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ABSTRACT 

The signaling pathways that regulate the fate of cells located in the anterior lateral 

(AL) region of the vertebrate embryo are not well understood. Mesodermal cells in this 

region will assume the heart muscle phenotype while adjacent endoderm gives rise to 

foregut tissues such as the liver. The AL endoderm supplies key signaling molecules to 

promote the survival and differentiation of the precardiac mesoderm. These AL 

endoderm factors are know to up-regulate transcription factors, such as Nkx2-S, that 

regulate cardiac genes. However, little is known about how the AL endoderm is 

patterned and the exact mechanism by which the cardiac transcription factors function 

within the mesoderm. Therefore, two projects were pursued to understand the 

developmental pathways that promote early heart development. One project looks at 

defming the mechanism by which the Nkx2 homeobox genes regulate cardiac gene 

expression in mouse embryonic stem cells. Unfortunately, this project was plagued with 

difficulties. Mouse ES cells were used as a model system to study cardiac differentiation. 

However, these cells were found to contain a potent genome protection mechanism that 

prevented the stable integration of transcription factors. This phenomenon is addressed 

and discussed within the thesis. The second project deHnes the role of retinoids in 

patterning the AL endoderm. In this study, the homeobox gene cHex, a gene required for 

hepatocyte development, was used as an AL endoderm marker. It was found that 

retinoids act directly on the cHex gene promoter to reduce its activity and restrict its 

expression domain to the AL endoderm. 
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GENERAL INTRODUCTION 

Gastrulation organizes the vertebrate body into the three primary germ layers, 

ectoderm, endoderm, and mesoderm. These cell layers develop into all the tissues and 

organs of the body via inductive signals from axial structures and/or the adjacent germ 

layers. The ectoderm gives rise to the skin and nervous system, while the endoderm 

forms the liver, pancreas, lungs, thyroid, and digestive tract. Mesoderm derivatives 

include heart, circulatory system, blood, bone, muscle, and connective tissue. Of these 

tissues, the heart develops first, ensuring transport of oxygen and nutrients to the other 

forming tissues. 

The vertebrate heart is derived from the anterior lateral mesoderm. 

Differentiation of cardiac muscle and its migration to form the multi-chambered heart 

depends on interaction with the endoderm. Key signaling molecules derived from the 

endoderm act on the precardiac mesoderm to activate transcription factors that regulate 

cardiac differentiation. The endoderm also expresses molecules that insure that cardiac 

cells migrate properly to generate a fully formed heart and give rise to visceral organs 

such as the liver. Although the role of endoderm in cardiogenesis is well established, its 

origin and downstream effects in the precardiac mesoderm are not well understood. 

Additionally, the mechanism by which these endodermal cells give rise to the liver 

primordial is unclear. Therefore, this thesis will focus on two projects related to 

determining the developmental pathways of early heart and liver development: 
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understanding how the anterior lateral endoderm is patterned and addressing contribution 

of transcription factors to cardiac differentiation within the mesoderm. 

The molecular regulation of cardiac myogenesis involves several types of 

transcription factors that are expressed in heart muscle progenitors and in differentiated 

cardiac myocytes. This study will address the contribution of a family of homeobox 

genes to cardiogenesis (Chapter I and II). A null mutation in the homeobox gene Tinman 

in Drosophila has revealed a critical role for this factor in heart development. The 

traditional knockout approach of the mammalian tinman ortholog (Nkx2-5) has been less 

informative, due to functional redundancy resulting from expression of several Nkx2 

family members in the cardiogenic region. Thus, the role this class plays in mammalian 

cardiac myogenesis remains only partially understood. Recent work in Xenopus with 

dominant negative forms of Nkxl-5 indicates that this family of homeobox genes is 

required for proper heart muscle development in frogs. Therefore, to address the 

contribution of this family of homeobox genes to mammalian cardiogenesis, similar 

dominant negatives were generated from the murine Nkxl-S. The proposed hvpothesis is 

that the murine cardiac 'Nkx2 family members are requiredfor cardiac myocyte 

differentiation. Two independent approaches were pursued in parallel to assess the 

ability of these mutated mNkx2-5 molecules to function as dominant negatives. The first 

approach tested the action of these molecules to regulate cardiac promoters in cell lines 

(Chapter I)- The second approach used mouse embryonic stem (ES) cells as a model 

system to study cardiac differentiation (Chapter II). These cells readily differentiate into 

heart muscle in culture and thus are a practical system to ask questions regarding how 
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cardiogenesis is transcriptionaly regulated. This approach entailed generating stable lines 

of mouse ES cells expressing the mutant mA'fcc2-5 molecules and then assaying for 

molecular markers of cardiac differentiation. Combined, the intention of these 

experiments were to determine the requirement of the cardiac Nkxl family members for 

heart muscle cell differentiation in mammals and to understand the mechanism by which 

these homeobox genes regulate cardiac gene transcription. 

Results from cell culture studies with mutant mNkx2-5 molecules show that these 

factors are incapable of inhibiting cardiac promoter activity. This may indicate that the 

function of the Xenopus and murine Nkx2 family members during cardiac differentiation 

may have diverged. Experiments performed in mouse ES cells were plagued with 

unforeseen difficulties. Therefore, the results and discussion section for chapter II will 

describe these difficulties and the systematic approaches taken to overcome them. 

The second part of this thesis addresses the developmental pathways that help 

pattern the anterior lateral (AL) endoderm and liver primordia (Chapter III). Studies in 

this section indicate that retinoid signaling (vitamin A signaling) and the transcription 

factors GATA-4 and Nkx2-5 help pattern the AL endoderm and liver primordia 

Little is known regarding how localized gene expression within the AL endoderm 

is regulated, mostly due to the lack of specific molecular markers. However, recent 

cloning of the homeobox gene cHex has opened new doors to understanding the signaling 

pathways and transcription factors that pattern the AL endoderm. The significance of the 

AL endoderm during vertebrate development is two fold: it induces cardiogenic factors in 

the anterior mesoderm and it gives rise to the liver primordia. Removal or deficiencies in 
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the AL endoderm lead to early heart and liver defects in vertebrates. Similar phenotypes 

are observed in embryos with reduced (e.g., vitamin A deficient quail embryos) or over 

stimulated retinoid signaling (vitamin A signaling). Therefore, the hypothesis for this 

section of the thesis is that retinoid signaling contributes to early cardiogenesis and liver 

development by pattering the AL endoderm. 

The homeobox gene cHex was used as a molecular marker to determine if retinoid 

signaling patterns the avian AL endoderm and the liver primordia. Observations were 

also noted regarding cHex expression in the blood islands. The mouse Hex promoter was 

used to investigate how retinoid signaling regulates cHex expression. Two independent 

approaches were taken to address these issues: retinoid signaling was inhibited or over-

stimulated in avian embryos and then cHex expression was assayed by in situ 

hybridization, and the mouse Hex promoter was analyzed for retinoic acid and GATA-

4/Nkx2-5 responsiveness in cell culture. 

It was determined that retinoid signaling acts directly via a retinoic acid response 

like element (RARE) in the mouse Hex promoter to negatively regulate its expression in 

the AL endoderm and liver primordia. Further studies indicated that the transcription 

factors GAT.A-4 and Nkx2-5 positively regulate mouse Hex promoter activity. GATA-4 

and Nkx2-5 have over-lapping yet distinct expression patterns with cHex and multiple 

consensus sites for these factors located throughout the mouse Hex promoter. Additional 

results indicate that retinoids have a limited capacity to reduce Hex promoter activation 

by GATA-4. 

Data presented here reirrforces the interrelationship between early heart and liver 
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development and an understanding of the downstream transcriptional events that allow 

mesodermal cells to assume the cardiac cell fate. Results also begin to define the 

mechanisms by which retinoid signaling patterns the AL endoderm, a tissue that will give 

rise to the liver primordia and instruct mesodermal cells to enter the myocardial 

differentiation pathway. Data is also presented indicating that,. Unlike frogs, the 

mammalian cardiac Nk2 class of homeobox genes may, not be required for cardiac 

differentiation. And, in a somewhat unrelated topic, evidence is presented that shows 

mouse ES cells contain potent mechanisms that insure genomic integrity. A long-term 

analysis, beyond the scope of this thesis, will give greater insight into both early 

endoderm patterning and the transcriptional regulation of early vertebrate heart 

development. 
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CHAPTER ONE 

The Analysis of Mutant Forms of mNkx2-5 to Address the Role of Ni(x2 Proteins in 

Mammalian Cardiogenesis 

INTRODUCTION 

I. Formation of Heart Muscle 

Heart development can be divided into two main stages: establishment of the 

cardiac cell lineage and morphogenesis to establish the heart's multi-chambered 

architecture. The endoderm plays a significant role in both of these stages by supplying 

key signaling molecules. These endoderm derived signals promote myocardial 

differentiation (Nieuwkoop, 1947; Jacobson, 1960, 1961; Chuang and Tseng, 1957, 

Gannon and Bader, 1995; Schultheiss et al., 1995, 1997; Nascone and Mercola, 1996; 

Arai, A., et al.. 1997), and the inward migration of the bilateral cardiogenic fields to form 

the linear heart tube (Antin et al., 1994; Gannon and Bader, 1994; Withington et al., 

2001). 

The origin and migration of precardiac cells during vertebrate development is 

highly conserved. Fate mapping studies in avian gastrula stage embryos have been 

instrumental in defining the migration of premyocardial cells. Prior to gastrulation, avian 

embryos are comprised of two tissue layers: the epiblast and hypoblast. The epiblast cell 

layer will give rise to the embryo proper while the hypoblast contributes to some of the 

extraembryonic tissues. During gastrulation, epiblast cells migrate inward through the 

primitive streak to generate the ectoderm, endoderm, and mesoderm. The hypoblast cell 



layer is displaced by the newly forming endoderm and migrates to the extraembryonic 

regions. Early fate mapping studies localized the precardiac cells to the primitive streak 

of early gastrula embryos (Hamburger-Hamilton stage 3) where they then migrate 

anteriorly and laterally to form the bilateral heart fields (Fig. I; HH stage 4^; Rawles 

1943; Rosenquist, 1966; Garcia-Martinez et al., 1993; Hatadaand Stem, 1994). 

Subsequently, the heart fields migrate inward and begin to differentiate to form the linear 

heart tube (reviewed in Lough and Sugi, 2000). 

Studies in amphibians localize cells destined to form heart to the blastopore lip 

(equivalent to the primitive steak in avian embryos). These cells migrate anteriorly and 

laterally forming the two heart fields, which then migrate inward forming the linear heart 

tube. Fate mapping studies in mouse show that precardiac cells migrate in a similar 

pattern to that of avian and amphibian heart precursor cells (Kaufman and Navaratnam, 

1981; Lawson and Pedersen, 1992; Deruiter et al., 1992). 

The timing of myocardial specification has been studied extensively in 

vertebrates (Jacobson and Sater, 1988; Gonzalez-Sanchez and Bader, 1990; Muslin and 

Williams, 1991; Yamiazaki and Hirakow, 1991; Garcia-Martinez and Schoenwolf, 1993; 

Antin et al., 1994; Sugi and Lough, 1994, Gannon and Bader, 1995; Nascone and 

Mercola, 1995; Arai et al., 1997). Although there are timing differences, these studies 

indicate that specification of premyocardial cells begins sometime during gastrulation. 

Specification is defined by the ability of cells to enter a developmental pathway that will 

give rise to a specific cell type; the state of the cell is reversible, i.e. cells can change their 

fate if presented with alternative external cues. Avian myocardial specification begins in 
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Figure 1. Early chicic developmeat. Developmental tinie-course of heart specification 
and myocardial cell migration in the avian embryo. 
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early to midgastrula stages (HH stage 4^, as some of these cells can undergo myocardial 

differentiation when cultured outside the embryo (Gonzales-Sanches and Bader, 1990; 

Antin et al., 1994; Montgomery et al., 1994; Gannon and Bader, 1995; Yatskievych et al., 

1997). InXenopiis laevis (tail-less amphibians), specification also begins in early to 

midgastrula stages (stage 10.25-10.5; Sater and Jacobson, 1990; Nascone and Mercola, 

1995), while in Urodeles (tailed-amphibians) specification does not begin until neurula 

stages (Jacobson and Sater, 1988; Muslin and Williams, 1991). Mammalian heart 

specification begins during mid- to late gastrula stages (7.5 days post coitum; Arai et al., 

1997). In summary, heart specification is an ongoing process that begins sometime 

during gastrulation and continues throughout the migration of the heart precursor cells to 

the anterior lateral regions of the embryo. 

Myocardial differentiation requires communication between the precardiac 

mesoderm and the adjacent endoderm. The flmction of endoderm is twofold in this 

process: to support the survival of precardiac mesoderm and to promote the cardiogenic 

program. The significance of mesoderm-endoderm interaction for early heart 

development has been demonstrated extensively in avian embryos. Avian HH stage 5 

precardiac mesoderm degenerates when cultured without endoderm in minimal essential 

media (Yamazaki and Hirakow, 1991), indicating that the endoderm secretes mesodermal 

survival factors. Anterior lateral endoderm can induce cardiac myocyte differentiation in 

mesoderm not normally fated to form heart (Orts-Llorca, 1963; Orts-Llorca and Gil, 

1965; Shultheiss et al., 1995; Sugi and Lough, 1995; Yatskievych et al., 1997; Ladd et al., 

1999), indicating that anterior lateral endoderm also possesses heart-inducing qualities. 
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Studies in other vertebrates confirm this obligatory role of endoderm to early heart 

development. 

Experiments in anuran amphibians have identified the dorsoanterior endoderm 

as critical to the differentiation of cardiac cells. Heart primordia removed from stage 10 

Xenopus embryos require deep endoderm (dorsoanterior) for efficient differentiation 

(Nascone and Mercola, 1995). Although explants cultured without endoderm form 

beating heart muscle, the frequency of beating heart muscle increases five-fold in the 

presence of the endoderm. 

Recent work with the mouse culture system has elucidated the tissue interactions 

required for the differentiation of heart muscle cells in mammals. Although the migration 

and timing of specification for heart precursor cells is similar to other vertebrates, the 

tissue interactions that promote myocardial differentiation may be slightly different. 

During gastrulation, the migrating cardiogenic mesoderm forms as it passes through the 

primitive streak and it remains in contact with the visceral embryonic endoderm (VEE), 

the mammalian equivalent to the avian hypoblast. Mesodermal cultures that lacked either 

VEE or primitive streak failed to differentiate into beating cardiac myocytes (Arai et al., 

1997). Although these experiments suggest that anterior definitive endoderm is not 

required for mouse cardiac myocyte differentiation, the formation of anterior endoderm 

cells in the co-culture experiments cannot be ruled out. 

The survival and terminal differentiation of myocardial cells depends on 

endoderm-derived soluble factors. Recent investigations have identified the signaling 

molecules capable of mimicking the cardiogenic endoderm in culture. These endoderm-
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associated molecules include fibroblast growth factors (FGFs), activin-A, and insulin-like 

growth factors (IGFs; Kokan-Moore et al., 1991; Parlow et al., 1991). Culture of 

precardiac mesoderm from HH stage 6 chick embryos in defined media with either FGF-

2 or activin-A results in a greatly increased incidence of beating explants compared to 

precardiac mesoderm cultured in defined media alone (Sugi and Lough, 1995). Zhu et al. 

(1996) obtained similar results when HH stage 5 precardiac explants were exposed to 

FGF-1 or FGF-4. Work performed by Antin et al. (1996) showed that members of the 

insulin-like growth factor (IGF) family can also mimic the cardiac enhancing qualities of 

endoderm. Precardiac mesoderm explants from stage 5 quail embryos cultured in defined 

media containing IGF-I or IGF-II show increased premyocardial cell proliferation. 

Although these molecules are capable of mimicking the endoderm, the experiments do 

not distinguish between the cell survival and cardiogenic inductive contributions of these 

molecules. 

The ability of the TFGP superfamily to promote precardiac mesoderm survival is 

limited to the bone morphogenetic proteins (BMPs). BMPs possess inductive and 

obligatory roles for the expression of key cardiogenic factors. Beads soaked in BMP-2 

and implanted into the anterior medial non-heart forming regions of the embryo induce 

expression of the cardiac molecular marker cNkx2-5 in mesoderm. Furthermore, when a 

bead soaked in the BMP antagonist noggin is placed in the heart forming regions of a HH 

stage 4 chick embryo, the cardiogenic program fails to initiate (Schultheiss and Lassar 

1997; Schultheiss et al., 1997; Schlange et al., 2000), indicating that BMP signaling is 

required for the upregulation of cardiogenesis. 



Recent studies suggest that Wnt signaling antagonizes cardiogenesis. Ectopic expression 

of Wnt-3a or Wnt-8c in avian precardiac mesoderm reduces the expression of cardiac 

genes (Marvin et al., 2001). Furthermore, Wnt inhibitors can induce cardiogenesis in the 

non-heart forming regions of the embryo. BMP-2 and -4 and the Wnt inhibitor Crescent 

are expressed in over-lapping yet distinct patterns in the anterior regions of HH stage 4 

avian embryos. When posterior region non-precardiac mesoderm expressing BMP-2/4 is 

cultured with Crescent it converts to heart, indicating that the combined action of these 

factors is sufficient to initiate the cardiogenic program. 

11 Transcriptional Regulation of Heart Muscle Cell Differentiation 

The importance of the anterior lateral endoderm to cardiogenesis can be 

measured by its ability to induce the expression of transcriptional regulators in the 

precardiac mesoderm. Cardiogenesis requires the expression of many transcription 

factors in the correct spatial-temporal pattern. These transcription factors fall into 

several different classes, including the Nkx2 homeodomain containing proteins, the 

helix-loop-helix (HLH) factors eHand and dHand, the zinc-finger transcription 

factors GATA-4, GATA-5, and GATA-6, and the MADS domain containing 

proteins Mef2-A3,C, D and Serum Response Factor (Srf; Fishman and Chien, 

1997). Although much information has been accumulated over the past ten years 

regarding the contribution of these genes to early development, little is known 

regarding the mechanism(s) by which they act to regulate myocardial differentiation. 

The homeodomain proteins, Nkx2-3,2-5,2-6,2-7,2-8, and 2-9, comprise a 



gene family expressed during vertebrate heart development (Newman and Krieg, 

1998; Evans, 1999). Nkxl-SfCsx (Lints et al., 1993; Komuro and Izumo, 1993) was 

the first vertebrate member identified based on its homology to the Drosophila gene 

tinman, a gene expressed within all dorsal mesoderm and subsequently only in the 

heart (Bodmer et al., 1990). Null mutations in tinman result in loss of cardiac and 

midgut lineage, demonstrating in flies that this gene is required for heart muscle cell 

differentiation (Bodmer, 1993). Nkx2-5 is first observed in the cardiogenic fields 

prior to differentiation in all species examined (Fishman and Chien, 1997; Newman 

and Krieg, 1998). Expression is maintained in the adult myocardium, implying an 

important continuing role for Nkx2-5 during heart development (Lints et al., 1993). 

The role Nkx2-5 plays during early vertebrate heart formation is beginning to 

be elucidated. Nkx2-5 upregulates cardiac promoters by binding to the NKE 

consensus site (5'-TNAAGTG-3'; Chen, C.Y. and Schwartz, R.J., 1995; Durocheret 

al., 1996; Lee et al., 1998; Sepulveda et al., 1998; Chen and Schwartz, 1996). Over-

expression of Nkx2-5 in Xenopiis (Cleaver et al., 1996) and zebrafish (Chen and 

Fishman, 1996) results in the expansion of the heart field, indicating that this factor 

may recruit cells to the cardiac lineage. In mice, several NK2 homeobox genes are 

expressed in heart forming regions. In contrast to the "no heart" phenotype in 

Drosophila embryos lacking tinman, mice containing null mutations in Nkx2-5 form 

a beating heart tube, although morphogenesis is abnormal and mice die shortly 

thereafter (Lyons et al., 1995; Tanaka et al., 1999). The Nkx2-5 null mice show that 

most molecular markers of differentiated heart muscle are unaffected by the absence 
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of Nkx2-5 except for ANF, MLC2v, eHand, and Mef2C, which are ail reduced or 

absent (Lyons et al., 1995; Tanaka et al., 1999). One explanation for this difference 

is that expression of the other Nkx family members in mouse results in functional 

redundancy, and that only by abolishing the function of all cardiac Nkx family 

proteins would a null phenotype be obtained. 

A dominant negative (DN) approach was taken in Xenopits by two 

independent laboratories to address the requirement of the Nkx2 family to early heart 

development. Grow and Krieg (1998) mutated a highly conserved leucine residue, 

found between helix two and helix three of the homeodomains of Nkx2-5 and NLxl-

3, to a proline. This mutation prevents DNA binding, yet preserves its ability to 

interact with other transcriptional partners. In theory, this dominant negative Nkx2 

would interact with its protein partners and prevent them from interacting with wild 

type Nkx proteins to upregulate transcription of cardiac genes. A different approach 

involved generating a chimeric protein by adding the engrailed repressor (ER) to the 

homdomain of xNkx2 (Fu et al., 1998). The ER is derived from the Drosophila gene 

engrailed, which possess transcriptional repressive qualities in vivo when fused to 

the DNA binding domain of another transcription factor (Smith and Jaynes, 1996). 

In this context, the homeodomain functions to give the protein nuclear localization 

and DNA binding ability while the engrailed repressor acts to inhibit transcription. 

Over-expression of dominant negative xNkx2-5 or xNkx2-3 results in the 

abolishment of heart muscle marker expression and of any morphologically 

detectable heart. Co-expression of either dominant negative xNkx with either wild 
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type Nkx family member rescued heart development, implying that in Xenopus these 

factors act in a redundant manner and are required for the differentiation of heart 

muscle (Grow and Krieg, 1998; Fu et al., 1998). A similar approach was taken with 

mouse Nkx2-5 to address whether these mutations (leucine to proline in the 

homeodomain or fusing the engrailed repressor to the homeodomain) would generate 

a dominant negative form of the murine ortholog. (See Chapter 11, section IV). 

The three zinc-finger regulatory factors GATA-4, GATA-5, and GATA-6 are 

part of a multi-gene family consisting of six members. The related family members, 

GATA-1/2/3, are not expressed in the heart, but play critical roles in cell lineage 

commitment during hematopoesis (Romeo, 1997). The GATA-4/5/6 factors are 

expressed in an overlapping pattern in precardiac (mesoderm) and gut forming 

regions (endoderm) of the embryo (Arceci et al., 1993; Morrisey et al., 1996 and 

1997). During later stages of heart development, GATA-4 and GATA-6 show robust 

expression in the myocardium while GATA-5 is restricted mainly to the 

endocardium of the heart (Arceci et al., 1993; Kelley et al., 1993; Grepin et al., 1994; 

Laverriere et al., 1994; Jiang and Evans, 1996). These factors upregulate the cardiac 

genes ANF, cTnC, cTnl, and a-MHC, by binding to the cognate WGATAR 

consensus sequence. (Durocher et al., 1997; Ip et al., 1994; Murphy et al., 1997). 

The shared ability of the GATA-4/5/6 to upregulate multiple cardiac genes suggests 

that they are functionally equivalent. However, in vivo experiments indicate that each 

of these zinc-finger transcription factors possess distinct functional qualities that 

contribute differently to vertebrate heart development. 
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Investigations of these factors to early heart development suggest that they 

play a role in both the initiation and maintenance of the differentiated cardiac myocte 

phenotype. GATA-4 anti-sense experiments in PI9 embryonic carcinoma (EC) 

cells, showed that GATA-4 is required for cardiac myocyte differentiation (Grepin et 

al., 1997). In contrast, GATA-4 knockout mice develop normal heart muscle, 

although the bilateral cardiac fields never fuse to generate the linear heart tube. 

(Molkentin et al., 1997). Chimeric mice expressing GATA-4 in the endoderm but 

not mesoderm form a linear heart tube (Narita et al., 1997), implying that GATA-4 

expression in the endoderm is critical for migration of the heart fields to the midline 

but is not required for differentiation. The difference between the anti-sense 

experiments in PI9 cells and the mouse knockout phenotype could be attributed to 

functional redundancy in GATA family members, thus allowing heart muscle cell 

differentiation. EC cells lack expression of GATA-5 and GATA-6, while the mouse 

GATA-4 knockout retains expression of these family members. Therefore, GATA-5 

and GATA-6 may compensate for the lack of GATA-4 expression in the knockout 

mouse. 

This hypothesis was tested in Xenopus by Jiang et al. (1999) using a 

dominant negative approach to address the contribution of the GATA-4/5/6 family 

members in cardiogenesis. A dominant negative GATA-4, capable of inhibiting the 

function of all family members in cell culture, was over-expressed in Xenopus 

embryos. Results showed no morphological defects, although the Nkx2-5 expression 

domain was expanded. This experiment indicates that in frogs the GATA family 
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members limit the size of the heart field, but unlike mammalian development, these 

factors are not required for normal heart development. Further investigations into 

the individual contribution of the GATA family members in frogs studied the role of 

GATA-6 in heart muscle cell differentiation. Injection of two cell stage Xenopus 

embryos with wild-type GATA-6 RNA blocks the differentiation of heart precursor 

cells (Gove et al., 1997), indicating that the role of GATA-6 may be to retain these 

cells in a precursor state. GATA-4 may be involved in recruiting cells to the 

myocardial lineage as over-e.xpression of GATA-4 in P19 cells increases the number 

of myocardial cells (Grepin et al., 1997). 

A majority of the work investigating GATA-4 and GATA-6 focused on 

understanding their role in heart precursor cells. However, recent studies have begun 

to address their contribution to the maintenance of the cardiac phenotype. 

Expression of either anti-sense GATA-4 or GATA-6 in rat cardiac myocytes results 

in little change of cardiac gene expression. However, if both molecules are reduced 

by anti-sense, a decrease in expression levels of several cardiac genes is observed, 

including ANF, brain natriuretic factor (BNP), a-myosin heavy chain, P-myosin 

heavy chain, and cardiac troponin I, (Charron et al., 1999). This experiment 

suggests that GATA-4 and GATA-6 can compensate for one another and collectively 

are required for the maintenance of heart muscle cell gene expression. 

Two basic helix-loop-helix (bHLH) proteins dHand (also called 

Hand2/HedyThing2) and eHand (also called Handl/Hxt/Thingl) are expressed in 

multiple tissues throughout development including Heart, Autonomic nervous 
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system, and Neural crest Derivatives (Hollenberg et al., 1995; Cross et al., 1995; 

Cseijesi et al., 1995; Srivastava et la., 1995). During heart development, their 

expression begins prior to myocardial differentiation and continues throughout later 

stages of heart formation. Mice null for eHand show mild defects in the ventricular 

heart muscle (Riley et al., 1998) and the linear heart tube fails to loop (Riley et al., 

1998; Firulli et al., 1998). Anti-sense inhibition of either Hand gene in HH stage 7 

chick embryos does not affect heart development, although simultaneous inhibition 

of both eHand and dHand blocks heart looping (Srivastava et al., 1995), indicating 

that in chick these two factors function in a redundant manner during heart 

morphogenesis. The discrepancy between the mouse and chick result may be due to 

the timing of functional redundancy of these genes. Both eHand and dHandmay be 

required for an early developmental decision that later affects heart morphogenesis, 

while the contribution of either eHand or dHand just prior to morphogenetic 

movements of the heart is sufficient. 

