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RESUMO

O desenvolvimento embrionário do coração é um processo morfogenético

complexo, ao qual se tem dado muita importância devido às repercursões que eventuais

malformações têm na nossa vida quotidiana. Mutações em genes que controlam o

desenvolvimento embrionário do coração estão na origem de doenças cardíacas

congénitas, e anomalias do coração adulto representam a forma mais comum de

morbilidade e mortalidade no mundo ocidental. O coração é o primeiro orgão a formar-se

durante o desenvolvimento embrionário dos vertebrados em geral. É sobretudo o primeiro

orgão funcional e a maior parte do seu desenvolvimento ocorre com o coração latendo.

As células precursoras do coração são primeiro reconhecidas em dois campos

cardíacos estabelecidos na mesoderme lateral esplâncnica, numa região posterior à

mesoderme da cabeça. Estes dois grupos de precursores cardíacos, organizados num

epitélio, migram em direcção à linha central do embrião onde se encontram formando o

tubo cardíaco primitivo ou linear. Este tubo cardíaco é linear e é constituído por

miocárdio (primário) que envolve o endocárdio no seu interior. É nesta altura que surgem

os primeiros batimentos cardíacos, os quais são gerados por um centro sinalizador na

região posterior do tubo cardíaco (região sino-aurícular). O tubo cardíaco passa então por

vários passos de um processo de remodelação até se transformar num coração com quatro

câmeras, dois ventrículos e duas aurículas. Primeiro, o tubo cardíaco primitivo inicia

então o processo morfogenético denominado de “looping”, em que o tubo linear dobra

sobre si próprio, colocando a região posterior (futuras aurículas) ao mesmo nível da

região anterior (futuros ventrículos), e dorsal a esta. Ao mesmo tempo, a formação das

câmeras e, como tal, a diferenciação do miocárdio primário, é iniciada com a

consequência de que no final do looping as câmeras são visíveis. A formação das

câmeras cardíacas ocorre em zonas específicas do tubo cardíaco, as curvaturas exteriores,

que são definidas pela expressão diferential de genes marcadores de câmeras, como Anf.

As curvaturas interiores do tubo cardíaco vão constituir o canal atrioventricular e o conus

truncus. Assim, o miocárdio diferencia-se após compleção do looping especializando-se

em câmera (ventrículo ou aurícula) ou não-câmera (canal atrioventricular, “tracto de
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saída e entrada”). O miocárdio ao nível das câmeras cardíacas apresenta uma velocidade

de condução, contractibilidade e actividade do retículo sarcoplasmático elevadas e uma

maior taxa de proliferação celular. O miocárdio ao nível das curvaturas interiores mantém

uma velocidade de condução, contractibilidade e actividade do retículos sarcoplasmático

reduzidas, à semalhança do miocárdio primário do tubo cardíaco linear. Estas diferenças

na velocidade de condução resultam num atraso na passagem do sinal do centro

sinalizador, localizado nas aurículas, para o ventrículo dando origem a uma condução

sincronizada, muito semelhante à adulta.

Os factores de transcrição T-box (Tbx) são caracterizados por terem um domínio

de ligação ao DNA muito conservado e denominado de T-box. Fora do domnínio T-box,

os genes Tbx diferem muito sendo esta a base da classificação em diferentes subfamílias.

Vários genes Tbx são expressos no tubo cardíaco durante desenvolvimento embrionário.

Assim, Tbx5 é expresso ao longo de todo o tubo cardíaco linear, formando um gradiente

em que a expressão é mais forte na parte posterior (região sino-aurícular), enquanto que o

Tbx20 é expresso ao longo de todo o tubo cardíaco linear. Os genes Tbx2  e Tbx3

expressam-se no miocárdio ao nível das futuras válvulas cardíacas, ou seja, definindo

espacialmente o miocárdio que não se especializa em câmera. Estes padrões de expressão

constituiem um mapa de regionalização no coração linear, em que o miocárdio de câmera

é definido pela ausência de expressão de Tbx2 e Tbx3 e presença de Tbx5. A importância

deste mapa de expressão no tubo cardíaco linear é comprovada pela existência de defeitos

cardíacos nos síndromes humanos causados pela haploinsuficiência de TBX5 e TBX3. No

entanto, a tradução deste mapa de expressão de factores Tbx em comportamento celular

ainda não é totalmente compreendida.

Como objectivo primordial, esta tese pretende esclarecer o papel que os factores

de transcrição Tbx2 e Tbx3 têm no desenvolvimento embrionário do coração. Estes

factores de expressão são expressos no coração desde a formação do tubo cardíaco linear

e esta expressão é mantida até à fase adulta. Sendo o desenvolvimento embrionário do

coração um processo longo e complexo, este estudo centrou-se na fase de remodelação do

tubo cardíaco linear num coração embrionário com câmeras.

Apesar de a estrutura básica do coração ser comum a todos os vertebrados, os

peixes possuem só duas câmeras cardíacas, um ventrículo e uma aurícula. Assim, certos
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eventos do processo de remodelação do coração são melhor estudados em vertebrados

inferiores. Nesta dissertação, o coração do peixe zebra (Danio rerio) foi utilizado como

modelo para o estudo do papel de Tbx2 e Tbx3 no desenvolvimento embrionário do

coração. No Capítulo 2, são descritos dois factores de transcrição do peixe zebra

homólogos do Tbx2 e Tbx3, tbx2a e tbx3b. Os padrões de expressão de tbx2a e tbx3b

sugerem uma semelhança com os homólogos do ratinho. A perda de função de tbx3b

resultou num bloqueio no crescimento da barbatana peitoral e da vesícula ótica, bem

como defeitos no coração, demonstrados pela presença de um inchaço no saco

pericárdico. A perda de função de tbx2a também resultou em defeitos cardíacos, além de

truncamento da cauda. Análise da perda de função dos dois genes demonstrou que tbx2a

e tbx3b mantém funções não redundantes no desenvolvimento embrionário.

Os defeitos cardíacos causados pela ausência de função de tbx2a e tbx3b foram

estudados em maior detalhe no Capítulo 3. Manutenção de expressão de marcadores

cardíacos como bmp2b and bmp4 no coração na ausência de função de tbx2a e tbx3b

demonstra que a determinação das diferentes regiões do miocárdio parece ocorrer

normalmente. No entanto, o desenrolar da remodelação cardíaca não ocorre

normalmente, demonstrado pela ausência de constrição entre o ventrículo e a aurícula, no

chamado canal atrioventricular, e de “looping” em ambos os casos. Surpreendemente,

sobre-expressão de Tbx2 ou Tbx3 do ratinho em embriões de peixe zebra causa também

ausência de looping, desta vez acompanhado de defeitos na formação das câmeras. A

chave deste paradoxo parece estar no controlo da proliferação dos miocardiócitos por

estes factores de transcrição, uma vez que quando existe sinal Tbx2 ou Tbx3 em todo o

miocárdio (caso de sobre-expressão), os níveis de proliferação celular são reduzidos.

Assim, a falta de sinal tbx2a ou tbx3b no futuro canal atrio-ventricular resultará num

nível de proliferação celular semelhante ao nível que existe no miocárdio das futuras

câmeras, impedindo a formação de uma constrição física no tubo cardíaco entre o

ventrículo e a aurícula, o que por sua vez dificulta o processo de “looping”.

No Capítulo 4 são analizadas questões que surgiram do estudo do processo de

remodelação do tubo cardíaco linear para um coração com as câmeras identificáveis no

peixe zebra. Assim, o processo de remodelação do coração do peixe zebra é descrito e as

diferenças entre o estabelecimento de expressão de marcadores cardíacos restringida aos
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diferentes tipos de miocárdio são analizadas. Apesar de haver diferenças significativas, a

expressão de tbx2a parece ser controlada da mesma maneira no ratinho e no peixe zebra,

pelo factor de sinalização Bmp2.

O papel de Tbx3 no desenvolvimento embrionário do coração no ratinho foi

estudado nos Capítulos 3 e 5. Há dois tipos de defeitos cardíacos em ratinhos

homozigotas para mutação nula de Tbx3: defeitos cardíacos severos, em que o coração

não completa a etapa de “looping” do tubo cardíaco, e defeitos cardíacos menos severos,

em que o processo de “looping” é completado mas que o restante processo de

remodelação é ainda afectado. Neste caso, Tbx3 é necessário para o estabelecimento da

parede compacta do ventrículo, para a formação do sulco externo correspondente ao

septo inter-ventricular e o septo inter-ventricular e para a septação do conus truncus.

Numa tentativa de atrasar a letalidade dos embriões de ratinho homozigotas para a

mutação nula de Tbx3, foi gerada uma mutação hipomórfica de Tbx3. Embriões de

ratinho transheterozigotas sobrevivem por um período de gestação mais alargado e

demonstram defeitos no membro anterior semelhantes a pacientes que sofrem de

haploinsuficiência de TBX3 ou síndrome ulnar-mamário. Estas observações sugerem que

os defeitos cardíacos serão menos severos, e mais representativos da realidade médica.

Assim sendo, o coração destes embriões apresenta defeitos no septo entre os ventrículo, à

semelhança de alguns pacientes sofridores de síndrome ulnar-mamário. A futura

obtenção de um modelo murino deste sindroma ajudará o estudo das malformações

cardíacas e indicará uma via de tratamento com o objectivo de aumentar a qualidade de

vida destes pacientes.

Palavras chave: cardiogénese, peixe zebra, miocárdio, factores de transcrição T-box,

remodelação do coração.
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ABSTRACT

The vertebrate heart is a complex organ that develops from two lateral cardiac

fields that migrate and fuse into a linear heart tube. The linear heart tube undergoes

extensive remodeling that includes heart looping and chamber formation. Throughout

these complex morphogenetic processes, differential gene expression, cell proliferation,

differentiation, migration and cell shape changes are coordinated to produce the

vertebrate multi-chambered heart. How regulation of these processes spatially and in tight

synchrony with the needs of the development of the embryo is achieved is still largely

unknown. T-box (Tbx) genes are transcription factors that are regionally expressed in the

heart tube during cardiac development and are crucial players in these processes.

The aim of this thesis was to determine the role of Tbx2 and Tbx3 during heart

development. In Chapter 2, we search for zebrafish orthologues of Tbx2 and Tbx3 genes

and analyze their expression pattern and knock down in zebrafish embryos. Zebrafish

tbx2a and tbx3b display expression patterns that correlate with the expression pattern of

their counterparts in higher vertebrates. Knock down of tbx2a and tbx3b function in

zebrafish embryos generates a set of embryonic malformations that include defects in

heart development. In Chapter 3, we analyze the cardiac defects caused by depletion of

tbx2a and tbx3b. We show that, although patterning of the linear heart tube is not

perturbed at the level of expression of cardiac markers, tbx2a and tbx3b are required for

the formation of the atrioventricular canal. In Chapter 4, we assess the expression of

major cardiac markers during heart development and show that zebrafish anf, bmp2,

bmp4, bmp10 and versican are expressed throughout the extent of the linear heart tube

and only after cardiac remodeling is initiated does their expression become spatially

restricted. In Chapter 3 and 5, we study the cardiac defects of a mouse line bearing a

mutant allele of Tbx3. Tbx3 mutant embryos present a range of severity of cardiac

defects, which we divided into severe and mild classes. The severe class of Tbx3 mutant

mice display defects in heart looping comparable to cardiac defects caused by of knock

down of zebrafish tbx3b. The mild class of Tbx3 mutant embryos survives longer and

presents defects in the ventricular myocardial wall and outflow tract septation. Together,
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the results presented here demonstrate that Tbx2 and Tbx3 are crucial players in several

steps of heart development.

Keywords: heart formation, zebrafish, Tbx transcription factors, myocardium, heart

remodeling.
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Introduction
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1.1. Introduction to embryonic development:

During embryonic development a single cell, the fertilized egg, must divide and

differentiate into an array of specialized tissues to form an embryo. Initially the zygote

undergoes cleavage whereby numerous cells are generated to form a blastula. During

gastrulation, these cells rearrange themselves through a series of cell movements to

establish the three layers characteristic of the metazoan body plan: ectoderm, mesoderm

and endoderm. A specific group of cells, known as the organizer, initiates the gastrulation

movements and coordinates the establishment of the main axes of the embryo:

anteriorposterior (AP), dorsoventral (DV) and left right (LR) (Essner et al., 2005; Gilbert,

2006). A structure equivalent to an organizer is present in all vertebrate embryos studied

so far: dorsal lip of the blastopore in the frog, embryonic shield in the zebrafish, Hensen’s

node in the chick, node in the mouse. At the same time as gastrulation is taking place, the

most anterior part of the embryo starts another phase of development, called neurulation.

During neurulation, the ectoderm overlying the axial mesoderm thickens originating first

the neural plate and then, by the formation and closure of the neural fold, the neural tube.

Concomitantly, the mesoderm positioned lateral to the neural tube, the paraxial

mesoderm, becomes segmented into metameric structures called the somites, which give

rise to the vertebrae and ribs, the dermis of the dorsal skin, the skeletal muscles and

tendons of the back and the skeletal muscles of the body wall and limbs. More

posteriorly, gastrulation is still taking place. Thus, there is an AP gradient of embryonic

development, in which the anterior region is more advanced than the posterior region. In

this scenario, organogenesis is initiated whereby organ primordia are specified. The

organ primordium can be a bud, as in the case of the liver and pancreas development, that

protrude from the intestinal tube, or migrating cells that need to reach a different location

from where they are first specified, such as in the case of the cardiac fields that migrate

towards the midline and fuse into the heart tube.

During organogenesis, numerous cellular events must occur in order to achieve

the final form of a particular organ. The cell behavior that underlies the creation of form,

or morphogenesis, involves coordinated and localized cell proliferation, cell death, cell

migration, cell shape changes and cell differentiation. The coordination of these events in
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space and time are the foundation of embryonic development. The challenge to

developmental biologists is to understand how an array of positional information is

received, interpreted and refined into discrete responses that result in the formation of an

embryonic organ. The understanding of morphogenesis serves as the basis of present and

future therapeutic techniques that are required to either direct stem cells to a specific

differentiation pathway or to prevent certain differentiated cells of regaining their ability

to proliferate. Thus, the stem cell and cancer fields are not only interconnected between

themselves but also depend and connect with the field of developmental biology.

Developmental biologists have used several organisms as models to study

embryogenesis. Among these are the fruit fly and the mouse, traditionally used for

genetic analysis, and the frog and chick, amenable to surgical manipulation. The

zebrafish and the nematode have been added to the list in the last 40 years and are

amenable to good imaging. Each model organism has advantages and disadvantages that

make it more or less suitable to answer a certain question.

In my thesis work I have used the zebrafish and mouse models to access the role

of Tbx2 and Tbx3 in heart development. The small, tropical zebrafish (Danio rerio),

native to Southeast Asia, has been recruited relatively recently from the pet shop into the

lab (Fig. 1). Zebrafish are easy to maintain and they breed prodigiously. External

fertilization and optical transparency allow easy transient genetic manipulation and

imaging analysis. All the major organs of the embryo can be observed, including the

major divisions of the brain, the neural tube, floorplate, notochord, somites, heart, jaw,

gills, liver and gut. Especially advantageous for the study of cardiovascular development,

is the fact that the embryos, because of their small size, receive sufficient oxygen by

passive diffusion alone, which allows development to proceed to a late stage, even in the

total absence of circulation (Stainier, 2001). This way cardiac malformations will not

cause lethality until 5 days post fertilization (dpf) facilitating the study of defective heart

development and its consequences for organ function. Furthermore, the use of transgenic

lines that express a fluorescent protein, such as green fluorescent protein (GFP), under

the control of a organ-specific promoter is very useful to monitor the development of a

given organ (Beis and Stainier, 2006; Jin et al., 2005; Matsui et al., 2005; Ober et al.,

2006). This technique is beginning to be fully exploited with the advent of live
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microscopy technology (Gilmour et al., 2002).

Figure 1. Zebrafish life cycle. Adult zebrafish are sexually mature when they are two and a half
to three months old and develop until larva stage in five days. A single female can lay up to 200
eggs in one single mating and can be mated once a week. Because zebrafish are photoperiodic in
their breeding and there has to be contact between the male and the female for spawning, the hour
at which the eggs are laid and fertilized can be precisely controlled by keeping the fish tanks in
the dark and separating the male from the female with a net before the desired time of fertilization
(Westerfield, 1993). The costs of maintaining an aquarium system to keep zebrafish animals are
low if compared to the costs of a mouse facility and it is possible to maintain a large number of
adults as well as obtain a large number of embryos. These characteristics have prompted
researchers to do forward genetics and large scale drug screens (Patton and Zon, 2001). Since the
first point mutation mutagenic screen was described in zebrafish (Mullins et al., 1994), multiple
new genes and their functions have been uncovered (Beis et al., 2005; Driever et al., 1996;
Haffter et al., 1996). Another advantage of working with zebrafish is that the manipulations
performed are simple to learn, so that there is no need to have a specialized technician in the lab
to produce transgenic lines or perform gain and loss of function experiments, as it is necessary in
the case of the mouse.

Scientists from a wide range of developmental and biomedical fields have long

used the house mouse, Mus musculus, because of its close genetic and physiological
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similarities to humans (for life cycle see Fig. 2). Also the relative ease with which its

genome can be manipulated to generate targeted mutations in one specific allele or

insertion of a reporter gene into a locus allows analysis of loss-of-function or gain-of-

function of the gene of interest. Although mouse embryos are difficult to monitor because

they develop in utero, mouse is a preferred model for human development since their

heart development is very similar to the development of the four-chambered human heart.

Numerous studies enclosing all fields of cardiology are done in the mouse, including

gene therapy, cell transplantations, stroke and cardiac arrest. The generation of mouse

mutants for a gene mutated in a specific human syndrome has also proved very useful to

understand the origin of congenital malformations.

Figure 2. Mouse life cycle. Several reasons place the house mouse among mammals as a model
ideally suited for genetic analysis. First, mice are small, with the adult weighing in the range of
25-40 g. Second, the mouse has a short generation time, in the order of 10 weeks. Third, females
breed prolifically in the lab with an average of 5-10 pups per litter and an immediate postpartum
estrus. Fourth, an often forgotten advantage is the fact that fathers do not harm their young, and
thus breeding pairs can be maintained together after litters are born. Fifth, for developmental
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studies, the deposition of a vaginal plug allows the investigator to time all pregnancies. All of the
reasons listed here and the fact that developmental biology studies require the analysis of a large
number of embryos from each of the crosses under analysis, make the mouse an excellent species
for genetic analysis and have helped to make it the major model for the study of human disease
and basic biology. It is also important to consider the cost of care for genetically altered mice, as
they require transgenic core facilities where staff can assist with housing and taking proper
measures to keep these animals at optimal conditions for research purposes.

1.2. Why study heart development?

Cardiac disease affects 1 in 200 live births and is the leading non-infectious cause

of death in children. It is becoming clear that many cardiac abnormalities are caused by

mutations in genes that control embryonic development (Srivastava and Olson, 2000).

Genetic mutations of these genes can lead to either early embryonic lethality or a variety

of congenital heart defects (CHDs), which can be manifest at birth as life-threatening

cardiac malformations or later as more subtle cardiac abnormalities. Heart development is

a complex process involving a series of morphogenetic events, such as cardiogenic

induction and patterning, heart tube formation and differentiation, multiple cell lineage

specification and chamber maturation (Brand, 2003). These events are regulated by

cardiac transcriptional factors and growth/differentiation factors. Understanding the

function of these genes in the complex events that make up the heart development is

crucial not only to understand the basis of CHD, but also for the possibility of cardiac

repair through genetic reprogramming of non-cardiac cells to the cardiogenic fate.

1.3. Heart Development

The first heart-like organ is thought to have evolved from an ancestral bilaterian

and was probably similar to the simple tubular vessel-like organs of the tunicates

(urochordates) and the amphioxus (cephalochordates) (Olson, 2006). The heart of

tunicates and amphioxus is valveless and chamberless and is composed of a

myoepithelial cell layer that beats peristaltically. During evolution, the heart evolved

from this tubular vessel-like organ into a more powerful and efficient pump, with

muscular chambers and synchronous contractions. The vertebrate heart can be seen as a
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blood-pumping machine, in which the atrium collect blood from the body and send it to

the ventricle, which pumps blood back into body circulation. Cardiac valves separate

each chamber and arteries to prevent reflux and the cardiac conduction system (CCS)

generates the electrical impulse that coordinates chamber filling and ejection.

Figure 3. Blood circulation in vertebrates. A. In fish, the heart has two chambers, one atrium
and one ventricle. There is only one type of blood circulation in which blood leaving the heart is
oxygenated in the gills and from there passes through the body. B. Amphibians possess a more
complex heart, with two atria and one ventricle. Circulating blood from the body enters the right
atrium and is pumped by a common ventricle to be oxygenated in the lung capillaries. The blood
reaches the heart again, this time through the left atrium, and is pumped again by the common
ventricle into the body circulation. C. Mammals and birds possess complete separation between
oxygenated and non-oxygenated blood. The heart is composed of two atria and two ventricles.
Blood coming from the body enters the heart in the right atrium and is pumped to the pulmonary
circulation by the right ventricle. Once oxygenated in the lungs, blood enters the heart again, this
time through the left atrium and is pumped into the systemic circulation by the more powerful left
ventricle. From http://www.biosci.uga.edu/almanac/bio_104/notes/may_7.html.

Although the basic architecture of the vertebrate heart is maintained across phyla,

the complexity of the heart varies in different vertebrates. Teleosts have a simple two-

chambered heart, with one atrium and one ventricle. There is only one type of circulation

in fish: blood leaving the ventricle is oxygenated upon passage through the gills and

passes through the body vasculature before returning to the atrium (Fig. 3). The transition

from an aquatic to a terrestrial environment required a more efficient energy metabolism

and several additions to the heart in order to separate oxygenated from deoxygenated

blood. In line with this, the amphibian heart possesses two atria separated by a septum

and one ventricle. The blood passes two times through the heart, one to get oxygenated in

the pulmocutaneous circuit and another one to get into body circulation. Birds and
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mammals have the most efficient circulatory system in which there is no mixture between

oxygenated and deoxygenated blood. The four-chambered heart of birds and mammals

has one atrium and one ventricle dedicated to the pulmonary circulation and another

atrium and ventricle dedicated to the systemic circulation.

Despite apparent differences, studies of the embryonic heart reveal remarkable

similarities among vertebrates. The majority of heart development studies have used the

mouse and chick as model animals, as well as the Xenopus. As an introduction to

embryonic heart development I will focus on what is known for the higher vertebrates,

introducing later the zebrafish animal model.

1.3. Overview of Heart Development in Higher Vertebrates:

The vertebrate heart is one of the first organs to become functional during

embryonic development. This is thought to occur since the embryo needs nourishing for

the entire body while the cardiovascular system is developing and maturing. The heart

develops in the lateral mesoderm in the form of two lateral heart fields that are generated

in the anterior primitive streak during early gastrulation (stage E7.75 in mouse; Fig. 4 A).

