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CHAPTE RR I 

Scopee of the thesis 





Chapterr  I 

SCOPEE OF TH E THESI S 

Thee mammalian four-chamber heart is a highly complex organ. This 

complexityy is reflected in the large number of congenital cardiac malformations 

thatt are present in newborns and stillbirths. The basis of these malformations 

iss largely unknown, but likely involves defects in the local regulation of gene 

expressionn during development. The mature heart develops from a single 

tubularr structure that is connected to the body wall at the arterial and venous 

poles.. This tubular heart functions as a persistaltic pump and shows dominant 

pacemakerr activity at the venous pole of the heart. The tubular heart loops and 

atriall  and ventricular myocardium differentiates at specific sites of the heart 

tube.. Further morphogenetic processes eventually result in the definitive four-

chamberedd heart. The local onset of chamber formation as well as the confined 

pacemakerr activity implies that the linear heart tube is patterned. Although the 

developmentt of the heart has been described in great morphological detail, the 

positionall  cues and molecular pathways that underlie the formation of the 

distinctt compartments still are largely undefined. 

Thee overall aim of this thesis is to identify and study transcriptional pathways 

involvedd in the regulation of compartment-specific gene expression in the 

heart.. Studying the pathways that regulate compartment-specific gene 

expressionn is at the basis of the formation of the compartments in the heart. 

Keyy questions regarding the mechanisms of cardiac gene regulation include: 

(1)) What are the positional cues that determine the switch from the embryonic 

transcriptionn program present in cardiomyocytes of the tubular heart to the 

transcriptionn program present in cardiomyocytes of the atria, ventricles and 

conductionn system? 

(2)) How is cardiac compartment-specific gene expression being achieved? 

Geness are thought to be regulated by transcription factor complexes that 

interactt with regulatory DNA sequences of target genes. These regulatory 

DNAA sequences are clustered in modules and each so-called transcriptional 

modulee can execute part of the gene's entire transcriptional repertoire. 
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Inn chapter 2 we give an overview of the activity of transcriptional modules in 

cardiacc genes that have been identified so far. To identify these transcriptional 

modules,, the expression patterns in transgenic mice that harbour a regulatory 

fragmentt of a cardiac gene coupled to a reporter gene, have been of great help. 

Inn chapter 3 we investigated the principles of chamber formation and the 

requirementss of underlying signals. Based upon the expression patterns of 

severall  cardiac genes and transcription factors, we provided a molecular basis 

forr the development of chambers in the 'ballooning' model of heart 

development.. We show that the atrial natriuretic factor (ANF) gene is an early 

markerr for chamber formation in the developing heart. It is exclusively 

expressedd in the developing myocardium of the atria and ventricles and absent 

fromm the myocardium that initially does not differentiate into chamber 

myocardiumm i.e., the inflow tract, atrioventricular canal and outflow tract. 

Inn chapter 4 we show that in vivo this aspect of ANF expression is regulated at 

thee transcriptrional level by a 0.7 kb ANF regulatory region. We used this 0.7 

kbb ANF regulatory region as a tool to further define the molecular mechanism 

underlyingg chamber formation. The results of this study put emphasis on the 

T-boxx transcription factor family member Tbx2 that, in combination with 

Nkx2.5,, represses the expression of components of the atrium- and ventricle-

specificc program of gene expression. A model is presented in which repression 

byy Tbx2 and Nkx2.5 is a mechanism by which regions of the primary heart 

tubee are temporally inhibited to differentiate towards chamber myocardium. 

Ann efficient way to study the transcriptional pathways within the heart is to 

generatee transgenic mice in which regulatory regions of heart-specific genes are 

coupledd to a reporter gene. The conventional approach for the introduction of 

foreignn DNA into the mouse genome is by microinjection into fertilised 

oocytes.. Major problems experienced with this technique however, are 

transgenee inactivation, mosaic expression, and the huge variability in level and 

patternn of expression between distinct transgenic lines generated with the same 

construct.. The severity of these problems increases almost exponentially when 

decreasingg the size of the regulatory DNA fragment that is introduced. These 

phenomenaa find their origin in the random integration of the construct in the 
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Chapterr I 

hostt genome and by that, the effect of the flanking chromatin surrounding the 

transgene.. In chapter 5 we describe a strategy to overcome the transgene 

inactivationn of activity and cryptic regulatory activities, without the 

reintroductionn of larger regulatory regions of the cardiac-specific gene of 

interest.. We describe the generation of a targeted transgene containing the 0.7 

kbb ANF regulatory region, in which the vector construct is introduced as a 

singlee copy in the HPRT locus of ES cells by homologous recombination. This 

locuss is in an accessible transcriptional state throughout development 

Finally,, conventional transgenesis is also used as a common approach for 

determiningg the molecular mechanisms of cardiomyopathy. However, the 

questionn arises whether the transgene product (encoded protein) is involved in 

aa physiological pathway that results in cardiomyopathy or whether the product 

causess non-specific toxicity. In chapter 6 we report that the 'harmless' yeast 

Gal44 reporter gene driven by the alpha myosin heavy chain promoter causes a 

non-specificc cardiac hypertrophy. This effect is demonstrated to depend on the 

numberr of copies of the transgene integrated into the genome. When the 

transgenee construct was introduced as a single copy into the HPRT locus 

cardiacc hypertrophy was not observed. Therefore, targeting at the HPRT locus 

providess a tool for controlled expression and sophisticated analysis of 

transgeness in the heart while diminishing the risk of undesired non-specific 

effects. . 

13 3 
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Transcriptionall  modules in the 
developingg heart 
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Chapterr  II 

ABSTRACT T 

Fragmentss of regulatory DNA of cardiac genes drive reporter gene expression 

inn sometimes unexpected subdomains of the heart. These patterns have 

revealedd that the regulatory DNA of genes consist of distinct subfragments 

(transcriptionall  modules) that are active in different regions of the developing 

heart.. In this review we give an overview of the activity of transcriptional 

moduless in vivo. Furthermore, we investigated the relation between the activity 

domainss of the transcriptional modules, the compartments of the heart that 

weree added during evolution and the developmental patterning of the 

myocardium.. The majority of the transcriptional modules show a domain of 

activityy broader than the morphological boundary of a cardiac compartment, 

andd suggest that transcriptional modules largely respond to a patterning 

programm along the antero-posterior axis. 

17 7 



INTRODUCTIO N N 

Inn recent years, a unifying paradigm for the spatial and temporal regulation of 

tissue-spedd fie gene expression has emerged. The transcription of a gene is 

controlledd by transcription factors that interact with ^-elements present in 

uniquee combinations in regulatory DNA sequences of the gene. The a's-

elementss are organised in clusters that form modules. These so-called 

transcriptionall  modules are thought to independendy execute part of the total 

spatiall  and/or temporal transcription repertoire of the gene, and several of 

thesee modules together are required for the gene's total transcriptional 

programm (Kirchhamer et al. 1996a; Kirchhamer et al. 1996b; Arnone and 

Davidsonn 1997; Yuh et al. 1998). This mechanism for the control of 

developmentall  and cell-specific gene expression is also observed in the 

regulationn of cardiac genes (Firulli and Olson 1997; Schwartz and Olson 1999). 

Analysess of transgenic mice that harbour a regulatory DNA fragment of a 

cardiacc gene coupled to a reporter gene, have revealed that distinct 

transcriptionall  modules are active in different regions of the developing heart. 

However,, it is not clear what these regions of activity reflect. Recently, it was 

proposedd that the heart is assembled from separable genetic modules, such as a 

morphologicall  ventricular compartment, which were added during evolution 

(Fishmann and Olson 1997). It is tempting to speculate that the putative 

separatee pathways that control the formation of these genetic modules also 

controll  the activity of distinct transcriptional modules. The transcriptional 

moduless were then added to the regulatory DNA sequences of a gene to 

accountt for the gene's activity in the newly added structures. Within this 

concept,, the boundaries of the activity domain of a transcriptional module are 

expectedd to coincide with the boundaries of an added genetic module. It is 

conceivable,, however, that the increasing complexity of the heart of mammals 

iss realized by an increase in complexity in the underlying patterning. These 

patternss provide positional information along the antero-posterior (A-P), 

dorso-ventrall  (D-V) and left-right (L-R) axis that controls the site-specific 

formationn of compartments. 
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Chapterr II 

Thesee patterns are typically broader than the compartments whose formation 

theyy control. Transcriptional modules of genes may well respond to part of the 

entiree patterning program. The increasing complexity of the heart required 

additionall  transcriptional modules. The combined activity of these modules 

resultss in the confinement of expression to a distinct cardiac compartment, 

althoughh the action of a single module can have a broader or different 

specificity. . 

Too further investigate the relation between transcriptional modules, the 

geneticc modules of the heart and the patterning of the myocardium, we will 

firstfirst attempt to define the compartments that have been added to the heart 

duringg evolution. Secondly, the developmental patterning of the heart will be 

discussed.. Subsequently, we will give an overview of the regions of activity of 

regulatoryy DNA fragments in transgenic mice. Their expression patterns may 

disclosee aspects of the mechanisms underlying the transcriptional control of 

thee mammalian heart. 

Thee evolutionary buildin g blocks of the mammalian heart 

Thee adult mammalian four-chamber heart has evolved from an ancestor 

chordatee tubular heart. This phylogenetic development is accompanied by the 

additionn of new structures and functions. By comparing the hearts of primitive 

chordates,, fishes, amphibians, birds and mammals we will give a view of the 

novell  myocardial compartments that were presumably added during evolution. 

TheThe linear heart tube 

Inn primitive chordates like the tunicates the heart is a slow conducting 

elongatedd tubular structure without valves as represented in Figure 1A. 

Activationn of this heart results in a peristaltic wave of contraction that forces 

bloodd through the circulation. The peristaltic waves have either direction, as 

pacemakerr activity is present at both sides of the heart. Amphioxus represents 

aa next step in heart evolution. Although Amphioxus lacks a true heart it 

possesess three contractile valveless vessels. Because pacemaker activity is 

predominandyy present at one site, 
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thesee vessels show unidirectional peristaltic pumping. Polarity is a major tenue 

off  all vertebrate hearts and in the mammalian heart initiation of the heart beat 

takess origin in the sino-atrial node at the intake of the heart. 

FIGUR EE 1: Cartoons of distinct phylogenetic heart stages. 
(A)) A primitive tubular heart as present in chordates. This heart has no valves and is 

characterisedd by slow peristaltic contraction. 
(B)) Cartoon of a representative fish heart. The atrial chamber develops dorsally at the outer 

curvaturee of the "atrial" part of the tubular heart. The ventricular chamber develops 
ventrallyy at the outer curvature. Valves prevent backflow from the preceeding 
compartment. . 

(C)) Representation of an amphibian heart. The second atrial chamber is indicated. 
(D)) Cartoon displaying the component parts of a mammalian four-chamber heart. Both the 

atriall  and ventricular chambers are fully septated. 

AdditionAddition of the chambers 

Duringg evolution the slow conducting, peristaltic contracting ancestral tubular 

heartt became converted into the chamber heart of the fish that has developed 

aa fast conducting and contracting atrial and ventricular chamber (Figure IB). 

Startingg at the venous pole of the heart the pacemaking sinus venosus is 

followedd by a fast conducting atrial chamber that is formed dorsally of the 

tubularr heart. 

20 0 



Chapterr II 

Ass in mammals, the ventricle is formed ventrally of the downstream part of the 

heartt tube. In between, a slow conducting area guarantees a delay between 

atriall  and ventricular contraction. The outflow tract (OFT), dubbed conus, is 

alsoo characterised by slow conduction. Within the areas of the heart that will 

not,, or will later develop into chamber myocardium, valves are located, i.e. 

betweenn the sinus venosus and atrium, between the atrium and ventricle, and 

betweenn the ventricle and OFT. These valves prevent backflow during 

relaxationn from the downstream compartment and backflow into the upstream 

compartmentt during contraction. Within the myocardium of the ventricles, 

twoo layers can be distinguished. Spongy trabeculated myocardium nearly fills 

thee entire ventricular cavity and is surrounded by a thin layer of compact 

myocardium,, similar to the ventricles in the fetal mammalian heart. In sharks 

thee myocardium surrounding the OFT supports the semilunar valve function. 

Thiss myocardium fulfill s the same role as the embryonic mammalian OFT 

myocardium.. In mammals it disappears with later development when valves 

havee developed. 

SeptationSeptation of the atrial chamber 

Amphibianss represent the evolutionary change towards air breathing life. 

Comparedd to the fish heart, the largest changes in the amphibian heart have 

occurredd at the venous pole of the heart. The hearts of amphibians like frogs 

andd salamanders have two completely divided atria while the ventricle is still 

undividedd (Figure 1C). Firstly, the sinus venosus became largely incorporated 

intoo the right atrium. Secondly, the single atrial chamber is fully separated by 

thee formation of an atrial septum and accompanying pulmonary myocardium. 

Systemicc blood drains exclusively to the right atrium and the pulmonary blood 

drainss via the pulmonary vein directly to the left atrium and bypasses the sinus 

venosus.. The left atrium is generally considered to be the evolutionary new 

atrium,, because it is a component of the pulmonary circulation. However, one 

mayy keep in mind that the left chamber is formed as a consequence of 

septationn of a single atrial chamber and that the single fish atrium obviously 

hadd a left and right auricular wall. 
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Therefore,, rather than speaking of the addition of a second atrium, one may 

considerr the atrial septum and possibly additional myocardium that surrounds 

thee pulmonary vein as the (evolutionary) novel components of the amphibian 

heart.. Thus, in hearts of higher vertebrates, the atrial myocardium is composed 

off  four component parts: 1) right and left atrial auricular myocardium; 2) sinus 

venosuss myocardium or caval myocardium; 3) septal myocardium that includes 

thee myocardium surrounding the pulmonal veins; 4) myocardium of the AVC. 

Thesee areas appeared to be distinguishable as distinct transcriptional domains 

(Francoo et al. 2000). 

SeptationSeptation of the ventricle 

Inn addition to two completely divided atria, the adult mammalian heart has also 

twoo separate ventricular chambers (Figure ID). However, both ventricles do 

nott develop from a common ventricular chamber by septum formation as is 

thee case for the development of the two atrial chambers, but the RV develops 

downstreamm from the LV at the outer curvature of the proximal OFT part 

(Hochstetterr 1906). This part of the OFT becomes trabeculated and is called 

primitivee right ventricle. Septation of the remaining part of the OFT tract in 

thee aorta and pulmonary trunk finalises the formation of a separate pulmonary 

andd systemic circulation. 

Thee regulatory patterns of the mammalian heart 

Althoughh phylogenetic development should not be confused with ontogenetic 

developmentt (Romer 1962), several important evolutionary steps show 

similaritiess with embryonic heart development. Recendy, a model for cardiac 

chamberr development was put forward (de Jong et al. 1997; Moorman et al. 

2000;; Christoffels et al. 2000; Moorman and Christoffels 2003). In this model 

thee linear heart tube of birds and mammals is composed of embryonic or 

primaryy myocardium that is characterised by automaticity, slow contraction, 

poorr intercellular coupling and poorly developed sarcoplasmic reticulum and 

sarcomeres.. This heart is essentially similar to the heart of the more primitive 

chordates. . 
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Chapterr  I I 

Withh further development, atrial and ventricular chamber myocardium 

differentiatess at the dorsal and ventral sides of the primitive heart tube, 

respectively.. In contrast to the embryonic myocardium, chamber myocardium 

hass lost its automaticity, has a fast contraction pattern and is well coupled 

intercellularly.. The flanking myocardium at the inflow tract, atrioventricular 

canal,, inner curvatures and outflow tract keeps its embryonic phenotype and 

wil ll  contribute to the nodal components of the conduction system (sino-atrial 

nodee and atrioventricular node). 

Thee local formation of chamber formation requires localized patterns 

off  gene expression which in turn are regulated by patterns of transcription 

factors.. These patterns are present along three axes, the A-P axis, the D-V axis 

andd the L-R axis, and provide positional information to localize gene activity 

(Figuree 2). 

A.. B. 
FIGUR EE 2: The developmental patterning of the heart. 
(A)) A lateral view of the linear heart tube indicating antero-posterior (A-P) and the dorso-

ventrall  (D-V) axes. 
(B)) A frontal view of the four-chamber heart indicating the A-P and D-V axes. 

RA:: right atrium; LA: left atrium; AVC: atrioventricular canal; RV: right ventricle; LV: left 
ventricle;; OFT: outflow tract; IFT: inflow tract; A: anterior; P: posterior; D: dorsal; V: 
ventral. . 
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Soo far, several factors have been implicated in patterning of the heart and are 

discussedd in detail elsewhere (Moorman and Christoffels 2002). Retionic acid 

(RA)) is likely to be involved in A-P patterning as well as the transcription 

factorss Tbx5, which is expressed in a postero-anterior gradient in the tubular 

heartt and, the GATA family member GATA4 (Osmond et al. 1991; Yutzey et 

al.. 1994; Twal et al. 1995; Xavier-Neto et al. 1999; Kostetskii et al. 1999; 

Bruneauu et al. 1999; Bruneau et al. 2001b; Liberatore et al. 2000; Christoffels et 

al.. 2000). The transcription factors eHand and Cited 1 (Msgl) might be 

involvedd in the dorso-ventral patterning as these factors discriminate between 

thee ventral and dorsal sides of the embryonic heart (Biben and Harvey 1997; 

Thomass et al. 1998; Dunwoodie et al. 1998; Christoffels et al. 2000), and Pitx2 

hass been demonstrated to be involved in L-R signalling in the heart (Logan et 

al.. 1998; Kitamura et al. 1999; Campione et al. 1999; Liu et al. 2001). The 

increasedd complexity of the modern mammalian heart may be achieved by an 

increasee in patterning along the different axes, or by different combinations 

andd interpretations of existing patterns. This in turn requires new 

transcriptionall  modules added to existing cardiac genes. 

Modularr  regulation of cardiac gene transcriptio n 

AA well-studied example of complex modularity in cardiac gene regulation is the 

Nkx2.5Nkx2.5 gene (Schwartz and Olson 1999). Nkx2.5 is a homeobox transcription 

factorr that is expressed throughout the whole myocardium (Lints et al. 1993; 

Lyonss et al. 1995). A series of studies using transgenic mice harboring various 

up-- and downstream «j--acting regulatory DNA fragments of the Nkx2.5 gene 

revealedd five activating and three inhibitory DNA fragments (Searcy et al. 

1998;; Lien et al. 1999; Reecy et al. 1999; Tanaka et al. 1999b). Part of the DNA 

fragmentss restrict activity towards the anterior region of the heart including the 

RVV and OFT. Others restrict activity to the more posterior located LV region 

butt none of the identified modules could account for the complete spatial and 

temporall  expression pattern of the gene. Like Nkx2.5, several other cardiac 

geness consist of distinct transcriptional modules. Here, we will review the 

regionalisedd expression patterns of reporter genes controlled by transcriptional 

24 4 



Chapterr II 

moduless in transgenic mice. The data are summarised in Table 1 and will be 

discussedd in order of appearance in the text. In the atrial or ventricular 

chamberss expression of a gene could be assessed unambiguously, but not in 

lesss accessible regions of the heart like the IFT, AVC, inner curvature and 

OFT.. In these cases we tried to make an educated guess and indicated this 

uncertaintyy by marking such a region by an asterisk. 

Regulato?yRegulato?y DNA fragments of transgenic mice revealantero-posterior patterning 

Thee smooth muscle 22a (SM22a) gene, encoding a calponin-related protein, is 

expressedd homogeneously throughout the embryonic heart (Li et al. 1996a). An 

SM22a-lacZSM22a-lacZ transgene containing 280 bp of the promoter (-280/+41 bp) is 

specificallyy expressed in the anterior region of the heart that comprises the 

myocardiumm of the RV, the inner curvature and the OFT. Transgene 

expressionn is absent from the other regions of the developing heart (Li et al. 

1996b;; Moessler et al. 1996; Kim et al. 1997). Mutation of the smooth muscle 

elementss (SME) in this promoter region abolishes expression of the transgene 

inn the heart (Kim et al. 1997). Promoter fragments of dystrophin (Kimura et al. 

1997),, desmin (Kuisk et al. 1996) and alpha B-crystallin (Haynes II et al. 1996) 

showw a similar pattern of transgene expression, while all three endogenous 

geness are expressed in the whole heart (Chelly et al. 1990; Babai et al. 1990; 

Dubinn et al. 1989). The cardiac ankyrin repeat protein (CARP) gene is also 

expressedd homogeneously throughout the embryonic heart (Zou et al. 1997) 

andd a 2.5 kb promoter fragment (-2.5/+47 bp) mimics the endogenous pattern 

off  expression (Kuo et al. 1999). By reducing this element to a 295 bp fragment, 

transgenee expression displayed a restriction to the anterior region of the heart 

similarr to the SM22a transgene pattern. Mutation of a single GATA site 

abolishedd transgene expression. A 166 bp dimer of the proximal promoter was 

activee only in the anterior OFT region of the heart (Kuo et al. 1999). 

Afterr looping, endogenous transcripts of the transcription factor 

dHANDdHAND are predominandy present in the anterior heart region, encompassing 

thee RV and OFT (Srivastava et al. 1995; Srivastava et al. 1997). An 11 kb 

regulatoryy fragment as well as an 1.5 kb regulatory fragment (-4.2/-2.7 kb) 
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coupledd to the proximal promoter of the hsp68 gene also drives expression in 

thee anterior region of the heart, mimicking the endogenous expression pattern 

(McFaddenn et al. 2000). GATA sites appeared to be essential for the 

expressionn in the heart In accordance with the CARP-lacZ transgenic mice, 

thiss 1.5 kb regulatory fragment could be further divided in fragments 

differentiyy epressed along the A-P axis, thereby revealing a separate regulatory 

elementt for the region that includes the RV including the inner curvarture, as 

welll  as a separate regulatory element for the OFT region (McFadden et al. 

2000). . 

Transgenicc mice in which a 250 bp region of the MLC2V promoter (-

250/+133 bp) was placed upstream of lacZ (Table 1, nr. 7), displayed expression 

inn an A-P graded pattern. Expression was abundant in the OFT, RV including 

thee inner curvature of the RV, and tapered off towards the LV (Ross et al. 

1996).. A similar pattern of expression was observed when a 28-bp dimer was 

usedd (Ross et al. 1996). This fragment contains a dimerised HFla /EFla and an 

HFlb/MEF22 element coupled to a minimal MLC2V promoter fragment and 

iss sufficient to generate the graded expression pattern in the anterior region of 

thee heart. The expression patterns of both the 250 bp as well as the 28 bp 

dimerr transgenic mice indicate that in the developing heart, rather then being 

(right)) ventricle specific, these two promoter fragments respond to a graded 

signall  along the A-P axis that extends the morphological borders of the RV. 

Thiss suggestion is strengthened by the observation that distinct lines 

harbouringg the same 250 bp ML.C2V region show differences in the expansion 

off  the expression domain into the LV (Lee et al. 1992; Lee et al. 1994; 

Navankasattusass et al. 1994; Ross et al. 1996). Because the transgenes were 

randomlyy integrated into the genome, copy numbers and sites of integration 

differr between the distinct lines. This results in variable sensitivities towards 

thee putative graded signal along the A-P axis, which in turn results in varying 

A-PP expression domains. In the embryonic heart, endogenous MLC2V is not 

onlyy expressed in both ventricles but also in the embryonic myocardium of the 

AVC,, the inner curvature of the ventricles and in the proximal part of the OFT 

(O'Brienn et al. 1993; Lyons 1994; Christoffels et al. 2000). 
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Chapterr  I I 

Therefore,, rather than being compartment (ventricular chamber) specific, the 

endogenouss MLC2V gene shows expression in an A-P restricted portion of 

thee embryonic heart. 

FIGUR EE 3: Whole mount reporter  gene expression patterns in ED10.S mouse hearts. 
(A)) Dorsal view of a mouse heart showing cTnl reporter gene expression. 
(B)) The pattern of reporter gene expression in MLC2V-cTnI lacZ transgenic mice is similar 

thann the pattern observed in panel (A). 
(C)) Frontal view of MLC2V reporter gene expression shows predominant lacZ staining in the 

OFTT and RV. 
(D)) Placing ANF regulatory sequence upstream of the MLC2V promoter fragment represses 

MLC2VMLC2V driven transgene expression in the OFT and RV and displays an expression 
patternn characteristic for the ANF regulatory sequences. RA: right atrium; LA: left atrium; 
AVC:: atrioventricular canal; RV: right ventricle; LV: left ventricle. 
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Thee 250 bp promoter region of the MLC2V gene shows several 

strikingg differences compared to the endogenous gene. Firstly, the activity of 

thee MLC2V promoter fragment is considerably weaker compared to the 

activityy of the endogenous MLC2V gene (Chen et al. 1998). Secondly, the 

transgenicc promoter fragment is active in an area distinct from the endogenous 

gene.. Finally, the endogenous MLC2V gene is down-regulated in Nkx2.S 

mutantt mice where as the transgene is not (Lyons et al. 1995; Yamagishi et al. 

2001;; Tanaka et al. 1999a). These differences suggest that additional sequences 

aree necessary for the entire endogenous MLC2Vpattern. Possibly the MLC2V 

promoterr fragment, which has intrinsic low, though heart-specific activity, 

mainlyy functions as a transcriptional platform that relays activity from distal 

sequences.. Evidence for this comes from our own studies in which transgenic 

micee were generated that contain chimeric constructs. When the ANF 

fragmentt (-638/-138 bp) that directs activity towards the atrial and ventricular 

chamberr myocardium was placed upstream of the 250 bp MLC2V fragment, 

thee ANF pattern was observed and expression was absent from the OFT 

(Figuree 3C and D). Placing the 250 bp MLC2V fragment upstream of a 

minimall  cTnl promoter resulted in a pattern of expression that is characteristic 

forr the cTnl promoter fragment itself (Figure 3B). This indicates that the 

MLC2VMLC2V promoter fragment solely relays the activity of the upstream ANF 

sequencee whereas it lacks the ability to impose its activity on another promoter. 