The MADS -box containing transcription factor family that is expressed in 

the heart forming regions of vertebrates consists of the myocyte enhancer factor-2 

(Mef2) members and serum response factor (SRF). There are four members of the 

Mef2 family, designated A.B.C, and D. Both the Mef2 family and SRF are 

expressed in skeletal, cardiac, and smooth muscle types (Edmondson et al., 1994; 

Subramanian and Nadal-Ginard, 1996; Ticho et al., 1996). The MefZ proteins 

function as heterodimers and homodimers that bind to A/T-rich nucleotide sequences 

in the promoters of some muscle speci^c genes (reviewed in Black and Olson, 
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1998). SRF can upregulate several cardiac promoters and possess the ability to 

recruit the homeodomain protein Nkx2-5 to these promoters to enhance activation 

(Chen et al., 1996; Chen and Schwartz, 1996). Drosophila possess a single D-MefL 

gene, which is required for the formation of all muscle types (Bour et al., 1995; Lilly 

et al., 1995; Ranganayakulu et al., 1995). Mouse Mef2C and Mef2B are first 

detected in precardiac cells (embryonic day 7.75) and persist throughout later stages 

of heart development. MeOA and Mef2D are expressed approximately 12 hours 

later (Edmondson et al., 1994; Molkentin et al., 1996). Ablation of the Mef2C gene 

in mouse results in the reduction of several cardiac genes, including ANF, cardiac a-

actin , a-myosin heavy chain, myosin light chain 1 A, and the transcription factor 

dHand, while Mef2B is upregulated (Lin et al., 1997). In addition to the reduced 

expression levels of cardiac genes, Me/2C null mice lack a looped heart and fuuire 

right ventricle. 

Myocardial differentiation and heart morphogenesis requires the expression 

of several different classes of transcription factors. These classes are comprised of 

multi-gene families with over-lapping expression patterns in the cardiogenic fields. 

Studies done to understand the contribution of these gene families to heart 

development have uncovered a complex regulatory network, whereby the different 

classes of transcription factors regulate one another. For example, mice null for 

Nkx2-5 shows reduced levels of eHand and MeflC (Lyons et al., 1995; Tanaka et al., 

1999), while over-expression of Mef2C and Nkxl-S in P19 cells results in an up-

regulation of each other's expression (Sketjanc et al., 1998). Mice null for MeJ2C 
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show a stage-specific decrease in dHand expression, while eHand expression is 

expanded throughout the entire heart tube (Lin et al., 1997). GATA-4 deficient mice 

show increased levels of GATA-6 expression (Molkentin et al., 1997). 

Based primarily on dominant negative studies in Xenopiis, members within a 

family often function in a redundant manner to ensure the completion of cardiogenesis. 

Studies in mammals have generally been limited to gene knockouts, i.e., removal of one 

gene from a multi-gene family. These experiments are informative but also limiting. 

Removal of multiple members of a family would elucidate the developmental 

contributions of the class, however, multiple gene knockouts in mice are extremely time 

consuming and in certain cases impossible. This has resulted in a relatively limited 

understanding of how specific classes of cardiogenic genes function during mammalian 

heart development. One approach to define their collective roles during cardiogenesis 

would be to over-express a dominant negative Nkx2 protein that is able to inhibit the 

function of the wild type family members. Attempts to use this approach are described in 

the experiments that follow. 
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RESULTS 

"Dominant Negative" Forms of the Mouse Homeobox Gene Nkx2-5 Do Not Inhibit 

the Activation of Cardiac Promoters In Vitro 

The following cell culture studies were performed to test the ability of two 

different mutant mouse Nkx2-5 molecules to repress cardiac promoter activity. 

Mutations introduced into the mNkx2-5 molecules were based on dominant negative 

Xenopus Nkx2-5 molecules that showed inhibitory activity in vivo (Grow and Krieg, 

1998; Fu et al., 1998). My expectation was that similar mutations introduced into mouse 

Nkx2-5 would inhibit wild type Nkx2 protein function. In parallel, studies were pursued 

in mouse embryonic stem (ES) cells. Previous investigations have characterized mouse 

ES cells as a valid model system for studying cardiogenesis, and so experiments were 

performed to assess their capacity to over-express the mNkx2-5 protein (refer to chapter 

II). Both these studies were pursued simultaneously in anticipation of over-expressing a 

dominant negative mNkx2-5 in mouse ES cells to understand how the Nkx2 family 

members contribute to mammalian cardiogenesis. 

Dominant negative mutations have been used to analyze the function of a wide 

variety of molecules, including growth factors, growth factor receptors, signal 

transducing molecules and transcription factors (reviewed in Shamah, 1995). In 

principle, a dominant negative mutation can be generated for any protein containing two 

domains that are required for function but that are also autonomous, i.e. one can be 

altered without affecting the other. Mutant proteins can then be generated that lack a 

particular function yet retain normal protein interaction so that they can titrate out a wild 



type partner or other cofactors. By over-expressing the dominant negative mutant protein 

in cells, a particular cellular function can be blocked. 

A dominant negative approach was taken to understand how the Nkx2 family of 

homeodomain proteins regulate mammalian cadiogenesis. Within the Nkx2 

homeodomain, a helix-tum-helix motif is highly conserved across evolution and is 

required for DNA binding (Chen and Schwartz, 1995). Mutations that alter the relative 

orientation of the helices can abolish DNA binding but leave unaffected the ability of 

homeodomain proteins to interact with dimerization partners or other cofactors. Selected 

mutation of the leucine residue in the "turn" region of the homeodomain of the Mix. I 

protein altered homeodomain structure so that the mutant protein failed to function and 

blocked activity of the wild type protein (Mead et al., 1996). This residue in the "turn" 

region of the homeodomain is conserved in many classes of homeodomain proteins, and 

thus mutations in this region can be used to inhibit the function of many homeobox 

genes. 

Grow and Krieg (1998) introduced an identical mutation in the Xenopus Nkx2-5 

or Nkx2-3 homeodomains (Nkxl-S'^or Nkx2-3'^). After injecting mRNA encoding 

either of these dominant negative proteins into early Xenopus embryos, they observed a 

dramatic reduction or complete absence of differentiated heart muscle cells. A different 

approach to address the same question fused the engrailed repressor to the N-terminus of 

the Xenopus Nkx2-5 or Nkx2-3 homeodomains (xNkx2-5HD^'^ or xNkx2-5HD^'^). The 

engrailed repressor interferes with transcriptional activation while the homeodomain 

provides DNA binding specificity, resulting in promoter specific repression (Jaynes and 
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O'Farrel, 1991; Han and Manley, 1993; Conlon et al., 1996). Independent injection of 

either engrailed modified \Nkx2 family member into Xenopus embryos inhibited 

cardiogenesis, as shown by the absence of heart muscle differentiation markers (Fu et al., 

1998). 

The same two methods employed to generate the Xenopus dominant negatives 

were applied to the mouse Nk.x2-5 ortholog (Nkx2-5^and Nkx2-5HD^'^). Since the 

mechanism by which these two types of mutations exert their inhibitory effects is not 

known, transcriptional activation experiments were performed using the proximal rat 

ANF and mouse Nkx2-5 promoters. Two models were proposed and tested to explain 

how a dominant negative Nkx2-5 molecule could repress cardiac gene promoter activity. 

The first model (model I) applies to both types of dominant negative Nkx2-5 

molecules (Nkx2-5'^^and Nkx2-5HD^'^). It describes each mutant as capable of binding 

to cardiac promoters and actively inhibiting basal and co-factor activation (Fig. 2). The 

second model (model 2) applies specifically to the Nkx2-5^^dominant negative, relying 

on the mutant's inability to bind DNA but still retain wild type protein-protein interaction 

domains (Fig. 2). In this model, the lack of promoter activity is not due to active 

repression, but lack of efficient activation. The assumption that the Nkx2-5'^ cannot 

bind DNA is based on the non-DNA binding qualities of homeodomain protein Mix. I 

containing the same leucine to proline mutation (Mead et al., 1996). In this second 

model, a non-DNA binding Nkx2-5'^ could still bind its co-factors (e.g., GATA-4) and 

prevent their association with the wild type Nkx2-5, thereby inhibiting formation of the 

active transcriptional complex on cardiac promoters. This model also includes the 
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Figure 2. Schematic representation of the potential inhibitory mechansim of the 
mutant Nkx2-5 molecules. Two models are proposed to address the potential inhibitory 
mechanism of the mutant mNkx2-S molecules. Tlie Normal Model represents wild type 
cardiac promoter (e.g. ANF and mNkx2-5 promoters) activation by endogenous factors. 
Models I and 2 represent possible mechanisms by which the Nkx2-5^ and Nkx2-5^ 
could reduce or inUbit promoter activity. Model 1 shows the mutant (DN) NKX2-S 
binding to the promoter and actively intubiting its activity. Model 2 shows the mutant 
(DN) Nkx2-5 titrating co-factors from the wild type Nkx2-5 so a transcriptional complex 
cannot form and activate the gene promoter. 
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possibility that Nkx2-5 can homodimerize and that introduction of a non-DNA binding 

form may titrate wild type counterparts, thus inhibiting the formation of functional 

transcriptional complexes. These two models were tested in cell culture. 

Initially, the ability of both the mNkx2-5^'' and niNkx2-5HD^''^ to regulate the 

proximal -I35bp ANF promoter was tested. Extensive characterization of the ANF 

promoter has shown that it is activated by Nkx2-5 and GATA-4 (Durocher et al., 1997). 

ANF is not expressed in the miVfcc2-5 null mouse, indicating it is a downstream target of 

Nkx2-5 in vivo (Lyons et al., 1995; Tanaka et al., 1999), and ANF is also up-regulated by 

wild type Nkx2-5 in a dose dependent manner (Durocher et al., 1996 and 1997; Fig. 3 A). 

These characteristics make the ANF promoter a good model for studying the mutant 

Nkx2-5 molecules. HeLa cells were co-transfected with the ANF promoter driving 

firefly luciferase and either the wild type mNkx2-5 or mNkx2-5'^''. Wild type mNkx2-5 

activated the ANF promoter in a dose-dependent manner, while mNkx2-5'^ failed to up-

regulate the ANF promoter more than two-fold regardless of the amount of mNkx2-5'^^ 

expression vector (Fig. 3 A, B). This experiment suggests that mNkx2-5^'' does not 

repress basal ANF promoter activity. 

The ability of mNkx2-5HD® to regulate the ANF promoter was also tested. 

Co-transfection of mA^fcr2-5HD® and the -135bp proximal ANF promoter into HeLa 

cells reduced ANF basal expression levels in a dose-dependent manner, reaching a 

maximum 60% reduction (Fig. 3C). This experiment indicates that mNkx2-5HD^ 

may actively bind the ANF promoter and reduce its transcriptional activity (model 

1). 
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Figure 3. Analysis of mNkx2-5'^ and niNkx2-S™ on basal ANF promoter 
expression levels.. (A) Wild type Nkx2-5 activates the proximal ANF promoter in a 
dose-dependent maimer. (B) cannot activate the proximal ANF promoter more 
than 2.5-fold above basal levels. (C) Nkx2-5®^ reduces basal ANF promoter activity in a 
dose-dependent manner. All transfections contained lOOng CMV-p-galactosidase as an 
internal transfection control. Cell cultures were assayed for luciferase and P-
galactosidase activity 36 hour post-transfection. Luciferase activity was corrected with 
p-galactosidase as internal control and normalized based on control transfection with the 
ANF promoter alone. The graph represents relative levels of luciferase induction 
compared to control levels. (IX = 0.22(ig expression plasmid DNA; 2X = 0.44|ig DNA; 
3X = O.SSjig DNA; and 4X = 0.88fig DNA). 
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To determine if these molecules could inhibit wild type Nkx2-5 activation of 

the ANF promoter, the wild type was challenged with either mNkxl-S'^or mNkx2-

Transfection of HeLa cells with the ANF reporter plasmid, wild type 

miVfc.r2-5, and either of the mutant mNkx2-5 molecules did not reduce ANF 

activation levels (Fig. 4). Surprisingly, the addition of mNkx2-5'^ slightly increased 

wild type mNkx2-5 activation levels of the ANF promoter. These results indicate 

that both mNkx2-5'^ and mNkx2-5HD^ do not directly inhibit wild type Nkx2-5 

function. 

The next experiment tested the ability of mNlcx2-5'^to inhibit or reduce the 

ability of mNlcx2-5 and its co-factor GATA-4 to activate the ANF promoter. 

Previous studies have shown that wild type GATA-4 alone up-regulates the ANF 

promoter in a dose-dependent manner, while GATA-4 plus Nkx2-5 synergistically 

activate the ANF promoter (Durocher et al., L997). To determine if mNkx2-5'^ can 

inhibit GATA-4/Nkx2-5 ANF activation, HeLa cells were co-transfected with the 

ANF promoter driving luciferase, wild type miVfcc2-5 and GATA-4, and then 

challenged with increasing amounts of mNkx2-5^ expression vector. ANF promoter 

activation levels were not effected (Fig.5), indicating that tnNkx2-5'^ does not 

inhibit the mNkx2-5/GATA-4 complex. The mNkx2-5HD^ was not tested in this 

manner. 

The results thus far clearly indicate that both types of mutant mNkx2-5 are 

incapable of reducing ANF promoter activation through a direct or indirect inhibition 

of wild type mNkx2-5 function. However, the Xenopus dominant negative Nkx2-5 
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Figure 4. Analysis of inNkx2-5^ and niNkx2-5™ on wild type niNkx2-S activation 
of the ANF promoter. HeLa cells were co-transfected with the proximal -I35bp rat 
ANF promoter driving firefly luciferase and a CMV driven xnNkxl-S expression 
construct. The ANF promoter was activated by the wild type mNkx2-5 (Nkx2-5^ 
approximately 8-foid. The wild type was then challenged with either Nkxl-S'^ (+ = 
equal molar amounts and -t-+ = twice the amount) or Nkx2-5^ (+ = equal molar 
amounts). The graph represents relative levels of luciferase induction compared to control 
levels. (+ = 0.22ng expression plasmid DNA; ++ = 0.44|ig DNA). 
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Figure 5. Analysis of mNkx2-5^ on wildtype GATA-4/Nkx2-S synergistic activation 
of tile ANF promoter. HeLa cells were co-trans fected with the proximal -I35bp ANF 
promoter driving firefly tuciferase and the CMV driven wildtype mMr2-5 (Nkx2-5^, 
GATA-4 and then challenged with increasing amounts of CMV driven mNkx2-5'^- The 
graph represents relative levels of luciferase induction compared to control levels. 
GATA-4 and mNkx2-5^ on the gr^h represent 50ng of expression plasmid. The 
increasing amounts of mNkx2- 5 is represented by the following factor of X (X = SOng 
plasmid DNA) IX, 3X, 5X, lOX, and 13X. 
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results (Grow and Krieg, 1998; Fu et al., 1998), clearly suggest that over-expression 

of either mutant form inhibits cardiac gene expression. A potential reason for the 

conflicting cell culture and in vivo results is that the ANF promoter is not a suitable 

model for studying the mechanism of the mutant Nkx2-5 inhibition. ANF expression 

is first detected after myocardial differentiation begins, well after the dominant 

negative Xenopus mNkx2-5 molecules exert their inhibitory effect. A more suitable 

promoter model to understand how the dominant negative mNkx2-5 molecules 

function may therefore be one that is active prior to or during cardiac differentiation. 

To address this issue, the -3kb proximal portion of the mouse Nkx2-5 promoter was 

cloned by PGR from mouse genomic DNA. The proximal portion of the mouse 

Nkx2-5 promoter is sufficient to drive expression of LacZ in cardiac precursor ceils 

in transgenic mice (Searcy et al., 1998) and is activated by Nkx2-5 and GATA-4 in 

vitro (Reecy et al., 1999; Fig. 6). This makes it an ideal promoter to understand how 

the mutant mNKX2-5 may function to inhibit cardiac gene expression. 

To determine if mNkx2-5'^ can inhibit mNkx2-5 promoter activation by wild 

type mNkx2-5, HeLa cells were co-transfected with the proximal -3kb mNkx2-5 

promoter driving luciferase and either wild type mA^fcc2-5, niiVfcc2-5'^, or both. Wild 

type mNkx2-5 activated the mNkx2-5 promoter in a dose dependent manner, while 

mNkx2-5'^ alone did not (Fig. 6). However, similar to the ANF promoter, co-

transfection of wild type miVfcc2-5 and niMx2-5'^ up-regulated the mNkx2-5 promoter to 

levels observed with mNkx2-5 alone. Therefore, mNkx2-5'^ cannot inhibit mNkx2-5 
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dependent activation of the the mNkx2-5 promoter. The potential inhibitory effect of 

mNkx2-5HD® was not tested on the mNkx2-5 promoter. 
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Figure 6. Analysis of niNkx2-5'^ on wild type niNkx2-5 activation of the proximal -
3kb niNkx2-5 promoter. HeLa cells were co-transfected with the -3kb proximal portion 
of the mouse Nkx2-5 promoter driving firefly luciferase and increasing amounts of CMV 
driven wild type mNkx2-5 (mNkx2-5*). The mNkxl-S^'^was also tested on the mNkx2-5 
promoter. Wild type mNkx2-5 promoter activation was challenge with an equal amount 
of mNkx2-5^. Tlie graph represents relative levels of luciferase induction compared to 
control levels. (+ = 0.22|ig expression plasmid; ++ = 0.44{ig DNA; i m t = 0.88(ig 
DNA) 
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DISCUSSION 

Fully developed heart muscle requires the expression and proper organization of 

many sarcomeric proteins. The regulatory regions of these heart muscle genes are known 

targets of transcriptional regulators. Several lines of evidence suggest that members of 

Nkx2 class of homeobox genes are critical to the formation of heart muscle in the 

vertebrate embryo. Several Nkx2 family members are expressed in the heart forming 

regions during vertebrate development (Newman and Krieg, 1998; Evans, 1999). Cell 

culture experiments indicate that Nkx2-5 can up-regulate many cardiac promoters (Chen 

and Schwartz, 1995; Durocher et al., 1996; Lee et al., 1998; Sepulveda et al., 1998; Chen 

and Schwartz, 1996). Dominant negative experiment performed in Xenopiis show that 

the cardiac Nkx2 proteins are required for heart muscle differentiation as indicated by the 

absence of cardiac molecular markers (Grow and Kreig, 1998; Fu et al., 1998). This 

experiment also indicates that the cardiac Nkx2 family members play a redundant role 

during cardiac myogensis in frogs. Surprisingly, however, when dominant negative 

Nkx2-5 mutations that inhibited cardiogenesis in Xenopus were introduced into mouse 

Nkx2-5, they were incapable of inhibiting Nkx2-5 dependent promoter activation in cell 

culture assays. 

In mammals the role of the cardiogenic Nkx2 class genes is unclear. Mice null 

for Nkx2-5 lack a looped heart and have reduced expression of the atrial natureitic factor 

(ANF). Ablation of the related family member mNkx2-6 shows that it is not required for 

heart development or cardiac gene expression (Tanaka et al., 2000). Interestingly, 

ectopic mMx2-5 expression was observed in regions of the pharynx that normally 
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express mNkxl-6, indicating Nkxl-S may compensate for the loss of Nkx2-6. In both 

cases, beating heart muscle was present in the mouse embryo, indicating that neither gene 

alone is required for cardiac myocyte differentiation. 

In this study, a screen was performed to identify mutant forms of murine Nkx2-5 

capable of acting as a dominant negative on a cardiac promoter. Two mutant Nkx2-5 

molecules were generated based on Xenoptis Nkx2-5 dominant negatives (xNkx2-5'^ 

and xNkxl-S^*^) that severely impaired or inhibited early heart development in frog 

embryos. The intention of this screen was to isolate a mutant form of Nkx2-5 capable of 

inhibiting the other Nkx family members. This dominant negative Nkx2-5 was then 

going to be over-expressed in mouse embryonic (ES) cells to address the requirement of 

the Nkx2 family members to mammalian cardiac myogenesis. Suprisingly, however, 

dominant negative forms ofNkx2-5 that inhibited cardiogenesis in Xenopiis were 

incapable of inhibiting cardiac promoter activation in mammalian cell cultures. 

I. Mouse Nkx2-5^^ Does Not Inhibit Cardiac Promoter Activitv 

The proximal -135 ANF and -3kb mNkx2-5 promoters were used to determine if 

mNkx2-5^ could reduce mNkx2-5 dependent activation in cell culture. Both basal 

promoter activity and wild type mNkx2-5 and GATA-4 dependent activation of the ANF 

and mNkx2-5 promoter were challenged with the mNkx2-5'^'' construct. In no case was 

inhibition or reduction observed with Nkx2-5'^. 

The discrepancy between the cell culture results with mNkx2-5^and the in vivo 

experiments with the Xenopus Nkxl-S'^may be attributed to flmctional differences 
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between the mouse and frog Nkx2-5 proteins. The dominant negative approach in 

Xenopus showed that the Nkx2 family members are essential to cardiac gene expression 

and that they act in a redundant marmer. This may not be the case for murine 

cardiogenesis as evidenced by the double mA'fcc2-5''', mNkx2-6''' knockout mouse 

(Tanaka eta 1., 2001). The expression of mNkx2-2, the only other known mouse 

homolog, is not found in the heart, but restricted to the gut forming region (Pabst et al., 

1997). The heart phenotype in the double knockout was slightly more severe compared 

to that of the mNkxl-S null mouse, although heart muscle was still present. The atrium 

and ventricular chambers were less distinct in the linear heart tube and the expression of 

ANF was more reduced (Tanaka et al., 20001). Further evidence for functional 

differences between the Xenopus and mouse cardiac Nkx2 molecules comes from 

transgenic mice over-expressing a mutant non-DNA binding mNkx2-5. Kasahara et al. 

(2001) performed a mutational analysis of the mNkx2-5 molecule and identified an 

isoleucine in helix III of the homeodomain that is required for DNA binding, but has no 

effect on homo- or heterdimization function. By mutating the isoleucine'*^ residue to a 

proline, the mNkx2-5 molecule (Nkx2-5I183P) functioned in cell culture as a dominant 

negative by inhibiting ANF promoter activation (cell type specific affect). Interestingly, 

the ANF promoter inhibition was only observed in lOTl/2 cells, but not in neonatal rat 

cardiac myocytes (Kasahara et al., 2001), indicating perhaps that Nkx2-5I183P can 

inhibit basal transcriptional activators, but not transcriptional enhancers (e.g., wild type 

GATA-4 and Nkx2-5). Over-expression of niNkx2-5Il83P in mice with the ^myosin 

heavy chain promoter (cardiac specific) did not inhibit cardiac myogenesis and the 
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transgenic mice lived for several months after birth (Kasahara et al., 2001). However, 

accumulation of the mutated protein in the mycocardium resulted in profound conduction 

defects and eventual death. Of great interest, embryonic cardiac defects (abnormally 

thick or thin ventricular and atrial walls) were observed in transgenic mice over-

expressing the wild type mNkx2-5. In addition, over-expression of GFP in mice causes 

dilated cardiomyopathy. These experiments bring into question the specificity of the 

"dominant negative" mNkx2-5I183P on heart development and thus any conclusions one 

can derive about the function of mammalian Nkx2 family members to cardiogenesis and 

heart formation. In contrast, the absence of any observable effect on cardiogenesis, as 

seen in the Xenopiis dominant negative experiments, could be attributed to the different 

developmental stages that the mutant Nkx2-5 molecules were expressed. The Xenopiis 

experiments over-expressed the xNk2-5^ prior to the on-set of differentiation while 

mNkx2-51183P was expressed after murine cardiac differentiation began. This 

potentially could explain the contrasting results between the two species. Although more 

experiments must be performed in mouse, in particular prior to differentiation, the 

majority of the studies indicate that the function of the mammalian and Xenopus Nkx2 

family members in the heart may have diverged. 

II. Mouse Nkx2-5^^ Does Not Inhibit Cardiac Promoter Activitv 

The inability of mNkxI-S'^ to ftmction as a dominant negative led to an 

alternative approach. The DNA binding domain of mNKX2-5 was fused to the engrailed 

repressor to generate a transcriptional repressor with DNA binding specificity (niNkx2-
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This approach has been successful with several different transcriptional regulators 

to assess their role in a particular developmental pathway (Han and Manley, 1993; 

Conoon et al., 1996; Fu et al., 1998). Injection of Xenopus embryos with RNA 

transcripts encoding a xNkx2-5 resulted in the ablation of heart and inhibition of 

cardiac molecular markers (Fu et al., 1998). In this study, the mouse Nkx2-5 was 

generated and assayed in cell culture for inhibition of the ANF promoter. 

Analysis of basal ANF expression levels in HeLa cells indicated that the Nkx2-5 

could reduce promoter activation up to 60% (Fig. 3). However, no effect was 

observed when wild type mNkx2-5 activation of the ANF promoter was challenged with 

mNkx2-5 (Fig. 4), indicating that the mNkx2-5 is incapable of functioning as a 

dominant negative in cell culture. Again, in comparison to the Xenopus over-expression 

data with xNkx2-5 it appears that the mouse and Xenopus Nkx2-5 molecules may 

function differently. However, cell culture experiments, although informative, can be 

misleading. The mNk.x2-5 promoter assays in HeLa cells may not be recapitulating 

the in vivo environment seen in the embryo. 

In contrast, a recent study performed in P19 embryoiuc carcinoma (EC) cells 

indicates that mNkx2 family members are required for mammalian cardiogenesis. Over-

expression of the mNkx2-5 homeodomain fiised with the repressor domain of mouse 

engrailed 2 inhibited cardiogenesis in P19 cells as measured by the lack of beating heart 

muscle and expression of cardiac markers (e.g. GATA-4 and Mef2Q.\ Jamali et al., 2001). 

Unfortunately, the ability of this engrailed2-Nkx2-5 fusion protein to function as a 

dominant negative in a reporter gene assay was not tested. The contrasting results 
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between the P19 experiments and the studies presented here with the mNkxl-S^'^may be 

cell environment dependent. Attempts to perform similar experiments in the R1 strain of 

mouse embryonic stem (ES) cells proved difficult (as reported in Chapter II). 

Differences between the results in the P19 EC experiments and the transgenic mice may 

be due to the functional difference between the non-DNA binding Nkx2-5 and the Nkx2-

S-engrailed repressor fusion protein. 

III. Dominant Negative Approach 

Two different approaches were pursed in this study to generate dominant negative 

mNkx2-5 molecules. One approach employed mutating a highly conserved amino acid 

residue between helix II and III of the homeodomain generating a non-DNA binding 

Nkx2 molecule. Kasahara et al, (2001) took a similar approach by mutating a single 

residue in helix III of the homeodomain. The second approach in this study generated a 

fusion protein with the mNkx2-5 homeodomain and the engrailed repressor. Again, this 

was similar to the approach whereby the mouse engrailed 2 repressor was fused to the 

mNkx2-5 homeodomain (Jamali et al., 2001). These mutant forms of Nkx2-5 were 

generated to understand the role of the cardiac Nkx2 molecules to heart muscle 

development. However, experimental results differed in each case. This may be 

expected based on the gross functional differences between the mutated Nkx2-5 proteins. 

