)-2-methylpiperazine (H-7). 

blocked cell transformation when they were added to 12 hour old AV canal cultures and 

prevented endothelial outgrowth in pretreated cultures (Runyan et al., 1990). These 

results indicate that PKC and a G-protein act very early during cell transformation to 

signal the cells to become activated, and these effects are very similar to those observed 

when the TBRIII receptor is blocked. 

E) Markers of Cell Transformation 

Cell transformation in the AV canal results in a phenotypic change from an 

endothelial cell, with close association with its neighbor, to a mesenchymal cell able to 

migrate freely through the extracellular matrix. There have been many molecules 

identified as markers of transformation. Examples include Mox-1, a-smooth muscle 

actin, fibrillin-2. tenascin and integrin Pl (Candia et al., 1992; Nakajima et al., 1997; 

Hoffman et al., 1990). Expression of these proteins indicates that transformation is 
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occurring or has already occurred. Extracellular matrix components upregulated during 

cell transformation include Tenascin, Collagen type I and type VI. The serine protease, 

urokinase, is also upregulated during cell transformation and blocking urokinase activity 

inhibits cell migration in the heart (McGuire and Alexander 1993). Another change in 

gene expression during EMT in the heart is downregulation of the cell adhesion 

molecules N-CAM and PECAM (Mjaatvedt et al., 1987; Baldwin et al., 1994). A loss of 

cell-cell adhesion is a necessary component of the transformation process. 

V) Transcriptional Control of Heart Development 

Endothelial to mesenchymal cell transformation in the developing heart is 

initiated by signals binding to cell surface receptors. Signals are then transduced through 

the cytoplasm and propagated into the nucleus to regulate transcription. Transcription 

factors responding to this inductive signal change the gene expression pattern from one 

directing an endothelial phenotype to one consistent with a mesenchymal phenotype. As 

described here, the signaling and signal transduction that occurs during cell 

transformation in the developing heart is fairly well understood, but the transcription 

factors at the end of this pathway are just starting to be identified. 



A) Homeobox Genes 

Homeobox genes belong to a large class of transcription factors capable of 

controlling axial patterning and morphogenic development during embryogenesis. 

Homeobox genes are also active during heart development and could play a role in heart 

segmentation. Homeobox genes were given this name based on their ability to trigger 

wholesale homeotic transformations through gain-of-function or loss-of-function 

mutations in Drosophila. This is typified by the misexpression of Antennapedia in the 

fly antennae imaginal discs, which causes legs to develop where antennae should form 

(Schneuwly et al., 1987; Gibson and Gehring, 1988). The homeobox is the 180 bp DNA 

sequence that is most conserved within this class of transcription factors. It was 

identified as a region of sequence homology between the Drosophila genes Antennapedia 

{Antp).fiishi tarazii and Ultrabithorax (Scoti and Weiner. 1984). The homeobox 

sequence encodes a 60 amino acid homeodomain characterized by a helix-tum-helix 

structure capable of binding DNA. 

Numerous homeobox genes have been discovered in vertebrates and 

invertebrates, and based on their genomic localization are divided into two main 

categories. The first class of homeobox genes is referred to as Hox genes that map to one 
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of four clusters located within the vertebrate genome. The Hox clusters are identified as 

Hox A, Hox B. Hox C and Hox D. and are located on different chromosomes (for review 

see McGinnis and Krumlauf, 1992; Wright, 1991). The Hox genes are arranged in 13 

paralogous groups (McGinnis and Krumlauf, 1992). Hox genes are expressed in a unique 

pattern along the anterior-posterior axis of the developing embryo based on their location 

within the Hox gene cluster. For example Hox genes at the 3' end of the cluster are 

expressed towards the anterior region of the embryo while 5' Hox genes are expressed 

near the posterior. Thus the Hox genes are able to establish an axial pattern within the 

developing embryo. Tissue specific homeobox genes represent another class that are 

dispersed throughout the genome (outside Hox clusters) and are expressed in a tissue 

specific pattern and function during organogenesis and tissue differentiation. 

Regional identity in the heart is crucial for normal development. As we consider 

the regional aspect of cell transformation in the heart, candidate genes known to specify 

regional identity should be examined. Hox genes expressed in the heart during 

development include HoxAl, A3, A4, A5 and Hox C4, CIO (Patel et al., 1992; Gaunt, 

1988; Galliot et al., 1989; Goto et al., 1993). There seems to be some redundancy in 

function within this set of homeobox genes. For instance, Hox A2 (with expression in 

outflow tract and myocardium) and Hox A5 (with expression in ventricular myocardium 
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and neural crest derived cells of the OFT) homozygous knockout mutants have normal 

heart development (Gendron-Maguire et al., 1993; Jeannotte et al.. 1993), However, 

absence of Hox A3 results in aortic and pulmonic valve malformations (Chisaka and 

Capecchi. 1991). Some Hox gene functions are redundant in the heart but not all. and all 

of these Hox genes seem to be involved in outflow tract development. This may indicate 

that this class of homeobox genes (Hox) regulates the involvement of neural crest cells in 

heart development, and thus are not likely candidates for genes controlling EMT in the 

cardiac cushions. 

Much more interesting for heart development is the role of tissue specific 

homeobox genes, which are critical for specification, development, and differentiation of 

hean tissue. One example is tinman. Mutation of this Drosophila gene results in 

complete absence of the dorsal vessel, a homologous structure to the vertebrate heart 

(Bodmer. 1993). Vertebrate homologs of tinman have been identified in mouse {Nhc 2.5. 

Nkx 2.3, and Nkx 2.6), chicken {Nkx 2.5, Nkx 2.3, and NLx 2.8), frog (Nkx 2.5, NLx 2.3, 

and NLx 2.9) and zebrafish (Nfoc 2.5, Nkx 2.3, and Nkx 2.7). All of these genes are 

expressed in the myocardium and may have overlapping function during specification 

and development of the vertebrate heart (reviewed in Patterson et al., 1998). This is 

illustrated by the NLx2.5 knockout mouse which fails to develop past the heart tube stage. 
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This indicates that other homologs may take over the heart specification function of 

tinman that is observed in Drosophila (Lyons et al., 1995). Expression of NLx-2.5 and 

related genes is restricted to the myocardium of developing hearts, so it is unlikely they 

would be able to directly regulate endothelial to mesenchymal cell transformation in the 

heart. 

A tissue specific homeobox gene Msx-1 (formerly known as Hox-7) is expressed 

in the developing cardiac cushions during cell transformation, and is related to the 

Drosophila muscle specific homeobox (msh) class of genes. Msx-1 was identified in 

mouse (Robert et al., 1989). human (Hewitt et al., 1991) and chicken (Suzuki et al., 

1991). Chicken Msx-1 expression appears in tissues of mesodermal origin such as 

developing limb buds, and heart (Suzuki et al., 1991). Msx-1 is expressed in activated 

endothelium and mesenchyme of the AV canal and outflow tract throughout valve 

formation, but not in the myocardium (Chan-Thomas et al., 1993). Msx-1 was not 

detected in all transformed cells of the AV canal and was absent from large portions of 

the OFT cushion (Chan-Thomas et al., 1993). This pattern of expression, and the lack of 

cardiac defects in Msx-1 knockout mice, indicates that other transcription factors are 

involved with cell transformation in the cardiac cushions (Satokata and Maas, 1994). 

Even though the related gene Msx-2 has some expression overlap with Msx-1 in the heart. 
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it is unlikely to substitute for all Msx-1 activity in mutant embryos (Chan-Thomas et al.. 

1993). Msx-2 is expressed primarily in a subset of myocardium that will form the 

conductive system of the heart (Chan-Thomas et al.. 1993). Msx-J expression in early 

aciivated-endothelium and sporadic distribution later on in cushion development 

indicates that it may be responsible for preparing cells to receive the inductive signal. 

Other transcription factors would then take over the task of completing transformation 

and invading the ECM. 

Prxl (Mliox). a paired related homeobox gene, is expressed in a similar pattern to 

Msx-1 during heart development (Nohno et al 1993). Prxl expression is detected in the 

cardiac cushions throughout valve formation, in the epicardium, and in the walls of the 

great arteries (Leussink et al., 1995; Cserjesi et al., 1992). Also, Prxl is observed 

throughout development in mesenchymal and prospective connective tissues such as the 

developing limb bud and facial primordia (Leussink et al., 1995; Cserjesi et al., 1992). 

The expression of Prxl indicates that it may play an important role in valve formation 

and other aspects of heart vascular development but its specific function remains 

unknown. 
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B) Identifying Regulatory Factors 

What is the best way to identify regulatory genes that control specific 

developmental processes? In genetically accessible organisms like Drosopliila and 

zebrafish genetic mutations are induced or discovered that exhibit a phenotype suggestive 

of developmental function. For example, the Drosopliila mutation Antennapedia was 

identified and the gene responsible for this phenotype was subsequently cloned. Another 

approach is subtractive hybridization or a similar PCR based method called differential 

representation. These methods are able to identify genes that are upregulated or 

downregulated at a specific time or in a particular tissue by monitoring mRNA 

expression levels. This is a very unbiased way of identifying genes that are expressed at a 

specific time or place. A differential representation method has recently been used 

successfully in identifying a gene (P137) that is upregulated in embr>'onic rat hearts in 

response to feeding mothers the teratogen trichloroethelene (Collier et al., submitted). 

A candidate gene approach analyzes expression patterns and functional data to 

identify regulatory factors that may be important for a specific developmental process. 

This approach was used to identify one regulatory factor necessary for EMT in cardiac 

cushions. Slug, a zinc finger protein, was chosen for analysis based on its expression 

pattern in the heart and its functional role during gastrulation and formation of migratory 
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neural crest cell (Nieto et al., 1994). Slug was shown to be important for EMT in the 

heart by blocking gene expression in culture with antisense oligodeoxynucleotides 

(Romano and Runyan, 1999). The same method demonstrated Slug function during 

mesoderm and neural crest cell formation (Nieto et al., 1994). Antisense 

oligonucleotides against Slug significantly block cell transformation at an early stage in 

AV canal cultures, similar to the affects of TBRIII antibodies on cell transformation 

(Romano and Runyan, 1999; Brown et al., 1999). This experiment suggests that Slug is a 

regulator of endocardial activation. 

C) .Mox-1 

The candidate gene approach also identified the transcription factor Mox-1 as a 

potential regulator of EMT in the heart, based on its expression in the cardiac cushions 

and other sites of cell transformation during embryogenesis. The tissue specific 

homeobox genes Mox-l and a close homolog, Mox-2, were first identified in mice. 

Screening an 8.5 day post-coitum (d.p.c.) mouse embryo cDNA library with the 3' end of 

XlHbox 8 (an endoderm specific gene from Xenopus^ revealed two genes referred to as 

Mox for rnesoderm/mesenchyme specific homeobox (Candia et al., 1992). The sequence, 

genomic structure and expression pattern defines Mox as a novel homeobox gene 
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subfamily which is expressed exclusively in mesoderm and mesenchymal cells and not in 

neural tissue, ectoderm, or endoderm (Candia et al., 1992). Mox-I mRNA expression 

was detected in embryonic hearts beginning at 10.5 d.p.c. restricted to AV canal and 

outflow tract cushion mesenchyme (Candia et al., 1992). Mox-1 signal was lost in fully 

formed hearts of later gestation embryos (Candia et al.. 1992). Mouse Mox-l was also 

detected during gastrulation in the forming mesoderm, and at the neurulation stage (8-9.5 

d.p.c.) in somatic, intermediate and lateral plate mesoderm (Candia et al., 1992; Candia 

and Wright, 1996). 

The expression pattern of Mox-1 in the cardiac cushions and its association with 

other sites of cell transformation indicates that Mox-1 may regulate EMT in the 

developing heart. Further examination identified Mox-1 expression in the entire 

epithelialized somite, presomitic tissue posterior to formed somites, and in all segments 

(dermatome, myotome and sclerotome) of differentiating somites (Candia et al.. 1992). 

Mouse Mox-l was expressed later in embryogenesis in loose mesenchymal tissue at sites 

of bone formation and skeletal muscle-connective tissue apposition (Candia et al., 1992). 

Expression of Mox-1 was detected transiently in mesenchymal cells of lateral plate 

mesoderm origin, where terminal differentiation is associated with a loss of Mox-1 signal 

(Candia et al., 1992). These expression patterns suggests that Mox-1 functions to form 
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and/or maintain an undifferentiated mesenchymal phenotype. A similar role was 

proposed for Msx-1 during limb bud development, where expression of Msx-1 inhibited 

myoblast terminal differentiation and induced cell transformation (Song et al.. 1992). 

The Mouse Mox-l and Mox-2 expression patterns were different. Mox-2 was not 

detected in the embryo until 9.0 d.p.c. and no expression was seen in the developing heart 

(Candia et al.. 1992; Candia and Wright, 1996). Mox-2 was expressed in the sclerotome 

of differentiating somites (Candia et al., 1992). Expression oi Mox-2 later in 

development was restricted to derivatives of the sclerotome (vertebral and costal 

precursors) and mesenchyme of the limb bud (Candia et al., 1992; Candia and Wright, 

1996). Expression of Mox-2 in the dorsal and ventral regions of the limb bud, where 

presumptive limb muscle progenitors develop, is consistent with the loss of limb muscle 

mass and the loss of specific limb muscles in null Mox-2 mice (Christ et al.. 1977; Ordahl 

and Le Douarin, 1992; Mankoo et al., 1999). Mox-2 expression does not indicate that it 

is involved with heart development. 

The expression pattern in humans indicates a functional role iov Mox-l during 

heart development. Human Mox-l exhibited a strong signal in fetal hearts with northern 

blot analysis (Futreal et al., 1994). Southern analysis with a human Mox-l probe showed 
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cross-species hybridization, with a single band seen in the chicken lane (Futreal et al., 

1994). This suggests that chicken only expresses one member of the Mox gene family. 

As a precursor to studying Mox-1 during EMT in the cardiac cushions, chicken 

Mox-1 was cloned. It was found to be 77% and 78% similar to the amino acid sequence 

of published mouse and human Mox-1, respectively (Huang et al.. submitted). 

Expression patterns of chicken Mox-1 were determined by in situ hybridization and 

revealed expression in paraxial mesoderm and differentiating somites, with a high level 

of signal during epithelialization of the somite (Huang et al., submitted). Further, Mox-1 

was detected during cell transformation in the anterior somite. The strongest signal was 

in the dorsolateral somite, which forms dermamyotome (Huang et al., submitted). 