By stage E8 in the mouse, the two cardiac fields have joined in the middle to form a

beating heart tube. The linear heart tube is composed of external myocardium underlined

by the endocardium (Brand, 2003). The heart maintains its physiological pump function

while it is continuously remodeled until the multi-chambered organ is formed. Soon after

it is formed, the linear heart tube undergoes looping, whereby the original AP polarity of

the heart tube is converted into the final LR and DV orientations (Fig. 4 B, C). At the

same time, the myocardium becomes regionalized into chamber myocardium – the

ventricles and the atria – and the non-chamber myocardium – the outflow tract (OFT;

also called the conus truncus), the atrioventricular canal (AVC) and the inflow tract (IFT;

also called the sinus venosus: (Stennard and Harvey, 2005). Initially, peristaltic waves

run through the heart tube from the posterior pole (sinus venosus) to the anterior pole

(conus truncus). Spontaneous action potentials originate from the primordial sinoatrial

region and propagate throughout the myocardium where all cardiomyocytes are

electrically coupled and contractile (Pennisi et al., 2002). During the process of heart
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remodeling, the peristaltically contracting heart is transformed into a synchronous

contracting chamber heart. This coordinated contraction of the atrial and ventricular

chambers is achieved due to the precise initiation and transmission of action potentials

through a specialized tissue network, the CCS (Pennisi et al., 2002).

Figure 4. General steps of heart development. The entire embryo or isolated heart is shown at
the top with an informative transversal or longitudinal section shown beneath. A. At E7.75 the
heart tube progenitors are located in the splanchnic mesoderm in two cardiac fields. Myocardial
and endocardial cells become evident at this stage by the expression of cardiac-restricted
transcription factors, such as Nkx2.5 and Tbx5. B. Heart progenitors move ventrally to form a
muscular vessel within the ventral trunk. The myocardium initially remains open dorsally in
continuity with pericardial mesoderm. This opening then converges to form the dorsal
mesocardium, a transient attachment to the ventral foregut that eventually disappears, leaving the
heart tethered only at its poles. C. From E8.5 to E10.5, the heart tube elongates within the
pericardial cavity and loops into a rightward spiral under the influence of the embryonic LR axial
pathway. D. Many changes occur during cardiac looping and are collectively referred to as heart
remodeling: the future cardiac chambers become evident as swellings; rib-like myocardial
protrusions called trabeculae form; endocardial cushions, precursors of the cardiac valves and
parts of the septa, form in the atrioventricular canal (AVC) and outflow tract (OFT); and
muscular septa arise within the primitive ventricles and atria. Further remodeling occurs in
subsequent phases. avc, atrioventricular canal; avs, atrioventricular septum; ca, common atrium;
cc, cardiac crescent; co, coelum; dm, dorsal mesocardium; dp, dorsal pericardium; e,
endocardium; fg, foregut; hm, head mesoderm; ias, interatrial septum; ivs, interventricular
septum; la, left atrium; lv, left ventricle; m, myocardium; ne, neural epithelium; oft, outflow tract;
fe, foregut endoderm; pm, pharyngeal mesoderm; ra, right atrium; rv, right ventricle; som,
somatic mesoderm; spm, splanchnic mesoderm; tr, trabeculae. Modified from Stennard and
Harvey, 2005.
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1.3.1. Heart field specification

Several fate mapping studies performed in chick embryos have provided insight

into the origin of heart precursors. During gastrulation, heart precursors are originated

from the anterior third of the primitive streak and migrate through it to form two groups

of mesoderm cells in the splanchnic mesoderm, called the cardiac fields (Fig. 5 A; HH

stage 3 and 5) (Hamburger and Hamilton, 1992). Prospective heart cells with a more

rostral position will form anterior structures of the tubular heart, while more caudally

localized cells will form posterior structures (Fig. 5 A; HH stages 7 and 12) (Brand,

2003).

The cardiac fields are specified by interactions with the surrounding tissues.

Several studies in the chick and mouse have shown that the anterior endoderm, which

underlies the anterior lateral plate mesoderm, is an important regulator of heart induction

(Brand, 2003; Srivastava and Olson, 2000). The anterior endoderm secretes a variety of

signaling molecules, among which are Fibroblast Growth Factors (FGFs) and activin, that

appear to promote cell survival and proliferation of cardiac cells. Bone Morphogenetic

Proteins (BMPs) are also secreted by the anterior endoderm and present heart inducing

activity (Fig. 5 B). In particular, BMP2 is able to induce the expression of myocardial

lineage markers when present in ectopic locations. Downstream of BMP2, FGF8 is

expressed in the anterior endoderm and can mimic the role of the endoderm after its

ablation. FGF8 seems to cooperate with BMP2 to drive mesoderm cells into the

cardiogenic fate.

Wnt secreted factors, such as Wnt1 and Wnt3a, that signal through ß-catenin and

are called canonical Wnts, are responsible for restricting cardiac specification to the

anterior mesoderm. Wnt1 and Wnt3a are expressed in the neural ectoderm along the

primitive streak in the flat chick embryos providing a posterior limit for heart

specification (Marvin et al., 2001). In the anterior endoderm, Crescent, a secreted Wnt

signaling inhibitor, ensures that canonical Wnt signaling is not occurring in the cardiac

fields. Wnt11, which does not signal through ß-catenin and belongs to the non-cannonical

Wnts, is expressed in the edge of the cardiac mesoderm. Ectopic expression of Wnt11 can
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induce heart formation in the posterior non-precardiac mesoderm in the chick embryo

(Eisenberg and Eisenberg, 1999). Thus, it appears that the heart field is defined and

maintained by a crosstalk between multiple signaling pathways: the presence of BMP

signaling in the mesoderm, FGF signaling in the endoderm and the and inhibition of

canonical Wnt signaling through the combined action of endoderm-localized Crescent

and mesoderm derived Wnt11 (Fig. 5 B).

Figure 5. Heart specification. A. Localization of heart precursors in the primary heart field
during gastrulation and tubular heart formation. At HH stage 3, cardiac progenitor cells are
localized to the upper third of the primitive streak just underneath Hensen’s node. Different
populations of cells, which end up in the atrium (blue label), ventricle (red label), or OFT (yellow
label), respectively, are distributed within the streak in the same AP order as they are later found
in the tubular heart. At HH stage 5, cardiac progenitor cells are found in the anterior-lateral plate
mesoderm on either side of the primitive streak. It is thought that cell specification occurs when
the cells are organized in the heart fields. At HH stage 7, a cardiac crescent has formed after
anterior–medial migration and subsequent fusion of the two heart fields at the anterior end.
Several marker genes now distinguish different cell populations and differentially label outflow
tract myocardium, ventricular, or atrial precursors. At HH stage 12, a tubular heart has formed
and different chamber primordia including OFT, primitive right (RV) and left ventricle (LV), and
sinoatrial (SA) segment become visible. B. Spatial relationship between cardiac inducing factors,
which are mainly secreted by anterior endoderm (green), and inhibitory factors such as canonical
Wnt signals that are secreted by ectodermal tissue (blue) and Noggin and Chordin, secreted
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proteins that bind and inhibit BMPs, which are expressed in the notochord (pink). Cardiogenic
mesoderm (red) is only formed in splanchnic mesoderm, which remains in close contact to
pharyngeal endoderm. From Brand, 2003.

The dialogues between cardiogenic mesoderm and surrounding anterior endoderm

and ectoderm result in the induction an early cardiac regulatory program composed by

the cardiac markers Nkx2.5, Gata4 and Tbx5. These transcription factors are bona fide

cardiac markers and are crucial for heart development. The homeobox transcription

factor, Nkx2.5, that is expressed in all vertebrate hearts analyzed so far, was surprisingly

first described in Drosophila melanogaster, the fruitfly which has a dorsal contractile

vessel for a heart. A mutation in this gene, named tinman (in reference to the heartless tin

man in Wizard of Oz), blocks the formation of the Drosophila heart (Bodmer, 1993;

Bodmer et al., 1990). In vertebrates, Nkx2.5 does not seem to be required for cardiac

mesoderm formation since Nkx2.5-mutant mice possess a heart tube (Lyons et al., 1995).

However, ablation of Nkx2.5 in mice does lead to severe defects in the heart, as the

process of looping and chamber formation are never initiated and the homozygous

mutants die between E9.0 and E10.0 (Lyons et al., 1995). Tbx5 and Gata4 are also

expressed in the early heart tube and are required for normal heart development to occur.

During heart field specification, heart progenitors are specified with respect to the

tissue they are going to be part of, the myocardium or the endocardium. Fate mapping

studies in the chick have shown that the descendants of cells labeled with replication

deficient retrovirus are always exclusively present either in the myocardium or in the

endocardium (Mikawa, 1999). Similar studies in the mouse also show the early

separation between myocardial and endocardial precursors (Meilhac et al., 2003).

Another line of evidence supporting this assumption resides in studies involving the basic

Helix Loop Helix (bHLH) transcription factor MesP1, a marker of cardiogenic mesoderm

during gastrulation. Cells descendent from MesP1-expressing cells were followed and

they were shown to be present only in the myocardium (Saga et al., 1999). Thus, during

heart field specification, the myocardial and endocardial lineages are already separated.
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1.3.2. Migration of cardiac fields and fusion:

The morphogenetic assembly of the primitive heart tube requires the medial

migration and midline fusion of the bilateral cardiac fields. Insights into the mechanisms

underlying this morphogenetic event have come from mouse mutants that display cardia

bifida, i.e. two bilateral cardiac tubes instead of a central one. For instance, GATA4

mutant embryos display cardia bifida and a reduced number of cardiomyocytes (Kuo et

al., 1997). However, homozygous GATA4-null embryonic stem cells are capable of

differentiating into contractile cardiomyocytes in chimeric embryos (Narita et al., 1997).

Moreover, normal heart development occurred when wild type cells only contributed to

the visceral yolk sac endoderm and small portions of the foregut/hindgut endoderm.

These observations imply that the cardia bifida phenotype is caused by a defect in the

endoderm rather than in cardiac mesoderm in GATA4-null embryos.

Studies in chick embryos have suggested that the migration of the cardiac

precursors to the midline involves a migration substrate. Linask and collaborators have

shown that Fibronectin (Fn) is deposited in the extracellular matrix (ECM) between the

endoderm and the mesoderm (Linask and Lash, 1988). Fn is a major component of the

ECM and cells interact with Fn through specific receptors of the Integrin family, thereby

mediating a wide range of cellular processes, including cell-substratum adhesion and

spreading, cell migration, cell cycle progression and cytoskeleton organization (Danen

and Yamada, 2001). Treatment of chick embryos with an antibody against Fn prevents

heart tube formation (Linask and Lash, 1988), suggesting that Fn is required for

migration of cardiac precursors. Results obtained in mice embryos with a mutation in the

Fn gene corroborates studies performed in chick embryos. Fn null mouse embryos die

with defects in the neural tube, vasculature, notochord, somites and heart (George et al.,

1993). Examination of the heart defects demonstrated that although myocardial

specification occurs normally, myocardial migration is defective (George et al., 1997).

Thus, Fn lining the endoderm appears to constitute a “highway” where cardiac precursors

migrate on.

Other mouse mutants display the cardia bifida phenotype. MesP1 transcription

factor is expressed in early heart and head mesoderm during gastrulation. Although
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expression of MesP1 is downregulated in the heart precursors long before midline

migration takes place, ablation of MesP1 results in cardiac bifida and embryonic lethality

before E10.5 (Saga et al., 1999). In MesP1-null embryos, the two separate small heart

tubes had randomized looping but presented normal myocardial differentiation,

suggesting that MesP1 was strictly required for heart field midline migration (Saga et al.,

1999). Knowledge of the transcriptional targets of MesP1 in the heart mesoderm would

provide valuable insight into the mechanisms underlying heart field migration.

Other morphogenetic events occurring in the embryo have been proposed to

influence heart field migration. During this period, the chick flattened embryo begins to

fold ventrally, bringing the lateral ends of the lateral plate mesoderm together (Taber,

2006). Thus, as heart progenitors migrate towards the midline, an embryonic entourage of

events is working to achieve heart field fusion and heart tube formation.

1.3.3. The anterior heart field

Recently, a population of myocardial precursor cells in chick and mouse embryos

has been identified in the pharyngeal mesoderm anterior to the early heart tube (Fig. 6)

(Cai et al., 2003; Kelly et al., 2001; Kelly and Buckingham, 2002; Mjaatvedt et al., 2001;

Waldo et al., 2001). This secondary heart field, also called anterior heart field (AHF),

appears to be in continuity with the two lateral cardiac fields when these fuse (Fig. 6 A)

(Moorman et al., 2004). In the mouse, Islet1 is the bona fide marker for the AHF and

Isl1-null mutants lack the outflow tract (OFT), the right ventricle and much of the atria,

which originate from the AHF (Cai et al., 2003). Several primary heart field markers are

also found in these cardiac precursors, including Nkx2.5 and Tbx20. Indeed, Tbx20-null

and Nkx2.5-null mutant embryos display a hypomorphic heart that lacks the right

ventricle and the OFT, similarly to Isl1-null mutants (Cai et al., 2005; Lyons et al., 1995;

Singh et al., 2005; Stennard et al., 2005), suggesting that these two factors are required

for secondary heart specification. Fgf8 and Fgf10 also play important roles in the

maintenance of the AHF, as suggested by lineage studies (Fig. 6 B) (Kelly et al., 2001;

Solloway and Harvey, 2003). Thus, heart specification continuous to occur after

formation of the initial heart tube and is crucial for the development of the four-

chambered heart.
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Figure 6. The anterior/secondary heart field. A. Relative contributions of the primary and
secondary heart fields to the developing mouse heart. Drawings depict the dynamic relationship
between the primary (light-shaded) and secondary (dark-shaded) heart fields from the cardiac
crescent through looping stages of heart development. From Solloway and Harvey, 2003. B.
Growth of the arterial pole of the heart by recruitment of extracardiac cells from the AHF. Isl1-,
Fgf8-, Fgf10-positive cells in the pharyngeal mesoderm contribute to the splanchnic mesoderm;
Fgf10 transcription is subsequently downregulated and, in response to BMP signaling from the
distal outflow-tract myocardium, genes encoding the cardiac transcription factors Nkx2.5 and
Gata4 are activated. Subsequently, these cells are incorporated into the OFT and contribute to the
right ventricle. From Kelly and Buckingham, 2002.

1.3.4. Cardiac Looping

The linear heart tube undergoes looping, a complex process whereby

repositioning of the future ventricle and future atria regions one relative to the other

occurs. The first step of this complex process involves what is called the dextral or

rightward looping (Manner, 2000). The anterior portion of the heart tube, which is the

primitive ventricular region, bends towards its ventral side and simultaneously rotates to
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the right. Thereby, the original left and right sides of the straight heart tube become the

ventral and dorsal sides of the post-looping ventricle. Thereafter, the posterior portion of

the heart tube, the sinoatrial region, is also displaced to the right (Fig. 7). Later looping

steps involve the shift of the ventricular position from its originally anterior to its

definitive position posterior relative to the atria. The position of the OFT is also altered

from its right lateral position with respect to the atria towards its definitive position

ventral to the right atrium. Cardiac looping serves to properly align the different heart

regions, placing the different heart regions in the final spatial arrangement.

Figure 7. Heart looping. Tri-dimensional models of a linear heart tube and a chamber-forming
heart depicting the chambers in red and blue, and the primary myocardium in gray. Refer to text
for explanation. ic- inner curvatures; ift – inflow tract; lv – left ventricle; oft – outflow tract; rv –
right ventricle; sa – sinoatrial region. From (Christoffels et al., 2004a).

Despite minor differences, heart looping is very similar in mouse and chicken

embryos. Scanning electron microscopy (SEM) has been applied to study each phase of

cardiac looping in chick embryos (Manner, 2000). Dextral looping results in a C-shaped

heart that is then transformed in an S-shaped heart by further movement of the future

ventricle towards a more caudal position relative to the recently added sinoatrial region.

The bending into a C-shaped heart tube involves cell shape changes that are accompanied

by differential organization of the actin cytoskeleton in inner or outer curvature cells. The

myocardial cells at the outer curvature flatten during C-looping, while those near the

inner curvature become thicker radially and longer circumferentially (Manasek and

Monroe, 1972). Accordingly, the orientation of the actin bundles is randomized in the

convex side (outer curvature) and circumferential in the concave side (inner curvature) of
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the looping heart (Itasaki et al., 1989). Disruption of actin by injection of actin

polymerization inhibitors prevents heart tube bending, suggesting that proper actin

organization is crucial for this process (Itasaki et al., 1991). Another interesting aspect of

cardiac looping is that the capacity to bend seems to be intrinsic to the heart tube, since ex

vivo culture of dissected linear heart tube does not prevent looping (Manning and

McLachlan, 1990; Rutenberg et al., 2006). The complex morphogenetic movements

occurring during cardiac looping are thus supported by an intrinsic differential cell

behavior.

Rightward looping is also the first morphological indication of bilateral asymmetry in the

vertebrate embryo. For this reason, it has been approached many times as a readout of

correct establishment of the third axis of asymmetry, the left-right (LR) axis (Capdevila

et al., 2001). A complex network of signals is responsible for conferring left or right

identity to the lateral mesoderm (Fig. 8). This identity is then maintained on the lateral

mesoderm in the form of expression of Pitx2, a bicoid-type homeobox gene, that is

expressed on the left side of many organ primordia, including the heart (Capdevila et al.,

2001). Misexpression of Pitx2 in the right lateral plate of chick embryos has been shown

to randomize heart looping and alter flectin expression. Flectin is an ECM protein

predominantly expressed in the left lateral plate mesoderm as well as in the left side of

the straight and looping heart tube (Linask et al., 2002). These observations provide

insight into the mechanisms that underlie the morphogenetic events occurring in dextral

cardiac looping.

1.3.5. Chamber formation:

The pre-looping heart tube is composed of primary myocardium, which displays

high contracting automaticity, low intercellular connections, low sarcomeric and

sarcoplasmic transcripts and slow conduction. Concomitantly with the beginning of

cardiac looping, differentiation of the primitive myocardium into chamber and non-

chamber myocardium is initiated. The chamber myocardium is specified in discrete

regions of the outer curvatures of the early looping heart tube: the ventricles at the

original anterior-ventral surface of the heart tube, and the common atrium located more
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caudally in dorsolateral zones (Fig. 7). Although atrial and ventricular chambers have

distinct morphologies and functions, at the initial stage of chamber formation, chamber

myocardium collectively displays a distinct phenotype from the primary myocardium.

The level of proliferation increases in chamber myocardium (Sedmera et al., 2003) as

well as the conduction velocity, contractility and sarcoplasmic reticulum activity

(Christoffels et al., 2004b). Furthermore, the automaticity of chamber cardiomyocytes is

diminished. The remainder of the myocardium is now collectively called the non-

chamber myocardium and is composed of the inflow tract (IFT; also called sinoatrial

region), the atrioventricular canal (AVC), the outflow tract (OFT; also called

conotruncus) and the inner curvatures. The non-chamber myocardium retains many

characteristics of the primary myocardium, including slow conduction and high

automaticity. The myocardium differentiation into chamber and non-chamber

cardiomyocytes allows establishment of the synchronous contraction of the heart while

the heart is remodeling.

Figure 8. Left-right asymmetry. Left panel. Mechanism for the translation of epigenetic
asymmetries into differential gene expression. A yet unknown symmetry-breaking event
(question mark) is translated into differential H+/K+-ATPase activity along the left-right axis of
the early chick embryo, which in turn results in increased levels of extracellular Ca2+ in the left
side of Hensen’s node, as well as triggers a genetic regulatory cascade that eventually leads to
left-sided restriction of Shh expression. Increased levels of extracellular Ca2+ result in local
hyperactivation of the Notch signaling pathway, which directly activates expression of Nodal in
the left side of Hensen’s node. Peri-nodal expression of Nodal is subsequently extended to broad



20

domains of Nodal expression in the left lateral plate mesoderm by a mechanism controlled by
Shh. From (Raya and Izpisua Belmonte, 2004). Right panel. The asymmetric signal generated in
the node initiates Nodal-Lefty1-Lefty2 regulatory loops in the left lateral plate mesoderm (LPM).
Nodal activity induces Pitx2 expression in the left lateral plate mesoderm. The dashed line
represents the midline. From (Shiratori and Hamada, 2006).

At the molecular level, a variety of chamber and non-chamber specific genes have

been characterized. The expression of chamber myocardium markers, such as atrial

natriuretic factor (Anf, encoded by the gene Nppa) and Connexin 40 (Cx40, encoded by

the gene Gja5), Chisel (encoded by Smpx) and Bone morphogenetic protein 10 (Bmp10),

comes on concomitantly with the start of chamber growth in the outer curvatures of the

S-shaped mouse heart tube (Christoffels et al., 2004a; Neuhaus et al., 1999). The

myocardium fated to become non-chamber myocardium expresses a different set of

molecular markers. Bmp2 and Tgfß2 are expressed in the OFT, AVC and IFT since early

looping stages and are important for further development of the non-chamber

myocardium (Bartram et al., 2001; Ma et al., 2005). There are other cardiac markers

expressed throughout the embryonic heart that are nonetheless important for chamber

formation. Among these are Nkx2.5 and Tbx5 (Bruneau et al., 2001b; Lyons et al., 1995),

which interact to induce the expression of chamber specific genes, such as Anf

(Christoffels et al., 2004a). The expression of many chamber genes in the chamber

myocardium is controlled by a regulatory element that contains Nkx2.5 (NKE), GATA

and T-box (TBE) binding sites. For instance, Tbx5 and Nkx2.5 synergistically regulate

expression of Anf in the chambers (Fig. 9) (Habets et al., 2002). On the other hand,

Nkx2.5 interacts preferentially with Tbx2 and Tbx3 when these transcription factors are

present, and together they repress transcription of chamber genes (Hoogars et al., 2004).

The chamber markers that are regulated by ANF-like regulatory elements have been

called the chamber-specific genetic program and are expressed in chamber myocardium

and actively repressed in the non-chamber myocardium. Also, this is an example where

interaction of transcription factors can affect the outcome of transcription of the

downstream targets. In this case, the Nkx2.5 transcription factor defines the downstream

targets and different Tbx transcription factors define how they are affected.
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Figure 9. Model for the mechanisms of transcriptional activation and repression of chamber
genes in the embryonic heart. GATA, Nkx2.5, Tbx5 and other broadly expressed transcription
factors cooperatively activate the expression of genes in the chambers. Tbx2 and Tbx3, which are
expressed in non-chamber myocardium, will compete with Tbx5 for DNA binding and for
Nkx2.5. Complexes containing Tbx2/3 will repress chamber-specific genes in non-chamber
myocardium that subsequently will form the IFT, the OFT and the AVC. From (Christoffels et
al., 2004a).