A mutation that prevents DNA binding yet retains homo-and heterodimerization 

function may still interact with endogenous factors (e.g., GATA-4 and SRF). This type 

of dominant negative would address which developmental pathways require Nkx2-5 
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DNA binding. Clearly, 'mXenopus DNA binding is required for cardiogenesis, while in 

mainmals Nkx2-5 DNA binding is important only in full formed heart. 

This is in contrast to the Nkx2-5-engrailed fusion protein, which binds gene 

regulatory regions via the NKE site and inhibits gene transcription via a non-specific 

repressor. The engrailed dominant negative merely addresses which genes are regulated 

by Nkx2-5, not the role of the Nk2 class genes in heart development. While this approach 

is informative, concluding firom over-expression experiments that the Nkx2 class proteins 

are required for cardiogensis is an over-interpretation. 

Determining the role of the Nkx2 family members in heart development is a 

difficult task. Understanding the mechanisms by which they act is even more daunting. 

Clearly, the experiments described in this study and those mentioned from other 

laboratories suggest differences in Nkx2 function between species. These varying 

experimental results suggest that different pathways or mechanisms are present in 

mammals than in frogs that establish the cardiogenic phenotype. Other transcription 

factors such as GATA-4/5/6 may have taken a more critical role during early heart 

formation in mammals. Generation of other dominant negative transcription factors will 

help elucidate the molecules involved in cardiac myocyte differentiation. 
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CHAPTER TWO 

R1 Mouse Embryonic Stem Cells Prevent the Stable Incorporation of 

Select Transgenes from their Genome 

INTRODUCTION 

Maintaining Genome Integrity 

The genome of organisms is under constant invasion from outside pathogens, 

such as bacteria and viruses. Foreign DNA introduced into the genome is capable of 

altering gene regulation and potentially causing harm. Therefore, mechanisms to protect 

the integrity of the genome must be implemented to ensure the survival of the organism. 

Genome integrity is defined as maintaining stable DNA structure (e.g. chromosomal 

structure) resulting in proper gene regulation and cell viability. Bacteria have a well-

defined mechanism to protect their genome from outside invasion. To avoid acquisition 

of unwanted DNA, bacteria have evolved sequence-specific methylation patterns that 

allow them to distinguish between self and non-self DNA. This mechanism targets and 

subsequently eliminates the non-self DNA, which does not share the same methylation 

pattern as the host genome (as reviewed in Rao et al., 2000). This non-self DNA is 

removed via sequence specific restriction endonucleases. A similar phenomenon of 

identifying non-self by methylation patterns is observed in eukaryotic cells and in 

transgenic mice. Moreover, experiments in embryonic stem cells suggest that they 

possess mechanisms for active repression of exogenous DNA. 
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The phenomenon of identifying non-self DNA in mammals was first documented 

in transgenic mice. Successful in vivo expression of the rabbit ^-globin transgene in mice 

requires the removal of bacterial DNA from the expression plasmid (Wagner et al., 

1981). Subsequent studies showed that the absence of transgene expression is due to 

active inhibition and not to problems relating to integration (Chada, et al., 1985), 

indicating that mammals are capable of identifying and preventing non-self DNA 

expression. Experiments performed in transgenic mice identified a potential 

mechanism(s) for this inhibition. Scrable and Stambrook (1997) could not detect 

transgene expression in mice carrying the bacterial lad gene, which encodes for the Lac 

repressor. Further investigation shows that the lad gene was hypermethylated within the 

mouse genome, a modification of eukaryotic DNA that is associated with gene repression 

(Gruenbaum and Razin, 1982; Ceder, 1988; Boyes and Bird, 1991). When the bacterial 

lad gene was modified to employ a mammalian codon usage, it remained 

hypomethylated and was expressed in the transgenic mice (Scrable and Stambrook, 1997; 

Zhang et al., 1991). These results suggest that mammals use DNA methylation as a 

method for maintaining genomic integrity. Observations made in cultured embryonic 

cells indicate that this protective mechanism is also active in vitro. 

Embryonic stem (ES) cells are a totipotent cell line isolated from the inner cell 

mass of mouse blastocyst stage embryos (Evans and Kaufman, 1981). Embryonic 

carcinoma (EC) cells are pluripotent cells derived from mouse teratocarcinomas. When 

cultured under specific conditions they can develop into heart, skeletal muscle, blood, 

and neurons (Doetschman et al., L985; Pdersen, 1994). The ability of ES and EC cells to 



57 

undergo cellular differentiation in culture makes them a valuable tool for studying the 

development of many different cell types. However, little work is seen in the literature 

exploiting ES or EC cells as tools for understanding the contribution of transcription 

factors to cellular differentiation. Reasons for this may lie in the inability to successfully 

introduce specific foreign DNAs into their genome. 

Typically, a stable cell line expressing a transgene is established by introducing 

an expression plasmid and selectable marker plasmid (antibiotic resistance) into ES or EC 

cells via electroporation or transfection. Cells are exposed to the antibiotic and selected 

overtime for resistance. Those cells resistant to the antibiotic are then assayed for 

expression of the transgene. Although, introduction and expression of an antibiotic 

resistance gene is straightforward, ES or EC cells expressing transgenes are inherently 

difficult to isolate (Wu and Adamson, 1996; Nye et al., 1994; Skeijanc et al., 1994). To 

isolate P19 EC cells over-expressing the basic helix-Ioop-helix transcription factor 

MyoD, a selective approach was taken, in which the antibiotic resistance gene, 

puromycin, was placed under the control of a MyoD responsive promoter (Skerjance et 

al., 1994). Selection for puromycin resistant cells requires the expression of MyoD to 

activate this resistance gene. In this study, only three isolates expressed MyoD. 

Typically, generating stable EC cells with only the antibiotic resistance gene results in 

hundreds to thousands of clones, indicating that the resistance to exogenous expression in 

EC cells is gene dependent. Wu and Adamson (1996) employed insulating K18 (derived 

fi-om the human keratin 18 gene; Neznanov et al., 1993) sequences to flank their 

expression construct to overcome gene inactivation problems in ES cells. Heterologous 
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transgene expression was observed when the cell receptor protein Notch was over-

expressed in P19 EC cells. Of three clonal populations isolated, the individual lines 

expressed the transgene in 79%, 38% and 18% of the cells respectively, as assayed by 

immunocytochemsistry (Nye et ai., 1994), suggesting that P19 cells contain a method to 

identify and suppress exogenous DNA expression. 

Retroviruses are used as tools to introduce foreign DNA with high efficiency into 

a wide range of cell types. They integrate readily into the host genome, give stable 

expression of transgenes, and have been used for targeting transgenes to ES and EC cells. 

Retrovirally introduced genes are often not expressed in ES and EC cells, however, 

hampering their use as tools in studying early development (Gautsch, 1980; Jaenisch, et 

al., 1975; Robertson, et al., 1986). Reasons for this include active repression and 

hypermethylation. The genetic elements of a retrovirus consist basically of three protein-

coding regions (gag, pol, and env), flanked by long terminal repeats (LTR). The gag-pol-

env proteins ensure genome replication and packaging of the provirus into new viral 

particles, while the LTRs regulate viral gene expression. Mutation analysis of the 

Moloney murine leukemia virus (Mo-MuLV) revealed that cis-elements in the viral 

genome confer repression of gene expression in embryonic cells. This region 

downstream of the 5'-LTR, named the primer binding site (PBS), inhibits expression of 

viral proteins in EC cells (Barklis et al., 1986; Loh et al., 1987; Weiheret al., 1987). 

Mutating this site releases inhibition and increases viral gene expression in EC cells. 

Subsequent studies have identified repressor binding protein (RBP), the factor 

responsible for repressing transcription at the PBS (Feuer et al., 1989; Kempler et al.. 
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1993; Petersen et al., 1991). The transcription factor YYl (Ying-Yang I) was also 

determined to bind the 5'-LTR and represses viral gene expression in ES and EC cells 

(Becker et al., 1994; Flanagan et al., 1992; Flanagan et al., 1989; Tsukiyama et al., 1989). 

In addition to trans-acting repression of viral genes, retroviral vectors are targets 

for hypermethylation (Boyes and Bird, 1991; Ceder, 1988). Studies in EC and murine 

fibroblast cells show that the Mo-MuLV retrovirus is subjected to hypermethylation 

(Niwa et al., 1983; Stewart et al., 1982; Hoeben et al., 1991), resulting in repression of 

LTR activated gene expression. Experiments performed with the murine embryonal stem 

cell virus (MESV) show similar results. A modified MESV carrying the lacZ open 

reading frame introduced into EC cells shows inverse correlation between expression 

levels and the degree of viral sequence methylation (Laker et al., 1998). These results 

indicate that ES and EC cells can identify non-self DNA and prevent its expression. 

Prokaryotic and eukaryotic cells share in the ability to inhibit expression of select 

foreign DNAs. However, it is unclear whether the mechanism is the same. The 

methods(s) that mammalian cells use to identify non-self DNA and prevent its expression 

is not well understood. Experiments with transgenic mice and embryonic cells identified 

hypermethylation and trans-acting factors as ways to inhibit foreign DNA expression. 

Bacteria identify foreign DNA by its non-self methylation pattern and subsequently 

remove that DNA via restriction endonucleases. 

Recent work by Scrable and Stambrook (1999) show that mammals can also 

delete integrated foreign DNA. The progeny derived from independent transgenic mice 

lines carrying either the bacterial lad gene or the mammalian version (modified for 
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mammalian codon usage) were compared for transgene retention. The ratio of transgenic 

to non-transgenic progeny for the mammalian version of lad is the expected 1:1 (on 

average 50% offspring from three founders are transgenic) while the bacterial lad 

carrying mice have a much skewed ratio (an average only 31% of the offspring from 

seven founders are transgenic). The results indicate through multiple generations 

mammals can identify and eliminate non-mammalian DNA. Although not based on 

codon bias differences, a similar phenomenon of non-self DNA deletion was investigated 

in ES cells. 
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RESULTS 

Mouse ES Cells Selectively Inhibit the Stable Incorporation of Transeenes into the 

Genome 

Totipotent mouse embryonic stem (ES) cells are a valuable tool for studying 

the regulation of cell fate decisions. By manipulating the physical and/or chemical 

environment, ES cells can differentiate into a multitude of cell types including heart, 

skeletal muscle, blood and neurons (Doetschman el al., 1985; Pedersen, 1994). 

Beating cardiac myocytes arise at high frequency when ES cells are cultured in 

hanging droplets (Fig. 7). The mechanisms regulating cardiac myogenesis in ES 

cells are indistinguishable from events occurring in vivo. Within 8-10 days of 

initiating hanging droplet cultures, rhythmically beating cardiac myocytes consisting 

of atrial, ventricular, and sinusoidal heart muscle cells are observed (Doetschman et 

al., 1985; Miller-Hand et al.. 1993). This timing matches the development of beating 

heart muscle in the mouse embryo (Maltsev et al., 1993). Transcription factors 

known to play a role in heart muscle cell development in vivo (e.g., mNkx2-5, 

GATA-4, MEF2C) are expressed in ES cell cultures (Xu, 1998). Differentiated 

myocytes assemble intercalated discs and contractile myofibrils that contain all 

proteins observed in vivo (Westfall et al., 1996). These characteristics of ES cell 

derived cardiac myocytes indicate they are advantageous for studying the 

contribution of transcription factors to mammalian cardiogenesis. 

Experiments performed in Xenopus indicate that the Nkx2 homeodomain 

proteins expressed in the heart are required for cardiogenesis. Grow and Krieg 
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Figure 7. Time course of cardiac myocyte differentiation in embryoid bodies. 
Mouse ES cells were cultured by the hanging droplet method to generate embryoid 
bodies (EB). EB's were allowed to grow in suspension and then individually plated in 24-
well culture dishes. Seven days after starting the hanging droplets, beating foci were 
observed and counted for an additional three days. Percentage of beaters was determined 
by dividing the number of EBs that had one or more beating foci with the total number of 
EBs. 
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(1998) employed a dominant negative approach to inhibit the function of wild type 

Nkx2 family members in the heart. The highly conserved leucine residue in \Nkx2-5 

and \Nlcx2-3, located between helices two and three of the homeodomain, was 

mutated to a proline. Injection of mRNA encoding either of these mutated proteins 

(Nkx2'^) into early Xenopiis embryos resulted in the complete absence of heart 

muscle differentiation markers. These results indicate that the function of Nkx 

transcription factors is essential for heart muscle cell differentiation in amphibians. 

A similar strategy to investigate Nkx2-5 function during mouse cardiogenesis was 

pursued. 

To investigate the contribution of Nkx2 transcription factors to mammalian 

heart muscle cell differentiation, the following strategy was employed: stable ES cell 

lines were generated that express mutated (dominant negative;mNkx2-5^ or wild 

type mA^fcr2-5; ES cells were then cultured in hanging droplets to increase the 

incidence of cardiogenesis; finally, the frequency at which beating cardiac myocytes 

arose was assayed between the wild type and mutated mNkxl-S expressing cell lines. 

The expectation of these experiments was that overexpression of mNkx2-5'^ will 

inhibit cardiac differentiation in ES cells while the wild type would have either no 

effect or enhance cardiogenesis. 

Mouse ES cell were electroporated with a mammalian expression vector 

containing a CMV promoter driving expression of Myc-HiSg epitope tagged (C-

terminal) wild type or mutated mM:r2-5 and a SV40 promoter driving the neomycin 

resistance gene (Neo"^; selectable marker; Fig. 8A). Preliminary transfection studies 
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Figure 8. Schematic representation of the expression constructs used to generate 
neomycin resistant mouse ES cell clones. (A-E) Each clone contains either a CMV 
(cytomegalos virus) or PGK (phosphoglycerate) promoter driving the wild type (WT) or 
dominant negative (DN) niA'^2-5 trasngene. The transgene is linked with either a C-
terminal Myc-Hise (M-H) or a N-terminal HA epitope tag. Expression constructs (A,C, 
and D) contain the mNkx2-5 transgene and neomycin resistance gene (Neo^) on the same 
plasmid. Schematic (B) represents two different expression constructs. The final 
construct (E) generated contains a bicistronic expression plasmid with the PGK promoter 
driving expression of the raNkx2-5 trasngene linked to the internal ribosome entry site 
(IRES) followed by the Neo^ gene. 
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in CV-1 cells showed positive protein expression by inimunocytochemistry, 

indicating that the plasmids are functional. Electroporated ES cells were cultured in 

media containing 400ng/ml neomycin for 10 days to select for stable cell lines. Of 

the approximately one hundred growing neomycin resistant clones, twenty individual 

clones were picked, expanded to generate frozen stocks, and assayed for transgene 

expression. All neomycin resistant ES cell lines tested by immuncytochemistry for 

the expression of the epitope tagged Nkx2-5 protein were negative (data not shown). 

Multiple attempts to generate stable ES cells lines over-expressing either of the 

tagged Nkx2-5 proteins failed. One possibility for the lack of protein expression in 

ES cells is that the CMV promoter is driving toxic expression levels of Nkx2-5 

protein, causing cell death. To overcome this potential problem, the Nkx2-5 

transgene was placed under control of the weaker mammalian housekeeping gene 

promoter, phosphoglycerate kinase (PGK). 

For this experiment, two plasmids were used. One plasmid consisted of the 

PGK promoter driving the Myc-HiSg tagged n\Nkx2-5 (wild type or mutated) while 

the other contained the PGK promoter driving the Neo'' gene (Fig. 8B). Again, all 

plasmids were tested for protein expression in CV-1 cells. To increase the likelihood 

that neomycin resistant cells carried both plasmids, the PGK-mNkx2-5 (wild type or 

mutated) plasmid was added in 10 molar excess to the PGK- Neo"^ plasmid. Mouse 

ES cells were placed under antibiotic selection for 10 days and surviving clones 

picked and expanded. Immunocytochemsitry performed on neomycin resistant cells 

failed to detect Myc-HiSg tagged Nkx2-5 protein. Three potential reasons for the lack 
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of transgene expression are that both plasmids failed to integrate simultaneously into 

the same ES cell, that mNlcx2-5 expressing cells grew more slowly than cells 

expressing only the Neo"^ gene, and/or that the Myc-His^ epitope was masked and 

undetectable by immunostaining. All three possibilities were tested. 

To address the first two possibilities, a single plasmid was generated 

containing both the tagged mNkx2-5 (wild type or mutated) and the Neo*^ genes 

driven by separate PGK promoters (Fig. 8C). These new plasmids were sequenced 

and expression of tagged Nkx2-5 was confirmed by transfection into CV-l cells. 

The same strategy for generating stable ES cells was followed. After antibiotic 

selection, 32 clones were assayed for Nkx2-5 expression. All neomycin resistant ES 

clones were negative for transgene expression. 

The third potential reason for failing to detect the mNKX2-5 protein is 

epitope masicing, i.e. the inability of the antibody to identify its binding site due to 

folding of the protein or binding to other proteins. This possibility seemed unlikely 

since the tagged Nkx2-5 protein was readily detectable in transfected CV-l cells. 

Nevertheless, to test this possibility, the Myc-HiSg tag from the C-terminus of the 

protein was replaced with a HA-epitope on the N-terminus of mNkx2-5. The HA-

epitope gives brighter staining with less background in cell culture than the Myc-HiSg 

tag (unpublished data). This expression plasmid also contained the PGK promoter 

driving the Neo*^ gene (Fig. 8D). Immunocytochemsitry performed on neomycin 

resistant mouse ES cells failed to detect any mNkx2-5-HA tagged protein. In 

addition, western blot analysis of cell lystate collected from the resistant mouse ES 
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cells was performed. This technique denatures the protein thus removing any 

potential epitope blocking. Like the immunocytochemistry results, western blot 

failed to detect any tagged protein (Fig. 9B). 

In parallel, two other experiments were performed to address the possibility 

that specific overexpression of niNkx2-5 in mammalian cells is deleterious. The first 

approach involved generating a stable line of CV-1 cells that overexpress the epitope 

tagged mNkx2-5. The CMV-miVfcx2-5 expression plasmid containing the SV40-

Neo'' gene was transfected into CV-l cells. Stable lines were selected with 

400|ig/ml neomycin for 10 days. After selection, clones were picked and expanded 

for immunocytochemistry. Of the cell lines tested, all were positive for mNkx2-5 

nuclear expression (data not shown). This experiment indicates that a stable 

mammalian cell line that over-expresses mNKX2-5 can be maintained. In addition, 

the growth rate of these cells was not different from non-transfected cells, indicating 

that mA'fcv2-5 expression is not inhibitory to cell growth. 

The second approach over-expressed a non-mammalian gene in ES cells to 

determine if the inability to generate stables is specific to mNkx2-5. The expression 

plasmid PGK-LacZ was electroporated along with PGK- Neo*^ construct into mouse 

ES cells. Selection for individual clones with neomycin took approximately 10 days. 

After selection, several clones were expanded for P-galactosidase staining to 

determine if any of the neomycin resistant cells were expressing the LacZ transgene. 

Initially, all clones analyzed stained positive for LacZ expression (data not shown). 

However, while maintaining cells under neomycin resistance, chimeric cells 
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Figure 9. Western blot analysis of neomycin resistant mouse ES cell clones for HA-
epitope tagged mNkx2-5 protein. Control HA-epitope tagged wild type (WT) and 
dominant negative (DN) mNkx2-5 protein was generated by in vitro 
transcription/tranlation and assayed by western blot analysis (A). Three mouse ES cell 
clones generated with the DN mNkx2-5 expression construct and were lysed with SDS-
sample buffer to collect total protein. As a negative control, total protein was collected 
from the parental R1 strain (non-transfected). Cell lysate was run on a 10% SDS-PAGE 
along with a DN mNkx2-5 positive control {in vitro trascribed/translated; B). Western 
blot failed to detect any HA-tagged protein in the tested neomycin resistant mouse ES 
cell clones. 
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containing a mixture of ^-galactosidase expressing and non-expressing cells were 

observed after several passages. Within four passages, no positive LacZ ES cells 

were detected. 

Problems in detecting or sustaining protein expression in neomycin resistant 

ES cells suggest that transcriptional and/or translational inhibition is acting on the 

transgene. To determine if miVfcc2-5 was transcribed, total RNA was collected from 

several neomycin resistant clones and reverse transcribed. The cDNA generated was 

used as a PGR template to amplify the mNkxl-S transgene and Collagen IV as a 

positive control. RT-PCR detected Collagen IV while the nWfcc2-5 transgene was 

not detected in any tested ES cell line (Fig. 10), indicating that the mNkxl-S 

transgene may not be transcribed or the encoding mRNA is specifically degraded. 

Thus far, isolating ES cells expressing the Neo®* gene has been 

straightforward. Success was based on the direct selection for the expression of this 

gene. Therefore, to secure mNkxl-5 transgene expression in ES cells, a selection-

based strategy was employed. This method exploited the internal ribosome entry site 

(IRES), allowing expression of two genes under the control of one promoter. The 

cellular translation machinery identifies and binds to the IRES sequence, translating 

any downstream open-reading frames. The expression plasmid consisted of the PGK 

promoter driving expression of the miVfcr2-5 gene (wild type or mutated) linked to 

the IRES sequence and then the Neo®^ gene (Fig. 8E). This plasmid expresses one 

transcript containing two open-reading frames, which is then translated into two 

different proteins. Since the Neo"^ gene is downstream of mNkx2-5, the expression 
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Figure 10. RT-PCR identifies Collagen IV expression but not mNkx2-S transgene 
expression in neomycin resistant mouse ES cells. Total RNA was isolated from four 
mouse ES cell clones generated by electroporation with one plasmid containing two 
separate PGK promoters driving expression of the Nkxl-S transgene and the neomycin 
resistance gene (Neo'^). Total RNA was reverse transcnbed and used as a PGR template. 
Nkx2-5+=positive control performed with plasmid DNA containing the voNkxl-S 
transgene. Collagen IV was used as a positive RT-PCR control. The parental R1 ES cells 
were not electroporated (negative control for Nkx2-5 expression). Nkxl-S trasngene 
(750bp). Collagen IV (450bp). 
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of both genes is theoretically required to select for neomycin resistant cells. This 

strategy would determine if targeted degradation of mNkxl-S mRNA is responsible 

for the lack of detectable expression. 

Mouse ES cells were electroporated with the bicistronic expression plasmid 

containing the mNkx2-5 transgene and Neo*^ gene. Cells were selected for 10 days 

with neomycin. Surviving clones were individually picked and expanded for 

analysis. Immunocytochemical analysis of Neo"^ ES cell clones failed to detect 

Nkx2-5 expression (data not shown). 

Numerous failed attempts to detect any protein or mRNA encoding the 

mNkx2-5 transgene in mouse ES cells indicates that a potent mechanism exists to 

ensure that this gene is not expressed. This inhibition could potentially occur at the 

translation or transcriptional level. The absence of any detectable mNkx2-5 

transgene transcripts by RT-PCR suggests that the inhibition may occur at the 

transcriptional level. However, in the case of the bicistronic (IRES) expression 

vector this cannot be true. In this vector, transcriptional repression would result in 

no Neo'* expression and thus no surviving ES cells. Two other potential explanations 

are that the mA'^fex2-5 transgene never integrates or it is removed from the mouse ES 

cell genome after integration. The latter possibility is more feasible considering the 

anatomy of the bicistronic plasmid. The possibility of the Neo*^ gene integrating into 

the genome of the mouse ES cells without the mNkx2-5 transgene is unlikely. 

To determine if the mA^fo:2-5 transgene is present, genomic DNA was collected 

from four neomycin resistant ES cell lines generated with the biscistronic PGK vector. 
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PGR was used to amplify the mNkx2-5 transgene and the Neo*^ gene (positive control). 

Only four ES cell clones were tested due to the low viability of these cells. The tested 

neomycin resistant ES cell clones had detectable Neo'^ gene by PGR, however, the 

mNkx2-5 transgene could not be detected (Fig. 11). 
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Figure 11. Genomic PCR analysis of neomycin resistant mouse ES cell clones for 
the mNkxl'S transgene. Genomic DNA was isolated from four mouse ES cell clones 
electroporated with the PGK-miVfcc2-5/IRES/A/eo^ expression plasmid and selected for 
neomcyin resistance. PCR was performed to determine if the mNkx2-5 transgene was 
present lOOng of genomic DNA was used in each PCR with primers specific for either 
the neomycin resistance gene (Neo^; 250bp) or the mNkx2-5 (Nkx; 750bp) transgene. 
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DISCUSSION 

Mammalian genomes possess multiple mechanisms for maintaining genomic 

integrity. These mechanisms encompass DNA methylation, DNA proofreading, 

recognition and repair of nucleotide mutations (short and long patch repair), and 

maintenance of chromosomal length (Boyes and Bird, 1991; Hubscher et al., 2000; 

Shay and Wright, 2001). Taken together, these functions ensure cell and organismal 

survival. Recent investigations indicate that transgenic mice are capable of 

recognizing foreign DNA inserted in their genome and preventing it from being 

transmitted to successive generations (Scrable and Stambrook, 1999). In this study, 

mouse embryonic stem (ES) cells (Rl strain) were shown to selectively eliminate 

foreign DNA from their genome and, therefore, its subsequent transmission to 

daughter cells. An analysis of neomycin resistant ES cells for protein and RNA 

expression showed that the transgene (mM:x2-5) was not detectable. Subsequent 

studies by PCR of genomic DNA indicated that neomycin resistant (Neo*^) cells, 

generated with a bicistronic vector containing one PKG promoter driving expression 

of both the Neo*^ and mNkx2-5 transgene, lacked any detectable mM:c2-5 transgene. 

These data point toward a potential protective mechanism in mammalian cells that 

identifies and removes integrated DNA. 
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R1 Mouse Embryonic Stem CES^ Cells Prevent Stable Integration of Select 

Transeenes 

Mouse (ES) cells were chosen as a model system to study the contribution of the 

Nkx2 class of homeodomain proteins to cardiac myocyte differentiation. The intention of 

these studies was to generate stable Rl mouse ES cell clones expressing a mutant or wild 

type form of the homeodomain protein Nkx2-5, Studies performed in Xenopus with 

mutant Nkx2-5 molecules indicate that the Nkx2 class of transcription factors is required 

for cardiac differentation (Grow and Krieg, 1998; Fu et al., 1998). The same approach 

was taken with the mouse Nkx2-5 molecule to determine if this family of homeodmain 

proteins is required for mammalian cardiogenesis. However, difficulties in establishing 

stable mouse ES cell lines hampered these studies. Attempts to isolate stable cell lines 

expressing the epitope lagged mNkx2-5 molecules led to the observation that mouse ES 

cells (Rl strain) may selectively identify and remove the transgene from their genome. 