Chicken Mox-1 expression was low in the epithelialized somite and absent in the 

sclerotome, in contrast to mouse Mox-1 expression observed in all segments of the 

differentiating somite (Candia et al., 1992; Huang et al., submitted). A more obvious 

difference in e.xpression between chicken and mouse Mox-1 was the lack of chicken Mox-

1 signal in the primitive streak or presumptive notochord during gastrulation (Huang et 

al.. submitted; Candia et al., 1992). Chicken Mox-1 was detected in the heart as early as 

stage 15 with reverse transcriptase polymerase chain reaction (RT-PCR), and in well 
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populated cardiac cushions of stage 21 with in situ hybridization (Huang et al., 

submitted). 

Mox-1 is expressed in the cardiac cushions at the time of cell transformation, and 

in other tissues that undergo epithelial to mesenchymal cell transformation. The 

hypothesis being tested in this dissertation is: Mox-1 is required for epithelial to 

mesenchymal cell transformation in the developing heart. This dissertation will 

demonstrate that Mox-1 is critical for EMT. and is responsive to the TGFP3/TBRII signal 

transduction pathway. 
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Figure 1. Diagrams of Embryonic Hearts. 

A) The stage 14 heart has looped to the right but it has not begun cell transformation in 

the cardiac cushions. This early heart consists of an inner endothelial layer (endocardium) 

and an outer muscle layer (myocardium); there is also an extracellular matrix layer 

between the cellular layers that has just started to produce extra matrix in the outflow 

tract and AV Canal regions. The heart has already differentiated into primitive chambers. 

Shown here are the sinus venosus, atrium, AV canal, ventricle, and outflow tract. B) By 

stage 18, cell transformation is well underway in the outflow tract cushions and AV canal 

cushions, which have dramatically increased in size due to secretion of ECM from the 

myocardial layer in these regions. The inductive signal that triggers the endothelial cells 

to transform into mesenchyme is transported from the myocardium within the ECM. 

Responding to the myocardial signal, endothelial cells in the AV canal and outflow tract 

cushions separate from their neighbors and invade the underlying extracellular matrix 

(ECM). The mesenchyme produced by cell transformation will develop into fibroblast 

cells, which contribute to the structure of valves and septa in the adult heart. AV, AV 

canal; At, atrium; OT, outflow tract; Vent, ventricle. 



47 

Epithelial Sheet 

t Cell Separation 
Signal 

Cell Shape Change 

Cell Migration 

Figure 2. Steps of Epithelial-Mesenchymal Cell Transfomiatioa. 
Transformation of epithelial cells into migratory mesenchymal cells in general begins 
with the epithelial layer receiving an inductive signal from an adjacent tissue. In 
response to signals, epithelial cells will begin to separate from neighboring cells and the 
epithelial layer. Next, separated cells change their shape into a fusiform shape, similar to 
fibroblast cells. Finally, the transformed mesenchyme migrates through the extracellular 
matrix to a specific site where they will differentiate. 
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Figure 3. In vitro Collagen Gel Bioassay. 
This diagram illustrates what happens when stage 14 AV canals are dissected out and 
placed on a rat-tail type I collagen gel. Under normal conditions, the AV canal explant 
will produce a layer of endothelial cells growing out from the myocardial explant. By 24 
hours in culture, as many as 100 endothelial cells will have transformed into mesenchyme 
and invaded into the collagen gel matrix (Bemanke and Markwald, 1984). If however, 
the muscle is removed after only 12 hours of incubation, then the endothelial cell layer 
left behind is unable to transform and invade the gel (Runyan and Markwald, 1983). The 
endothelial layer left behind is competent to transform, but addition of ventricular muscle 
or TGFB signaling molecules are unable to induce transformation separately (Runyan and 
Markwald, 1983; Potts and Runyan, 1989). However, addition of ventricle muscle and 
TGFB is able to induce cell transformation in a sheet of competent endothelium (Potts 
and Runyan, 1989). 
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Figure 4. List of Factors Involved in Cardiac Cuhion EMT. 
1. Potts and Runyan, 1989 
2. Potts and Runyan, 1989; Dickson et al., 1993 

3. Potts et al., 1991; 1992 
4. Mjaatvedt et al.. 1991; Rezaee et al., 1993 
5. Moore el al., 1998 

6. Yamagishi et al., 1999 

7. Brown et al., 1996 

8. Brown el al., 1999 
9. Boyer el al., 1999 

10. Runyan et al., 1990 

1 1 .  S i n n i n g  e t  a l . ,  1 9 8 8 ;  L i t t l e  e t  a l . ,  1 9 8 9  

12. Little etal.. 1989 

13. McGuire and Alexander, 1993 

14. Chan-Thomas et al., 1993 

15. Leussink et al., 1995 

16. Romano and Runyan, 1999 

17. This thesis; Candia et al., 1992; Huang et al., 2000 
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Chapter 2: Materials and Methods 

All chemical reagents were purchased from Sigma (St. Louis, MO) unless 

otherwise noted. All DNA PCR primers and DNA oligodeoxynucleotides were 

purchased from Integrated DNA Technologies, INC. (Coralville, lA). 

I) PCR Analysis of Heart Tissue 

Reverse transcriptase polymerase chain reaction (RT-PCR) was performed on 

total RNA isolated from stage 15-20 whole chick hearts with RNA STAT-60 (Tel-Test 

"B". Friendswood, TX) according to the manufacturer's instructions. Total RNA was 

treated with DNase I (Boehringer Mannheim, Indianapolis, IN) to remove genomic DNA 

contamination. First strand cDNA synthesis was performed with MMLV reverse 

transcriptase (Gibco BRL) on 4(a,g of heart total RNA. PCR reactions contained a total 

volume of 50(J,1 and were performed in a PTC-100 Programmable Thermal Controller 

(MJ Research, Inc., Watertown, MA). Each PCR reaction contained 0.1 ^ig of each gene 

specific primer, 0.6 (4.g cDNA, 1 (i.1 of 10 mM dNTPs (Gibco BRL), 3 |J.l 25mM MgCK. 5 
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(J.1 lOX PCR buffer (200 mM Tris-HCl pH 8.4, 500mM KCl, and 150niM MgCK) and 2.5 

U Taq DNA polymerase (Clontech, Palo Alto, CA). PCR was performed for 35 cycles 

under the following conditions; I minute denaturation at 95°C. 2 minutes annealing at 

58.5'^C. and 3 minutes extension at 72''C. Mox-1 primers produced a 476 base pair (bp) 

DNA fragment from position 356-831 of chicken Mox-1 (accession number AF043432) 

when using the 5' primer MoxF2 (GCGGATTTTGCTGCTTATTCTG) and 3' primer 

MoxB9 (AACCACACI 1 IGACCTGTCTCTCG). GAPDH primers produced a 696 bp 

DNA fragment from position 87-783 of chicken GAPDH (accession number J00850) 

when using the 5' primer GAPDH46 (CGGACACTTCAAGGGCACT) and 3' primer 

GAPDH47 (GTCACAGGAGACAAC-CTGG). 

in Cloning of Chicken Mox-1 5' UTR and Proximal Promoter 

Rapid amplification of complementary DNA ends (RACE) PCR was used to map 

the 5' end of the Mox-1 messenger RNA. Total RNA was isolated from stage 15-20 

chicken embryos with RNA STAT-60 according to the manufacturer's instructions. 

Messenger RNA (mRNA) was then isolated from l.lmg of total RNA with a mRNA 

Separator kit (Clontech). Purified mRNA was used with the Marathon^' cDNA 
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amplificauon kit (Clontech) to perform 5' and 3' RACE experiments. Briefly, first strand 

cDNA synthesis primed with random primer was performed from the mRNA template 

followed by second strand cDNA synthesis that produces a double stranded (ds) cDNA 

fragment. An adaptor sequence was ligated onto the ds cDNA fragments and used as a 

template for two rounds of RACE-PCR. First round RACE-PCR used a sequence 

specific primer to the Mox-l sequence and a primer that recognized the adaptor sequence. 

Second round RACE-PCR used a second set of primers inside the first round set of 

primers to increase specificity of the PCR. The sequence specific primers for Mox 5' 

RACE were MOPRl (GCAGCAAAATCCGCCTTGGGGTGGAA) and MOPR2 

(CAACCCTGGGGCTGTGGGGACATCAG). The sequence specific primers for Afo.v 3' 

RACE were 3RACEI (GCAGGACTTTGAGCTTTGTGTGAATGGA) and 3RACE2 

(CCAGCCTTTCCCTGGTCACTTCAGC). 

After the second round of RACE PCR, DNA fragments were isolated and cloned 

into pBluescript II SK (-) as follows. PCR products were isolated from agarose gels 

using the alternative methods QIAquick gel extraction kit (Qiagen, Santa Clarita, CA) or 

Freeze N' Squeeze (BioRad, Hercules, CA). PCR products were cloned into pBluescript 

II SK (-) (Stratagene Cloning Systems, La Jolla, CA) or other vectors using a T-vector 

ligation method (Marchuk et al., 1990). For T-vector production, pBluescript II SK (-) 
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was digested with Eco RV, to create blunt ends. An overhanging thymidine was added to 

the linearized plasmid ends by incubating for 2 hours at 70°C with Taq polymerase in 

PCR buffer plus 2mM dTTP. The resultant T-vector was extracted with 

phenol/chloroform and precipitated with ethanol. PCR products and T-vector were 

ligated together with T4 DNA ligase (Gibco BRL) overnight at 16°C. Ligation products 

were transformed into DH5a competent cells (Gibco BRL) and plated on 

LB/ampicillin/X-Gal plates. Single white colonies were picked and grown overnight in 

LB broth with ampicillin, this was followed by alkaline lysis minipreps. DNA clones 

were analyzed by restriction digest, and positive clones, those with an insert, were sent 

for sequencing. 

Primer extension was performed on Stage 18-19 chick heart total RNA as shown 

in Current Protocols in Molecular Biology (Ausubel et al. 1995), except as follows. A 5' 

biotin labeled primer PEP-3 (5 -GGAACTCTTCTAAAGGTCTTCATTGTCCCG-

AATAGGTGA-3') was used instead of a radiolabeled oligonucleotide primer. The 

labeled cDNA products were transferred to a nylon membrane BrightStar-Plus (Ambion. 

Austin, TX) after electrophoresis over a 9% acrylamide/7M urea gel. Detection of signal 

was performed with the BrightStar Biodetect kit (Ambion) according to the 

manufacturer's instructions. 
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To clone the Mox-I promoter, chicken genomic DNA was isolated from several 

chick embryos according to Current Protocols in Molecular Biology (Ausubel et al., 

1995). Genomic DNA concentration was determined with a spectrophotometer, and 

diluted to 0.5|ig/(J,l. Genomic DNA was used with the Universal GenomeWalker Kit 

(Clontech) to clone the proximal promoter of chicken Mox-1. Briefly, genomic DNA 

was allocated into five tubes and each aliquot was cut with a different restriction enzyme 

{Dra /, EcoR V, Pvii II. Sea I, and Stii I). A short DNA adaptor sequence was ligated 

onto the cut genomic DNA and used in two rounds of nested PCR. Second PCR products 

were run out on an agarose gel to look for discrete bands, these bands were cloned (see 

above) and sent for sequencing. The GenomeWalker kit was used as described by the 

manufacturer, except for the use of 12.5ug of genomic DNA to construct each DNA 

librar}' instead of 2.5ug. Also, an additional five DNA libraries were constructed using 

five different restriction enzymes, which were Ssp I. and Sma I (Gibco BRL), Bsp68 /, 

Eco72 I. and KspA I (MBI Fermentas Inc., Amherst, NY). PCR was performed with the 

Advantage-GC Genomic PCR kit (Clontech) with two sets of sequence specific primers. 

The first set of Mox-1 primers were MOPRl and MOPR2 (see sequence above). The 

DNA fragment produced by MOPRl and MOPR2 was 1744 bp and was cloned into 

pBluescript II SK (-). This first promoter clone extended from +315 to -1429 and was 
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called Moxpro3-2. The second set of sequence specific Mox-l primers were proGW-1 

(CACAATTCATCCTCCAG-GAAGGGCTC) and proGW-2 

(GAGGAATGAGCACAGATTGCTCTGTC), these primers produced a fragment of 589 

bp from -1388 to -1977 of the Mox-l promoter and was called GW-IO. 

Ill) Production and Characterization of Chicken Mox-l Antibody 

A custom polyclonal antibody was produced against a polypeptide unique to 

chicken Mox-l (Research Genetics, Inc., Huntsville, AL). The polypeptide antigen 

sequence was selected for a high potential of antigenicity based on a plot by the computer 

program MacVector (Oxford Molecular Group Inc., Campbell, CA). The polypeptide 

sequence was outside the homeodomain near the N-terminus of the protein, and did not 

match any known protein sequence in an Entrez search of databases including SwissProt, 

PIR, PRF, PDB, and translations from annotated coding regions. Eight copies of the 15 

amino acid long polypeptide, from residue 70-84 (EEQPPPFRPHPEWQQ) of the 

chicken Mox-l protein sequence, were synthesized on a branched lysine or multiple 

antigenic protein (MAP) carrier core. Before immunizing rabbits with the Mox antigen, 

five rabbit prebleeds were screened for antigenicity to chicken tissue. A I to 500 dilution 
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of each preimmune serum was used as a primary antibody to stain paraffin imbedded 

chicken embryo sections. A CyS-conjugated goat anti-rabbit IgG secondary antibody 

(Jackson ImmunoResearch Laboratories, Inc.. West Grove, PA) was used to detect the 

primary antibody. The stained sections were examined with a laser scanning confocal 

microscope (Leica Lasertechnik GMBH, Heidelberg, Germany). The two New Zealand 

white rabbits with the least immune reactivity to chicken tissue were chosen for injection 

with the Mox antigen. The rabbits were injected with the Mox antigen and boosted at 2. 

6. and 8 weeks, with the final bleed taken at ten weeks. The final bleed of rabbit 80113 

had a titer of 4,600 compared to less then 50 for the preimmune serum, this serum was 

used for all subsequent immunostaining. 

Protein for western blot analysis was collected from stage 21-22 (Hamburger and 

Hamilton. 1951) whole chick embryos. Fresh embryos were frozen in liquid N2 and 

ground up with a mortar and pestle. Embryo powder was solublized in protein extraction 

buffer (lOmM Pipes pH6.8, lOOmM KCl, 300mM sucrose, 2.5mM MgCU. 0.5% triton X-

100) and spun at 12,000g for 15min. The supernatant was collected and a small sample 

was used to determine the protein concentration with the BCA Protein Assay (Pierce, 

Rockford, Illinois). The rest of the protein was combined with reducing protein gel 

loading buffer (7% dithiothreitol, 10% SDS, 400mM Tris pH 6.8, 50% glycerol, and 
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0.01% bromophenol blue) and boiled for 2min. FYotein was separated on a 12% 

poiyacrylamide Ready Gel Tris-HCl (BioRad) with 100-150ug of protein, loaded in each 

lane. Kaleidoscope prestained standard (BioRad) was separated as well to estimate the 

size of protein bands. For immunostaining, protein was transferred onto Immuno-Blot 

PVDF membrane (BioRad) with a mini trans-blot electrophoretic transfer unit ("BioRad). 