Interestingly, ventricular myosin heavy chain (Vmhc) and atrium myosin heavy

chain (Amhc) are already expressed in ventricle and atrium myocardium, respectively, at

the beginning of looping (Brand, 2003; Fijnvandraat et al., 2003; Manasek and Monroe,

1972). However, the initiation of Vmhc and Amhc expression in the myocardium is not

correlated with chamber-specific genetic program, and may reflect existent cellular

differences between precursors of both chambers. In fact, expression of Vmhc and Amhc

is initiated before heart remodeling occurs.

The regionalization of the myocardium into chamber and non-chamber

myocardium is also responsible for the passage from peristaltic to synchronous

contraction in the absence of a mature CCS. The impulse for contraction is generated in

the sinoatrial region and, since rapid conduction through chamber myocardium is

acquired as chambers mature, the impulse is later delayed between the atria and the

ventricle by the AVC (Pennisi et al., 2002). The OFT and AVC help prevent backflow of

blood in the absence of valves and provide progenitors for the nodes of the CCS.

Moreover, the non-chamber myocardium is remodeled to align with the atria, the

ventricles and the great vessels, providing a continuous and controlled path for blood
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circulation (Moorman et al., 2004). Heart looping is thus a very important and delicate

step of heart development. Defects in heart looping and chamber formation are at the

basis of many cardiac malformations (Bartram et al., 2001; Srivastava and Olson, 2000).

Figure 10. Cardiac trabeculation. Scanning electron micrograph of E10.5 mouse
embryo dissected to give a four-chamber view. Extensive trabeculation is observed in the
ventricle wall (arrow). The arrowhead indicates the cut edge of the RV tubercle of the inner
cushion. Modified from (Webb et al., 1998).

Once the chambers are specified and start to grow out of the primary heart tube,

chamber maturation is initiated. One of the most critical steps of ventricular chamber

development is the formation of finger-like meshwork of myocardial cells known as

trabecular myocardial layer in the inner side of the fetal ventricle (Fig. 10). At the final

stage of cardiac looping (E9.0-9.5), the endocardium penetrates initially through the

cardiac jelly at discrete points and evaginates at other discrete points of the myocardium

to form finger-like outpockets. These endocardium outpockets initiate the cardiac

trabeculation. Further expansion of trabecular myocardium between E9.5 and E13.5, via

either myocyte recruitment or proliferation, is an important step in generating a strong

muscular ventricle pump. The process of trabeculation is critically linked with the control

of cardiac muscle growth, as the rapid burst in the expansion of trabecular myocardium

between E9.5 and E13.5 is normally followed by subsequent differentiation and slower

cycling rate of the cardiomyocytes. By E14.5-E15.5, trabecular myocytes in the
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developing myocardium undergo compaction and gradually become part of the compact

wall, papillary muscles, interventricular septum and CCS (Fig. 10; Pennisi, et al., 2002).

Figure 11. Valve formation. Upper panel. Looped heart with well formed atrioventricular and
outflow tract cushions seeded with mesenchymal cells. A, atrium; V, ventricle. From (Barnett and
Desgrosellier, 2003). Lower panel. Signaling network model for heart valve development and
remodeling. In the signaling network model for cardiac cushion development, numerous signaling
pathways and transcriptional regulators act to coordinately regulate the process of heart valve
formation. Each signaling pathway is a simplified schema of the signaling events that occur. Red
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arrows denote positive/synergistic interactions between pathways. Blunt red arrows denote
inhibitory defects between pathways. From (Armstrong and Bischoff, 2004).

Separating and controlling blood flow are the cardiac valves that originate from

non-chamber myocardium. Between the myocardium and the endocardium at the level of

the OFT and AVC (Fig. 11), a cardiac jelly is deposited and will accommodate

endocardial cells undergoing epithelial-mesenchymal transition (EMT). Once this

swelling is populated with cells, forming a mesenchyme, a series of remodelations

involving cell death and differentiation occur.

1.3.6. Epicardium and cardiac neural crest cells:

Besides the initial myocardial and endocardial cell populations, two more cell

types are added to the embryonic heart along development: the epicardial and cardiac

neural crest cells. Epicardium precursors are found in the proepicardial organ (PEO) that

is localized in a region adjacent to the septum transversum. At E9.5 in mouse and HH17

in chick, cells from the PEO migrate over the outer surface of the heart and ultimately

surround the entire heart. During this period, the epicardium serves as a signaling source

to induce growth of the compact layer of the ventricle as is indicated by the presence of a

thin compact layer when the PEO is removed (Manner et al., 2005; Wessels and Perez-

Pomares, 2004). There is a gradient of cell proliferation in the ventricle myocardium with

higher number of dividing cells in the compact layer and lower in the trabeculae. The

compact zone of the ventricle wall thus thickens during these stages (E9.5 to E13.5 in

mouse). It has been shown that in chick, surgical ablation of the PEO results in the

absence of the epicardial cell layer and in a lack of growth of the compact zone of the

ventricle wall. A number of mouse mutants have been described to display thin compact

zone and a defective epicardium. Ablation of VCAM-1 or α4-integrin results in the

absence of epicardial layer and in poor growth of the ventricle compact wall (Dettman et

al., 2003; Kwee et al., 1995). Cellular interactions between the epicardium cells and

myocardium mediated by integrin receptors seem to play an essential role in the

attachment of the epicardial cell layer to the myocardium. Migration of epicardial

precursors to surround the heart at E9.5 occurs normally in α4-integrin mutant embryos,
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but the epicardial layer is absent at later stages indicating that α4-integrin/VCAM-1-

mediated adhesion is required for the adhesion of epicardial cells to the myocardium.

Subsequent to invasion of the myocardium by epicardial cells, they undergo an EMT and

populate the myocardial wall where they contribute to the formation of coronary

vasculature as well as valves, although contributions to the latter are still poorly

characterized.

The last population of cells to join the heart is the cardiac neural crest (CNC).

Neural crest (NC) cells are a pluripotent cell population that originates from most of the

craniocaudal length of the neural tube and migrates to various locations during early

embryonic development. The NC cell lineage determinants are partially acquired at their

original axial location and additional information is encountered in their migratory

pathway as well as at terminal sites. The NC cells that originate from the posterior

rhombencephalon (rhombomeres 6 to 8) migrate to the pharyngeal arches and from there

to the heart, where they participate in OFT septation and form the cardiac ganglia of the

heart (Kirby, 1999). Ablation of NC cells by microsurgery in chick embryos result in

OFT defects and include double outlet right ventricle (DORV), persistent truncus

arteriosus and tetralogy of Fallot (pulmonary stenosis, ventricular septal defect,

overriding aorta and right ventricular hypertrophy). Cardiac IFT defects also occur

occasionally.

Subsequent heart development involves cell differentiation and cell cycle

withdrawal. Cardiomyocyte cell cycle withdraw is considered a key phenomenon in the

heart switching from hyperplastic growth to hypertrophic growth. Cardiac hypertrophy

can be physiological or pathological. Postnatal cardiac hypertrophic growth occurs in the

absence of hemodynamic fluid and is an important part of the developmental and

maturation process of ventricular myocardium in early postnatal life (Chen et al., 2006;

MacLellan and Schneider, 2000). Another physiological cardiac hypertrophy is the

beneficial adaptive response to physiological stimuli such as chronic swimming exercise,

often accompanied by a decrease in resting and submaximal heart rate, an increase in

ventricular contractile function, and an increase in chamber filling time and venous blood

return. At last, the pathological hypertrophic growth occurs in response to persistent

pressure or volume overload caused by disease conditions, such as hypertension, stenotic
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cardiac valve disorders and genetic defects in contractile proteins (MacLellan and

Schneider, 2000). Physiological and pathological hypertrophic growth are controlled by

different intracellular signaling pathways, since loss of function mutations in

phosphoinositide 3-kinase (PI3K) and Akt attenuate exercise-induced hypertrophy but

not the pathological hypertrophy (Chen, et al., 2006).

The vertebrate heart achieves coordinated contraction of the atrial and ventricular

chambers due to the precise initiation and transmission of action potentials through a

specialized tissue network, the CCS. The components of this specialized cardiac system

include the sinoatrial (SA) node that generates the pacemaker impulse; the

atrioventricular (AV) node that delays the electrical impulse for separating the

contraction of the atrial and ventricular chambers of the heart; and the His-Purkinje

system for the fast and coordinated conduction of impulses to and throughout the

ventricles (Pennisi et al., 2002). Purkinje fibers are located in the inner walls of the heart,

just beneath the endocardium. These fibers are specialized myocardial fibers that conduct

the electrical impulse from the sinoatrial to the ventricles. The SA and AV nodes arise

from non-chamber myocardium whereas the ventricular conduction network (AV-bundle,

also called His-bundle, the bundle branches and Purkinje fibers) arises from working

myocardial cells (de Lange et al., 2004; Pennisi et al., 2002).

1.4. Zebrafish heart development:

Despite its apparent simplicity, the zebrafish heart shares a common structural

scenario with the avian and mammalian heart, and can serve as a model for various

experimental studies. As in mammalian and bird embryos, the zebrafish heart progenitor

cells are specified during gastrulation and form two cardiac populations located laterally

to the posterior prechordal plate and to the anterior notochord, in the lateral plate

mesoderm (Fig. 12) (Trinh and Stainier, 2004a). These two populations of cardiac

progenitors migrate towards the midline, forming a ring structure that will later give rise

to the tubular heart. At this stage, the beating linear heart tube consists of a myocardial

cell layer that encloses an endocardial cell layer. Two days after fertilization (dpf), blood

circulation is established in zebrafish: blood is drained into the yolk sac and enters the
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heart through the sinus venosus filling the atrium; atrial contraction forces the blood into

a single ventricle from which it is pumped through the bulbus arteriosus, and into the

ventral aorta. Similar to embryonic chick heart before HH16 and mouse heart before

E10,5, the 48 hpf zebrafish heart has no valves and forward flow is maintained by

apposition of the cardiac cushions composed mainly of cardiac jelly at this time (Hu et

al., 2000). The zebrafish embryo can survive up to 5 dpf without blood circulation,

making it ideal to study heart development without the burden of early lethality.

Figure 12. Main stages of zebrafish heart development. A. Just before gastrulation, at 5 hpf,
the heart progenitor cells are located throughout the ventral and lateral regions of the embryo. B.
After involution, these cells converge towards the embryonic midline and reach their final
destination at the level of the future hindbrain by the 5-somite stage (12 hpf). Three rows of cells
are represented at this stage: the endocardial precursors (blue) lie most medially and the
myocardial precursors most laterally. C. By the 13-somite stage (15.5 hpf), the myocardial
precursors have segregated into pre-ventricular (red) and pre-atrial (yellow) groups. D. Starting at
19 hpf, the myocardial precursors merge posteriorly to form a horseshoe-shaped structure. By
19.5 hpf, as anterior cells migrate medially, the horseshoe shaped heart transforms into a cone
with the ventricular cells at its centre and apex, and the atrial cells at its base. The endocardial
cells line the inside of this cone. E. Next, the cone elongates to form a tube. The ventricular end
of the heart tube assembles first, followed by the atrial end. F. By 24 hpf, the tube lies along the
anterior-posterior axis with the atrial end to the left of the midline. Subsequently, by 33 hpf
visibly distinct ventricular and atrial chambers start to form. G. By 36 hpf, looping is underway
and, by 48 hpf, cardiac cushions are formed. A, anterior; AP, animal pole; D, dorsal; L, left; P,
posterior; R, right; V, ventral; VP, vegetal pole. From (Stainier, 2001).

Forward genetics can be applied to zebrafish to study embryonic development and

the power of this approach has been amply demonstrated by previous work in
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invertebrate organisms such as Drosophila and C. elegans. Zebrafish mutants with heart

defects, isolated in large scale mutagenesis screenings, have been paramount to the

understanding of heart development in the zebrafish. Over the next pages I will review

what is known about heart development in zebrafish.

1.4.1. Heart field specification:

A high resolution fate map of heart progenitors in zebrafish late blastula indicated

that myocardial precursors originate from close to the margin between the blastoderm and

the yolk cell. Prior to gastrulation, the ventricular and atrial cell precursors are already

separated (Stainier et al., 1993), and are spatially organized (Keegan et al., 2004), similar

to what happens in higher vertebrates. The ventricular progenitors are found closer to the

embryonic margin than the atrial progenitors and were suggested to be subject to signals

from the embryonic margin, such as Nodal, a secreted factor from Transforming Growth

factor (TGF) family (Keegan et al., 2004). It was suggested that Nodal signaling

influences heart precursor cells to acquire a ventricular fate instead of an atrial fate.

Ventricular and atrial endocardial precursors, in contrast, are intermixed in the blastula

since labeling of one endocardial precursor results in the presence of labeled cells in both

the ventricle and the atrium endocardium. Following their involution, the heart

progenitors appear in the anterior-most lateral plate mesoderm and migrate to their final

destination alongside the embryonic axis at the level of the future hindbrain (Alexander

and Stainier, 1999).

The zebrafish Nkx2.5 ortholog, nkx2.5, is expressed in the late blastula in the heart

field and continues to be expressed in the myocardial cells throughout embryonic

development. Because of its importance in heart development demonstrated in

Drosophila and in mouse, nkx2.5 has been a major focal point for studies of myocardial

cell differentiation in zebrafish. In one-eyed pinhead (oep) mutants, nkx2.5 expression is

affected. Oep protein is a member of the EGF-CFC (epidermal growth factor-

Cripto/FRL1/Cryptic) family that is essential for Nodal signaling. swirl (swr) mutants

display lower levels of nkx2.5 expression. Since swirl encodes bmp2b, this observation is

in accordance with a role for BMPs in the specification of heart precursors as in the



29

mouse and chick. Other zebrafish mutants in which nkx2.5 expression is affected are

faust (fau) and acerebellar (ace), which encode the zinc finger transcription factor gata5

and fgf8, respectively. Study of gain-of-function of gata5 and fgf8 together with analysis

of the respective mutants, showed that gata5 is required for the initiation of nkx2.5

expression while fgf8 is required for its maintenance (Stainier, 2001). Thus, although not

thoroughly explored, early heart specification seems to be conserved in zebrafish

embryos.

1.4.2. Migration of cardiac fields and fusion into a heart tube:

In zebrafish, eight cardia bifida mutants have been isolated: hands off (han),

casanova (cas), bonnie and clyde (bon), faust (fau), one-eyed pinhead (oep), miles apart

(mil), two-of-hearts (toh) and natter (nat) (Stainier, 2001; Stainier et al., 1996). Similarly

to mouse and chicken, the importance of endoderm for the migration of myocardial

precursors has been noted in zebrafish. The mutants cas and bon (that encodes a Mix-

type of homeodomain protein) affect endoderm formation. The nat locus has recently

been found to encode fibronectin, and detailed studies of heart migration in nat mutants

supports its requirement for this process (Trinh and Stainier, 2004a). Thus, heart field

migration in zebrafish is also parallel to this process in higher vertebrates.

Because zebrafish combines a variety of tools that make it amenable to go further

in the study of the cell biology of a determined morphogenetic event (Beis and Stainier,

2006), heart migration is actually better understood in the zebrafish than in higher

vertebrates. The myocardial cells are integrated in polarized epithelia during their

movement towards the midline and they migrate as coherent populations. Further studies

of the nat mutant, suggest that cell-substratum interaction through fibronectin is

important for the maintenance of epithelial organization of the migrating myocardial

fields (Sakaguchi et al., 2006; Trinh and Stainier, 2004b).

Another breakthrough in our understanding of heart precursors migration came

from the mil  mutant that encodes a G-protein coupled receptor that binds

lysosphingolipids (Kupperman et al., 2000). Sphingosine-1-phophate (SP1) is thought to

be the most important ligand for miles apart receptor and has been previously associated

with cell proliferation, differentiation and survival (Wendler and Rivkees, 2006).
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Myocardial cells are specified normally in mil mutants and this receptor seems to be

required non-cell autonomously in heart migration (Kupperman et al., 2000). The role of

messenger lipids as signaling molecules in embryonic development is largely an

unexplored field.

Mutations that control gastrulation movements have also been implicated in

migration of heart precursors, indicating that the multiple morphogenetic movements are

interrelated and interdependent in embryonic development. silberblick (slb) mutants

encode for wnt11 that mediates convergent extension movements during gastrulation

(Stainier, 2001). Several other Wnts have been implicated in convergent extension

movements that occur during gastrulation and perturbation of Wnt signaling results in

cardia bifida (Matsui et al., 2005).

1.4.3. Heart tube elongation, looping and chamber formation:

In zebrafish, fusion of two bilateral populations of cardiac progenitor cells at the

midline of the embryo is followed by the formation of the three dimensional heart cone.

The apex of this cone will become the arterial (ventricular) end of the heart tube and the

base will become the venous (atrial) end. This transitional structure is oriented in the

dorsoventral axis but rapidly reorients by 90º to lie along the AP axis, a process referred

to as tilting (Fig. 12). The heart and soul (has) and nagie oko (nok) mutants form a

cardiac cone that fails to reorient. The has gene encodes protein kinase C, ι (iota)

(PRKCι) and the nok gene encodes a membrane associated guanylate kinase (MAGUK)

with high homology to mammalian Pal1/Mpp5. Both these proteins are required for the

maintenance of cell polarity (Rohr et al., 2006). Loss of has disrupts the epithelial

organization of myocardial cells and blocks heart cone tilting, demonstrating that the

maintenance of epithelium polarity is required for heart tube formation. Analysis of the

myocardial cell shape during heart cone elongation showed that cell surface extension

occurs during this process and is probably the major contributor for cone elongation. In

nok mutants, this step is disrupted and myocardial cells are 25 to 35% less extended than

wild type myocardial cells (Rohr et al., 2006).

The so formed heart tube comes to lie underneath the head, at the surface of the

yolk. At this stage, the linear heart tube consists of a myocardial cell layer that encloses
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an endocardial cell layer. The heart chambers, although not morphologically

distinguishable, are molecularly defined based upon myocardial expression patterns of

the ventricular heavy myosin chain (vhmc) and the atrium heavy myosin chain (ahmc) as

well as high resolution fate mapping (Keegan et al., 2004). A wave-like beat running

through the myocardium from the posterior to the anterior pole begins and the rest of

heart development occurs within a beating heart.

With the exception of the ventricle, which is two to three cell layers thick, the

remaining of the cardiac myocardium and the entire endocardium are essentially one cell

layer thick. At this stage, the endocardial cells at the level of the AV boundary begin to

show cellular characteristics that distinguish them from the rest of the endocardium. The

AVC endocardial cells, one cell layer at the border between the atrium and the ventricle,

appear cuboidal while non-AV endocardial cells are more squamous (Beis et al., 2005;

Trinh and Stainier, 2004a). At 60 hpf, the AVC endocardial cells initiate EMT and

populate the cardiac cushions filled with cardiac jelly (Beis et al., 2005). Cardiac jelly is

highly rich in proteoglycans such versican and hyaluronic acid (HA) and is deposited

between the myocardium and the endocardium at the level of the AVC. Further

remodeling that transforms these rather fluffy cardiac cushions into the effective cardiac

valves has not been fully explored in the zebrafish animal model. However, by 5 dpf two

thin valve leaflets are readily visible in sagittal sections of the zebrafish heart indicating

that this remodeling must take place during the early larval period of the zebrafish

development.

Once formed, the chambers go through trabeculation and compaction and these

processes take place during the larval period, from 3 to 21 dpf. Extensive analysis of the

zebrafish heart at larval stages has shown that at 5 dpf, the ventricle has already

developed extensive trabeculation while the inner surface of the atrium is still smooth

(Hu et al., 2000). The atrium wall and the trabeculae are one to two cell layers thick and

the outer ventricular myocardial layer is about two to three cells thick. Later, in adulthood

the thickness of the myocardium wall increases one more cell layer and also displays

hyperthrophic growth. However, no evidence of trabecular compaction was observed in

adult zebrafish (Hu et al., 2000). The bulbus arteriosus or the OFT is still myocardium as

evidenced by positive sarcomeric myosin (MF-20) staining at early larval stages, but is
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later incorporated into the aorta as smooth muscle (Grimes et al., 2006; Hu et al., 2000).

This is in contrast to the mouse where part of the primitive OFT is incorporated into the

right ventricle (Kelly and Buckingham, 2002). Altogether, the morphological analysis of

the larval and adult zebrafish heart shows that there are some differences with respect to

the myocardium wall and the fate of the OFT compartment. Nonetheless, the early

development of the zebrafish heart is very similar to that of higher vertebrates, making

this embryo ideal to study cardiac development. Furthermore, the molecular pathways

involved in cardiac patterning and development are analogous in lower and higher

vertebrates, as well as in invertebrates.

The use of transgenic lines that express GFP in the myocardium, mlc2a::EGFP

(Fig. 13) (Huang et al., 2003), or in the endocardium, tie2::GFP (Beis et al., 2005) allows

in vivo imaging analysis and provides easier means to find alterations in mutants, such as

in large scale mutagenesis screens (Beis et al., 2005) (C.Callol, M.Raya, I.Dubova and

J.C.Izpisúa-Belmonte, unpublished data). Most importantly, the zebrafish allows rapid

gain-of-function studies, as frogs do, and also detailed loss-of-function studies, as mice

do.
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Figure 13. 36 hpf zebrafish heart. The transgenic line expressing GFP under the control of the
mlc2a gene promoter, mlc2a::GFP, allows visualization of the zebrafish heart with confocal
microscopy.

1.5. T-box transcription factors:

The T-box (Tbx) genes comprise an ancient family of transcription factors

conserved across metazoans species, from hydra to humans (Naiche et al., 2005). This

family is characterized by sharing a highly conserved DNA binding domain, the T-box

domain. But outside the T-box region, polypeptides encoded by Tbx genes are widely

divergent. The T-box domain contains 174 to 186 aminoacid residues and was first

discovered in the polypeptide products of the mouse T locus (Brachyury) and the

Drosophila melanogaster optomotor-blind genes (Smith, 1999). The prototypic member

of this family, Brachyury (or T), was positionally cloned in 1990 (Wilkinson et al., 1990),

70 years after the locus was first identified in the mouse as a spontaneous dominant

mutation - heterozygous adult mice had a truncated tail, hence the name tailless (T).

Homozygous T mutant embryos present defects in mesoderm formation and die in utero.

Over the years, many new members were added to this family that now comprises among

others, 18 genes in mammals, 11 members in Drosophila melanogaster, and 14 in

Caenorhabditis elegans (Fig. 14). Tbx proteins can act as transcriptional activators,

transcriptional repressors or both, depending on the cellular context and on the proteins

they interact with (Smith, 1999; Stennard and Harvey, 2005). The growing Tbx family of

transcription factors has been involved in numerous events during embryonic

development (Naiche et al., 2005). Moreover, Tbx genes have recently been shown to be

important for proper function of adult tissues, such as the heart (Bruneau et al., 2001a;

Hoogaars et al., 2007).