Conimunication with other laboratories attempting to over-express genes in mouse ES 

cells have had similar difficulties as described below (personal communication Jean-

Claude Perriard; and Kathy Yutzey). 

Initially, two screens were taken to isolate positive mouse ES cell clones 

expressing the epitope tagged mNkx2-5 transgene. Each attempt of eiectroporating the 

mouse ES cells included an expression vector containing the miVifcc2-5 transgene 

(widltype or mutant) and the neomycin resistant gene (selectable marker, same or 

different vector; refer to figure 8). The primary screen entailed growing the 

electroporated mouse ES cells under neomycin selection. In the secondary screen. 
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surviving clones were expanded and assayed by immunocytochemistry for the expression 

of the epitope mNkx2-5 protein. This screening strategy was employed with all 

attempted expression vectors (Fig.8), However, in each case, immunocytochemistry 

failed to detect the epitope tagged mNkx2-5 in neomycin resistant ES cells. 

Various hypotheses were tested to account for the difficulty in detecting the 

epitope tagged mNkx2-5 protein by immunocytochemistry. These hypotheses addressed 

the following: epitope masking, cell viability issues due to over-expressing the mNkx2-5 

protein, transcriptional inhibition of the mMx2-5 transgene, and integration of vector 

DNA into the genome. Our studies showed that genomic DNA isolated from neomycin 

resistant ES cells did not contain mNkx2-5 transgene (Fig. 11), regardless of the 

expression vector chosen or approach employed to generate the ES cell lines. This result 

explained why the epitope tagged mNkx2-5 protein was undetectable in the neomycin 

resistant ES cells. 

In review, the final method used to isolate ES cells expressing the epitope tagged 

mNkx2-5 protein, a transgene election approach was taken. The bicistronic expression 

plasmid contained one PGK promoter driving expression of the upstream mNkx2-5 

transgene followed by the IRES (internal ribisome entry site) and the downstream 

neomycin resitance gene (Fig. 8E). The vector theoretically required the expression of 

both open-reading frames in ES cells for neomcyin selection to be successful. This 

approach is used widely in the literature to ensure the expression of two different genes 

(Kane et al., 2001; Stripecke et al., 2000; Hobbs et al., 1998; Richardson et al., 1998). 

However, in our case no epitope tagged mNkx2-5 protein was detected. Further 
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investigation by genomic PCR indicated that the mA'fcc2-5 transgene was absent even 

though the neomycin resistance gene was detected in ES cell clones. Two models were 

proposed to explain the absence of the mjVfcc2-5 transgene. I) partial integration of the 

expression plasmid, excluding miVfcc2-5, occurred that placed the neomycin resistance 

gene downstream of a constitutively active promoter in the ES cell genome, or 2) full 

integration of the expression plasmid occurred followed then by the selected removal of 

the mA'Ax2-5 transgene. The PGK promoter, IRES, and the intact neomycin resistance 

gene would remain integrated. 

The partial integration model is similar to a technique called "promoter trap," a 

selection based strategy that relies on the integration of a selectable marker behind an 

endogenous gene promoter in ES cells (Hirsch et al., 2000; Matsui et al., 1999; Xiong et 

al., 1999). The technique depends on the random integration of a selectable marker 

downstream of an endogenous promoter. Typically, the selection is performed to isolate 

a tissue-specific promoter (e.g. heart or neuronal gene promoter). The ES cells are forced 

down a particular developmental pathway and placed under selection. Theoretically, the 

only surviving clones should be those with the selectable marker that has integrated 

downstream of the cell type specific promoter. In the partial integration model, for the 

isolation of neomycin resistant ES cells to occur, the Neo"^ gene had to integrate 

downstream of a constutively active promoter (e.g., housekeeping gene promoter). In 

addition, the integration of the Neo'^ could not cause cell death or inhibit cell growth. 

The excision model requires two steps. 1) The bicistronic expression vector 

integrates successfully into the ES cell genome, 2) followed by the selective removal of 
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the tnA^fcc2-5 transgene. The remaining expression vector would have the PGK promoter 

followed by a non-translatable mMx2-5 open-reading frame, potentially the IRES, and a 

fiilly intact neomycin resistance gene. This model is much like the short and long patch 

exicsion repair characterized in eukaryotic cells. This mechanism identifies unwanted 

alterations to genomic DNA, removes the effected region, and then repairs the nucleotide 

sequence (Krokan et al., 2000). One can imagine a similar mechanism whereby the 

unwanted transgene is identified as a mutation and subsequently removed. Although this 

model is appealing, there is little data to support it. One could imagine the excision 

model as a primitive genomic immune system in mammalian embryonic cells. Embyronic 

cells do not have an immune system and, therefore, are potentially susceptible to outside 

invasion from bacteria and virus. This "genomic immune system" would protect from the 

stable integration of foreign DNA into the genome during development. 

Both models are feasible based on the given data and further analysis by PCR 

could differentiate between the two. A genomic PCR of neomycin resistant ES cell DNA 

could be performed with a forward primer based on PGK promoter sequence and a 

reverse primer based on the neomycin resistance gene. There are two potential outcomes 

from this experiment. The first is that no amplification would occur implying the 

priming site in the PGK promoter is not present. This would indicate that the neomycin 

resistance gene is most likely downstream of constiutively active promoter (partial 

integration model). The alternative result would be an amplified PCR product containing 

intervening sequence between the PGK promoter and neomycin resistance gene. 
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Sequencing of this product would determine what part of the mNkx2-5 transgene has 

been removed. 

Mention must be given to the inconsistency between the inability to generate 

stable mouse ES cell lines and the success of introducing foreign DNA into the mouse 

genome to generate transgenic mice. The difference may be attributed to the described 

defense mechanism having stage specific activity and that this mechanism has been 

selected for in culture. The cellular defense mechanism may have a limited time window 

of function (i.e., stage specific) during mouse embryogenesis. In later stages, the defense 

mechanism may become inactive. It may be the case that mouse ES cells are perpetually 

in the time window of activity. However, cells in the mouse embryo quickly pass 

through this stage of development thus having limited capacity to recognize and remove 

foreign DNA. This may explain why a limited number of transgenic mice are generated 

in each attempt (on average. 5-15%). The fact that transgenic mice can be generated at 

all may indicate that this cell defense mechanism is not efficient in the embryo, however 

it has been selected for in ES cells, and therefore highly active mechanism in cell culture. 

The data presented in this study illustrates the difficulties in establishing a stable 

line of mouse ES cells (R1 strain) expressing a mammalian transcription factor. The 

numerous strategies and attempts employed to generate an ES cell line expressing the 

epitope tagged mNkx2-5 protein emphasizes that a mechanism(s) is present that ensures 

cell viability possibly by promoting genomic integrity. However, more work would be 

required to determine the exact mechanism for absence of the mjVifcc2-5 transgene. A 

greater understanding of how mammalian cells prevent the select expression/retention of 



85 

transgenes will help elucidate the mechanisms responsible for maintaining genomic 

integrity. 
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CHAPTER THREE 

Regulation of the Homeobox Gene cHex and Patterning of tlie Avian 
Anterior Lateral Endoderm 

INTRODUCTION 

Much emphasis has been placed on understanding the role of endoderm in 

cardiogenic mesoderm patterning. This significance is based on an endodermal 

requirement for terminal cardiac myocyte differentiation. Recent studies indicate that the 

endoderm supplies key signaling molecules for precardiac mesoderm survival and 

differentiation. However, very little is known regarding how the cardiogenic endoderm 

itself is established. This chapter describes the use of the homeobox gene Hex as a 

molecular marker to define the pathways that pattern the anterior lateral endoderm (AL). 

Determination of the regulatory events that pattern this endoderm will help elucidate the 

pathways that establish the cardiac cell lineage. 

1. Patterning of the Cardiogenic Endoderm and the Homeobox Gene Hex 

The endoderm forms during gastrulation and is then patterned to assume 

various developmental fates. It plays significant roles during embryogenesis to both 

supply signaling molecules for the adjacent germ layers and to contribute to many 

different organs in the embryo, including foregut, intestines, liver, lung, pancreas, 

stomach, and thyroid (reviewed in Botton and Melton, 2000). Nonetheless, the 

factors responsible for early endoderm formation and patterning are not well known. 



87 

In the past an understanding of how endoderm is specified has been hindered by the 

lack of endoderm-specific molecular markers. However, in recent years cloning of 

several endoderm-specific markers in vertebrates has facilitated an understanding of 

how the early endoderm is patterned. These markers include broad endodermal 

markers such as SRY-homeobox containing genes X5oxl7a, X5oxl7P (Hudson et. 

al., 1997), MixerX (Henry and Melton, 1998) and anterior endoderm markers 

Cerberus (Bouwmeester et al., 1996 ), Orthodenticle homeobox 2 {Otx 2; Simeone et 

al., 1992; 1993). cHex (Crompton et al., 1992), and Hesxl (Thomas et al., 1995). 

Exploiting these genes as molecular markers will help define the signaling pathways 

and transcription factors that pattern the endoderm. 

The homeobox genes x5o.vl7a, .x5o.rl7P and Mixer are first detected in 

presumptive endoderm cells (Hudson et al., 1997; Henry and Melton, 1998) and play 

a key role in endoderm formation. They have also provided valuable molecular 

markers for identifying the signaling molecules and other transcription factors that 

help establish the endoderm. Over-expression of x5bxl7a, x5oxl7P or Mixer in the 

Xenopus animal cap assay induces endoderm (Hudson et al., 1997; Henry and 

Melton, 1998). Furthermore, Mixer is required for endoderm formation as over-

expression of a dominant negative Mixer inhibits endoderm development and blocks 

expression of the endoderm-specific markers xSbx 17a and XiSbxl7P (Henry and 

Melton, 1998). Recent investigations have identified signaling molecules capable of 

inducing endoderm formation. Animal caps exposed to activin or Vg-1 induce the 
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expression of xS'oxlTa, x5o.rl7P, and Mixer (Hudson et al., 1997; Henry and 

Melton, 1998). 

As the endoderm forms, it is patterned into distinct regions. These regions 

are defined by the molecular cues cells receive during gastrulation and/or later from 

adjacent germ layers. Anterior endoderm patterning is critical for proper head, heart 

and gut formation as perturbations in this region of the embryo lead to obvious 

developmental defects in these tissues. The anterior endoderm is defined early in 

vertebrates by the expression of Cerberus, Otx2, Hesxl, and Hex. Of these genes, 

the homeobox gene Hex is one of the earliest genes defining the anterior endoderm 

and serves as an excellent marker for investigating early endoderm patterning. 

The Hex gene was originally cloned from hematopoietic cell lines in chick 

and mammals (Crompton et al.. 1992; Bedford et al., 1993) and subsequently from 

Xenopus (Newman et al., 1997). The pattem of Hex expression during development 

is similar among all species examined. During avian development, cHex is first 

expressed in the migrating hypoblast cells of the pregastrula embryo. By the late 

gastrula stage (HH stage 5), cHex transcripts are detected in the anterior lateral 

endoderm and the blood islands (Yatskievych et al., 1998). In early mouse embryos, 

mHex is expressed in the anterior visceral endoderm, the analogous tissue to the 

avian hypoblast, and then in the anterior definitive endoderm (Thomas et al., 1998). 

Hex expression in early gastrula Xenopus embryos is similar to that of avian and 

murine embryos (Newman et al., 1997). Hex transcripts in later stages of vertebrate 

development localize to the liver, thyroid, and endothelial precursor cells. 
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Experiments performed in both mouse and Xenopus have begun to address 

the function of Hex in development. Mice homozygous null for Hex have numerous 

developmental defects due to abnormal endoderm formation. The most obvious 

perturbations are in the forebrain, liver and thyroid (Keng et al., 2000; Martinez et 

al., 2000). Defects in the forebrain tissue are from the improper migration of anterior 

axial mesendoderm derived from abnormal definitive endoderm development. Liver 

development arrests by 10 dpc due to a lack of hepatocyte differentiation and cell 

migration. The thyroid primordia is evident in Hex null mice, although at later 

stages the thyroid gland is missing indicating a critical role for Hex in thyroid 

differentiation. No heart defects are observed in mice null for Hex. Over-expression 

of \Hex in Xenopus embryos causes disruption of vascular structures and an increase 

in the number of vascular endothelial cells (Newman et al., 1997). These results 

indicate that Hex contributes to many endoderm-derived tissues throughout 

development. 

Analysis of Hex protein function shows that it can act as a transcriptional 

repressor. Tanaka et al. (1999) linked rat Hex to the GAL4-DNA binding domain to 

address its transcriptional activity on a synthetic GAL4 promoter. A dose-dependent 

inhibition is observed when the rHex fusion construct is co-transfected with the 

reporter plasmid containing 5 GAL4 repeats driving luciferase. These results were 

confirmed with the Xenopus Hex. With a similar approach, \Hex was shown to 

repress the activity of a GAL4 synthetic promoter driving luciferase in a dose-

dependent manner (Brickman et al., 2000). To understand how Hex functions in vivo. 
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Xenopus embryos injected with mRNA encoding for the wild type Hex or chimeric 

Hex activator protein were compared. To generate the chimeric activator Hex 

protein, two copies of the Vpl6 transcriptional activation domain were fused with 

full length Hex. Injection of the activator fusion protein into Xenopus embryos 

results in anterior truncations, inhibition of the anterior marker Cerberus, and 

induction of dorsal mesoderm (Brickman et al., 2000). Over-expression of wild-

type Hex causes the embryo to become hyperanterioized with enlarged heads and 

shortened anterior-posterior (A-P) axis. Results fi*om both of the over-expression 

experiments indicate that Hex may specify the anterior endoderm by suppressing 

dorsal mesoderm formation. 

The signaling pathways that regulate Hex gene expression during 

development are not well understood. Experiments in Xenopus have begim to 

elucidate its regulation in early anterior endoderm (AE), the equivalent tissue to 

hypoblast in chick and anterior visceral endoderm (AVE) in mouse. Zom et al. 

(1999) showed that the Wnt/P-catenin and TGPP signaling pathways induce Hex 

gene expression. \Hex is normally expressed on the dorsal side of the blastula 

embryo (Newman et al., 1997). Injection of P-catenin RNA (downstream mediator 

of Wnt signaling) or Vg-1 (TFOP family member) into the ventral side of a 4-cell 

stage Xenopus embryo induces ectopic xHex expression. Over-expression of a 

dominant negative Wnt8 or ActRIIB (known to inhibit numerous TGPP family 

members) in the dorsal blastomeres of a 4-cell stage embryo severely downregulates 

xHex gene expression. Moreover, \Hex is downregulated in dorsal blastomeres 
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injected with BMP-4 RNA. Taken together, these studies suggest that both Wnt and 

TGPP signaling positively regulate early Hex expression in frogs, while BMPs are 

inhibitory. 

The signaling molecules that regulate Hex expression in later stages of 

vertebrate development have not yet been identified. However, transcriptional 

activators of Hex gene expression have been described. Studies with HepG2 

(hepatocytes) cells indicate that the mouse Hex promoter can be activated by GATA-

4 and Hepatocyte Nuclear Factor 33 (HNF3P; Denson et al., 2000). GATA-4 is an 

anterior endoderm marker expressed in the liver primordia (Newman et al., 1997; 

Thomas et al., 1998) and HNF3P is an early hepatocyte marker (Cereghini, 1996; 

Rausa et al., 1997). Co-transfection of GATA-4 with the proximal -235bp of the 

Hex promoter in HepG2 cells increases basal expression levels six-fold. HNF3P 

lacked the robust activation qualities of GATA-4, only increasing expression two

fold. Surprisingly, co-transfection of both GATA-4 and HNF3P results in activation 

levels equivalent to HNF3P alone. This may be due to the limiting expression of co-

factors expressed in the HepG2 cells that are required for cooperative activation of 

GATA-4 and HNF3P on the Hex promoter. 

Although little attention has been placed on understanding endoderm 

formation and patterning in vertebrates, it clearly plays critical roles in the 

development of many different cell types. In particular, a subset of endoderm in all 

vertebrates examined is required for myocardial differentiation and heart 

morphogenesis. This region of endoderm is zdso required for liver formation. 



suggesting an interrelationship between liver and heart development. Hex is the only 

transcription factor identified to date that is expressed specifically within the anterior 

lateral endoderm, and therefore provides a useful tool for defining the signaling 

molecules and transcriptional regulators that establish both the cardiogenic endoderm 

and the liver primordia. 
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RESULTS 

I. Hex Gene Expression in the Anterior Lateral Endoderm of the Avian Embrvo is 

Sensitive to Retinoid Signaling 

The regulatory pathways that control cHex gene expression in the avian 

anterior lateral (AL) endoderm were investigated. Hex gene expression in the AL 

endoderm of birds begins at stage 5*, prior to heart muscle cell differentiation. The 

AL endoderm plays an important role in patterning the heart fields and their 

subsequent migration to the midline to form the linear heart tube. AL endoderm also 

contributes to the liver, and is required for liver formation in mouse (Keng et al., 

2000; Martinez et al., 2000). Absence or abnormalities in the avian AL endoderm 

result in heart defects, including decreased efficiency of heart muscle cell 

differentiation, cardia bifida, and a non-looped heart (Narita et al., l997;Gannon and 

Bader, 1995; Nascone and Mercola, 1995; Ghatpande et al., 2000). Although more 

subtle, similar phenotypes are observed in vitamin A deficient (VAD) quail 

(Kostetskii et al., 1999; Zile, 1999) and in embryos exposed to exogenous retinoic 

acid, indicating that retinoid signaling plays critical roles in early heart development. 

However, little is known regarding how retinoids contribute to cardiogenesis. One 

hypothesis is that retinoid signaling helps pattern the cardiogenic endoderm. To test 

this hypothesis, regulation of the AL endoderm molecular marker cHex by retinoids 

was investigated. 

cHex was also used as a marker to address the regulation of early liver 

formation. Although retinoids have been shown to regulate gene expression in fully 
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differentiated hepatocytes, very little is known regarding the developmental 

pathways that regulate liver differentiation. Preliminary data presented here indicate 

that retinoids may also play a role in regulating early avian liver development. 

Taken together, these experiments indicate that a common signaling molecule may 

be used to establish heart muscle and liver cells. 

To determine if retinoids are required for AL endoderm patterning, HH stage 

5-6 chick embryos grown in new culture were treated for six hours with ZOO^m of 

the retinaldehyde dehydrogenase specific inhibitor diethylaminobenzaldehyde 

(DEAB). DEAB prevents the intracellular conversion of retinol to its active form of 

retinoic acid, thus inhibiting the downstream nuclear events of retinoid signaling 

(Kazmi et al., 1992; Moreb et al., 1995). By whole mount in situ hybridization, cHex 

expression was upregulated in both the anterior lateral endoderm and blood islands 

in DEAB treated embryos compared to control non-treated embryos (Fig. 12). 

To determine if cHex expression remains sensitive to retinoid signaling 

through later stages of development, two approaches were taken. The first involved 

a brief exposure at HH stage 10-11 and for the second embryos were continuously 

exposed to DEAB from HH stage 5-6 to HH stage 10-11. HH stage 10-11 chick 

embryos treated for six hours with 200nm DEAB showed increased levels of cHex 

expression in the liver primordia and blood islands (Fig. 13B). Long term exposure 

(HH stage 5 to stage 11) of chick embryos to 200^m DEAB resulted in a robust 

increase in cHex transcript levels, particularly in the liver primordia adjacent to the 

migrating heart fields, and in the blood islands (Fig. 14B). Moreover, the cHex 
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Figure 12. cHex gene expression is upregulated in the anterior lateral endoderm in 
DEAB treated HH stage 5 avian embryos. Control embryos (A) or embryos treated 
with 200^m diethylaminobenzaldehyde (DEAB; retinoid signaling inhibitor) for six 
hours and then analyzed by whole-mount in situ hybridization for cHex expression. A 
rescue was performed (C) by treating embryos with 200(tmDEAB and I0|im all-trans 
retinoic acid (RA). All chick cultures were incubated for six hours at 37°C in S% CO2. 
(ALE = anterior lateral endoderm, BI = blood islands) 
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Figure 13. cHex gene expression b upreguiated in tiie liver primordia in DEAB 
treated HH stage 10-11 avian embryos. Control embryos (A) or embryos treated with 
200^mDEAB (B) were cultured for six hours, and then analyzed by whole-mount in situ 
hybridization for cHex expression. A rescue was performed (C) by exposing HH sts^elO 
chick embryos to 200|imDEAB and 10|im all-trans RA. (LP = liver primordia; BI = 
blood islands). 
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positive blood islands were clustered in the most posterior region of the 

extraembryonic tissues. A cross-section through the liver primordia of a HH stage 

10 DEAB treated embryo was performed to determine if cHex expression remained 

restricted to the endoderm. As shown in figure 14C, cHex transcripts are not 

detected in adjacent germ layers. 

Exposure of avian embryos to DEAB resulted in phenotypic changes consistent 

with reducing retinoid signaling during embryonic development. The degree of structural 

changes was proportional to the exposure time. Brief exposure (six hours) caused mild 

changes in anterior structures. These were most evident in the HH stage 10-11 treated 

embryos with a slightly enlarged head region and what looked to be a mildly shortened 

paraxial mesoderm length from the liver primordia to the tail bud (Fig. 13B). Long-term 

treatment with DEAB (HH stage 5 to stage 10) caused obvious A/P axis malformations. 

As shown in figure i4B, DEAB caused a greatly enlarged anterior (head region) region 

and reduced tail bud with a shortened somite forming region. These A/P axis phenotypes 

clearly indicate that retinoid signaling is being perturbed by DEAB. 

Rescue experiments were performed to verify that DEAB treatment was 

specifically inhibiting retinoid signaling. HH stage 5-6 or stage 10 chick embryos 

were treated with lOO^im DEAB plus lOfim all-trans retinoic acid, and analyzed six 

hours later for cHex expression by in situ hybridization. In both cases (Fig. 12C; 

Fig. 13C), cHex mRNA levels in the cardiogenic endoderm, liver primordia, and 

blood islands was equivalent to that of control non-treated embryos. Unlike embryos 

treated with DEAB alone, clustering of cHex positive cells in posterior regions of the 
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Figure 14. cHex gene expression domain is retained in the endoderm of DEAB 
treated avian embryos. Control HH stage 5 chick embryos (A) or embryo treated with 
200^m DEAB allowed to develop to HH stage 10-11 (approximately 17 hours) and then 
analyzed by whole-mount in situ hybridization for cHex expression. A cross-section (C) 
of the DEAB treated embryo of the liver primordia shows increased levels of cHex still 
restricted to endoderm. (LP = liver primordia; BI = blood islands; Nt = neural tube; So = 
somite). 
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embryos was not observed. These results indicate that DEAB treatment is 

specifically perturbing retinoid signaling. 

The experiments thus far suggest that retinoid signaling negatively regulates 

cHex expression in the avian embryo. Avian embryos were treated with retinoic acid 

and analyzed by whole mount in situ analysis for cHex gene expression. 

Suprisingly, treatment of HH stage 5-6 chick embryos with 5|xm or lOjim all-trans 

RA for 6 hours failed to alter cHex expression (Fig. 15A3). Moreover, long-term 

treatment from HH stage 5 to stage 10 avian embryos with lOO^m RA also had no 

effect on cHex expression levels in the liver primordia, however, a slight reduction in 

expression was observed in the blood islands (Fig. L5C). Short-term exposure with 

RA at later stages had similar results. HH stage 10 avian embryos were treated with 

IO|im or SO^m all-rra/i^ retinoic acid and analyzed for cHex expression by in situ 

hybridization (Fig. 16A,B). 

Dose-dependent phenotypic changes consistent with excess RA treatment 

were observed. In HH stage 10-11 avian embryos, these phenotypes included 

reduced head structures, elongated embryonic A/P axis, and increased tail bud size 

(Fig. 16A,B,C). Although not shown, excess RA also prevented neural tube closure. 

Brief treatment (six hours) of HH stage 5 avian embryos with RA caused these 

embryos to become slightly elongated along the A/P axis (Fig. 15A,B). These 

experiments indicate that cHex gene expression in the AL endoderm and liver 

primordia is not inhibited by excess all-rran.; RA. A detailed explanation of the 
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Figure 15. cHex expression is not affected by exogenous retinoic acid treatment. HH 
stage 5 chick embryos were placed in new culture and treated with 5|im RA (A) or 10(im 
RA(B) for six hours or lOOum RA (C) until HH stage 10 and analyzed by whole-mount 
in situ hybridization for cHex expression. (ALE = anterior lateral endoderm; BI = blood 
islands). 
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Figure 16. cHex expression in tiie liver primordia is unaffected by exogenous 
retinoic acid treatment HH stage 10 chick embryos were placed in new culture and 
treated with 10^m RA(A) or 50|im RA (B) for six hours and analyzed by whole mount 
in situ hybridization for cHex expression. (LP = liver primordia; BI = blood islands). 
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relationship between the exogenous RA and the DEAB experiments is found in the 

discussion section. 

II. The Mouse Hex Promoter is a Direct Target of Retinoid Signaling 

To investigate the mechanism by which retinoid signaling affects Hex gene 

expression on -8.7kb proximal portion of the mouse Hex promoter was tested for 

retinoic acid response elements (RARE) in cell culture. Retinoid signaling regulates 

gene expression by activating nuclear retinoic acid receptors (RAR) and/or retinoid 

receptors (RXR), which then bind to a consensus RARE site (RGKTCAN,. 

5RGKTCA) in gene regulatory regions (Leid et al., 1992). Both RAR and RXR 

receptors consist of the three isoforms a, P, and y, which can homodimerize (e.g., 

RARrRAR or RXRrRXR) or heterodimerize (RARrRXR) with one another. RXR 

receptors can also heterodimerize with other trans-acting factors to regulate gene 

expression (e.g., vitamin D receptor, Hepatocyte Nuclear Factor 4, and COUP; 

reviewed in Rastinejad, 2001). Retinoid signaling can both activate (Heller et al., 

1999; Perz-Edwards et al., 2001) and repress (DiSepio et al., 1997; Na et al., 1999; 

Diaz et al., 2000) gene expression. 

A Hex gene promoter fragment spanning from -8736bp to +30bp 

was isolated from a mouse genomic library and linked to a luciferase reporter gene 

for analysis. In addition, a deletion series consisting of approximately 2kb fragments 

of the mHex promoter fused to the mouse thymidine kinase minimal promoter 

driving luciferase was generated to isolate potential regulatory regions in the 
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promoter (Fig. 18 A). Examination of the promoter for cis-acting elements identified 

two potential RARE sites located at -2620bp and -4390bp (Fig. 17A). 

To determine if the mHex promoter was a direct target of retinoid signaling, 

the -8.7kb promoter driving luciferase was transfected into HeLa cells. HeLa cells 

express the retinoid nuclear receptors RXR-a, -P, -y (Leid et al., 1992), and upon 

exposure to retinoic acid express the RAR isoforms (Si et al., 1996). Transfected 

cells were either treated with 10|Am all-trans retinoic acid or left untreated and then 

assayed for luciferase activity. As shown in figure 17B, retinoic acid treatment 

reduced mHex promoter activity to 30% of wild type levels, indicating that the 

mHex promoter is a downstream target of retinoid signaling. 