Protein blots were stained with ponceau S stain to see the protein bands and individual 

lanes were cut into strips. 

Immunostaining of blots began with a wash in TBS (500mM Tris-base and 1.5M 

NaCl at pH 7.4) for 10 minutes. Blots were then incubated in block buffer (5% non-fat 

dried milk and 1% BSA in TBS) overnight at 4°C. The following day. blots were rinsed 

in TBS-T (TBS + 0.1% tween-20) for 5 minutes and then incubated in primary chicken 

Mox-1 antibody 80113 or preimmune serum diluted 1 to 1000 in antibody dilution buffer 

(block buffer plus i% chick serum) for one hour at room temperature. Blots were rinsed 

in TBS-T for 5 minutes, then washed with block buffer 3X for 15 minutes on an orbital 

shaker. Alkaline phosphate conjugated goat anti-rabbit IgG (BioRad) secondary antibody 

was diluted 1 to 3000 in antibody dilution buffer, and then added to blots for one hour at 

room temperature. Next, blots were washed with TBS-T, four times for 15 minutes each 

and rinsed in TBS briefly, then they were blotted dry and incubated with Immuno-Star 
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substrate (BioRad) for 5 minutes. Blots were exposed to x-ray film (Eastman Kodak 

Company, Rochester, NY) for chemiluminescent detection for 1-5 minutes before being 

developed. 

Affinity Purification of Chicken Mox-l antibody 80113 used a Mox-1 peptide 

(Research Genetics. Inc.) that was linked to an agarose matrix with the 

EDC/Diaminodipropylamine Immobilization kit (Pierce). This procedure uses l-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC) to link the Mox-1 peptide to 

diaminodipropylamine (DADPA) immobilized on an agarose matrix. Briefly, three 

milligrams of Mox-1 peptide was dissolved in conjugation buffer and applied to 

DADPA-agarose column and mixed. EDC was dissolved in conjugation buffer, added to 

column, and mixed for three hours at room temperature. The column was rinsed with 12 

ml wash buffer and purification of antibody began after equilibrating column with 15mls 

phosphate-buffered saline (PBS). Chicken Mox-1 antibody 80113 (1 ml) was spun at 

12.000g for 20 minutes followed by addition of the supernatant to the affinity column. 

An additional 2ml of PBS was added to the column then incubated at room temperature 

for one hour. The column was washed with 10 ml of IM NaCl and 10 ml of PBS. 

Antibody was eluted with 10 ml of O.IM glycine pH 2.8 and neutralized with 50(xl of I M 

Tris, pH 9.5 per 1 ml fractions. The antibody peak was determined by reading the A^so of 



59 

the fractions, positive fractions were pooled and dialyzed against PBS containing 0.02% 

sodium azide overnight at 4°C. Antibody concentration was determined by 

spectrophotometer. The final affinity purified Mox-l antibody was diluted 50/50 with 

glycerol and stored at -20°C. 

IV) Immunohistochemistry with Chicken Mox-l Antibody 

Immunohistochemistry was performed on staged chick embryos that were 

prepared with a cryofixation/freeze substitution method (Kitten et al., 1987). Briefly, 

embryos were frozen in liquid nitrogen cooled isopentane (2-methylbutane), and quickly 

transferred to a substitution vial. The substitution vials contained 10-15 ml 100% ethanol 

and a I cm deep layer of molecular sieve dehydrating beads (8-12 mesh), this was 

overlaid with liquid nitrogen. Ethanol was allowed to substitute for water for 5-7 days at 

-70°C. After substitution, vials were transferred to -20''C for 24 hours then to 4°C for 

another 24 hours. Samples were collected at room temperature and washed 2X in 100% 

ethanol. Then samples were cleared with three changes of xylene substitute (Shandon, 

Pittsburgh, PA) and embedded in paraffin using standard techniques. Embryos were 

sectioned at 7um and 3-4 sections were placed on each slide. 
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Immunostaining of sectioned chicken tissue began with immersing slides in 

xylene substitute (Shandon Lipshaw, Pittsburgh, PA) three times for 2 minutes each 

followed by rehydration in a series of ethanol dilutions, the slides were finally rinsed in 

PBS for one hour at 4°C. Embryo sections were incubated in blocking solution (2% 

BSA. 1% donkey serum in PBS) for one hour at 37°C. Blocking solution was removed 

and replaced with primary Mox-1 antibody or control preimmune serum diluted 1 to 6000 

and then incubated overnight at 4°C. The next day. 1° antibody was removed, and slides 

were rinsed with wash buffer (0.2% tween-20 in PBS) for 30 minutes at room 

temperature. The secondary antibody Cy5-conjugated goat anti-rabbit IgG (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) was diluted 1 to 200 and placed on 

slides for 30 minutes at room temperature. Slides were rinsed with wash buffer for 30 

minutes. Excess wash buffer was removed and a few drops of glycerol gelatin were put 

on the sections and a cover slip was applied. The slides were examined with a laser 

scanning confocal microscope. 

Immunostaining of AV canal cultures was slightly different than that used for 

staining sections. Cultures were fixed in 2% paraformaldehyde (PFA) for 4-6 hours at 

4°C. The gels were subsequently rinsed three times with PBS buffer, treated with 0.2% 

triton X-IOO in PBS for 15 minutes and again rinsed several times with PBS. Cultures 
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were incubated in blocking solution (2% BSA, 0.2% Tween-20, and 1% chici< serum in 

PBS) for one hour at 37°C and then overnight at 4°C on a rocker. Primary antibody or 

control IgG or preimmune serum was diluted in blocking buffer and added to gels and 

incubated overnight at 4*^0. The next day, gels were washed with PBS-T (PBS with 0.2% 

Tween 20) for 2 hours at room temperature while changing the buffer every 15 minutes. 

The secondary antibody Cy5-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch 

Laboratories, Inc.) was diluted I to 300 and placed on the gels for 45 minutes at 4°C. 

Again, cultures were washed with PBS-T for 2 hours at room temperature with buffer 

changes every 15 minutes. Cultures were rinsed with PBS for 30 minutes and mounted 

on slides with glycerol gelatin and stored at 4''C until they were examined with a confocal 

microscope. 

Non-reactive Mox-I antibody was produced by preabsorption with the 

polypeptide antigen to Mox-1. Mox-1 antibody was diluted in blocking buffer and 3mg 

of the original polypeptide Mox-1 antigen (Genemed Synthesis. Inc.. South San 

Francisco, CA) was added. Antibody and polypeptide were incubated together for 4 

hours at 4°C then spun at 12,000g for one hour. The supernatant was then used as a 

primary antibody for immunostaining as described above. 
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V) Oligodeoxynucieotide Treatment of AV Canal Cultures 

Oligonucleotide treatment of AV canal explants was modified from previous 

experiments (Potts et al., 1991). AV canals from stage 13,14 or 15 embryonic chick 

hearts were dissected out of embryos sliced open with micro dissecting scissors to expose 

the lumen of heart tube. The AV canal explants were placed in Mi99 medium (Gibco 

BRL) until oligonucleotide treatment. After all hearts were dissected, they were placed 

in a solution of Lipofectamine (Gibco BRL) and oligodeoxynucleotides. The DNA-

lipofectamine solution was prepared with 1.5 (il of ImM oligonucleotide solution (about 

6|.ig) diluted in 99 (J.1 of MI99 medium and 6 fil (12 |ig) of lipofectamine diluted in 94 |il 

of M199 medium. The oligonucleotide and lipofectamine were mixed at room 

temperature for 15 minutes then 300 fil of additional MI99 was added. Five hearts were 

placed in each DNA-Lipofectamine solution and incubated for 30-45 minutes. After 

treatment, heart tissues were placed on collagen gels with the endothelium facing down. 

Collagen gels were made with collagen type I extracted from rat tails and 

conditioned with complete medium: 1% chick serum, antibiotic-antimycotic, and Insulin-

Transferrin-sodium Selenite in M199 medium as previously published (Potts et al., 1991). 

Gels were conditioned for 2-3 hours with the medium and then it was removed before 
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explants were placed on the gels. AV canal cultures were incubated at 37°C in a 5% CO; 

incubator for 6 hours and then boosted with 1 (il of ImM oligonucleotide in ddH20 

without Lipofectamine for each AV canal, or sterile ddHiO for controls. Gels were 

returned to the incubator for 12 hours, after which another boost was performed. 

Cultures were then incubated another 6 hours before the amount of cell transformation 

was assessed. The number of transformed mesenchyme in each culture was counted 

using Hoffman modulation contrast microscopy to optically section the collagen gel as 

previously described (Boyer et al., 1999b). 

Oligonucleotides were purified on a NAP 5 Column (Amersham Pharmacia 

Biotech, Inc.. Piscataway, NJ) to remove organic chemical contaminants. Five different 

oligonucleotide sequences to chicken Mox-1 were used to treat explants as follows: Stan 

AS (GGGTCCATCCTCGTCC) an antisense oligonucleotide at position 210-225 of the 

chicken Mox-I sequence, Start-2 AS (TGCGC.'XTGCAGCTGCC) an antisense 

oligonucleotide to position 233-248, Stop AS (TTATGGCACT.ACTCGG) an antisense 

oligonucleotide to position 933-948, Control ST (CCCAGGTAGGAGCAGG) a control 

oligonucleotide complemented but not reversed) to position 210-225 and. Sense ST 

(GGACGAGGATGGACCC) a sense oligonucleotide to position 210-225. All 

oligonucleotides were resuspended in sterile ddH;© to a concentration of ImM. 
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VP Overexpression of Mox-1 

The Chicken Mox-l open reading frame (ORF) sequence was cloned into the 

expression vector pIRES-EGFP (Clontech). This vector allows the translation of two 

proteins off the same transcript, due to an internal ribosome entry site (IRES) between the 

transcripts. This Mox-1 sense OE?P construct (ORFl) was produced by T-A cloning of a 

PCR product generated by the Mox-1 primers moxorfS 

(TCCAACCTCACAAACCCCCCAGCCA) and moxorfS 

(TTTCCCTCCGCCAGTTCCAGCACTG). The Mox-1 ORF sequence from position 31 

to 1058 was cloned into an Eco RV site upstream of IRES and the GFP gene. The ORFl 

clone was sequenced and shown to have the ORF in the sense orientation. 

The Mox-I expression vector OEIFI was transfected into cultures using an 

adenovirus-mediated transfection method modified from a previous report (Allgood et a!.. 

1997). Chicken AV canals were dissected out of stage 14-15 embryos. AV canals were 

placed on collagen gels overnight at 31°C in a 5% CO; incubator. Twelve hours after 

placing AV canals on collagen gels, explants were transfected with an adenovirus-DNA 

complex. Replication-deficient dl312 adenoviruses covalently modified with poly L-

lysine were obtained from Dr. N. L. Weigel at Baylor College of Medicine. The amount 
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of virus used was determined as follows: # of explants per gel X 15,000 cells per explant 

X 1000 virus particles per cell. The virus was diluted to 10 jal per gel with HEPES-

buffered saline (HBS, I50mM NaCl and 20mM HEPES at pH 7.3.) and added to a sterile 

polystyrene culture tube, separate tube for each gel. 0.5 fig of the ORFI construct or 

control vector (no insert) was added. Vector DNA and virus was incubated at room 

temperature for 30 minutes in the dark, then 1.3 (il of Img/ml poly-L-lysine was added 

and incubated at room temperature for 30min in dark again. Next, 115 nl of M199 was 

added to virus-DNA mix and the mixture was added to cultures. Cultures were incubated 

for 4-5 hours at 37°C in a 5% CO2 incubator, then 400ul of complete medium was added 

before cultures were incubated overnight. Cultures were fixed 36 hours after transfection 

with 2% PFA. Transfected cultures were immunostained with the chicken Mox-1 

antibody, as described above, and images were generated with a scanning confocal 

microscope. 

VII) Mox-1 Promoter Analysis 

Portions of the chicken Mox-1 upstream sequence were cloned into the 

promoterless reporter vector pEGFP-1 (Clontech). A PCR product spanning the region -
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I to -1429 of the chicken Mox-1 promoter was generated from chicken genomic DNA 

with the 5' primer mpro51 (ATTCACACATCCTTTGCCACCTGGCC) and the 3' primer 

mpro31 (GCTGGAGTCCTTGTGAAGTGCTGGACA). The 1429 bp fragment was 

cloned into pBluescript II SK (-) using the T-vector cloning method previously described 

called moxpro5I3l. The moxpro5I3I clone was restriction digested with Acc I and Bam 

HI (Gibco BRL), and ligated into a similarly digested pEGFP-1 vector. This 

moxpro5I3I fragment in pEGFP-l is called Clone 2. Clone 2 was then digested with Bgl 

II (Gibco BRL) and religated, this new construct was named Clone 3 and extends from - I 

to -1237 of the Mox-1 promoter region. Clone 2 was also digested with Hind ///(Gibco 

BRL) and religated to create Clone 4 from -1 to -505 of the Mox-1 proximal promoter. 

Portions of the chicken Mox-1 promoter were cloned into promoterless reporter 

vectors pSEAP2-Basic and pSEAP2-Enhancer (Clontech). The pSEAP2-Basic vector 

has no promoter or enhancer sequence, the pSEAP2-Enhancer has SV40 enhancer 

sequence positioned downstream of the SEAP reporter gene. Promoter clone Moxpro3-2 

contains sequence from +314 to -1445 cloned into pBluescript II SK (-), and was digested 

with Bam HI and Acc I and ligated into pEGFP-1 to create Clone I. Clone 1 was 

digested with Mlii I and Xho I and this fragment was cloned into pSEAP2-Basic (clone 

CIXMB) and pSEAP2-Enhancer (clone CIXME). Clones CIXMB and CIXME contain 
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ihe same chicken Mox-l sequences from position +183 to -694. To create the largest 

promoter clone, primers were designed to span the entire known sequence of the Mox-l 

promoter, and to aid in cloning these primers were designed with specific restriction 

enzyme sites. Primer mpro55/Kpn I (AAGGTACCGAGAGTGCTGGGGCAGTGGGG-

GACTGGGGG) extends to position -1971 and it contains a cut site for Kpn I. Primer 

mpro32/Bst BI (AATTCGAACGGGTTCCTCGAGCAGGAGAGGAGCGGAGG) 

extends to position +196 and it contains a restriction site for Bst BI (Bsp 1191). The PGR 

fragment generated from genomic DNA was digested with Kpn I (GIBCO BRL) and Bsp 

1191 (MBI Fermentas Inc.) and ligated into pSEAP2-Basic (clone 5532B) and pSEAP2-

Enhancer (clone 5532E). Clone 5532B was digested with Bgl II and Bsp 1191 and this 

fragment, from Mox-l sequence +196 to -1236, was ligated into pSEAP2-enhancer 

(clone 5532BBE). 