Inn conclusion, the expression patterns of the dHand, CARP, SM22a, 

desmin,desmin, dystrophin, a B-crystallin and MLO'J/'transgenes suggest that the isolated 

regulatoryy fragments are insufficient to carry out the complete endogenous 

transcriptionall  programs. The transgene patterns suggest that the activity of the 

elementss is controlled by patterns along the A-P axis, rather than being 

controlledd by pathways confined to a compartment. 

AnteroposteriorAnteroposterior patterning underlies compartment-restricted gene expression 

Inn the tubular heart, aMHC shows a P-A gradient, that becomes confined to 

thee IFT, atria and AVC i.e., the anterior region of the chamber heart (Lyons et 

al.. 1990a; Lyons 1994). 
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Inn contrast, pMHC is expressed in an A-P gradient and after looping 

expressionn becomes confined to the OFT, ventricles and AVC, i.e., the 

posteriorr region of the chamber heart. (Lyons et al. 1990a; Lyons 1994). It was 

demonstratedd that both a 6 kb promoter fragment (-5/+1.07) and a 3.5 kb 

promoterr fragment (-2.5/+1.07) of the ccMHC gene are sufficient to drive 

transgenee expression in the heart (Subramaniam et al. 1991). However, it 

appearedd that in the 3.5 kb promoter fragment lacks sequences essential for 

thyroidd hormone response (Subramaniam et al. 1993). In a later study, Palermo 

andd co-workers demonstrated that the 6 kb promoter fragment of the cxMHC 

iss sufficient to drive transgene expression in a pattern similar to the 

endogenouss gene (Palermo et al. 1996). Additional dissection of the aMHC 

promoterr is necessary to distinguish whether this 6 kb region can be further 

separatedd in distinct regulatory fragments that are active in subdomains of the 

endogenouss expression domain. A 5.6 kb fragment of the J3MHC promoter 

coupledd to a Q4T-reporter gene directs reporter gene expression to both atria 

andd ventricles while expression was low in the OFT of the embryonic heart 

(Knottss et al. 1996). However, a later study demonstrated strong reporter gene 

expressionn in the entire embryonic heart including the OFT (Colbert et al. 

1997).. This expression pattern is distinct from the endogenous /3MHC gene 

andd further research is required to find the regulatory sequences necessary to 

mimicc the endogenous pattern of gene expression and to define distinct 

regulatoryy fragments that are active in part of the endogenous expression 

domain. . 

Analysess of the quail slow MHC type 3 (SMHCS) promoter have 

providedd novel insight into the mechanisms underlying compartment restricted 

genee expression during development. SMHC3 is expressed in the developing 

quailquail heart and embryonic slow skeletal muscles (Nikovits, Jr. et al. 1996). It is 

closelyy related to the chicken AMHC1 gene (Yut2ey et al. 1994; Nikovits, Jr. et 

al.. 1996). Initially, SMHC3 is uniformly expressed in the tubular quail heart but 

duringg chamber formation SMHC3 expression becomes predominandy 

restrictedd to the posterior region of the heart including the IFT, both atria and 

AVCC (Wang et al. 1996; Wang et al. 1998), 

29 9 



similarr to expression of the aMHC gene in mice. Experiments in quail primary 

cardiomyocytess identified at least three regulatory fragments, two activating 

fragmentss (AF1 and AF2) and one inhibiting fragment (IF1) (Table I). One of 

thesee activating regions, a 160 bp sequence between —840 and —680 bp (AF1) 

functionss as an atrial cell-specific enhancer (Wang et al. 1996). The proximal 

8400 bp of the SMHC3 promoter, including this AF1, was further analysed in 

transgenicc mice. These sequences were sufficient to direct expression to the 

IFT,, atria and AVC i.e., the posterior region of the heart (Xavier-Neto et al. 

1999).. These analyses of the SMHC3 gene regulation demonstrate that the 

activityy of regulatory DNA fragments is not restricted to the morphological 

borderss of the atrial chambers. Rather, these fragments reveal a part of an A-P 

regulatoryy network. Furthermore, they put emphasis on repression as a 

transcriptionall  mechanism to exclude expression of a gene from a specific 

regionn of the heart. In vitro and in vivo studies indicate that repression in the 

ventricularr domain is mediated by the transcription factor Irx4, (Wang et al. 

1998;; Wang et al. 2001; Bruneau et al. 2001a) which shows an A-P restricted 

expressionn pattern including the AVC, the ventricles including the inner 

curvaturee and the proximal part of the OFT (Christoffels et al. 2000; Bruneau 

ett al. 2000) 

TheThe 'systemic heart' as an evolutionary conserved transcriptional subdomain 

Endogenouss cardiac troponin I (cTnl) is expressed in the entire heart with lower 

levelss in the OFT region of the heart (Schiaffino et al. 1993; Zhu et al. 1995). 

However,, expression of the 356 bp transgene (-230/+ 126 bp) is largely 

restrictedd to the RA, AVC and LV (Figure 3A) (Di Lisi et al. 1998; Habets et al. 

2002).. A similar pattern of transgene expression was observed in transgenic 

micee harbouring 5.4 kb (-5.4/+0.8 kb) of the a-cardiac actin promoter. Here, 

expressionn was predominant in the RA, AVC and LV, lower in the LA and RV 

andd absent from the OFT (Biben et al. 1996). In transgenic mice harbouring 

thee 2kb myosin light chain (MLQ 3F promoter region and a 3' enhancer (3F-

nlacZ-2E),nlacZ-2E), a expression profile of lacZ reporter gene expression similar to that 

off  the cTnl transgenic mice was observed (Kelly et al. 1995; Franco et al. 1997). 
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Whenn 7 kb of upstream MLC3F regulatory DNA was added (MLC3F-n/acZ-9 

transgenicc mice), expression was present in the whole heart indicating that 

additionall  regulatory DNA sequences are necessary to give an extension 

towardss the 'pulmonary heart' (Franco et al. 1997). 

Thus,, three independent promoter fragments, the cTnl, MLC3F-2E 

andd a-cardiac actin fragments, drive lacZ reporter gene expression in the RA, 

AVCC and LV. It was suggested that these cardiac compartments might 

comprisee the systemic heart homologous to the fish heart (Kelly et al. 1999). 

Thee LA and RV were added in order to adapt to air-breathing. However, in 

thatt case the transgene is expected to be active in those 'pulmonary' parts that 

weree also present in the ancestor fish heart such as the left atrial appendage 

(seee above), which is not the case (Franco et al. 2000). Furthermore, close 

examinationn of the patterns of these transgenes revealed that the transgene 

expressionn pattern does not coincide with the morphological borders between 

thee different compartments. Therefore, these cTnl, MLC3F-2E and a-cardiac 

actinactin fragments seem to respond to L-R differences in the posterior region 

wheree the atria develop and to a graded signal along the A-P axis resulting in 

expressionn in the AVC, LV including the inner curvature of the LV but not in 

thee RV and OFT. 

TheThe atrioventricular canal 

Thee endogenous GATA6 gene is expressed throughout the myocardium of the 

embryonicc heart (Morrisey et al. 1996). A 1.5 kb chicken GATA6-nlacZ 

constructt (-1.5/+0.8 kb) shows expression exclusively in the AVC while a 

largerr construct (-9.4/+0.8 kb) is active in the ventricles, inner curvature and 

OFTT (He and Burch 1997; Davis et al. 2001). Based on these observations, the 

regionn in between —9.4 and —1.5 kb was implicated in activity towards both 

ventricless and the OFT. A recent study, using the same chicken GATA6 

promoter,, demonstrated that the 1.5 kb activating fragment is not only 

responsiblee for transgene expression in the AVC but also for expression in the 

interventricularr septum (TVS) (Davis et al. 2000). Furthermore, the size of the 

fragmentt responsible for transgene expression in the ventricles and OFT was 
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drasticallyy reduced (Davis et al. 2000). The AVC plays an important role during 

heartt development. It is involved in alignment of the chambers, in septation of 

thee blood flows and it functions as a sphincter when valves have not yet been 

formedd (Moorman and Lamers 1994; Eisenberg and Markwald 1995; de Jong 

ett al. 1992; Paff and Boucek 1975). In addition, it delays the impulse from the 

atriaa to the ventricles to ensure synchronous contraction and it contributes to 

thee conduction system, in particular the AV node and AV ring bundle (Viragh 

andd Challice 1982; Moorman et al. 1998; Davis et al. 2001). Not surprisingly, 

thee AVC is characterised by a unique program of gene expression 

demonstratedd by the selective expression of Msx2 and Bmp2 (Lyons et al. 

1990b;; Abdelwahid et al. 2001). Together with the transgene expression 

patterns,, this supports the idea that the AVC region might encompass a 

transcriptionall  domain of the embryonic myocardium that acquires new 

characteristicss with further development. 

TransgenicTransgenic mice that demarcate the chamber myocardium 

Thee atrial natriuretic factor (ANF) gene has provided a powerful tool to deepen 

ourr knowledge on the process of localized chamber formation in the 

developingg heart. The expression of the ANF gene is restricted to the 

developingg atrial and ventricular chamber myocardium with higher levels of 

expressionn in the LV than in the RV (Zeiler et al. 1987; Christoffels et al. 

2000).. In the linear heart tube and in the IFT, AVC, inner curvature and OFT 

off  the looped heart that flanks the forming chambers, expression is absent 

whichh makes it a suitable marker for the developing chambers (Christoffels et 

al.. 2000). Furthermore, the ANF gene is well characterized and serves as a 

modell  for cardiac specific gene regulation. Studies in transgenic mice have 

shownn that a 700 bp region of the rat ANF promoter and a 500 bp region of 

thee human ANF promoter are sufficient to largely mimic the spatial (Field 

1988;; Knowlton et al. 1995; Habets et al. 2002) and temporal (Habets et al. 

2002)) expression pattern of the endogenous gene. 

Dissectionn of this 700 bp upstream sequence in cultured cardiac cells 

ledd to the identification of three transcritional modules (Argentin et al. 1994; 
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Durocherr et al. 1996). The first module (AF1, see Table 1) serves as a 

ventricularr enhancer while the second module (AF2) serves as an atrial 

enhancer.. Whether these modules display a similar behavior in vivo, remains to 

bee elucidated. A third module was defined as a basal cardiac promoter (BP) 

andd in cell culture is required for activity of AF1 and AF2 (Durocher et al. 

1996).. Recent in vivo experiments demonstrate that this basic cardiac promoter 

regionn is fully interchangeable with the proximal promoter regions of the 

MLC2VMLC2V and cTnl gene (Habets et al. 2002). Studies using the Endo16 gene 

providee evidence for such a basal promoter function and conclude that all the 

specificityy for developmental function lies in the distal regulatory sequences 

(Kirchhamerr et al. 1996b; Kirchhamer et al. 1996a). Therefore, the upstream 

regionn of the ANF regulatory sequences (position —638 to —138) contains all 

informationn required to drive in vivo gene expression in a largely correct 

developmentall  pattern (Figure 3D). Because the upstream ANF regulatory 

regionn can impose its activity on a variety of considerably different cardiac 

promoters,, their precise or-element architecture appears of less importance. It 

iss conceivable however, that the cardiac promoters have a function in 

restrictingg expression to the heart or even to restricted regions of the heart. 

Chimericall  enhancer/promoter constructs in which the strong and broadly 

activee CMV enhancer was placed upstream of a small SM22 promoter 

fragmentt still retained the smooth muscle-specificity typical for this SM22 

fragmentt underscoring this possibility (Ribault et al. 2001). Placing broadly 

activee enhancers upstream of the small cardiac promoters would reveal to what 

extendd they serve as region-specific transcriptional modules. 

Recentt studies revealed a mechanism for chamber-specific gene 

expressionn of the ANF gene. The gene is activated in the heart by Tbx5 (Hiroi 

ett al. 2001; Ghosh et al. 2001; Bruneau et al. 2001b), which is expressed in a 

postero-anteriorr gradient (Bruneau et al. 1999; Liberatore et al. 2000; 

Christoffelss et al. 2000). Tbx2 however, represses ANF gene expression in the 

AVC,, inner curvature and OFT, resulting in ANF gene expression that is 

restrictedd to the chambers of the heart (Habets et al. 2002). Nkx2.5 functions 

ass an accessory factor to restrict T-box factor activity of both Tbx factors to 
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thee heart (Hiroi et al. 2001; Ghosh et al. 2001; Bruneau et al. 2001b; Habets et 

al.. 2002). 

Inn summary, the 500 bp fragment of the rat ANF gene discriminates 

betweenn the evolutionary old embryonic myocardium of the tubular heart and 

thee newly formed myocardium of the chambers. Moreover, this gene provides 

thee first example of a regulatory DNA fragment of which the activity coincides 

withh the morphological atrial and ventricular chamber compartments. The 

connexinconnexin 40 and 43 genes, which encode gap-junction proteins, show a pattern 

off  expression similar to the ANF gene in that they are both expressed in the 

developingg chamber myocardium (Fromaget et al. 1992; McGrew et al. 1996; 

Delormee et al. 1995). Based on these expression patterns it is attractive to 

speculatee that a transcriptional mechanism, similar to the one implicated in the 

regulationn of the ANF gene, is involved in the chamber specificity of these two 

genes.. Although in vitro studies demonstrated several regulating modules as 

indicatedd in Table 1, analyses in transgenic mice have not been published. 

However,, the Cx40 promoter contains several putative TBEs, and is like ANF, 

underr the control of Tbx5 (Bruneau et al. 2001b) and can be repressed by 

Tbx22 (our own observations). Also Cx43 was shown to be a target for T-box 

familyy members (Chen et al. 2001). 

CONCLUSIONS S 

Thiss review gives an overview of the in vivo activity of transcriptional modules 

thatt have been identified so far. During development, the expression domains 

off  only a few transcriptional modules coincide with compartments that have 

beenn added during evolution of the heart. Most transcriptional modules display 

ann expression domain that extends the boundaries of such morphologically 

distinguishablee regions, indicating that they do not respond to any putative 

compartment-specificc pathway. Rather, the activity domains of transcriptional 

moduless reveal that the regulatory DNA of genes consist of modules that each 

respondd distinctly to patterning programs along the A-P axis. 
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Thee total transcriptional domain of the gene is achieved by the combinatorial 

actionn of these transcriptional modules. Apparently, gene regulation was 

extensivelyy modified along the A-P axis during the formation of novel cardiac 

compartments.. Consistently, the newly formed chambers are positioned largely 

alongg the A-P axis in the developing heart of higher vertebrates. The position 

off  cardiac chambers in the tubular heart indicates that also D-V patterning is 

integratedd to localise expression of genes involved in chamber formation. 

However,, transcriptional modules that display patterns along the D-V axis 

havee not been found so far. The eHand and Citedl (Msgf) genes that are 

patternedd along the D-V axis, may provide such transcriptional modules. 

Understandingg the mechanisms by which genes interpret A-P and D-V 

patterningg programs for their localised expression will provide valuable insight 

intoo the formation of the four-chamber heart. 
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ABSTRACT T 

Inn this study we challenge the generally accepted view that cardiac chambers 

formm from an array of segmental primordia arranged along the antero-posterior 

axiss of the linear and looping heart tube. We traced the spatial pattern of 

expressionn of genes encoding atrial natriuretic factor (ANF), sarcoplasmic 

reticulumm calcium ATPase (SERCA2a), Chisel, Irx5, Irx4, myosin light chain 2v 

(MLC2v),, and p-myosin heavy chain (p-MHC), and related these to 

morphogenesis.. Based on the patterns we propose a two-step model for 

chamberr formation in the embryonic heart. First, a linear heart forms which is 

composedd of "primary" myocardium that nonetheless shows polarity in 

phenotypee and gene expression along its antero-posterior and dorso-ventral 

axes.. Second, specialized ventricular chamber myocardium is specified at the 

ventrall surface of the linear heart tube, while distinct left and right atrial 

myocardiumm forms more caudally on latero-dorsal surfaces. The process of 

loopingg aligns these primordial chambers such that they face the outer 

curvature.. Myocardium of the inner curvature, as well as that of inflow tract, 

atrioventricularr canal and outflow tract, all retain the molecular signature 

originallyy found in linear heart tube myocardium. Evidence for distinct 

transcriptionall programs which govern compartmentalization in the forming 

heartt is seen in the patterns of expression of Handl for the dorso-ventral axis, 

Irx4Irx4 and TbxS for the antero-posterior axis, and Irx5 for the distinction 

betweenn primary and chamber myocardium. 
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INTRODUCTIO N N 

Thee heart is the first functional embryonic organ. During development, the 

cardiogenicc mesodermal sheets form a crescent that folds towards the ventral 

midlinee to form a linear heart tube (Manasek, 1968; van Mierop, 1979). This 

embryonicc heart initiates rhythmic contractions at about the 8-9 somite stage 

(Goss,, 1938) (mouse embryonic day 8 (E8)) and begins to function as a 

peristalticc pump, despite lacking valves and conduction system (de Jong et al. 

1992;; Moorman et al. 1994). In a complex morphogenetic progression, the 

linearr tube becomes gradually transformed into the synchronously contracting 

four-chamberedd heart, in which atrial and ventricular chamber myocardium, a 

conductionn system and physically separate systemic and pulmonary blood 

streamss have formed (de Jong et al. 1997). A rapidly growing number of 

factorss have been shown to be involved in these processes. So far, however, a 

modell that lucidly describes the process of chamber formation has not been 

articulated.. During looping of the linear heart an array of distinct 

compartmentss becomes visible, which are dubbed outflow tract (OFT), 

embryonicc right ventricle (RV), embryonic left ventricle (LV), atria and sinus 

venosuss (Anderson et al. 1978; Moorman et al. 1994). These compartments, 

typicallyy indicated as segments of the heart tube, represent key structures in the 

developingg heart, since they roughly correspond to their functional 

counterpartss in the formed heart. Fate map studies showed that the antero

posteriorr order of compartments within the tubular heart corresponds to their 

antero-posteriorr position within the heart-forming region (Garcia-Martinez et 

al.. 1993). Several cardiac genes have been reported to display an apparent 

segmentall expression pattern from the moment distinct atrial and ventricular 

structuress are visible (Franco et al. 1998). The relevance of segments therefore 

seemss clear, since they are associated with functionally distinct compartments 

andd distinct transcriptional domains. These observations have lead to the 

classicall and commonly held concept of the developing heart as a linear array 

off segments (Anderson et al. 1978; De la Cruz et al. 1989; Stalsberg, 1969). 

Severall observations need to be incorporated in the presentiy used segmental 
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conceptt for cardiac development (Fig. 7E). Firstly, the entire linear heart is 

characterizedd by a low density of gap-junction proteins and by slow and 

uniformlyy spreading conduction velocities of action potentials. Only after 

loopingg does the forming chamber myocardium of the atria and ventricles 

becomee characterized by much higher conduction velocities and density of 

gap-junctionss (de Jong et al. 1992; Moorman et al. 1998). Secondly, during the 

transformationn of the linear heart into a four-chambered structure, the right 

atriumm becomes directly connected to the right ventricle, and the left ventricle 

too the OFT. This remodelling would require trans-differentiation of the left-

ventricularr segment (see Fig. 7). Thirdly, segments are seen only at the outer 

curvaturee of the looped heart tube and not at the inner curvature (O'Rahilly et 

al.. 1987; de Jong et al. 1997). Thus, trabeculations within the formed ventricle 

aree found at the outer curvature only, whereas the inner curvature remains 

smooth-walled.. Finally, the endocardial cushions and ridges are not limited to 

thee classic atrioventricular canal (AVC) and OFT as often assumed, but are 

almostt contiguous along the entire heart at the inner curvature (Netter, 1969; 

Stedingg et al. 1990; Mjaatvedt et al. 1999). They are not found in the 

trabeculatedd atrial and ventricular compartments at the outer curvature. The 

above-mentionedd considerations let us to reexamine the patterns of expression 

off 'chamber-specific' genes encoding atrial natriuretic factor (ANF), 
2+ + 

sarcoplasmaticc reticulum Ca ATPase (SERCA2a), Chisel, myosin light chain 

(MLC)) 2v, (3-myosin heavy chain (MHC) and transcription factors Irx4, Irx5, 

Handll and Tbx5, and their relation to the formation of chambers in the linear 

heartt through early looping stages. Although the developmental patterns of 

expressionn of most of these genes have been described (Lyons et al. 1990; 

Moormann et al. 1995; Lyons, 1994; Franco et al. 1998; Zeiler et al. 1987; 

O'Brienn et al. 1993; Biben et al. 1997; Bruneau et al. 1999; Chapman et al. 

1996;; Bao et al. 1999; Thomas et al. 1998; Bruneau et al. 2000), emphasis in 

previouss studies was placed on expression in the already formed embryonic 

atriall and ventricular myocardium (e.g. (Lyons, 1994; O'Brien et al. 1993)), 

whichh constitutes the bulk of the mass of the fetal and adult heart. Expression 

inn the inflow tract (IFT), AVC and OFT, 
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andd especially the inner curvature, has been severely under-emphasised, even 

thoughh these structures form major components of the early embryonic heart, 

andd are of profound importance to the proper alignment of the cardiac 

chambers.. In this study we show that the onset of the transcriptional program 

thatt is associated with the formation of ventricular and atrial chamber 

myocardium,, is restricted to specific sites of the linear heart that are at the 

outerr curvature of the looped heart. The inner curvature does not participate in 

thee initiation of the ventricular and atrial transcriptional programs. Based on 

ourr data we formulate a two-step model for the formation of chamber 

myocardium. . 

MATERIAL SS &  METHOD S 

Embryos s 

Wistarr rat embryos were obtained from timed-pregnant rats (9 to 13 embryonic 

dayss (E)). FVB mouse embryos were obtained from timed-pregnant mice; 

noonn of detection of the vaginal plug was considered EO.5. Samples were fixed 

forr 4 hours to overnight in 4% freshly prepared formaldehyde in phosphate-

bufferedd saline (PBS) at room temperature. The embryos were dehydrated in a 

gradedd series of ethanol and embedded in paraplast. Serial sections were cut at 

7fj.mm thickness and mounted on RNAse-free 3-aminopropyltriethoxysilane 

(AAS)-coatedd slides for in situ hybridization. 

I nn situ hybridizatio n on sections 

RNAA probes complementary to rat SERCA2 (Moorman et al. 1995), a and p-

MHCC (Boheler et al. 1992), MLC2v (O'Brien et al. 1993), Chisel (S.J. Palmer, 

C.. Biben and R.P. Harvey, manuscript in preparation), Cx43 (van Kempen et 

al.. 1996), ANF (Zeiler et al. 1987) and ATP binding site (Habets et al. 1999) 
35 5 mRNAA were labeled with [ S]-UTP and hybridized to 7 Jim thick serial 

sectionss of 4% formaldehyde fixed embryos as detailed elsewhere (Moorman et 

al.. 1999). 
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Thee signal was kept within the dynamic range of detection by adjusting probe 

concentrationn and exposure time (Moorman et al. 1999). Images were taken 

usingg a Photometrix camera coupled to a Zeiss Axiophot microscope and 

digitalizedd files were recorded. Digital images were colorized with NIH Image 

softwaree (image processing software package Version 1.61. 1997, available 

from:: http://rsb.info.nih.gov/nih-image). 

Wholee mount in situ hybridizatio n 

RNAA probes complementary to MLC2v, ANF, Irx4 (Bruneau et al. 2000), 

eHandd and Tbx5 (Chapman et al. 1996) mRNA were labeled with digoxigenin-

UTPP and hybridized to embryos fixed in 4% formalin overnight at 4°C as 

detailedd in (Franco et al. 1999). Whole mount in situ hybridization was 

performedd essentially as described by (Riddle et al. 1993) and (Franco et al. 

1999)) with some modifications. After isolation of E9-10 embryos, the brain 

wass perforated to enable accessibility. Bleaching with hydrogen peroxide was 

omittedd and hydration was direcdy followed by proteinase K treatment (15 

ug/ml,, 20 min. for ED 8-8.5 or 30 min for older stages). The embryos were 

incubatedd in pre-hybridization mix (50% formamide, 5x SSC pH 7, 10 ug/ml 

blockingg powder (Boehringer Mannheim), 1 mg/ml total yeast RNA, 0.1 

mg/mll heparin (Becton Dickinson), 0.1% tween-20, 0.1% CHAPS (Sigma) and 

55 mM EDTA). After 1 hr denatured digoxigenin-labeled riboprobe was added 

(11 ug/ml). Washing solution 1 contained 0.1% tween-20 instead of SDS. All 

furtherr washings were performed in phosphate buffered saline containing 0.1 

%% tween-20 (PBS-T). After washing 3 times for 10 min in NTM (100 mM tris 

pHH 9.5, 100 mM NaCl, 50 mM MgCl2), alkaline phosphatase activity was 

demonstratedd using purple AP reagent (Boehringer Mannheim). Images of 

dissectedd embryos were taken on a thin layer of 1% agarose with a 

Photometrixx camera or Nikon color camera coupled to a Zeiss Axiophot 

microscopee and digitized files were recorded. 
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RESULTS S 

ANF ,, Chisel, Connexin 43 and Irx 5 are markers for  formation of 

chamberr  myocardium 

Ourr model for chamber formation in the mammalian heart distinguishes 

primaryy myocardium of the linear heart tube from chamber myocardium of the 

ventricless and atrial appendages, which arise from the primary myocardium. 

Thee formation of the smooth-walled atrial myocardium that develops relatively 

latee in development from caval and pulmonary myocardium has not been 

addressedd because the complex morphology requires a separate study (D. 