Heterologous promoter analyses were performed to localize retinoic acid 

inhibitory elements in the mHex promoter. Each expression construct containing a 

portion of Hex promoter 5' flanking sequence linked to the TK minimal promoter 

(A3TK, A4TK, A5TK, and A6TK) driving luciferase was transfected into HeLa cells, 

which were then either exposed to lOfim all-rra/i5 retinoic acid or left untreated. The 

deletion constructs A4TK-Hex and A5TK-Hex both contain consensus RARE sites. 

Luciferase activity was measured for the untreated control transfected cells and 

represents basal expression levels. This was compared to the luciferase activity of 

RA treated transfected cells. While the deletion constructs A3TK-Hex, A5TK-Hex, 

and A6TK-Hex were not responsive to retinoic acid treatment, the A4TK-Hex 

construct was reduced by 85% compared to untreated cells (Fig. 18B). These 
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Figure 17. Retinoic acid inhibits the -8.7i(b mHex promoter (Hp8.7). (A) Analysis of 
the -8.7kb mHex promoter (Hp8.7) sequence for retinoic response elements (RARE) 
identified two potential sites, one at -2620bp and the other at -4930bp. (B) HeLa cells 
were transfect^ with the 0.92jig of -8.7kb mHex promoter driving luciferase, plus 
200ng of CMV-^-galactosidase as an internal transfection control. Control cultures or 
cultures treated with 10^m RA were assayed for luciferase and p-galactosidase activity 
36 hours post-transfection. Luciferase activity was corrected with p-galactosidase as 
internal control and normalized based on control transfections with the -8.7kb mHex 
promoter. The graph represents the relative change in luciferase activity of RA treated 
compared to control untreated. Each experiment was performed in triplicate. 
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Figure 18. Heterologous promoter assays localize the retinoic acid responsive 
element to a region between -6679bp and -4232bp upstream of the Hex 
transcriptional start site. (A) Hex promoter firagments from -8736 to -6680 (A3), -6679 
to -4232 (A4), -4237 to -2094 (A5), or -2099 to -12 (A6) were cloned immediately 
upstream of the thymidine kinase (TK) minimal promoter driving firefly luciferase. (B) 
Constructs were transfected into HeLa ceils and left untreated or treated with lO^im RA. 
The graph represents the relative change in luciferase activity of RA treated compared to 
untreated. Each experiment was performed in triplicate. 
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experiments indicate that a retinoid responsive element is located within the Hex 

promoter between -6679bp and -4232bp upstream of the transcriptional start site. 

ni. GATA-4 and Nkx2-5 Activate the mHex Promoter 

The expression of cHex in the AL endoderm may be regulated by the convergence 

of both negative and positive acting pathways. Experiments thus far indicate that retinoid 

signaling functions as a negative modulator of cHex gene expression. As part of an 

overall investigation into the regulation of Hex gene expression, studies were performed 

to identify factors that may positively regulate Hex promoter activity. The transcription 

factors GATA-4 and Nkx2-5 were chosen as potential activators based on the following: 

they are potent transcriptional activators that have an overlapping yet distinct expression 

pattern compared to Hex and there are multiple potential GATA and Nkx binding sites in 

the mHex promoter. 

Transfection experiments were performed to investigate the ability of GATA-4 to 

activate Hex gene transcription. The Hex-TK deletion series was co-transfected with the 

GATA-4 expression vector to localize the GATA-4 cis-acting sites. Each TK deletion 

construct showed enhanced activity in the presence of GATA-4 (A3TK-Hex, A4TK-Hex, 

A5TK-Hex, and A6TK-Hex) responded (Fig. 20), indicating that multiple functional 

GATA-4 sites are present in the mHex promoter. A more detailed analysis showed that 

GATA-4 activates the A6TK-Hex construct in a dose-dependent manner (Fig. 19). 

The ability of mNkx2-5, a homeodomain protein expressed in the AL endoderm, 

to activate mHex promoter activity was tested using the A6TK-Hex promoter construct. 



114 

Activatfon of ttie A6TK*Hox Promoter by GATA^ and Nkx2-5 

Control rGATA-4' rGATA-i* inNtoi2-S* nMoa-S' rCATA-4'1X 
IX 2X 1M 2X mMoaS'lX 



115 

Figure 19. The mHex promoter is responsive to GATA-4 and Nkx2-5 activation. 
HeLa ceils were co-transfected with 0.22ng of the -2kb mHex promoter (A6TK-Hex 
construct) and increasing amounts of either CMV rGATA-4 or mNkx2-5 expression 
construct plus lOOng CMV-^-galactosidase as an internal transfection control. Cell 
cultures were assayed for luciferase and P-galactosidase activity 36 hours post-
transfection. The graph represents relative levels of luciferase induction compared to 
control (rGATA-4 and mNkx2-5 bars represent 0.22(ig DNA; 2X represents 0.44ng 
DNA). Each experiment was performed in triplicate. 
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Figure 20. Heterlogous promoter assays identify multiple active GATA elements 
throughout the mHex promoter. TK-Hex promoter constructs were transfected into 
HeLa cell alone (control) or with CMV driven GATA-4. The graph represents relative 
levels of luciferase induction compared to control. Each experiment was performed in 
triplicate. 
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A6TK-Hex contains the proximal promoter region from -2087bp to -I2bp. The mNkx2-5 

expression construct was co-transfected into HeLa cells with the reporter plasmid. Like 

rGATA-4, mNkx2-5 activated the A6TK-Hex promoter in a dose-dependent manner (Fig. 

19). Subsequently, the combined activation potential of both rGATA-4 and mNkx2-5 on 

the mHex reporter plasmid was tested. Durocher et al. (1997) showed that these two 

factors physically interact to synergistically activate the cardiac promoter ANF. To 

determine whether these two factors function synergistically or simply in an additive 

maimer, both GATA-4 and mNkx2-5 were co-transfected with the A6TK-Hex promoter 

construct into HeLa cells. The combination of both these factors activated the mHex 

reporter plasmid 32-fold over basal levels (Fig. 19), indicating that GATA-4 and Nkx2-5 

function in an additive manner in the context of this mHex promoter construct. 

IV. Retinoic Acid Inhibits GATA-4 Activation of the mHex Promoter 

Retinoids may negatively regulate Hex gene expression in vivo by not only 

acting directly on its promoter, but also by modulating the function of positive trans

acting factors. Na et al. (1999) showed that the nuclear RXR receptor physically 

interacts with NFKB to inhibit its activation of the interleukin-L2 p40 promoter. 

Furthermore, retinoic acid inhibited expression of the vascular endothelial growth 

factor (VEGF) gene in keratinocytes by inactivating AP-l (Diaz et al., 2000), 

indicating that retinoids can inhibit or reduce promoter activation by interfering with 

the function of an activator. 
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Experiments thus far indicate that sequence located between -6679bp and -

4232bp (A4TK-Hex construct) upstream of the transcriptional start site of the mHex 

promoter is a target for retinoic acid induced repression. Since multiple functional 

GATA-4 sites are found throughout the -8.7kb mHex promoter, the ability of retinoic 

acid to inhibit or reduce GATA-4 dependent activation of the mHex promoter was 

tested. 

As shown in figure 21 A, co-transfection of A4TK-Hex and a GATA-4 

expression vector upregulated promoter activity five-fold. Treatment of co-

transfected cells with lOfxm a.\\-irans retinoic acid reduced GATA-4 activation 

effects by 60%. 

Next, the ability of retinoic acid to inhibit GATA-4 dependent activation of 

Hp8.7was investigated. The Hp8.7 expression construct was co-transfected into HeLa 

cells with a GATA-4 expression construct, resulting in an eight-fold increase in luciferase 

activity compared to basal promoter activity (Fig. 21B). In contrast to the substantial 

reduction in GATA-4 activation of A4TK-Hex by 10|Am retinoic acid, the eight-fold 

activation of Hp8.7 by GATA-4 was unaffected by retinoic acid treatment (Fig. 21B). 
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Figure 21. Retinoic acid induced repression of GATA-4 activation is context 
specific. (A) HeLa cells were transfected with the A4TK-Hex promoter construct 
(containing the RARE like element) driving firefly luciferase and the CMV driven 
GATA-4 expression construct RA treatment reduced GATA-4 activation. (B) HeLa cell 
were transfected with the Hp8.7 construct (-8.7kb mHex promoter) driving luciferase and 
the CMV driven GATA-4 expression construct Cells were then left untreated for treated 
with 10|im all-trans retinoic acid RA treatment was unable to reduce GATA-4 
activation. The graph represents relative levels of luciferase induction compared to 
control. Each experiment was performed in triplicate. 
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DISCUSSION 

The significance of understanding anterior lateral (AL) endoderm patterning 

is evident not only by its contribution to early stages of cardiogenesis but to liver 

formation as well. Previous studies have shown that the AL endoderm is a key 

source of signaling molecules that promote cell survival and the up-regulation of 

cardiogenic factors (e.g., Nkx2-5) in the pre-cardiac mesoderm. Endoderm also 

plays a significant role in heart morphogenesis, as it is required for the inward 

migration of the bilateral heart fields to form the linear heart tube. Moreover, the 

inward migration of the AL endoderm results in the formation of the anterior 

intestinal portal (AlP) and a subset of these cells will give rise to the liver primordia. 

This study has investigated endoderm patterning by examining the regulation 

of cHex gene expression (Fig. 22). In this study, patterning of the AL endoderm was 

negatively regulated, in part, by retinoid signaling. Consistent with in vivo results, 

cell culture experiments showed that Hex promoter activity was regulated by retinoic 

acid. This reduction in promoter activity correlates with the presence of a RARE 

(retinoic acid response element) like consensus site located -4390bp upstream of the 

transcriptional start site. Further analysis found that the transcription factors GATA-

4 and Nkx2-5 activated the Hex promoter and that GATA-4 activation is reduced by 

retinoic acid exposure in the context of a -6679bp to -4390bp Hex promoter firagment 

containing a RARE like site. However, GATA-4 activation of the full -8.7kb Hex 

promoter was unperturbed by retinoic acid. 
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Figure 22. Model of Hex gene regulation by retinoids. This model represents a 
potential mechanism by which retinoid signaling modulates Hex gene expression in the 
anterior lateral endoderm via acting directly on the promoter and/or antagonizing trans
acting factors (e.g., GATA-4). Two other signaling pathways are also represented based 
on other experimental results not discussed in the text. BMP is required for Hex gene 
expression in the anterior lateral endoderm. Cell culture experiments show that Smad 
proteins, intracellular mediators of BMP signaling, bind and activate the Hex promoter. 
Factor X is a mesoderm secreted molecule required for Hex gene expression in the 
endoderm (preliminary experiments indicated mesoderm-endoderm interaction is 
required for Hex gene expression). 
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t. Retinoid Signaling Negatively Regulates the Expression of the homeobox Gene 

cHex in the Anterior Lateral Endoderm 

Previous studies have shown that retinoid (vitanun A derivatives) signaling is 

involved in many vertebrate developmental processes, including anterior/posterior 

(A/P) axis formation and gene regulation (reviewed in Means et al., 1995). Several 

lines of evidence support a role for retinoic acid in embryonic patterning. A gradient 

of endogenous retinoic acid is seen in both avian and Xenopus gastrula stage 

embryos. Xenopus embryos contain a higher concentration of retinoic acid in the 

posterior than in anterior regions (Chen and Solursh, 1994). Studies in gastrula stage 

avian embryos found a higher concentration of endogenous retinoic acid in Hensen's 

node compared to the surrounding tissues (Chen et al., 1992; Twal et al., 1995). The 

disruption of this gradient results in abnormal embryonic A/P axis formation. 

Exposure of Xenopus or avian embryos to exogenous retinoic acid causes an 

expansion of the posterior domain and reduced anterior structures (Chen and 

Solursh, 1994; Durston et al., 1998; Sive et al., 1990; Ruizi Altaba and Jessell, 1991; 

Figs. 13C, 15B, 16A, B, and C). Conversely, a deficiency of retinoic acid in the 

embryo results in enlarged anterior structures with posterior deficiencies (Dersch and 

Zile, 1993; Maden et al., 1996; Dickman et al., 1997; Niederreither et al., 1999; 

White et al., 2000; Fig. 38). 

Retinoids help define the A/P axis in the vertebrate embryo by regulating the 

levels and expression domains of embryonic patterning genes. Some of these genes 

are regulated directly via retinoic acid receptors that function as transcription factors. 
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These receptors include the retinoic acid isoforms (RAR-a, -p, and -y) which bind 

both aX\-trans and 9-cis retinoic acid, and retinoid-X isoforms (RXR-a, -P, and -y), 

which only bind 9-cis retinoic acid. Upon activation, the receptors bind gene 

regulatory regions as homodimers (e.g., RARiRAR or RXR:RXR) or heterodimers 

(RARrRXR) by identifying the cognate sequence (RGKTCAN1.5RGKTCA). 

However, non-canonical RARE sites have been identified that are responsive to 

retinoid signaling. Analysis of the Oct-3/4 promoter identified a RARE like 

consensus sequence (RAREoct) that is responsible for the down-regulation of the 

gene in embryonic carcinoma cells treated with retinoic acid (Pikarsky et al., 1994;). 

Numerous studies show that retinoids regulate the expression of homeobox 

genes, a large family of transcription factors that play key roles in cellular 

differentiation and regional identity (reviewed by Langston and Gudas, 1994). The 

well-characterized vertebrate Hox genes, a large family of homeobox containing 

genes, are sensitive to retinoid signaling. Studies in tetracarcinoma cells show that 

Hox gene expression is induced upon treatment with retinoic acid (Simeone et al, 

1990; Simeone et al., 1991). Furthermore, analysis of Hox-d gene regulation during 

limb development indicate that they can be ectopically activated by addition of 

retinoic acid (Izpisua-Belmonte et al., 1991). The normal expression patterns of a 

subset of Hox gene family members are spatially restricted, with some overlap, along 

the embryonic A/P axis (Hunt and Krumlauf, 1992; Botton and Melton, 2000). 

Exposure of embryos to exogenous retinoic acid causes the posterior restricted Hox 
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genes to expand more anteriorly (Conlon and Rossant, 1992; Kessel and Gruss, 

l991;Kessel, 1992). 

Data presented here shows that retinoid signaling regulates the homeobox gene 

Hex, an early marker of the anterior lateral (AL) endoderm as well as the liver primordia 

and blood islands. Avian embryos were treated with the retinoid signaling inhibitor 

diethylaminobenzaldehyde (DEAB) and analyzed for morphological changes and cHex 

expression. 

Treatment of HH stage 5 avian embryos with DEAB resulted in an up-

regulation and slight expansion of cHex expression in the AL endoderm and 

increased levels in the blood islands (Fig.l2B). The observed expansion of cHex 

expression in the AL endoderm is consistent with limited capacity of BMP to 

activate Hex gene expression outside its normal domain. Work performed in the 

Antin laboratory has shown that cHex expression in the AL endoderm requires BMP 

signaling (Zhang et al., submitted). Treatment of HH stage 5 embryos with noggin, a 

BMP antagonist, inhibits cHex expression. Conversely, BMP can activate cHex 

expression in endoderm in a domain that is only slightly broader than its normal 

expression domain. This limited expansion domain is identical to the expanded cHex 

expression pattern observed in DEAB treated embryos. 

Long-term exposure with DEAB from HH stage 5 to stage 10 showed 

increased levels of cHex transcripts in the liver primordia and blood islands (Fig. 

14B). Short-term exposure of HH stage 9-10 avian embryos with DEAB elevated 

levels of cHex expression in the liver primordia, derived from the AL endoderm (Fig. 
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13B). Magee et al. (1998) showed that the liver development genes a-fetoprotein 

(AFP) and hepatocyte nuclear factors (HNF) 1 and 4 have decreased expression 

levels upon exposure to retinoic acid. Further support for retinoids having an 

inhibitory role during liver development comes from transgenic mice expressing a 

dominant negative retinoic acid receptor in the liver. Upon examination of postnatal 

mice, the liver was 60% larger compared to non-transgenic mice most likely due to 

hepatocyte proliferation (Tsutusmi et al., 2000). These experiments indicate that 

retinoids have an inhibitory affect on liver formation. 

Long term exposure of DEAB also restricted cHex expressing blood island 

cells to the posterior of the extra-embryonic tissues. One interpretation is that 

retinoid signaling in the blood islands is required for the proper migration of cHex 

expressing cells and that retinoid inhibition caused all these cells to improperly 

migrate and cluster in the most posterior extra-embryonic tissues. This would be 

consistent with studies showing that retinoids play a key role in the proper cell 

migration during development. Excess retinoic acid inhibits the migration 

mesenchymal and neural crest cells in the vertebrate embryo by altering the 

interactions between the cell and the extra-cellular matrix (Thorogood et al., 1982; 

Osmond et al., 1991). Two potential experiments could be performed to determine if 

retinoid signaling affects the migration of cHex expressing blood islands cells. The 

first experiment entails placing a retinoic acid soaked bead into the anterior region of 

the blood islands after over-night DEAB treatment. If retinoids ensure migration and 

distribution of cHex expressing blood island cells, the RA soaked bead should elicit 
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an anterior migration of the clustered cHex cells from the posterior regions of the 

embryo. The second experiment would be performed in cell culture. Blood islands 

cells are removed from the embryo and placed in a culture dish containing a gradient 

of retinoic acid. Again, if the migration of these cells is regulated by retinoids than a 

difference in migration patterns should be observed between RA treated and non-

treated cells in culture. In both these experiments, the assumption is that cHex 

positive cells will migrate towards a RA source. 

A second interpretation is that migration is unaffected, but cHex expression 

is restricted only to the posterior blood islands cells while the more anterior cells 

show no expression. However, this is inconsistent with previous data showing 

retinoids negatively regulate cHex in the blood islands. 

To determine if excess retinoic acid could reduce or inhibit cHex expression 

in the AL endoderm, HH stage 5 and stage 10 avian embryos were treated with 

different concentrations of oW-tram retinoic acid and analyzed by whole-mount in 

situ hybridization for cHex expressioa Although no changes in transcript levels in 

the AL endoderm or liver primordia were detected, dose-dependent phenotypic 

changes consistent with excess RA treatment were observed. 

These experiments suggest that retinoid signaling has a limited capacity to 

negatively modulate cHex expression in the AL endoderm, liver primordia, and 

blood islands, and that these tissues, in part, are patterned by retinoid signaling. 

Recent work by Ghatpande et al. (2000) shows support for a retinoid signaling 

contribution to avian AL endoderm patterning. Heart defects in Vitamin A deficient 
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(VAD) quail embryos resemble those phenotypes observed in embryos that lack or 

have abnormal AL endoderm (Gannon and Bader, 1995; Ghatpande et al., 1995; 

Nascone and Mercola, 1995; Narita et al., 1997). VAD derived heart defects are 

rescued by culturing the VAD quail embryos with wild type anterior endoderm alone 

or both exogenous retinoic acid and VAD endoderm. Retinoic acid alone without 

AL endoderm is not sufficient to rescue the VAD defects, indicating that retinoid 

signaling acts in concert with other factor(s) to pattern anterior endoderm and 

promote normal heart development. 

Several lines of evidence indicate that retinoid signaling acts directly on the 

mHex promoter to repress its transcription. Transfection assays demonstrated that 

retinoic acid signaling directly inhibits the activity of Hp8.7 (Fig. 173). Analysis of 

the TK-Hex promoter series in HeLa cells localized the retinoic acid responsive 

region to between -6232bp and -4200bp (MTK-Hex construct) upstream of the 

mHex transcriptional start-site (Fig. 18B). This is consistent with the identification 

of a RARE like binding site within the A4TK-Hex promoter fragment. These two 

experiments indicate that retinoid signaling acts directly on the mHex promoter to 

repress its transcription. However, it carmot be ruled out that retinoid signaling also 

directly inhibits trans acting factors. 

II. cHex Gene is Positivelv Regulated bv GATA-4 and Nkx2-5 

Additional experiments were performed to identify transcriptional activators 

that act on the Hex promoter to regulate its expression. The molecules GATA-4 and 



131 

Nkx2-5 were found to up-regulate the Hex promoter in cell culture in a dose-

dependent maimer (Fig. 19). These two factors were chosen based on their over

lapping expression pattern with cHex in the avian AL endoderm (Schultheiss et al., 

1995; Jiang et al., 1998), homozygous null mouse phenotype, and multiple consensus 

binding sites located throughout the Hex promoter. 

mNkx2-5 activated the Hex promoter in a dose-dependent manner with 

maximum activation levels reaching approximately thirty-five fold above basal 

levels (Fig. 19). Nkxl-S is expressed in the precardiac mesoderm and in the AL 

endoderm, which over-laps with cHex expression in avian embryos. Mesendoderm 

expression of Nkx2-5 in the cardiogenic plate is also observed in murine embryos 

(Lints et al., 1993; Kasahara et al.. 1998). Results reported here indicate that Nkx2-5 

can activate the mHex promoter in cell culture, suggesting that it may regulate Hex 

gene expression in vivo and play a role in AL endoderm patterning. 

GATA-4 up-regulated the proximal -2kb Hex promoter in a dose-dependent 

manner with maximum activation levels reaching twenty fold (Fig. 19). Functional 

GAT A sites were also identified throughout the Hex promoter in a heterologous Hex 

promoter assay (Fig. 20). GATA-4 has an over-lapping yet distinct expression 

pattern with cHex in the avian embryo (Jiang et al., 1998), implying that GATA-4 

may play a key role in endoderm patterning. Evidence for this comes firom the 

GATA-4 knockout mouse. GATA-4 is expressed in both cardiogenic mesoderm and 

endoderm (Arced et a\., 1993). Mice null for GATA-4 develop differentiated 

cardiac myocytes, but fail to form a linear heart tube (Molkentin et al., 1997). 
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Chimeric mice null for GATA-4 only in the endoderm were generated to determine 

if fusion of the bilateral heart fields at the midline is dependent on GATA-4 

expression in the endoderm. Endoderm expression of GATA-4 rescued heart tube 

formation, although the heart failed to undergo looping (Narita et al., 1997). GATA-

4 expression in the AL endoderm is therefore critical for the migration of the heart 

fields to the midline while expression in other cell layers is also required for heart 

looping. These heart defects are similar to those observed in embryos with AL 

endoderm deficiencies (Gannon and Bader, 1995; Nascone and Mercola, 1995; 

Narita et al., 1997; Ghatpande et al., 2000). Taken together, these data suggest that 

GATA-4 may regulate Hex gene expression in the AL endoderm and also play a 

critical role in cardiogenic endoderm patterning. 

Further studies must be performed to determine if Hex is a downstream target 

of both GATA-4 and Nkx2-5 in the avian AL endoderm. These studies include 

treatment of HH stage 5 avian embryos with RNA anti-sense oligos to either GATA-

4 or Nkxl-S and assaying for cHex expression by in situ hybridization. In addition, 

analysis of the Nkx2-5 or GATA-4 mouse knockouts for Hex expression by in situ 

hybridization would also help in determine the role of these molecules in contrclling 

Hex gene expression. 

in. GATA-4 Activation of the Hex Promoter is Sensitive to Retinoic Acid 

Although retinoic acid repressed GATA-4 dependent activation of A4TK-

Hex (containing the mHex promoter sequence -6679bp to -4232bp), no affect was 
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observed with GATA-4 dependent activation of the intact -8.7kb mHex promoter 

(Fig. 2IB). One possible explanation for this ambiguity is that GATA-4 and 

RAR/RXR compete for binding on the A4TK-Hex promoter construct. A sequence 

analysis identified a GATA cis-acting element in A4TK-Hex that overlaps with the 

RARE site, implying that these factors may compete for binding and antagonize one 

another to modulate Hex promoter activity. The inability of RA to reduce GATA-4 

activation of the Hp8.7 promoter construct may be due to the presence of multiple 

GATA binding sites found throughout the Hex promoter. In this scenario, the sum 

of GATA-4 activation in the entire Hex promoter may negate the repressive effects 

induced by RA. 

III. A Model of cHex Gene Regulation in the AL Endoderm 

Although reduction of retinoid signaling up-regulates and moderately 

expands the cHex expression domain, excess retinoic acid has no effect on cHex 

mRNA levels. This apparent discrepancy may be explained by the following two 

models; saturation and Hox mediated repression. These models are not mutually 

exclusive and do not necessarily apply only to the AL endoderm. 

The Saturation model requires that there are a limited number of functional 

retinoic acid and retinoid receptors in the cHex expressing AL endoderm and that 

these receptors are direct negative modulators of Hex promoter activity. Analysis of 

RAR and RXR isoform expression patterns show that these molecules are present in 

the cardiogenic endoderm of avian embryos (Kostetskii et al., 1998). According to 
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this model, activation of the receptors in the AL endoderm to limit cHex expression 

would require only a low concentration of retinoic acid. This is consistent with the 

localized high concentration of retinoic acid in Hanson's node and the much lower 

levels found in neighboring tissues of HH stage 5 avian embryos (Chen et al., 1992; 

Twal et al., 1995). Addition of exogenous retinoic acid would have little or no effect 

because of the limiting number of functional retinoic and retinoid receptors (i.e., the 

system is saturated). However, in the absence or reduction of retinoic acid a 

majority of the receptors would become inactive thus allowing the endogenous 

activators to up-reguiate cHex expression in the AL endoderm. These activators 

could include both GATA-4 and Nkx2-5 as shown in Hex promoter transfection 

assays (Fig. 19). Decreased levels of retinoic acid in the embryo are also associated 

with a down-regulation in the expression of the RAR-a and RAR-p receptors 

(Kostetskii et al., 1998). Additional evidence for this model could be obtained by 

determining if cHex expression in the embryo is directly modulated through a 

RAR/RXR specific pathway. This can be accomplished by treating HH stage 5 

avian embryos with a specific RAR/RXR antagonist (Elmazar et al., 1997; Ueno et 

al., 1998). Unfortunately, these antagotiists are under patent protection and not 

readily available. 

The second model, Hox mediated repression, would depend on Hox proteins 

negatively regulating the zHex gene in the AL endoderm. Although correlative, 

several lines of evidence suggest a potential role of Hox mediated repression of cHex 

in the AL endoderm. Whole-mount in situ hybridization of avian embryos has 



135 

localized the expression of several Hox gene family members to the anterior regions 

of the avian embryo. In particular, cHoxd-3 was shown to be expressed in the 

anterior lateral region of HH stage 5 avian embryos (Searcy and Yutzey, 1998) 

coinciding with cHex gene expression. Recent investigations have identified both 

Hoxa-9 and Hoxc-8 as transcriptional repressors (Shi et al., 1999; Shi et al., 2001). 

Analysis of the mHex promoter has identified multiple potential binding sites for 

Hox proteins (Tt/aAT) and preliminary studies in the laboratory show that Hoxc-8 

can reduce BMP activation of the Hex promoter by 30% in lOTl/2 cells. 

According to this model, select Hox genes normally localized in the anterior 

regions of the embryo would antagonize cHex expression in the AL endoderm. 