Mox-l promoter constructs were transfected into AV canal cultures using an 

adenovirus-mediated method similar to that described for the ORPl clone. For 

transfection with SEAP vectors, chicken AV canals were dissected out of stage 14-15 

embryos and placed on collagen gels overnight at 37°C in a 5% CO2 incubator. 

Conditioning of these gels was done with heat inactivated serum to reduce alkaline 

phosphatase activity. The following day, gels were rinsed with M199 3 times in 
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preparation of transfection and to remove excess serum and yolk contamination. Cultures 

were transfected with an adenovirus and plasmid DNA mixture according to the 

procedure described previously for the ORFI construct. In addition to the Mox-l/SEAP 

vector DNA. 0.5 (ig of reporter plasmid pIRES-EGFP (Clontech) was also transfected in 

with each treatment to monitor transfection efficiency. Cultures were incubated for 2-3 

hours, with the Virus/DNA mixture, at 37°C in a 5% CO, incubator, then 400ul of 

complete medium was added before cultures were incubated overnight. Next day, 

medium with virus-DNA was removed and 125 fil of fresh complete medium was added. 

Cultures were incubated for 2 days, and then medium was collected for the SEAP assay. 

Medium was centrifuged for 5 minutes at 12,000g to remove cellular debris and 

transferred to a fresh tube and placed at -20°C until ready to perform assay. 

The chicken TGFP3 (D-P3) antibody recognizes the active form of the protein 

and was used to treat SEAP vector transfected cultures (Boyer et al., 1999). D-P3 

antibody was diluted with an equal amount of complete medium and added to cultures 

after incubating cultures with the virus/DNA mixture, instead of 4C)0|4.1 of complete 

medium. Cultures were also incubated in 125^il of diluted antibody instead of complete 

medium to produce collection medium for the SEAP assay. 
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Promoter activity was determined with the Great EscAPe SEAP 

Chemiluminescence detection kit (Clontech). Briefly, 25 |j.l of medium collected from 

transfected cultures was added to a 0.5mi tube, then 75 jil iX dilution buffer was added 

and lubes were placed in 65° water bath for 30 minutes to inactivate endogenous alkaline 

phosphatases. Next, 100 ^1 of assay buffer was added and then tubes were incubated at 

RT for 5 minutes. Finally, 100 ^il of CSPD substrate diluted in Chemiluminescent 

Enhancer was added and incubated for 10 minutes at RT. The chemiluminescent signal 

was measured with a Femtomaster FBI2 tube luminometer (Berthold Detection Systems 

GmbH. Pforzheim. Germany). 

For transfection with GFP Mox-1 promoter vectors, the protocol was the same as 

above for the ORFl vector except as follows. To better image transfected cell, cultures 

were immunostained with a polyclonal aGFP antibody (Clontech) diluted 1/300. The 

immunostaining of transfected cells with the GFP antibody was the same as described 

above for Mox-1 antibody staining of cultures except the secondary antibody was Cy2 

conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.. West 

Grove, PA) diluted 1/200. Images of transfected cultures were taken with a scanning 

confocal microscope. 
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Chapter 3: Results 

I) Chicken Mox-I Expression in the Developing Heart 

Demonstrating Mox-1 expression in heart cardiac cushions during cell 

transformation was the first step in testing the requirement of Mox-1 for epithelial to 

mesenchymal cell transformation. Reverse transcriptase polymerase chain reaction (RT-

PCR) was performed on stage 15, 16, 17, 18, 19, and 20 DNase treated whole heart RNA 

(Figure 5A). Chick embr>'os were staged according to Hamburger and Hamilton, 1951. 

Equal amounts of cDNA were used for each PCR reaction and the amount of Mox-I 

product was similar for each stage. A good signal for Mox-1 message in the heart was 

delected first at stage 15, the stage when EMT begins in the AV canal cushions. RT-PCR 

performed on AV canal explants grown in culture for a day revealed Mox-1 expression in 

this specific heart segment that undergoes EMT (Figure 5B). These PCR results 

demonstrate that Mox-1 is expressed in the heart and the AV canal during cell 

transformation. 
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In order to examine Mox-1 protein expression during heart development, an 

antibody was produced against a short amino acid sequence in the N-terminal region of 

the Mox-1 protein (Figure 6A). The peptide sequence was chosen for its high potential 

for antigenicity according to a plot done by the computer program MacVector (data not 

shown). The antigenic index created was designed to locate possible exposed peaks of 

protein, for example sites that may be antigenic, by combining information from 

hydrophilicity, surface probability, and backbone flexibiltiy predictions along with 

secondary structure predictions. The polypeptide sequence of the Mox-I antigen was 

located outside the homeodomain of the protein and has no other matches in Genbank. 

Preimmune serum from five rabbits was screened and two rabbits were selected for 

injection with antigen based on their low background reactivity to chicken tissue. The 

two antisera produced were referred to as 80111 and 80113. The 80113 antibody was 

used because it had a higher titer. 

The specificity of the Mox-1 antibody 80113 was determined by western blot 

analysis, which detected a single band against chick protein from stage 21-22 embryos 

(Figure 6B). Mox-1 antibody specificity was further examined by staining AV canal 

cultures, which demonstrated staining in endothelium and transformed mesenchyme well 

above the control staining of rabbit IgG (Figure 7A, 7D). At high magnification, the 
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Mox-I signal was localized to the nucleus, consistent with its role as a transcription 

factor (Figure 7C). E*reabsorption of Mox-1 antibody with the original polypeptide 

antigen prior to immunostaining reduced Mox-1 signal in cultured AV canal explants 

(Figure 7B). 

After Mox-l antibody 80113 characterization, chicken embryonic tissue was 

immunostained. The protein expression pattern of chicken Mox-1 obtained from stained 

sections was compared to mouse Mox-1 mRNA and protein expression as well as 

chicken Mox-1 mRNA expression. Antibody staining of chicken tissue revealed 

expression of Mox-1 in the developing somites similar to that reported for chicken Mox-1 

mRNA (Huang et al., submitted). In stage 18 chick embryos Mox-1 protein was detected 

primarily in the myotome of differentiating somites with much lower levels in the 

sclerotome and dermatome (Figure 8A). At stage 14 and 20. chicken Mox-1 was also 

detected primarily in the myotome with light staining of the dermatome (Figure SC. 8D. 

and data not shown). Comparing chicken Mox-1 expression to mouse Mox-l, Mox-2 and 

Xenopus Mox-2 reveals species and homolog differences in expression patterns. A Mox-

1 in situ hybridization signal was reported in all segments of the somite (dermatome, 

myotome, and sclerotome) in similar stage embryos, 9.5 d.p.c. (Candia et al., 1992). The 

mouse Mox-2. a homolog of Mox-1, was not detected in the myotome of differentiating 
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somites and by 9.5 d.p.c. it was only expressed in the sclerotome (Candia and Wright. 

1996). Finally, in Xenopus, Mox-2 was expressed in the dermatome of segmented 

somites, and absent from myotome (Candia and Wright, 1995). 

Mox-1 expression was reported in the branchial arches in chicken and mouse, and 

migrating cardiac neural crest cells (Huang et al.. submitted; Candia and Wright. 1996). 

Mox-1 antibody staining expanded this expression pattern to include cells on the edge of 

the neural tube in stage 14 embryos that could be either marginal zone axons or cell 

bodies of the intermediate zone (Figure 8c). At stage 20, Mox-1 signal was detected in 

the myotome portion of somites and in what could be ventral root axons of the neural 

tube (developing spinal chord) and ventral dorsal root ganglions (Figure 8E). 

To confirm Mox-1 localization in the chick heart by RT-PCR. the Mox-1 

antibody was used to stain heart sections from different stages. The Mox-1 protein's 

spatial expression pattern in the heart suggests a critical role in cell transformation 

because of its expression in the developing cardiac cushion tissue. 

Immunohistochemistry on stage 16, 17 and 20 heans revealed expression of the Mox-1 

protein from the beginning of cell transformation to nearly its completion in the cardiac 

cushions (Figure 9). Mox-1 was expressed in all three cell types of the developing heart 

(endocardium, mesenchyme, and myocardium). This contrasts with mouse e.xpression of 
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Mox-I mRNA detected only in mesenchyme of the heart and not the endothelium or 

myocardium (Figure 9; Candia et al., 1992). In the chicken, cushion endothelium 

staining for Mox-1 was distinct at stage 16, and myocardial and mesenchymal staining 

became prominent at stage 17, with mesenchymal staining persisting into a later stage of 

cushion development at stage 20 (Figure 9). Closer examination of Mox-1 antibody 

staining in the AV canal cushion also confirmed expression in transformed mesenchyme 

and endocardial and myocardial tissues (Figure 10). This immunolocalization data along 

with the RT-PCR analysis proves that Mox-1 is present in the cardiac cushions during 

cell transformation and therefore could be an important factor for this process. 

ID Mox-1 is Required for EMT in the AV Canal Cushions 

After establishing that Mox-1 expression occurs during EMT in the cardiac 

cushions, the next step was to identify the functional role of Mox-1 during this 

developmental event. To examine the function of Mox-1 during cell transformation, it 

was "knocked out" by reducing expression in AV canal explants with antisense 

oligodeoxynucleotide (oligonucleotide) treatment. Mox-l oligonucleotides were 

combined with a cationic lipid (lipofectamine) to increase transfection efficiency, and the 
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explants were also boosted with oligonucleotide during the treatment to maintain 

inhibition of Mox-l expression (Figure 11). Antisense technology is a widely used 

approach for inhibiting protein expression. Oligonucleotides inhibit protein expression 

by binding target mRNA sequences and marking these RNAs for degradation by an 

endogenous RNase H (Runyan et al.. 1999; Walder and Walder, 1988; Helen and 

Toulme, 1990; Neckers and Whiteshell, 1993). This antisense oligonucleotide approach 

was used effectively to treat AV canal explants, for example antisense oligonucleotides to 

TGFP3 and Slug inhibited expression of these proteins and in so doing also inhibited cell 

transformation in culture (Potts et al., 1991; Romano and Runyan, 1999). 

Three different antisense oligonucleotides to Mox-l blocked cell transformation in 

-AV canal cultures by at least 50%, while two different control oligonucleotides had no 

effect (Figure 12). Inhibition of cell transformation was examined by measuring the 

number of transformed cells that invaded the collagen gel after 24 hours. The antisense 

oligonucleotide Start AS, which targets the start codon of Mox-l mRNA, was the most 

consistent and effective in inhibiting cell transformation (Figure 12). Two other 

antisense oligonucleotides. Start AS-2 (just downstream of the start codon) and Stop AS 

(targets the stop codon), were also effective in inhibiting cell transformation (Figure 12). 

Two other antisense oligonucleotides had no effect (data not shown), but such results are 
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not uncommon and probably reflect the accessibility of the target sequence (Runyan et 

al., 1999). The fact that three separate oligonucleotides and not two control 

oligonucleotides were able to inhibit cell transformation indicates that this effect is 

specific to blocking Mox-l expression and not a nonspecific effect of oligonucleotide 

treatment. The specificity of oligonucleotide treatment was also confirmed by the 

absence of affect on cell transformation in cultures treated with control oligonucleotides. 

Sense ST (sense sequence of the Start AS antisense oligonucleotide) and Control ST 

(complimentary sequence to Sense ST but not reversed). Examples of antisense treated, 

control treated, and untreated explants demonstrate that only antisense oligonucleotides 

are able to significantly reduce the number of transformed cells that invade the collagen 

gel (Figure 13). Antisense oligonucleotide experiments were undertaken with three 

different stages of AV canals: stage 13, which is before EMT begins in the cushions, 

stage 14 which is right at the start of EMT in the AV canal, and stage 15 explants. which 

represents an early stage of epithelial to mesenchymal cell transformation in the AV 

canal with some cells already transformed. AV canal cultures treated with antisense 

oligonucleotides at different stages exhibited about the same percentage of inhibition, 

indicating that Mox-l is required through out the early stages of cell transformation 

(Figure 12). 
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Mox-l antibody staining revealed tiiat effective antisense oligonucleotides were 

also effective in reducing Mox-l protein expression in AV canal cultures (Figure 14). 

After cultures were treated with antisense oligonucleotide Start AS or control 

oligonucleotide Control ST or no oligonucleotides, they were fixed and immunostained 

with the Mox-l affinity purified antibody. This immunostaining showed Mox-l protein 

levels in control oligonucleotide treated cultures which were apperently unaffected and 

similar to no oligonucleotide cultures (Figure 14A and 14B). However, AV canal 

explants treated with antisense oligonucleotides manifested a dramatic decrease in Mox-l 

protein signal that was comparable to control staining with rabbit IgG (Figure 14C and 

14D). This proves that antisense oligonucleotide treatment was very effective in 

reducing Mox-l protein in cells. 

Ill) Mox-l is not Sufficient for Cell Transformation in AV Canal Cultures 

Antisense oligonucleotide experiments demonstrated that Mox-l is required for 

cell transformation, but not that Mox-l expression is sufficient for this process. Does 

overexpression of Mox-l force cells to transform? To test this question, the open reading 

frame of chicken Mox-l was cloned into the expression vector pIRES-EGFP that also 
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expresses a green fluorescent protein (GFP) to mark transfected cells. AV canal cultures 

were transfected with the Mox-1 ORF (ORFl) construct or a control vector with no Mox-

1 insert, and monitored for cell transfection. AV canal explants were dissected and 

grown on collagen gels for 10-12 hours to produce a good outgrowth of endothelial cells. 

Cultures were then transfected and scored for transformation 24 hours later (Figure 15A). 

Cultures were transfected with plasmid DNA utilizing adenovirus conjugated to poly-L-

lysine (Allgood et al., 1996). This method was able to transfect about 30% of the cells in 

AV canal cultures, indicated by the number of green fluorescing cells (Figure 15B). 

Cultures transfected with the Mox-1 expressing construct were subsequently 

stained with the Mox-1 antibody and exhibited an increased production of Mox-1 protein 

(Figure 16). Closer examination revealed that cells overexpressing Mox-1 protein were 

no more likely to be transformed compared to untransfected cells in the same culture 

(Figure 16). This data indicates that overexpression of Mox-1 by itself does not force 

cells to transform, suggesting that other factors are needed to complete cell 

transformation. 
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IV) Mox-1 Promoter Directs Transcription in AV Canal Cultures 

The data for Mox-1 thus far demonstrates its requirement for cell transformation 

in the AV canal and that overexpression does not induce transformation. In order to 

identify transcription factors and signaling pathways that regulate Mox-1 expression, the 

proximal promoter of chicken Mox-1 was isolated and sequenced. By identifying factors 

that regulate Mox-1 expression, it can be placed into a hierarchy of molecules that control 

cell transformation in the cardiac cushions. The process of identifying the Mox-1 

promoter began with RACE PCR to map and sequence the 5' end of the Mox-1 message. 