Analysis of Tbx genes shows that most of their loci are dispersed randomly

throughout chordate genomes, although several examples of clustering have been

reported. One instance occurs in C. elegans, for which genomic sequencing has shown a

tight linkage between tbx8 and tbx9; a second example is in the mouse, where Tbx2 and

Tbx4 are tightly linked on chromosome 11 and Tbx3 and Tbx5 are linked on chromosome

5 (Agulnik et al., 1996). The association between these latter Tbx genes appears to be
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conserved in other mammals, as human TBX2 and TBX4, and TBX3 and TBX5 have a

similar arrangement on chromosomes 17 and 12, respectively. Phylogenetic analysis of

these cognate pairs suggests they arose through initial duplication of an ancestral gene by

an unequal crossover event 2 between two alleles; in the case of Tbx2 and Tbx4, and Tbx3

and Tbx5, these events probably occurred at least 600 million years ago (Agulnik et al.,

1996). Although possible mechanisms for the duplication have been put forward, as

duplication of entire chromosomes or genomes, the functional consequences of the

genomic proximity of these pairs of linked Tbx genes remains to be established.

Tbx proteins have been demonstrated to function both as transcriptional activators

and as repressors. In all cases studied, the transcriptional regulation activity has been

shown to require sequences located in the carboxy-terminal portion of the protein. In the

case of Brachyury and its frog and zebrafish orthologs, however, the region both

necessary and sufficient for transcriptional regulation has been accurately mapped

(Wilson and Colon, 2002). Interestingly, there are only a few small conserved blocks

between the Brachyury orthologs in this region, and the overall level of similarity is low.

The Tbx genes are grouped into subfamilies according to level of similarity in

regions outside the T-box domain. There are 5 main families of Tbx genes (Fig. 14),

described so far. From these, Tbx1, Tbx2-5, Tbx18 and Tbx20 are expressed in the

embryonic heart (Stennard and Harvey, 2005) and in some cases have been shown to be

required for heart development (Bruneau et al., 2001b; Cai et al., 2005; Harrelson et al.,

2004; Hoogaars et al., 2007; Hoogars et al., 2004; Lindsay et al., 2001; Merscher et al.,

2001; Piotrowski et al., 2003; Singh et al., 2005; Stennard et al., 2005).
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Figure 14. Schematic phylogenetic tree of the Tbx family. This phylogenetic tree shows the
relationship of genes in the five subfamilies indicated by brackets on the right. All of these genes
are present in mammars with the exception of the zebrafish genes Drtbx6 and Drtbx16, which do
not have orthologs in mammals. From (Naiche et al., 2005).

1.5.1 Tbx genes and heart development

Several Tbx genes are expressed in the heart (Table 1) and have been suggested to

provide regional identity to the linear heart tube (Fig. 15) (Naiche et al., 2005). Tbx20 is

the first Tbx gene to be expressed in the heart and its expression is initiated before

expression of Nkx2.5 (Kraus et al., 2001). Tbx18 is expressed in the PEO and epicardium

throughout heart development (Bussen et al., 2004). Tbx1 is expressed in the secondary

heart field (Lindsay et al., 2001). All the members of the Tbx2 subfamily, Tbx2-5, are

expressed in the embryonic heart. Tbx5 is expressed in a gradient along the looping
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mouse heart with stronger expression in the posterior heart tube, the sinoatrial region.

Later in heart development, Tbx5 expression is present in the atria and left ventricle, but

absent from the right ventricle and the OFT. Tbx5 expression makes a fine boundary

between left and right ventricles, suggesting it is involved in ventricle identity and

interventricular septum position. Tbx4 is expressed in the sinoatrial region, OFT and right

ventricle during chamber maturation stages of heart development (Chapman et al., 1996).

Tbx2 is expressed in the heart non-chamber myocardium, the OFT, IFT and the inner

curvatures of the ventricle and common atrium at E9.5, and is co-expressed in the AVC

with Tbx3 (Christoffels et al., 2004b; Hoogars et al., 2004). Tbx2 expression in the heart

decreased with further development, being barely detectable by E15 (Christoffels et al.,

2004b), whereas Tbx3 expression levels increased in maturation stages of the heart. At

E12.5, the AVC and OFT cushion mesenchymes and the interventricular (IV) septum

express Tbx3. Additionally, Tbx3 expression is observed in the sinoatrial node (SAN),

atrioventricular bundle (AVB) and AVC in fetal mouse heart (Hoogaars et al., 2007;

Hoogars et al., 2004). Thus, expression of Tbx genes defines the heart (Tbx5 and Tbx20),

as well as regions in the heart tube (Tbx2 and Tbx3), AP axis along the heart tube (Tbx5)

and marks populations of cells that are added to the heart later in development, such as

the epicardium (Tbx18).

Figure 15. Diagram of overlapping T-box gene expression in the heart. Cardiac T-box gene
expression in 9.5 dpc–10.5 dpc embryos. RA, right atrium; LA, left atrium; RV, right ventricle;
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LV, left ventricle; AVC, atrioventricular canal; OFT, outflow tract; IFT, inflow tract; IC, inner
curvature. From (Naiche et al., 2005).

Associated with the expression pattern, several of the Tbx genes expressed in the

embryonic heart are required for normal heart development. Mice lacking Tbx5 do not

survive past E10.5 and present a hypomorphic posterior heart tube. Surviving

heterozygous mice for a Tbx5-null allele presented atria and ventricle septum defects, AV

conduction block, forelimb wirst and first digit malformations. The same defficient allele

in homozigocity is embryonic lethal by E10.5 and the heart is severly affected, with

hypoplastic sinoatrial region and a distortion of the anterior segment (Bruneau et al.,

2001b). The expression levels of Anf and Cx40, chamber markers, are highly sensitive to

the quantity of Tbx5 protein, as they are reduced in haploinsufficiency and absent in

Tbx5-null embryos. Furthermore, haploinsufficiency of TBX5 in humans is the cause for

the Holt-Oram Syndrome (HOS), an autossomal dominant disorder highly penetrant but

with substantially varying clinical manifestations (Bamshad et al., 1997; Li et al., 1997).

Adult mice heterozygous for Tbx5-null allele also present cardiac defects similar to the

heart malformations observed in the human HOS patients (Bruneau et al., 2001b).

Ablation of Tbx2 in mice causes defects in the AVC and a failure in OFT

septation (Harrelson et al., 2004). Although one third of Tbx2-null embryos die at E10.5,

the rest survives until E14.5. Tbx2-null homozygous embryos that present lethality at

E10.5 lack the morphological constriction in the AVC, between the ventricles and the

atria. Additionally, ectopic expression of chamber marker genes is observed. In spite of a

lack of AVC morphological constriction, mouse embryos homozygous for the Tbx2-null

allele did not present alterations in the levels of proliferation in the heart as assessed by

the presence of phosphorylated histone 3 positive cells (Harrelson et al., 2004). The

fraction of Tbx2-null homozygous embryos that die at E14.5 present septation defects in

the OFT (Harrelson et al., 2004).
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Mice homozygous for a null mutation in Tbx20 are embryonic lethal by E9.5, and

present an underdeveloped heart in which chamber formation is not initiated (Cai et al.,

2005; Singh et al., 2005; Stennard et al., 2005; Takeuchi et al., 2005). In Tbx20-null

homozygous embryos, the early cardiac regulatory program involving Nkx2.5, Gata4 and

Mef2c is compromised  and Tbx2 is upregulated throughout the heart (Cai et al., 2005;

Stennard et al., 2005). Furthermore, the cardiac phenotype of Tbx20 mutants mimics that

of mice overexpressing Tbx2 in myocardium (Cai et al., 2005; Christoffels et al., 2004b).

Tbx2, in turn, represses expression of Nmyc, a promitotic gene, in the non-chamber
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myocardium. When ectopically present in chamber myocardium, Tbx2 downregulates

expression of Nmyc and this results in lack of chamber growth (Cai et al., 2005). These

observations show that, although expressed throughout the extent of the linear heart tube,

Tbx20 plays an important role in chamber formation through control of expression of

Tbx2 in the chamber myocardium.

Mutations in TBX3 in humans are responsible for the Ulnar Mammary Syndrome

(UMS), a pleiotropic disorder that presents defects in limb, mammary gland, tooth, hair

and apocrine gland development as well as delayed puberty in males, genital anomalies

and congenital heart disease (Bamshad et al., 1997; Gay et al., 1981; Meneghini et al.,

2006); OMIM). This autossomal dominant disorder is fully penetrant, however there is

quite a varied clinical presentation among affected individuals (Bamshad et al., 1995;

Bamshad et al., 1999; Bamshad et al., 1997; Bamshad et al., 1996).  Even inside the same

family, individuals that bear the same mutation in TBX3 can present varied degrees of the

disease (Bamshad et al., 1999). Tbx3-null homozygous mouse embryos present defects in

the limbs, mammary glands and yolk sac and a wide range of onset of lethality

(Davenport et al., 2003).

Two other Tbx genes that are expressed in the developing heart are Tbx4 and

Tbx18. Tbx4-null homozygous embryos die at E10.5 due to defects in allantois

development, before onset of Tbx4 heart expression (Naiche and Papaioannou, 2003). As

for Tbx18, which is expressed in the PEO and epicardium, no cardiac defects have been

described in mice homozygous for a null mutation in Tbx18. Tbx18-null homozygote

mice die perinatally likely due to respiratory failure and display a range of rib and

vertebrate defects. In addition, Tbx18 mutant mice display defective caval veins and

absence of the sinus horns (Christoffels et al., 2006).

As for the case of Tbx5 in mice and TBX5 and TBX3 in humans, gene dosage

seems to be an important factor for function of Tbx genes. In fact, with the exception of

the recessive Adrenocorticoptropic Hormone (ACTH) deficiency, which may be caused

by homozygosis of TBX19-null allele, all the known autosomal human TBX gene

syndromes occur in heterozygous individuals. Homozygotes have not been identified

presumably due to embryonic lethality (Naiche et al., 2005). In mice, defects in

heterozygous have been identified in several Tbx mutants, such as in Tbx1, Tbx5, Tbx18
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and Tbx20 mutants. However, because these defects are often quite subtle, further

investigations may identify additional examples of dosage sensitivity.

1.5.2 Tbx transcription factors and cell response

Transcription factors enhance or decrease transcription of target genes, which can

be many. However, the cellular response to the action of a transcription factor is not

immediate and it can also vary substantially according to the cellular context, namely,

depending on which co-factors are present at a particular time. For instance, Anf, Cx43,

Cx40 and Csl that compose the chamber genetic program, are transcriptional targets of

Nkx2.5  in the myocardium (Moorman et al., 2004). However, the outcome of

transcription depends on the interacting transcriptional partners present in the cell. Thus,

in the chamber myocardium, where Tbx5 is expressed, transcription of the chamber

genetic program is activated, whereas in the non-chamber myocardium where Tbx2 and

Tbx3 are expressed, transcription of the chamber genetic program is repressed. Synergism

between Tbx genes and other transcription factors has been documented for other Tbx

proteins. Tpit (or Tbx19) expression is lineage specific, restricted to corticotrophs, which

are cells in the anterior pituitary gland that produce adrenocorticotrophic hormone

(ACTH) and melanocyte stimulating hormone (Lamolet et al., 2001). Tpit activates

transcription of the hallmark gene for corticotrophs, POMC, and does so through an

obligate cooperation with a homeodomain transcription factor, Pitx1. This transcriptional

synergism between the homeodomain transcription factor and Tbx factors is specific to

the Pitx1 subfamily of homeodomain proteins and even the most closely related

homeodomain subfamily, the Otx proteins, does not exhibit synergism with Tpit. Action

of Tbx genes in the cell may be conditioned by cell environment. However, the factors

influencing action of Tbx proteins inside a cell are probably different for each Tbx

protein since Tbx proteins differ considerably outside the T-box DNA binding domain.

An interesting example of an interacting partner for Tbx proteins is LMP4 that

has been found to interact with Tbx5 and Tbx4. LMP4 is a member of an emerging class

of scaffolding proteins, denoted PDZ-LIM proteins, which function in fundamental

biological processes, including cytoskeletal organization, cell lineage specification, and
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organ development (Camarata et al., 2006). PDZ-LIM proteins contain cassettes of two

different types of protein-protein interaction domains: N-terminal PDZ domain and two

or three C-terminal LIM domains. The PDZ domains of the PDZ-LIM proteins Enigma

homologue (ENH) 1 and CLP-36 both bind to α-actinin, and this interaction localizes the

proteins to actin filaments. The LIM domains of PDZ-LIM proteins have been found to

interact with protein kinases such as Clik1, PKC and receptor tyrosin kinases. The

described binding partners for PDZ-LIM proteins suggest a role for this protein family as

mediators, regulating protein function and/or signaling. LMP4 interacts with the C-

terminal domain of Tbx5 and Tbx4 proteins through different LIM domain repeats

(Krause et al., 2004). In the presence of LMP4, Tbx5 shuttles dynamically between the

nucleus and cytoplasm where it localizes to actin filaments when in a complex with

LMP4 (Bimber et al., 2007; Camarata et al., 2006). This interaction with LMP4 and

localization to the cytoplasm introduces a new mechanism for regulation of Tbx5 that

appears to be relevant for heart development. In myocardial cells, Tbx5 protein is

localized to the nucleus whereas in non-myocardial tissues, such as endocardium and

epicardium, Tbx5 protein shuttles between the nucleus and the cytoplasm (Bimber et al.,

2007). Although the consequences of this shuttling are not entirely understood, it is

bound to play important roles in the development of the heart.

1.6. Aims of this thesis:

The data presented on this introductory chapter demonstrate the complexity of

heart development. It starts out as two groups of heart precursor cells that lie in the lateral

plate mesoderm, migrate and fuse to form a heart tube. This linear heart tube has to

undergo extensive remodeling to form the multi-chambered vertebrate heart. Numerous

genes and morphogenetic processes are involved in heart remodeling. The expression

patterns of a subset of Tbx genes define different regions in the linear heart tube, previous

to its remodeling into an heterogenous heart. Tbx3 is expressed in the heart throughout its

formation, first in the non-chamber myocardium and later in the CCS and Tbx2 is

expressed in non-chamber myocardium and is later downregulated in the heart. Their

expression patterns and overexpression studies suggest that they are required to establish

non-chamber myocardium identity in the linear heart tube and for its normal development
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(Habets et al., 2002; Hoogars et al., 2004). Nevertheless, the role of Tbx2 and Tbx3 in

heart development is not completely understood. Understanding the possible role and

synergy between these two transcription factors in heart remodeling is important to

understand the molecular and cellular basis underlying heart remodeling.

The results presented in this thesis are focused on understanding the role of Tbx2

and Tbx3 during heart development. The identification of Tbx2-like and Tbx3-like genes

in the zebrafish and characterization of these novel genes, tbx2a and tbx3b, opened the

doors to approach this problem in the zebrafish which harbors a simpler heart tube

(Chapter 2). Detailed characterization of the expression pattern of tbx2a and tbx3b in the

zebrafish heart tube demonstrated that it is dynamic and becomes restricted to non-

chamber myocardium at the start of heart looping. The single and combinatorial knock

down of tbx2a and tbx3b demonstrated that these transcription factors are essential for

normal heart looping to occur in the zebrafish (Chapter 3; published in PloS ONE 2(4):

e308). Mouse Tbx3 mutant embryos with early lethality were found to display defects in

heart looping comparable to the defects found in zebrafish tbx3a morphants and the

results are described in this same chapter. In order to establish characterize heart

remodeling in zebrafish, heart looping was analyzed and the pattern of expression of

chamber and non-chamber myocardium markers is described (Chapter 4). It was found

that although similar morphogenetic movements take place during cardiac looping, the

expression pattern of chamber and non-chamber myocardium markers starts out as

homogenous along the extent of the linear heart tube and becomes restricted when heart

remodeling is initiated. As the cardiac defects in the mouse Tbx3 mutant embryos

unfolded, their complexity became apparent. Thus, a small proportion of Tbx3 mutant

embryos die at E10.5-11.5 due to severe defects in looping whereas the remaining

embryos die between E12.5-E14.5 and present less severe cardiac defects, which are

described in Chapter 5. Finally, an attempt to create a murine model for UMS, a human

syndrome caused by haploinsufficiency of TBX3, was made by use of a hypomorph allele

for Tbx3. Analysis of transheterozygous embryos Tbx3 neo/ Tbx3 exc, in which the lethality

period was delayed, allows for a better study-model to understand of the role of Tbx3 in

cardiac maturation as well as in limb development. Finally, the main conclusions of these

chapters are integrated in Chapter 6.
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ABSTRACT:

T-box genes encode transcription factors that regulate a variety of developmental

processes. In this report, we describe the cloning, expression pattern and functional

analysis of two novel zebrafish T-box genes, tbx2a and tbx3b. The expression of tbx2a

and tbx3b during embryonic development is specific and restricted to discrete domains

mainly in the eyes, otic placodes, heart and developing pectoral fin buds. The expression

pattern suggested a requirement for tbx2a and tbx3b for normal embryonic development

and thus a loss-of-function analysis was performed. Knock down of tbx2a resulted in tail

truncation and heart defects. Knock down of tbx3b resulted in a complex set of

embryonic defects that include fin bud, otic vesicle and heart defects. We explored the

role of tbx3b further by overexpressing constitutively active and constitutively repressor

forms of mouse Tbx3 in zebrafish embryos. Comparison of the resulting phenotypes

suggests that this transcription factor acts as a transcription repressor during zebrafish

embryonic development, as is the case in other vertebrates studied. Together these

experiments demonstrate the conservation of function of Tbx genes across the animal

kingdom.

INTRODUCTION:

The T-box family of transcription factors is characterized by the highy conserved

T-box domain that binds DNA in specific T-box binding elements (TBE). This growing
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family comprises 19 members in vertebrates and is represented in species across

metazoans, with homologues found in worms, flies and amphioxus (Naiche et al., 2005).

T-box genes are expressed in discrete and overlapping domains during embryonic

development, which is suggestive of multiple roles in morphogenesis. Indeed, several

studies have shown that Tbx genes are crucial for normal embryonic development to

occur (Naiche et al., 2005). The T-box domain has approximately 180 amino acid

residues that are highly conserved among different Tbx genes. Protein domains outside

the DNA binding domain are less well conserved and provide a basis for classification of

Tbx genes in different subfamilies, such as the Tbx1 and Tbx2 subfamilies. Members of

Tbx2 subfamily of Tbx genes have been observed to cluster in mammalian genomes. Tbx2

and Tbx4 are tightly linked on chromosome 11 and Tbx3 and Tbx5 on chromosome 5 in

the mouse, and this distribution is conserved in the human genome. It has been suggested

that unequal crossover of the common ancestor of the Tbx2 subfamily of genes gave rise

to two initial paralogs that slowly started diverging (Agulnik et al., 1996). Subsequently,

a cluster duplication event probably generated all the present Tbx2 subfamily genes.

Thus, Tbx2 and Tbx3 are very similar in sequence, expression pattern and function and

form a cognate gene pair and this is also the case for Tbx4 and Tbx5 (Chapman et al.,

1996).

Several Tbx gene homologs have been described in zebrafish and shown to be

required for normal embryonic development of the structures and organs they are

expressed in. Zebrafish tbx5 is expressed in the pectoral fin bud and in the heart in

zebrafish embryos and heartstrings, a tbx5 mutant, displays absence of pectoral fin bud

and defects in heart formation (Garrity et al., 2002; Kelly and Buckingham, 2002).

Likewise, mice with a targeted mutation for Tbx5 present similar defects in the forelimb

bud and in the heart (Bruneau et al., 2001). Moreover, human Holt Oram Syndrome

patients, who have a mutation in one copy of TBX5, also present defects in the hands and

in the heart. Another example of cross-species function conservation is Tbx1. The

zebrafish tbx1 mutant, van gogh, and the mouse Tbx1 knock out present defects in ear,

pharyngeal arches and outflow tract that are correlated with the etiology of the

Velocardiofacial or DiGeorge Syndrome that occurs in humans (Jerome and

Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001; Piotrowski et al., 2003).
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Many other cases of conservation of expression and function in mouse and zebrafish can

be cited, such as hrT and Tbx20 (Singh et al., 2005; Szeto et al., 2002), supporting the use

of zebrafish as a genuine animal model to study developmental biology.

The zebrafish has become a paradigm animal model to study embryogenesis in

recent years due to its optical clarity, easiness to obtain large numbers of embryos and

amenability to transiently express upregulators or downregulators of a specific gene

function and make transgenic lines. A drawback of studying zebrafish is that it is

estimated that aproximately 20% of the genome has been duplicated (Nusslein-Volhard et

al., 2002), signifying that a determined gene in higher vertebrates may have two

representatives in the zebrafish genome. That is the case of bmp2a and bmp2b, both

homologs of mouse Bmp2 and notch1a and notch1b, both homologs of mouse Notch1,

among others (Sprague et al., 2006). It has been proposed that during evolution, there was

an additional genome duplication shortly before teleost radiation. Each homolog gene

pair may have diverged over time and this has to be taken into consideration when

studying zebrafish. Nevertheless, the zebrafish continues to be an excellent animal model

to study embryonic development.

In zebrafish, a few members from the Tbx2 subfamily have been characterized,

namely tbx5, tbx4 and tbx2b. Zebrafish tbx2b, previously named tbx-c, has been found to

be required for formation of midline structures (Dheen et al., 1999; Fong SH, 2005), a

function that is not conserved in mouse Tbx2 (Harrelson, et al., 2004). Also, the

expression pattern of a zebrafish Tbx3-like gene has been reported and shown to be

restricted to the notochord in the early stages of embryonic development (Yonei-Tamura

et al., 1999). The notochord restricted expression pattern of this Tbx3-like gene does not

resemble the expression pattern of Tbx3 in the mouse. Thus, other Tbx2/3-like genes may

exist and present expression patterns and functions similar to the mouse Tbx2 and Tbx3

homologs.

In this study, we isolated two new zebrafish orthologues of Tbx2/3 genes and

analyze their expression pattern during embryonic development. We show that tbx2a and

tbx3b display similar patterns of expression as their mouse and chick counterparts. Loss-

of-function of tbx3b resulted in defects in the fin bud, otic vesicle and heart. Loss-of-

function of tbx2a resulted in tail truncation and heart defects. Also, their chromosomal
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distribution is comparable to the clustering of Tbx2 subfamily members observed in the

mouse and human genomes. Together the experiments reported here corroborate the

hypothesis that tbx3b and tbx2a are functional orthologues of mouse Tbx2 and Tbx3.