Reduction of retinoid signaling via DEAB would reduce the expression of these 

repressive Hox genes, thus allowing an up-regulation of cHex by positive transacting 

factors (e.g., GATA-4, Nkx2-5). Conversely, treatment of avian embryos with 

exogenous retinoic would have little effect because anterior Hox genes are already 

expressed at levels sufficient to maximally antagonize cHex gene expression. 

Although all data is consistent with this model, several questions must be addressed. 

I) Which Hox gene expression patterns over-lap with that of cHex in the AL 

endoderm? 2) Are any of these Hox genes sensitive to DEAB treatment? 3) Are any 

of these Hox genes capable of inhibiting the mHex promoter? 

The identification of the AL endoderm marker cHex has facilitated an 

understanding of how gene expression within this endoderm is patterned. Data 

presented here gives a clear indication that retinoid signaling negatively modulates 
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the homeobox gene Hex in the AL endoderm and derived liver primordia. This 

indicates that a common pathway may function to pattern both the cardiogenic 

endoderm and the liver primordia during development. Although the precise 

mechanism of repression is not well understood, in vitro evidence shows that retinoic 

acid may act directly on the Hex promoter to modulate its expression. Experiments 

with GATA-4 and Nkx2-5 show that these factors up-regulate the mHex promoter 

and therefore may regulate its expression during development. Further dissection of 

the regulatory events responsible for cHex gene regulation in AL endoderm will help 

elucidate the mechanisms that contribute to embryonic patterning throughout 

development. 
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GENERAL DISCUSSION 

The goal of this thesis was to gain a greater understanding of the regulatory events 

that establish heart muscle cells in the vertebrate embryo. Although two projects were 

pursued, patterning of the anterior lateral endoderm and transcriptional regulation of 

cardiac differentiation, three stories resulted. The additional story developed because of 

failed attempts to generate a stable line of mouse embryonic stem (ES) cells over-

expressing the transcription factor mNkx2-5. Therefore, the results within this thesis are 

described and discussed in three different chapters. Chapter I concludes that the function 

of the Nkx2 family of homeobox genes in regulating cardiac gene expression in mouse 

and Xenopus, has diverged. Chapter II defines a genomic protection mechanism in 

mouse embryonic stem (ES) cells that prevents the stable retention of specific transgenes 

within their chromosomes. Chapter m describes the mechanism by which retinoid 

signaling and the transcription factors GATA-4 and Nkx2-5 help pattern the avian 

anterior lateral endoderm. 

The focus of Chapter I determines the contribution of the murine Nkx2 family 

members to cardiac myocyte differentiation. A dominant negative approach, based on 

experiments performed in Xenopus, was taken to address whether the Nkx2 protein are 

required for mammalian differentiation and the mechanism by which these dominant 

negative Nkx2 molecules function. The two different mutant mNkx2-5 molecules 

(mNkx2-5'^ and mNkx2-5®) cannot inhibit cardiac promoter activity in reporter gene 

assays. These studies suggest that there are functional differences between the Xenopus 



138 

and mouse Nkx2-5. Although a great amount of homology (85%-95%) is found between 

the conserved domains of Xenopus and mouse Nkx2-5, the mechanism by which they act 

within the cell could differ, resulting in diverged roles. An ideal experiment would be to 

over-express the mutant mouse Nkx2-5 molecules in Xenopus embryos to determine if 

they are capable of blocking early heart muscle development. 

Chapter n describes and discusses the difficulties in generating stable lines of 

mouse ES cells over-expressing miVfcc2-5 (wild type or mutant). Although the original 

intent was to use mouse ES cells as a model system to study the role of the Nkx2 class in 

cardiac differentiation, a different story resulted. Multiple failed attempts to generate 

stable cell lines indicate that a genomic protection mechanism may function in these 

cells. A potential two-part model involving identification and removal, and for how this 

mechanism may function is as follows; First, the transgene randomly integrates into the 

chromosome, which is then detected (identification) by cell machinery as an anomaly in 

the chromosome. This may involve detecting abnormal DNA methylation patterns or 

chromosomal structure via theoretical scanning proteins. Following identification, the 

second step would involve endonucleases would to the unwanted DNA, leaving an intact 

chromosome. However, more experiments must be performed to support the conclusion 

that ES cells have a mechanism to identify and remove chromosomal integrated 

transgenes. An ideal experiment would be to generate a line of ES cells containing a 

promoterless n\Nkx2-5 transgene and a selectable marker. This would distinguish 

whether expression or presence of the transgene is sufficient to prevent the generation of 

a miVfcr2-5 stable cell line. The lack of stable cell lines containing miVfcc2-5 could be due 
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to over-expression resulting in deleterious affects on the ES cells. The identification and 

dissection of a genomic protection mechanism in embryonic cells will give greater insight 

into approaches for establishing human gene therapy techniques. 

Chapter III details the use of the homeobox gene Hex as a molecular marker to 

determine the role of retinoids in patterning the anterior lateral endoderm. Additional 

observations indicate that Hex gene expression in the liver primorida and blood islands is 

universally modulated by retinoids in a negative manner. An analysis of the 

mechanism(s) in which the Hex gene is regulated in the anterior lateral endoderm and 

derived liver primordia indicates that RAR/RXRs act directly on the Hex gene promoter 

and that they antagonize the activation of trans-acting factors (e.g., GATA-4). However, 

several questions remain. Is Hex gene regulation in the anterior lateral endoderm by 

retinoids cell autonomous? That is, does retinoid signaling affect the adjacent mesoderm, 

which then influences Hex gene expression in the endoderm (Fig. 22; Factor X)? 

Preliminary data indicates that mesoderm/endoderm interaction is required for Hex gene 

expression. Do retinoids regulate Hex in the blood islands by the same mechanism found 

in the anterior lateral endoderm? Are the identified RARE sites in the mouse Hex 

promoter conserved among species? Is the RARE site in the mouse Hex promoter 

necessary for RA induced repression? Further experimentation will determine the 

mechanisms that regulate Hex gene expression and lead to a greater understanding of 

endoderm patterning, early liver development, and vasculogenesis. 



140 

CHAPTER FOUR 

MATERIALS AND METHODS 

I. Mouse Embryonic Stem (ES^ cells 

The R1 strain of mouse embryonic stem (ES) cells (passage 12) were a 

gracious gift of Andreas Nagy. Mouse ES cells were grown in a 37°C incubator at 

5% CO, on a tissue culture dish containing a feeder layer (STO cells). Cells were 

cultured in Dulbecco's Modified Eagle's Medium containing 15% Fetal Calf Serum, 

IX Penicillin/Streptomycin/L-Glutamine (Gibco), IX Non-essential amino acids 

(Gibco), and lOmM P-mercaptoethanol (Sigma). Perpetuation of ES cells was 

performed by changing the media every other day and passaging the cells every three 

days to prevent their differentiation. 

To generate heart muscle in cultured mouse ES cells, hanging droplets were 

generated. The ES cells were seperated from the feeder layer by performing two pre-

platings. A confluent lOOmm tissue culture dish containing mouse ES cells and a 

feeder layer was trypsinized. The cells were resuspended in 10ml media and placed 

in a lOOmm tissue culture dish for 10 minutes in a 2TQ incubator at 5% COt to 

allow the STO cells to attach to the plate (STO cells adhere more quickly to the dish 

than ES cells). After the incubation, the media was removed and transferred to 

another lOOnrni dish for 10 minutes. The ES cells in the media were removed and 

placed in a ISmL falcon tube. Cells were counted with a hemocytometer and 

resuspended in media to a final concentration of 1.08 X 10^ cells/mL. To generate 
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hanging droplets, 25^1 (2,700 cells/droplet) of resuspended ES ceils were placed on 

the underside of a petri dish lid. After adding approximately sixty drops to a lid, the 

lid was then placed on top of a dish containing lOmL of PBS (droplets are found on 

the inside of the dish hanging toward the PBS). The ES cells were incubated in a 

37°C incubator at 5% CO^ for 48 hours and then transferred, as embryoid bodies 

(EB), to a lOOnim petri dish containing lOniL of ES cell media. The EBs were 

incubated in suspension culture for 72 hours. After the EBs matured in suspension, 

they were transferred to a gelatinized 24-well plate. One EB was placed in each well 

with ImL of media. Within two days, beating heart muscle developed 

The primary screen for the formation of heart muscle in culture is the "Beater 

Assay." This assay relies on identifying a subset group of cells within an embryoid 

body that is beating. This embryoid body is then counted as one positive beater, 

regardless if they contain more than one beating foci. The percentage of beaters is 

then calculated based on the total number of EBs that are positive throughout the 

experiment divided by the number of negative EBs multiplied by 100. 

Mammalian plasmid expression vectors were introduced in mouse ES cells by 

electroporation. Twenty-five micrograms of linearized plasmid DNA was 

electroporated (low Q, 330 mF, 300 volts; Gibco Cell Porator) into 5 X 10® mouse 

ES cells. The DNA and ES cells were added together in 8(X)^1 of DMEM with 1/1(K) 

HEPES. After electroporation, ES cells were plated into three 100mm feeder plates 

and allowed to recover overnight in ES cell media in a 37°C incubator at 5% CO,. 

The following day, cells were placed under neomycin selection (4(X)ng/mL) for 9-10 
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days. Resistant colonies were picked with a sterile pipette tip and individually 

distributed to a 24-well plate with a feeder layer. Surviving clones were expanded 

into duplicate 35nim culture dishes for freezing and subsequent analysis. 

II. Immunofluorescence 

Immunocytochemistry was used to determine if the neomycin resistant mouse 

ES cells were expressing the epitope tagged protein. This technique was also used 

on HeLa, CV-l, NIH3T3, and lOTl/2 cells. Specifically, mouse ES cells or 

embryoid bodies were grown on gelatinized 35mm tissue culture dishes with cover-

slips or an eight-well Nunc dish as stated previously. Cells were then rinsed in PBS 

and then fixed in 4% Formaldehyde for 30 minutes at room temperature. Cell were 

then permeabilized in 0.2% TritonXIOO in PBS for 30 minutes at room temperature 

followed by block with 1% BSA, 1% Donkey Serum for 1 hour at room temperature. 

The cells were incubated with the primary antibody for I hour (room temperature) to 

overnight (4°C). The Rabbit-antiHiSg (origin) primary antibody was used at a 1/500-

I/IOOO dilution in block. The Mouse-antiHA (gracious gift of Carol Gregorio) 

primary antibody was used at 1/5,000-1/10,000 dilution in block. The Mouse anti-

Myc (gracious gift of Gene Wilson) primary antibody was used at 1/4 in block. 

After incubating cells with primary antibody, they were washed three times with 

PBS, 10 minutes each wash. The secondary antibody was added for 30 minutes to 4 

hours at room temperature. The rabbit or mouse secondary antibody conjugated to 

fluorescence was added at a dilution of 1/500-1/5000. After secondary antibody 
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incubation, cells were rinsed three times with PBS, 10 minutes each time. DAPI at 

S^ig/mL (Sigma) for 10 minutes was used to stain cell nuclei. Cells were rinsed one 

more time with PBS and mounted on slides. Immunoflourescence was observed 

with a (brand name) microscope. 

III. Cell Transfections 

HeLa cells were transfected on a 24-well plate. The night before transfection 

the cells were plated at a density of 5.0 X 10"* cells/well. A total of 400ng DNA was 

transfected per well in a total volume of 900|il. Two mixtures were made separately 

prior to transfecting the cells. One mixture contained 400ng of DNA, 6(^1 of 

LipofectAMINE Plus reagent (Gibco), and lOO^l DMEM. This mixture was 

incubated for 15 minutes at room temperature. The second mixture consisted of 

800|j,l of DMEM with 2(xl of LipofectAMINE (Gibco). After the incubation of 

mixture one, mixture number two was added and allowed to incubate for 15 minutes 

at room temperature. Prior to adding the transfection mixture, the cells were rinsed 

once with ImL DMEM. The transfection mixture incubated with the cells for three 

hours at 37°C incubator at 5% CO^. Following incubation, ImL of fresh media was 

added to each well. 

lOTl/2 cells were transfected under similar conditions. The day prior to 

transfection 4 X 10* cells/well on a 24-well plate were seeded. The following day 

two transfection mixtures were made for each well as follows: one contained 25^.1 

DMEM with a total of 1.6^g DNA and 8nl Plus reagent (Gibco). This mixture was 
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incubated at room temperature for 15 minutes. The second mixture was composed 

of 25^1 DMEM and 2^1 Lipofectamine (Gibco). After the initial 15 minute 

incubation, the second mixture was added and this was incubated for 15 minutes at 

room temperature. The cells were rinsed once with ImL DMEM and the 

transfection cocktail was added and incubate with the cells for 3 hours at 37°C 

incubator at 5% COj. Afterward, 1 mL of fresh cell media was added to the 

transfection mixture. Cells were allowed to recover for 48 hours prior to performing 

any assay. 

Fetal rat cardiac myocytes were transfected as follows. Cells were isolated 

from fetal rat hearts and plated on a 24-well plate at a density of 5 X lO"* cells/well. 

The following day two transfection mixtures were made for each well as follows: 

The first mixture was comprised of 0.2|ig DNA, 4^l Plus reagent (Gibco), and lOO^il 

DMEM and was incubated for 15 minutes at room temperature. The second mixture 

included 200(a1 DMEM and 2|il Lipofectamine (Gibco). Following initial 

incubation, the first and second mixtures were combined and allowed to incubate for 

15 minutes at room temperature. Prior to adding the transfection mixture to the cells, 

they were rinsed once with ImL DMEM. The cells were incubated with transfection 

cocktail for five hours at 37°C incubator at 5% CO2. Afterward, ImL fresh cell media 

was added to the transfection mixture on cells. The cells were allowed to recover for 

48 hours prior to performing any assay. 
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rV. Luciferase Assay 

Luciferase was used as a reporter gene in all transfection experiments. An 

expression vector containing the cytomegalovirus (CMV) promoter driving P-

galactosidase was used as an internal transfection control in all experiments. The 

Dual-Light (Tropix) kit was used to assay the expression of luciferase on a Turner 

Design (TD) 20/20 Luminometer. Thirty-six to forty-eight hours post transfection, 

cells on a 24-well plate were broken open with 30|j,l of lysis buffer and one round of 

freeze-thaw in the -80°C. Cell lysates were collected in a 1.5mL microcentrifuge 

tube and spun for 2 minutes at 10,000xg. After spinning down cell debris lO^il of 

supernatant was transferred to another l.5mL microcentrigue tube for assaying 

luciferase. Prior to measuring luciferase, 25nl of Buffer A was added to the tube 

followed by lOOjil of Working Buffer B (Working Buffer B consisted of Galacto 

reagent dilution 1/100 in Buffer B). Upon addition of Working Buffer B, luciferase 

was measured in the Luminometer (TD 20/20). The Luminometer settings were as 

follows: Delay = 2 seconds. Integration = 10 seconds. Repetitions = 3, and 

Sensitivity = 40.2%. After measuring luciferase the samples sat at room temperature 

for 30 minutes to I hour prior to measuring ^-galactosidase. The addition of 100^1 

of Accelerator II (Tropix) was added to each of the I.5mL microcentrifuge tubes 

immediately before measuring ^-galactosidase on the TD-20/20 Luminometer. The 

Luminometer settings were was follows: Delay = 2 seconds. Integration = 10 

seconds. Repetitions = 3, and Sensitivity = 30.0%. ^-galactosidase values were used 
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to normalize luciferase units, which were then placed in a Microsoft Excel 

spreadsheet and graphed. 

V. Western Blot 

To overcome any detection problems of protein expression in mouse ES 

cells by immunocytochemistry, westem blot analysis was used. Neomycin resistant 

mouse ES cells were grown to confluence on 60mm tissue culture dishes and then 

lysed with 100^1 SDS-sample buffer. To decrease the viscosity of the lysed cells, 

lOmM Magnesium Chloride and 2^1 DNase was added for lOminutes at room 

temperature. Approximately 20|j.l of lysed cells, boiled at 90-95 °C for 5 minutes 

and spun briefly, was added to a 10% SDS poly aery lamide gel with a 4% stacking 

gel. A 5^1 sample of positive protein control (In vitro Transcription/Translation; 

Promega) was also added to the gel. Electrophoresis was carried out at 30 milliamps 

for 45 minutes to 1 hour (or until dye front is at bottom of gel). Following 

electrophoresis, the gel was transferred to Transfer Buffer (IX Tris-Glycine, 20% 

Methanol) for 15 minutes at room temperature. Gel was placed in transfer apparatus 

adjacent to nitrocellulose and transferred at lOOmiliamps for 2 hours at 4°C. After 

transfer, apparatus was disassembled and nitrocellulose blot was placed in IX Tris-

Saline for 10 minutes at room temperature. Blot was blocked with 5% non-fat dry 

milk in IX Tris-Saline for 1 hour at room temperature. Following block primary 

antibody (rabbit anti-His^ at 1:2500 dilution or mouse anti-HA at 1:10,000 was 

added to blot for 1-2 hours at room temperature or overnight at 4°C. Following 
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incubation of primary antibody, the blot was rinsed 3-4 times for 10 minutes with IX 

Tris-Saline. Following washes, the secondary antibody (Horseradish Peroxidase 

conjugated to either Donkey anti-rabbit at 1:5000 or Goat anti-mouse at 1:20,000) 

diluted in blocking solution was incubated with the blot for 1 hour at room 

temperature. Excess secondary antibody on the blot was rinsed with IX Tris-Saline 

3-4 times for 10 minutes. Blot was developed with SuperSignal Substrate (Pierce). 

Equal volumes of Luminol/Enhancer solution and Stable Peroxide solution were 

mixed and then added to blot. Mixture was incubated with blot for 10 minutes at 

room temperature. Blot was removed from mixture and wrapped in plastic prior to 

exposure to film(Kodak). Exposure times varied from 30 seconds to 5 minutes. 

Film was developed with a Konica SRX-IOIA developer. 

VI. Reverse Transcriptase and Polymerase Chain Reaction (PCR) 

Reverse Transcriptase and PCR (RT-PCR) was used to assay transgene 

expression in mouse ES cells. Total RNA was collected from cells with RNA 

STAT-60. One microgram of total RNA was used in each RT reaction. Prior to RT, 

the RNA was treated with 1 U of RNAse-free DNAse (Stratagene) for 10 minutes at 

room temperature and heat inactivated for 10 minutes at 65 °C. RT reaction was 

performed in 30^1 volume with random hexamers (Boehringer-Manheim), lOmM 

dNTPs, lU RNAsin (Promega), l|ig RNA, 0.1 M DTT, lOX RT Buffer, and l^il 

Superscript II (Gibco) incubated for 60-90 minutes at 42 °C. RT controls with not 

Superscript II enzyme were performed to avoid false positives from contaminating 
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genomic DNA. Polymerase Chain Reaction (PGR) was carried out in a 50|j.l total 

volume with 0.25 U of TaqGold Polymerase (Perkin Elmer) or Pfu I Polymerase 

(Stratagene), IX Taq Buffer (with 1.5mM Mg), appropriate primer pairs, 5% DMSO, 

dNTPs, and I/IO of RT reaction as template for RT-PCR or l-5ng of plasmid DNA 

or 500ng of genomic DNA. Primer annealing temperature for RT-PCR as follows: 

Collagen IV (55 °C), mNkx2-5 (52 "C), Neomycin Resistance (52 "C). Primer 

annealing temperature for cloning PGR products are as follows: mNlcx2-5 ( 55 °G), 

rGATA-4 (65 °G), mNkx2-5 promoter (60 °G), xNkx2-5 (60 °C), and Drosophila 

Engrailed Domain (60 °C). PCR parameters varied slightly among amplification 

products but a general outline is as follows: 94 °C for 10 minutes (TaqGold) or 3 

minutes (Pfu I), 27-35 cycles of 94"C for 30 seconds. Primer Annealing Temperature 

for 30 seconds, 72 °C for 30 seconds to 2 minutes, final extension of 72 °C for 10 

minutes and finally hold at 4''C. 

VII. Generation of Plasmid Vectors 

Mammalian expression constructs were generated with either a CMV or PGK 

(phosphoglycerate kinase) promoter to drive expression in mammalian cells. The 

parent plasmid to each construct was pcDNA3.1B-mychis (In vitrogen) containing 

Ampicillin resistance and a neomycin resistance gene driven by an SV40 promoter. 

The parent plasmid was modified to change promoters or tags. Expression 

constructs contained the wild type or mutant open reading frame of mNkx2-5 (1.3kb 

including 5'-UTR), xNkx2-5 (900bp), or rGATA-4 (I.3kb). The mouse and Xenopus 
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Mona Nemer. All cDNAs were tagged either with the HA-epitope (N-terminal), 

HiSg tag (C-terminal), and/or cMyc tag (C-terminal). Mouse Nkx2-5 cloning primers 

are T7 primer (5'-end in pBluescript; Eco RI was used to cut 5'-end for cloning 

purposes) and reverse primer 5'-GACGTCTAGACCCCAGGCTCGGATGCCGTG-

3' (contains Xba I restriction site to facilitate directional cloning). The site directed 

mutation primer for mNkx2-5 to generate the dominant negative NKX that mutates 

the 56th amino acid in the homeodomain from Leucine to Proline is 5'-

AAGCCGACGTCCACGCAGGTCAAG-3' (T^=60''C). Xenopus Nkx2-5 cloning 

primers are as follows: 5-GACGGAATTCATGTTTGCCAGTCCTGTGACATC-3' 

(contain Eco RI restriction enzyme site) and 5'-

GCCGGATCCAAAATCCAAGCTCGGATGCCATGAT-3' (contains Bam HI 

restriction enzyme site). Mutagenesis of XNkx2-5 was performed in the laboratory 

of Paul Krieg (Grow, M., and Krieg, P., 1998). The cloning primers for rGATA-4 

are as follows: 5 -GAGAGAGCCGAATTCTTGGGGCGATGTACC AAAGC-3' 

(contains and Eco RI restriction enzyme site) and 5'-

GAGAGTCTAGACTCGCGGTGATTAT GTCCCCATGA-3' (contains and Xba I 

restriction enzyme site). The mutagenesis primer for rGATA-4 is as follows 5'-

CTCATCAAGCCTGCGGCAGCGCTGTCTGCCTCC-'3 (T^=65°C). The site 

directed mutagenesis primer changes the three adjacent amino acids QRR between 

the two zinc-fingers to a series Alanines (AAA). 
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VIII. Embryos Dissections and Culture 

Eggs were incubated at yi°Q, 6.9% CO2 for 0-72 hours in a humid incubator. 

Eggs were cracked open and the avian embryos were removed with forceps. 

Depending on the use of the embryo, they were fixed immediately or cultured on 

agar plates as New Culture to allow development to continue outside of the egg. 

Embryos remained on the vitaline membrane, which was stretched onto a plastic 

ring. Embryos resided in the middle of the ring atop the agar. 

IX. Isolation of Fetal Rat Cardiac Mvocvtes 

Fetal rat cardiac myocytes were obtained from the laboratory of Dr. Joseph Bahl 

Ph.D. Briefly, fetal rats were removed from their mothers and their hearts removed 

via dissection. Heart cells were dissociated for 15 minutes with pancreatin in a 

60mm culture dish. After first incubation, replace pancreatin solution with fresh 

stock at digest for an additional 15 minutes. After digestion, transfer cells and 

pancreatin to a 15mL screw-top tube and centrifuge for 2-4 minutes at 500rpm. 

Aspirate pancreatin solution and resuspend cell pellet in 2mL Burt's Heart Cell 

media. Spin cells again at 500rpm to pellet and then resuspend in lOmL Ham's F12 

defined media (albumin, fetuin, ascorbic acid, EFG and ITS). Plate cells onto a 

lOOmm culture dish for differential plating to remove all non-heart cells. Incubate 

the plate for 1-3 hours at 37°C incubator at 5% CO^ to allow fibroblast to attach 

(heart cells will not attach in this limited period). After incubation, remove 

suspended heart cells and transfer to a 50mL screw-top tube. Spin tube for 2-4 
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minutes at 500rpm. Aspirate media, leaving pellet, and re-suspend in lOmL HeLa 

cell media. Cells were counted with a hemocytometer and plated at the appropriate 

density on culture dishes. 

X. In Situ Hybridization 

In situ probe was generated in total volume of 20^1 with Ifig of linearized 

plasmid DNA, transcription buffer, lOmM dithiothreitol, nucleotide mix, RNAsin, 

and the corresponding RNA polymerase. The reaction was incubated for 2 hours at 

37°C. Agarose gel electrophoresis was used to assay probe quality. The RNA 

generated was DNased treated and then cleaned by phenol/chloroform extraction. 

Probe was ethanol precipitated and resuspended in 300^1 of prehybridization 

solution and stored at -SCC until needed. A 100|il sample was used for probe in the 

in situ protocol. 

Avian embryos were fixed in 4% paraformaldehyde for 2 hours at 4°C. After 

rinsing the embryos with PBT twice, five minutes each, embryos were sent through a 

methanol series (25%, 50%, 75% and then 100%). Embryos were then used for in 

situ or stored in the -20°C. To rehydrate the embryos, they were sent through a 

decreasing graded methanol series (75%, 50%, and 25%) and then finally rinsed 

twice in PBT. Prior to adding probe, embryos were treated with 20ng/mL proteinase 

K for 20 minutes at room temperature followed by a refix with 0.2% 

glutaraldehyde/4% paraformaldehyde for 20 minutes at room temperature. Embryos 

were then rinsed twice with PBT for five minutes and then incubated with ImL of 
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prehybridization solution until they sank. Prehybridization solution was removed 

and replaced with hybridization solution containing probe and incubated overnight at 

65 °C. 

The following day consisted of washes to remove excess probe. Embryos 

were washed for 20 minutes, three times at 65''C with 2X SSC, 0.1% CHAPS 

followed by an additional set of washes under same conditions with 0.2X SSC, 0.1% 

CHAPS. Prior to blocking, embryos were rinsed twice for 10 minutes in KTBT at 

room temperature. Preblock consisted of 20% sheep serum in KTBT for 3 hours at 

4''C. Anti-DIG antibody diluted 1/2000 in 20% sheep serum in KTBT and incubated 

with embryos overnight at 4°C. Embryos were rinsed for 1 hour, five times in KTBT 

and then allowed to incubate overnight of 4''C. The next day the embryos were 

developed. 

Embryos were washed twice for 15 minutes in NTMT. In situs were developed 

with NTMT containing 3|a.g/mL NBT and 2.3|j,l/ml BCIP. The reaction was performed in 

the dark and stopped by washing the embryos several times with KTBT. If over-staining 

occurred, the embryos were rinsed in methanol to remove non-specific staining. 

Embryos were stored in methanol at -20 °C 



153 

REFERENCES 

Antin,P.B., Taylor,R.G., Yatskievych.T. (1994). Precardiac mesoderm is specified during 
gastrulation in quail. DevJDyn. 200,144-154. 

Aniin,P.B., Yatskievych.T., Dominguez,J.L., Chieffi,P. (1996). Regulation of avian 
precardiac mesoderm development by insulin and insulin-like growth factors. J.Cell 
Physiol 168,42-50. 