Francoo et al. in preparation). We describe in this section four genes that are 

expressedd exclusively in the myocardium of the chamber components of the 

developingg heart tube, and not in primary myocardium (see Introduction), nor 

inn regions of the heart that derive from it. Studies were performed on mouse 

and/orr rat hearts as indicated. 

ANF::  The gene encoding atrial natriuretic factor (ANF) was not found 

too be expressed in the very early linear heart tube. This finding was confirmed 

byy dissection of stained embryos of comparable stages and is consistent with in 

situsitu hybridization data shown by Zeiler et al. (Zeiler et al. 1987). Fate mapping 

inn the chick has shown that the ventral surface of the linear heart tube gives 

risee to the outer curvature of the looped tube (De la Cruz et al. 1999). From 

E9-9.255 onwards, expression of ^4JVFwas seen strongly in the outer curvature 

off the left ventricle, and more weakly in the outer curvature of the right 

ventricle.. Around the same time, expression was initiated in the presumptive 

primordiaa of the atrial appendages (auricles) at the latero-dorsal side of the 

posteriorr pole of the looping heart tube. The configuration of the heart tube at 

thiss stage of development is such that the atrial myocardium is also positioned 

att the outer curvature. The inner curvature, corresponding to the original 

dorsall side of the heart tube at the ventricular level, and the ventral/caudal side 

att the atrial level, form a continuity of myocardium with the IFT, AVC and 

OFTT that does not express the ANF gene (Fig. IF, G; Fig. 3A). 
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FIGUR EE 1: The spatial and developmental expression profil e of ANF analyzed by 
wholee mount in situ hybridization . 
Thee grey lines in panels A-D mark the changing antero-posterior axis. During looping, the 
antero-posteriorr alignment at the ventricular level is converted into a right/left alignment, the 
antero-posteriorr alignment of the atria and left ventricle is converted into a dorso-ventral 
alignment.. The right hand column shows cartoons of a ventral view of the near linear heart, a 
ventrall view of the typical looped heart and a ventral view of the preseptational four-
chamberedd heart. The outflow tract has been hinged to the right. The ANF expressing 
chamberr myocardium of the atria and ventricles is indicated. AVC, atrioventricular canal; IFT, 
infloww tract; EV, embryonic ventricle; OFT, outflow tract; IC, inner curvature; vIFT, ventral 
sidee of IFT; LV, left ventricle, RV, right ventricle; LA, left atrium; RA, right atrium. 
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Betweenn E9 and E l l ANF-positive regions expanded (ballooned) and the 

posteriorr atrial regions became positioned anterior to the ventricular region of 

thee tube. The expression of ANF then decreased in the right ventricle and 

becamee confined to the auricles of the atria and left ventricular trabeculations. 

Takenn together, we find that the ANF gene is expressed solely in the outer 

curvaturee of the atrial and ventricular compartments of the early heart tube, 

andd not in the IFT, AVC, OFT and inner curvature. Therefore, this gene 

qualifiess as an excellent marker for studing formation of chamber myocardium. 

Chisel::  The Chisel gene is a potential downstream target of the cardiac 

homeodomainn factor Nkx2-5 (SJ.Palmer, C.Biben and R.P.Harvey, manuscript 

inn preparation). It is first expressed in mice from the beginning of heart tube 

formationn (about E8.25), restricted to the outer curvature of the ventricles and 

auricless of the atria (data not shown). In looped hearts (E9-9.5), expression was 

confinedd to the atrial and ventricular myocardium but was clearly absent from 

thee AVC, inner curvature and OFT (Fig. 2), a pattern resembling that of ANF 

att this stage. In contrast, a probe specific for the ATP binding domain of MHC 

highlightss the complete myocardium (Fig. 2, right hand panels). Chisel 

expressionn was further increased at El0.5 but remained confined to the 

myocardiumm expanding from the outer curvature. The expression of Chisel in 

thee ventricles shows a transmural gradient, with lower expression in 

trabeculations. . 

Connexinn 43: The pattern of Chisel and ANF expression in the 

loopedd mouse heart is similar to that reported for Connexin 43 (Cx43) in E l3 

ratt hearts (van Kempen et al. 1996). Analysis of serial sections of E l3 rat 

heartss confirmed this pattern, and in particular, the absence of Cx43 mRNA in 

thee inner curvature (not shown). 

Irx5 ::  The spatial and temporal expression profile of a novel mouse 

memberr of the Iroquois-related homeobox gene family in the heart (Irx5\ 

manuscriptt in preparation) resembled that of ANF and Chisel, albeit that it 

appearedd slighdy later (E9) in ventricular myocardium at the outer curvature. 

Thereafterr (E9.5), the pattern resembled that of ANF, 
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beingg confined to the atrial myocardium and right ventricular myocardium 

(Fig.. 3). No expression was observed in the inner curvature. The pattern was 

examinedd until El 3 where it continued to resembled that of ANF, except that 

expressionn was retained in the trabeculated myocardium of the right ventricle. 

FIGUR EE 2: The expression of Chisel in the developing mouse heart analyzed by in situ 
hybridizatio nn on sections. 
(A)) At E9.5 the mRNA for Chisel is confined to the myocardium of the atria and 

ventricles,, whereas the atrioventricular canal (arrow) and myocardium facing the 
innerr curvature (*) do not express the gene. 

(BB / D /F) All the myocardium is schown by the expression of myosins using a probe for the 
conservedd ATP binding-site (ATP-bs) 

(CC /E) At El 0.5 Chisel is expressed in the atria and ventricles but not in the 
atrioventricularr canal and outflow tract. In the ventricles the expression shows a 
transmurall gradient towards the lumen. For abbreviations see Fig. 1. 
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FIGUR EE 3: The expression of ANF, Irx5, MLC2v and Irx4'm  the heart of E9.5 mouse 
embryos. . 
Thee panels show hearts of comparable stages from the caudal side, exposing the inner 
curvaturee (marked *) and the original ventral side of the atrial region. The outflow tract that 
doess not express ANF is just visible behind the atria (Panel A). Note the expression of MLC2v 
(C)) and Irx4 (D) extending into the 'bottom' of the atria. For abbreviations, see Fig. 1. 

Otherr  genes expressed in a regional fashion in the linear  and looped 

heart t 

SERCA2a::  The SERCA2a gene encodes the sarcoplasmic reticulum 

calciumm pump, a key-component of cardiac exitation-contraction coupling 

(Fabiatoo et al. 1979; Bers, 1991; Moorman et al. 1995). 
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RatEIQQ RatE13 

FIGUR EE 4: Expression of SERCA2a, MLC2v and fi-MHC  durin g cardiogenesis in the 
rat . . 
Thee left panels show serial sections of E10 rat embryos (comparable to E8.5 mouse embryos), 
thee right panels show hearts of E12.5 embryos (comparable to E l l mouse embryos). 
(AA /B) SERCA2a in a linear, early looping heart, 
(CC /D) Saggital sections of the looped heart. (*) marks the inner curvature. 

Panell C shows a section lateral from that shown in panel D. Myocardium at the 
ventrall side of the inflow tract (arrow) shows less expression than the surrounding 
atriall myocardium. This myocardium also does not express ANF or lrx5. 

(EE -H) MLC2v. Compared to the other structures the level of expression has substantially 
increasedd in the ventricular myocardium of the E12.5 heart. 

(II -L) /1-MHC. The in situ of panel H was only shordy exposed to allow the visualization of 
thee gradient in expression. 

(M-P)) Show diagrams for orientation. The dark grey regions depict the ANF expressing 
myocardium.. The lines in panels M and N depict the plane of sectioning. The * 
markss the inner curvature. See Fig. 1. for abbreviations; EV, embryonic ventricle; 
NF,, neural fold; FG, fore gut. 

69 9 



Thee gene was first expressed in the cardiac crescent. In the linear and looping 

heartt (rat E10-11, mouse E8-9), we found using quantitative in situ 

hybridizationn to tissue sections that expression was graded along the A/P axis, 

decreasingg from the IFT towards the OFT (Fig. 4A, B). No dorso-ventral 

(D/V)) differences were observed at this stage. In E l l and E13 rat hearts 

(comparablee to stages E9-11 in the mouse), expression was upregulated in 

ventricularr myocardium at the outer curvature and in forming atrial 

myocardiumm (Fig. 4C,D). In the atrial region, expression was high in the 

formingg auricles, but at the ventral side of the atrial region (corresponding the 

innerr curvature), which is connected to the body wall, expression was lower 

(Fig.. 4D, arrowhead). Thus, in the AVC, inner curvature and OFT, expression 

remainedd low, similar in level to that found in the anterior region of the linear 

E100 heart tube (Fig. 4C, D). 

MLC2 vv / Irx4 : Expression of MLC2v has been detected in bilateral 

celll clusters in the cardiogenic mesoderm of the mouse from E7.5-E8 onward 

(Lyonss et al. 1995; Ross et al. 1996). Using radioactive probes on tissue 

sections,, a technique which is less sensitive than the wholemount method, we 

andd O'Brien et al. (O'Brien et al. 1993) observed earliest expression in the 

linearr hearts of E10 rat and E8.5 mouse embryos, respectively, suggesting that 

expressionn in the cardiac crescent is only very weak. Like MLC2V, the Iroquois-

relatedd homeobox gene lrx4 is expressed in the cardiac crescent of mouse E8 

embryoss (Bruneau et al. 2000). Subsequently, both MLC2v and Irx4 genes were 

expressedd in the linear heart tube at higher levels and in a bilateral gradient 

alongg the antero-posterior axis, centered in the middle ventricular region and 

encompassingg both the ventral and dorsal sides (Fig. 4E, F; Fig. 5A). In mouse 

E9-9.55 hearts, expression was retained in the AVC, inner curvature and 

proximall OFT, but also up-regulated in the ventricular myocardium at the 

outerr curvature. At this time, these genes were not expressed in ^4NF-positive 

domainss within atrial myocardium (Fig. 4G, H; Fig. 3C, D). However, the AVC 

regionn extending into the atrial wall did express MLC2v and Irx4 (4G, 3C, D). 

Thiss AVC portion of the primary tube (XNF-negative, see above) becomes 

incorporatedd into the body of the common atrial chamber with further 

70 0 



Chapterr  II I 

developmentt (Wessels et al. 1996). These results highlight the fact that 

expressionn of MLC2v and Irx4 is not restricted just to future ventricular 

myocardiumm in the looping heart. Within formed ventricles, expression of 

MLC2vMLC2v and Irx4 both showed a transmural gradient, with lower levels in 

trabeculations. . 

p-MHC ::  The (3-MHC gene represents a group of genes that are 

expressedd in the entire linear heart in a graded manner along the antero

posteriorr axis. This group includes genes encoding a-MHC, MLC2a, cTnl and 

SERCA2a,, that are expressed in gradients opposite to that of ft-MHC (Franco 

ett al. 1998). fi-MHC, however is expressed in the entire linear heart tube of rat 

E100 (Fig. 4I-L) and mouse E8-8.5 embryos (not shown) in an antero-posterior 

gradient.. With formation of ventricular and atrial myocardium (rat El0-13, 

mousee E8.5-E11.5), this pattern is essentially unchanged, resulting in high 

levelss of expression in the OFT and ventricular myocardium, including the 

innerr curvature, and lower expression in the AVC, atria and IFT. 

Tbx5::  We examined the expression of the T-box transcription factor 

gene,T&xi5,, in E8, E8.5, E9.5 (Fig. 5) and El 1.5 mouse embryos and confirmed 

thee postero-anterior gradient of expression previously reported (Chapman et al. 

1996;; Bruneau et al. 1999). In linear hearts, expression was high posteriorly and 

graduallyy declined to low levels in the OFT (Fig. 5C). Similarly, at E9.5, 

expressionn was seen in a posterior-high gradient over the looping tube (Fig. 

5D):: we detected expression across the entire looped tube, and not restricted to 

thee posterior portion as previously reported (Bruneau et al. 1999). The 

contrastingg observations can easily be explained by differences in sensitivity of 

respectivee in situ hybridization procedures. At El 1.5, expression was weak in 

thee right ventricle and absent from the OFT, indicating that TbxS progressively 

withdrawss from the anterior portion of the heart. We did not observe a clear 

differencee between inner and outer curvatures in our experiments. We 

concludee that TbxS retains its postero-anterior gradient during development in 

thee fully looped heart, and is not specifically up-regulated in the forming 

chamberr myocardium. 
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FIGUR EE 5: Pattern of expression of Irx4, Tbx5, Nkx2-5 and eHand in the mouse heart 
analyzedd by whole-mount in situ hybridization . 
(A)) Irx4, expressed in the middle portion or 'segment' of the linear heart of E8.5 embryos, 

iss an example of an antero-posterior patterned factor. 
(B-D)) The gene for Tbx5 is expressed in the cardiac crescent of E8 (B) and in the linear heart 

off E8.5 (C) embryos, in an antero-posterior gradient. This gradient is essentially 
unchangedd in E9.5 embryos (D). 

(E)) Nkx2-5 is expressed in a larger region encompassing all myocardium (control). 
(F)) A transverse section of an E8.5 embryo hybridized with a probe for eHand. Note the 

clearr dorso-ventral pattern (arrow). 
(G)) At E9.5 the expression of eHand is confined to the outer curvature of the ventricles and 

atrioventricularr canal. For abbreviations see Fig. 1. A, anterior; P, posterior; D, dorsal; 
V,, ventral; in, inner curvature; out, outer curvature; CC, cardiac crescent; FL, fore limb; 
AIP,, anterior intestinal port. 

Handl ::  The expression of the bHLH transcription factor gene 

eHand/HandleHand/Handl is heterogeneously distributed along A/P and D/V axis of the 

tubularr heart (Biben et al. 1997; Thomas et al. 1998). Expression occurs 

specificallyy at the ventral side in the caudal half of the linear heart tube of E8.5 

mousee embryos (Fig. 5F). 
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Thee pattern of Handl expression in the linear heart, along with that of ANF 

andd other genes such as Chisel and Cx43, clearly demonstrates the presence of 

D /VV patterning in the heart tube. In E9.5 mouse hearts the gene is expressed 

inn the outer curvature (original ventral side (De la Cruz et al. 1999)) of the 

AVCC and LV, weakly in the outer curvature of the RV / OFT and absent from 

thee atria and inner curvature (Fig. 5G). 

DISCUSSION N 

Patternss of gene expression and the ballooning heart concept 

Thiss study demonstrates that the onset of a transcriptional program involving 

ANF,ANF, Chisel, Irx5 and SERCA2a, specifically associated with formation of 

chamberr myocardium, is initially restricted to the ventral side of the linear heart 

andd the outer curvature of the looped heart. These data provide a 

transcriptionall basis for the morphological finding that segmental primorida 

andd derivative chambers are formed at the outer curvature of the heart only (de 

Jongg et al. 1997), where proliferation rates are highest (Rumyantsev, 1977; 

Thompsonn et al. 1990). Owing to this high proliferative activity and/or 

changess in cell shape (Manasek et al. 1972), the chambers are seen to balloon 

outt from the primary heart tube. Therefore, we have dubbed this model the 

ballooningg model for chamber formation. The temporal and spatial expression 

patternss of the genes described in this study, as well as that of most other 

cardiacc genes, all differ from each other. Yet general trends or 'rules of 

behavior'' can be formulated. Our analysis shows that the formation of 

chamberr myocardium is a two step process: 1) The establishment of the 

'primary'' transcriptional program within the cardiac crescent and linear heart 

tube,, followed by 2) the development of the 'secondary' transcriptional 

programm of the myocardium of heart chambers (Fig. 6). The pattern formed 

withinn the linear heart is maintained during subsequent cardiogenesis in the 

IFT,, AVC, OFT and inner curvature, and for a number of genes also in the 

formingg chambers (e.g. aMHC, fiMHC, TbxS). 
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FIGUR EE 6: An overview of the expression patterns of genes durin g chamber 
formation . . 
Thee primary program of expression is found in the linear heart (first column). Several genes 
aree either abundantly expressed or expressed in a gradient (row A) towards the inflow tract 
(e.g.. P-MHQ or outflow tract (e.g. SEKCA2a, a-MHC, Tbx5). MLC2v and Irx4 are expressed 
inn a bilateral gradient resulting in an expressing segment within the tube (row B). Genes for 
ANF,ANF, Chisel, Cx43, IrxS are not expressed in the linear heart (row C). At E8.5-9 the secondary 
programm is initiated. Initiation or up-regulation of expression of several genes is observed 
specificallyy at the ventral side of the linear heart, at the level of the prospective ventricle, and 
att E9-9.5 at the dorso-lateral side at the level of the prospective atria (row C). During these 
stages,, the genes already expressed in the linear heart essentially do not alter their original 
patternn along the A-P axis (rows A and B). From E10 onwards a clear expansion of chamber 
myocardiumm is seen that is accompanied by up-regulation of specific genes (e.g. SERCA2a, 
Irx4)Irx4) and formation of transmural gradients in the ventricles. Since the chamber myocardium 
iss growing rapidly compared to the persisting primary myocardium, genes in row B and C (e.g. 
MLC2v,MLC2v, Irx4, a-MHC and fi-MHC) become increasingly chamber-specific. For abbreviations 
seee Fig. 1. 

Thiss pattern can therefore be regarded as a primary or default pattern. 

Chamberr myocardium acquires an additional and presumably more 

evoludonarilyy advanced transcriptional program as is evident from the 
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initiationn of ANF, Chisel and Irx5 expression and up-regulation of SERCA2a, 

M\jC2vM\jC2v and Irx4. This program develops in specific regions of the linear heart 

tube,, which are then found at the outer curvature of the looping heart tube. 

Whatt determines the specificity of these spatial events is unknown. In chicken, 

thee ventral side of the linear heart tube was shown to form the outer curvature 

off the looped heart (De la Cruz et al. 1999). Whether the ANF-positive 

myocardiumm of the linear and early looped heart (E8.25-) represents the same 

lineagee as the ANF-positive myocardium of the E9.5 heart formally requires a 

lineagee study in mouse that, however, is technically difficult to achieve. 

Site-specificc formation of chamber  myocardium 

Thee linear heart tube is essentially polarized along the A /P axis, as is evident 

fromm physiological and molecular data (van Mierop, 1967; Satin et al. 1988; 

Kaminoo et al. 1981; Yutzey et al. 1995; Garcia-Martinez et al. 1993; Lyons, 

1994;; Moorman et al. 1995; Yutzey et al. 1994; Moorman et al. 1994; Franco et 

al.. 1998). The number of genes and signals showing a heterogeneous 

distributionn along the A /P axis is steadily growing, and includes Tbx5 (Bruneau 

ett al. 1999), dHand (Biben et al. 1997; Srivastava et al. 1997), GATA-4 

(Molkentinn et al. 1997) and HRT1 and -2 (Nakagawa et al. 1999). The A/P 

polarityy in transcriptional potential likely reflects or gives rise to the A/P 

organizationn of the forming heart. Formation of atrial and ventricular 

compartmentss in their correct A /P and D/V positions in the linear heart 

presumablyy requires positional information encoded by A/P and D /V signals, 

andd this may involve secreted peptide factors and transcription factors. An 

additionall candidate for an A/P polarity-defining pathway is the retinoic acid 

signalingg system that has been shown to be dynamically involved in the 

specificationn of posterior (sino-atrial) structures and the regulation of gene 

expressionn along the A /P axis (Hailstones et al. 1992; Xavier-Neto et al. 1999). 

Thee Irx4 expression pattern may demarcate the limits of the A /P region in the 

linearr heart within which the ventricular chamber myocardium is to be formed. 

Thiss does not necessarily imply that the entire /^-expressing segment 

becomess ventricular chamber myocardium. 
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Ourr analysis shows that only the ventral side / outer curvature of the Irx4 

positivee 'ventricular segment' initiates the expression of ANF, Chisel and lrx5. 

Thiss implies that the combinatorial action of an A/P signal such as retinoic 

acidd and/or Irx4, and a second signal along the dorso-ventral axis, defines the 

sitess of chamber myocardium within the linear and looping heart. Based on its 

patternn of expression, Handl is a potential candidate for mediating D /V 

specificationn (see Fig. 5F). 

Identit yy of chamber  myocardium 

Ass discussed above, expression of a number of cardiac genes is specifically 

initiatedd {ANF, Chisel, Cx43, Irx5) or up-regulated (SERCA2a, Irx4) in defined 

regionss of the linear and looping heart. Since expression of these genes is 

foundd in the ventricular chambers and atrial appendages of the fetal and adult 

heart,, we assume that they mark the forming chamber myocardium. The 

chamberr myocardium therefore acquires additional transcriptional and 

phenotypicc properties over that evident in primary myocardium of the linear 

tube.. This is in line with the observation that forming chamber myocardium of 

thee atria and ventricles acquire much higher conduction velocities and density 

off gap-junctions than the linear heart tube. Our findings are also in line with 

observationss that the myocardium of flanking 'segments' of the heart, i.e. IFT, 

AVCC and OFT, maintain a poor electrical coupling and a long contraction 

durationn that is characteristic of the linear heart tube (de Jong et al. 1992; 

Moormann et al. submitted). The precise border between primary and chamber 

myocardiumm is not strictly defined, and the pattern may be evolving. 

Comparisonn with the patterns of Chisel, Irx5 and SERCA2a indicates that the 

regionn of chamber myocardium is larger than the ANF positive regions 

indicate.. The down-regulation of ANF in the RV and its restriction to the 

auricless of the atria show that ANF is not by definition marking all chamber 

myocardiumm in a prolonged manner. Expression patterns of several 

regionalizedd genes are not restricted to morphological identifiable chambers 

(e.g.. cardiac transcription factor genes such as Irx4 and TbxS and several 

sarcomeree genes). 
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Thus,, we can anticipate that the final A/P and D/V regions in which cardiac 

chamberss are specified evolve progressively from broader patterns. 

Understandingg which signals interact and how they interact to form cardiac 

chamberss is a major question in cardiac biology. 

FIGUR EE 7: Makin g the four-chambered heart: ballooning versus segmentation. 
(A)) A linear heart in which ventricular and atrial myocardium is being formed. This heart 

functionss as a peristaltic pump propelling a laminar flow. 
(B)) During looping and chamber formation the heart is gradually being transformed in a 

synchronouss contracting pump with a flow into the ventricles during relaxation and a 
floww into the outflow tract during contraction (black arrows). 

(C)) During the transformation towards a four-chambered heart, the right atrium becomes 
directlyy connected to the right ventricle, the left ventricle directly connected to the 
outflow-tract. . 

(D)) A heart similar to that of panel B, with cushions and the OFT hinged towards the right 
side.. The cardiac cushions are separating the flows. Note that the flow from the right 
atriumm into the right ventricle never passes through the left ventricular chamber 
myocardium,, and that the flow from the left ventricle to the outflow tract never passes 
throughh the right ventricular chamber myocardium. 

(E)) In the segmented tubular heart this is principally impossible. The atrioventricular canal is 
essentiallyy expanded rightwards relative to the ventricles to connect both ventricles with 
bothh atria. The outflow tract is essentially expanded leftwards (and ventral of the 
atrioventricularr canal) to become connected both ventricles (C). This is achieved by 
remodelingg the inner curvature. This sequence of events enables the gradual transition 
fromm a single laminar into two separate blood flows, and at the same time explains the 
transitionn from a tubular heart with antero-posterior aligned compartments into the 
properlyy connected four-chambered heart. 
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Implication ss of the ballooning model of chamber  formation 

Thee inner curvature is a very crucial structure within the developing heart. 

Formingg the continuity between IFT, AVC, and OFT, it is essential in the 

processs of septation of the systemic and pulmonary circulations (Fig. 7). It has 

beenn shown that the myocardium of the inner curvature upstream of the 

interventricularr foramen will be incorporated into the right atrium, whereas 

thatt downstream of the interventricular foramen will contribute to the outiet of 

thee left ventricle (Wessels et al. 1996; Wessels et al. 1992; Lamers et al. 1992). 

Accordingg to the segmental concept, this myocardium would display the left-

andd right ventricular phenotype, respectively (Fig. 7E), meaning that a 

'phenotype-- switch' from ventricular to atrial, or from ventricular to OFT 

wouldd be required. We now show that the myocardium of the inner curvature 

iss not (yet) differentiated into ventricular chamber myocardium prior to 

septation,, thereby offering a solution to this longstanding issue. The 

postulationn of chamber myocardium formation as an event occurring from 

withinn the linear heart tube in response to patterning information provides a 

possiblee explanation for the phenotype of the Mej2C and dHand/Hand2 mutant 

mice.. Besides other phenotypic characteristics, these mice were reported to fail 

inn formation of the right ventricular segment (Lin et al. 1997; Srivastava et al. 

1997).. However, the entire tubular heart is formed, including the part that is 

designatedd as the right ventricle in the segmental model. Therefore, we 

hypothesizee that these factors are not essential for the formation and 

specificationn of regions of the linear hear, but are essential for the proliferation, 

survivall or differentiation of chamber myocardium at the position of the 

prospectivee right ventricle. In Nkx2-5 mutant mice, a linear heart tube is 

formedd (Lyons et al. 1995) but looping is perturbed and a set of genes which 

aree expressed or up-regulated in the ballooning chamber myocardium (e.g. 

ANF,, Chisel, Handl, MLC2v) are specifically down-regulated in the mutant 

backgroundd (Lyons et al. 1995; Tanaka et al. 1999). The mutant phenotype 

indicatess that a primary myocardium can form, but the ability to generate 

chamberr myocardium is lost, and therefore the hearts are blocked at the 

primaryy heart tube stage (Harvey, 1999). 

78 8 



Chapterr III 

A C K N O W L E D G M E N T S S 

Wee thank drs. B.G. Bruneau and C.E. Seidman for the Irx4 probe and 

scientificc support, dr. V. Papaioannou for the gift of the Tbx5 probe, and 

Daniellee Clout and Astrid Keijser for invaluable experimental help. This study 

wass supported by the Netherlands Heart Foundation grant N H S M96002, 

NHSS 97206, by the E.C. grant PL964004, and by N W O grants 902.16.243 and 

902.16.219. . 