MATERIALS AND METHODS:

Zebrafish lines:

Zebrafish embryos were obtained by natural spawning of adult AB strain zebrafish.

Embryos were raised and maintained at 28.5°C in 1% methylene blue in system water,

staged as described (Westerfield, 1995) and cleared with 1-phenyl-2-thio-urea (PTU)

solution. Embryos were collected at the appropriate stages and fixed in 4%

paraformaldehyde, in phosphate buffered saline (PBS), overnight at 4°C. Fixed embryos

were dechorionated, washed with PBS and stored in methanol at –20°C.

Morpholino and RNA microinjections:

Morpholino  antisense oligonucleotides (MO) against tbx3b and tbx2a were purchased

from Gene-Tools (Corvallis, OR), and selected according to instructions from the

company. Sequences were as follows:

 tbx3b MO: 5’-TGGATCTCTCATCGGGAAGTCCAG-3’

tbx2a MO: 5’-ATCGGTGCATCCAAAAAGCCAGAT-3’.

A stock solution was prepared according to manufacturer’s instructions. At the one-cell

stage, each embryo was injected with approximately 1 nl volume of MO (0.2 to 5.0 ng)

using an Eppendorf Microinjector. pCS2+ vectors carrying cDNA fragments encoding

for mouse Tbx3 and human TBX2 were used in this study. mRNAs were synthesized

using the SP6 mMessage mMachineSystem (Ambion). Capped mRNAs were injected

into one-cell stage embryos as described (Ng et al. 2002). Embryos were photographed in

a stereo Zeiss Stemi SV11 microscope, using a CoolSNAP HQ camera.

Whole mount in situ hybridization:

Whole-mount in situ hybridization was performed using digoxigenin labeled antisense

RNA probe and visualized using anti-digoxigenin Fab fragments conjugated with alkaline

phosphatase (Roche Molecular Biochemicals) as described (Hammerschmidt, et al.,
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1996). Riboprobes were made from DNA templates, which were linearized and

transcribed with either SP6, T3 or T7 RNA polymerases. Embryos were processed and

hybridized as described (Hammerschmidt et al., 1996), except that 10 µg/ml of proteinase

K in PBS/0.1% Tween-20 was used for 3 to 10 minutes depending on the age of the

collected embryos. The light-blue stain was developed using 0.175 mg/ml BCIP and 0.45

mg/ml NBT in alkaline phosphatase (AP) buffer at room temperature, protected from

light. The resultant embryos were photographed in a Leica M420 microscope with a

Kodak Professional DCS 620X camera.

RESULTS:

A zebrafish cDNA library was screened with a probe containing the T-box

domain from zebrafish tbx5 and two Tbx3-like and two Tbx2-like genes were obtained.

The expression domain of Tbx3-like clone 1 was confined to the posterior half of the

notochord until 36 hours post fertilization (hpf) (data not shown) and has been previously

described as tbx-b (Dheen et al., 1999) and tbx3 (Yonei-Tamura et al., 1999). The second

clone encodes a protein of 694 aminoacid residues with overall similarity to human

TBX3 of 67.8% and to mouse Tbx3 protein of 67.3%. The expression pattern of Tbx3-

like clone 2 was reminiscent of the Tbx3 expression pattern in the mouse and chick. In

summary, transcripts were found in the eyes, somites, posterior domain in the fin buds,

pharyngeal mesoderm and otic placodes. Taking into consideration the expression

patterns, we concluded that clone 2 is an ortologue of mouse and human Tbx3. Given the

frequency with which one mammalian gene has two representatives in the genome of

Danio rerio, the Zebrafish Nomenclature Committee has established guidelines to name

the gene duplicates. In such cases, the letter “a” or “b” should be added to the approved

symbol for the human ortologue, to distinguish both duplicates. We suggest renaming

clone 2 as tbx3b and clone 1 as tbx3a.

Two clones very similar to mouse Tbx2 were also found. Tbx2-like clone 1 was

previously identified as the zebrafish tbx2b gene (Gross JM and Dowling, 2005). Tbx2-

like clone 2 encodes a putative protein of 687 aminoacid residues with 61.8% similarity

to mouse Tbx2, 63.1% to human TBX2 and 78.2% to zebrafish tbx2b. To distinguish

from tbx2b previously characterized, Tbx2-like clone 2 was named tbx2a (Fong SH,
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2005). The expression pattern of tbx2a in zebrafish was similar to the expression pattern

of Tbx2 in mouse and chick embryos with respect to the eyes, fins, otic placodes and

heart. Two new Tbx2/3-like genes were thus found in zebrafish and we set out to study

their function in embryonic development.

Members of Tbx2 subfamily display a typical spatial distribution in the human

and mouse genomes, in which there is clustering of Tbx5  and Tbx3 loci in one

chromosome  (12 in humans and 5 in mice) and Tbx2 and Tbx4 loci in another

chromosome (17 in humans and 11 in mice) (Agulnik et al., 1996). Since there are two

Tbx2-like and two Tbx3-like genes in the zebrafish genome, we wanted to assess the

distribution of these genes in the genome with respect to zebrafish tbx4 and tbx5. We

blasted the latest available zebrafish genome assembly (Zv 6; Mar 2006) with the cDNA

sequence of tbx3b and were able to determine the putative chromosomal location of tbx3b

close to tbx5, in chromosome 5 (Fig.1), as is the case for mouse and human (Agulnik et

al., 1996). A blast with cDNA sequence of tbx3a did not yield any feasible chromosomal

location. Using tbx2b cDNA sequence to blast the same database we found that tbx2b

was located close to tbx4, in chromosome 15. However, there were two tbx4 copies

upstream of tbx2b. Surprisingly, we found tbx2a locus in chromosome 5, upstream of the

tbx3b locus (Fig. 1). The close association between tbx3b and tbx5 is in agreement with

the typical clustering of Tbx3 and Tbx5 in mammals (Agulnik et al., 1996), supporting the

notion that tbx3b is indeed an orthologue of mouse and human Tbx3. The localization of

tbx2a is, however, unexpected and might be explained by a late unequal crossover

between chromosomes 15 and 5. Alternatively, tbx2a may in fact be the second zebrafish

Tbx3-like gene, although overall protein similarity is much higher towards mouse and

human Tbx2 proteins.
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Figure 1. The chromosomal location of tbx3b locus in the zebrafish is similar to the
one in mice and humans. The figure represents the piece of zebrafish chromosomes 5 and 15
that contains tbx5 and tbx4 loci, respectively. Markers used for mapping by the Sanger Institute
are represented in pink, unknown genes are represented in light green, known genes are
represented in blue and tbx genes are represented in red (distances are approximate and based in
the zebrafish genome assembly from Sanger Institute, Zv6).

In order to gain insight into the possible functions of tbx3b and tbx2a in

embryonic development, the expression pattern of tbx2a and tbx3b was analyzed in detail

during organogenesis. Transcripts for tbx3b were found in the eyes, optic placodes,

central nervous system (CNS), spinal chord neurons, fin bud and heart in specific

domains throughout organogenesis. In the eye, tbx3b was first expressed in the optic cup

at 20 hours post fertilization (hpf) and at 31 hpf was present in the neuroretina (Fig. 2 A,

B, C), where it appeared to be restricted to a central domain called the ganglion cell layer

(GCL) (Fig. 2 E, F). The otic placode presented high levels of expression of tbx3b from

20 hpf which decreased during development reaching non-detectable levels at 60 hpf

(Fig. 2 A, C, D, E, F). Zebrafish tbx3b displayed interesting expression domains in the

central nervous system. At early stages, the expression of tbx3b was transiently present in

the ventral anterior diencephalon and in the posterior notocord (Fig. 2 A). In the spinal

cord tbx3b marks specific neurons, which appear to be primary motoneurons as

ascertained by comparison with pattern of expression of islet1 and islet2 at the same stage

(Appel et al., 2001). These neurons continue to express tbx3b until 2 days post

fertilization (dpf) (Fig. 2 A, C, D). Moreover, in the brain tbx3b was present in the cranial

ganglia and in two pairs of dots localized in the hindbrain (Fig. 2 C, D). The epiphysis, or

pineal organ, also expressed tbx3b between 31 and 42 hpf (Fig. 2 C, D). In addition,

tbx3b transcripts were found in other developing organs. At 20 hpf, tbx3b expression was

transiently found in the pronephros (Fig. 2 A). At 36 hpf, tbx3b started to be expressed in

the fin buds and in the heart (Fig. 2 D; not shown). From the long-fin stage, 48 hpf,

onwards, tbx3b was expressed in a posterior domain in the fin bud mesenchyme (Fig. 2 E,

F). The expression domain of tbx3b in the heart changed during embryonic development

and is described in detail elsewhere (Ribeiro et al., 2007). Taking into account the pattern

of expression of tbx3b observed here, it is comparable to the pattern of expression of the
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chick and mouse counterparts in the eye, otic placode, fin bud and heart (Gibson-Brown

et al., 1998a; Tumpel et al., 2002; Yamada et al., 2000).

Figure 2. Expression pattern of zebrafish tbx3b. A, E, F are lateral views; B, is a top view; C,D
are dorsal views. (A, B) At 20 hpf, tbx3b were expressed in the ventral diencepahlon, the eyes,
the otic placode, primary motorneurons (open arrowhead) and the posterior notochord. (C) At 31
hpf, tbx3b continued to be expressed in the eyes and started to appear in specific domains in the
head, where it remained at 36 hpf, (D); at this stage, transcritpts for tbx3b were present in the fin
buds (asterisks). (E, F) At 48 and 60 hpf, the expression of tbx3b in the fin buds (discontinuous
white line) was restricted to a posterior domain in the mesenchyme; furthermore, it continued to
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be expressed in the eyes and domains in the head. cg, cranial ganglia; e, eye; el, eye lens; op, otic
placode; vad, ventral anterior diencephalons.

tbx2a expression in the lateral plate mesoderm, heart, fin buds and head is strong

and changes throughout embryonic development (Fig. 3). Noticeably, tbx2a was strongly

expressed in the eyes and the otic placodes throughout organogenesis, as previously

described (Gross JM and Dowling, 2005). High levels of expression of zebrafish tbx2a

were detected in the eye field at the 4 somite stage, and remained present in the optic cup

at 18 hpf (Fig. 3 A, E). At 24 hpf, tbx2a was found in the neuroretina where it remained

until 60 hpf albeit at lower levels (Fig. 3 F, H, I). Similarly, the levels of expression of

tbx2a in the otic placode were high throughout embryonic development (Fig. 3 A, D, F,

G, J), at least until 48 hpf. At 60 hpf, the expression in the center of the placode is

markedly downregulated. Transcripts for tbx2a were found in the lateral plate mesoderm,

more concentrated in the posterior part, lining the periphery of the paraxial mesoderm

(Fig. 3 B). From 24 hpf onwards, tbx2a was detected in the fin fields (Fig. 3 G, H, I),

where, by 48 hpf, it was restricted to an anterior domain in the fin mesenchyme (Fig. 3 J,

L). Like tbx3b, tbx2a was present in the ventral anterior diencephalon from 4 somite

stage until 24 hpf (Fig. 3 A, E, F), but was absent from the epiphysis. Furthermore, at 24

hpf tbx2a transcripts were found in two dots in the hindbrain (Fig. 3 F), similar to tbx3b

expression. From 24 hpf onwards, transcripts for tbx2a were observed in an organ

rudiment which is positioned where the liver bud normally arises (Fig. 3 G, H, I). The

domain of expression of tbx2a in the heart is described in detail elsewhere (Ribeiro et al.,

2007). Thus, tbx2a is expressed in the fin bud, otic cup, eye, and lateral plate mesoderm

similarly to the mouse and chick counterparts (Gibson-Brown et al., 1998b; Tumpel et

al., 2002; Yamada et al., 2000).

The expression pattern of tbx2a and tbx3b suggests that they may be required for

embryonic development. To test whether tbx3b and tbx2a play a role during embryonic

development, we performed loss of function experiments by injection of morpholino

oligonucleotides (MO) designed to specifically inhibit translation of either tbx3b or tbx2a

mRNA. To test the efficiency of the chosen MOs, the region of the ATG codon of tbx3b

and tbx2a, that harbored the sequence complementary to the MOs, was fused to GFP and

co-injected with each MO. In the presence of control MO, tbx3b:GFP-injected embryos
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were glowing green at gastrulation stages, whereas in the presence of tbx3b MO there

was no GFP signal indicating that tbx3b MO efficiently inhibited translation of

tbx3b:GFP (Fig. 4 A, B). Likewise, co-injection of tbx2a:GFP capped RNA and tbx2a

MO resulted in the absence of GFP signal whereas co-injection of control MO with

tbx2a:GFP resulted in GFP positive embryos (Fig. 4 C, D). Specificity of the MO was

checked by cross-injecting tbx2a MO with tbx3b:GFP and tbx3b MO with tbx2a:GFP, in

which there was no decrease in GFP signal.

Injection of tbx3b MO in one cell stage embryos resulted in a delay in growth, a

smaller head and eyes, an arrested fin bud and otic placode development, pericardial

swelling and an apparent disorganization of the tissues in the caudal part of the embryo in

95% of 48 hpf embryos (Fig. 5 A, B, C, D). The heart of tbx3b morphant embryos was

unlooped and lacked a constriction between the atrium and the ventricle, a malformation

that is characterized elsewhere (Ribeiro et al., 2007). Upon injection of tbx2a MO, we

consistently obtained 60% of the embryos with a truncated tail and pericardial swelling,

in which there was no heart looping (Fig. 5 E). Although the expression patterns of tbx3b

and tbx2a were similar, tbx2a morphants did not display defects in the fin bud and body

wall as observed in tbx3b morphants. Upon injection of both MOs, we obtained a range

of severity of tail truncations. Approximately 50% of double MO injected embryos

presented a tail truncation as severe as in single tbx2a morphants. The double morphant

embryos presented a significant delay in growth, arrested fin bud and otic placode

development, smaller head and eyes, pericardial swelling and the same apparent

disorganization of caudal tissues as tbx3b morphants (Fig. 5 F). The point where

development of fin bud and otic placode arrests was variable in double morphants

(compare Fig. 5 F with G). The evident pericardial swelling in all of the injected embryos

was related to an incomplete heart looping and failure to form the constriction at the level

of the border between the ventricle and the atrium (see Chapter 3 for a detailed

description). Together, the loss-of-function experiments imply that tbx3b and tbx2a are

essential for embryonic development. An additive effect was observed upon knock down

of both genes suggesting that tbx3b and tbx2a do not have redundant functions in fin bud

development, tail, head, eyes and body wall. However, given their co-expression in

numerous tissues, the existence of redundant functions cannot be excluded at this point.
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Figure 3. Expression pattern of tbx2a. (A,E,F) anterior view; (B) posterior view, (C,G,H,I)
dorsal views; (D,J,L) lateral views. (A,B) Zebrafish tbx2a was expressed in the eyes, ventral
anterior diencephalon, otic placodes and in the posterior lateral plate mesoderm at 4 somite stage
embryos (C,D,E) At 18 hpf, tbx2a transcripts continued to be found in the eyes, ventral anterior
diencephalon and otic placodes, but the domain in the lateral plate mesoderm was reduced to a
specific domain posterior to the otic placodes. (F,G) At 24 hpf, the expression of tbx2a was still
detected in the eyes, the ventral anterior diencephalon and otic placodes; it started to be expressed
in the fin field (asterisk), in the liver bud (white arrow) and in two dots in the brain. (H,I) At 48



68

and 60 hpf, the expression of tbx2a was still detected in the eyes, otic placodes, fin bus and liver
bud. (J,L) The expression domain of tbx2a in the fin bud becomes restricted to a anterior field in
the mesenchyme at 48 hpf; in the otic placode, the domain of expression becomes restricted to a
posterior domain from 48 to 60 hpf. Abbreviations same as Fig. 2.

Figure 4. tbx3b and tbx2a morpholinos efficiently inhibit translation of tbx3b:GFP and
tbx2a:GFP. A, B. embryos injected with tbx3b:GFP, a fusion protein that contains the ATG
initiation codon of tbx3b and the target sequence for the tbx3b MO in frame with GFP. C, D.
embryos injected with tbx2a:GFP, a fusion protein that contains the ATG initiation codon of
tbx2a and the target sequence for the tbx2a MO in frame with GFP. B. co-injection of tbx3b:GFP
with tbx3b MO. D. co-injection of tbx2a:GFP with tbx2a MO.

A number of biochemical studies have shown that Tbx2 and Tbx3 act as

repressors of transcription (Carlson et al., 2001; Carreira et al., 1998). Given the high

similarity between tbx3b and Tbx3 proteins, we used mouse Tbx3 for gain-of-function

experiments. To test if Tbx3 transcription factor acts as a repressor during embryonic

development, we created a version of Tbx3 that constitutively activates transcription. The

C-terminal region, which acts as the transcription repressor domain was removed and

replaced with the domain VP16 that constitutively activates transcription (see Materials

and Methods). The resulting fusion protein is expected to bind DNA at the TBEs in the

genome at the normal times as Tbx3 protein, but it will always activate transcription.
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70.7% of Tbx3:VP16-injected embryos presented an arrest of fin bud and otic placode

development, an apparent disorganization of the tissues in the caudal part of the embryo,

pericardiac swelling and delay in heart looping. Thus, Tbx3:VP16 injected embryos have

a similar appearance to the tbx3b morphant embryos. Other defects always observed in

tbx3b morphants, were not present until later stages in Tbx3:VP16-injected embryos, such

as the small head, small eyes and severe pericardial swelling (Fig. 6 J, L; Fig. 7). Hence,

Tbx3:VP16 injection produces a similar phenotype as knock down of tbx3b, suggesting

that Tbx3:VP16 acts as a dominant negative form of tbx3b and that tbx3b is indeed a

repressor of transcription.

Figure 5. The genes tbx3b and tbx2a are required for the normal embryonic development of
zebrafish embryos. Embryos are 48 hpf (A, B, E) or stage matched (C, D, F, G). Lateral views.
(A, C) Injection of tbx3b MO at 2.5 ng per one-cell stage embryos results in growth delay, thinner
embryos, arrested development of the otic placode and fin bud and pericardial swelling. (B, D) A
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higher magnification shows that the fin bud (discontinuous white line) does not outgrow of the
embryo flank, and that the eyes and head are smaller. (E) tbx2a morphant embryos are grossly
normal, except that they display tail truncation and pericardial swelling. (F, G) double morphants
are smaller and shorter than wild type, present arrested outgrowth of the fin bud and otical
placode and pericardial swelling.

Figure 6.  Injection of activator of transcription form of Tbx3 phenocopies the tbx3b
morphant defects. All embryos are 42 hpf. A, B, C, D, G, H are lateral views and E, I are ventral
views. The transgenic line mlc2a::GFP was used in this experiment. Tbx3:VP16-injected
embryos present defects in the otic placode (arrow), the fin bud (discontinuous white line), the
heart (red arrow) and in the embryo body, similar to tbx3b morphants.

Next, we performed gain of function experiments. When 200pg Tbx3 capped

RNA was injected into one cell stage embryos, we obtained embryos that were grossly

normal at 48 hpf. However at 60 hpf, 44.5% of Tbx3-injected embryos presented a

pericardial swelling and a delay in heart looping associated with a lack of chamber

growth (Fig. 7) (Ribeiro et al., 2007). We created a constitutive repressor of transcription
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version of Tbx3 by removing its C-terminal region and replacing it with a transcriptional

repressor domain of the fruit fly Drosophila, engrailed (Badiani P, 1994; Han K and

Manley, 1993). This fusion protein is expected to bind the same TBE site in the genome

as normal tbx3b protein, however, the repression of transcription is reassured through the

strong repressor domain of engrailed. When the capped RNA encoding for the protein

fusion Tbx3:EnR was injected into one cell stage embryos, we obtained 38.9% of injected

embryos with the same defects observed in Tbx3-injected embryos. Tbx3:EnR-injected

embryos displayed severe pericardial swelling and an unlooped heart lacking chamber

growth. Thus, the overexpression of Tbx3 and Tbx3:EnR generated similar defects,

supporting the hypothesis that Tbx3 act as a repressor of transcription during embryonic

development.

Figure 7. Tbx3 acts as a repressor of transcription during development. (A, B, C) Injection
of Tbx3 mRNA presents the same heart defect as injection of the constitutive form of Tbx3,
Tbx3:EnR, i.e. lack of chamber growth. Injection of the constitutive activator form of Tbx3,
Tbx3VP16, results in the same heart defects present in tbx3b morphant embryos, delay in looping
and failure to form the constriction (red arrow) between the ventricle (v) and the atrium (a).
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DISCUSSION:

In this study, we characterize two novel zebrafish genes, tbx2a and tbx3b and

show that they are orthologues of mouse Tbx2 and Tbx3, respectively. In zebrafish, there

are two Tbx3-like (tbx3a, tbx3b) and two Tbx2-like (tbx2a and tbx2b) genes (this study)

(Dheen et al., 1999; Yonei-Tamura et al., 1999), from which we observed that only tbx2a,

tbx2b and tbx3b are expressed during embryonic development in a pattern comparable to

their mouse and chick counterparts. Often, the duplicated genes in the zebrafish genome

evolved separately and thus the function of the ancestral gene may now be divided up

between the two genes, each having a more restricted function than the original one

(Nusslein-Volhard et al., 2002). On the other hand, the non-coding sequences change

more frequently than coding sequences and may then generate or abolish functions for

the each of the duplicates, by inducing different patterns of expression (Gilbert, 2000).

The case of tbx3a and tbx3b is special in that one of the genes has become expressed

transiently only in one tissue, as tbx3a in the notochord. This leaves all other embryonic

roles to tbx3b. In line with this, knock down of tbx3b in zebrafish mimics several of the

defects observed in Tbx3 mutant mice, which include delay in growth, arrested

development of the zebrafish pectoral fin (comparable to the defect in the mouse

hindlimb), smaller size and cardiac defects  (Chapter 3 and 5).

The zebrafish homologs of mouse Tbx2, tbx2a (this study) and tbx2b (Dheen et

al., 1999), present different functions during embryonic development. Loss-of-function of

tbx2b yielded abnormal embryos which present short AP axis, absent or malformed

notochord, fused somites, small and/or cyclopic eyes, and small brain together with a

delay in gastrulation (Fong SH, 2005). Unlike tbx2b, tbx2a function in embryonic

development is more similar to mouse Tbx2 since it is required for heart development.