RACE-PCR analysis added about 30 bp of new sequence to the 5' end of chicken Mox-1 

(Figure 17B; Huang el al., submitted). The 5' end of Mox-1 mRNA was confirmed by 

primer extension, which put the end right were the RACE sequence stopped (Figure 

17A). 

Two genomic clones were generated with a PCR based genome walking method 

which, when combined, contain 2kb of the Mox-1 proximal promoter upstream of the 

transcription start site. Mox-1 promoter clones were sequenced and analyzed for 

transcription binding sites, which included a TATA binding protein site near the 

transcription initiation site (Figure 18). Fragments of the Mox-1 promoter were cloned 
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into promoterless vectors (pEGFP-l, and pSEAP2-Basic/Enhancer) and transfected into 

AV canal cultures to test their ability to initiate transcription (Figure 19). These vectors 

contain reporter genes that are only expressed when a functional promoter is cloned 

upstream. First, promoter sequences were ligated upstream of a GFP reporter gene in 

pEGFP-I, Clone 2 (promoter sequence from - I to -1444) and Clone 3 (from - I to -1237) 

were unable to promote expression of GFP above background in AV canal cultures 

(Figure 20D. and data not shown). However a smaller construct. Clone 4 (from - I to -

505 of the Mox-l promoter) was able to promote transcription compared with cultures 

transfected with pEGFP-1 without an insert (Figure 20A and 20C). However, the Clone 

4 GFP signal was not as bright as a positive control vector pIRES-EGFP, which had GFP 

expression regulated by a strong CMV promoter (Figure 20B and 20C). These 

experiments revealed a minimal promoter for Mox-l from - I to -505 that directs 

transcription in AV canal cultures. 

The advantage of using the pEGFP-1 vector was that reporter activity could be 

monitored in living cultures with no additional assay, however the drawback was that 

results were not quantitative. A new vector was chosen to measure promoter activity in 

response to different culture treatments and to analyze specific segments of the Mox-l 

promoter for activity. Mox-l promoter fragments were cloned into two new reporter 
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vectors pSEAP2-Basic and pSEAP2-Enhancer, the Basic vector has no promoter and no 

enhancer sequence and the Enhancer vector is promoterless but has a SV40 enhancer 

downstream of the SEAP gene. Promoter fragments cloned into the SEAP vectors were 

slightly different from those used in the GFP reporter vector and contained sequence 

extending into the transcribed region of Mox-1 (Figure 19). Assaying culture medium for 

secreted alkaline phosphatase activity revealed promoter activity from the SEAP vectors. 

The small promoter fragment CIXM (+183 to -694) cloned into the SEAP-Basic 

vector was unable to initiate transcription but. when cloned into the SEAP-Enhancer 

vector, promoter activity was increased nearly 10 fold over controls (Figure 21). CIXM 

in SEAP-Enhancer (CIXME) activity was compared to Enhancer vector with no insert. 

This control vector is able to promote transcription only slightly compared to the Basic 

vector without an enhancer (Figure 21). The results for CIXME were consistent with the 

GFP expressing Clone 4, which identified a minimal promoter within the first 500 bp of 

the proximal promoter. Larger fragments of the Mox-1 promoter were also cloned into 

the SEAP Basic and Enhancer vectors; they are 5532E (from+196 to -1969) in Enhancer. 

5532B (from+196 to -1969) in Basic, and 5532BBE (from +196 to -1236) in Enhancer 

(Figure 19). These large promoter clones failed to promote SEAP expression when 

transfected into AV canal cultures, which was consistent with the lack of activity from 
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more extensive GFP promoter clones. Clone 2 and Clone 3 (Figure 21. and 20). The 

SEAP-Mox-l promoter constmct data suggests the presence of a repressor region 

upstream of the basic Mox-l promoter, consistent with the GFP/Mox-1 promoter results. 

Mox-l promoter activity results reveal a repressor region within the Mox-I promoter 

sequence from -694 to -1236 that the SV40 enhancer can not overcome. 

V) Mox-l Promoter is Sensitive to TGFP3 Signaling 

Previous experiments revealed that TGPP signaling regulated Mox-l expression. 

These experiments demonstrated that when cell transformation in AV canal cultures was 

blocked with antibodies to the chicken Type II TGpp receptor, reduced expression of 

Mox-l protein occured (Boyer et al., 1999). Further, Mox-I expression was not affected 

when the Type III TGpp receptor function was blocked by antibodies: this indicated that 

the affect of TGpp on Mox-l expression was likely isoform specific. My working 

hypothesis on TGpp signaling in the heart predicts that TGFP3 signals through the Type 

II receptor. To test this hypothesis and the sensitivity of the Mox-l proximal promoter to 

TGFP3 signaling, AV canal explants were transfected with promoter construct CIXME 

and treated with a monoclonal antibody to chicken TGFP3. Mox-l promoter activity was 
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suppressed in cultures treated with TGFP3 antibodies compared to untreated cultures 

(Figure 21). This evidence indicates the Mox-l promoter is sensitive to TGF|33 signaling 

and the responsive promoter element is within the first 700 bp of the promoter sequence. 

TGF(3 antibody treated cultures exhibited a decrease in Mox-l protein expression as 

revealed by immunostaining (Figure 22). Loss of Mox-l staining was consistent with a 

decrease in Mox-l protein expression in cultures treated with the Type II TGFP receptor 

antibody, and indicates that Mox-l is regulated by a specific TGFP isoform (Boyer et al.. 

1999). 
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Figure 5. RT-PCR of Chicken Mox-1 in the Heart. 

A) cDNA for PCR was produced from reverse transcriptase reactions on total RNA from 

stage 15, 16, 17, 18, 19, and 20 whole hearts. Equivalent amounts of cDNA (600ng) 

were added to each of the PCR reactions. Mox-1 primers and GAPDH primers were 

added to separate tubes, with GAPDH primers used as controls for loading and RNA 

integrity. The conditions for these reactions were: denature for 1 minute at 94°C,anneal 

for 1 1/2 minutes at 58.5° C, extend for 3 minutes at 72°C, for 35 cycles. Mox-1 was 

amplified from stage 15-20 whole heart RNA. B) Total RNA collected from AV canal 

cultures incubated for one day was used for RT-PCR. The conditions of the PCR were 

the same as above, except only lOOng of cDNA was used for each reaction. 
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Figure 6. Polypeptide Antigen Sequence for Mox-1 Antibody 80113 and Western Blot 

Analysis. 

A) A Mox-1 peptide antibody was generated against a 15 amino acid stretch of the Mox-

1 protein sequence, which is near the N-terminal of the protein. B) Stage 21 protein was 

extracted with a buffer containing triton X-IOO. Chicken protein and a size standard were 

run on a 12% polyacrylamide gel, and blotted to a PVDF membrane. Mox-1 Ab at a 1 to 

1000 dilution detected a single band at the predicted size (28.5kd) from protein extracted 

with triton X-100 buffer, but not from urea extracted protein. Control preimmune serum 

was used as a control and showed no reaction under the same conditions (data not 

shown). 
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Figure 7. Mox-1 Immunostaining of AV Canal Cultures. 

All AV canal cultures were grown for 24 hours and fixed in 2% PFA, primary antibody 

was detected by cy5-goat anti-rabbit secondary antibody. A) Staining of AV canal 

explant with lOng/ml affinity purified Mox-1 antibody, lOX magnification. 

Endothelium migrating away explant is stained very intensely as well as the myocardium. 

B) Immunostaining with same antibody as panel A that was preabsorbed with 50 molar 

excess of Mox-1 antigen. C) Higher magnification (20X) of panel A, this image 

demonstrates nuclear localization of Mox-1 signal. D) Control staining with protein A 
purified rabbit IgG at lO^g/ml, lOX magnification. 
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Figure 8. Mox-1 Immunostainlng of Somites and Neural Tube. 

Staged chick embryos were cryofixed and sectioned. The secondary antibody was cy5-

conjugated goat anti-rabbit IgG. A) Mox-1 antiserum at a dilution of 1/2000 stained the 

myotomes of a stage 18 embryo, with very little signal in the dermatome and sclerotome. 

B) Control staining with 1/2000 dilution of preimmune serum of a stage 18 embryo. 

Mox-1 staining of stage 14 and stage 20 embryos was performed with antiserum diluted 

1/6000, panels C, D, E, F. C) Cross section of a stage 20 embryo shows Mox-1 staining 

in the somites and along the neural tube. Cells migrating away from the neural tube were 

also labeled with Mox-1 antibody. D) Sagittal section of a stage 20 embryo demonstrates 

strong Mox-1 signal through out the myotome section of somites. E) Mox-1 signal was 

detected on the edge of the neural tube of a stage 14 embryo. F) Control staining of a 

stage 20 embryo with a 1/6000 dilution of preimmune semm. Myo, myotome; Der, 

dermatome; Scl, sclerotome; NT, neural tube; S, somite. 
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Figure 9. Mox-1 Inununostaining of Embryonic Chick Hearts. 

Staged chick hearts were cryofixed, embedded in paraffin and sectioned. Heart sections 

(panels A, B and C) were immunostained with the polyclonal Mox-1 antibody 80113, at a 

dilution of 1:6000. Mox-1 Ab was followed by the secondary antibody goat a-rabbit IgG 

conjugated to Cy5. A) Stage 16 chick heart. B) Stage 17 chick heart. C) Stage 20 chick 

heart. Sections were imaged by confocal laser microscopy. Immunostaining shows 

specific expression of Mox-1 protein in transformed mesenchyme of heart cushion tissue 

at all stages shown. Also Mox-1 signal is detected in the endothelium and myocardium. 

D) Preimmune serum was also used as a negative control on a stage 20 chick heart, and it 

showed no staining. Mes, mesenchyme; E, endothelium; Myo, Myocardium. 
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Hgure 10. Immunostaining of A V Canal Tissue with Affinity Purified Mox-1 Antibody. 
Stage 18 chick embryos were cryofixed, sectioned and mounted on slides. A) Chick 
heart section immunostained with affinity purified Mox-1 antibody at a concentration of 
lOug/ml. Mox-1 signal is detected in the transformed mesenchyme, endothelium and 
myocardium of the AV canal region of heart. B) Control immunostaining of cushion 
tissue with Protein A purified rabbit IgG at lOug/ml. Myo, myocardium; E, endothelium; 
Mes, mesenchyme. 
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Figure 11. Oligodeoxynucleotide "knockout" Experimental Procedure. 

Stage 13,14, or 15 chick embiyos atrioventricular (AV) canals were dissected. AV canals 

were incubated in a solution of serum-free media containing 6ug of oligo DNA and 10 ̂ g 

of Lipofectamine (Gibco) for 30-45 min. Then, AV canals were placed on collagen gels, 

conditioned with media containing chick serum, with the endothelium against the gel. 

Each explanted AV canal was later boosted with 1^1 of a ImM oligo solution at 6 and 18 

hours after being placed on gel. The numbers of invading mesenchymal cells were 

counted 24 hours after placement on gels. 
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Figure 12. Summary of Oligodeoxynucleotide Treatment Data. 

This graph shows the average number of transformed cells per AV canal explant for each 

oligo treatment. Stage 12, 14, and 15 AV canals were dissected and treated in culture, 

and results were grouped according to oligo treatment. Three different antisense 

oligonucleotides (Start AS, Start AS-2, and Stop AS) were able to inhibit epithelial-

mesenchymal cell transformation by greater then 50% compared to control 

oligonucleotides (Sense ST and Control ST). Number of explants counted for each 

treatment were indicated above bars, and * indicates significant results with p< 0.05, and 

** indicates highly significant results with p< 0.002. 
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Figure 13. Oiigodeoxynucleotide treated AV Canal Cultures. 

Stage 14 AV canals were dissected out of the embryos, treated with oligonucleotides and 

cultured for 24 hours. These pictures are focused on the endothelial sheet migrating 

away from the muscle explant (A, C, E) or on mesenchymal cells that invaded the 

collagen gels (B, D, F). A) The endothelium of control explants (no oligonucleotides) 

and B) the same explant showing transformed cell (arrows) in the collagen gel. The next 

set of picmres (C, D) show the same explant treated with antisense oligonucleotide Start 

AS, and there are no transformed cells. Finally, the last set (E, F) show an explant treated 

with the control oligonucleotide Control ST, and, again, arrows indicate transformed cells 

that invaded the collagen gel. 
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Figure 14. Loss of Mox-1 Expression with Antisense Oligonucleotide Treatment. 

Immunostaining of AV canal cultures treated with oligonucleotides. Cultures were 

grown for 24 hours and fixed in 2% PFA before staining. The affinity purified Mox-1 

antibody was used for immunostaining at a concentration of IO|ig/nil (A-C). A) Control 

AV canal explant was only treated with water, and showed normal Mox-1 staining. B) 

Explant treated with the control oligonucleotide Control ST, Mox-1 one expression is 

unaffected. C) AV canal explant treated with antisense oligonucleotide Start AS, and 

Mox-1 expression is greatly reduced. D) Control staining of an untreated explant with 

protein A purified rabbit IgG. 
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Figure 15. Adenovirus Assisted Transfection of Plasmid DNA into AV Canal Cultures. 

A) This diagram outlines the procedure for transfecting cultures with the Mox-1 ORF 

construct, GFP/promoter constructs and the SEAP/promoter constructs assisted by 

adenovirus conjugated to poly-L-lysine (AUgood et al, 1996). Stage 14-15 AV Canal 

explants were dissected from the embryo and placed on conditioned collagen gels and an 

endothelial sheet was allowed to grow out for 10-12 hours. The cultures were then 

treated with an adenovirus/plasmid DNA solution and incubated for 2-3 hours. Media 

with serum was added to the cultures and incubation was continued for 24-26 hours. In 

the case of vectors expressing GFP, cultures were examined under a fluorescent 

microscope to determine transfection efficiency. B) This is an example of a culture 

transfected with a control plasmid pIRES-EGFP that expresses GFP under the regulation 

of a CMV promoter. This method was able to transfect up to 30% of the cells in culture. 
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Figure 16. Inununostaining of Mox-1 Overexpression Cultures. 