R E F E R E N C E S S 

1.. Anderson, R.H., Wilkinson, J.L., and Becker, A.E. (1978). The Bulbus Cordis-A 
Misunderstoodd Region of the Developing Human Heart: Its Significance to 
thee Classification of Congenital Cardiac Malformations. In "Birth Defects: 
Originall Article Series" Anonymous. 

2.. Bao, Z.Z., Bruneau, B.G., Seidman, J .G, Seidman, C.E., and Cepko, C.L. (1999). 
Regulationn of chamber-specific gene expression in the developing heart by 
Irx4.Irx4. Science 283: 1161 -1164. 

3.. Bers, D.M. (1991). Excitation-contraction coupling and cardiac contractile force. 
Kluwerr Academic Publishers, Dordrecht. 

4.. Biben, C. and Harvey, R.P. (1997). Homeodomain factor Nkx2-5 controls 
left/rightt asymmetric expression of bHLH gene eHand during murine heart 
development.. Genes Dev. 11: 1357-1369. 

5.. Boheler, K.R., Chassagne, C , Martin, X., Wisnewsky, C , and Schwartz, K. 

(1992).. Cardiac expressions of a- and p-myosin heavy chains and sarcomeric 
a-actinss are regulated through transcriptional mechanisms. j.Biol.Chem. 267: 
12979-12985. . 

6.. Bruneau, B.G., Bao, Z.Z., Tanaka, M., Schott, J.-J., Izumo, S., Cepko, C.L., 
Seidman,, J.G., and Seidman, C.E. (2000). Cardiac expression of the ventricle-
specificc homeobox gene Irx4 is modulated by Nkx2-5 and dHand. Dev.Biol. 
217:: 266-277. 

7.. Bruneau, B.G., Logan, M., Davis, N., Levi, T., Tabin, C.J., Seidman, J.G., and 
Seidman,, C.E. (1999). Chamber-specific cardiac expression of Tbx5 and heart 
defectss in Holt-Oram syndrome. Dev.Biol 211: 100-108. 

8.. Chapman, D.L., Garvey, N., Hancock, S., Alexiou, M., Agulnik, S.I., Gibson-
Brown,, J.J., Cebra-Thomas, J., Bollag, R.J., Silver, L.M., and Papaioannou, 
V.E.. (1996). Expression of the T-box family genes, Tbx1-Tbx5, during early 
mousee development. Dev.Dyn. 206: 379-390. 

79 9 



9.. de Jong, F., Opthof, T., Wilde, A.A.M, Janse, M.J., Charles, R, Lamers, W.H, 
andd Moorman, A.F.M. (1992). Persisting zones of slow impulse conduction in 
developingg chicken hearts. Circ.Res. 71: 240-250. 

10.. de Jong, F , Viragh, Sz, and Moorman, A.F.M. (1997). Cardiac Development: a 
morphologicallyy integrated molecular approach. Cardiology in the Young 7: 131-
146. . 

11.. De la Cruz, M.V. and Sanchez-Gomez, C. (1999). Straight tube heart. Primitive 
cardiacc cavities vs. primitive cardiac segments. In "Living Morphogenesis of 
thee Heart. Chp. 3" (M. De la Cruz and R.R. Markwald, Eds.), pp. 85-98. 
Birkhauser,, Boston. 

12.. De la Cruz, M.V, Sanchez-Gómez, C , and Palomino, M. (1989). The primitive 
cardiacc regions in the straight tube heart (stage 9) and their anatomical 
expressionn in the mature heart: an experimental study in the chick embryo. 
JAnat.JAnat. 165: 121-131. 

13.. Fabiato, A. and Fabiato, F. (1979). Calcium and cardiac excitation-contraction 
coupling.. Ann.Rfv.Physiol. 41: 473-484. 

14.. Franco, D , Lamers, W.H, and Moorman, A.F.M. (1998). Patterns of gene 
expressionn in the developing myocardium: towards a morphologically 
integratedd transcriptional model. Cardiovasc.Res. 38: 25-53. 

15.. Franco, D , Markman, M.W.M, Wagenaar, G.T.M., Ya, J , Lamers, W.H, and 
Moorman,, A.F.M. (1999). Myosin light chain 2A and 2V identifies the 
embryonicc outflow tract myocardium in the developing rodent heart. 
Atiat.Rec.Atiat.Rec. 254: 135-146. 

16.. Garcia-Martinez, V. and Schoenwold, G.C. (1993). Primitive streak origin of the 
cardiovascularr system in avian embryos. Dev.Dyn. 159: 706-719. 

17.. Goss, CM. (1938). The first contractions of the heart in rat embryos. nat.Rec. 70: 
505-524. . 

18.. Habets, P.E.M.H, Franco, D , Ruijter, J.M, Sargeant, A.J, Sant1 Ana Pereira, 
J.A.A,, and Moorman, A.F.M. (1999). RNA content differs in slow and fast 
musclee fibres: implications for the interpretations of changes in muscle gene 
expression.. J.Histochem.Cytochem. 47: 995-1004. 

19.. Hailstones, D , Barton, P , Chan-Thomas, P , Sasse, S, Sutherland, C , Hardeman, 
E.C,, and Gunning, P. (1992). Differential regulation of the atrial isoforms of 
thee myosin light chains during striated muscle development. J.BiolChem. 267: 
23295-23300. . 

20.. Harvey, R.P. (1999). Seeking a regulatory roadmap for heart morphogenesis. 
SeminarsSeminars in Cell and Developmental Biology 10: 99-107. 

21.. Kamino, K , Hirota, A , and Fujii, S. (1981). Localization of pacemaking activity 
inn early embryonic heart monitored using voltage-sensitive dye. Nature 290: 
595-597. . 

22.. Lamers, W.H, Wessels, A , Verbeek, F.J, Moorman, A.F.M, Viragh, S, Wenink, 
A.C.G,, Gittenberger-de Groot, A.C, and Anderson, R.H. (1992). New 
findingsfindings concerning ventricular septation in the human heart - their 
implicationss for maldevelopment. Circ. 86: 1194-1205. 

80 0 



Chapterr III 

23.. Lin, Q., Schwarz, J., Bucana, C , and Olson, E.N. (1997). Control of mouse 
cardiacc morphogenesis and myogenesis by transcription factor MEF2C. 
ScienceScience 276: 1404-1407. 

24.. Lyons, G.E. (1994). In situ analysis of the cardiac muscle gene program during 
embryogenesis.. Trends Cardiovasc.Med. 4: 70-77. 

25.. Lyons, G.E., Schiaffino, S., Sassoon, D., Barton, P., and Buckingham, M.E. 
(1990).. Developmental regulation of myosin expression in mouse cardiac 
muscle.. ].Cell Biol. I l l : 2427-2437. 

26.. Lyons, I., Parsons, L.M., Hartley, L., Li, R., Andrews, J.E., Robb, L., and Harvey, 
R.P.. (1995). Myogenic and morphogenetic defects in the heart tubes of 
murinee embryos lacking the homeo box gene Nkx2-5. Genes Dev. 9, 1654-
1666. . 

27.. Manasek, F.J. (1968). Embryonic development of the heart. I. A light and 
electronn microscopic study of myocardial development in the early chick 
embryo.. JMorphol. 125, 329-366. 

28.. Manasek, F.J., Burnside, M.B., and Waterman, R.E. (1972). Myocardial cell shape 
changee as a mechanism of embryonic heart looping. Dev.Biol. 29: 349-371. 

29.. Mjaatvedt, C.H., Yamamura, H., Wessels, A., Ramdell, A., Turner, D., and 
Markwald,, R.R. (1999). Mechanisms of segmentation, septation, and 
remodelingg of the tubular heart: Endocrinal cushion fate and cardiac looping. 
InIn "Heart Development " (R.P. Harvey and N. Rosenthal, Eds.), pp. 195-208. 
Academicc Press, San Diego. 

30.. Molkentin, J.D., Lin, Q., Duncan, S.A., and Olson, E.N. (1997). Requirement of 
thee transcription factor GATA4 for heart tube formation and ventral 
morphogenesis.. Genes Dev. 11: 1061-1072. 

31.. Moorman, A.F.M., de Boer, P.A.J., Ruijter, J.M., Hagoort, J., Franco, D., and 
Lamers,, W.H. (1999). Radio-isotopic in situ Hybridization on tissue sections: 
practicall aspects and quantification. In "Methods in Molecular Biology, Vol 
137:: Developmental Biology Protocols, Vol III, chapter 11" (R.S. Tuan and 
C.W.. Lo, Eds.), pp. 97-115. Humana Press Inc., Totowa, NJ. 

32.. Moorman, A.F.M. and Lamers, W.H. (1994). Molecular anatomy of the 
developingg heart. Trends Cardiovasc.Med. 4: 257-264. 

33.. Moorman, A.F.M., Vermeulen, J.L.M., Koban, M.U., Schwartz, K., Lamers, 
W.H.,, and Boheler, K.R. (1995). Patterns of expression of sarcoplasmic 
reticulumm Ca2+ATPase and phospholamban mRNAs during rat heart 
development.. Circ.Res. 76: 616-625. 

34.. Moorman, A.F.M., de Jong, F., Denyn, M.M.F.J., and Lamers, W.H. (1998). 
Developmentt of the cardiac conduction system. Circ. Res. 82: 629-644. 

35.. Nakagawa, M., Richardson, J.A., Olson, E.N., and Srivastava, D. (1999). HRT1, 
HRT2,, and HRT3: A new subclass of bHLH transcription factors marking 
specificc cardiac, somitic, and pharyngeal arch segments. Dev.Biol. 216: 72-84. 

36.. Netter, F.H. (1969). Embryology. In "The CIBA Collection of Medical 
Illustrations,, Vol.5, the Heart" (F.F. Yonkman, Ed.), pp. 112-126. Colorpress, 
Neww York. 

81 1 



37.. O'Brien, T.X., Lee, K.J., and Chien, K.R. (1993). Positional specification of 
ventricularr myosin light chain 2 expression in the primitive murine heart tube. 
Pnc.NatLAcad.Sci.USAPnc.NatLAcad.Sci.USA 90: 5157-5161. 

38.. O'Rahilly, R. and Muller, F. (1987). Developmental stages in human embryos 
Carnegiee Inst., Washington. 

39.. Riddle, R.D., Johnson, R.L., Laufer, E., and Tabin, C. (1993). Sonic hedgehog 
mediatess the polarizing activity of the ZPA. Ce//75: 1401-1416. 

40.. Ross, R.S., Navankasattusas, S., Harvey, R.P., and Chien, K.R. (1996). An HF-
la/HF-lb/MEF-22 combinatorial element confers cardiac ventricular 
specificityy and established an anterior-posterior gradient of expression. 
DevelopmentDevelopment122:122: 1799-1809. 

41.. Rumyantsev, P.P. (1977). Interrelations of the proliferation and differentiation 
processess during cardiac myogenesis and regeneration. Int.Kev.Cytol. 51: 187-
273. . 

42.. Satin, J., Fujii, S., and de Haan, R.L. (1988). Development of cardiac heartbeat in 
earlyy chick embryos is regulated by regional cues. Dev.Biol. 129: 103-113. 

43.. Srivastava, D., Thomas, T., Lin, Q., Kirby, M.L., Brown, D., and Olson, E.N. 
(1997).. Regulation of cardiac mesodermal and neural crest development by 
thee bHLH transcription factor, dHAND. NatGenet. 16: 154-160. 

44.. Stalsberg, H. (1969). The origin of heart asymmetry: right and left contributions 
too the early chick embryo heart. Dev.Biol. 19: 109-127. 

45.. Steding, G. and Seidl, W. (1990). Cardio-vaskulares System. In 
"Humanembryologie:: Lehrbuch und Adas der vorgeburtlichen Entwickelung 
dess Menschen" (K.V. Hinrichsen, Ed.), pp. 205-294. Springer-Verlag, Berlin. 

46.. Tanaka, M., Chen, Z., Bartunkova, S., Yamasaki, N., and Izumo, S. (1999). The 
cardiacc homeobox gene Csx/Nkx2.5 lies genetically upstream of multiple 
geness essential for heart development. Development 126: 1269-1280. 

47.. Thomas, T., Yamagishi, H., Overbeek, P.A., Olson, E.N., and Srivastava, D. 
(1998).. The bHLH factors, dHAND and eHAND, specify pulmonary and 
systemicc cardiac ventricles independent of left-right sidedness. Dev.Biol 196: 
228-236. . 

48.. Thompson, R.P., Lindroth, J.R., and Wong, Y.M.M. (1990). Regional differences 
inn DNA-synthetic activity in the preseptation myocardium of the chick. In 
"Developmentall cardiology: morphogenesis and function" (E.B. Clark and A. 
Takao,, Eds.), pp. 219-234. Futura Publishing Co., Mount Kisco, NY. 

49.. van Kempen, M.J.A., Vermeulen, J.L.M., Moorman, A.F.M., Gros, D.B., Paul, 
D.L.,, and Lamers, W.H. (1996). Developmental changes of connexin40 and 
connexin433 mRNA-distribution patterns in the rat heart. Cardiovasc.Res. 32: 
886-900. . 

50.. van Mierop, L.H.S. (1967). Localization of pacemaker in chick embryo heart at 
thee time of initiation of heartbeat. Am.].Physiol. 212: 407-415. 

51.. van Mierop, L.H.S. (1979). Morphological development of the heart. In 
"Handbookk of physiology: the cardiovascular system. I. The heart" (R.M. 
Berne,, Ed.), pp. 1-28. Am.Physiol.Soc, Bethseda, Maryland. 

82 2 

http://Pnc.NatLAcad.Sci.USA


Chapterr  II I 

52.. Wessels, A., Markman, M.W.M., Vermeulen, J.L.M., Anderson, R.H., Moorman, 
A.F.M.,, and Lamers, W.H. (1996). The development of the atrioventricular 
junctionn in the human heart. Circ.Res. 78: 110-117. 

53.. Wessels, A., Vermeulen, J.L.M., Verbeek, F.J., Viragh, Sz., Kalman, F., Lamers, 
W.H.,, and Moorman, A.F.M. (1992). Spatial distribution of "tissue-specific" 
antigenss in the developing human heart and skeletal muscle: III. An 
immunohistochemicall analysis of the distribution of the neural tissue antigen 
G1N22 in the embryonic heart; implications for the development of the 
atrioventricularr conduction system. s^nat.Rec. 232: 97-111. 

54.. Xavier-Neto, J., Neville, CM., Shapiro, M.D., Houghton, L., Wang, G.F., 
Nikovits,, W., Stockdale, F.E., and Rosenthal, N. (1999). A retinoic acid-
induciblee transgenic marker of sino-atrial development in the mouse heart. 
DevelopmentDevelopment 126: 2677-2687. 

55.. Yutzey, K.E., Gannon, M., and Bader, D. (1995). Diversification of 
cardiomyogenicc cell lineages in vitro. Dev.BioL 170: 531-541. 

56.. Yutzey, K.E., Rhee, J.T., and Bader, D. (1994). Expression of the atrial-specific 
myosinn heavy chain AMHC1 and the establishment of anteroposterior 
polarityy in the developing chicken heart. Development 120: 871-883. 

57.. Zeiler, R., Bloch, K.D., Williams, B.S., Arceci, R.J., and Seidman, C.E. (1987). 
Localizedd expression of the atrial natriuretic factor gene during cardiac 
embryogenesis.. Genes Dev. 1:693-698. 

83 3 





CHAPTERR IV 

Cooperativee action of Tbx2 and Nkx2.5 
inhibitss ANF expression in the 
atrioventricularr canal: implications for 
cardiacc chamber formation 

Petraa E.M.H. Habets, Antoon F.M. Moorman, Danielle E.W. Clout, Marian A. 
vann Roon, Merel Lingbeek, Maarten van Lohuizen, Marina Campione and 
Vincentt M. Christoffels. 

Geness & Development 16, 1234-1246, 2002. 

--





Chapterr IV 

ABSTRACT T 

Duringg heart development chamber myocardium forms locally from the 

embryonicc myocardium of the tubular heart. The atrial natriuretic factor 

(ANF)(ANF) gene is specifically expressed in this developing chamber myocardium 

andd is one of the first hallmarks of chamber formation. We investigated the 

regulatoryy mechanism underlying this selective expression. Transgenic analysis 

showss that a small fragment of the ANF gene is responsible for the 

developmentall pattern of endogenous ANF gene expression. Furthermore, 

thiss fragment is able to repress cardiac troponin I (cTnl) promoter activity 

selectivelyy in the embryonic myocardium of the atrioventricular canal (AVC). 

InIn vivo inactivation of a T-box factor (TBE)- or NK2-homeobox factor binding 

elementt (NKE) within the ANF fragment removed the repression in the AVC 

withoutt affecting its chamber activity. The T-box family member Tbx2, 

encodingg a transcriptional repressor, is expressed in the embryonic 

myocardiumm in a pattern mutually exclusive to ANF, thus suggesting a role in 

thee suppression of ANF. Indeed, Tbx2 formed a complex with Nkx2.5 on the 

ANFANF TBE-NKE, and was able to repress ANF promoter activity. Our data 

providee a potential mechanism for chamber restricted gene activity in which 

thee cooperative action of Tbx2 and Nkx2.5 inhibits expression in the AVC. 
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INTRODUCTIO N N 

Thee vertebrate heart is first formed as a linear tube, which subsequently loops 

andd transforms into the definitive four-chambered heart. The events that lead 

too the formation of the mature heart have been described (Fishman and Chien 

1997;; Srivastava and Olson 2000) but the mechanisms that underlie the 

formationn of the chambers are still largely undefined. The linear heart tube is 

patternedd along three body axes and has an embryonic phenotype (i.e., ability 

too spontaneously dipolarise (automaticity), slow contraction, poor intercellular 

couplingg and poorly developed sarcoplasmic reticulum and sarcomeres). 

Positionall information guides the localized development of different 

componentss of the heart. At specific sites of the looping tubular heart 

trabeculatedd ventricular and atrial chamber myocardium is formed from this 

embryonicc myocardium. In contrast to the embryonic myocardium the 

chamberr myocardium has lost its automaticity, has a fast contraction pattern 

reminiscentt of the working myocardium of the mature heart and is well 

coupledd intercellularly (Moorman et al. 1998). Indeed, the chamber 

myocardiumm specifically initiates the expression of gap-junction genes connexin 

(Cx)(Cx) 40 and Cx43 required for intracellular coupling (Delorme et al. 1997), and 

otherr genes including ANF and Chisel (Christoffels et al. 2000; Palmer et al. 

2001).. Thus, chamber formation requires the localized initiation of a 

transcriptionall differentiation program. The smooth-walled myocardium of the 

infloww tract (IFT), atrioventricular canal (AVC), inner curvature and outflow 

tractt (OFT) retains the embryonic myocardial phenotype longer, and 

concomitandyy does not express Cx40, Cx43, ANF and Chisel. These regions 

aree crucial for septation and they also contribute to the formation of the nodal 

componentss of the conduction system (i.e., sino-atrial node, atrioventricular 

nodee and atrioventricular junction myocardium), which share phenotypic 

characteristicss with the embryonic myocardium (Moorman et al. 1998; Davis et 

al.. 2001). As many cardiac malformations find their origin in the incorrect 

developmentt of these embryonic regions, knowledge regarding the 

mechanismss behind the regulation of the site-specific differentiation program 
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iss essential. The ANF gene is ideal to analyse the molecular mechanisms that 

mayy underlie the localized formation of atrial and ventricular chamber 

myocardiumm within the linear heart tube. First, although in the mature heart 

ANFANF gene expression is restricted to the atrial auricles, during development its 

expressionn is specific for the forming ventricular and atrial chambers. It 

thereforee serves as a marker gene for the chamber myocardium (Christoffels et 

al.. 2000). Second, the regulation of the ANF gene has been well characterized 

andd serves as a paradigm for the regulatory mechanisms that control cardiac 

genee expression. Previously, a 0.7 kbp upstream fragment of the ANF gene 

wass shown to be sufficient for cardiac-specific gene expression in cultured 

cardiomyocytess and transgenic mice (Field 1988; Argentin et al. 1994; 

Knowltonn et al. 1995), although the developmental pattern of the transgene 

wass not reported. A number of general and cardiac-enriched transcription 

factorss were shown to interact with this fragment. Of these, the NK2 

homeoboxx factor Nkx2.5 and T-box factor Tbx5 were shown to be required 

forr ANF gene expression in vivo (Lyons et al. 1995; Tanaka et al. 1999; Bruneau 

ett al. 2001). Inactivation of either factor in Xenopus and mouse results in 

severelyy affected heart development. Moreover, mutations in the genes 

encodingg these factors in human and mouse result in congenital cardiac 

malformationss including septum defects and conduction disease (Basson et al. 

1997,, Li et al. 1997, Schott et al. 1998; Bruneau et al. 2001). In vitro studies 

demonstratedd that Tbx5 and Nkx2.5 associate and synergistically activate the 

ANFANF regulatory fragment (Hiroi et al. 2001; Bruneau et al. 2001). Although 

thesee studies have greatly advanced our understanding of the regulation of 

heart-specificc gene expression, the mechanism for the chamber-specificity 

remainedd unclear. In this study we demonstrate that the 0.7 kb ANF fragment 

iss responsible for the developmental pattern of the ANF gene. A part of this 

fragmentt was able to repress the activity of a cardiac troponin I (cTnl) promoter 

fragmentt specifically in the AVC. In vivo inactivation of an NK-2 homeobox 

factorr binding element (NKE) or T-box factor binding element (TBE) within 

thee ANF fragment did remove the repression in the embryonic myocardium of 

thee AVC, while the activity in the chamber myocardium was not affected. 
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Additionall analysis showed that Tbx2 gene expression is restricted to the 

embryonicc areas of the developing heart in a pattern complementary to ANF. 

Indeed,, Tbx2 and Nkx2.5 formed a complex on the TBE-NKE site within the 

ANFANF fragment, and Tbx2 was able to repress the activity of the ANF 

fragment.. Our data suggest a novel mechanism for the site-specific formation 

off chamber myocardium by localized repression of the differentiation program 

withinn the embryonic heart. 

MATERIAL SS &  METHOD S 

Transgenee construction 

Alll constructs used to generate transgenic mice (Table 1) contain a chimeric 

intronn from the pCI vector (Promega), lacZ with a nuclear localisation signal 

{nlacZ){nlacZ) and the polyadenylation signal from the bovine growth hormone gene. 

Thee ANF construct contains the -638/+70 bp ANF regulatory region, the 

cTnll construct contains the -230/+126 bp cTnl promoter region. ANF-cTnl is 

aa chimeric construct in which the -638/-138 ANF sequence is fused in front of 

thee -230/+126 cTnl promoter region. In the MLC2V-cTnI construct the -

250/-400 MLC2V sequence is fused to the -230/+126 cTnl promoter region. 

ANFmutNKE-cTnll is identical to the ANF-cTnl construct, with the 

exceptionn of a four base-pair substitutional mutation of the NKE located at 

positionn -250 of the ANF promoter region (NKE: TTGAAGTGGG, 

NKEmut:: TTGCCTCGGG) (Shiojima et al. 1999). The ANFmutTBE-cTnl 

constructt is identical to the ANF-cTnl construct with the exception of a four 

base-pairr substitutional mutation of the TBE located at position -259 of the 

ANFANF promoter region (TBE: TCTCACACCTT, TBEmut: TCTCTTTGCTT) 

(Sinhaa et al. 2000). The mutations were generated using the QuickChangeTM 

Site-Directedd Mutagenesis kit (Stratagene, USA). With exception for the ANF-

nlacZZ construct, all constructs were flanked by a 1.2 kb Sall-BamHI tandem 

repeatt of a chromosomal insulator sequence from the 5' region of the chicken 

p-globinp-globin gene kindly provided by G. Felsenfeld (Chung et al. 1993). 
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Generation,, identification and analysis of transgenic mice 

Afterr removal of the vector sequences, the transgene constructs were injected 

intoo the pronuclei of zygotes of FVB mice and the injected zygotes were 

reimplantedd into pseudopregnant foster mothers using standard techniques 

(Hogann et al. 1994). Animal care was according to guidelines as described 

(Christoffelss et al. 1995). Constructs were analysed on lines (ANF), FO 

embryoss (ANFmutNKE-cTnl and ANFmutTBE-cTnl), or both FO and lines 

(cTnl,, ANF-cTnl and MLC2V-cTnI). Positive embryos were scored by 

Southernn blot and PCR on DNA prepared from the yolk sac. For Southern 

blott analysis we used the nlacZ reporter gene (2kb Ncol/Sad fragment) as a 

probee (Sambrook et al. 1989). For PCR analysis, primers specific to the nlacZ 

sequencess were used (lacZ+, GCA TCG AGC TGG GTA ATA AGC GTT 

GGCC AAT and lacZ-, ACT GCA ACA ACG CTG CTT CGG CCT GGT 

AAT)) according to standard procedures (Sambrook et al. 1989). Embryos were 

stainedd for P-galactosidase activity as described (Franco et al. 2001). 

Plasmidd constructs and transfections 

Culturess of primary atrial and ventricular cardiomyocytes were prepared from 

El7.55 Wistar rats as described (van Wamel et al. 2000). Cos-7 cells were grown 

underr standard culture conditions in DMEM/F12 (Gibco BRL, The 

Netherlands)) supplemented with 10% fetal calf serum. Cells were transfected 

withh 4.4 jig of reporter construct, 10-1000 ng of expression plasmid or empty 

vectorr for compensation and 200 ng of luciferase expression vector (CMV-

Luc)) as an internal control per 6-cm dish, using the calciumphosphate method 

(Sambrookk et al. 1989). Cell extracts and luciferase assays were performed as 

describedd (Christoffels et al. 1995). p-galactosidase activity was measured using 

thee Galacto-Light kit (Tropix, Bedford) according to the manufacturers 

instructions.. Light emission was measured in a Turner TD-20/20 luminometer. 