Arai,A., Yamamoto.K., Toyama,J. (1997). Murine cardiac progenitor cells require 
visceral embryonic endoderm and primitive streak for terminal differentiation. DevJDyn. 
210, 344-353. 

Arceci,R.J., King.A.A., Simon,M.C., Orkin.S.H., WilsonJD.B. (1993). Mouse GATA-4: a 
retinoic acid-inducible GATA-binding transcription factor expressed in endodermally 
derived tissues and heart. Mol.Cell Biol. 13,2235-2246. 

Barklis E.R.C.Mulligan, and R. Jaenisch. (1986). Chromosomal position or virus 
mutation permits retrovirus expression in embryonal carcinoma cells. Cell 47(3), 391-
399. 

Becker K.G., P. Jedlicka N. S. Templeton L. Liotta and K. Ozato. (1994). 
Characterization of hUCRBP (YYl, NF-El, d): a transcription factor that binds to the 
regulatory regions of many viral and cellular genes. Gene 150, 259-266. 

BedfordJ^.K., Ashworth,A., Enver,T., WiedemannJ-.M. (1993). HEX: a novel 
homeobox gene expressed during haematopoiesis and conserved between mouse and 
human. Nucl.Acids Res. 21, 1245-1249. 

Biack,B-L., 01son»E.N. (1998). Transcriptional control of muscle development by 
myocyte enhancer factor-2 (MEF2) proteins. Annu.Rev.Cell Dev.Biol. 14, 167-196. 

Bodmer,R. (1993). The gene tinman is required for specification of the heart and visceral 
muscles in Drosophila. Development 118,719-729. 



154 

Bodmer,R., Jan,L.Y., Jan,Y.N. (1990). A new homeobox-containing gene, msh-2, is 
transiently expressed early during mesoderm formation in Drosophila. Development 110, 
661-669. 

Bour,B.A., 0'Brien,M.A., Lockwood,WJ-., Goldstein,E.S., Bodmer,R., Taghert,P.H., 
Abmayr.S.M., Nguyen,H.T. (1995). Drosophila MEF2, a transcription factor that is 
essential for myogenesis. Genes Dev. 9, 730-741. 

Bouvagnet,P.F., Strehler,E.E., White,G£., Stehler-Page,M.A., Nadal-Ginard,B. (1987). 
Multiple positive and negative 5' regulatory elements control the cell-type-specific 
expression of the embryonic skeletal myosin heavy-chain gene. Mol.Cell.Biol. 7,4377-
4389. 

Bouwmeester.T., Kim,S., Sasai,Y., Lu,B., De Robertis,E.M. (1996). Cerberus is a head-
inducing secreted factor expressed in the anterior endoderm of Spemann's organizer. 
Nature 382, 595-601. 

Boyes J., and A. Bird. (1991). DNA methylation inhibits transcription indirectly via a 
methyl-CpG binding protein. Cell 64(6), 1123-1134. 

Brickman,J.M., Jones,C.M., Clements.M., Smith,J.C., Beddington,R.S. (2000). Hex is a 
transcriptional repressor that contributes to anterior identity and suppresses Spemann 
organiser function. Development 127, 2303-2315. 

Canki,N., Dutrillaux,B., Tivadar,!. (1979). Dystrophie musculaire de Duchenne chez une 
petite fille porteuse d'une translocation t(X;3) (p21;ql3) de novo. Ann.Genetique 22, 35-
39. 

Cedar H. (1988). DNA methylation and gene activity. Cell 53(1), 3-4. 1988. 

Cereghini,S. (1996). Liver-enriched transcription factors and hepatocyte differentiation. 
FASEB J. 10, 267-282. 

Chada K., J. Magram K. Raphael G. Radice E. Lacy and F. Costantini. (1985). Specific 
expression of a foreign beta-globin gene in erythroid cells of transgenic mice. Nature 
314(6009), 377-380. 



155 

ChaiTon,F., Paradis,P., Bronchain.O., Nemer.G., Nemer,M. (1999). Cooperative 
interaction between GATA-4 and GATA-6 regulates myocardial gene expression. 
Moi.Cen.Biol. 19,4355-4365. 

Chen C.Y., and R. J. Schwartz. (1995). Identification of novel DNA binding targets and 
regulatory domains of a murine tinman homeodomain factor, nkx-2.5. Journal of 
Biological Chemistry 270(26), 15628-15633. 

Chen C.Y., J. Croissant M. Majesicy S. Topouzis T. McQuinn M. J. Frankovsky and R. J. 
Schwartz. (1996). Activation of the cardiac alpha-actin promoter depends upon serum 
response factor, Tinman homologue, Nkx-2.5, and intact serum response elements. 
Developmental Genetics 19(2), 119-130. 

Chen,J.N., Fishman,M.C. (1996). Zebrafish tinman homolog demarcates the heart field 
and initiates myocardial differentiation. Development 122, 3809-3816. 

Chen,Y., Solursh,M. (1992). Comparison of Hensen's node and retinoic acid in secondary 
axis induction in the early chick embryo. Dev.Dynamics 195, 142-151. 

Chuang,H.H., Tseng,M.P. (1957). An experimental analysis of the determination and 
differentiation of the mesodermal structures of neurula in urodeies. Scientia Sinica 6, 
669-708. 

Conlon F.L., S. G. Sedgwick K. M. Weston and J. C. Smith. (1996). Inhibition of Xbra 
transcription activation causes defects in mesodermal patterning and reveals 
autoregulation of Xbra in dorsal mesoderm. Development 122(8), 2427-2435. 

Conlon,R.A., Rossant,J. (1992). Exogenous retinoic acid rapidly induces anterior ectopic 
expression of murine Hox-2 genes in vivo. Development 116, 357-368. 

Crompton,M.R., Bartlett,T.J., MacGregor,A.D., Manfioletti,G., Buratti,E., Giancotti,V., 
Goodwin,G.H. (1992). Identification of a novel vertebrate homeobox gene expressed in 
hematopoietic cells. Nucl.Acids.Res. 20, 5661-5667. 

Cross J.C., M. L. Rannery M. A. Blanar E. Steingrimsson N. A. Jenkins N. G. Copeland 
W. J. Rutter and Z. Werb. (1995). Hxt encodes a basic helix-loop-helix transcription 
factor that regulates trophoblast cell development. Development 121(8), 2513-2523. 



156 

Cseijesi,P., Brown JD., Lyons,G.E., Olson^.N. (1995). Expression of the novel basic 
helix-loop-helix gene eHAND in neural crest derivatives and extraembryonic membranes 
during mouse development. Dev.Biol. 170,664-678. 

DeHaan,R. (1959). Cardia bifida and the development of pacemaker function in early 
chick heart. Devel Biol /, 586-602. 

Denson,L.A., McClure,M.H., Bogue.C.W., Karpen,S.J., Jacobs.H.C. (2000). HNF3beta 
and GATA-4 transactivate the liver-enriched homeobox gene. Hex. Gene 246,311-320. 

Dersch H., and M. H. Zile. (1993). Induction of normal cardiovascular development in 
the vitamin A-deprived quail embryo by natural retinoids. Developmental Biology 
160(2), 424-433. 

DeRuiter.M.C., Poelmann,R.E., VanderPlas-de Vries,!., Mentink.M.M., Gittenberger-De 
Groot,A.C. (1992). The development of the myocardium and endocardium in mouse 
embryos. Fusion of two heart tubes? Anat.Embryol.(Berl) 185,461-473. 

Diaz,B.V., Lenoir,M.C., Ladoux,A., Frelin,C., Demarchez,M., Michel,S. (2000). 
Regulation of vascular endothelial growth factor expression in human keratinocytes by 
retinoids. J.Bioi.Chem. 275, 642-650. 

Diaz, B. V. M-C. Lenior A. Ladoux C. Frelin M. Demarchez and S. Michel. (2000). 
Regulation of vascular endothelial growth factor expression in human keratinocytes by 
retinoids. The Journal of Biological Chemistry 275(1), 642-650. 

Dickman,S. (1997). Possible new roles for HOX genes. Science 278, 1882-1883. 

DiSepioJD., Malhotra,M., Chandraratna,R.A., Nagpal,S. (1997). Retinoic acid receptor-
nuclear factor-interleukin 6 antagonism. A novel mechanism of retinoid-dependent 
inhibition of a keratinocyte hyperproliferative differentiation marker. J.Bioi.Chem. 272, 
25555-25559. 

Doetschman,T.C., Eistetter,H., Katz,M., Schmidt,W., Kemler,R. (1985a). The In Vitro 
development of blastocyst-derived embryonic stem cell lines: formation of visceral yolk 
sac, blood islands and myocardium. J.Embryol.Exp.Morph. 87, 27-45. 



157 

Doetschman,T.C., Eisteiter,H., Kaiz,M., Schmiclt,W., Kemler,R. (1985b). The in vitro 
development of blastocyst-derived embryonic stem cell lines: formation of visceral yolk 
sac, blood islands and myocardium. J.Embryol.Exp.Morphol. 87, 27-45. 

Duprez,E., Benoit,G., Flexor^I., Lillehaug,J.R., Lanotte,M. (2000). A mutated 
PML/RARa found in the retinoid maturation resistant NB4 subclone, NB4-R2, blocks 
RARa and wild-type PML/RARa transcriptional activities. Leukemia 14, 255-261. 

Durocher,D„ Charron,F., R.,W., Schwartz,R., Nemer>I. (1997). The cardiac 
transcription factors Nkx2-5 and GATA-4 are mutual cofactors. EMBO J. 16,5687-
5696. 

Durston,A.J., van der,W.J., Pijnappel,W.W., Godsave.S.F. (1998). Retinoids and related 
signals in early development of the vertebrate central nervous system. 
Curr.Top.Dev.Biol. 40, 111-175. 

Edmondson,D.G., Lyons,G.E., Martin,J.F., Olson,E.N. (1994). Mef2 gene expression 
marks the cardiac and skeletal muscle lineages during mouse embryogenesis. 
Development 120, 1251-1263. 

Elmazar M.M.A., R. Ruhl U. Reichert B. Shroot and H. Nau. (1997). RARa-Mediated 
teratogenicity in mice is potentiated by an RXR agonist and reduced by an RAR 
antagonist: dissection of retinoid receptor-induced pathways. Toxicology and Applied 
Pharmacology 146, 21-28. 

Evans,S.M. (1999). Vertebrate tinman homologues and cardiac differentiation. 
Semin.Cell Dev.Biol. 10, 73-83. 

Feuer G., M. Taketo R. C. Hanecak and H. Fan. (1989). Two blocks in Moloney murine 
leukemia virus expression in undifferentiated F9 embryonal carcinoma cells as 
determined by transient expression assays. Journal of Virology 63(5), 2317-2324. 

Firulli,A.B., McFaddenJD.G., Lin,Q., SrivastavaJ)., OIson^.N. (1998). Heart and extra
embryonic mesodermal defects in mouse embryos lacking the bHLH transcription factor 
Handl. Nat.Genet. 18, 266-270. 



158 

Fishman>I.C., Chien,K.R. (1997). Fashioning the vertebrate heart: earliest embryonic 
decisions. Development 124, 2099-2117. 

Flanagan J.R., A. M. Krieg E. E. Max and A. S. Khan. (1998). Negative control region at 
the 5' end of murine leukemia virus long terminal repeat. Mol.Biol.Cell 9, 739-746. 

Flanagan J.R., K. G. Becker D. L. Ennist S. L. Gleason P. H. Driggers B. Z. Levi E. 
Appella and K. Ozata. (1992). Cloning of a transcription factor that binds to the upstream 
convserved region of Moloney murine leukemia virus. Mol.Biol.Cell 12, 38-44. 

Fu Y., W. Yan T. J. Mohun and S. Evans. (1998). Vertebrate tinman homologues 
XNkx2-3 and XNkx2-5 are required for heart fomration in a functionally redundant 
manner. Development 125,4439-4449. 

Gannon,M-, BaderJD. (1995). Initiation of cardiac differentiation occurs in the absence of 
anterior endoderm. Development 121, 2439-2450. 

Garcia-Martinez,V., AlvarezJ.S., Schoenwolf.G.C. (1993). Locations of the ectodermal 
and nonectodermal subdivisions of the epiblast at stages 3 and 4 of avian gastrulation and 
neurulation. J.Exp.Zool. 267,431-446. 

Garcia-Martinez,V., Schoenwolf,G.C. (1993). Primitive streak origin of the 
cardiovascular system in avian embryos. Devel.Biol. 159,706-719. 

Gauthier,G., Ono,R.D., Hobbs,A.W. (1984). Curare-induced transformation of myosin 
pattern in developing skeletal muscle fibers. Dev.Biol. 105, 144-154. 

Gautsch J.W. (1980). Embryonal carcinoma stem cells lack a function required for virus 
replication. Nature 285, 110-112. 

Ghatpande,S., Ghatpande,A., Zile^I., Evans,T. (20(X)). Anterior endoderm is sufficient 
to rescue foregut apoptosis and heart tube morphogenesis in an embryo lacking retinoic 
acid. Dev.Biol. 219, 59-70. 



159 

Godlin, I.E., Garcia-PorreroJ.A., Coutinho,A., Dieterlen-LievreMarcos,M.A.R. 
(1993). Para-aortic splanchnopleura from early mouse embryos contains B la progenitors. 
Nature 364,67-70. 

Gonzalez-Sanchez,A., BaderJD. (1990). In vitro analysis of cardiac progenitor cell 
differentiation. Dev.Biol. 139, 197-209. 

Grapin-Botton, A., Melton JD.A. (2000). Endoderm development: from patterning to 
organogenesis. Trends Genet. 16, 124-130. 

Grepin,C., Dagnino,L., Robitaille,L., Haberstroh,L., Antakly,T., Nemer,M. (1994). A 
hormone-encoding gene identifies a pathway for cardiac but not skeletal muscle gene 
transcription. Mol.Cell Biol. 14, 3115-3129. 

Grepin,C., Nemer,G., Nemer,M. (1997). Enhanced cardiogenesis in embryonic stem cells 
overexpressing the GATA-4 transcription factor. Development 124, 2387-2395. 

Grow,M.W., Krieg,P.A. (1998). Tinman function is essential for vertebrate 
heart development; Elimination of cardiac differentiation by dominant 
inhibitory mutants of the tinman-related genes, XNkx2-3 and XNkx2-5. Dev.Biol. 204, 
187-196. 

Gruenbaum Y., H. Cedar and A. Razin. (1982). Substrate and sequence specificity of a 
eukaryotic DNA methylase. Nature 295(5850), 620-622. 

Han K., and J. L. Manley. (1993). Functional domains of the Drosophila engrailed 
protein. EMBO Journal 12(7), 2723-2733. 

Han,Y., Dennis,J.E., Cohen-GouldJ.., BaderJD.M., FischmanJD.A. (1992). Expression of 
sarcomeric myosin in the presumptive myocardium of chicken embryos occurs within six 
hours of commitment. DeveLDynamics 193, 257-265. 

Hannan,G.N., Lehnert,S.A., MacAvoy,E.S., Jennings,P.A., MalloyJ*.L. (1993). An 
engineered PGK promote and lac operator-represser system for the regulation of gene 
expression in mammalian cells. Gene 130, 233-239. 



160 

Hatada,Y., Stem.C. (1994). A fate map of the epiblast of the early chick embryo. 
Development 120, 2879-2889. 

HellerJ..C., Li,Y., Abrams,K.L., Rogers,M.B. (1999). Transcriptional regulation of the 
Bmp2 gene. Retinoic acid induction in F9 embryonal carcinoma cells and Saccharomyces 
cerevisiae. J.Biol.Chem. 274, 1394-14(X). 

Henry,G.L., Melton,D.A. (1998). Mixer, a homeobox gene required for endoderm 
development. Science 281, 91-96. 

Hidaka,K., Morisaki,T., Byun.S.R, Hashido,K., Toyama,K., Mukai,T. (1995). The 
MEF2B homologue differentially expressed in mouse embryonal carcinoma cells. 
Biochem.Biophys.Res.Commun. 213, 555-560. 

Hirsch E., T. Oohashi M. Ahmad S. Stamm and R. Fassler. (2000). Peri-implantation 
lethality in mice lacking the Sm motif-containing protein Lsm4. Mol.Biol.Cell 20(3), 
1055-1062. 

Hobbs S., S. Jitrapakdee and J. C. Wallace. (1998). Development of a bicistronic vector 
driven by the human polypeptide chain elongation factor alpha promoter for creation of 
stable mammalian cell lines that express very high levels of recombinant proteins. 
Biochem.Biophys.Res.Commun. 252(2), 368-372. 

Hoeben R.C., A. A. J. Mighielsen R. C. M. van der Jagt H. van Ormondt and A. J. van 
der Eb. (1991). Inactivation of the Moloney murine leukemia virus long terminal repeat 
in murine fibroblast cell lines is associated with methylation and dependent on its 
chromosomal position. Journal of Virology 65,904-912. 

Hollenberg S.M., R. Stemglanze P. F. Cheng and H. Weintraub. (1995). Identification of 
a new family of tissue-specific basic helix-loop-helix proteins with a two-hybrid system. 
Molecular and Cellular Biology 15(7), 3813-3822. 

Hubscher U., H-P. Nasheuer and J. E. Syvaoja. (2000). Eukaryotic DNA polymerases, a 
growing family. Trends in Biological Sciences 25, 143-147. 

Hudson,C., Clements,D., Friday,R.V., StottJD., Woodland,H.R. (1997). Xsoxl7alpha and 
-beta mediate endoderm formation in Xenopus. Cell 91, 397-405. 



161 

HuggonJ.C., Davies,A., Gove,C., Moscoso.G., Moniz,C., Foss.Y., Farzaneh 
Towner,P. (1997). Molecular cloning of human GATA-6 DNA binding protein: high 
levels of expression in heart and gut. Biochim.Biophys.Acta 1353, 98-102. 

Hunt,?., Krumlauf,R. (1992). Hox codes and positional specification in vertebrate 
embryonic axes. Annu.Rev.Cell Biol. 8, 227-256. 

Ip,H.S., WilsonJD.B., Heikinheimo,M., Tang,Z., Ting.C.N., Simon.M.C., Leiden,J.M., 
Parmacek,M.S. (1994). The GATA-4 transcription factor transactivates the cardiac 
muscle- specific troponin C promoter-enhancer in nonmuscle cells. Mol.Cell Biol. 14, 
7517-7526. 

Izpisua-Belmonte,J.C., Tickle,C., Dolle,P., Wolpert,L., DubouleJ). (1991). Expression of 
the homeobox Hox-4 genes and the specification of position in chick wing development. 
Nature 350, 585-589. 

Jacobson,A.G. (I960). Influences of ectoderm andendoderm on heart differentiation in 
the newt. Dev.Biol. 2, 138-154. 

Jacobson,A.G. (1961). Heart determination in the newt. J£xp.Zool. 146, 139-151. 

Jacobson,A.G., Saier,A.K. (1988). Features of embryonic induction. Development 104, 
341-359. 

Jaenisch R., H. Fan and B. Croker. (1975). Infection of preimplantation mouse embryos 
and of newborn mice with leukemia virus: tissue distribution of viral DNA and RNA and 
leukemogenesis in the adult animal. Proc.Natl.Acad.Sci.U.S.A 72(10), 4008-4012. 

Jamali,M., RogersonJ*.!., Wilton.S., Skeijanc,I.S. (2001). Nkx2-5 activity is essential for 
cardiomyogenesis. J.Biol.Chem. in press. 

Jaynes J.B., P. H. OTarrel. (1991). Active repression of transcription by the engrailed 
homedomain protein. EMBO Journal 10(6), 1427-1433. 



162 

Jiang,Y., Drysdale,T.A., Evans.T. (1999). A role forGATA-4/5/6 in the regulation of 
Nkx2.5 expression with implications for patteming of the precardiac field. Dev.Biol. 2/6, 
57-71. 

Jiang.Y., Evans,T. (1996). The Xenopus GATA-4/5/6 genes are associated with cardiac 
specification and can regulate cardiac-specific transcription during embryogenesis. 
Dev.Biol. 174, 258-270. 

Jiang,Y., Tarzami,S., Burch,J.B., Evans.T. (1998). Common role for each of the cGATA-
4/5/6 genes in the regulation of cardiac morphogenesis. Dev.Genet. 22, 263-277. 

Kagawa,H., Gengyo,K., McLachlan,A.D., Brenner,S., Kam,J. (1989). Paramyosin gene 
(iinc-lS) of Caenorhabditis elegans. Molecular cloning, nucleotide sequence and models 
for thick filamen structure. J.Mol.Biol. 207,311-333. 

Kane S.E., L. Matsumoto M. Z. Metz C. A. Donohue R. G. Lingeman S. W. Lin and J. H. 
Doroshow. (2001). MDRl bicistronic vectors: analysis of selection stringency, amplified 
gene expression, vector stability. Biochemical Pharmacology 62(6), 693-704. 

Kao,K.R., Elinson,R.P. (1988). The entire mesodermal mantle behaves as Spemann's 
organizer in dorsoanterior enhanced Xenopus laevis embryos. Dev.Biol. 127,64-77. 

Kasahara H., S. Bartunkova M. Schinke M. Tanka and S. Izumo. (1998). Cardiac and 
extracardiac expression of Csx/Nkx2.5 homeodomain protein. Circulation Research 
82(9), 936-946. 

Kasahara,H., Wakimoto,H., Liu,M., Maguire,C.T., Converso,K.L., Shioi,T., 
Huang,W.Y., Manning,W.J., PaulJ)., LawittsJ., Berul,C.I., Izumo,S. (2001). Progressive 
atrioventricular conduction defects and heart failure in mice expressing a mutant 
Csx/Nkx2.5 homeoprotein. J.Clin.Invest 108,189-201. 

Kaufman,M.H., Navaratnam,V. (1981). Early differentiation of the heart in mouse 
embryos. J.Anat. 133, 235-246. 

Kelley,C., Blumberg,H., ZonX-I-, Evans,T. (1993). GATA-4 is a novel transcription 
factor expressed in endocardium of the developing heart. Development 118, 817-827. 



163 

Kempler G., B. Freitag B. Berwin O. Nanassy E. Barklis. (1993). Characterization of the 
Moloney murine leukemia virus stem cell-specific repressor binding site. Virology 
193(2). 690-699. 

Keng,V.W., Hideshi.Y., Masahito,!., Nagano,T., Myint,Z., Yamada,K., Tanaka.T-, 
Sato,A., Muramatsu,!., Okabe>I., Sato,M., Noguchi.T- (2000a). Homeobox gene Hex is 
essential for onset ofmouse embryonic liver development and differentiation of the 
monocyte lineage. Biochem.Biophys.Res.Commun. 276, 1155-1161. 

Keng.V.W., Yagi,H., Ikawa,M., Nagano,T., Myint,Z., Yamada,K., Tanaka,T., Sato,A., 
Muramatsu,!., Okabe,M., Sato,M., Noguchi,T. (2000b). Homeobox gene Hex is essential 
for onset of mouse embryonic liver development and differentiation of the monocyte 
lineage. Biochem.Biophys.Res.Conunun. 276, 1155-1161. 

Kessel,M. (1992). Respecification of vertebral identities by retinoic acid. Development 
115,487-501. 

Kessel,M., Gruss,P. (1991). Homeotic transformations of murine vertebrae and 
concomitant alteration of Hox codes induced by retinoic acid. Cell 67, 89-104. 

Kokan-Moore,M.P., Bolender,D.L., Lough,J. (1991). Secretion of inhibin b,^ by 
endoderm cultured from early embryonic chicken. Dev.B iol. 146, 242-245. 

Komuro,!., Izumo,S. (1993). Csx: a murine homeobox-containing gene specifically 
expressed in the developing heart. Proc.Natl.Acad.Sci.U.S.A 90, 8145-8149. 

Kostetskii,!., Jiang,Y., Kostetskaia,E., Yuan,S., Evans,T., Zile,M. (1999). Retinoid 
signaling required for normal heart development regulates GAT A- 4 in a pathway distinct 
from cardiomyocyte differentiation. Dev.Biol. 206, 206-218. 

Kostetskii,I., Yuan,S.Y., Kostetskaia,E., Linask,K.K., Blanchet,S., Seleiro,E., 
Michaille,J.J., Brickell,P., Zile,M. (1998). Initial retinoid requirement for early avian 
development coincides with retinoid receptor coexpression in the precardiac fields and 
induction of normal cardiovascular development. DevJDyn. 213, 188-198. 

Krokan H.E., H. Nilsen F. Skorpen M. Otterlei and G. Slupphaug. (2000). Base excision 
repair of DNA in mammalian cells. FEES Lett. 476(1-2), 73-77. 



164 

Ladd,A.N., Yatskievych,T.A., Antin,P.B. (1998). Regulation of avian cardiac myogenesis 
by activin/TGFb and bone morphogenetic proteins. Dev.Bioi. 204(2), 407-419. 

Laker C.J.Meyer, A. Schopen J. Friel C. Heberlein W. Ostertag and C. Stocking. (1998). 
Host cis-mediated extinction of a retrovirus permissive for expression in embryonal stem 
cells during differentiation. Journal of Virology 72(1), 339-348. 

Langston.A.W., Gudas,L.J. (1994). Retinoic acid and homeobox gene regulation. 
Curr.Opin.Genet.Dev. 4, 550-555. 

Latimer,J.J., HuItner,M.L., CleaverJ.E., Pedersen.R.A. (1996). Elevated DNA excision 
repair capacity in the extraembryonic mesoderm of the midgestation mouse embryo. 
Exp.Cell Res. 228, 19-28. 

Laverriere,A.C., MacNeill,C., Mueller,C., Poelmann,R.E., Burch,J.B., Evans,T. (1994). 
GATA-4/5/6, a subfamily of three transcription factors transcribed in developing heart 
and gut. J.Biol.Chem. 269, 23177-23184. 

Lawson.K.A., Pederson,R.A. (1992). Clonal Analysis of Cell Fate Durign Gastrulation 
and Early Neurulation in Mouse. In: Postimplantation Development! in the 
Mouse.Chichester: Wiley, 3-26. 

Leahy,A-, XiongJ.W., Kuhnert,F., Stuhlmann,H. (1999). Use of developmental marker 
genes to define temporal and spatial patterns of differentiation during embryoid body 
formation. J.Exp.Zool. 284,67-81. 

Lee,Y., Shioi.T., Kasahara,H., Jobe,S.M., Wiese,R.J., Markham,B-E., Izumo,S. (1998). 
The cardiac tissue-restricted homeobox protein Csx/Nkx2.5 physically associates with the 
zinc finger protein GATA4 and cooperatively activates atrial natriuretic factor gene 
expression. MoI.Cell Biol. 18, 3120-3129. 

Leid M., P. Kastner and P. Chambon. (1992). Multiplicity generates diversity in the 
retinoic acid signalling pathways. Trends in Biological Sciences 17(10). 427-433. 

Lilly3., Zhao,B-, Ranganayakulu,G., Paterson3-M., Schulz.R.A., 01son,E.N. (1995). 
Requirement of MADS domain transcription factor D-MEF2 for muscle formation in 
Drosophila. Science 267,688-693. 