A 1 kb fragment of the chicken Mox-1 gene, containing the entire ORF, was cloned into 

pIRES-EGFP in the sense orientation. Stage 14 AV canal explants were transfected with 

pIRES-EGFP-ORF3 with 0.5ug DNA coupled to adenovirus. After 24hours, the culture 

was fixed with paraformaldehyde. The cultures were immunostained with a polyclonal 

anti-GFP antibody and Mox-1 antibody 80113, followed by the secondary antibody goat 

anti-rabbit Cy2 and Cy5-conjugated goat anti-rabbit IgG. A) Mox-1 staining of 

transfected culture. B) Staining of GFP in transfected culture. C) An overlay of the 

Mox-1 and GFP signals with arrows indicating cells that overexpress Mox-1 and express 

GFP. All of the transfected cells are not transformed. 
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Figure 17. Primer Extension and 5' Race Sequence Results. 

A) Primer extension analysis was performed with primer PEP-3 annealed to RNA, and 

the resulting products were run out on a 9% acrylamide/7 M urea gel. Lane one shows a 
DNA ladder. Lane two is the result of primer extension on 13 ̂ ig of stage 18-19 whole 

heart total RNA with a band at about 70 bp. Lanes 2 and 3 used 22|xg and 44 p.g of stage 

17 embryo total RNA, respectively. B) This Mox-J mRNA and Promoter sequence for 

Mox-1 shows the binding site of the primer extension primer (PEP-3). The primer for 5' 

RACE (MOPR2) is underlined and the sequence produced from this reaction is in bold. 5' 

RACE added 30 bp of sequence to that already known for Mox-l and identified the end 

of the Mox-1 message at the same point as the primer extension experiment. 
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A soobpi ^ ^ 
aoobptr ; . : :: 
300bp>^V 

200 bp • ' 

100 bp * 

B 

TGCTCTTCCCTCCCCCCCCCAACCTTTTTTTTTTGGGGGCGGGGGGGGGAGTCAAGAGAA -237 

c-Ets-2 Spl,AP-l,CPl AP-1 

AAAAATACAGACATTGTCTCTTTAAAAGCCTCCATCTGCAAATCCCATTAGATGTGCATA -111 

TAAGGTTTCGGATGATTAATAGGTGCTGCTTTGCTTTGGTTGGAGGGAGCGGGTGTGTGT -117 

ACGTTAACCCCTCCCTCCCCTCTCTCACATTTCACTTCGCAAAGTTGTCACTCTCTCCCC - 5 7 

Spl AP2 

AACACAGTATTTAAAAAGTGTTTCCCTCATGTCCAGCACTTCACAAGGACTCCAGCATCO 4 

TATA Binding Protein (TBP) 

GCCTTGGGACCCTCTTAaGGOCQATCOCCTCCTTCACCTXTTCqOqjiCAATqjUiQACCTT 64 

PEP3 

TAGAAGAGTTCCCCAACTAACAAACCTCCJU^CCTCACAAACCCCCCAOCCAAAGTOTCOC 124 

TTAGGOAOGAAATCTqOOCTOTCAAXTTTOqiUUlCATTTTCCCCTCCOCTCCTCTCCTOC 184 

TCGAGGAACCCQAGTOACOAACOCQOOACQAOaATOaJiCCCCACCqOAOqCAOCTqCATO 244 
Start Codon 

CGCAGCCCCaUiCCCCCAOCCCCACTCTQqOOqTOCCTACqOGOCqCTqATOTCCCCACA 304 

M0PR2 

GCCCCAOGOTTqOOTCACTOCCCCCC 330 
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Figure 18. Mox-1 Promoter Sequence. 

A PCR based method (Genome Walker) was used to clone 2kb of the Mox-I proximal 

promoter from chicken genomic DNA. The first set of sequence specific primers 

(MOPRl and MOPR2) produced a clone containing the first 1444 bp of the Mox-1 
promoter, then another set of primers (pro GW-1 and pro GW-2) was used to clone 

another 523 bp of the promoter. A binding site for the TATA binding protein is indicated 

along with other transcription factor binding sites. 
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CTGCAGAGAGTGCTGGGGCAGTGGGGGACTGGGGGGTTCCCACATTTGGGGAGGGTCTGC -1911 

Spl Ap-2 

CGTCTCTTTTTCCCACATCTGAAGTCAGAGGAACAACAGACAGAGCTCTGCAGGGAAAAA -18 5 7 

GGGGTCTGAGTGGTTTAAACTGGGAGTGCAAAGTGATGTGCGAGAACCAAACCGTGCGCC -17 9 7 

GCGGGCAGAGCCCTGCTGGGGTCCCATGGGATTCCTGCACAGAACCTGAACCTTCTCCTG -17 3 7 

Spl 

GATAAATGGAAC AATACATGGACAGATAATCCTCCCTTCCCTTCTATTTCCCTCAAAATT -16 7 7 

c-Et:s-2 

TATGC ATGGGCATAAATGAGAAGTAGATGGTTGTTTAATTAGCAGGAACTGGGAGTAGGG -1617 

CTGGAAAACACAGACCTAGCCTTGAGCTCATACAAATCTCTACTACCCAGTGAGACTTTG -15 5 7 

AP-1 Spl,AP-l 

GTG ACTTTTGGCTCTCTATACGTGGTGACACGCAC AGAGAACTC AAATGAAATGTTCTGC -14 9 7 

ATTGGC AAAACC ACTCTGGGCTCTACCCTGGATCCTGCTGGTGCCCAAAATATTCACACA -14 3 7 

TCCTTTGCCACCTGGCCTTCCAGACAGAGCAATCTGTGCTCATTCCTCCTGCCAGGCAGT -13 7 7 

GGGAAACGTGTTTGAATGTTTGCTCTCTCAACAGATTGAATTATGTAGGAGAGCCCTTCC -1317 

TGG AGG ATG AATTGTGTTTGGC ATTTTGCAAGAAAGTCAC ATTAATGTG AAGGT AAAAGG -12 5 7 

TGATGTTCTTCATCCGAAAGATCTGGGCTAAGCCCACCTGATTGCCTGGAAAAGCCCAGG -119 7 

CTATAACCCAGCAGGGATTGGGATGAGCAGACCTCTCCCTCCATTTGATTCCTTTAAATG -113 7 

CPl c-EtS-2 

TCACAGCGCTGAATTATACAGAAGCCAAATAAAAGTAGCACTTAAAGCCATGGGAAAAAA -10 7 7 

GAGAAAAATGGAGGCTCTGTGCCCATCTGGTAAATCCTTCTGTGTCTATGAGAGCACAAA -1017 

ACCAGCCCAAATGGTTGGAGAAGGGGAAAGAGGCACACACCTATAGAGAGGCATAGCAAA - 9 5 7 

GCAATGGAGAAGGTCACAAGCAGATTACAGAAACCCAGCACACATGGCTGTATAAATCAC - 8 9 7 

CCCTAAAAGCACACCAACAATTGCAGTAACCCCAGTGCAGCTCTGCAGTGATATTCGAGG - 8 3 7 

TGTTCCCAGGTGCCACCCCTATGTGTCAAAGGGATGGAGAGCAGATTCCCTGCTTACACC -111 

AP-1 

CATGCAGCAGCAGAGGCTGCGGGGTCTGCAAATCTGCCTTCTCTTAGGAAGAGCCATAAA -111 

CCTTTCAACAAAAGATGAAGAACGCGTCTCTCATTGGCACAAAGGCACATTTCCTTGTAG - 6 5 7 

c-Ets-2 

GAAGGAGTGGCACAGGGAGAACTCCCTGGAAAGTAGGATAGAGAAAGAATAACCGACACC - 5 9 7 

GGCAGTAACCATCAGCAAATATAAGTGTTATAAAGCTAAAGGAACAGAAATCCCTCATAA - 5 3 7 

c-Ets-2 

CTGTGCAAACGCACACAAGTCACCTAAAAAAAAGCTTCTTACAACCGGGCCTTACATCGT - 4 7 7 

AAATGAGCAGCGAAGCACTTTCTTACTTTTCTTTCCCACTTTGCTCCTCGGATTCTGGCA -417 

TCTGTCGAATTCCGCATGAAGGCTTTTTCCAACCCCAAGACGCGGGGAATTTTGTTAACA - 3 5 7 

GTGCAATTAAAATAACTTCATAGTGTCACAGGGAGACATTAAAGCCCTTTTTCCGTGTGC - 2 9 7 

TGCTCTTCCCTCCCCCCCCCAACCTTTTTTTTTTGGGGGCGGGGGGGGGAGTCAAGAGAA -237 

c-Ets-2 Spl,AP-1,CPl AP-1 

AAAAATAC AGACATTGTCTCTTTAAAAGCCTCCATCTGCAAATCCCATTAGATGTGCATA -17 7 

TAAGGTTTCGGATGATTAATAGGTGCTGCTTTGCTTTGGTTGGAGGGAGCGGGTGTGTGT -117 

ACGTTAACCCCTCCCTCCCCTCTCTCACATTTCACTTCGCAAAGTTGTCACTCTCTCCCC - 5 7 

Spl AP2 

AACACAGTATTTAAAAAGTGTTTCCCTCATGTCCAGCACTTCACAAGGACTCCAGC -1 

TATA Binding Protein (TBP) 
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Figure 19. Promoter Constructs. 

This diagram describes the Mox-1 promoter fragments that were cloned into pSEAP2-

Basic or pSEAP2-Enhancer or pEGFP-l for analysis. The CIXM and 5532 fragments 

were cloned into the SEAP basic and enhancer vectors and 5532BB was cloned into the 

SEAP-enhancer vector. Clones 2, 3, and 4 are fragments of the promoter that were 

cloned into the promoterless vector pEGFP-1 and used to transfect AV canal cultures. 
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Figure 20. Induction of GfT Expression by the Mox-1 Promoter. 

A V canal cultures were transfected with G¥PIMox-l promoter constructs using the 

adenovirus-assisted method. Cultures were incubated for 36 hours after transfection, 

fixed with 2% PFA and immunostained. Explants were stained with a polyclonal 

antibody to GFP and then detected with a Cy2-conjugated goat anti-rabbit IgG secondary 

antibody. A) This culture was transfected with pEGFP-1 (no insert) as a control for 

background expression of GFP. B) Culture transfected with a positive control vector 

(pIRES-EGFP) that expressed GFP under the control of a CMV promoter. GfT 

expressing cells were labeled green and are indicated by arrows. C) Culture transfected 

with Mox-1 promoter Clone 4 from -1 to -505. This construct was able to induce 

expression of GFP and positive cells were indicated with arrows. D) This culture was 

transfected with the larger Mox-1 promoter construct Clone 2 from -1 to -1444. This 

promoter construct was not able to induce transcription above background levels. 
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Figure 21. Analysis of Mox-1 Promoter Activity in Cultures. 

AV canal cultures were transfected with SEAP/Mox-1 promoter vectors. Promoter 

activity was measured by assaying for secreted alkaline phosphatase (SEAP) activity in 

the culture medium. The activity of the promoter constructs was divided by the activity 

of vector alone (no insert), with the results displayed as a fold induction of SEAP 

expression over background. A reading of one indicates no induction of SEAP 

expression. The only Mo.x-I promoter construct able to induce transcription was the 

CIXME (CIXM fragment in the SEAP-Enhancer vector) at about 10 fold. The same 

fragment (CIXM) cloned into SEAP-Basic that does not have an SV40 enhancer was 

unable to promote transcription. Also, Three other promoter constructs (5532BBE, 

5532E, and 5532B) did not induce transcription. The CIXME promoter construct 

activity was inhibited with TGF33 antibody treatment of AV canal cultures. ^Promoter 

activity reduced by 66% and P< 0.005. 
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Figure 22. Mox-1 Staining of TGPPS Antibody Treated Explants. 

AV canal explants stained with the affinity purified Mox-l antibody. A) Normal AV 

canal culture stained with the Mox-1 antibody. B) Culture transfected with CIXME 
promoter clone and treated with the TGF33 antibody (D-P3). Antibody was added to 

cultures after transfection and was present throughout the 36 hours of incubation. D-P3 

treated cultures exhibited a decrease in Mox-1 expression compared to control cultures. 

Images were taken with a confocal scanning microscope and the settings were the same 

for each picture. 
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Chapter 4: Discussion 

n Significance 

Atrioventricular canal cushions become populated with mesenchymal cells and 

differentiate into key structures of the heart, including the mitral and tricuspid valves and 

portions of the interatrial and interventricular septa (Chin et al., 1992). Mesenchymal 

cells formed in the outflow tract are also critical for proper blood flow through the heart 

by contributing to the interventricular septum and the semilunar valves of the aorta and 

pulmonary artery (Ranger et al., 1998). The primary goal of identification of mechanisms 

controlling EMT is the eventual prevention and development of treatments for 

malformations in the AV canal and outflow tract regions of the heart. 

The cardiac cushions are an excellent system for studying epithelial to 

mesenchymal cell transformation (EMT) in general, since transformed cells differentiate 

into a single phenotype (fibroblast). This restricted developmental fate of cushion 

mesenchyme contrasts with cells created during gastrulation. somite differentiation and 

neural crest cell formation, all of which produce an array of different tissues (reviewed in 

Hay. 1995). The secondary goal of studying EMT in the heart is to obtain a better 
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understanding of the mechanisms and components used for cell transformation in general. 

Knowledge gained from studying the heart could help in understanding other cell 

transformation events, just as examining other cell transformations led to the 

identification of important factors for EMT in the heart. 

Analysis of EMT in the AV canal was facilitated by the development of an in 

vitro culture system, which allowed direct manipulation of cardiac cushion tissue 

(Bemanke and Markwald, 1982; Runyan and Markwald, 1983). Chicken AV canals 

dissected from embryos and grown on a collagen matrix mimicked the timing and 

process of cell transformation in vivo (Runyan and Markwald, 1983). This in vitro model 

system was used to identify TGpps as required signaling molecules for cell 

transformation, thus proving the effectiveness of this system for dissecting the molecular 

mechanisms of epithelial to mesenchymal cell transformation (Potts and Runyan, 1989; 

Potts et a!., 1991). 

Many factors, including signaling molecules, extracellular matrix components, 

proteases, cell surface receptors, and intracellular signaling molecules have been 

demonstrated to be important for cell transformation in the heart (Potts and Runyan. 

1989; Potts et al., 1991; Rezaee at al., 1993; Little et al., 1989; Brown et al., 1996; Brown 

et al., 1999; Runyan et al., 1990; McGuire and Alexander, 1993). Transcription factors 



119 

that control cell transformation in the heart are just now beginning to be identified, such 

as the zinc finger protein Slug (Romano and Runyan, 1999). Evidence presented in this 

dissertation demonstrates a functional role for another transcription factor, the 

homeodomain protein Mox-1, during cell transformation in the AV canal. 

in Data Summary 

A) Mox-1 is Expressed in Tissues that Undergo Cell Transformation 

In all species examined for expression, Mox is observed in tissues of mesoderm 

origin and in cells that undergo epithelial to mesenchymal cell transformation. For 

example, mouse Mox-1 was first detected during the gastrulation stage (7.0-7.5 d.p.c.) in 

the mesoderm and possibly in the primitive streak, this primary mesenchyme is the first 

to form in the embryo (Candia et al, 1992). Xenopus Mox-2, the only Mox homolog 

identified in Xenopus, was also detected during gastrulation (Candia and Wright, 1995). 