Thus, tbx2a and tbx2b represent a case in which the initial roles of the common ancestor

were divided up between the resultant gene copies. On the other hand, Tbx2 mutant mice

present a normal development of the tail contrary to tbx2a morphant embryos. Moreover,

none of the defects observed in tbx2b morphants were seen in Tbx2 mutant mice

(Harrelson et al., 2004). Together these observations suggest that both Tbx2-like

zebrafish genes might have acquired new functions during teleost evolution. Conversely,
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there might be another factor in mice that compensates for the lack of mouse Tbx2 with

respect to the development of these particular structures such as tail, notochord and AP

axis. Supporting the latter hypothesis is the fact that the expression patterns of Tbx2 and

Tbx3 overlap considerably more in mouse and chick embryos than they do in zebrafish

(Dheen et al., 1999; Gibson-Brown et al., 1998b; Harrelson et al., 2004).

Biochemical characterization of T-box proteins has led to the general belief that

Tbx3 and Tbx2 proteins repress transcription and a number of reports show that in the

heart, Tbx3 and Tbx2 repress transcription of chamber-specific genes by directly binding

to their promoters (Cai et al., 2005; Habets et al., 2002; Hoogars et al., 2004). In this

study, we show that injection of a constitutive transcription activator Tbx3 form,

Tbx3:VP16, results in defects very similar to those caused by tbx3b knock down. The

similarities observed imply that Tbx3:VP16 acts as a dominant negative form and that

tbx3b is a repressor of transcription during embryonic development. In Tbx3:VP16-

injected embryos the head and eye defects are not as severe as in tbx3b morphants, which

suggests that tbx3b protein might have other functions besides repressing transcription,

such as titrating an interacting protein. Alternatively, the different severity observed may

be a result the different knock down technique used, i.e., efficiency of MO versus capped

RNA injections. Whereas the presence of tbx3b MO is likely to reduce drastically the

amount of tbx3b that is translated (as seen in controls), the presence of Tbx3:VP16 may

not be able to bind DNA due to lack of necessary interacting co-factors and thus,

Tbx3:VP16 may not interfere with the endogenous tbx3b function as much as tbx3b MO.

Similar cardiac defects resulted from the overexpression of Tbx3 and another

form of Tbx3 that constitutively represses transcription, Tbx3:EnR. The similar cardiac

defects show that the transcription factor tbx3b acts as a repressor of transcription during

embryonic development, in agreement with what has been suggested in higher vertebrates

(Habets et al., 2002; Hoogars et al., 2004). This study provides the first in vivo evidence

that Tbx3 protein acts as a repressor of transcription. The finding of two functional

homologues of Tbx2/3 in zebrafish opens doors to an array of new experiments and

approaches that will shed light into roles Tbx2/3 may play in vertebrate embryonic

development.
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Accession numbers: tbx2a, XM_680097.2; tbx3b, NM_001101670.1.
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Chapter 3

Tbx2 and Tbx3 regulate the Dynamics of Cell Proliferation during Heart

Remodeling.

Inês Ribeiro, Yasuhiko Kawakami, Dirk Büscher, Ángel Raya, Joaquín

Rodríguez-León, Masanobu Morita, Concépcion Rodríguez Esteban and

Juan Carlos Izpisúa Belmonte
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Background. The heart forms from a linear tube that is subject to complex remodeling during embryonic development.
Hallmarks of this remodeling are the looping of the heart tube and the regionalization into chamber and non-chamber
myocardium. Cardiomyocytes in the future chamber myocardium acquire different cellular and physiological characteristics
through activation of a chamber-specific genetic program, which is in part mediated by T-box genes. Methodology/Principal
Finding. We characterize two new zebrafish T-box transcription factors, tbx3b and tbx2a, and analyze their role during the
development of the atrioventricular canal. Loss- and gain-of-function analyses demonstrate that tbx3b and tbx2a are necessary
to repress the chamber-genetic program in the non-chamber myocardium. We also show that tbx3b and tbx2a are required to
control cell proliferation in the atrioventricular canal and that misregulation of cell proliferation in the heart tube influences
looping. Furthermore, we characterize the heart phenotype of a novel Tbx3 mutation in mice and show that both the control of
cell proliferation and the repression of chamber-specific genetic program in the non-chamber myocardium are conserved roles
of Tbx3 in this species. Conclusions/Significance. Taken together, our results uncover an evolutionarily conserved role of
Tbx2/3 transcription factors during remodeling of the heart myocardium and highlight the importance of controlling cell
proliferation as a driving force of morphogenesis.

Citation: Ribeiro I, Kawakami Y, Büscher D, Raya Á, Rodrı́guez-León J, et al (2007) Tbx2 and Tbx3 Regulate the Dynamics of Cell Proliferation during
Heart Remodeling. PLoS ONE 2(4): e398. doi:10.1371/journal.pone.0000398

INTRODUCTION
The T-box (Tbx) family of transcription factors is represented in all
metazoans [1] and is characterized by a highly conserved DNA
binding domain, the T-box domain. Several Tbx genes are
expressed during embryonic development in specific domains and
have been implicated in the formation of a variety of organs,
including the heart. The existence of several human congenital
syndromes caused by disruption of human TBX genes, demonstrates
their importance in morphogenesis. The Holt-Oram syndrome is
caused byTBX5 haploinsufficiency and is characterized by heart and
hand anomalies [2]. Mutations in TBX1 have been implicated in the
Velocardiofacial or DiGeorge syndrome in which congenital heart
defects are present [3]. Several Tbx genes are expressed in the heart
in discrete and overlapping regions and have been shown to be
important for the development of such complex organ.
The embryonic linear heart tube undergoes complex remodel-

ing, including looping and regionalization, to form the final
vertebrate multichambered heart. Initially, the primary myocar-
dium is morphologically homogenous throughout the extent of the
linear heart tube. Concomitantly with the beginning of looping,
the heart tube becomes regionalized into chamber myocardium,
the atria and the ventricles, and non-chamber myocardium, the
outflow tract (OFT), the atrioventricular canal (AVC), the inflow
tract (IFT) and the inner curvatures. The chamber myocardium
becomes fast conducting myocardium whereas the non-chamber
myocardium retains slow conduction, thereby participating in the
establishment of synchronized beating in the embryonic heart [4].
Additionally, the myocardium of the future chambers starts to
grow out of the primitive heart tube during looping. Consequently,
the non-chamber myocardium forms constrictions in the heart
tube, such as the AVC, that prevent backflow of blood before valve
formation. A variety of chamber and non-chamber specific genes
have been characterized. The expression of chamber markers,
such as atrium natriuretic factor (Anf), connexin 40 and 43 (Cx40,
Cx43), Chisel and bone morphogenetic protein 10 (Bmp10), comes

on concomitantly with the start of chamber growth in the mouse
heart tube [5,6]. The myocardium fated to become non-chamber
myocardium expresses a different set of molecular markers. Bmp2
and Tgfb2 are expressed in the OFT, AVC and IFT since early
looping stages and are important for further development of the non-
chamber myocardium [7,8]. Thus, differentiation of the primary
myocardium and looping are the first steps of heart remodeling.
Tbx5 plays a role during chamber formation despite being

expressed throughout the extent of the heart tube. It has been shown
that Tbx5 synergistically interacts with Nkx2.5 in the activation of
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the ANF regulatory element, responsible for expression of Anf in the
cardiac chambers [9]. A similar regulatory element, composed of
TBE and NKE binding sites, has been found in the promoters of
other chamber-specific genes, such as Cx40 and Cx43 [10]. The lack
of expression of chamber specific genes in non-chamber myocardi-
um has been attributed to the expression of Tbx2 which is mutually
exclusive with that of chamber myocardium markers [11]. Tbx2
cooperates with Nkx2.5 and represses transcription from ANF
regulatory element, serving as inhibitors of the chamber-specific
genetic program. Supporting this model, misexpression of Tbx2
under the control of b-MHC promoter results in the lack of chamber
growth and downregulation of Anf, Chisel and Cx40 [12]. However,
mice with targeted mutations in Anf, Chisel or Cx40 have normal
heart development and reach adulthood [13–16], suggesting that the
absence of their expression in b-MHC::Tbx2 mice does not account
for the lack of chamber growth. Recently, it has been shown that
Tbx2 represses transcription of the cell cycle gene Nmyc1. The
ectopic expression of Tbx2 throughout the heart tube has been
suggested to cause the hypoplastic phenotype observed in Tbx20
mutants [17–19]. The chamber-specific genetic program is not
initiated in Tbx20 mutants, suggesting that downregulation of Tbx2
in the chamber myocardium is crucial for normal heart de-
velopment. Although Nmyc1 mutant hearts are hypoplastic [20,21],
the cardiac chambers are formed and the overall phenotype is much
less severe than that of Tbx20 mutant or b-MHC::Tbx2 hearts,
suggesting that regulation of additional downstream targets of Tbx2
may be involved in chamber and non-chamber myocardium
differentiation. Moreover, ablation of Tbx2 causes defects in the
AVC and a failure in OFT septation in only a quarter of the
homozygous embryos [22], indicating that other factors are able to
compensate for the lack of Tbx2.
Tbx3 is co-expressed with Tbx2 in the heart in looping stages and

biochemical studies suggest Tbx3, like Tbx2, is capable of repressing
transcription from the ANF element in chamber specific genes [10].
In humans, haploinsufficiency of TBX3 causes the Ulnar Mammary
syndrome (UMS), a pleiotropic disorder that typically presents
defects in limb, mammary gland, tooth, hair and apocrine gland
development [23]. This autosomal dominant disorder is fully
penetrant, however there is a large variability in the clinical
presentation among affected individuals and cardiac anomalies have
recently been reported [24,25]. Mice lacking Tbx3 are not viable and
display a wide range of onset of lethality, between E10.5 and E16.5,
which correlates with the variability of clinical presentation in UMS
patients [26]. AlthoughTbx3 is expressed in restricted domains in the
mouse and human hearts from early stages [10], heart formation has
not been specifically addressed in Tbx3 mutant embryos.
The processes of heart looping and chamber formation are less

well studied in other vertebrates. In zebrafish, it is known that the
initial broad expression of bmp4 and versican become restricted to
the myocardium at the level of the AVC during initiation of
looping [27,28]. As for chamber markers, zebrafish anf is expressed
in chamber myocardium after looping is well under way [29].
However, the mechanism whereby heart remodeling occurs in
zebrafish remains to be elucidated.
The simplicity and accessibility of the two-chambered heart in

zebrafish allow a deeper analysis of the complex morphogenetic
events involved in heart development. In this report, we show that
novel Tbx2 and Tbx3 zebrafish homologs prevent initiation of the
chamber-specific genetic program and growth in non-chamber
myocardium. We also analyze cardiac defects in mice Tbx3mutant
embryos and show that Tbx3 plays a role in heart remodeling.
Together our findings reveal the importance of a tight equilibrium
between cell proliferation and differentiation in order to achieve
proper organogenesis.

RESULTS
Zebrafish tbx3b and tbx2a are required for heart

looping and AVC formation
We isolated two novel Tbx genes in zebrafish, which belong to the
Tbx2 subfamily. Based on sequence similarity and expression
patterns we named them tbx3b and tbx2a (Fig. S1). tbx3b encodes
a putative protein of 694 amino acid residues with overall
similarity to human TBX3 of 67.8% and to mouse Tbx3 protein of
67.3%. tbx2a encodes a putative protein of 687 amino acid residues
with 61.8% similarity to mouse Tbx2, 63.1% to human TBX2 and
78.2% to zebrafish tbx2b. During heart development, tbx3b is first
expressed throughout the extent of the heart tube and becomes
restricted to the AVC and OFT at 33 hpf (Fig. 1A,B). Zebrafish
tbx2a is first weakly expressed throughout the extent of the heart
tube becoming later restricted to the AVC (Fig. 1C,D). Thus, the
domain of expression of tbx3b and tbx2a in the heart is similar to
that of the mouse counterparts [10,22].
The expression pattern of tbx3b and tbx2a suggested that they

might play a role in heart regionalization in zebrafish. Morpholino
oligonucleotides (MO) were used to knock down tbx3b and tbx2a in
a transgenic line expressing GFP in the heart, mlc2a::GFP [30].
The efficacy of the MOs to inhibit translation of tbx3b and tbx2a
mRNA were confirmed by co-injecting tbx3b:EGFP or tbx2a:EGFP
fusion constructs and examining fluorescent signal (Fig. S2).
Injection of tbx3b MO resulted in a growth delay from 36 hpf
onwards, absence or reduction of fin buds and misformation of the
otic vesicle and lethality past 3 dpf (I.R. and J.C.I.B., unpublished
observations). In control embryos at 48 hpf the AVC was a tight
constriction between the ventricle and the atrium and these two
chambers were at the same anterior-posterior level (Fig. 1E). In
stage-matched tbx3b morphant embryos, the atrium-ventricle
border was wide and looping was delayed (Fig. 1F). By 3 dpf,
the pericardiac cavity was severely swollen, looping was in-
complete and the presumptive AVC remained wide (Fig. 1J). Loss
of function of tbx2a resulted in similar heart defects, with
incomplete looping and lack of AVC constriction (Fig. 1G,L).
However, in contrast to tbx3b morphants, the fin buds and the otic
placodes developed normally in tbx2a morphants and there was no
growth delay (I.R. and J.C.I.B., unpublished observations),
suggesting that these genes play specific and non-overlapping
roles in the development of other organs. Upon co-injection of
both tbx3 and tbx2a MOs we observed that fin bud was absent and
the otic placode was reduced (Fig. S2). In the heart of double
morphants, the AVC failed to form, and there was no indication of
looping (Fig. 1H,M). Although development of other organs was
not more affected in double morphants than in tbx3b MO-injected
embryos, the heart phenotype was more severe when both tbx3b
and tbx2a were knocked down, implying that tbx3b and tbx2a play
non-redundant roles in cardiac development.
To test if the absence of the AVC constriction and looping were

convoyed by defects in the heart regionalization, we assessed the
expression of AVC markers in zebrafish. The expression domains
of bmp4 and bmp2b in OFT, AVC and IFT of the heart were not
altered in single and double morphant embryos (Fig. 2A–D, data
not shown). The expression domain of notch1b, which normally
becomes restricted to the endocardium at the level of the AVC and
OFT at 45 hpf [31], was expanded into the ventricle endocardium
of tbx3b and tbx2a morphant embryos at 48 hpf (Fig. 2E,F,G), as
well as in stage-matched double morphant embryos (Fig. 2H).
Zebrafish anf is first expressed throughout the primitive heart tube
and later becomes expressed exclusively in the chambers (our
unpublished observations) [29]. In tbx3b, tbx2a, and double
morphants, however, anf transcripts continued to be expressed
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throughout the extent of the cardiac myocardium at 48 hpf (data
not shown). Zebrafish bmp10 is expressed in the heart in a dynamic
pattern reminiscent of zebrafish anf as well as in the otic vesicle and
ventricle of the brain (Fig. S3). In tbx3b and tbx2a morphant
embryos, bmp10 was downregulated from the AVC as in control
embryos (Fig. 2I–L). However, in double morphants bmp10 was
present throughout the extent of the heart tube (Fig. 2M).
Together these results show that the initial specification of
chamber and non-chamber myocardium occurs in single and
double morphants, but further development is impaired.

Ectopic presence of Tbx3 and Tbx2 results in the

absence of chamber growth
We next asked if the ectopic expression of Tbx3 and Tbx2 in
chamber myocardium was able to prevent chamber formation.

Tbx3-injected embryos developed at comparable rates as the
GFP-injected embryos. At 60 hpf, 44.5% of the embryos over-
expressing Tbx3 presented a swollen pericardiac cavity and a delay
in heart looping. Most notably, however, was the lack of chamber
growth, which, added to the increasing pericardial swelling due to
low circulation, gave rise to a thin heart tube that stretched from
the base of the head to the yolk (Fig. 3B; compare to 3A),
a condition previously described as pipe-like heart [27]. In 60%
Tbx2-injected embryos the pericardiac cavity was swollen from
48 hpf onwards (Fig. 3C). A similar pipe-like heart phenotype was

Figure 2. in situ hybridization analysis of cardiogenesis in the
absence of tbx3b and tbx2a. Ventral views of the heart in its maximum
extension from the anterior to the posterior pole. (A) bmp4 is expressed
in the non-chamber myocardium of the heart, the OFT, the AVC and the
IFT. (B, C, D) The expression pattern of bmp4 is normal in 42 hpf tbx3b,
tbx2a and double morphants. (E) notch1b is expressed in the whole
endocardium of the heart tube, but becomes restricted to the
endocardium at the level of the OFT and AVC upon looping. (F, G, H)
Expression of notch1b is maintained in the endocardium at the level of
the chamber myocardium in 48 hpf tbx3b, tbx2a and double
morphants, in contrast to wild type. (I) bmp10 is expressed exclusively
in chamber myocardium at 42 hpf (J, L, M) In 42 hpf tbx3b and tbx2a
morphants bmp10 is expressed in the chamber myocardium and is
downregulated in the AVC, as is the case in wild type, but it is not
downregulated from the AVC in double morphants. Red arrow indicates
the AVC. a, atrium; h, heart; v, ventricle.
doi:10.1371/journal.pone.0000398.g002

Figure 1. Aberrant morphology of the AVC in the absence of
zebrafish tbx3b and tbx2a. (A–D) Whole mount RNA in situ
hybridization of zebrafish tbx3b and tbx2a expression; ventral views
show the heart in its maximum extension from the anterior to the
posterior pole. Zebrafish tbx3b is expressed throughout the extent of
the heart tube at 31 hpf (A) and becomes restricted to the AVC at
42 hpf (B). Zebrafish tbx2a is expressed al low levels throughout the
extent of the linear heart tube at 31 hpf (C). At 42 hpf tbx2a transcripts
are present in the AVC at high levels (D). Black arrow points to the AVC.
(E–M) Ventral views of the heart of a mlc2a::GFP transgenic line that
expresses GFP in the myocardium, at 48 hpf (E–H) and 72 hpf (I–M). (E)
In wild type 48 hpf embryos, the atrium has moved upward and is
positioned at the same anterior-posterior level as the ventricle; (I) later
the atrium becomes localized dorsal to the ventricle at 72 hpf. (F, J)
Injection of 2.5 ng of tbx3b morpholino into one-cell stage embryos
results in delayed heart looping and abnormal AVC. (G, L) Injection of
10 ng of tbx2a MO results in a similar delay in heart looping and an
enlargement of the AVC. (H, M) Injection of both tbx3b and tbx2a MOs,
at 1.75 and 5 ng respectively, results in the failure to form the AVC
constriction and absence of looping. Red arrow indicates the AVC. a,
atrium; h, heart; v, ventricle.
doi:10.1371/journal.pone.0000398.g001

Figure 3. Heart morphology in embryos overexpressing Tbx3 and
Tbx2. Side views (A–C) and ventral views (D–F) of wild type embryos (A,
D) and embryos injected with 100 pg capped mRNA for mouse Tbx3 (B,
E) or human TBX2 (C, F). (A, B, C) mlc2a::GFP embryos at 60 hpf; (D, E, F)
48 hpf. (B, C) 44.5% of Tbx3-injected embryos and 60% of Tbx2-injected
embryos present a pipe-like heart that lacks chamber growth and
looping. (D, E, F) Zebrafish bmp10 is strongly expressed in the chamber
myocardium in wild type embryos, but is significantly downregulated
from the heart in Tbx3- or Tbx2-injected embryos. a, atrium; v, ventricle.
doi:10.1371/journal.pone.0000398.g003
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visible at 3 dpf. In line with the lack of chamber growth, zebrafish
bmp10 was significantly downregulated in the heart in Tbx3- and
Tbx2-injected embryos (Fig. 3D,E,F). Transcripts of anf were not
downregulated from the AVC of Tbx3- and Tbx2-overexpressing
hearts at 48 hpf and presented levels of expression similar to the
wild type 24 hpf heart (data not shown). The overexpression of
Tbx3 or Tbx2 did not affect the expression of notch1b or bmp4 (data
not shown). Thus, the specification and differentiation of non-
chamber myocardium is not altered in the presence of ectopic
Tbx3 or Tbx2 in the heart tube. However, the presumptive
chambers do not grow from the primitive heart tube, and maintain
levels of expression of chamber markers characteristic of primary
myocardium.

tbx3b and tbx2a are required to establish the

pattern of proliferation during heart looping
The absence of chamber growth in Tbx3- and Tbx2-injected
embryos prompted us to investigate the cell division and apoptosis
levels during heart looping. In wild type embryos between 31 and
48 hpf, no significant numbers of apoptotic cells, as evaluated by
acridine orange staining, were observed in the heart (data not
shown). Additionally, no differences were observed between Tbx3-
or Tbx2-injected and wild type embryos in the number of
apoptotic cells in the heart tube (data not shown). To study the
pattern of proliferation in the looping heart we gave a one-hour
pulse of BrdU by injecting a BrdU solution in the pericardiac
cavity. In 31 hpf wild type embryos the heart presented no signs of
looping and chamber formation. The BrdU-positive cells were
equally distributed throughout the extent of the heart tube
(Fig. 4A). At 33 hpf, the anterior region of the heart tube, the
future ventricle, has jogged to the right, allowing a rough
distinction between the two future chambers and the future
AVC. At this stage, the BrdU positive cells were more con-
centrated in the future chamber regions, leaving the AVC region
devoid of BrdU-positive cells (Fig. 4B). At 36 hpf the initial phase
of heart looping is already completed and it is possible to clearly
identify the ventricle and the atrium, as well as the OFT and the
AVC. Thus, a dynamic pattern of cell proliferation along the heart
tube accompanies chamber outgrowth, and a crucial differentia-
tion step occurs at 33 hpf, concomitant with the rightward jogging
of the future ventricle.
The pre-looping heart tube of Tbx3-injected embryos appears

normal in size and morphology (data not shown). However, at
33 hpf there were no signs of looping and the dividing cells were
homogenously distributed throughout the heart tube, with no
obvious separation between ventricle and atrium (Fig. 4C).
Moreover, the total number of BrdU-positive cells in the heart
was significantly lower when compared to wild type embryos
(Fig. 4H). Similar altered numbers and distribution of BrdU-
positive cells were observed in the hearts in Tbx2-injected embryos
at 33 hpf (Fig. 4D,H). These results indicate that the lack of
chamber outgrowth in the presence of ectopic Tbx3 and Tbx2 is
due to a decrease in the cell proliferation levels in the future
chamber myocardium. In 33 hpf stage-matched tbx3b or tbx2a
morphants, the distribution of dividing cells was not regionalized
as in control hearts (Fig. 4E,F,G). The 33 hpf heart tube of double
morphant embryos displayed an homogenous distribution of
BrdU-positive cells and the total number of dividing cells was
slightly higher than in wild type (Fig. 4H). Differences in the
number of BrdU-positive cells in the AVC myocardium may be
difficult to detect due to the small number of cells in this region.
Together these results demonstrate that tbx3b and tbx2a are crucial
for the establishment of the dynamic pattern of cell proliferation in

the heart tube and further show that perturbation of this pattern
may have drastic consequences for heart looping.