Alll results are from one representative experiment (out of 3) done in duplicate. 

Full-lengthh mouse FLAG-Nkx2.5, kindly provided by Dr. R. Harvey, was 

clonedd into pCI (Promega). 
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FLAG-Nkx2.5-L176PP was generated by PCR and subcloned into pCI 

(Promega).. Full-length human TBX5 (Basson et al. 1999), kindly provided by 

Dr.. C. Basson, was cloned into pcDNA3.1 (Clontech). Full-length human 

TBX22 and TBX2-delRD were cloned in pcDNA3.1 as described (Jacobs et al. 

2000).. TBX2R122E/R123E was generated by PCR and subcloned into 

pcDNA3.11 (Clontech). 

Non-radioactivee in situ hybridisation 

Wholee mount in situ hybridisation and non-radioactive in situ hybridisation on 

sectionss were performed as described (Moorman et al. 2001). The cDNA 

probess used were ANF (Zeiler et al. 1987), Tbx2, Tbx5 (Chapman et al. 1996) 

andd Cx40 (Delorme et al. 1997). 

Electromobilit yy shift assays 

Nuclearr extracts were prepared from HEK cells transfected with expression 

vectorss for TBX2, TBX2-delRD, TBX2-R122E/R123E, TBX5, FLAG-

Nkx2.55 and FLAG-Nkx2.5-L176P. Double stranded oligonucleotides were 

synthesisedd and labelled with [a-32P]dATP using Klenow polymerase. Labelled 

probess were incubated and used in binding reactions as described and resolved 

onn a 6% polyacrilamide gel (Espinas et al. 1994). Oligonucleotides used 

(complementaryy strand not shown, mutations underlined): Wild type (WT) 

TCTGCTCTTCTCACACCTTTGAAGTGGGG GGCCTCTTG, TBE mutated 

(TBEmut)) TCTGCTCTTCTCTTTGCTTTGA AGTGGGGGCCTCTTG 

andd NKE mutated (NKEmut) TCTGCTCTTCTCAC 

ACCTTTGCCTCGGGGGCCTCTTG. . 

Western-blott  analysis 

Western-blott analysis was performed according to standard methods 

(Sambrookk et al. 1989). Primary antibodies were a rabbit polyclonal raised 

againstt the amino terminus of human TBX2 (Jacobs et al. 2000), and an anti-

FLAGG antibody from ABR, USA. 
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RESULTS S 

Thee ANF regulatory region is active in atrial and ventricular  chamber 

myocardium m 

Wee first assessed whether the ANF regulatory region is capable of driving 

reporterr gene expression specifically in the atrial and ventricular chamber 

myocardiumm of the developing heart. Therefore, we generated transgenic mice 

harbouringg this ANF regulatory region (-638/+70) coupled to the nlacZ 

reporterr gene. Heart-specific reporter gene expression was analysed by whole 

mountt X-gal staining of mouse (E9.5 and Ell.5) embryos (Figure 1). 

FIGUR EE 1: The 0.7 kb ANF regulatory region is responsible for  the developmental 
patternn of the endogenous A/VFgene. 
(A)) A lateral view of the endogenous ANF gene expression in the heart of E9.5 mouse 

embryo. . 
(BB /C) A lateral view of the nlacZ reporter gene expression in the heart of E9.5 transgenic 

embryos. . 
(DD /F) A ventral (D) and dorsal view (F) of the endogenous ANF expression at E l 1.5. 
(EE /G) A ventral (E) and dorsal (G) view of ANF transgene expression at E l l . 5 . ift: inflow 

tract,, la: left atrium, ra: right atrium, avc: atrioventricular canal, lv: left ventricle, rv: 
rightt ventricle, oft: outflow tract, lscv: left superior caval vein, rscv: right superior 
cavall vein, as: aortic sac. 

Att E9.5, expression of the reporter gene was observed in the atrial and 

ventricularr chamber myocardium while expression was absent from the 
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embryonicc myocardium of AVC, inner curvature and OFT (Table 1 and Figure 

IBB and 1C). At stage El 1.5 nlacZ expression is still present in both atria and 

bothh ventricles while the expression is higher in the LV as compared to the RV 

(Figuree IE and 1G). At both stages the transgene expression pattern is 

comparablee to that of the endogenous ANF gene (Figure 1A, ID and IF). The 

onlyy exceptions were the right and left superior caval veins that express the 

transgene,, but not the endogenous gene (Figure IF and 1G). Therefore, the 0.7 

kbb ANF regulatory region mimics the endogenous developmental expression 

patternn in the mouse heart and selectively demarcates the atrial and ventricular 

chamberr myocardium. 

TABL EE 1: Reporter  gene expression data of ANFcTnl, ANF-cTnl, MLC2V-cTnIy 

ANFANF mutNKE-cTnl, ANFmutTBE-cTnl and ANFmutTBE/NKE transgenic mice at 
E10.5. . 
Ann arbitrary scale of intensity was assigned with + + + + indicating very strong expression, + / -
veryy weak expression and - as having no detectable staining. * indicates the result from 
multiplee embryos of a transgenic mouse line. Each embryo from a line showed an identical 
expressionn pattern. Others are single embryos derived from F0 screens. With exception of the 
ANFF construct, alt constructs were flanked by insulators, ift: inflow tract, la: left atrium, ra: 
rightt atrium, avc: atrioventricular canal, Iv: left ventricle, rv: right ventricle, oft: outflow tract. 
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Thee cTnl regulatory region is active in the embryonic myocardium of 

thee atrioventricula r  canal 

Thee observed absence of expression of the ANF transgenes in the embryonic 

myocardiumm of the AVC and OFT could result from lack of activation or from 

activee repression in these regions. To discriminate between these two 

mechanismss we searched for a minimal cardiac promoter region that is 

predominantlyy active in the embryonic myocardium. Coupled to the regulatory 

sequencess of the ANF gene, this minimal cardiac promoter could be used as a 

read-outt for lack of activation or active repression in the embryonic 

myocardium.. The cTnl gene is expressed in the entire myocardium (Vallins et 

al.. 1990; Ausoni et al. 1991). The 356 bp promoter region (-230/+126), 

analysedd in transgenic mice, however, showed a variable pattern of expression, 

whichh always included the myocardium of the AVC (Di Lisi et al. 1998; Di Lisi 

ett al. 2000). 
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Furthermore,, only six out of sixteen transgenic mice showed expression (R. Di 

Lisii and S. Schiaffino, personal communications). To protect the small cTnl 

promoterr region from position effects it was flanked by insulator sequences 

fromm the chicken f$-globin locus (Chung et al. 1993; Chung et al. 1997; Bell et al. 

1999),, which did not affect the activition of the cTnl promoter by various 

transcriptionn factors in transient transfection assays (data not shown). As 

shownn in Table 1, all insulated mouse lines and transgenic embryos expressed 

thee transgene in the heart and transgene expression was always present in the 

AVCC (Figure 2A). In addition, in 9 out of 10 transgenic embryos expression 

wass extended to the RA and LV (Table 1 and Figure 2A). None of the 

transgenicc embryos showed expression in the myocardium of IFT and OFT. 

Applicationn of insulator sequences appeared to stabilise the transgene 

expressionn pattern and strongly increased the proportion of expressing 

transgenicc mice (Z-test; p=0.013, insulated versus non insulated). Therefore, 

insulatorss flanked all further constructs used in this study. 

Thee 0.5 kb ANF regulatory region extinguishes cTnl promoter  activity 

inn the atrioventricula r  canal 

Thee -638/438 bp region of the ANF promoter (Durocher and Nemer 1998) 

wass placed upstream of the otherwise identical cTnl construct and transgenic 

embryoss were generated. All ANF-cTnl transgenic embryos showed a similar 

expressionn pattern in the heart (Table 1). At El0.5 transgene expression was 

observedd in the chamber myocardium of the RA, LA, LV and RV, with lower 

expressionn levels in the RV as compared to the LV. No transgene expression 

wass observed in the myocardium of the IFT, AVC, inner curvature and OFT 

(Figuree 2B). The expression pattern of these ANF-cTnl transgenes is very 

similarr to the expression pattern of the transgenics that harbour the full 0.7 kb 

ANFANF regulatory region (compare Figure 1G and 2B). These observations 

suggestt that the characteristic cTnl promoter activity in the AVC (Figure 2A), is 

activelyy repressed by the presence of the 0.5 kb fragment of the ANF 

promoter.. This, in turn, would require the presence of a repressor mechanism 

thatt is active in the AVC but not in the atrial and ventricular chamber 
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myocardium.. To determine whether the repressive effects of the ANF 

regulatoryy sequences were specific, a third chimeric construct (MLC2V-cTnI) 

wass made in which we replaced the 0.5 kb ANF regulatory region by a 0.2 kb 

regionn (-250/-42) of the MLC2V promoter. This MLC2V promoter region 

conferss right ventricular and OFT expression to a lacZ reporter gene in vivo 

(Rosss et al. 1996), and also in our vector backbone (data not shown). Both 

MLC2V-cTnIMLC2V-cTnI transgenic lines gave similar expression patterns in the heart 

(Tablee 1). At E10.5 expression of the transgene was restricted to the RA, AVC 

andd LV, identical to the pattern of the cTnl transgenes (compare Figure 2A 

andd 2C). This indicates that the 0.2 kb MLC2V promoter region is not capable 

off imposing its activity onto the cTnl promoter or of extinguishing expression 

inn the myocardium of the AVC. Therefore, the repression of AVC activity is 

specificc for the ANF fragment. 

Inactivatio nn of a high affinit y NK E in the ANF regulatory region 

removess repression in the atrioventricula r  canal 

Nkx2.55 is important in the control of ANF expression (Lyons et al. 1995; 

Durocherr et al. 1996; Tanaka et al. 1999), and interacts with multiple binding 

elementss (NKEs) within the ANF regulatory fragment, including a high 

affinityy NKE at position -250 bp (Durocher et al. 1997; Lee et al. 1998; 

Durocherr and Nemer 1998; Shiojima et al. 1999; Hiroi et al. 2001). To analyse 

whetherr this NKE is involved in the repressive activity of the ANF fragment, 

wee generated transgenic embryos with the ANF-cTnl construct in which the 

NKEE is inactivated by mutation. All transgenic embryos with the NKE 

mutationn (ANFmutNKE-cTnl) did show nlacZ expression in the AVC (Table 

11 and Figure 2D). Additionally, they showed expression in the RA, LA, LV and 

RVV similar to ANF (Figure 1G) and ANF-cTnl transgenes (Figure 2B). These 

resultss show that in vivo the NKE is not required for activation of expression in 

thee chambers but for repression in the AVC. It is not likely that the specific 

repressionn in the AVC is solely explained by the function of Nkx2.5, because 

thiss transcription factor is expressed in the entire heart (Lints et al. 1993; 

Komuroo and Izumo 1993; Kasahara et al. 1998). 
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cTnl l 

ANF-cTnl l 

MLC2V-cTnl l 

ANFmutNKE-cTnl l 

ANFmutTBE-cTnl l 

JsJi. JsJi. 

ANFmutTBE/NKE-cTnl l 

FIGUR EE 2: LocaKzation of 
transgenee expression in E10.5 mouse 
hearts. . 
(A)) The cTnl transgene is 

predominantlyy expressed in the 
primaryy myocardium of the AVC. 

(B)) The ANF-cTnï transgene is solely-
expressedd in the chamber 
myocardium.. No transgene 
expressionn is present in the AVC 
myocardium. . 

(C)) MLC2V-cTnl transgenics show 
predominantt expression in the 
primaryy myocardium of the AVC, 
similarr to the pattern of the cTnl 
transgenes. . 

(D)) Mutation of the NKE at position -
2500 bp in the ANF regulatory 
regionn removes the repression in 
thee AVC. 

(E)) Mutation of the TBE at position -
2599 bp in the ANF regulatory 
regionn also removes the repression 
inn the AVC. 

(F)) Mutation of both the TBE and 
NKEE removes the repression in 
thee AVC as well, ift: inflow tract, la: 
leftt atrium, ra: right atrium, avc: 
atrioventricularr canal, lv: left 
ventricle,, rv: right ventricle, oft: 
outfloww tract. 
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Therefore,, we assumed that the observed effect of the NKE mutation reflects 

ann interaction between Nkx2.5 and other factors bound to neighbouring 

elements. . 

Inactivationn of a T-box binding element adjacent to the NK E removes 

repressionn in the atrioventricula r  canal 

Thee ANF regulatory region contains a T-box binding element (TBE) in close 

vicinityy (position -259 bp) to the NKE. This TBE is conserved between 

species,, homologous to a T-half site (Kispert et al. 1995) and required for the 

activationn by Tbx5 and Nkx2.5 in transfection assays (Hiroi et al. 2001; 

Bruneauu et al. 2001). We generated transgenic embryos that have an 

inactivatingg mutation (Sinha et al. 2000) in the TBE within the ANF-cTnl 

transgenee construct (ANFmutTBE-cTnl). Nine transgenic embryos were 

analysedd at El0.5 and revealed a similar transgene expression pattern in the 

heartt (Table 1). Similar to the ANFmutNKE-cTnl transgenes, expression was 

presentt in the AVC as well as in the RA, LA, LV and RV (Figure 2E). These 

resultss demonstrate that the TBE is essential for the repression by ANF 

regulatoryy sequences in the embryonic myocardium of the AVC, but is not 

essentiall for activity in the chamber myocardium. Both TBE and NKE were 

essentiall for the synergistic activation of the ANF fragment by Tbx5 and 

Nkx2.55 in transfection assays. However, inactivation of neither element visibly 

affectedd chamber activity in vivo. To investigate whether in vivo the TBE and 

NKEE are redundant for ANF activity, transgenic embryos were generated in 

whichh both elements were inactivated (ANFmutTBE/NKE-cTnl). Three 

transgenicc embryos were analyzed at El 0.5 and revealed a similar transgene 

expressionn pattern in the heart (Table 1). Similar to the ANFmutNKE-cTnl and 

ANFmufTBF-cTnlANFmufTBF-cTnl transgenes, expression was present in the AVC as well as in 

thee RA, LA, LV and RV (Figure 2F). These results demonstrate that both 

elementss are dispensable for chamber activity. 
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Thee transcriptio n factor  Tbx2 is expressed in the embryonic 

myocardium m 

Tbx2Tbx2 is a T-box factor family member that acts as a transcriptional repressor 

(Carreiraa et al. 1998; Sinha et al. 2000; Jacobs et al. 2000), and is expressed in 

thee AVC of the chicken and mouse heart (Gibson-Brown et al. 1998; Yamada 

ett al. 2000). To explore its possible involvement in ANF gene regulation we 

analysedd the pattern of Tbx2 mRNA in the developing mouse heart by non

radioactivee in situ hybridisation on serial sections. At E8.75, the Tbx2 gene was 

presentt in the embryonic myocardium of the IFT and AVC (Figure 3D). At 

thiss stage, ANF is selectively expressed in the ventricular myocardium and 

absentt from the IFT (Figure 3A). 

E11.5 5 E11.5 5 E11.5 5 

FIGUR EE 3: Non-radioactive in situ hybridisation on serial sections shows 
complementaryy expression of endogenous ANF and Tbx2an& 27«5mRNA. 
(A-CC and G) ANF expression at E8.75 (A), E9.5 (B and C) and El 1.5 (G). 
(D-FF and H) Tbx2 expression at E8.75 (D), E9.5 (E and F) and El 1.5 (H). 
(I)) Tbx5 expression at El 1.5. Note the mutually exclusive pattern of expression of 

ANFANF and Tbx2. Arrows in B and E indicate the AVC and OFT region that is 
continuouss at the inner curvature. Arrows in C, F and H indicate the AVC 
region,, ift: inflow tract, la: left atrium, ra: right atrium, avc: atrioventricular canal, 
lv:: left ventricle, rv: right ventricle, oft: outflow tract, ev: embryonic ventricle, fg: 
foregut,, pa: pharyngeal arch, oftc: outflow tract cushion, lb: lung bud, fl: 
forelimb.. Bar =100 p.m. 

100 0 



Chapterr IV 

Att E9.5, Tbx2 is expressed in the IFT, AVC, inner curvature and in the OFT 

(Figuree 3E and 3F). No Tbx2 expression could be observed in the atrial and 

ventricularr chamber myocardium (Figure 3E and 3F). The pattern of ANF is 

strictlyy complementary to that of Tbx2, and is restricted to the chamber 

myocardiumm of both atria and ventricles and absent from the embryonic 

myocardiumm of the IFT, AVC, inner curvature and OFT (Figure 3B and 3C). 

Att E l 1.5, Tbx2 is expressed in the AVC and OFT (Figure 3H). The pattern is 

complementaryy to the pattern of ANF that is expressed in the atrial 

appendagess and the LV (Figure 3G). At El 1.5, the Tbx5 gene, encoding a 

transcriptionall activator involved in ANF gene regulation (Hiroi et al. 2001; 

Bruneauu et al. 2001; Ghosh et al. 2001), showed expression in the myocardium 

off RA, LA, AVC and LV (Figure 31). Expression of both Tbx5 and ANF is 

virtuallyy absent from the RV and OFT. The TbxS gene expression pattern 

overlapss that of ANF, Tbx5 being additionally expressed in the embryonic 

myocardiumm of the IFT, AVC, inner curvature and in the atrial septum (Figure 

3GG and 31). Cx40 is, like ANF, also under control of Tbx5 (Bruneau et al. 

2001).. The expression of Cx40 (Delorme et al 1997) is similar to the ANF 

expressionn pattern, being also complementary to the pattern of Tbx2 (data not 

shown). . 

Tbx22 and Nkx2.5 form a ternary complex with the AMFTBE-NK E 

Thee requirement of the TBE and NKE for repression in the AVC and the 

complementarityy in expression pattern between Tbx2 and ANF prompted us 

too study the interaction of Tbx2 and Nkx2.5 with the NKE-TBE site using 

electromobilityy shift assay (EMSA) experiments. Oligonucleotide probes were 

usedd that correspond to ANF promoter sequences -273 to -236 that harbour 

bothh the TBE and NKE (WT), an intact TBE and a mutated NKE (NKEmut), 

orr a mutated TBE and an intact NKE (TBEmut). Nkx2.5 as well as Tbx2 

boundd to the WT probe and could be supershifted using specific antibodies 

(Figuree 4A). Nkx2.5 binding was abolished by the NKE mutation (NKEmut 

probe)) while Tbx2 binding was not affected (Figure 4A). Tbx2 binding was 

abolishedd by the mutation in TBE (TBEmut probe) (Figure 4A) while Nkx2.5 
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bindingg was not affected (not shown). Incubation of both Nkx2.5 and Tbx2 

withh the WT probe produced a larger ternary complex in addition to the 

Nkx2.5-- and Tbx2-DNA complexes (Figure 4A). 

NKE E TBEMKE E 
muïï mat 

W<£TB6 6 
matmat mut 
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FIGUR EE 4: Tbx2 and Nkx2.5 form a ternary complex with the ^VFTBE-NKE . 
(A)) EMSAs were performed using nuclear extracts from HEK cells expressing Nkx2.5 or 

Tbx2.. The WT probe contains the TBE-NKE, the NKEmut probe contains the TBE and 
thee mutated NKE as used in the transgene construct. The TBEmut probe contains the 
NKEE and the mutated TBE as used in the transgene construct. 
Bothh Nkx2.5 and Tbx2 bind to the WT probe. Nkx2.5 does not bind the NKEmut probe 
andd Tbx2 does not bind the TBEmut probe. When mixing together Nkx2.5 and Tbx2 
extracts,, an additional ternary complex is formed on the WT and to a lesser extend on the 
NKEmutt probe, while the complex is absent when using the TBEmut probe. 

(B)) Replacing Nkx2.5 for Nkx2.5-L176P (NKx2.5-LP) or Tbx2 for Tbx2-R122E/R123E 
(Tbx2-RE/RE)) shows that on the WT probe the DNA binding ability of both Nkx2.5 and 
Tbx22 is necessary for complex formation. The carboxy terminal region of Tbx2 is not 
requiredd for DNA binding (Tbx2-delRD). Tbx5 is also able to bind the WT probe. 

(C)) Once formed, the Nkx2.5/Tbx2 complex is stable. The WT probe was incubated with 
nuclearr extracts and cold competitor oligonucleotides (100 and 1000 fold excess) as 
indicatedd at the top of the figure. Whereas a 100 fold excess of WT probe was sufficient 
too disrupt the complex, a 100 fold excess of NKEmut and a 1000 fold excess of TBEmut 
weree not sufficient. 

(D)) Western-blots of nuclear extracts of HEK cells expressing FLAG-Nkx2.5, FLAG-Nkx2.5-
LP,, Tbx2, Tbx2-delRD and Tbx2-RE/RE. 
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Mutationn of the TBE abolished ternary complex formation while this ternary 

complexx was still weakly present when the NKE was mutated (Figure 4A). 

Thesee results indicate that the TBE, and to a lesser extend the NKE are 

necessaryy for ternary complex formation. Nkx2.5-L176P, which contains a 

leucinee to proline substitution within the Nkx2.5 DNA binding domain that 

inactivatess its DNA binding ability (Grow and Krieg 1998), did not bind to the 

WTT probe and did not form a ternary complex with Tbx2 (Figure 4B). Tbx2-

R122E/R123EE in which amino acids involved in DNA interaction were 

substituted,, did not bind the WT probe (Figure 4B) and did not form a 

complexx with Nkx2.5 (not shown). These results indicate that binding to the 

DNAA of both Nkx2.5 and Tbx2 is necessary for ternary complex formation. 

Tbx2-delRDD also shows binding to the TBE indicating that the portion C-

terminall to the T-box that is involved in repression, is not required for DNA 

bindingg (Figure 4B). Compared to the full length protein, binding of the 

truncatedd protein to the TBE is more efficient. A similar observation was made 

forr C-terminal truncated versions of the Tbx5 protein, which were found to 

increasee the affinity for the DNA (Ghosh et al. 2001). To test whether the 

ternaryy complex, once formed, was stable, competition assays were performed. 

AA 100-fold excess of unlabelled WT probe successfully competed the ternary 

complexx (Figure 4C). In contrast, even a 1000-fold excess of NKEmut probe 

producedd weak competion and no competition was observed using the 

TBEmutt probe as competitor (Figure 4C). These results indicate that the 

ternaryy complex, once formed, is stable and is not disrupted by competion for 

bindingg with one of the two factors. Western-blot analysis demonstrated that 

nuclearr extracts contained TBX2, TBX2-delRD, TBX2-R122E/R123E, 

FLAG-taggedd Nkx2.5 and Nkx2.5-L176P protein (Figure 4D). 

Thee A/VFpromoter  is a functional target of Tbx2 

Too study whether the ANF regulatory region is a functional target of Tbx2, co-

transectionss were performed with the 0.7 kb ANF promoter reporter 

construct.. In atrial cultures, co-trans fecuon of full length Tbx2 resulted in a 

twoo fold decrease of ANF promoter activity, 
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whilee co-transfection of Tbx2 without its repressor domain (RD) and fused to 

thee trans activation domain of VP16 (VP16-Tbx2-delRD) gave a two fold 

increasee in ANF promoter activity. Although the effect of co-transfecting 

thesee factors is similar in atrial and ventricular cardiomyocyte cultures, the 

differencess are more pronounced in the ventricular cultures (Figure 5A). In 

Cos-77 cells, ANF promoter activity decreased three fold upon co-transfection 

off Tbx2 (Figure 5B). Tbx2-delRD was unable to repress the ANF promoter 

indicatingg that the repressor domain is essential for the observed repression 

(Figuree 5B). Co-transfection of VP16-Tbx2-delRD resulted in a drastic 

increasee in activity, which became even more pronouced when VP16-Tbx2 was 

usedd (Figure 5C) which contains the full length Tbx2 cDNA coupled to VP16. 

VP16-Tbx2-R122E/R123EE was not able to activate the ANF promoter 

demonstratingg that DNA binding of Tbx2 is essential for regulation of the 

ANFANF promoter (Figure 5C). Together, these data demonstrate that the 0.7 kb 

ANFANF regulatory region is a target for Tbx2-mediated repression. To address 

whetherr Tbx2 and Nkx2.5 mediate ANF gene regulation via the TBE and 

NKE,, respectively, an ANF reporter construct containing point mutations in 

thee TBE at -259 bp was transfected in Cos-7 cells (Figure 5D). Loss of the 

TBEE site diminished the VP16-Tbx2 induced ANF promoter activity. 

Additionall mutation of the TBE located at -485 bp did not further decrease 

promoterr activity. The residual activation of the mutated ANF promoters 

possiblyy results from VP16-Tbx2 activation via a potential T-half site located at 

-900 bp (Bruneau et al. 2001). This site is however not present in the ANF-cTnl 

transgenee constructs. Co-transfection of Nkx2.5 resulted in a three fold 

activationn of the 0.7 kb ANF promoter (Figure 5E). Mutation of the NKE 

locatedd at -250 did not influence the inducibility of the ANF promoter by 

Nkx2.5.. Possibly, this response is mediated by additional low affinity NKEs 

locatedd at -242 bp and -80 bp in the ANF promoter (Lee et al. 1998, Shiojima 

ett al. 1999). Previous studies have demonstrated that the TBE is a functional 

bindingg site for the transcriptional activator Tbx5 and that the TBE-NKE is 

involvedd in synergistic activation of the ANF promoter by Tbx5 and Nkx2.5 

(Hiroii et al. 2001; Bruneau et al. 2001). 
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FIGUR EE 5: The 0.7 kb AZVFpromoter  is a functional target for  Tbx2. 
(A)) Transient transfections were carried out with the 0.7 kb ANF promoter in primary atrial 

andd ventricular cardiomyocytes. Co-transfections show that Tbx2 repressed ANF 
promoterr activity whereas VP16-Tbx2-delRD activated the ANF promoter. The results 
aree from one representative experiment (out of 3) done in duplicate. Error bars represent 
thee difference between the duplicates. 