However, mouse Mox-2 expression was not observed during gastrulation, and first 

appeared at 9.0 d.p.c. when an antibody labeled epithelialized somites (Candia et al, 

1992; Candia and Wright, 1996). In contrast to the mouse, Mox-1 in the chicken was not 

detected during gastrulation and first appears in paraxial mesoderm (Huang et al.. 
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submitted). These experiments indicate that Mox expression is associated with EMT and 

different homologs may have separate functions during development. 

Another indication that Mox is associated with cell transformation is its 

expression in mouse, Xenopus, and chicken during somite formation and differentiation. 

Again the expression patterns are different- In situ hybridization experiments in chicken 

revealed Mox-1 expression in the paraxial mesoderm and forming somites, similar to the 

bHLH gene Paraxis (Huang et al., submitted; Burgess et al., 1995). The Mox-1 signal 

diminishes in epithelialized somites, in contrast to paraxis expression that stays elevated 

(Huang et al., submitted; Burgess et al., 1995). Chicken Mox-1 expression was also 

similar to mouse Mox-1 in showing expression in newly formed somites and in 

presomitic mesoderm caudal to the somites (Huang et al., submitted; Candia and Wright, 

1996). However, mouse Mox-1 continues to be expressed in all segments of the 

differentiating somite, where as chicken Mox-1 becomes restricted predominantly to the 

developing myotome (Figure 8; Candia and Wright, 1996; Huang et al., submitted; 

Candia et al., 1992). This restricted expression is also in contrast to mouse Mox-2 and 

Xenopus Mox-2 expression, which becomes restricted to the sclerotome and dermatome, 

respectively (Candia and Wright, 1995; Candia and Wright, 1996). Although this 

evidence links Mox-1 expression to another tissue undergoing EMT, there are significant 
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differences in expression patterns between the different homologs. The varied expression 

patterns reported for Mox homologs might represent different roles assumed by these 

homologs, and this could be influenced by the homologs expressed in a particular 

species. Xenopus appears to express only one Mox gene, based on an extensive low 

stringency screening to isolate other A/o.r homologs (Candia and Wright, 1995). 

Expression of a single Mox gene may also be the case in chickens, Southern analysis of 

Eco RI digested DNA with a probe to the homeobox of human only detected a single 

band in chicken compared to two bands for human (Futreal et al., 1994). Screening a 

chicken cDNA library produced only Mox-1 clones (Huang et al., submitted). 

Mox-1 is consistently expressed in mouse and chicken cardiac cushions. In 

humans, Mox-1 expression was detected in fetal hearts by northern analysis (Futreal et 

al., 1994). This dissertation revealed Mox-1 protein expression in the endothelium, 

mesenchyme, and myocardium of AV canals (Figure 9). This is a broader expression 

pattern for Mox-1 in the chicken heart than that observed in the mouse, where Mox-1 

expression was limited to mesenchymal cells of the cardiac cushions (Candia et al., 1992; 

Candia and Wright, 1996). In the mouse, in situ hybridization detected Mox-1 expression 

in the AV canal localized to cells that had transformed and invaded the ECM, and 

antibody staining also revealed expression in the transformed cells of the outflow tract 
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cushions (Candia et al., 1992; Candia and Wright, 1996). In situ expression analysis in 

the chicken was not able to detect a Mox-1 signal in the heart until stage 21, a stage when 

the cushions were well populated with mesenchyme (Huang et al., submitted). However 

an antibody, developed against a polypeptide of chicken Mox-l, detected expression in 

the heart as early as stage 16 (Figure 9). Mox-I antibody staining of AV canal explants 

indicated that Mox-1 was localized to the nucleus of endothelial cells and mesenchyme, 

consistent with its role as a transcription factor (Figure 7). In addition to staining of the 

cushion mesenchyme, Mox-1 antibody demonstrated expression in the endothelium and 

myocardium throughout the heart. Although mouse Mox-2 expression was not detected 

in the heart, immunostaining of mouse embryos with antibodies to rat Gax (a homolog of 

Mox-2) revealed a signal in the myocardium of developing hearts (Skopicki et al., 1997). 

This pattern of expression indicates that at least one homolog of Mox-1 is expressed in 

the myocardium, and could explain the expression of chicken Mox-1 in the myocardium. 

Gax was expressed in the myocardium during heart looping in the mouse and later on in 

the compact layer of the heart (Skopicki et al., 1997). Chicken Mox-1 expressed in the 

myocardium may have a similar function during heart development. Expression in the 

endothelium of the cushion tissue may be in preparation for cell transformation. A 

similar role was proposed for the homeodomain protein Msx-1 (Chan-Thomas et al.. 
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1993). This would suggest a broader role for Mox-1 during cell transformation then 

previously predicted. The role of Mox-1 during cell transformation was suggested as 

maintaining an undifferentiated and proliferative mesenchymal cell population (Candia 

and Wright, 1996). The expression of Mox-1 in the endothelium suggests that it may 

also be involved with formation of mesenchyme and not just maintenance of a 

transformed phenotype. 

B) Mox-1 is Required for Cell Transformation in the AV Canal 

This dissertation directly tests the function of chicken Mox-1 during cell 

transformation in the AV canal. This is the first such analysis since a function for a Mox-

I homologs in other species has not been reported, although a Mox-1 knockout mouse is 

being produced. In addition to expression patterns, regulation by TGPP signaling also 

supports the hypothesis that Mox-1 plays a role during cell transformation in the heart. 

Mox-1 antisense oligonucleotides reduced the expression of Mox-1 protein and inhibited 

cell transformation in cultured AV canal explants. This approach was chosen for its 

effectiveness when used with the in vitro bioassay developed to study cardiac cushion 

development. Several other investigations using antisense oligonucleotides to inhibit 

gene expression in this system were reported, including the knockout of the signaling 
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molecule TGFp3 and the transcription factor Slug (Potts et al., 1991; Romano and 

Runyan, 1999). In the case of TGFP3, antisense oligonucleotides were modified to 

increase their transfection efficiency and to protect against exonucleases. Unmodified 

oligonucleotides against Slug also worked affectivity in reducing gene expression. Slug 

antisense oligonucleotides inhibited cell transformation during gastrulation and AV canal 

cushion development (Nieto et al., 1994; Romano and Runyan, 1999). 

Features of AV canal development, including the fact that it is tightly regulated 

over a short period of time and its ability to be manipulated in vitro, allows EMT to be 

studied more easily. Antisense oligonucleotide treatment is effective in AV canal 

cultures, but it may not be the best approach for reducing gene expression in other 

systems. Oligonucleotides are extremely short lived when added to cultures, therefore 

systems requiring a gene knockout for an extended period of time would not be good 

candidates for antisense oligonucleotide treatment. To address some shortcomings of the 

antisense oligonucleotide method, two techniques were developed. First, modification of 

the oligonucleotides with methoxyethylamine reduces the negative charge on the DNA 

and allows the oligonucleotides to more easily penetrate the hydrophobic cell membrane. 

An added advantage of the modification is protecting the DNA from exonucleases; the 

modifications are on the ends of the oligonucleotide so they are still susceptible to 
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endonucleases. Disadvantages of modified oligonucleotides are the time and effort 

needed to make them and the variation in quality from batch to batch. Due to these 

problems, they were not used in the present experiments. An alternative method was 

developed to help deliver unmodified oligonucleotides to the cells in high enough 

concentration to block gene expression. This new method uses a cationic lipid 

(lipofectamine) to transfect oligonucleotides into cultured cells. Oligonucleotides bind to 

the positively charged lipids and are transported across the cell membrane. Protection 

within liposomes enables them to avoid extracellular exonucleases. The characteristics of 

the AV canal cultures make it a good system for perturbing gene function with antisense 

oligonucleotides. The AV canal explants can be directly manipulated and the short time 

frame means that gene function needs to be blocked for only a short period, usually less 

than a day. 

Antisense oligonucleotides to Mox-1 were able to inhibit cell transformation in 

AV canal cultures by greater than 50% compared to control oligonucleotide treatments. 

Inhibition of cell transformation was measured as the number of transformed cells that 

were able to invade the collagen gel matrix after 24 hours of incubation and exposure to 

antisense oligonucleotides. Due to the rapid degradation of oligonucleotides in culture, 

additional oligonucleotides were added to explants after the initial treatment. Boosting of 
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cultures with oligonucleotides was performed twice in order to minimize toxicity to cells 

that can be damaged by high oligonucleotide concentrations. This short life span of 

oligonucleotides may also explain why the inhibition was not greater than fifty percent; 

there may not have been enough oligonucleotides to perturb translation of all Mox-1 

message. Unmodified antisense oligonucleotides to Slug produced similar levels of 

inhibition, but modified TGFP3 antisense oligonucleotides were able to block cell 

transformation by as much as 80% (Potts et al., 1991; Romano and Runyan, 1999). 

These results suggest that the rapid degradation of antisense oligonucleotides may 

prevent complete inhibition of cell transformation, however an inhibition of cell 

transformation of greater than 50% was still highly significant. This data indicates a 

functional role for Mox-1 during cell transformation in the AV canal. 

Three separate antisense oligonucleotides designed to anneal to different 

sequences within the Mox-1 mRNA sequence were effective in blocking cell 

transformation. The use of multiple oligonucleotides is necessary to show specificity, 

and rule out the possibility that inhibition of cell transformation is caused by the general 

use of oligonucleotides or a single random oligonucleotide treatment. Specificity of the 

Mox-1 antisense oligos was demonstrated with two other methods. First, control 

oligonucleotides that are the sense and complementary sequences of the antisense 
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oligonucleotide Start AS were unable to inhibit cell transformation in AV canal cultures, 

suggesting that the antisense oligonucleotides were acting specifically. The other method 

of determining specificity was monitoring the expression level of Mox-1 protein after 

antisense treatment. In this case, antisense Mox-I treatment reduced the level of Mox-1 

protein expression, and control oligonucleotide treatment had no effect on Mox-l levels. 

C) Overexpression of Mox-1 is Unable to Induce Transformation 

Antisense oligonucleotide treatments demonstrated a requirement of Mox-1 

expression for cell transformation in A V canal cushions. However, overexpression of 

Mox-1 in AV canal explants was unable to induce cells to transform. Cultures 

transfected with an expression vector containing the Mox-1 open reading frame 

demonstrated an increase in Mox-1 antibody staining. But this overexpression was not 

correlated with the number of cells transforming and invading the collagen gels. This 

may indicate that Mox-1 requires other factors to drive transformation to completion. 

These other factors may not be present at high enough levels to allow increased levels of 

Mox-I to drive transformation in cells not already fated to become mesenchyme. 

Alternatively, the ability of Mox-I to induce cell transformation may be limited to a 

subset of cells competent to respond to Mox-1 expression. For example, the transcription 
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factor Slug was demonstrated to be necessary for early stages of cell transformation and it 

may be required before Mox-l expression. Overexpression of Mox-l in cells not already 

expressing Slug or some other factor may not be able to overcome this requirement. This 

suggests that Mox-l may only regulate cell transformation in cells that have progressed 

to the later stages of cell transformation. Overall, it can be concluded that Mox-l is 

necessary for normal cell transformation but that it is not sufficient to drive 

transformation on its own. 

D) Mox-l Proximal promoter Initiates Expression in AV Canal Cultures 

To study the regulation of Mox-l during cell transformation in the heart, the 

proximal promoter for chicken Mox-l was cloned. Using a PCR based method 2kb of the 

Mox-l promoter upstream of the transcription start site was cloned into two different 

reporter vectors to analyze Mox-l regulation in AV canal cultures. First, fragments of 

the Mox-l promoter were cloned into a promoterless vector (pEGFP) upstream of the 

reporter gene green fluorescent protein (GFP). When these GFP/Mo.r-7 promoter 

constructs were transfected into AV canal cultures only the smallest fragment (-1 to -505) 

was able to initiate transcription of the reporter gene. Two larger fragments (-1 to -1237 

and -1 to 1444) were unable to induce transcription of GFP. This suggests that the first 
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500 bp of the Mox-l promoter provides a minimal promoter and that there may be a 

repressor region upstream of this, preventing transcription in culture. 

To Investigate regulation of transcription from the Mox-l promoter, fragments 

were cloned into two other reporter vectors (pSEAP2-Basic and pSEAP2-Enhancer) that 

allowed a quantitative measure of promoter activity. Promoter fragments cloned into the 

SEAP-Basic promoter were unable to drive transcription above background. However, a 

small promoter fragment (+183 to -694) ligated into the SEAP-Enhancer vector (that 

contained an S V40 enhancer downstream of the reporter gene) was able to induce 

expression of the reporter gene 10 fold over the same vector without an insert (Figure 

21). This SEAP/A/o.v-/ promoter construct used a short fragment overlapping that in the 

GFP construct that was able to drive transcription. Also as was found with the 

GFP/promoter constructs, two larger promoter fragments (+196 to -1236 and +196 to -

1969) cloned into the SEAP-Enhancer vector were unable to induce transcription of the 

SEAP reporter gene. Again, there appears to be an element or elements in the Mox-l 

promoter sequence from -694 to -1237 that is able to block transcription of Mox-l in AV 

canal cultures. This repression is not overcome by an SV40 enhancer element in the 

vector. Perhaps a tissue specific enhancer region located outside the 2kb of cloned Mox-

1 promoter sequence is needed to drive high levels of expression and counteract the 
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repressor region identified. However, this data does identify a minimal promoter for 

Mox-l from sequence - I to -505 able to initiate transcription in cultured AV canal 

explants. 

Analysis of the Mox-l promoter sequence revealed DNA binding sites for a 

TATA binding protein near the transcription initiation site and CPl (a CCAAT-binding 

protein) site at about position -250. There was also another TATA box at about position -

550, but there is no evidence for this as an alternate site of transcription initiation. Both 

primer extension and 5' RACE confirmed the initiation site indicated in the promoter 

sequence (Figure 17, 18). Other DNA binding elements were identified and may be 

important for regulation of Mox-l based on their reported functions. The transcription 

factor c-Ets-2 has five binding sites in the first 2kb of the Mox-l promoter. This 

transcription factor has been demonstrated to regulate urokinase, a protease critical for 

invasion of transformed mesenchymal cells in cardiac cushions (Majka and McGuire, 

1997). Another DNA binding element, AP2, could be relevant to Mox-l expression. 