Ablation of Tbx3 in mice causes cardiovascular

defects
In order to investigate if the role of Tbx3 in zebrafish heart
morphogenesis is conserved in mammals, we analyzed the
cardiovascular development in mice embryos lacking Tbx3
function. Mice with a targeted mutation for Tbx3 were generated
(Materials and Methods, Fig. S4). Homozygous Tbx3 null embryos
presented poorly developed yolk sac vasculature, truncated
hindlimbs and were smaller than their littermates, similar to what
has been described for another Tbx3 mutant [26].
In Tbx3 mutant embryos, we observed a large phenotypic

variability in the time of onset and degree of the heart defects. In
4/40 homozygous embryos collected 9.5 days post coitum (E9.5),
a delay in heart looping was evident (Fig. 5A,B). In 33% of the
Tbx3 mutant embryos collected at E10.5 (n = 21), the pericardiac
cavity was swollen and the heart incompletely looped (Fig. 5C,D).
The defects in looping ranged from a mild delay to a completely
unbent tube (Fig. 5D). The constriction at the AVC was also
enlarged when compared to wild type or heterozygous littermates.
At later stages, all Tbx3 mutant embryos were readily distinguish-
able from their littermates in that they were smaller and presented
a reduced hindlimb bud (our unpublished observations). 43% Tbx3
mutant embryos recovered at E11.5 (n = 7) presented a swollen
pericardial cavity with an unlooped heart (Fig. 5E,F). These
observations suggest that there is a great phenotypic variation in
the severity of the cardiovascular defects in Tbx3 mutant embryos.
Nevertheless, the most severe mutants display cardiac anomalies
comparable to the heart defects seen in tbx3b morphant embryos.
To test if the AVC is correctly specified in Tbx3-mutant embryos,

we analyzed the expression pattern of Bmp2, which is expressed in
the AVC and is crucial for the formation of atrioventricular valves in
the mouse [8]. Bmp2 transcripts were present in the AVC of Tbx3
mutant embryos at E9.5 (Fig. 5I,J), suggesting that this non-chamber
region is properly specified. To test if further development of the
AVC was occurring normally, we analyzed TGFb2 and Smad6 which
are expressed in the OFT and the AVC at the level of the
myocardium and endocardium, respectively, and are required for
cushion mesenchyme formation [32,33]. In Tbx3 null mutant
embryos, both TGFb2 and Smad6 were downregulated in the non-
chamber myocardium (Fig. 5L–O). Expression of Msx2, another
marker of AVC myocardium, was downregulated in Tbx3 mutant
embryos at E9.5 (data not shown). Thus, the early specification of the
AVC seems to occur normally, however further differentiation of this
myocardium is perturbed in Tbx3 null mutants.
Next we analyzed the expression of chamber myocardium

markers, Anf and Bmp10. In the most severe class of Tbx3-null
mutants, Anf was upregulated in the region between the ventricle
and the atrium (data not shown). Bmp10 is normally expressed in
the chambers at E9.5 marking the future trabeculating myocar-
dium [6]. In Tbx3-null homozygous embryos Bmp10 transcripts
were found ectopically in the OFT and the AVC at E9.5
(Fig. 5G,H), suggesting that in the absence of Tbx3, Bmp10 is
activated in non-chamber myocardium. We found NKE- and
TBE-sites in the promoter region of human BMP10 (Fig. 5P),
which suggest that Bmp10 is subject to similar transcriptional
regulation as Anf and Cx40 [4]. Tbx5 is required for chamber
formation [34] and was normally expressed in Tbx3 mutant
embryos (data not shown). The analysis of the expression patterns
of chamber and non-chamber markers in Tbx3 mutant embryos
advocates that the initial specification of non-chamber myocardi-
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um occurs normally in these embryos. In spite of this, further
development of the AVC is not achieved and instead, chamber
markers are upregulated. Moreover, the most severe class of Tbx3-
null mutant embryos displays heart defects that are similar to
zebrafish tbx3b morphants with respect to morphology and the
degree of development, indicating that the mechanisms of AVC
formation are conserved among vertebrates.

Previous studies show that the sinoatrial region, the AVC and, to
a lesser extent, the OFT present lower levels of cell proliferation
compared to the chamber myocardium [35,36]. Since the AVC
constriction is unusually wide in Tbx3-null mutants and there is
ectopic activation of the chamber genetic program, we analyzed
whether the pattern of cell proliferation was altered in these mutants.
Consistent with previous findings [35], wild type E9.5 embryos

Figure 4. The pattern of proliferation along the heart tube is dynamic and is regulated by Tbx3 and Tbx2. All images represent reconstructions of
confocal Z-stack sections imaged on whole embryos at 31hpf (A) and 33 hpf (B–G). (A, B) During the first steps of looping, the pattern of proliferation
shifts from homogenous throughout the heart tube (31 hpf, A) to a heterogenous one in which dividing cells are more concentrated in the future
chambers (33 hpf, B). (C, D) In Tbx3- (C) and Tbx2- (D) injected embryos at 33 hpf this shift has not occurred and the number of dividing cells was
significantly decreased and dividing cells were homogenously distributed (H). (E–G) MO-injected embryos against tbx3b (E), tbx2a (F) or both (G)
display the same (E, F) or higher (G) number of proliferating cells than wild type at 33 hpf. However, proliferating cells remain homogenously
distributed throughout the heart tube. (H) Histogram showing the average of the total number of BrdU positive cells in the heart of 33 hpf embryos:
wt, 31.461.661 (n = 5); Tbx3 mRNA, 17.561.708 (p,0.001; n = 6); Tbx2 mRNA, 17.061.000 (p,0.001; n = 7); tbx3b MO, 28.060.408 (n = 4); tbx2a MO,
31.362.658 (n = 4); double MO, 36.861.797 (n = 4). a, atrium; h, heart; nt, neural tube; v, ventricle.
doi:10.1371/journal.pone.0000398.g004
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labeled with a one-hour pulse of BrdU present a lower density of
BrdU-positive cells in the OFT and the AVC when compared to the
ventricle or the common atrium (Fig. 6A, data not shown). Tbx3
mutant embryos subjected to the same treatment displayed densities
of proliferating cells in the OFT similar to wild type embryos.
However, the density of proliferating cells at the level of the AVC
myocardium was comparable to that of the ventricle myocardium,
rather than to that of the wild type AVCmyocardium (Fig. 6A,B and
data not shown). In addition to the analysis of BrdU-labeled cells, we
also examined the pattern of mitotic cells in the looping heart by
detection of phospho-Histone3-positive cells. Exhaustive counting of
the phospho-Histone3-positive cells in each section revealed that
proliferation levels were not altered in the OFT, the ventricles or the
common atrium at E9.5 in Tbx3 mutant embryos (n=2/3) relative
to wild type counterparts (n= 3/4; data not shown). In spite of this,
the number of dividing cells was significantly increased in the AVC
of Tbx3 mutant embryos (n= 3/3) when compared to wild type
embryos (4/4; Fig. 6C). These results suggest that Tbx3 is an
important regulator of the rate of proliferation in the AVC and
reveal that the role of Tbx3 is conserved in zebrafish and mouse
heart development.

DISCUSSION
In this report, we have studied the role of two novel zebrafish
genes, tbx3b and tbx2a, in the process of heart remodeling and the
associated differential cell proliferation. Incomplete looping was
observed both after gain- and loss-of-function experiments. The
pattern of cell proliferation along the heart tube was perturbed in
either case, suggesting that differential rates of cell proliferation are
important for proper looping to occur. In the absence of tbx3b and
tbx2a, the broadening of the AVC constriction may hamper heart
tube bending by abolishing the flexion point. On the other hand,
the chamber growth out of the primary heart tube may be
a permissive factor for the bending of the heart tube along with
other intrinsic and extrinsic biomechanical driving forces [37], as
evidenced by the absence of looping in the gain-of-function
experiments. Supporting this hypothesis, heartstrings mutant and
hrT morphants display an absence of chamber formation and
impaired heart looping [27,38]. Perturbation of heart looping in
fog1 morphants does not correlate with lack of chamber growth
[39], suggesting that chamber growth is not sufficient for proper
looping to occur. In mice, lack of Tbx5 and Nkx2.5 results in an
hypoplastic heart and absence of looping [11,34], indicating that
lack of looping in the absence of chamber growth is conserved in
mice. Tbx3 and Tbx2 may also be involved in other aspects of the
process of heart looping not related to chamber growth. It has
been previously shown that Tbx genes can regulate extracellular
matrix composition and cell adhesion [40], which are important
factors in the bending of the heart tube [41].
Frequently during embryonic development, two adjacent tissues

present disparate rates of cell division and the maintenance of
these discrepancies is important for proper morphogenesis to
occur. In the heart, the rate of cell proliferation is higher in
chamber myocardium compared to the non-chamber myocardi-
um in mouse [35,36] and there is a correlation between absence of
chamber formation and lower levels of cell proliferation [42,43].
Analysis of the pattern of cell proliferation along the extent of the
zebrafish heart tube revealed that cell proliferation is dynamic
throughout heart development, increasing upon initiation of
chamber formation (this study). We show that tbx3b and tbx2a
are necessary to break the uniform distribution of dividing cells in
the zebrafish heart by repressing cell proliferation. T-box
transcription factors have been previously implicated in the
control of cell proliferation in several developmental contexts
[19,44,45] and in one case, this control has been shown to be
direct: Tbx2 downregulates expression of Nmyc1 in the context of
heart development [43]. Thus, one possible mechanism for cell
proliferation control in the non-chamber myocardium by tbx2a
and tbx3b is by regulation of expression of cell cycle genes.
Concomitant with differential increase in cell proliferation in the

heart tube is the activation of a chamber-specific genetic program
in chamber myocardium. tbx2a and tbx3b repress the transcrip-
tion of bmp10 in the AVC. Mouse Bmp10 has been shown to be
required for chamber growth and maturation [42], indicating that
Bmp10 is a chamber-specific gene that is actually required for
chamber growth and maturation. In Bmp10-null hearts, the cell
cycle inhibitor p57 (kip2) is upregulated and the rate of cell
proliferation is lower than in wild type hearts [42]. The presence of
putative NKE- and TBE-binding sites in tandem in upstream
sequences of human BMP10 suggest that regulation of this
chamber marker could be similar to the that of Anf, Cx40 and
Cx43 [4]. Thus, regulation of chamber versus non-chamber
genetic programs may be achieved by Bmp10, which we show is
altered in the absence of tbx2a and tbx3b in zebrafish and Tbx3 in
mouse.

Figure 5. Mice with a targeted mutation for Tbx3, Tbx3neo display
cardiac defects. (A, B) Severely affected Tbx3 mutant embryos (B)
present a delay in heart looping at E9.5, in which the ventricle is still at
the same dorsoventral position as the atrium. (C, D) At E10.5, the most
affected Tbx3 mutant embryos display obvious heart defects, including
lack of the constriction in the AVC and absence of looping in a swollen
pericardiac cavity (D), compared to wild type (C). (E, F) E11.5 Tbx3 null
homozygous embryos present a significant delay in heart looping and
pericardiac swelling compared to wild type. (G–O) Whole mount in situ
hybridization analysis at E9.5; ventral views (G, H) and lateral views (I–O).
(G, H) Upon looping initiation, Bmp10 starts to be expressed in the
chamber myocardium. However, Bmp10 was ectopically expressed in
the non-chamber myocardium of the heart of Tbx3 mutant embryos
(arrow in G, H). (I, J) Bmp2 is expressed in the AVC myocardium at E9.5
and was not altered in Tbx3 mutant embryos. (L, M) TGFb2 is normally
expressed in the non-chamber myocardium of the looping heart. In
Tbx3 mutant embryos, expression of TGFb2 is downregulated in the
heart. (N, O) Smad6 is expressed in the endocardium at the level of the
OFT and AVC at E9,5. However, in Tbx3 mutant embryos, expression of
Smad6 is absent. (P) Consecutive NKE and TBE binding sites are found in
the human BMP10 promoter, between 9800 and 10100 bp upstream
the ATG codon. a, atrium; lv, left ventricle; o, outflow tract; pc,
pericardiac cavity; rv, right ventricle; sa, sinoatrial region.
doi:10.1371/journal.pone.0000398.g005
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Downregulation of TGFb2 in the AVC myocardium was
observed upon ablation of Tbx3 in the mouse. It has been
suggested that defects in cardiac looping are at the origin of
cardiac defects of TGFb2 mutant embryos, which display an
overriding tricuspid valve and double outlet right ventricle [7].
Furthermore, TGFb2 can trigger cell cycle arrest by induction of
p21 expression in other contexts [46]. In the converse experiment,
cardiac-restricted expression of a constitutively active form of the
type I TGFb receptor Alk5 results in defective heart looping,
hypocellularity and upregulation of p21 [47]. These studies suggest
that TGFb2 must play role in heart remodeling and TGFb2
downregulation in Tbx3-null hearts may explain the increase in
cell proliferation and defect in heart looping observed.
Loss-of-function of tbx2a and tbx3b each independently resulted in

malformation of AVC constriction due to altered cell proliferation
rates and incomplete looping. Ablation of Tbx2 or Tbx3 indepen-
dently in mouse also result in AVC malformation [22] and, in the
case of Tbx3, in incomplete looping and altered cell proliferation rates
in the AVC. These observations imply that the roles of Tbx2 and
Tbx3 are conserved in both vertebrates. Upon knock down of both

tbx2a and tbx3bwe observed absence of AVC constriction and looping
altogether and the defects in cell proliferation were more severe,
suggesting that tbx2a and tbx3b play additive roles in heart
morphogenesis. As repressors of transcription, tbx2 and tbx3 may
simply have different transcriptional targets in the nucleus. Low
similarity of protein sequences outside the T-box domain [48] may
signify association with different cofactors, supporting this hypothesis.
The identification of transcriptional targets and binding partners of
Tbx2 and Tbx3 would clarify this issue.
Cardiac looping involves a complex set of movements of

discrete regions of the heart tube that are correlated with the
regionalization of the heart, i.e., the appearance of molecular and
cellular characteristics specific for each heart region. A differential
rate of cell proliferation along the heart tube results in growth of
cardiac chambers out of the primary myocardium thereby creating
the AVC constriction. Tbx2 and Tbx3 repress the induction of
chamber-specific genes and cell proliferation in the AVC. The
AVC constriction may act as a flexion point that facilitates the
bending of the heart tube. On the other hand, defects in cardiac
looping are at the origin of malformations in the valve s due to

Figure 6. The pattern of proliferation in the E9.5 heart tube is altered in Tbx3 mutant hearts. Immunohistochemical analysis of cell proliferation in
E9.5 wild type (A) and Tbx3mutant (B) hearts using antibodies against BrdU (A, B) or phospho-Histone 3 (C). (A, B) Representative sections at the level
of the AVC of wild type and mutant hearts are shown. The heart is outlined by a discontinuous white line. The density of BrdU positive cells is higher
in the AVC of mutant hearts than in the AVC of wild type hearts (red arrowheads). (C) The number of phospho-Histone3-positive cells in the AVC was
counted in consecutive heart sections at the level of the AVC of four wild type embryos with 30–31 somites and three mutant embryos with 30–32
somites. The average number of mitotic cells for the AVC is represented in a histogram. The number of mitotic cells in the AVC is significantly
increased (P,0.010) in mutant embryos (90.7612.7), compared to wild type embryos (58.3614.5). A, atrium; AVC, atrioventricular canal; OFT, outflow
tract; V, ventricle.
doi:10.1371/journal.pone.0000398.g006
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a failure in approaching the correct heart regions [7]. Thus,
looping and regionalization are deeply interrelated processes that
depend on each other to occur successfully. Our studies uncover
a crucial role of Tbx3/2 transcription factors in the regulation of
these processes and provide an entry-point for understanding the
cellular bases that underlie heart tube looping and regionalization.

MATERIALS AND METHODS
Zebrafish lines and Microinjection
Wild type zebrafish (AB) and the transgenic mlc2a::GFP line [30]
were used in this study. pCS2+ vectors carrying cDNA inserts coding
for mouse Tbx3, human TBX2 and green fluorescent protein (GFP)
were synthesized using the SP6 mMessage Machine System
according to the manufacturer’s instructions (Ambion). Capped
mRNAs and morpholino oligonucleotides (MO) were injected into
one-cell stage embryos as described [49]. MOs were designed to
specifically inhibit RNA translation of the targeted gene and were
obtained from GeneTools. The sequences were as follows:
Control MO: 59-CCTCTTACCTCAGTTACAATTTATA-39

[50],
tbx3b MO: 59-TGGATCTCTCATCGGGAAGTCCAG-39,
tbx2a MO: 59-ATCGGTGCATCCAAAAAGCCAGAT-39.
Injection of the same amount of control MO did not produce

any detectable defects.

Cloning of zebrafish tbx3b, tbx2a, and bmp10 genes
A zebrafish embryonic cDNA library was screened with low
stringency hybridization using the T-box domain of zebrafish tbx5
as a probe. 59RACE-PCR was performed to obtain the open
reading frame sequence for tbx3b and tbx2a. The sequences were
submitted to NCBI molecular database. The zebrafish cDNA
ensembl database (Zv5) was blasted with the cDNA sequence from
mouse and human Bmp10. We obtained one cDNA sequence with
significant similarity, which was amplified by RT-PCR. By
comparing the expression pattern of this gene with the one from
mouse Bmp10 we concluded that it is zebrafish bmp10.

Whole Mount in situ Hybridization
Whole-mount in situ hybridization for zebrafish embryos was
performed as described [49]. The zebrafish antisense RNA probes
for nkx2.5, anf, bmp2a, bmp2b and has2 were obtained by RT-PCR
of a cDNA fragment including the 39 UTR, bmp4, tbx5 and versican
were previously described [49,51] and hrT was kindly provided by
D.Yelon. For mouse embryos, in situ hybridization was performed
as described [49]. The mouse antisense probes for Bmp10, Anf,
Smad6, and TGFb2 were obtained by RT-PCR of a cDNA
fragment including 39 UTR.

Analysis of cell proliferation
To analyze cell proliferation in the zebrafish heart, aprox. 2 nl of
1 mg/ml bromodeoxyuridine (BrdU) was injected in the pericar-
diac cavity of tricaine anesthetized embryos, which were fixed after
one hour. The distribution of BrdU-positive cells along the
progressive zone of the 48hpf fin bud confirmed that this approach
is reliable (data not shown) [49]. Whole-mount immunofluores-
cence was performed using standard protocols using anti-BrdU
antibody conjugated to fluorescein (Roche). BrdU-injected em-
bryos were then stripped of their head, oriented in solidifying 0.5%
agarose and photographed using a BioRad confocal microscope.
To analyze cell proliferation in the mouse heart, pregnant female
mice were IP injected with BrdU solution at 100 mg/g body
weight. Embryos were recovered after 1 h, fixed and embedded in

paraffin. Ten-micrometer serial sections were cut and processed
for staining. Epitopes were recovered by boiling the slides for
20 minutes in unmasking solution (VectorLabs). Mice immuno-
histochemistry was performed according to standard protocols.
The antibodies used were MF20, 1:100, obtained from the
Developmental Studies Hybridoma Bank, anti-BrdU conjugated
to fluorescein, 1:100 (Roche), anti-BrdU, 1:200 (Accurate
Chemical) and anti-phospho Histone3, 1:300 (Ser10; Upstate).

Generation of Tbx3 KO mice
Targeted disruption of the mouse Tbx3 locus to produce the
Tbx3neo allele by homologous recombination in embryonic stem
(ES) cells was performed. Details of the targeting strategy and
other analyses are shown in Supplemental Figure S4 and
Supplemental Methods S1. In brief, a loxP-flanked neo selection
cassette was inserted into the first exon of the Tbx3 locus by
homologous recombination in J1 ES cells. This neo cassette
contains multiple stop codons that prevent translation of Tbx3
mRNA into protein, thus we considered this generated allele as
a null mutated allele, and called it Tbx3neo. Germ-line chimeras
were generated by injection of targeted ES cells into C57BL/6
host blastocysts. Chimeras were mated with 129t females and the
first progeny were confirmed to harbor the Tbx3neo allele by
Southern analysis and PCR.

SUPPORTING INFORMATION

Figure S1 Zebrafis tbx3b and tbx2a are orthologues of mouse
Tbx3 and Tbx2. Dorsal (A, C) and lateral views (B, D) of in situ
hybridized 48 hpf embryos with tbx3b (A, B) and tbx2a (C, D).
Asterisk indicates the fin bud. (E) Comparison of the amino acid
sequence of the T-box domain of several Tbx2 subfamily proteins
shows that tbx3b and tbx2a exhibit high similarity with other
members from this family.
Found at: doi:10.1371/journal.pone.0000398.s001 (3.00 MB TIF)

Figure S2 tbx3b and tbx2a efficiently prevent translation of their
target messenger RNAs. (A–D) epiboly stage. Capped RNA
encoding for tbx3b:EGFP or tbx2a:EGFP fusion proteins was
injected with or without the respective MO to verify the efficiency
of MOs to abolish translation of tbx3b and tbx2a mRNAs. In the
presence of the MO, no fluorescent signal was present indicating
that translation of the fusion constructs was abolished.
Found at: doi:10.1371/journal.pone.0000398.s002 (1.74 MB TIF)

Figure S3 Expression pattern of zebrafish bmp10. Whole mount
in situ hybridization of embryos at 24 hpf (A, B) and 60 hpf.(C, D).
(A) dorsal view of the head; (B) lateral view; (C) lateral and dorsal
view of the head and (D) ventral view of the heart. (A, B) Zebrafish
bmp10 is expressed in the brain and the whole heart tube at
24 hpf. (C, D) At 60 hpf, bmp 10 is expressed in the myocardium
of the heart chambers as well as in the otic vesicle. a, atrium; h,
heart; op, otic vesicle; v, ventricle.
Found at: doi:10.1371/journal.pone.0000398.s003 (3.24 MB TIF)

Figure S4 Targeting strategy to produce the Tbx3 null allele. (A)
Schematic representation of genomic organization of the wild type
mouse Tbx3 locus. (B) Diagram of the targeting strategy. Target-
ing construct showing the regions of homology and the site of
insertion of the neo cassette in the Tbx3 locus. (C) Genomic
southern analysis of EcoRV digested DNA of the ES cell clones.
Found at: doi:10.1371/journal.pone.0000398.s004 (0.43 MB TIF)

Methods S1

Found at: doi:10.1371/journal.pone.0000398.s005 (0.03 MB
DOC)
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49. Ng JK, Kawakami Y, Büscher D, Raya A, Itoh T, et al. (2002) The limb identity
gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10.
Developement 129: 5161–5170.

Tbx Genes in Heart Development

PLoS ONE | www.plosone.org 9 April 2007 | Issue 4 | e398



50. Matsui T, Raya A, Kawakami Y, Callol-Massot C, Capdevila J, et al. (2005)
Noncanonical Wnt signaling regulates midline convergence of organ primordia
during zebrafish development. Genes & Development 19: 164–175.