(B)) Tbx2 mediated repression requires the Tbx2 repressor domain and interaction with the 
DNA.. Co-transfection experiments were carried out with the 0.7 kb ANF promoter in 
Cos-77 cells. 

(C)) Fusion of the VP16 transactivation domain to either the full length Tbx2 (VP16-Tbx2) or 
too Tbx2, from which the carboxy terminal end that includes the repression domain, was 
removedd (VP16-Tbx2-deIRD) resulted in strongactivation of the A N F promoter region. 
VP16-Tbx2-R122E/R123EE did not activate the A N F promoter region 

(D)) Co-transfection using point mutations of the 0.7 kb ANF promoter in Cos-7 cells show 
thatt VP16-Tbx2 activates the ANF regulatory region via the TBE. 
Thee basal values of the mutated constructs were comparable to the control construct. 

(E)) Nkx2.5 activation of the ANF promoter does not require the NKE. Synergistic activation 
off the ANF promoter by Tbx5 and Nkx2.5 requires an intact TBE and NKE. The basal 
valuess of the mutated constructs were comparable to the control construct. 

(F)) Synergistic activity of Nkx2.5 and Tbx5 is reduced by Tbx2 in a dose dependent manner, 
indicatingg that Tbx2 can efficiently compete with Tbx5 in the regulation of the ANF 
promoter.. All results are from one representative experiment (out of 3) done in duplicate. 
Errorr bars represent the difference between the duplicates. N: NKE located at position -
2500 bp, T2: TBE located at position -259 bp, T3: TBE located at position -485 bp. 
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Becausee both Tbx5 and Tbx2 are expressed in the AVC we tested whether 

Tbx22 can compete with Tbx5. The ANF promoter was transfected in Cos-7 

cellss and co-transfected with Tbx5, Nkx2.5 and increasing amounts of Tbx2 

(Figuree 5F). As expected, Tbx5 and Nkx2.5 synergistically activated the ANF 

promoterr (Figure 5F). The activation depended on both the TBE and NKE 

(Figuree 5E). Adding as litde as 10 to 100 ng of Tbx2 compared to 400 ng of 

Tbx55 and Nkx2.5 resulted in a loss of induction, indicating that Tbx2 can 

efficiendyy compete with Tbx5 in the regulation of ANF promoter activity 

(Figuree 5F). Adding larger amounts of Tbx2 resulted in an even higher 

reductionn (Figure 5F). The competition of Tbx2 is specific as both the Tbx2-

R122E/R123EE and the unrelated factor Irx5 were unable to interfere (Figure 

5F). . 

DISCUSSION N 

Chimeri cc regulatory regions reveal active repression in the 

atrioventricula rr  canal 

Inn the developing heart ANF displays a chamber-restricted pattern of 

expressionn that is recapitulated by the proximal 0.7 kb ANF regulatory region. 

Sincee the AVC activity of the cTnl promoter was extinguished in the ANF-cTnl 

transgenics,, we conclude that the ANF regulatory region actively imposes 

repressionn on the cTnl promoter. By studying the 0.7 kb ANF regulatory 

regionn itself, and not in the context of chimeric constructs, this property would 

nott have been revealed, and would not have prompted us to search for the 

repressorr function within this region. Dysfunction of the cTnl promoter due to 

thee composition of the chimeric construct is unlikely for a number of reasons. 

Thee combined promoter is active in the chambers, similar to the ANF 

promoter,, showing that the construct is transcriptionally competent. When 

MLC2VMLC2V sequences were placed upstream of the cTnl promoter, no 

interferencee with cTnl promoter activity was detected. When single site 

mutationss were made in the ANF-cTnl construct, 
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thee activity in the AVC was restored. Therefore, the AVC-specific extinction of 

transcriptionn by ANF sequences can be attributed to an intrinsic repressor 

function. . 

Thee NK E and TBE are essential for  repression in the atrioventricula r 

canal l 

Thee removal of repression in the AVC by inactivation of the NKE or TBE site 

revealedd that an NK2 factor, probably Nkx2.5, and a T-box factor are 

componentss of an inhibitory pathway. The pattern of Tbx2 gene expression, 

andd the ability of Tbx2 to repress the ANF promoter and to bind to the ANF 

TBE-NKEE site together with Nkx2.5 indicate that this TBE is a target for 

Tbx2.. Based on these findings we propose that Nkx2.5 and Tbx2 cooperatively 

represss the ANF promoter in the AVC. Preliminary data showed that the 

MLC2vMLC2v promoter, active in the OFT and RV, is extinguished in the OFT by 

thee 500 bp ANF regulatory region, suggesting that this pathway is also active 

inn the OFT (our unpublished observations). In this repression mechanism, 

Nkx2.55 functions as a cardiac accessory factor for Tbx2, which in turn 

repressess the ANF promoter in the AVC. The accessory function of Nkx2.5 is 

inn line with the ability of this factor to cooperate with members of several 

classess of factors, including GATA factors, SRF and Tbx5 in the regulation of 

cardiacc genes (Grepin et al. 1994; Durocher et al. 1996; Durocher et al. 1997; 

Morinn et al. 2000; Morin et al. 2001; Bruneau et al. 2001; Hiroi et al. 2001). The 

hypothesiss that cardiac compartment specific gene expression/repression 

resultss from cooperativity between cardiac factors and compartment-restricted 

factorss is strongly supported by our in vivo observations. Nkx2.5 and Tbx5 

weree shown to be essential components of the activation pathway of the ANF 

genee in vivo (Lyons et al. 1995; Tanaka et al. 1999; Bruneau et al. 2001). Both 

factorss activate transcription through multiple binding sites present within the 

ANFANF promoter (Lee et al. 1998; Shiojima et al. 1999; Hiroi et al. 2001; Bruneau 

ett al. 2001). Furthermore, Nkx2.5 and Tbx5 were shown to activate the ANF 

promoterr in synergy in transfection assays (Hiroi et al. 2001; Bruneau et al. 

2001). . 
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Inactivationn of the -259 bp TBE or -250 bp NKE, required for this synergy in 

transfections,, did not visibly affect chamber activity, suggesting that neither site 

iss essential for ANF promoter activity in vivo. Therefore, Nkx2.5 and Tbx5 

achievee activation of the ANF promoter through the remaining elements, or 

throughh an indirect activation pathway. Our transient transfection results 

supportt a role for the remaning elements in activation because the constructs 

inn which either the NKE, TBE or both were mutated could still be partially 

stimulatedd by VP16-Tbx2 or by Nkx2.5 and Tbx5 (Figure 5D and 5E). The 

repressivee activity of Tbx2 on cardiac gene expression in the AVC might be 

relevantt for the mechanism underlying the pathogenesis in Holt-Oram 

patients,, Tbx5 mutant mice and humans with a mutation in the NKX2.S gene, 

whichh all have conduction disease including AV block (Basson et al. 1997, Li et 

al.. 1997, Schott et al. 1998; Bruneau et al. 2001). The AV node and AV 

junctionall myocardium are derived from the AVC (Moorman et al. 1998; Davis 

ett al. 2001) that express Nkx2.5, TbxS and Tbx2. Besides affecting direcdy 

downstreamm gene expression in the AVC, reduction of Tbx5 or Nkx2.5 levels 

mightt cause an imbalance in the interaction with Tbx2 to regulate downstream 

genes.. This in turn could affect the formation of the AV conduction system. 

Thee role of Tbx2 in formation of the conduction system merits further 

investigation.. Furthermore, the wide variation in phenotype within Holt-Oram 

patientss and patients with an NKX2.5 mutation suggests that polymorphic 

variationss in the Tbx2 gene may contribute to this variable phenotype. 

AA potential mechanism for  site-specific chamber  formation: local 

repressionn of differentiatio n 

Too understand what role the inhibitory Tbx2/Nkx2.5 pathway might have in 

thee formation of the four-chambered heart it is important to appreciate that 

regionall differences in differentiation within the tubular heart exist. The linear 

heartt tube is patterned along A-P, D-V and L-R axis and has a 'nodal' 

phenotypee (high automaticity, slow contraction, slow conduction). Atrial and 

ventricularr chamber myocardium forms at specific sites within the tubular 

heartt during and after looping (de Jong et al. 1992; Christoffels et al. 2000). 
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FIGUR EE 6: A potential mechanism for  site-specific chamber  formation by local 
repressionn of differentiation . 
Schematicc representation of the transcriptional mechanisms involved in chamber formation. 
Ass part of an ongoing chamber formation program, Tbx5 and Nkx2.5 stimulate cardiac genes. 
Specificc regions in the linear heart tube remain embryonic and do not develop into chamber 
myocardiumm due to the presence of Tbx2 in those regions. Nkx2.5 and Tbx2 form a repressor 
complexx that suppresses genes that are part of the chamber differentiation program. The Tbx5 
trianglee and Nkx2.5 rectangle indicate Tbx5 and Nkx2.5 expression in the linear heart tube, 
respectively.. Tbx2 is expressed in the primary myocardium of the inflow tract, atrioventricular 
canall and outflow tract (light gray), while ANF is expressed in the chamber myocardium (dark 
gray),, ift: inflow tract, la: left atrium, avc: atrioventricular canal, lv: left ventricle, oft: outflow 
tract. . 

Thiss chamber myocardium obtains a more mature phenotype (low 

automaticity,, fast contraction, well-coupled cells and a well-developed 

sarcoplasmicc reticulum). The myocardium of the IFT, AVC, inner curvature 

andd OFT retains the nodal phenotype of the myocardium of the embryonic 

heartt tube. These observations indicate that a transcriptional program 

responsiblee for differentiation is activated at specific sites in the tubular heart 

too form chamber myocardium. The IFT, AVC, inner curvature and OFT 

escapee the differentiation program until later in development and play an 

109 9 



importantt role in the alignment of the chambers, in septation and in the 

formationformation of the conduction system. Genes for ANF, Chisel and gap-junction 

proteinss Cx40 and Cx43 are part of this differentiation program because they 

aree specifically expressed in the forming chamber myocardium (Delorme et al. 

1995;; van Kempen et al. 1996; Delorme et al. 1997; Christoffels et al. 2000; 

Palmerr et al. 2001). ANF and Cx40 were shown to be targets of Tbx5 

(Bruneauu et al. 2001; Hiroi et al. 2001) and also Cx43 was shown to be a target 

forr Tbx factors (Chen et al. 2001). Indeed, in regions where Tbx5 is (almost) 

absent,, that is the OFT and, later in development, the RV, none of the 

downstreamm genes are expressed. The regions of the looped heart that express 

Tbx2,Tbx2, which functions as a repressor of transcription (Carreira et al. 1998; 

Sinhaa et al. 2000; Jacobs et al. 2000), remain embryonic irrespective of whether 

theyy express Tbx5. It is therefore tempting to speculate that Tbx2 expression in 

thee IFT, AVC, inner curvature and OFT is needed to escape the differentiation 

programm (Figure 6). The fact that Tbx2 and Tbx5 are co-expressed in the IFT, 

AVCC and inner curvature indicates that Tbx2 successfully competes with Tbx5 

inn the regulation of downstream genes. This implication is strengthened by our 

observationn that Tbx2 forms a ternary complex with Nkx2.5 and the TBE-

NKEE site (Figure 4A) and efficiently counteracts the synergistic activation by 

Tbx55 and Nkx2.5 (Figure 5F). We propose that Tbx5 is involved in enforcing 

thee chamber specific transcription program, whereas Tbx2 counteracts the 

positivee regulatory function of Tbx5 in specific regions of the heart. Both 

Tbx55 and Tbx2 cooperate with Nkx2.5, which functions as an accessory factor 

too restrict the T-box factor activities to cardiac genes. 
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ABSTRACT T 

Thee in vivo analysis of cardiac gene function relies greatly on the use of 

transgenesis.. However, due to the integration in a random genomic locus of 

thee DNA and the unpredictable copy number, the specificity, pattern and level 

off the transgene differs between distinct lines that harbour the same construct. 

Therefore,, the conventional method is of limited use and in particular not 

suitablee to study small regulatory DNA sequences or to investigate the 

consequencess of single nucleotide mutations. We introduced regulatory DNA 

fragmentss of the ANF gene into the hypoxanthine phosporibosyltransferase (HPRT) 

locuss by homologous recombination in embryonic stem (ES) cells. This 

approachh guarantees a single copy of the transgene integrated at a defined 

locationn in the genome. The activity and pattern of the 0.7 kb atrial natriuretic 

factorfactor {ANF) promoter integrated in the HPRT locus was evaluated against that 

off the endogenous ANF gene and of randomly integrated ANF transgenes. 

Thee pattern of expression provided by the 0.7 kb ANF regulatory region is 

similarr to the endogenous ANF expression pattern. Compared to random 

integration,, HPRT-targeted ANF transgenic mice display a strong and selective 

expressionn in the heart. In addition, when integrated in the HPRT locus, 

transgenee expression solely depends on the regulatory DNA elements of the 

integratedd construct. Preliminary results of mutants and smaller regions of the 

ANFANF promoter region integrated in the HPRT locus suggest that this method 

iss also suitable to examine the activity of relatively small regulatory DNA 

sequencess as well as to study the effect of single nucleotide mutations. Our 

findingsfindings indicate that the HPRT targeting system is a powerful tool for the in 

vivovivo analysis of cardiac regulatory DNA sequences. 
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Thee atrial natriuretic factor (ANF) gene encodes atrial natriuretic peptide, a 

cardiac-specificc peptide hormone that in the mature heart is secreted by the 

atriaa and exhibits potent diuretic, natriuretic and vasorelaxant effects. In 

addition,, the hormone plays an important role in the regulation of body fluid 

pressuree and blood pressure (Ballermann and Brenner 1986; Needleman and 

Greenwaldd 1986), and serves as a marker for cardiac hypertrophy during which 

thee gene is strongly up-regulated in the ventricles (Chien et al. 1991). The ANF 

genee shows a characteristic spatial and developmental pattern of expression. In 

thee mature heart ANF gene expression is restricted to the atrial appendages 

andd the peripheral ventricular conduction system. However, during 

developmentt its expression is specific for the forming atrial and ventricular 

chamberss in the heart, thereby serving as a marker for the forming chamber 

myocardiumm (Christoffels et al. 2000b). Studying the regulatory pathways that 

controll the ANF chamber-specific expression could provide valuable insights 

inn the process of chamber formation. 

Transientt transfection analysis of distinct ANF promoter fragments in 

ventricular,, atrial and non-cardiac cells indicate that the 0.7 kb fragment of the 

ratt ANF regulatory region is sufficient to drive cardiac expression (Argentin et 

al.. 1994). Furthermore, it was demonstrated that the ANF promoter region is 

composedd of distinct modules (Durocher and Nemer 1998) and interacts with 

severall general and cardiac-specific transcription factors (Grepin et al. 1994; 

Lyonss et al. 1995; Lin et al. 1997; Durocher and Nemer 1998; Tanaka et al. 

1999;; Charron et al. 1999; Morin et al. 2000; Molkentin et al. 2000; Hiroi et al. 

2001;; Bruneau et al. 2001; Habets et al. 2002). To date, our knowledge of the 

regulationn of the ANF gene in vivo depends on conventional transgenesis in 

whichh a variable number of transgene copies are integrated into random 

genomicc loci. These analyses have shown that the 0.7 kb fragment of the rat 

ANFANF promoter and the 0.5 kb region of the human ANF promoter mimics 

endogenouss ANF gene expression (Field 1988; Seidman et al. 1988; Knowlton 

ett al. 1995; Habets et al. 2002). 
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AA construct that is randomly integrated into the genome is affected by 

thee genomic environment. This results in variable levels of transgene 

expressionn that are often not correlated with copy number, in mosaic 

expression,, in ectopic expression and in silencing by the surrounding 

chromatin.. Therefore, transgenic lines generated by this method are only of 

limitedd use. For example, to increase the reliability of an obtained transgene 

expressionn pattern, distinct transgenic lines need to be generated that harbour 

thee same transgene construct. Furthermore, as the severity of the problems 

mentionedd generally increases when decreasing the size of the regulatory DNA 

fragmentt to be analysed, random transgenesis is less suitable for studying 

relativelyy small regulatory DNA fragments and not suitable to study 

consequencess of inactivation of a single DNA binding site, unless the 

consequencess of the mutation are very pronounced. 

Too study the regulation of the ANF gene in vivo in a controlled fashion, 

wee have explored the use of the hypoxanthine phosphoribosyltransferase (HPRT) 

targetingg system developed by Bronson and colleagues (Bronson and Smithies 

1994).. The approach is based on homologous recombination into the HPRT 

locuss of embryonic stem (ES) cells that lack a functional X-linked HPRT gene. 

Thee lack of this gene product causes cells to die when grown on a selective 

mediumm containing hypoxanthine, aminopterin and thymidine (HAT). The 

targetingg vector, containing the transgene construct of interest, can reconstitute 

thiss deletion upon homologous recombination. This allows the selection of ES 

cellss with a correcdy integrated transgene construct in HAT medium. Chimeric 

micee are generated by injection of these ES cells in blastocysts, and used for 

furtherr germline transmission in order to establish a transgenic line. So far, 

successfull HPRT targeting experiments have been performed using a variety of 

generall and tissue-specific promoter sequences (Bronson and Smithies 1994; 

Hatadaa et al. 1999; Evans et al. 2000; Guillot et al. 2000; Cvetkovic et al. 2000). 

However,, no detailed HPRT targeting studies that involve relatively small or 

heart-specificc promoter sequences are available. In this study, the activity and 

patternn of several distinct ANF promoter constructs was established using this 

approachh and compared to the endogenous ANF expression. 
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Amongstt these constructs is the 0.7 kb ANF promoter region that was also 

usedd for the generation of transgenic mice by random integration. 

Thee results presented in this report demonstrate that targeted 

integrationn of a transgene in the HPRT locus is a powerful tool for the analysis 

off (small) heart-specific promoter sequences in vivo. In contrast to random 

integrations,, consistent high expression levels of reporter gene expression were 

observedd in the heart and ectopic expression was absent. Furthermore, the 

ANFANF promoter was active in a spatial and temporal pattern similar to that of 

thee endogenous gene. 

MATERIAL SS &  METHOD S 

TargetingTargeting constructs 

Threee constructs with different ANF promoter sequences were used to 

generatee the targeting vector. The first plasmid, ANF-nlacZ, contains the 0.6 

kbb human growth hormone polyadenylation signal, the -638/+70 ANF 

promoterr fragment, a chimeric intron from the pCI vector (Promega), lacZ 

withh a nuclear localisation signal (n/acZ) and the polyadenylation signal from 

thee bovine growth hormone gene. The second construct, ANFmutNKE-nlacZ 

iss identical to the ANF-nlacZ construct, with the exception of a 4-bp 

substitutionall mutation of the NKE located at position -250 of the ANF 

promoterr as described (Habets et al. 2002). The mutation was generated using 

thee QuikChangeTM Site-Directed Mutagenesis kit (Stratagene). The third 

construct,, atrial ANF-nlacZ, contains the 0.6 kb human growth hormone 

polyadenylationn signal, the -380/+70 ANF promoter fragment, a chimeric 

intronn from the pCI vector (Promega), nlacZ and the polyadenylation signal 

fromm the bovine growth hormone gene. The vector that was used to target the 

HPRTHPRT locus (pMP8SKB) (Bronson and Smithies 1994) was a generous gift 

fromm Sarah Bronson (Pennsylvania State University, College of Medicine). 
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CellCell lines and culture 

Thee HM-1 cell line (derived from a 129/Ola mouse strain) was kindly provided 

byy David Melton. This ES cell line has a male karyotype and contains a 55 kb 

deletionn in the X-linked HPRT gene that includes the promoter and exons 1 

andd 2 of the HPRT gene (Magin et al. 1992; Tsuda et al. 1997). These cells 

weree cultured on gamma-irridiated murine embryonic fibroblasts (MEFs) in 

BHK-211 medium (GIBCO BRL; Life Technologies, The Netherlands) 

supplementedd with 10% fetal bovine serum, 2mM L-Glutamine, ImM Sodium 

Pyruvate,, O.lmM f3-Mercaptoethanol, non essential amino acids and 103 U/ml 

ESGRO-LIFF (Chemicon International Ltd; Harrow, United Kingdom). 1.3 x 

1077 ES cells were transfected with twenty five to thirty micrograms of purified, 

linearisedd DNA by electroporation in 0.2 ml PBS at 0.8 kV and 1 yiF (Gene 

Pulserr Apparatus; Biorad) and plated onto two 8.5-cm petri dishes. After a 16 

hrss recovery period, the selection medium containing 0.1 mM hypoxantine, 0.4 

uMM aminopterin, and 16 |iM thymidine (1 x HAT; GIBCO BRL; Life 

Technologies,, The Netherlands) was added. After 8-10 days of selection 

individuall colonies were picked, propagated and individual clones were frozen 

andd used for the isolation of DNA as described (Laird et al. 1991). The clones 

weree screened for the transgene construct by PCR and Southern blot analysis 

usingg the 0.25 kb Rsal fragment from intron 3 of the murine HPRT gene as 

probee (Bronson and Smithies 1994). Correcdy targeted clones were used for 

karyotypingg and subsequendy injected into blastocysts. 

GenerationGeneration of transgenic mice, genotyping and phenotyping 

Forr all constructs chimeras were generated by microinjection of correcdy 

targetedd ES cells into C57B1/6 (Harlan, The Netherlands) blastocysts as 

describedd (Hogan et al. 1986). For the ANF-nlacZ construct male chimeras 

weree crossed with FVB females (Harlan, The Netherlands) for germ line 

transmission.. The transgenic female pups, 129/FVB hybrids that have received 

thee 129 ES cell genome, were subsequently bred to FVB mice. The offspring 

wass genotyped by Southern blot analysis and PCR on DNA prepared from 

eitherr the yolk sac or the toes. 
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Forr Southern blot analysis we used the 3 kb Ncol/Xbal fragment of the nlacZ 

reporterr gene as a probe (Sambrook et al. 1989). For PCR analysis, primers 

specificc to nlacZ sequences were used (lacZ+, GCA TCG AGC TGG GTA 

ATAA AGC GTT GGC AAT and lacZ-, ACT GCA ACA ACG CTG CTT 

CGGG CCT GGT AAT) according to standard procedures (Christoffels et al. 

2000a).. Embryos were stained for (3-galactosidase activity as described (Franco 

ett al. 2001). Whole-mount in situ hybridisation and in situ hybridisation on 

sectionss was performed as described (Moorman et al. 2001) using the cDNA 

probee for ANF (Zeiler et al. 1987). 

RESULTS S 

GenerationGeneration ofHPRT targeted ANF transgenic mice 

Too target the 0.7 kb fragment of the rat ANF gene as a single copy into the 

HPRTHPRT locus, we used the pMP8SKB vector (Figure 1) (Bronson and Smithies 

1994). . 
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FIGUR EE 1: Schematic representation of gene targeting to the HPRTlocus. 
(A)) The ANF promoter construct integrated into the targeting vector pMP8SKB. Boxes 

representt exons and arrows indicate the location of transcription start sites for the ANF 
genee and the HPRT gene. 

(B)) Homologous recombination event between the HM-1 HPRTlocus and the targeting 
vectorr results in integration of a single copv of the transgene construct at the HPRTlocus 
ass shown in panel (C). Location of the probe used for Southern blot analysis is indicated. 
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Thiss targeting vector contains two regions of homology upstream and 

downstreamm of the HPRT transcription start site to facilitate recombination, 

thee promoter and the first and second exon of the HPRT gene, and a multiple 

cloningg site for insertion of the ANF construct (Figure 1A). The targeting 

vectorr was transfected into HM-1 cells, which have a deletion in the HPRT 

locuss including the promoter and exons 1 and 2 of the HPRT gene (Magin et 

al.. 1992; Tsuda et al. 1997). Successful homologous recombination corrects 

HPRTHPRT deficiency, restoring the ability of HM-1 cells to grow in HAT medium, 

andd simultaneously inserts the ANF sequence upstream of the HPRT 

promoterr (Figure IB and C). After 10-days of selection in HAT medium a 

hundredd resistant colonies were picked and propagated for 6-8 days and 

individuall clones were frozen for DNA isolation. Fifty clones were screened by 

PCRR for the presence of the transgene using specific primers and forty-nine 

appearedd to be transgene positive (data not shown). Three individual clones 

weree used for Southern blotting to verify a single integration event at the 

HPRTHPRT locus (data not shown). After karyotyping, two out of three correctly 

targetedd HM-1 clones were expanded and used to generate chimeric mice by 

blastocystt injection. Nine male chimeric mice were obtained with varying 

degreess of HM-1 cell contribution assessed by coat colour. The chimeric mice 

withh moderate degree of HM-1 cell contribution were most efficient in 

transmittingg the HM-1 genome when mated with female FVB mice. Because 

HM-11 cells are male cells and the HPRT locus is located on the X 

chromosome,, only female offspring from the initial cross can receive the 

transgene.. These mice were used to further establish a transgenic line. 

Tissue-specificityTissue-specificity of the ANF-HPRT transgenic line 

Wee next analysed the tissue-specific expression of the 0.7 kb ANF-HPRT 

transgenicc line and compared it with the expression of the endogenous ANF 

genee and three previously established multicopy 0.7 kb ANF transgenic mouse 

liness generated by random integration (Figure 2) (Habets et al. 2002). Only two 

off the lines with the randomly integrated construct did express the transgene. 