AP2 elements induce transcription in response to the protein kinase C (PKC) signal 

transduction pathway (Chui et al, 1987; Imagawa et al., 1987). Cell transformation in 

culture is blocked by inhibitors of the PKC pathway, indicating that AP2 sites in the Mox-

1 promoter may respond to this signal transduction pathway. 
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E) Mox-1 Promoter is Responsive to TGFP3 

Previous evidence indicated that Mox-1 expression was responsive to a TGPP 

signaling pathway. Mox-1 protein expression was reduced when AV canal cultures were 

treated with antibodies to the Type IITGPP receptor (Boyer et al., 1999b). To test this 

regulation further, the functional Mox-1 promoter construct CIXME (+183 to -694 in 

pSEAP2-Enhancer) v/as transfected into AV canal cultures. CIXME transfected cultures 

treated with a monoclonal antibody to TGF33 demonstrated a decrease in SEAP 

expression (Figure 21). This indicates that the minimal Mox-1 promoter is responsive to 

TGFP3 signaling in culture. Further supporting this data, Mox-1 protein expression 

appeared to be less in TGFP3 antibody treated cultures (Figure 22). 

The Mox-l promoter sequence that exhibited TGFP responsiveness has DNA 

binding elements that have been shown to be sensitive to TGpp signaling, and may 

function similarly within the Mox-1 promoter to induce e.xpression. There are two SPl 

binding sites within the CIXM promoter fragment. SPl elements in the human pl5 and 

p21 promoters were demonstrated to induce these promoters in response to TGF3 

signaling (Ming et al., 1998). The Mox-1 promoter also has a pair of binding sites for the 

transcription factor API within the minimal promoter region. Classically, API was 
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described as a protein kinase C responsive element, but it has been shown to be 

responsive to TGPP signaling as well. A region of API binding in The TGppi promoter 

binds API and it demonstrated responsiveness to both phorbol esters and TGpp signaling 

(Kim et al., 1989). The Mox-1 promoter also has these TGpp sensitive API binding 

sites. These API sites could explain the TGpp sensitivity of the Mox-l promoter 

observed in AV canal cultures. This would place Mox-1 regulation downstream of TGpp 

signaling, which is known to be required for epithelial cell transformation in the AV 

canal cushions. 

Iin Model of EMT in the AV Canal 

Several signal transduction pathways regulate cell transformation in the AV canal 

cushions. Some of these pathways are diagramed in a molecular model along with other 

factors that are involved with the phenotypic change observed during epithelial to 

mesenchymal transformation in the heart (Pigure 23). Based on cell morphology seen in 

cultured AV canal explants, cell transformation can be divided into an early phase and a 

late phase. The early steps of cell transformation are characterized by activation of 

endothelial cells, which consists of hypertrophy and cell-cell separation. At this early 
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stage in cultured explants, endothelial cells that have migrated away from the muscle 

explant begin to separate from the endothelial sheet and round up. The later stages of cell 

transformation are characterized by a change in cell shape to a more fibroblastic form and 

invasion of the collagen gel. The model presented here depicts three signaling pathways 

including : I) TGFP2/Type HI TGPP receptor, 2) G-protein, and 3) TGFP3/Type 11TGF3 

receptor. This model also indicates molecular markers and transcription factors, which 

have been demonstrated to be involved or present during transformation. These signaling 

pathways control the expression of factors that regulate the different stages of cell 

transformation. 

TGFP2 was first identified as a regulator of cell transformation when it was 

combined with ventricle myocardium and induced transformation of competent AV canal 

endothelium (Potts and Runyan, 1989). Further, TGFP2 was bound to Type III TGFP 

receptor (TBRIII) and enhanced cell transformation of ventricular explant tissue 

(normally unable to transform) that had been transfected with the Type III TGF3 receptor 

(Bamett et al, 1994; Brown et al 1999). Antibodies to TBRIII or TGFP2 inhibited cell 

transformation in AV canal cultures at an early stage, indicated by the lack of cell-cell 

separation within the endothelium and reduced outgrowth of endothelial cells (Brown et 

a!., 1999; Boyer et al., 1999a). The transcription factor Slug appears to be downstream of 
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this pathway, and produces the same phenotype when knocked out with antisense 

oligonucleotides (Romano and Runyan, 1999). Further, a loss of Slug expression was 

reported in cultures treated with blocking antibodies to TGFP2 (Romano and Runyan, 

submitted). The cell surface receptor integrin Pl is a marker for cell transformation and 

is downregulated in cultures treated with antibodies to TBRHI (personal communication 

with Dr. Boyer). This data strongly indicates that TGFP2 signaling is required for cell 

transformation and is acting through the TBRIII. The intracellular signaling pathway 

initiated by TBRIII is not known. The different effects on cell transformation caused by 

antibodies to TBRII and TBRIII suggest that TBRIII is acting separately from the 

classical TGFP signaling pathway that goes through the Type I and II TGFP receptors 

(Wrana et al., 1992). 

G-protein signaling controls another regulatory pathway leading to cell 

transformation in the AV canal cushions. This pathway was first identified with 

treatment of AV canal cultures with pertussis toxin, which modifies Ga, and Ga^ 

subunits and prevents them form propagating signals from seven transmembrane type 

receptors (Runyan et al., 1990; Boyer et a!., 1999b). Pertussis toxin also blocked cell 

transformation at a very early stage, and was characterized by very little endothelial 

outgrowth and no invasion of the collagen gel (Boyer et al., 1999b). The ligand and 
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receptor involved in this signaling pathway are unknown but two signal transduction 

molecules downstream of G-protein can regulate cell transformation. Increased Ca*^ 

concentration is one possible effect of G-protein signaling, and the addition of a 

transforming stimulus to cultures produce an increase in [Ca""^] (Runyan et al., 1990). 

Activated protein kinase C is another potential product of G-protein signaling, and 

inhibitors of PKC block cell transformation in culture (Runyan et al., 1990). Pertussis 

toxin treatment inhibits Mox-l protein expression in transformed mesenchyme but not 

endothelial cells, suggesting that Mox-l can be regulated by G-protein signaling (Boyer 

et al., 1999b). Regulation of Mox-l by this pathway is further supported by the 

identification of a DNA binding element responsive to PKC within the Mox-l promoter. 

Other markers of cell transformation were downregulated in response to pertussis toxin 

treatment including cell surface P 1-4 galactosyltransferase (Galtase), a-smooth muscle 

actin, and integrin a6 (Boyer et al., 1999b). The specific signal transduction pathways 

responsible for these changes in expression have not been identified, it could be an 

increased [Ca'*] or activated PKC or an as yet unknown pathway downstream of a G-

protein. 

The signaling pathway initiated by TGFP3 has been extensively studied and 

demonstrated to be required for cell transformation in the AV canal. Blocking antibodies 
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and antisense oligonucleotides against TGPPS inhibit cell transformation in culture (Potts 

et al., 1991; Boyer et al., 1999a). This pathway appears to regulate cell transformation at 

later stages, since TGpps antibody treatment had no effect on endothelial cell activation 

in contrast to the early acting TGPP2 pathway (Boyer et al.. 1999a). That TGppS is 

involved in cell transformation at a step after activation by the TGFP2 pathway was 

supported by treatment of AV canal cultures with antibodies to the Type 11 TGPP 

receptor (TBRIl), which binds TGppS preferentially (Bamett et al., 1994). Blocking 

TBEUI inhibited cell transformation and invasion but did not affect activation and cell-

cell separation (Brown et al., 1996). TBRII antibody treatment suppressed expression of 

Fibrillin-2, a marker of late EMT (Boyer et al., 1999b). Inhibiting signaling through 

TBRII also inhibits Mox-l expression in the endothelium and mesenchyme of AV canal 

explants, indicating that Mox-I is required for the later stages of cell transformation 

(Boyer et al., 1999b). This role for Mox-l was supported by experiments in this 

dissertation, which blocked cell transformation with antisense oligonucleotides to Mox-l 

(figure 12). Cell transformation was blocked by antisense Mox-l oligonucleotides at a 

stage after activation, since endothelial cells were able to separate from the endothelial 

layer. Further evidence that Mox-l is linked to this TGpps pathway includes reduction in 

Mox-l promoter activity with TGppS monoclonal antibody treatment (Figure 21). Mox-l 
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protein expression was also inhibited by TGFP3 antibody treatment (Figure 22). This 

data indicates that Mox-1 is downstream of the TGFP3 signaling pathway, which regulate 

events at later stages of cell transformation. 

Other factors that are involved in cell transformation include retinoic acid, which 

can inhibit cell transformation and Slug expression in culture (Romano and Runyan. 

submitted). Further, urokinase, under the regulation of c-Ets-2, was required for invasion 

of transformed mesenchymal cells (McGuire and Alexander, 1993; Majka and McGuire, 

1997). 

This model highlights signaling pathways that regulate cell transformation in the 

AV canal at specific stages in the process, either early or late. The early steps of cell 

transformation are responsible for activation, hypertrophy and cell-cell separation. For 

cell transformation to proceed, cell adhesion molecules (CAMs) must be downregulated. 

Two such CAMs were demonstrated to be downregulated in activated endothelial cells, 

N-CAM and PECAM (Mjaatvedt et al., 1987: Baldwin et al., 1994). The regulation of 

these molecules has not been worked out but presumably their expression would be 

controlled by early acting transcription factors like Slug (Cano et al., 2000; Batlle et al., 

2000). As cell transformation progresses to later stages, cells change their shape and 

begin migrating into the extracellular matrix. Two matrix components upregulated 
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during cell transformation are tenascin (cytotactin) and procollagen I (Sinning., 1988; 

Hoffman et al., 1990). These molecules provide substrates for the mesenchymal cells to 

migrate on, using newly expressed receptors like integrin pi and integrin a6. Loss of 

these critical receptors and matrix components could lead to defects in AV canal cushion 

development-

IV) Future Studies 

To summarize. Mox-1 is present in the heart during EMT, functions during the 

later stages of EMT and is regulated by TGpp. Though these studies provide important 

insights, they raise a variety of new questions. For example, is Mox-1 downstream of 

Slug? Is Mox-I promoter responsiveness to TGpp isoform specific? What is the TGpp 

responsive element in the Mox-1 Promoter? What are other upstream regulators of Mox-

1 expression? What genes does Mox-1 regulate? What is the role of Mox-1 in other 

EMT processes? 

Is Mox-1 downstream of Slug? Antisense exfieriments with the Slug 

oligonucleotides produce cultures that could be examined with Mox-1 immunostaining to 

examine whether the treatment reduced Mox-1 protein expression. Based on the different 
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effects on cell transformation in cultures produced by Mox-l and Slug antisense 

oligonucleotides, one would predict that Slug is acting upstream of Mox-1 in this process. 

This experiment would determine if a link between these two genes exists. 

Is the Mox-1 promoter responsiveness to TGPP isoform sp>ecific? First, treating 

Mox-1 promoter transfected cultures with antibodies to TGFP2 would determine if the 

regulation observed with TGPPS antibody treatment was specific to this isoform. A 

TGFP3 antibody was used to test for TGFP responsiveness in the Mox-1 promoter 

because blocking TGF^S signaling had a similar effect on cell transformation as 

antisense oligonucleotides to Mox-1. This evidence would predict that blocking TGFB2 

signaling would have no effect on Mox-1 regulation or expression. However, inhibition 

of Mox-l promoter activity by TGFP2 antibody might indicate that TGFP2 signaling 

through the TBRII can regulate Mox-1 expression. The TGFB2 signal would have to go 

through TBRII because blocking of the TBRIII (the receptor thought to transduce the 

TGFP2 signal) did not inhibit Mox-l expression. 

What is the TGFP responsive element in the Mox-1 Promoter? Starting with the 

proximal 500 bp of the Mox-1 promoter deletions and mutations would narrow the region 

responsive to TGpp. 
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What are other upstream regulators of Mox-1 expression? These upstream 

transcription factors could be isolated based on their ability to bind the Mox-1 promoter. 

Candidate factors could also be tested based on DNA binding elements found in the Mox-

1 promoter. More important to understanding Mox-1 regulation would be the isolation of 

more promoter sequence. The PCR based method used so for was probably at its limit, 

so using the known promoter sequence as a probe to screen a chicken genomic DNA 

library would be more effective and result in a larger fragment of the Mox-1 promoter 

sequence. With more promoter sequence the repression of Mox-1 expression seen in 

some of the constructs might be alleviated and a much stronger tissue specific activity 

could be revealed. 

What genes does Mox-1 regulate? Monitoring the expression of cell 

transformation markers after knockout of Mox-1 would give the first indication of genes 

regulated by Mox-1 activity. The theory of Mox-1 as a late acting transcription factor for 

EMT would predict that Mox-l regulates molecules needed for cell shape change and 

invasion of the collagen gel like ECMs such as Collagen I, Fibronection and Tenascin. 

Also by identifying the DNA binding sequence for Mox-l, promoter sequences already 

described could be searched for this element and then tested in vitro. 
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What is the role of Mox-l in other EMT processes? Transfecting Mox-I into cells 

that do not normally transform would further test the ability of Mox-l to induce ectopic 

cell transformation. A candidate model system for this type of experiment would be 

iVIEQC cells that have the potential to transform under the right conditions. Also 

knocking out Mox-l in mice would further test the requirement for Mox-I during cell 

transformation in the heart and other tissues like somites. A Mox-2 knockout mouse had 

no defects in heart development, but a Mox-l knockout mouse or a double knockout 

might show cardiac defects. Cancer metastasis is another form of cell transformation, 

and it would be interesting to test whether Mox-l is upregulated with this event. 
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Figure 23. Model of Epithelial to Mesenchymal Cell Transformation in the AV canal. 

This diagram describes three different signaling pathways that regulate cell 
transformation in the AV canal. The TGFP2 pathway goes through the Type III TGpp 

receptor and affects EMT in the early phases by regulating factors like Slug and Integrin 
Pl. An unknown ligand initiates a signaling pathway controlled by G-protein activity, 

this pathway regulates early steps of cell transformation and affects expression of 
Galtase, Integrin a6, and a-Smooth muscle actin (aSMA). The TGFB3 pathway controls 

later stages of cell transformation and acts through the Type IITGFB receptor and 

regulates Fibrillin-2 and Mox-I expression. Urokinase is required for invasion of the 

ECM by transformed cells and is regulated by the transcription factor c-Ets-2. Retinoic 

acid blocks cell transformation at an early stage and the expression of Slug. The early 

phase of transformation includes activation of the endothelium and cell-cell separation. 

This is facilitated by downregulation of cell adhesion molecules like N-CAM and 

PEC AM. The later stage of cell transformation is characterized by a change in cell shape 

and invasion of the ECM on newly synthesized matrix components like Tenascin and 

Collagen I. 
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