165 

Lin Q., J. Schwarz C. Bucana and E. N. Olson. (1997). Control of mouse cardiac 
morphogenesis and myogenesis by transcription factor MEF2C. Science 276(5317), 
1404-1407. 

Lints,T.J., Parsons,L.M., HartleyX., Lyons,!., Harvey,R.P. (1993a). Nkx-2.5: a novel 
murine homeobox gene expressed in early heart progenitor cells and their myogenic 
descendants. Development 119,419-431. 

Lints,T.J., Parsons,L.M., HartleyX-, Lyons,!., Harvey,R.P. (1993b). Nkx-2.5: a novel 
murine homeobox gene expressed in early heart progenitors and their myogenic 
descendents. Development 119,419-431. 

Loh T.P., L. L. Sievert and R. W. Scott. (1987). Proviral sequences that restrict retroviral 
expression in mouse embryonal carcinoma cells. Molecular and Cellular Biology 7(10), 
3775-3784. 

Lough,J., Sugi,Y. (2000). Endoderm and heart development. Dev.Dyn. 217, 327-342. 

Lyons,!., ParsonsXM., Hartley J-., Li,R., Andrews,! .E., RobbJ-., Harvey,R.P. (1995). 
Myogenic and morphogenetic defects in the heart tubes of murine embryos lacking the 
homeobox gene Nkx2-5. Genes Dev. 9, 1654-1666. 

Maden,M. (1995). [The participation of retinoic acid in embryonic and postembryonic 
development]. Ontogenez 26,419-429. 

Magee,T.R., Cai,Y., El Houseini,M£., Locker,!., Wan,Y.J. (1998). Retinoic acid 
mediates down-regulation of the alpha-fetoprotein gene through decreased expression of 
hepatocyte nuclear factors. J.Biol.Chem. 273,30024-20032. 

Maltsev,V., Rohwedel,J., Wobus,A.M. (1993). Embryonic stem cells differentiate in vitro 
into cardiomyocytes representing sinusoidal, atrial and ventricular cell types. Mech.Dev. 
44,41-50. 

Martinez Barbera,J.P., Clements,M., Thomas,P., Rodriguez,T., MeloyJ)., Kioussis JD., 
BeddingtonJl.S. (2000a). The homeobox gene Hex is required in definitive endodermal 
tissues for normal forebrain, liver and thyroid formation. Development 127,2433-2445. 



166 

Martinez Barbera,J.P., Clements^I., Thomas J*., Rociriguez,T., Meloy JD., Kioussis,D., 
Beddington,R.S. (2000b). The homeobox gene Hex is required in definitive endodermal 
tissues for normal forebrain, liver and thyroid formation. Development 127, 2433-2445. 

Maruta,S., Miyanishi,T., Matsuda,G. (1984). Localization of the ATP-binding site in the 
23-kDa and 20 kDa regions of the heavy chain of the skeletal muscle myosin head. 
Eur.J.Biochem. 184, 213-221. 

Marvin,M.J., Di Rocco,G., Gardiner,A., Bush,S.M., Lassar,A.B. (2001). Inhibition of 
Wnt activity induces heart formation from posterior mesoderm. Genes Dev. 15, 316-327. 

Matsui M., W. C. Breau S. Iwasaki S. Hagiwara Y. Tamai C. Mori M. L. Bloom M. B. 
Jerry E. M. Eddy and M. M. Taketo. (1999). Retrovirus integration site Mintb encoding 
the mouse homolog of hnRNP U. Journal of Biological Chemistry 125(6), 1104-1114. 

McBride,K., Nemer,M. (2001). Regulation of the ANF and BNP promoters by GATA 
factors: lessons learned for cardiac transcription. Can.J.Physiol Pharmacol. 79, 673-681. 

Mead,P.E., Brivanlou,LH., Kelley,C.M., ZonJ-.I- (1996). BMP-4-responsive regulation 
of dorsal ventral patterning by the homeobox protein mix.l. Nature 382, 357-360. 

Means A.L., and L. J. Gudas. (1995). The roles of retinoids in vertebrate development. 
Annual Review of Biochemistry 64, 201-233. 

Miller-Hance,W.C., LaCorbiere,M., Fuller,S., Evans,S., Lyons,G., Schmidt,C., J.,R., 
Chien,K. (1993). In vitro chamber specific specification during embryonic stem cell 
cardiogenesis. J.Biol.Chem. 268, 25244-25252. 

Molkentin,J.D., Firulli,A.B., Black3 L., Martin,J.F., Hustad,C.M., Copeland,N., 
Jenkins,N., Lyons,G., 01son,E.N. (1996). MEF2B is a potent transactivator expressed in 
early myogenic lineages. Mol.Cell Biol. 16, 3814-3824. 

Molkentin,JX)., Lin,Q., Duncan,S.A., 01son,E.N. (1997). Requirement of the 
transcription factor GATA4 for heart tube formation and ventral morphogenesis. Genes 
Dev. II, 1061-1072. 



167 

Montgomery,M.O., LitvinJ., Gonzalez-Sanchez,A., BaderJD. (1994). Staging of 
commitment and differentiation of avian cardiac myocytes. Devel.Biol. 164,63-71. 

Moreb J.S., C. Turner L. Sreerama J. R. Zucali N. E. Sladek and M. Schweder. (1995). 
Interleukin-1 and tumor necrosis factor alpha induce class I aldehyde dehydrogenase 
mRNA and protein in bone marrow cells. Leukemia & Lymphoma 20(1-2), 77-84. 

Morrisey,E.E., Ip,H.S., Lu,M.M., Parmacek,M.S. (1996). GATA-6: a zinc finger 
transcription factor that is expressed in multiple cell lineages derived from lateral 
mesoderm. Dev.Biol. 177, 309-322. 

Morrisey,E.E., Ip,H.S., Tang,Z., Lu,M.M., Parmacek,M.S. (1997). GATA-5: a 
transcriptional activator expressed in a novel temporally and spatially-restricted pattern 
during embryonic development. Dev.Biol. 183, 21-36. 

Murphy,A.M., Thompson,W.R., Peng J..F., Jones,L. (1997). Regulation of the rat cardiac 
troponin I gene by the transcription factor GATA-4. Biochem.J. 322 ( Pt 2), 393-401. 

Muslin,A.J., Williams,L.T. (1991a). Well-defined growth factors promote cardiac 
development in axolotl mesodermal explants. Development 112, 1095-1101. 

Muslin,A.J., Williams,L.T. (1991b). Well-defined growth factors promote cardiac 
development in axolotl mesodermal explants. Development 115, 649-655. 

Na,S.Y., Kang,B.Y., Chung,S.W., Han,S.J., Ma,X., Trinchieri.G., Im,S.Y., Lee,J.W., 
Kim,T.S. (1999). Retinoids inhibit interleukin-12 production in macrophages through 
physical associations of retinoid X receptor and NITcappaB. J.Biol.Chem. 274,161A-
7680. 

Narita,N., Bielinska,M., WilsonJD.B. (1997a). Cardiomyocyte differentiation by GATA-
4-deficient embryonic stem cells. Development 124, 3755-3764. 

Narita,N., Bielinska,M., WilsonJD.B. (1997c). Wild-type endoderm abrogates the ventral 
developmental defects associated with GATA-4 deficiency in the mouse. Dev.Biol. 189, 
270-274. 



168 

Narita,N., Bielinska,M., Wilson J).B. (1997b). Wild-type endoderm abrogates the ventral 
developmental defects associated with GATA-4 deficiency in the mouse. Dev.Biol. 189, 
270-274. 

Nascone,N., Mercola,M. (1995). An inductive role for the endoderm in Xenopus 
cardiogenesis. Development 121, 515-523. 

Newman.C.S., ChiaJ^., Krieg^.A. (1997a). The xHex homeobox gene is expressed 
during development of the vascular endothelium: overexpression leads to an increase in 
vascular endothelial cell number. Mech.of Dev. 66, 83-93. 

Newman.C.S., Chia,F., Krieg.P.A. (1997b). The XHex homeobox gene is expressed 
during development of the vascular endothelium: overexpression leads to an increase in 

• vascular endothelial cell number. Mech.Dev. 66, 83-93. 

Newman,C.S., Krieg.P.A. (1998). tinman-related genes expressed during heart 
development in Xenopus. Dev.Genet. 22, 230-238. 

Neznanov N., A. Umezawa and R. G. Oshima. (1997). A regulatory element within a 
coding exon modulates keratin 18 gene expression in transgenic mice. Journal of 
Biological Chemistry 272(44), 27549-27457. 

Niederreither,K., Subbarayan.V., Dolle,?., Chambon,?. (1999). Embryonic retinoic acid 
synthesis is essential for early mouse post- implantation development. Nat.Genet. 21, 
444-448. 

Nieuwkoop.P.D. (1947). Experimental investigations on the origin and determination of 
the germ cells, and on the development of the lateral plates and germ ridges in Urodeles. 
Archs Neerl.Zool. 8, 1-205. 

Niwa O., Y. Yokota H. Ishida and T. Sugahara. (1983). Independent mechanisms 
involved in suppression of Moloney murine leukemia virus genome during differentiation 
of murine teratocarcinoma cells. Cell 32, 1105-1113. 

Nye J.S., R. Kopan and R. Axel. (1994). An activated Notch suppresses neurogenesis and 
myogenesis but not gliogenesis in mammalian cells. Development 120, 2421-2430. 



169 

Orts-Llorca»F., GiIl,R.D. (1965). Influence of the Endoderm on Heart Differentiation. 
W.Roux' Arch.Ent.Org. 156, 368-370. 

Orts Llorca^. (1963). Influence of the endoderm on heart differentiation during the early 
stages of development of the chick embryo. Wilhelm Roux Arch£ntwMech.Org. 154, 
533-551. 

Osmond,M-K., Butler,A.J., VoonJ^.C., Bellairs,R. (1991a). The effects of retinoic acid on 
heart formation in the early chick embryo. Development 113, 1405-1417. 

Osmond,M.K., Butler,A.J., Voon,F.C.T., BelIairs,R. (1991b). The effects of retinoic acid 
on heart formation in the early chick embryo. Development 113, 1405-1417. 

Pabst O., A. Schneider T. Brand and H. H. Arnold. (1997). The mouse Nkx2-3 
homedomain gene is expressed in gut mesenchyme during pre- and postnatal mouse 
development. Developmental Dynamics 209(1), 29-35. 

Parlow,M.H., BoIender,D.L., Kokan-Moore,N.P., LoughJ. (1991). Localization of 
bFGF-like proteins as punctate inclusions in the preseptation myocardium of the chicken 
embryo. Dev.Biol. 146, 139-147. 

Patterson,K.D., Cleaver,0., Gerber,W.V., Grow,M.W., Newman,C.S., Krieg,P.A. (1998). 
Homeobox genes in cardiovascular development. Curr.Top.Dev.Biol. 40, 1-44. 

Pedersen,R.A. (1994). Studies of in vitro differentiation with embryonic stem cells. 
Reprod.Fertil.Dev. 6, 543-552. 

Perz-Edwards,A., Hardison,N.L., Linney,E. (2001). Retinoic acid-mediated gene 
expression in U-ansgenic reporter zebrafish. Dev.BioI. 229, 89-101. 

Petersen R., G. Kempler and E. Barklis. (1991). A stem cell-specific silencer in the 
primer-binding site of a retrovirus. Mol.Biol.Cell II, 1214-1221. 

Pikarsky E., H. Sharir E. Ben-Shushan and Y. Bergman. (1994). Retinoic acid represses 
Oct-3/4 gene expression through several retinoic acid-responsive elements located in the 
promoter-enhancer region. Molecular and Cellular Biology 14(2), 1026-1038. 



170 

Ranganayakulu,G., Zhao,B., Dolcidis,A., Molkentin,J.D., Olson^.N., Schulz,R.A. 
(1995). A series of mutations in the D-MEF2 u-anscription factor reveal multiple 
functions in larval and adult myogenesis in Drosophila. Dev.Biol. 171, 169-181. 

Rao D.N., S. Saha and V. krishnamurthy. (2000). ATP-dependent restriction enzymes. 
Progress in Nucleic Acid Research 8c Molecular Biology 64, 1-63. 

RastinejadJ^. (2001). Retinoid X receptor and its partners in the nuclear receptor family. 
Curr.Opin.Struct.Biol. 11, 33-38. 

RausaJ^., Samadani,U., Ye,H., Lim,L., Fletcher,C.F., Jenkins,N.A., Copeland,N.G., 
Costa,R.H. (1997). The cut-homeodomain transcriptional activator HNF-6 is coexpressed 
with its target gene HNF-3 beta in the developing murine liver and pancreas. Dev.Biol, 
192, 228-246. 

Rawles,M.E. (1943). The heart-forming regions of the early chick blastoderm. 
PhysioLZool. 16, 22-42. 

ReecyJ.M., Li,X., Yamada,M., DeMayoJ^.J., Newman,C.S., Harvey,R.P., Schwartz,R.J. 
(1999). Identification of upstream regulatory regions in the heart-expressed homeobox 
gene Nkx2-5. Development 126, 839-849. 

Richardson J.H., W. Hofman J. G. Sodroski and W. A. Marasco. Intrabody-mediated 
knockout of the high-affinity IL-2 recpetor in primary human T cells using bicistronic 
lentivirus vector. Gene Therapy 5(5), 635-644. 1998. 

Riley,P., Anson-Cartwright,L., Cross,J.C. (1998). The Handl bHLH transcription factor 
is essential for placentation and cardiac morphogenesis. Nat.Genet. 18, 271-275. 

Robertson G., A. Bradley M. Kuehn and M. Evans. (1986). Germ-line-transmission of 
genes introduced into cultured pluripotenitai cells by retroviral vectors. Nature 323,445-
448. 

Romeo P.H. Genetic control of hematopoiesis. (1997). Comptes Rendus des Seances de 
la Societe de Biologie et de Ses Filiales 191(1), 105-111. 



171 

Rosenquist,G.C. (1966). A radioautographic study of labeled grafts in the chick 
blastoderm. Development of primitive-streak stages to stage 12. Carnegie 
Inst.Wash.Publ.625, Contrib.Embryoi. 38, 111-121. 

Ruiz i Altaba A., and T. Jessell. (1991). Retinoic acid modifies mesodermal patterning in 
early Xenopu embryos. Genes & Development 5(2), 175-187. 

Sater.A.K., Jacobson.A.G. (1990). The role of the dorsal lip in the induction of heart 
mesoderm in Xenopus laevis. Development 108,461-470. 

Schlange,T., Andree,B., AmoldJI H., Brand,T. (2000). BMP2 is required for early heart 
development during a distinct time period. Mech.Dev. 91, 259-270. 

Schultheiss,T.M., BurchJ., Lassar,A. (1997a). A role for bone morphogenetic proteins in 
the induction of cardiac myogenesis. Genes Dev. 11,451-462. 

Schultheiss,T.M., BurchJ.B., Lassar,A.B. (1997b). A role for bone morphogenetic 
proteins in the induction of cardiac myogenesis. Genes Dev. II, 451-462. 

Schultheiss,T.M., Xydas,S., Lassar.A.B. (1995). Induction of avian cardiac myogenesis 
by anterior endoderm. Development 121,4203-4214. 

Scrable H., and P. J. Stambrook. (1999). A genetic program for deletion of foreign DNA 
from the mammalian genome. Mutation Research 429, 225-237. 

Searcy,R.D., Vincent^E.B., Liberatore.C.M., Yutzey,K.E. (1998). A GATA-dependent 
nkx-2.5 regulatory element activates early cardiac gene expression in transgenic mice. 
Development 125,4461-4470. 

SepulvedaJ.L., Belaguli,N., Nigam,V., Chen,C.Y., Nemer,M., Schwartz,R.J. (1998). 
GATA-4 and Nkx-2.5 coactivate Nkx-2 DNA binding targets: role for regulating early 
cardiac gene expression. Mol.Cell Biol. 18, 3405-3415. 

Shamah.S.M., Stiles,CJD. (1995). Transdominant negative mutations. Methods Enzymol. 
254, 565-576. 



172 

Shay J.W., Y. Zou E. Hiyama and W. E. Wright. (2001). Telomerase and cancer. Human 
Molecular Genetics 10(7), 677-685. 

Shen,R., Chen.Y., Huang,L., Vitale^., Solursh,M. (1994). Characterization of the human 
MSX-1 promoter and an enhancer responsible for retinoic acid induction. Ceil 
Mol.Biol.Res. 40, 297-312. 

Shi X., S. Bai L. Li and X. Cao. (2001). Hoxa-9 represses transforming growth factor-b-
induced osteopontin gene transcription. The Journal of Biological Chemistry 276(1), 850-
855. 

Shi,X., Yang,X., Chen,D., Chang,Z., Cao,X. (1999). Smadl interacts with homeobox 
DNA-binding proteins in bone morphogenetic protein signaling. 274, 13711-13717. 

Si S.P., X. Lee H. C. Tsou R. Buchsbaum E. Tibadiuza and M. Peacocke. (1996). 
RARP2-Mediated growth inhibition in HeLa cells. Experimental Cell Research 223, 102-
111. 

Simeone,A., Acampora,D., ArcioniX-, Andrews,P.W., Boncinelli,E., Mavilio,F. (1990). 
Sequential activation of HOX2 homeobox genes by retinoic acid in human embryonal 
carcinoma cells. Nature 346,763-766. 

Simeone,A., AcamporaJD., Nigro,V., Faiella,A., D'Esposito,M., Stomaiuolo,A., 
Mavilio,F., Boncine[li,E. (1991). Differential regulation by retinoic acid of the homeobox 
genes of the four HOX loci in human embryonal carcinoma cells. Mech.Dev. 33, 215-
227. 

Simeone, A. D. Acampora A. Mallamaci A. Stomaiuolo M. R. D'Apice V. Nigro and E. 
Boncinelli. (1993). A vertebrate gene related to orthodenticle contains a homeodomain of 
the bicoid class and demarcates anterior neuroectoderm in the gastruiating mouse 
embryo. EMBO Journal 12(7), 2735-2747. 

Simeone, A. D. Acampora M. Gulisano A. Stomaiuolo and E. Boncinelli. (1992). Nested 
expression domains of four homeobox genes in developing rostral brain. Nature 
358(6388), 687-690. 



173 

Sive H.L., B. W. Draper R. M. Harland and H. Weintraub. (1990). Identification of 
retinoic acid-sensitive period during primary axis formation in Xenopus laevis. Genes «& 
Development 4(6), 932-942. 

Sketjanc I.S., R. S. Slack and M. W. McBumey. (1994). Cellular aggregation enhances 
MyoD-directed skeletal myogenesis in embryonal carcinoma cells. Molecular and 
Cellular Biology 14(12), 8451-8459. 

Skeijanc,I.S., Petropoulos,H., Ridgeway,A.G., Wilton,S. (1998). Myocyte enhancer 
factor 2C and Nkx2-5 up-regulate each other's expression and initiate cardiomyogenesis 
in P19 cells. J.Biol.Chem. 273, 34904-34910. 

Smith S.T., J. B. Jaynes. (1996). A conserved region of engrailed, shared among all en-, 
gsc-, Nkl-, Nk2-, and msh-class homeoproteins, mediates active transcriptional 
repression in vivo. Development 122(10), 3141-3150. 

Srivastava,D., Csetjesi,?., 01son,E.N. (1995). A subclass of bHLH proteins required for 
cardiac morphogenesis. Science 270, 1995-1999. 

Stewart C.L., D. Stuhlmann D. Jahner and R. Jaenisch. (1982). De novo methylation, 
expression, and infectivity of retroviral genomes into embryonal carcinoma cells. 
Proc.Natl.Acad.Sci.U.S.A 79,4098-4102. 

Stripecke R., A. A. Cardoso K. A. Pepper D. C. Skelton X. J. Yu L. Mscarenhas K. I. 
Weinberg L. M. Nalder and D. B. Kohn. (2000). Lentivrial vectors for efficient delivery 
of CD80 and granulocyte-macrophage-colony-stimulating factor in human acute 
lymphoblastic leukemia and acute myeloid leukemia cells to induce antileukemic 
immune responses. Blood 96(4), 1317-1326. 

Subramanian,S.V., Nadal-Ginard,B. (1996). Early expression of the different isoforms of 
the myocyte enhancer factor-2 (MEF2) protein in myogenic as well as non-myogenic cell 
lineages during mouse embryogenesis. Mech.Dev. 57, 103-112. 

Sugi,Y., Lough,J. (1994). Anterior endoderm is a specific effector of terminal cardiac 
myocyte differentiation of cells from the embryonic heart forming region. Dev.Dyn. 200, 
155-162. 



174 

Sugi,Y., Lough,J. (1995). Activin-A and FGF-2 mintiic the inductive effects of anterior 
endoderm on terminal cardiac myogenesis in vitro. Dev.Bioi. 168, 567-574. 

Taibot,N.C., Garrett.W.M. (2001). Ultrastructure of the embryonic stem ceils of the 8-
day pig blastocyst before and after in vitro manipulation: Development of junctional 
apparatus and the lethal effects of PBS mediated cell-cell dissociation. Anat.Rec. 264, 
101-113. 

Tanaka,M., Chen,Z., Bartunkova,S., Yamasaki,N., Izumo.S. (1999a). The cardiac 
homeobox gene Csx/Nkx2.5 lies genetically upstream of multiple genes essential for 
heart development. Development 126, 1269-1280. 

Tanaka,M., Schinke.M., Liao,H.S., Yamasaki,N., Izumo,S. (2001). Nkx2.5 and Nkx2.6, 
homologs of Drosophila tinman, are required for development of the pharynx. Mol.Cell 
Biol. 2/, 4391-4398. 

Tanaka,T., Inazu,T., Yamada,K., Myint,Z., Keng.V.W., Inoue,Y., Taniguchi,N., 
Noguchi,T. (1999b). cDNA cloning and expression of rat homeobox gene. Hex, and 
functional characterization of the protein. Biochem.J. 339 ( Pt I), 111-117. 

Thomas P.Q., B. V. Johnson J. Rathjen and P. D. Rathjen. (1995). Sequence, genomic 
organization, and expression of the novel homeobox gene Hesxl. Journal of Biological 
Chemistry 270(8), 3869-3875. 

Thomas,P.Q., Brown,A., Beddington,R.S.P. (1998). Hex: a homeobox gene revealing 
peri-implantation asymmetry in the mouse embryo and an early transient marker of 
endothelial cell precursors. Development 125, 85-94. 

Thorogood P., L. Smith A. Nicol R. McGinty and D. Garrod. (1982). Effects of vitamin 
A on the behaviour of migratory neural crest cells in vitro. Journal of Cell Science 57, 
331-350. 

Ticho3 S., StainierJD.Y., Fishman,M.C., Breitbart,R£. (1996). Three zebrafish MEF2 
genes delineate somitic and cardiac muscle development in wild-type and mutant 
embryos. Mech.Dev. 59,205-218. 



175 

TsukiyamaT., O. Niwa and K. Yokoro. (1989). Mechanism of suppression of the long 
terminal repeat of Moloney leukemia virus in mouse embryonal carcinoma cells. 
Mol.Biol.Cell 9(11), 4670-4676. 

Tsutusmi.A., Shiota,G., Yamazaki,H., Kunisada,T., Terada,T., Kawasaki,H. (2000). 
Accelerated growth of hepatocytes in association with Up-regulation of cyclin E in 
transgenic mice expressing the dominant negative form of retinoic acid receptor. 
Biochem.Biophys.Res.Commun. 278, 229-235. 

Twal W., L. Roze and M. H. Zile. (1995). Anti-retinoic acid monoclonal antibody 
localizes all-frans-retinoic acid in target cells and blocks normal develoment in early 
quail embryo. Developmental Biology 168, 225-234. 

Ueno H., M. Kizaki H Matsushita A. Muto K. Yamato T. Nishihara T. Hida H. 
Yoshimura H. P. Koeffler and Y. Ikeda. (1998). A novel retinoic acid receptor (RAR)-
selective antagonist inhibits differentiation and apoptosis of HL-60 cells: implications of 
RARa-mediated signals in myeloid leukemic cells. Leukemia Research 22, 517-525. 

Wagner,P.D., Giniger,E. (1981). Hydrolysis of ATP and reversible binding to F-actin by 
myosin heavy chains free of all light chains. Nature 292, 560-562. 

Weiher H., E. Barklis W. Ostertag and R. Jaenisch. (1987). Two distinct sequence 
elements mediate retroviral gene expression in embryonal carcinoma cells. J. Virol. 
61(9), 2742-2746. 

Westfall,M.V., Samuelson,L.C., Metzger,J.M. (1996). Troponin I isoform expression is 
developmentally regulated in differentiating embryonic stem cell-derived cardiac 
myocytes. Dev.Dyn. 206,24-38. 

White,J.C., Highland,M., Kaiser,M., Clagett-Dame,M. (2000). Vitamin A deficiency 
results in the dose-dependent acquisition of anterior character and shortening of the 
caudal hindbrain of the rat embryo. Dev.Biol. 220, 263-284. 

Withington,S., Beddington,R., Cooke,J. (2001). Foregut endoderm is required at head 
process stages for anteriormost neural patterning in chick. Development 128, 309-320. 



176 

WuJ.X., Adamson,E.D. (1996). Kinase-negative mutant epidermal growth factor 
receptor (EGFR) expression during embryonal stem cell differentiation favours EGFR-
independent lineages. Development 122, 3331-3342. 

Xiong J.W., A. Leahy and H. Stuhlmann. (1999). Retroviral promoter-trap insertion into 
a novel mammalian septin gene expressed during mouse neruonal development. 
Mechansms of Development 86(1-2), 183-191. 

Yamazaki,Y., Hirakow,R. (1991). Factors required for differentiation of chick precardiac 
mesoderm cultured in vitro. Proc.Japan Acad. 67 (SerB), 165-169. 

Yatskievych,T.A., Ladd,A.N., AntinJ*.B. (1997). Induction of cardiac myogenesis in 
avian pregastrula epiblast: the role of the hypoblast and activin. Development 124, 2561-
2570. 

Yatskievych,T.A., Pascoe,S., Antin,P.B. (1999). Expression of the homeobox gene hex 
during avian embryogenesis. Mech.Dev. 80, 107-109. 

Yutzey,K£., Rhee,J.T., BaderJD. (1994). Expression of the atrial-specific myosin heavy 
chain AMHCl and the establishment of anteroposterior polarity in the developing 
chicken heart. Development 120, 871-883. 

Zhang S., G. Zubay and E. Goldman. (1991). Low-usage codons in E. coli, yeast, fruit 
fly, and primates. Gene 105,61-72. 

Zhang, W. T. A. Yatskievych X. Cao and P. B. Antin. (2001) Regulation of 
Hex gene expression by a smads dependent signaling pathway, submitted to 
J. Biol. Chemi. 

Zhu,X., SasseJ., McAllister,D., LoughJ. (1996). Evidence that fibroblast 
growth factors 1 and 4 participate in regulation of cardiogenesis. Dev.Dyn. 
207, 429-438. 