Wholee mount X-gal staining of ED10.5 ANF-HPRT embryos showed 
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abundantt transgene expression in the heart (Figure 2B and F) in a pattern 

similarr to the pattern of ANF mRNA (Figure 2A and E). 

FIGUR EE 2: HPRT-tatgeted mice with the 0.7 kb ANF regulatory region mimics 
endogenouss ANF gene 
expression. . 
(A)) Whole mount in situ hybridisation of an ED10.5 embryo showing endogenous ANF 

mRNAA expression. 
(B)) Transgene expression of the 0.7 kb ANF regulatory region targeted to the HPRT locus 

inn an ED 10.5 mouse embryo. 
(C,D)) Transgene expression of the 0.7 kb ANF regulatory region generated by conventional 

oocytee injection at ED10.5. Note the extensive ectopic expression in various embryonic 
structures. . 

(E)) A dorsal view of endogenous ANF expression at ED 11.5. 
(F-H)) A dorsal view of transgene expression at ED10.5 in an ANF-HPRT embryo (F), and in 

heartss of mice generated by random integration (G,H). 

Comparedd with the conventional ANF transgenic lines, the ANF-HPRT line 

displayedd a stronger reporter gene activity (compare Figure 2B and F with 2C, 

D,, G and H). In the two random ANF transgenic lines ectopic expression is 

presentt in mesodermal tissues (somites and the tail region) and in neural tissues 

(Figuree 2C and D), whereas ectopic expression is absent from the ANF-HPRT 

linee (Figure 2B). 
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Withinn the ANF-HPRT line we observed that the males with one targeted 

allelee in absence of a wild-type allele (hemizygous males; Figure 3A and C) 

showw transgene expression in all cells. In females with both a targeted HPRT 

allelee and a wild-type allele (heterozygous females; Figure 3B and D) the 

numberr of transgene-expressing cells is reduced due to the X-chromosome 

inactivation. . 

FIGUR EE 3: Random X-inactivation of HPRT-targeted ANF-nlacZ transgene 
expression. . 
(A,C)) In hemizygous males no mosaic expression is observed. 
(B,D)) Transgene expression is subjected to random X-inactivation and, as a consequence, 

heterozygouss females display mosaic P-gal expression in whole mount preparations 
(panell B) and serial sections (panel D). 

Spatial-temporalSpatial-temporal expression pattern of the ANF-HPRT-nlacZ transgenic line 

Next,, we assessed whether the 0.7 kb ANF-HPRT transgenic line recapitulates 

thee temporal and spatial expression pattern of the endogenous ANF gene. 
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Heart-specificc reporter gene expression and endogenous ANF expression were 

analysedd by X-gal staining of embryos and sections and by nonradioactive in 

situsitu hybridisation of embryos and sections (Figure 4 and 5). 

FIGUR EE 4: The HPRT-targeted 0.7 kb ANF regulatory region mimics the spatial and 
temporall  pattern of 
endogenouss ANFgene expression. 
(A)) A ventral view of ANF transgene expression at ED8.0. 
(B,, D and F) Endogenous ANF expression at ED8.0 (B), ED9.5 (D), EDI 1.5 (F). 
(C)) A lateral view of ANF transgene expression at ED9.5. 
(E)) A dorsal view of ANF transgene expression at EDI 1.5. 

1FT:: inflow tract; V: ventricle; RA: right atrium; LA: left atrium; RV: right 
ventricle;; LV: left ventricle; SH: sinus horns. 

128 8 



Chapterr  V 

Thee onset of transgene expression was observed at ED8.5 comparable with the 

onsett of endogenous ANF mRNA expression. However, at ED8.5 reporter 

genee expression is observed in the linear heart tube in a slightly broader pattern 

ass compared to the endogenous ANF mRNA (Figure 4A and B). At stage 

ED9.55 the reporter gene is expressed in the atrial and ventricular chamber 

myocardium,, whereas expression was absent from the embryonic myocardium 

off the AVC and OFT (Figure 4C). At EDI 1.5 nlacZ is expressed in both atria 

andd ventricles (Figure 4E and Figure 5B and C). Moreover, transgene 

expressionn is restricted to the myocardial layer (Figure 5D). 
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FIGUR EE 5: Reporter  gene 
expressionn and endogenous ANF 
expressionn on serial sections. 
Endogenouss ANF expression in serial 
sectionss of an EDI 1.5 (A), ED15.5 (E) 
andd ED17.5 (G) embryo. Reporter gene 
expressionn in ED11.5 (B and C), 
EDI5.55 (F) and EDI7.5 (H) mouse 
hearts.. Panel (D) is an enlargement of 
panell (B) and shows the myocardium-
specificc staining of the reporter gene. 
RA:: right atrium; LA: left atrium; RV: 
rightt ventricle; LV: left ventricle; AVC: 
atrioventricularr canal. 

Att both stages (ED9.5 and El 1.5), the ANF gene shows a similar pattern of 

expressionn (Figure 4D and F and Figure 5A). However, in contrast to the 

endogenouss ANF expression, 
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thee ANF-HPRT transgene shows expression in both sinus horns (compare 

Figuree 4E and 4F). Furthermore, at EDI 1.5, EDI 5.5 and EDI7.5, ANF-

HPRTT embryos show comparable levels of expression in both ventricles while 

endogenouss ANF expression is higher in the LV than in the RV (Figure 5A, E 

andd G). From EDI 1.5 onwards, ANF-HPRT transgene expression persisted in 

thee compact outer layer of the ventricles while endogenous ANF expression 

becomess confined to the trabecular myocardium of the ventricles (see Figure 

5B,, C, F and G). Newborn ANF-HPRT mice still show extensive reporter 

genee expression in the atria while the expression in the ventricles is scattered 

(dataa not shown). Based upon whole mount X-gal staining, the pattern of 

expressionn in the sinus horns of ANF-HPRT mice is similar to the pattern of 

expressionn observed in mice with the randomly integrated ANF construct. 

Seriall sections of these ANF mice still need to be analysed. 

AnalysisAnalysis of chimeric mice 

Wee generated a second ANF construct that contains the 0.7 kb ANF 

regulatoryy region (-638/+70) in which the -250 bp located high affinity NK-2 

homeoboxx factor binding element (NKE) is inactivated by mutation 

(ANFmutNKE-nlacZ).. In the heart, this NKE is recognised by the 

transcriptionn factor Nkx2.5, which plays an important role in the regulation of 

^4NFgenee expression (Lyons et al. 1995; Durocher et al. 1997; Lee et al. 1998; 

Tanakaa et al. 1999; Shiojima et al. 1999; Hiroi et al. 2001; Habets et al. 2002). 

Thee ANFmutNKE construct was targeted to the HPRT-locus, and male 

chimericc mice were used for germ line transmission to generate a transgenic 

line.. The hearts of the female chimeric mice were used for whole mount X-gal 

staining.. This provided a first indication of the activity and pattern of the 

ANFmutNKE-nlacZZ construct. As is shown in Figure 6C, the HPRT-targeted 

ANFmutNKE-nlacZZ construct was expressed in both atria and ventricles, 

comparablee to the hearts of female chimeric mice in which the wild-type ANF 

constructt was targeted (ANF-nlacZ; figure 6A and B). It should be mentioned 

thatt the patterns of expression of the distinct hearts are difficult to compare as 

thee female chimeric mice all differ in degree of chimerism and thus harbour a 
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variablee mix of wild-type and transgenic cells. Once the targeted transgenic line 

iss established, transgene expression patterns can be compared with those of the 

ANF-HPRTT mice to reveal the role of the NICE in the spatial and temporal 

patternn of transgene expression. 

FIGUR EE 6: Representative X-gal stained hearts of ANF-HPRT adult female chimeric 
mice. . 
(A,B)) X-gal stained adult hearts targeted with the 0.7 kb ANF-nlacZ construct. The degree of 

chimerismm of the mouse is higher in panel A as compared to the mouse in panel B. 
(C)) Adult heart targeted with the 0.7 kb ANFmutNKE-nlacZ construct. (D) Adult heart 

targetedd with the atrial ANF-nlacZ construct. 
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Transientt transfection analysis of distinct ANF promoter regions in 

ventricle,, atrial and non-cardiac cells suggest that the 0.7 kb ANF promoter 

regionn is composed of at least three modules, a "basaT'cardiac promoter region 

(-138/+700 bp), an atrial region (-300/-380 bp) that is required for activity in 

thee atrial cells and an upstream region (-638/-380 bp) required for activity in 

isolatedd ventricular cells (Durocher and Nemer 1998). To test whether these 

ANFANF promoter modules exist in vivo, we generated a construct that contains 

thee atrial region plus the basal promoter region (-380/+70 bp). This construct 

wass targeted to the HPRT locus and male chimeric mice were used for 

breedingg to establish the atrial ANF-HPRT transgenic line. As shown in Figure 

6D,, when targeted to the HPRT locus the atrial ANF-nlacZ construct does 

showw nlacZ expression in the heart of a female chimeric mouse. Predominant 

expressionn can be observed in the atria while expression in the ventricles is far 

less.. Once a transgenic line is established, transgene expression patterns can be 

comparedd with the data from the ANF-HPRT mice to reveal whether the in 

vitrovitro characterised atrial module is responsible for selective transgene 

expressionn in the atrial chamber myocardium during development. 

DISCUSSION N 

Majorr problems experienced in transgene technology are transgene 

inactivation,, mosaic expression and ectopic expression of the transgene, and 

thee variability in level, pattern and specificity of expression between distinct 

liness generated with the same construct. These phenomena find their origin in 

thee random integration of the construct in the host genome and the (in)ability 

off the transgenic promoter to activate expression when integrated in the 

chromatin.. Several studies described the use of chicken fi-g/obin insulator 

sequencess as an appropriate strategy to protect the transgene construct from 

thee genomic environment (Chung et al. 1993; Chung et al. 1997; Wang et al. 

1997;; Bell et al. 1999). These insulators are, when integrated into the genome, 

characterisedd by their ability to block the interaction with nearby regulatory 
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elementss without stimulatory or inhibitory effects and thereby reduce 

inactivationn by the surrounding chromatin and ectopic expression. To test the 

usee of chicken p-globin insulator sequences we used a 356 bp fragment of the 

cardiaccardiac troponin I (cTnl) gene. This promoter fragment was flanked with a 1.2 kb 

tandemm repeat of chicken P-globin insulator sequences. We observed that the 

numberr of lines expressing the transgene dramatically increased. However, 

ectopicc expression was still observed and the level of expression was rather 

weak.. Therefore, we focused on the generation of transgenic mice in which the 

transgenee was targeted to the HPRT locus. 

TheThe 0.7 kb ANF regulatory region largely recapitulates the pattern of expression of the 

endogenousendogenous ANF gene 

Thee HPRT gene is ubiquitously expressed and the locus is transcriptionally 

activee and accessible in all tissues at all developmental stages of development 

(Bronsonn and Smithies 1994). Hence, transgenic constructs are integrated in a 

favourablee genomic environment, and each independently targeted construct 

willl experience a similar influence of higher order gene regulation. So far, 

inhibitionn of a transgene when targeted to the HPRT locus has not been 

observed.. Using both ANF-HPRT transgenic mice and mice with a randomly 

integratedd construct, the 0.7 kb ANF regulatory region largely mimics the 

endogenouss ANF expression pattern and shows a selective expression in the 

chamberr myocardium of both atria and ventricles. Transgene expression was 

nott detectable in AVC and OFT. However, the pattern of transgene expression 

att ED8.0, the transgene expression in the sinus horns and the level and pattern 

off transgene expression in the ventricles differs from the endogenous ANF 

expressionn pattern. In both mice with the randomly integrated construct and 

ANF-HPRTT mice reporter gene expression was clearly present at al stages in 

thee sinus horns. Thus, most likely, the 0.7 kb ANF regulatory region lacks the 

sequencess necessary for a correct (endogenous) expression pattern in the IFT 

regionn of the heart Although serial sections showing the reporter gene 

expressionn in mice with the randomly integrated ANF construct still need to be 

analysed, , 
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thee results of the ANF-HPRT mice indicate that the 0.7 kb ANF regulatory 

regionn also does not harbour the regulatory sequences necessary for the correct 

ventricularr ANF expression. Recendy, we analysed a 7 kb fragment of the 

ANFANF regulatory region containing the 3 kb upstream and 4 kb downstream 

DNAA sequences (de Lange et al, in preparation). However, no ventricular 

transgenee expression could be observed in El4.5 mouse hearts. These data 

emphasisee the complexity of the regulation of ventricular ANF expression and 

evenn suggest the location of a ventricular repressor element outside the 0.7 kb 

promoterr fragment. 

TargetingTargeting the HPRT locus reveals efficient, strong and heart-specific ANF transgene 

expression expression 

Previously,, the HPRT approach has been successfully used to target a variety 

off general and tissue-specific promoter sequences and all report a strong and 

specificc transgene expression pattern (Bronson and Smithies 1994; Evans et al. 

2000;; Guillot et al. 2000; Cvetkovic et al. 2000). Furthermore, using variable 

tissue-specificc promoters, it was demonstrated that transgene expression of 

constructss targeted in the HPRT locus solely depends on the regulatory DNA 

sequencess of the integrated transgene construct (Cvetkovic et al. 2000; Guillot 

ett al. 2000; Evans et al. 2000). Using the heart-specific ANF promoter 

fragmentt we obtained analogous results. By comparing transgene expression 

patternss of mice obtained by conventional versus targeted transgenic 

techniquess we demonstrated that ANF transgene expression is stronger in 

ANF-HPRTT animals. Integration of the ANF transgene into the HPRT locus 

resultedd in specific expression in the heart with no ectopic expression. 

Integratingg a transgene construct into the HPRT locus is a very 

efficientt technique. Cvetko et al reported an efficiency of 96% of single 

homologouss recombination events when targeting the HPRT locus (Cvetkovic 

ett al. 2000). Although we only tested three colonies by Southern blot, all 

appearedd to contain a correctly integrated transgene into the genome (100%). 

Basedd upon this high efficiency number, one can scale down the ES cell 
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transfectionn and selection procedure, which allows for a fast and cost-efficient 

generationn of distinct transgenic lines. 

Ass the HPRT gene is located at the X chromosome it is subject to 

randomm X-inactivation (Lock et al. 1987; Gartler et al. 1992; Wülard et al. 

1993).. Hemizygous males and homozygous females express the transgene in all 

cellss while heterozygous females express the transgene in a reduced number of 

cells.. These differences in number of expressing cells may permit more 

sophisticatedd analyses of transgene results, which may be beneficial when 

studyingg for example non-cell autonomous processes. To avoid the 

complicationn of X-inactivation, transgenes could be targeted to autosomal 

chromosomess by using a drop-in approach similar to that used for the HPRT 

locuss (Soriano 1999; Mao et al. 1999). 

Conflictingg data have been reported on whether the transgene needs to 

bee orientated in the same or reverse transcriptional orientation as the 

endogenouss HPRT gene. Shaw-White and colleagues observed a 

transcriptionall interference perpetrated by the HPRT gene promoter when the 

transgenee was orientated in the same orientation as HPRT transcription and 

recommendd a transgene orientation opposite to the HPRT gene transcription 

(Shaw-Whitee et al. 1993). Others observed a consistent transgene expression in 

thee expected tissue regardless of the orientation (Bronson and Smithies 1994; 

Guillott et al. 2000). In all three AN F constructs the transgene was inserted in 

thee reverse transcriptional orientation relative to the endogenous HPRT gene 

andd preceded by a 0.6 kb human growth hormone polyadenylation signal. 

However,, a distinct transgenic line that comprised the 5.5 kb a-myosin heavy 

chainchain (a-MHQ promoter fragment has been successfully targeted to the HPRT 

locuss in our lab as well (Chapter 6). Although in this line the transgene 

orientationn of the a-MHC promoter is the same as that of the HPRT gene, no 

adversee effects of transgene expression were observed. 

Conclusions Conclusions 

Inn this study we have shown that the HPRT targeting system provides an 

efficientt and accurate method to investigate regulation of gene expression in 
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thee heart. The 0.7 kb ANF promoter displayed a largely correct spatial-

temporall transgene expression pattern largely similar to the pattern of the 

endogenouss ANF gene. Furthermore, when targeted to the HPRT locus, in all 

developmentall stages the tissue-specificity is retained and ectopic expression is 

absent.. Preliminary results using chimeric analyses suggest that regulatory 

D N AA fragments as small as 400 bp are active in the HPRT locus. Whether the 

HPRTHPRT targeting system is suitable for studying the effect of small mutations 

stilll awaits further analysis, although first observations in chimeric mice are 

promising.. Moreover, different transgenes that are inserted into the favourable 

chromatinn configuration of the HPRT locus will experience the same influence 

off higher order gene regulation. This allows for the generation of one single 

linee per construct and may reduce the number of experimental animals and, at 

thee same time, accelerate the characterisation of regulatory D N A sequences. 
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Chapterr VI 

ABSTRACT T 

Cardiacc expression of a transgene is a common approach for determining the 

rolee of the encoding gene products in cardiomyopathy and heart failure. 

However,, non-specific causes of cardiomyopathy that result from transgene 

expressionn are often not taken into account. We have generated transgenic 

micee that express yeast Gal4 in the heart under control of the a-myosin heavy 

chainchain promoter and found development of cardiomyopathy that correlates with 

thee number of copies of the transgene integrated into the genome. Founder 

micee with more than 20 copies died before weaning, whereas offspring of mice 

withh 17 to 6 copies developed cardiomyopathy within weeks to months after 

birth,, respectively. A line with a single copy of the transgene targeted to the 

hprthprt locus, however, did not develop cardiomyopathy while the transgene was 

correcdyy expressed. This provides a tool for controlled expression and 

sophisticatedd analysis of transgene function in the heart while diminishing the 

riskk of undesired non-specific effects. 
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MATERIAL SS &  METHOD S 

AA fragment of MMTV-Gal4-SV40 encoding yeast Gal4/236 (a gift from Dr. P. 

Leder,, (Ornitz et al. 1991)) was inserted into the Sal I / Hind VI sites of a-mhc 

clonee 26, a gift from Dr. J. Robbins (Subramaniam et al. 1991; Gulick et al. 

1997).. The construct was digested free of vector sequence with Bam HI and 

usedd to generate transgenic mice by oocyte injection according to standard 

procedures.. This same fragment was inserted in the Not I site of construct 

pMP8SKBB (a gift from Dr. S. Bronson, (Bronson et al. 1996)) in the same 

transcriptionall orientation as the hprt gene and introduced into ES cells by 

homologouss recombination as described (Bronson et al. 1996). Non

radioactivee in situ hybridization on 15 Jim serial sections (Moorman et al. 2001) 

andd quantitative real time PCR (Fijnvandraat et al. 2001; Lekanne dit Deprez et 

al.. 2002) were performed as described. 

RESULTSS & DISCUSSION 

Inn an attempt to generate a cardiac specific two-component trans-activation 

systemm (Ornitz et al. 1991) we generated mice that express the yeast Gal4 

transcriptionn factor in the heart. The 5 kbp a-myosin heavy chain (a-mhc) 

promoterr fragment (Subramaniam et al. 1991) was coupled to a Gal4 encoding 

fragmentt (Ga/4/'236) previously shown to be biologically inert when expressed 

inn mice in other organs (Ornitz et al. 1991). After oocyte injection 32 mice 

weree obtained, 9 of which were transgenic. Four of the transgenic mice died 

betweenn three to four weeks after birth, whereas the other five transgenic mice 

andd the non-transgenic littermates were viable and healthy. Copy-numbers 

weree determined (Table 1) showing that the four mice that died had more than 

200 copies of the transgene integrated in the genome. Transgenic lines could 

onlyy be generated of founders G# l (15 copies), G#2 (17 copies) and G#4 (6 

copies).. A large fraction of the male transgenic offspring of line G # l 

developedd heart failure (HF) from three weeks after birth onward. 
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TABLEE 1: Overview of transgenic mice, copy numbers and phenotype. 
HF== Heart Failure. 

Copiess in 

founder r 

(namee line) 

65 5 

62 2 

57 7 

20 0 

177 (G#2) 

155 (G#l) 

7 7 

66 (G#4) 

1 1 

11 (G-Hp) 

Phenotype e 

Deathh around weaning 

Deathh around weaning 

Deathh around weaning 

Deathh around weaning 

HFF in offspring 

HFF in offspring 

No o 

HFF in offspring 

No o 

No o 

Remark k 

HFF in appr. 50% of offspring between 3 wks and 6 months 

HFF in appr. 75% of male offspring at 3-4 wks 

Noo transgenic offspring 

HFF in appr. 10% of offspring between 4 wks and 9 months 

Noo transgenic offspring 

Integratedd in HPRT locus 

Somee females developed heart failure only after several months. Both male and 

femalee offspring of line G#2 developed heart failure between 3 weeks and 6 

monthss after birth. Only a small fraction of the transgenic offspring of line 

G#44 developed heart failure between 4 weeks and 9 months after birth. The 

HFF mice had a 2-fold increase in the ratio of heart weight to body weight (Fig. 

1,, 2A). Pathological examination showed dilatation of the chambers (Fig. 1), 

pleurall and abdominal effusion, pulmonary congestion and necrosis of the liver 

parenchymaa (not shown), characteristic of severe biventricular failure. 

Histologicall examination and Sirius red staining showed limited fibrosis in the 

ventricless of most failing hearts, but extensive fibrosis in the most severely 

affectedd hearts. The atrial walls of affected animals showed extensive fibrosis. 

Atriall thrombi were present in both atria, but more frequendy and extensive in 

thee right atrium (Fig. 1). Taken together, the results indicate that these mice 

developedd dilated cardiomyopathy as a result of the presence of the a-mhc-Gal4 

transgene.. The severity of the phenotype correlated with the number of copies 

off transgene constructs integrated into the genome, 
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consistentt with previous findings that indicate a transgenic construct-

dependentt range in number of copies that is tolerated (James et al. 1999; 

Zhangg etal. 2001). 

FIGUR EE 1: a-mhc-Gal4transgenic mice develop heart failure. 
Panelss A, C, E show ««/expression in a sectioned heart of a control mouse, panels B, D, F in a 
sectionedd heart of a transgenic mouse that developed heart failure. C and D show 
enlargementss of the atrial wall. E and F show enlargements of the left ventricular septum wall, 
lu,, lumen; lv, left ventricle; ra, right atrium. 
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Thee observed relation between copy-number and phenotype prompted 

uss to investigate the phenotype in a line with 1 copy of the transgene integrated 

intoo the genome. The a-mhc-Gal4 construct was inserted into a targeting vector 

forfor the hprt locus (Bronson et al. 1996). This construct (G-Hp) was used for 

homologouss recombination to generate embryonic stem cells with a single 

copyy of the transgene integrated into the X-chromosome linked hprt locus (Fig. 

2B).. Correct integration was confirmed by Southern blot. A mouse line was 

establishedd from one ES cell clone. After 9 months none of the transgenic 

offspringg developed cardiomyopathy. 

A A p < 0 . 0 1 1 

Tr/F F 

B B 

x x 
I II tPHFI I" • _ 
II i ï E ö f i n •"taTgeting 

^ ^^ vector 

HI—^ ^ 
I I 

K M H CC promoter 

hprthprt  locus in HM1 

FIGUREE 2: 
(A)) Heart weight to body weight ratios are increased in mice that developed heart failure. 

WT:: wild-type; Tr: transgenic; Tr /F: transgenic with heart failure. 
(B)) Schematic of gene targeting at the hprt locus of HM1 embryonic stem cells. Boxes 

representt exons. Arrows represent transcriptional start sites. Crosses show regions where 
homologouss recombination takes place. After recombination the hprt gene (and function) 
iss restored allowing selection of correctly targeted clones on HAT medium. 
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FIGUR EE 3: The expression levels of various genes in isolated ventricles of mice. 
Thee mRNA levels were normalized to real time PCR signals of 18S to correct for variations in 
isolationn and cDNA synthesis procedures ([mRNA] / [18S RNA]). Absolute concentrations of 
eachh mRNA were estimated by using a reference line of known concentrations of cDNA 
templates.. Kruskal-Wallis non-parametric ANOVA was used to test for differences between 
groups.. WT: wild-type; Tr: transgenic; Tr /F: transgenic with heart failure. 

Wee further examined the lines by quantitative real time RT-PCR and by in situ 

hybridization.. The mRNA concentrations of anf mlc2v, serca2a, chisel, cx40 and 

cx43cx43 were determined (Fig. 3). The anf gene was strongly up-regulated in mice 

withh cardiomyopathy. The levels of ««/"expression in transgenic littermates that 

showedd no signs of cardiomyopathy (i.e. no hypertrophy or dilatation) were 

slightlyy higher than that of wild-type mice. Anf is a relatively early marker for 

cardiacc hypertrophy, and inclusion of mice that were at the onset of 

cardiomyopathyy but that did not show cardiomyopathy might have caused this 
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increase.. Indeed, the G-Hp mice did not show the increase of anfmRNA. As 

expected,, the mlc2v, serca2a, and cx43 genes were down-regulated in the HF 

group.. The gene for chisel, a cytoskeletal protein (Palmer et al. 2001), was up-

regulatedd in mice with cardiomyopathy. Cx40 expression was not changed. In 

situsitu hybridization showed that a-mhc was slightly down-regulated in mice with 

HF,, whereas the healthy transgenic and wild-type groups had comparable 

levelss and patterns of mRNA. The gene for ji-mhc, normally not expressed in 

thee ventricles of mice after birth, was up-regulated only in mice with severe 

HF.. Taken together, the presence of multiple copies of the Gal4 transgene 

causess cardiomyopathy associated with altered gene expression, but does not 

causee deregulation of gene expression per se, consistent with earlier findings 

(Subramaniamm et al. 1991; Palermo et al. 1996; Gulick et al. 1997). 

G#11 B G#2 2 

- * ' j j 

w « « G#44 D G-Hi i 

>m >m 

** ft  ?! 
•• * i , 

FIGUR EE 4: Mosaic versus homogeneous expression. 
Thee expression pattern of Gal4 mRNA was determined in atria of healthy transgenic mice by 
non-radioactivee in situ hybridization using anti-sense Gal4 RNA as a probe. Sections of non-
transgenicc animals did not show any staining (not shown). Note mosaic expression in G # l and 
G#44 atria. 
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Wee next examined the patterns of Ga/4 mRNA in healthy mice of the 

differentt lines by in situ hybridization (Fig. 4). Line G # l , and to a lesser extent 

G#4,, showed mosaic expression, with many cardiac cells not expressing the 

Ga/4Ga/4 gene, whereas line G#2 and G-Hp showed a more homogeneous 

expressionn pattern. Earlier studies indicated that this a-mhc promoter fragment 

iss homogeneously active in the heart (Gulick et al. 1997), but our results show 

thatt this is not the case for all a-mhc promoter driven transgenes. The 

homogeneouss and cardiac specific expression pattern of the G-Hp line 

indicatess that the hprt locus provides a favorable chromatin environment for 

transgenee expression in the heart, without affecting the specificity of the 

promoter,, consistent with previous findings with other cell-type specific 

promoterss (Bronson et al. 1996; Cvetkovic et al. 2000; Evans et al. 2000; 

Guillott et al. 2000) including the cardiac anj gene promoter (our unpublished 

observations). . 

Thee Gal4 mRNA levels varied between mice of the same line, but the 

levelss per line correlated in general with the copy-number of the transgene 

(Fig.. 3), consistent with the finding that the a-mhc promoter shows copy-

numberr dependent expression (Gulick et al. 1997). The discrepancy between 

liness G # l and G#2 is probably caused by the mosaic expression pattern of 

Gal44 in line G # l (Fig. 3). In this case, measurements of levels in homogenates 

givee an underestimation of the real levels of Ga/4 mRNA per expressing 

cardiomyocyte,, which are probably much closer to the levels in cardiomyocytes 

off line G#2. Therefore, it is likely that higher levels of Ga/4 expression in 

cardiomyocytess of the lines with more transgene copies cause an increase in 

riskk to develop cardiomyopathy. 

Inn conclusion, a-mhc promoter driven Ga/4 expression causes 

cardiomyopathyy in a copy-number dependent manner. Although Gal4 is not 

partt of any physiological pathway in the mouse cardiomyocyte, the 

cardiomyopathyy that results from its expression shows similarities to that 

observedd in many other transgenic models for cardiomyopathy. Expression of 

'harmless'' green fluorescence protein in the heart was also found to cause 

cardiomyopathyy (Huang et al. 2000). 
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Together,, these observations show that non-specific effects may interfere with 

thee analysis of protein function in the heart, requiring additional controls to 

differentiatee between specific and non-specific effects. Our study indicates that 

introductionn of the transgene into the hprt locus provides a means to correctly 

expresss a transgene in the heart while diminishing the risk of undesired non

specificc effects. Importantly, the site of integration and copy-number are 

identicall in each / ^ - t a rge t ed transgenic line that is generated. This allows 

directt comparison between different transgenic constructs, because the 

phenotypee of mice can be fully attributed to the construct itself. In addition, 

generationn and analysis of only one line per construct is sufficient. Therefore, 

targetingg at the hprt-locus allows sophisticated functional analysis of mutant 

genes,, or of dose effects by modifying the efficiency of transcription or 

translationn of the transgene that is investigated. Such analysis is difficult or 

evenn impossible in transgenic mice with randomly integrated constructs, 

becausee uncontrolled copy-numbers and regulatory functions at the site of 

integrationn differently affect level (and site) of expression and degree of 

mosaicismm in each transgenic line. 
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Formationn of the mammalian heart is complex and involves a precisely 

coordinatedd series of molecular events. The heart originates from the anterior 

viscerall mesoderm that with folding of the embryo forms linear cardiac tube. 

Thiss linear tube displays autorhythmicity, and unidirectional peristaltic 

contractionn waves. Subsequently, the heart tube loops, and atrial and 

ventricularr chambers differentiate at specific sites along the tube. Septation in 

leftt and right compartments and further remodelling eventually results in the 

four-chamberedd heart with unidirectional valves. 

Thiss thesis deals with the molecular mechanisms that control the development 

off the four-chambered heart. The formation of these distinct compartments 

requiress of necessity compartment-specific gene expression. Because 

compartment-specificc gene expression is predominantly regulated at the 

transcriptionall level, study of the mechanisms underlying transcriptional 

controll of a cardiac gene is essential to the understanding of the formation and 

(functional)) maintenance of compartments within the heart. 

Thee transcription of a gene is regulated by transcription factors that interact 

withh regulatory DNA sequences that are present in the gene. Recent studies of 

genee regulation have revealed that the complete developmental expression 

patternn of individual cardiac genes is frequendy dependent on composites of 

regulatoryy DNA sequences that are called transcriptional modules. Each 

transcriptionall module directs a subset of the overall expression pattern of a 

genee and several modules are necessary for the total transcription repertoire of 

thee gene. The expression patterns of transgenic mice that harbour fragments of 

cardiacc genes have revealed numerous regulatory DNA sequences that are 

modularr in organisation. In chapter 2 we review current knowledge of the 

differentt patterns of cardiac transgene expression in (transgenic) mice and give 

ann overview of the activity of the in vivo transcriptional modules identified so 

far.. The distinct transgene expression patterns suggest that the majority of 

regulatoryy DNA sequences respond to gradients along the antero-posterior 
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axiss rather than being confined to a morphological compartment. In chapter 3 

wee will challenge the traditional segmental model of chamber formation, which 

assumess that the developing compartments are present as a linear array of 

segmentss in the linear heart tube. In this model it is difficult to explain how the 

rightt atrium becomes connected to the right ventricle whereas the left ventricle 

iss localised in between these compartments; similarly, it is also difficult to 

explainn how the left ventricle becomes connected to the aorta while the right 

ventriclee is positioned in between. The model also does not provide a logical 

explanationn for the development of the conduction system. However, the most 

importantt limitation of the segmental model is that it distracts attention from 

thee essential phenotypic differences between the linear heart tube and the 

chamberr myocardium of the atrial and ventricles. The linear heart tube has a 

"nodall "phenotype, which means that it displays high automaticity, slow 

intercellularr conductivity, and poorly developed sarcomeres and sarcoplasmic 

reticulum.. This contrasts to the working myocardium of atria and ventricles, 

whichh exhibit low automaticity, a relatively high intercellular conduction 

velocity,, and well-developed sarcomeres and sarcoplasmic reticulum. We 

providedd molecular support for the 'ballooning model' of chamber formation. 

Inn this model the cardiac chambers develop after rightward looping of the 

heartt tube at the outer curvatures of the S-shaped heart tube. The primary 

myocardiumm of the original heart tube persists in the inflow tract, 

atrioventricularr canal and outflow tract, which are contiguous along the inner 

curvaturess of the loops. Subsequently, the atrioventricular canal undergoes 

rightwardrightward expansion to connect the right atrium and right ventricle. The 

expressionn pattern of the genes encoding atrial natriuretic factor (ANF), 

connexinn 40, connexin 43 and chisel are specifically expressed in the 

developingg chamber myocardium and are one of the first hallmarks of 

chamberr formation. We have described the expression pattern of ANF gene 

expressionn in great detail. Since the ANF gene has been well characterised, it is 

ideall for identifying regulatory DNA sequences involved in cardiac chamber 

formation.. We have tested the ability of a 0.7 kb regulatory region of the ANF 

genee to drive expression in the heart. 
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Wee found that this 0.7 kb ANF fragment drives reporter gene expression in 

thee atria and ventricles in a pattern very similar to that of the endogenous ANF 

gene.. Like the endogenous ANF gene, this 0.7 kb ANF regulatory region did 

nott drive reporter gene expression in the primary myocardium of the 

atrioventricularr canal, inner curvature and outflow tract. This finding raised the 

questionn of whether the ANF gene is specifically repressed in these areas or 

whetherr it is specifically activated in the atrial and ventricular chambers. In 

chapterr 4 we addressed this question and the ANF regulatory region was 

placedd upstream of a cardiac troponin I transgenic promoter, which on its own 

directss expression at high levels in the atrioventricular canal. We observed that 

thee sequence of the ANF regulatory region is able to repress the cardiac 

troponinn I driven expression in the atrioventricular canal. Furthermore, the 

repressionn in the atrioventricular canal was removed by in vivo inactivation of a 

T-boxx factor binding element (TBE) and/or a NK2-homeobox factor binding 

elementt (NKE). The transcriptional repressor Tbx2 is expressed in the 

myocardiumm of the developing heart in a pattern that is always reciprocal to 

thatt of ANF. We demonstrated that Tbx2 could form a repressive complex 

withh Nkx2.5 on the proximal ANF promoter, which competes with a Tbx5-

Nkx2.55 complex that positively regulates ANF expression. Based on these 

resultss we hypothesise that integration of the positive and negative modalities 

off the Nkx2.5 and Tbx factors helps to define the chamber myocardium in the 

earlyy heart. When we analysed promoter fragments of decreasing size in 

transgenicc animals, we were confronted with variable levels and patterns of 

expressionn between the distinct lines harbouring the same construct and 

ectopicc expression. These problems relate to the conventional methods used 

forr the generation of transgenic mice as injection of the DNA in the 

pronucleuss of fertilised oocytes results in a variable number of transgenes that 

integratee into random genomic loci. These problems can be overcome by 

targetingg transgenes to a specific genomic locus by homologous recombination 

inn ES cells. In chapter 5 we describe this approach using three distinct ANF 

transgenee constructs. The constructs are introduced as a single copy in the 

hypoxanthinee phosphoribosyltransferase (HPRT) locus by homologous 
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recombination.. The HPRT locus is transcriptionally active and accessible in all 

tissuestissues at all developmental stages by which the inserted transgene construct 

remainss relatively unaffected by the local chromatin environment. We 

demonstratee that integration of the transgene into the HPRT locus resulted in 

exclusivee expression in the heart. Preliminary results analysing chimeric mice 

indicatee that the HPRT approach is also suitable to study the expression 

patternn of DNA fragments as small as 0.4 kb, and allows for analysing the 

effectt of point mutations of single binding sites within the promoter. Finally, 

wee generated transgenic mice with the alpha myosin heavy chain promoter 

drivingg the yeast Gal4 transcription factor gene. Although Gal4 is not known 

too be toxic, we obtained mice that developed cardiac hypertrophy. Therefore, 

(over)) expression of a transgene in the heart may non-specifically induce 

cardiomyopathy.. This finding is reported in chapter 6 and raises the question 

off whether other genes that are thought to be causally involved in the 

establishmentt of a cardiomyopathy, indeed do have a physiological effect on 

thee observed cardiomyopathy, or whether the cardiomyopathy occurred as a 

non-specificc result of the transgene. The phenotype appeared to be copy-

numberr dependent. When using the HPRT approach that guarantees the 

integrationn of one single copy of the transgene, cardiac hypertrophy was not 

observed. . 
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Dee hartspier pompt het bloed door het lichaam. Het zuurstofarme bloed uit de 

organenn van het lichaam bereikt het hart via de onderste en bovenste holle 

aderr en wordt verzameld in de rechter boezem. Vervolgens stroomt het bloed 

naarr de rechter kamer die het bloed vervolgens naar de longslagader pompt. In 

dee longen wordt het bloed van zuurstof voorzien en via een aantal longaders 

stroomtt het bloed terug naar het hart en verzamelt zich in de linker boezem. 

Vann daaruit stroomt het bloed naar de linker kamer. De linker kamer pompt 

hett bloed naar de lichaamsslagader (aorta) die zich vertakt naar de verschillende 

organenn van het lichaam. De boezems van het hart fungeren dus als een 

verzamelplaatss voor het bloed. Ze hebben weinig pompkracht. Het eigenlijke 

pompenn van het hart wordt gedaan door de kamers. Hierbij hoeft de rechter 

kamerr alleen maar bloed naar de longen te pompen (kleine bloedsomloop), 

terwijll de linker kamer moet zorgen dat het bloed in de rest van het lichaam 

komtt (grote bloedsomloop), en hier is veel meer kracht en druk voor nodig. 

Kleppenn tussen de boezems en de kamers, en bij de uitgang naar de slagaders 

zorgenn er voor dat het bloed niet terug kan stromen. Verder zorgt het 

tussenschott tussen de beide boezems en de beide kamers ervoor dat het 

zuurstofrijkee en zuurstofarme bloed gescheiden blijft. 

Willenn de hartspiercellen van de boezems en kamers nu tot samentrekking 

kunnenn komen dan dienen zij een prikkel oftewel impuls te ontvangen. De 

contractiee dient gecoördineerd te verlopen. Eerst moeten de boezems die het 

verzameldee bloed naar de kamers pompen contraheren en vervolgens de 

kamerss die het bloed naar de longen en naar het lichaam pompen. Het hart 

bezitt hiervoor een geleidingssysteem bestaande uit (1) de pacemaker, oftewel 

sinusknoop,, waar de impuls gegenereerd wordt, (2) de atrioventriculaire knoop, 

diee de impuls vertraagd doorgeeft aan de kamers zodat zij inderdaad 

samentrekkenn na de contractie van de boezems, en (3) een kamer deel, dat de 

impulss snel naar de punt van de kamers geleidt, zodat het bloed van daaruit 

naarr de longslagader of de aorta wordt gepompt. 
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Hett hierboven beschreven volwassen hart wordt ook wel aangeduid als een 

vier-compartimentenn hart omdat er twee boezems en twee kamers aanwezig 

zijn.. Dit vier-compartimenten hart ontstaat uit het laterale mesoderm dat een 

rechtee buisvormige structuur vormt met een arteriole pool en een veneuze 

pool.. Vervolgens ontstaan er krommingen in de buis die leiden tot een S-

vormigee hartbuis, waaraan twee binnen- en buitenbochten zijn te 

onderscheiden.. Vervolgens zien we aan de buitenbochten een viertal 

verwijdingenn ontstaan. Deze verwijdingen vormen de toekomstige 

hartcompartimenten:: de embryonale kamers en boezems. Dit proefschrift 

heeftt betrekking op de moleculaire mechanismen die betrokken zijn bij het 

ontstaann van het vier-compartimenten hart. Met andere woorden, hoe wordt er 

bepaaldd dat er op sommige plaatsen in de lineaire hartbuis gespecialiseerde 

compartimentenn zoals de boezems en de kamers ontstaan terwijl andere 

gebiedenn in de hartbuis hun embryonale karakter behouden? 

Dee vorming van deze verschillende compartimenten vereist dat er ook 

verschillendee patronen van genexpressie ontstaan. De volgorde van de 

bouwstenenn van een gen (DNA sequentie) bepaalt de informatie die erin vervat 

is.. Omdat de regulatie van gen expressie voornamelijk plaatsvindt op het 

niveauu van transcriptie dwz., het omzetten van de DNA sequentie in de RNA 

sequentiee alvorens er een eiwit wordt gemaakt, is het nuttig om de 

transcriptionelee mechanismen te bestuderen die ervoor zorgen dat een bepaald 

genn alleen maar aanstaat in een bepaald compartiment van het hart zoals 

bijvoorbeeldd de rechter boezem. Transcriptie vindt plaats doordat zogenaamde 

transcriptiefactorenn interacties aangaan met regulerende sequenties van het 

DNA.. In de voorlopercellen van de verschillende hartcompartimenten zijn dus 

ookk verschillende combinaties van transcriptie factoren noodzakelijk om de 

differentiëlee ontwikkeling van de hartcompartimenten mogelijk te maken. 

Recentee studies hebben laten zien dat de regulerende DNA sequenties waar 

dezee transcriptiefactoren aan binden niet random verspreid over het hele DNA 

vann een gen liggen maar clusters vormen. Zo'n cluster wordt aangeduid met de 

termm transcriptionele module. 
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Iederee afzonderlijke module neemt een deel van het totale expressie patroon 

vann een gen voor zijn rekening. Om het totale expressie patroon van een gen te 

bewerkstelligenn zijn dus meerdere modules nodig. Deze transcriptionele 

moduless zijn aan het licht gekomen door het bestuderen van de expressie 

patronenn van transgene muizen die elk bepaalde delen van de totale DNA 

sequentiee van een hartgen bevatten. In het tweede hoofdstuk wordt een 

overzichtt gegeven van de verschillende expressie patronen van deze transgene 

muizenn en de hieruit af te leiden transcriptionele modules. Deze expressie 

patronenn laten zien dat het activiteitsgebied van de meeste transcriptionele 

moduless niet overeenkomt met de precieze grenzen van de morfologische 

gebiedenn in het hart. 

Inn de huidige leerboeken wordt de embryonale hartbuis voorgesteld als een 

seriee aaneengeschakelde segmenten met een instroom deel, een 

gemeenschappelijkee boezem, het atrioventriculair kanaal, een linker kamer, een 

rechterr kamer, en het uitstroom segment. Met behulp van dit model zijn een 

aantall zaken echter niet te verklaren: (1) In het volwassen hart is er een 

rechtstreekss verbinding tussen de rechter boezem en de rechter kamer en de 

linkerr kamer staat rechtstreeks in contact met de aorta. Uitgaande van de 

segmentenn is het niet mogelijk om deze rechtstreekse verbinding tot stand te 

brengenn omdat de linker kamer ertussen zit en de linker kamer kan zich niet 

verbindenn met het uitstroom deel van het hart omdat de rechter kamer 

ertussenn zit (2) Het segment model geeft geen logische verklaring voor het 

ontstaann van het geleidingssysteem. (3) Het segment model gaat voorbij aan de 

fenotypischee verschillen die er bestaan tussen het myocard van de lineaire 

hartbuiss (embryonaal myocard) en het myocard van beide boezems en kamers 

(werkmyocard).. Het embryonale myocard wordt gekenmerkt door langzame 

geleidingg van de depolarisatie golf en ten gevolge daarvan een peristaltische 

contractiee zoals bijvoorbeeld ook aanwezig is in de darm. In het werkmyocard 

vann boezems en kamers wordt de depolarisatie golf snel voortgeleid, waardoor 

dezee compartimenten snel en synchroon samentrekken. Dit is nodig voor het 

opbouwenn van voldoende bloeddruk. In hoofdstuk drie wordt een moleculaire 

onderbouwingg geleverd voor een logischer model van compartiment vorming 
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inn het hart. Dit model wordt het "ballooning model" genoemd. In dit model 

ontstaann na de krommingen van de hartbuis de beide boezems en kamers aan 

dee buitenbochten van de S-vormige hartbuis. Het oorspronkelijke embryonale 

myocardd blijft aanwezig in het instroom kanaal, het atrioventriculaire kanaal en 

hett uitstroom gedeelte van het hart en aan de binnenbochten. Deze delen 

blijvenn dus door de binnenbochten met elkaar verbonden en zullen bijdragen 

aann het geleidingssysteem. 

Eenn aantal genen komt selectief tot expressie in de zich ontwikkelende 

boezemss en kamers van het hart. Eén van deze genen codeert voor het eiwit 

atrieell natriuretisch factor, oftewel ANF. Eerdere studies hebben de 

regulerendee sequenties van dit gen al goed in kaart gebracht hierdoor is dit gen 

eenn ideale kandidaat om gericht te zoeken naar de regulerende DNA sequenties 

diee betrokken zijn bij het ontstaan van de boezems en kamers. Allereerst 

hebbenn we het expressie patroon van het ANF gen in detail bestudeerd. 

Vervolgenss hebben we uit de hele DNA sequentie van dit gen een relatief kort 

stukk DNA van 700 basenparen (bp) getest en gekeken in welke delen van het 

hartt dit korte stuk actief is. Het bleek dat het expressie patroon van dit 700 bp 

stukk sterk vergelijkbaar is met het expressie patroon van het endogene ANF 

gen.. Beiden laten expressie zien in het zich ontwikkelende werkmyocard van de 

boezemss en kamers en er is geen expressie in het embryonaal myocard van het 

atrioventriculairee kanaal, de binnenbocht, en het uitstroom gedeelte van het 

hart.. Bij ons rees de vraag waarom er geen ANF expressie aanwezig is in deze 

laatstgenoemdee gebieden? Komt dit doordat het ANF gen selectief door 

transcriptiee factoren wordt geactiveerd in het werkmyocard of komt dit doordat 

hett gen specifiek wordt onderdrukt (repressie) in het embryonaal myocard? 

Omm deze vraag te beantwoorden hebben we in hoofdstuk vier een zogenaamd 

dubbel-constructt gemaakt, dwz, we hebben de 700 bp van de regulerende 

sequentiee van ANF voor de 356 bp van de regulerende sequentie van het 

cardiacc troponine I gen gezet. Deze 356 bp van het cardiac troponine I gen 

sturenn met name de expressie aan in het atrioventriculaire kanaal. Uit deze 

proeff kwam naar voren dat de regulerende sequentie van ANF in staat is om 

dee expressie van het cardiac troponine I gen te onderdrukken in het 
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atrioventriculairee kanaal. Door het maken van gerichte mutaties in de 

regulerendee sequentie van ANF is vervolgens aangetoond dat een T-box factor 

DNAA bindingselement en een NK-2 factor DNA bindingselement betrokken 

zijnn bij deze repressie. Uit de familie van NK-2 factoren blijkt de 

transcriptiefactorr Nkx2.5 te binden aan het NK-2 factor DNA 

bindingselementt en Tbx2 blijkt te binden aan het T-box factor DNA 

bindingselement.. Verder komt Tbx2 in het hart juist op die plaatsen tot 

expressiee waar ANF afwezig is en beide factoren, Tbx2 en Nkx2.5, kunnen een 

complexx vormen dat de activiteit van de ANF regulerende sequentie sterk 

verlaagt.. Wanneer we nu deze specifieke resultaten veralgemeniseren komen 

wee tot de volgende werkhypothese: vorming van de boezems en kamers 

ontstaatt alleen op die plaatsen in de hartbuis waar de repressor Tbx2 en/of 

anderee repressoren niet tot expressie komen. 

Dee bovenstaande studie is volledig afhankelijk van de analyse van transgene 

muizen.. Deze muizen worden normaliter gemaakt door het DNA construct te 

injecterenn in de pronucleus van een bevruchte eicel. Op deze manier wordt een 

willekeurigg aantal exemplaren van het DNA construct op een willekeurige 

plaatss in het genoom geïntegreerd. Hierdoor kan echter het expressie niveau en 

hett expressie patroon van verschillende transgene muizen die hetzelfde DNA 

constructt bevatten verschillen en moeten er meerdere transgene muizen lijnen 

perr construct gemaakt worden om met een zekere mate van betrouwbaarheid 

hett patroon en niveau van expressie te beschrijven. Deze mate van 

betrouwbaarheidd neemt af naarmate het DNA construct dat geïnjecteerd wordt 

korterr is, omdat dan de invloed van de omgeving waar het DNA 

terechtgekomenn is groter wordt. Door gebruik te maken van een andere 

techniekk om transgene muizen te maken kunnen deze problemen voorkomen 

worden.. Deze andere techniek zorgt er middels homologe recombinatie in 

embryonalee stamcellen voor dat er slechts 1 kopie van het DNA construct op 

eenn vaste plaats in het genoom wordt geïntegreerd. In hoofdstuk vijf hebben 

wee getest of deze techniek ook geschikt is voor relatief korte hart-specifieke 

DNAA sequenties. Een drietal ANF constructen zijn door middel van homologe 

recombinatiee in de hypoxanthine phosphoribosyltransferase locus (HPRT) 
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gebracht.. Deze HPRT locus is transcriptioneel actief en toegankelijk in alle 

weefselss en op alle tijdstippen in de ontwikkeling en zorgt er dus voor dat 

verschillendee DNA constructen op dezelfde manier beïnvloed worden door 

hett genoom. Onze resultaten laten zien dat de HPRT aanpak specifieke 

expressiee geeft in het hart. Verder geven voorlopige resultaten aan dat deze 

aanpakk ook geschikt is om (1) naar de activiteit van korte DNA constructen te 

kijkenn die maar 400 bp bevatten en om (2) naar het effect van punt mutaties 

binnenn een DNA construct te kijken. 

Tenslottee hebben we transgene muizen gemaakt waarbij de a-myosine zware 

ketenn promoter het gen voor de gist-specifieke transcriptie factor Gal4 

aandrijft.aandrijft. Alhoewel Gal4 zelf niet bekend staat als factor die een 

cardiomyopathiee kan veroorzaken, ontwikkelden de ontstane muizen wel 

cardialee hypertrophy. Dit betekent dat (over)expressie van een bepaald 

transgenn in het hart dus kan leiden tot een niet-specifieke cardiomyopathie. 

Dezee bevinding plaatst vraagtekens bij eerder vermelde resultaten van studies, 

waarbijj op basis van de resultaten van transgene muizen, aan bepaalde genen 

eenn rol wordt toebedeeld in het ontstaan van een bepaalde cardiomyopathie. 

Eenn deel van de cardiomoyopathieën zou ook het resultaat kunnen zijn van het 

transgen,, net als bij de a-myosine zware keten-Gal4 muizen. Bij de a-myosine 

zwaree keten-Gal4 muizen bleek het fenotype afhankelijk te zijn van het aantal 

geïntegreerdee kopieën. De hierboven beschreven HPRT aanpak garandeert de 

integratiee van slechts een kopie en de muizen die gemaakt zijn met deze aanpak 

lietenn geen hypertrophy zien. Het resultaat van transgenen die verkregen zijn 

mett behulp van deze HPRT aanpak valt dus met zeer grote zekerheid toe te 

schrijvenn aan de gekozen DNA sequentie en valt niet toe te schrijven aan het 

aantall kopieën die geïntegreerd worden in het genoom. 
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