51. Kang JS, Oohashi T, Kawakami Y, Bekku Y, Izpisua Belmonte JC, et al. (2004)
Characterization of dermacan, a novel zebrafish lectican gene, expressed in
dermal bones. Mech Dev 121: 301–312.

Tbx Genes in Heart Development

PLoS ONE | www.plosone.org 10 April 2007 | Issue 4 | e398



91

Supporting Information:

Figure S1.



92

Zebrafis tbx3b and tbx2a are orthologues of mouse Tbx3 and Tbx2. Dorsal (A, C) and

lateral views (B, D) of in situ hybridized 48 hpf embryos with tbx3b (A, B) and tbx2a (C,

D). Asterisk indicates the fin bud. (E) Comparison of the amino acid sequence of the T-

box domain of several Tbx2 subfamily of proteins shows that tbx3b and tbx2a exhibit

high similarity with other members from this family.

Figure S2.

tbx3b and tbx2a MOs efficiently prevent translation of their target messenger RNAs.

(A–D) epiboly stage. Capped RNA encoding for tbx3b:EGFP or tbx2a:EGFP fusion

proteins was injected with or without the respective MO to verify the efficiency of MOs

to abolish translation of tbx3b and tbx2a mRNAs. In the presence of the MO, no

fluorescent signal was present indicating that translation of the fusion constructs was

abolished.
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Figure S3.

Expression pattern of zebrafish bmp10. Whole mount in situ hybridization of embryos at

24 hpf (A, B) and 60 hpf.(C, D). (A) dorsal view of the head; (B) lateral view; (C) lateral

and dorsal view of the head and (D) ventral view of the heart. (A, B) Zebrafish bmp10 is

expressed in the brain and the whole heart tube at 24 hpf. (C, D) At 60 hpf, bmp10 is

expressed in the myocardium of the heart chambers as well as in the otic vesicle. a,

atrium; h, heart; op, otic vesicle; v, ventricle.



94

Figure S4.

Targeting strategy to produce the Tbx3-null allele. (A) Schematic representation of

genomic organization of the wild type mouse Tbx3 locus. (B) Diagram of the targeting

strategy. Targeting construct showing the regions of homology and the site of insertion of

the neo cassette in the Tbx3 locus. (C) Genomic southern analysis of EcoRV digested

DNA of the ES cell clones.

Supplementary methods:

Targeted disruption of the mouse Tbx3 locus to produce the Tbx3neo allele by homologous

recombination in embryonic stem (ES) cells was performed. A loxP-flanked neo selection

cassette was inserted into the first exon of the Tbx3 locus, using a targeting construct with

an overall 5.3 Kb of homology (Fig. S 4 B). The targeting strategy resulted in the

replacement of a BglII - NcoI fragment of 500bp located in the first exon and containing

the ATG initiation site. This neo cassette contains multiple stop codons that prevent

translation of Tbx3 mRNA into protein and this generated allele was thus considered as a

null mutated allele and called Tbx3neo. The linearized construct was electroporated in ES
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cells (J1 cells) and the colonies correctly targeted were selected by Southern analysis on

EcoRV digests (Fig. S 4 C). Germ-line chimeras were generated by injection of targeted

ES cells into C57BL/6 host blastocysts. Chimeras were mated with C57BL/6 females and

the first progeny were confirmed to harbor the Tbx3neo allele by Southern analysis of

EcoRV genomic digests, using a 5’ outside probe (Fig. S4 B) that binds a wild type 8.2

Kb fragment and a mutant 5.6 Kb fragment (not shown). Subsequently, mice and

embryos were genotyped by PCR using the following primers: (1) 5’-

CCAGTCATAGCCGAATAGCC-3’; (2) 5’- CTCAACTAAGACGCCTCCTG-3’; (3)

5’- GCAACAACAAAAGCGGAGCC-3’ that generate a 700 bp product from the wild

type allele and a 400 bp product from the mutant allele.
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Chapter 4

Molecular and morphological basis of heart morphogenesis in the zebrafish.
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ABSTRACT:

Heart morphogenesis is one of the most complex aspects of organogenesis in the

vertebrate embryo. Studying heart development in the zebrafish is advantageous since

there are only two chambers in teleosts, and heart remodeling appears to be less complex.

Although chamber formation and looping are part of heart remodeling process, there are

not many studies on these issues in zebrafish. In this report, we study the expression

pattern of a number of chamber and non-chamber myocardium markers during

remodeling and show a surprising unspecific expression in early pre-looping stages.

Loss- and gain-of-function studies suggest that some aspects of the molecular crosstalk

occurring in the mouse heart remodeling, are conserved in zebrafish.

INTRODUCTION:

Similar to other vertebrates, the zebrafish heart is formed from two lateral

precardiac fields that are specified during gastrulation. The heart precursors migrate

towards the midline where they fuse and give rise to the primitive heart. At this stage, the

zebrafish heart is cone shaped and undergoes elongation, whereby the myocardial cells

expand in size (Rohr S, 2006; Trinh and Stainier, 2004). Soon thereafter, peristaltic

contraction starts and the anterior region, the future ventricle, jogs to the right and the

heart tube starts to bend in what are the first stages of looping. The ventricle and the

atrium become morphologically distinguishable as well as the constriction of the
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atrioventricular canal (AVC). Although chamber formation has been the subject of many

reports in mouse embryos, little is known about chamber formation in zebrafish.

The first indication of chamber identity comes from expression of ventricle and

atrium specific myosin heavy chains (vhmc and ahmc, respectively) in the bilateral

cardiac fields before these have fused (Berdougo et al., 2003). In fact, fine mapping of

blastula embryos has shown that, prior to gastrulation, ventricle and atrium precursors are

already separated into different progenitor pools in zebrafish (Keegan et al., 2004).

However, morphological distinction between ventricle and atrium, and between chamber

and non-chamber myocardium, is only possible after the first steps of looping take place.

Zebrafish mutants in which one chamber is affected have been described, such as lonely

atrium (loa) and weak atrium (wea), which encodes for ahmc. wea mutants suggest that

formation of the ventricle is dependent on proper atrium function. The heart of

heartstrings embryos, the tbx5 mutant, presents lack of chamber growth and looping, but

ventricular (vhmc) and atrium (antibody S46) markers are not affected, implying that the

chamber identity has not suffered. hrT/tbx20 morphants also lack chamber growth but not

chamber identity (Szeto et al., 2002). However, the lack of chamber growth was not

further explored and is not yet understood.

From several studies in the mouse, we have learned that the primary myocardium,

which makes up the entire early heart tube, differentiates into chamber and non-chamber

myocardium. Chamber-specific genes, such as Anf, Cx40, Cx43, Bmp10 and Chisel are

activated in the future chamber myocardium. Common to the promoters of the chamber-

specific genes is an enhancer that possesses a typical disposition of a Gata binding site

(GATA), and downstream, a Tbx site (TBE) followed by a Nkx2.5 binding site (NKE)

(Habets et al., 2002; Hiroi et al., 2001). Gata4 and Nkx2.5, which are expressed in the

entire heart, have been shown to synergistically interact to activate transcription of this

enhancer (Lee et al., 1998). Tbx5 is involved in enforcing the chamber-specific

transcription program, whereas Tbx2 and Tbx3, expressed only in the non-chamber

myocardium, compete with Tbx5 protein for the TBE site and repress expression of

chamber specific genes in non-chamber myocardium. Mouse Bmp2 starts to be expressed

in non-chamber myocardium prior to looping and has been shown to be required for

proper formation of the AVC (Ma et al., 2005). BMP signaling is upstream the
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expression of Tbx2 and Tbx3 in the heart (Yamada et al., 2000; Yang et al., 2006),

thereby establishing the identity of the AVC.

In the mouse, Tbx20 is expressed in the two cardiac fields and later in the whole

heart. Mice with a targeted mutation for Tbx20 display a hypoplastic heart, which

presents downregulation of Gata4, Nkx2.5 and Tbx5 and upregulation of Tbx2. An overall

decrease in proliferation levels throughout the heart tube has been shown to occur (Cai et

al., 2005; Singh et al., 2005; Stennard et al., 2005; Takeuchi et al., 2005). Tbx2

upregulation in the heart of Tbx20 mutants was suggested to be the direct cause for the

decrease in proliferation (Cai et al., 2005; Singh et al., 2005). Morpholino knock down of

Tbx20 homologue in zebrafish, hrT, resulted in lack of chamber formation (Szeto et al.,

2002). Contrary to the mouse Tbx20 mutant, expression of tbx5 was shown to be

upregulated in hrT MO hearts. This puzzling data suggests that there may be differences

in the mechanisms that underlay chamber growth in the mouse and zebrafish.

Nonetheless, our previous studies show that tbx2a and tbx3b are required to maintain low

levels of cell proliferation and normal development of the AVC, much the same way as

Tbx2 and Tbx3 have been proposed to be in the mouse (Christoffels et al., 2004b; Ribeiro

et al., 2007). Thus, the mechanisms that underlay chamber and non-chamber myocardium

differentiation appear to have some common features in the mouse and zebrafish.

The zebrafish heart has two chambers and the looping process, although following

the same guidelines, is simpler than in the four-chambered mouse heart. Given the

simplicity of the heart and accessibility to imaging, it is advantageous to study the

complex processes of looping and remodeling in the zebrafish model. In this study, we

analyzed the expression of chamber and non-chamber markers during zebrafish heart

development and propose a new concept of chamber and non-chamber-specific genetic

programs. We also analyze the role of early cardiac markers during the processes of heart

looping and remodeling by performing gain-of-function studies. The role of proliferation

during heart looping is also addressed.
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MATERIALS AND METHODS:

Zebrafish lines:

Zebrafish embryos were obtained by natural spawning of adult AB strain zebrafish.

Embryos were raised and maintained at 28.5°C in1% methylene blue in system water and

staged as described (Westerfield, 1995). The hst mutant was identified in an ENU-

induced mutagenesis screen for perturbation of cardiac function in zebrafish and has been

previously characterized (Garrity et al., 2002). The transgenic line mlc2a::GFP was

obtained from H.J. Tsai laboratory (Huang et al., 2003). Embryos were collected at the

appropriate stages and fixed in 4% paraformaldehyde, pH 7.0, in phosphate buffered

saline (PBS), overnight at 4°C. Fixed embryos were manually dechorionated, washed

with PBS and stored in methanol at –20°C.

RNA injections:

pCS2+ vectors carrying full length cDNAs encoding for mouse Anf, Tbx20 and Bmp2

were used in this study. Capped RNAs were synthesized using the SP6 mMessage

mMachine System (Ambion) and were injected into one-cell stage embryos as described

(Ng et al. 2002). Embryos were photographed in a stereo Zeiss Stemi SV11 microscope,

using a CoolSNAP HQ camera.

Whole mount in situ hybridization:

Whole-mount in situ hybridization was performed using digoxigenin labeled antisense

RNA probe and visualized using anti-digoxigenin Fab fragments conjugated with alkaline

phosphatase (Roche Molecular Biochemicals) as described (Hammerschmidt et al.,

1996). Riboprobes were made from DNA templates, which were linearized and

transcribed with either SP6, T3 or T7 RNA polymerases. Embryos were processed and

hybridized as described (Hammerschmidt et al., 1996), except that 10 µg/ml of proteinase
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K in PBS/0.1% Tween-20 was used for 3 to 10 minutes depending on the stage of the

collected embryos. The light-blue stain was developed using 0.175 mg/ml BCIP and 0.45

mg/ml NBT in alkaline phosphatase (AP) buffer at room temperature, protected from

light. The treated embryos were photographed in a Leica M420 microscope with a Kodak

Professional DCS 620X camera.

Colchicine treatment:

100 mM colchicine in PBS was injected in the pericardial cavity of 31 hpf tricaine

anesthetized embryos with a Eppendorf Microinjector. Approximately 2 nl volume of

colchicine solution was injected per embryo. Injected embryos were incubated for 5 h at

28ºC incubator and then photographed.

RESULTS:

The process of remodeling drives a fairly homogenous linear heart tube to a

complex pumping organ composed of different cell types spatially organized in the

looped heart. The process of looping is initiated when the future ventricle (the anterior

part of the heart tube) jogs to the right, at 33hpf (Fig. 1), and is followed by an upward

movement of the atrium at 42 hpf allowing a clear distinction between the future ventricle

and the future atrium. At 48hpf, the atrium becomes localized at the same anterior-

posterior level as the ventricle. Once laterally positioned relative to the ventricle, the

atrium moves dorsally at 60 hpf and becomes eventually localized dorsal to the ventricle

at 72 hpf. Heart looping in zebrafish is still a complex process, and there must be many

cellular and molecular events that direct this process.

In order to establish a molecular map of the heart remodeling in zebrafish, we

analyzed the expression of cardiac markers throughout heart morphogenesis. Zebrafish

anf was expressed in the primitive myocardium throughout the extent of the heart tube at

33 hpf (Fig. 2 A, F). At 42 hpf anf expression was restricted to the chambers. Likewise,

bmp10 was expressed throughout the extent of the 24 hpf heart tube, but later became

restricted to the atrium and the ventricle (Fig. 2 B, G). The zebrafish bmp2b and bmp4
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presented a similar dynamics of expression pattern. Both were first expressed throughout

the extent of the cardiac tube, became restricted to the non-chamber myocardium during

the first steps of looping (Fig. 2 C, D), and were finally present in the OFT, the AVC and

Figure 1. Stages of heart looping in the zebrafish embryo. All pictures are ventral views with
the exception of stage 24 hpf, which is a dorsal view. See text for description of heart looping.

IFT at 42 hpf (Fig. 2 H, I). The gene coding for proteoglycan, versican, is expressed in

the myocardium at the level of the AVC after the completion of the first step in cardiac

looping (Walsh and Stainier, 2001), but it was also expressed in the whole linear heart
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tube in pre-looping stages (Fig. 2 E, J). These observations suggest that in zebrafish,

contrary to other vertebrates (Christoffels et al., 2004a; Neuhaus et al., 1999), cardiac

markers specific for chamber or non-chamber myocardium display non-restricted

expression prior to the start of heart remodeling and looping.

Figure 2. Dynamic expression pattern of regional cardiac markers in the zebrafish. (A, C,
D) 33 hpf; (B, E) 24 hpf; F-J 42 hpf. (A, B, F, G) Zebrafish anf and bmp10 are expressed in the
whole heart tube before remodeling has started and only later become restricted to the chambers.
(C, D, E, H, I, J) Non-chamber markers bmp2b, bmp4 and versican are initially expressed
throughout the heart tube. (H, I) After remodeling, bmp2b and bmp4 become restricted to the non-
chamber myocardium, IFT, AVC and OFT. (J) Versican becomes restricted to the AVC after
remodeling has been initiated. a, atrium; v, ventricle; arrow points to AV boundary.

We have shown that misexpression of Tbx2 and Tbx3 leads to the lack of looping

and chamber growth. In these pipe-like hearts, the level of expression of bmp10 is

downregulated, resembling the level of expression of bmp10 in the heart tube at 24 hpf

(Ribeiro I, 2007). In Tbx2-overexpressing hearts anf is expressed at levels comparable to

anf expression in the linear heart tube (Fig. 3 A, B). The zebrafish tbx5 mutant,

heartstrings, presents a morphologically similar cardiac phenotype to the overexpression

of Tbx2 and Tbx3 in zebrafish, with a marked delay in looping and impairment in

chamber formation. anf transcripts were found throughout the extent of the heartstrings

heart tube (Fig. 3 C), similar to the expression of anf in the linear heart tube. tbx2a was
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expressed throughout the extent of the heart in tbx5 morphants and heartstrings mutants

contrary to the wild type heart, where tbx2a was restricted to the AVC (Fig. 3 D – F). The

ectopic presence of tbx2a in the absence of tbx5 function may explain the lack of

chamber growth in the hearts of tbx5 morphant and heartstrings embryos.

Figure 3. Misexpression of Tbx2 or absence of tbx5 leads to alterations in the expression of
anf and tbx2a. All embryos are 48 hpf and are seen in a ventral-top view so that the heart tube is
seen in its maximum extension. (A, B) Tbx2-injected embryos display continuous expression of
anf throughout the heart tube. (A, C) The heartstrings heart also presents continuous expression
of anf throughout the heart tube. (D, E, F) In the absence of tbx5, in heartstrings mutant or tbx5
morphants, tbx2a transcripts are upregulated throughout the extension of the heart tube.

The expression of the chamber marker Anf has been extensively used in numerous

studies of chamber formation (Cai et al., 2005; Christoffels et al., 2004a; Habets et al.,

2002; Hoogars et al., 2004; Singh et al., 2005; Stennard et al., 2005; Takeuchi et al.,

2005) We thus asked if misexpression of Anf could induce chamber formation in non-
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chamber-to-be primitive myocardium. For that purpose, we injected one-cell stage

zebrafish embryos with mRNA coding for mouse Anf. The resulting embryos presented a

significant pericardiac swelling at 48 hpf, and a bigger heart that failed to loop properly.

However, the AVC constriction was formed and remodeling was morphologically normal

in these hearts (Fig. 4 A, B, C, D). We concluded that anf is not sufficient to induce

chamber myocardium formation in the primitive myocardium.

In mice and zebrafish, Tbx20 is one of the first genes to be expressed in the

cardiac fields (Szeto et al., 2002) and has been shown to be required for chamber

formation (Cai et al., 2005; Singh et al., 2005; Stennard et al., 2005). To test if Tbx20 is

sufficient to induce chamber formation, we injected Tbx20 mRNA in one cell stage

zebrafish embryos. Misexpression of Tbx20 resulted in a big and unlooped heart at 60

hpf. However, the AVC constriction and chambers formed normally, indicating that heart

remodeling was not perturbed (Fig. 4 E).

In mice, Bmp2 is expressed in non-chamber myocardium from early stages and

has been suggested to play an important role during AV valve formation (Ma et al.,

2005). In order to assess if Bmp2 is sufficient to induce non-chamber myocardium

formation, we injected mRNA coding for Bmp2 into one-cell stage zebrafish embryos. In

18% of Bmp2-injected embryos the heart presents absence of chamber growth noticeable

from 36 hpf onwards, earlier than Tbx2- and Tbx3-injected embryos (Fig. 4 F, G; Chapter

2). Furthermore, the expression of tbx2a was expanded to the chambers in Bmp2-injected

embryos (Fig. 4 H, I). These results suggest that Bmp2 is sufficient to prevent chamber

growth from the primitive myocardium and is upstream tbx2a. Together these results

suggest that BMP signaling play a pivotal role in inducing non-chamber myocardium

formation.

The looping of the heart is a complex process that is bound to integrate many

different types of cellular behaviors. It has been previously shown that during the initial

phase of mouse heart looping there are differences in the level of proliferation in different

regions of the heart (Ribeiro I, 2007; Saga et al., 1999). Recently, it has been suggested

that cell shape changes in the cardiomyocytes in the inner and outer curvatures of the

zebrafish heart are key players in chamber formation (Auman et al., 2007). In order to
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Figure 4. Misexpression of Anf and Tbx20 does not perturb morphological remodeling,
whereas misexpression of Bmp2 causes defects in heart remodeling. (A, B) 48 hpf. (C, D, E)
60 hpf. (F, G, H, I) 36 hpf. (A-G) mlc2a::GFP transgenic line that expressed GFP protein in the
myocardium. (H, I) Whole mount in situ hybridization for tbx2a. (A-E) lateral views. (F-I)
ventral-top views so that the heart tube is seen its maximum extension. (A-D) Anf-injected
embryos are grossly normal except that they present an unlooped heart. (E) Tbx20-injected
embryos are also normal, but the heart is unlooped and slightly bigger than the wild type heart at
the same stage. (F, G) Bmp2-injected embryos present a delay in heart looping and lack of
chamber growth. (H, I) In these hearts, the tbx2a expression domain is extended into the chamber
myocardium.

assess if this differential cell behaviour along the heart tube is important for heart

looping, we injected the microtubule inhibitor colchicine into the pericardial cavity at 31

hpf and incubated these embryos until 36 hpf, when the first phase of cardiac looping is

completed. Colchicine treatment disrupts the microtubules causing an arrest of the cell
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cycle in anaphase. Furthermore, it has been shown to inhibit cell migration {reviewed in

Basu, 2007 #64}.

Figure 5. Colchicine treatment inhibits heart looping and chamber growth. 31 hpf embryos
were injected with colchicine in the pericardial cavity and incubated for 5 hours. A, B, untreated
embryos. C, D. treated embryo.

The colchicines injected embryos were grossly normal, although in overall

smaller than the non-injected controls (Fig. 5). The heart in control embryos presented a

well defined constriction at the level of the border between the ventricle and the atrium,

and the atrium was beginning its ascendance to the same AP level as the ventricle (Fig. 5

B). In colchicines-injected embryos, there was no visible constriction between the future

ventricle and future atrium and no chamber growth (Fig. 5 C, D). Also, there was no
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indication of atrium upward movement (Fig. 5 D). Thus, microtubule dynamics in the

cardiomyocytes is required for heart looping. Since microtubules are implicated in many

cellular processes, more experiments are required to discern which cell behavior is

required for which aspect of heart looping.

DISCUSSION:

Characterization of chamber and non-chamber markers in zebrafish led us to the

discovery that expression of anf, bmp10 and bmp2b cardiac markers start homogenously

throughout the linear heart tube. It had been previously described that bmp4 and versican

are initially expressed throughout the extent of the heart tube as well (Hurlstone et al.,

2003). Upon initiation of looping and chamber growth, the expression of these cardiac

markers becomes restricted. This is in contrast with the mouse, where the expression of

the homologous markers is always confined to the region or prospective area that

normally expresses this marker. For instance, Anf comes on in the chamber myocardium

after the start of looping, as the chambers start to balloon out of the primary myocardium

and is activated by cooperation between Tbx5 and Nkx2.5 transcription activators

(Habets et al., 2002; Hiroi et al., 2001). In the non-chamber myocardium, expression of

Anf is repressed by Tbx2 and Tbx3, which outcompete Tbx5 in the interaction with

Nkx2.5.

In zebrafish, expression of anf appears to be more complicated since it is also

broadly expressed in the heart tube prior to the start of heart remodeling. Zebrafish anf is

upregulated in non-chamber myocardium in the absence of tbx2a and tbx3b, which

implies that anf chamber expression appears to be under control of a similar chamber-

specific enhancer. However, ectopic expression of Tbx2 and Tbx3 or absence of tbx5 in

the zebrafish heart does not abolish anf expression. These unexpected results suggest the

existence of another cardiac enhancer for anf expression in zebrafish. This early cardiac

enhancer would direct expression of anf in the linear heart tube and would be

downregulated upon initiation of normal cardiac remodeling. Perturbation of chamber

formation might prevent downregulation of the early cardiac promoter, even in the
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presence of an activated chamber enhancer. Studies of the regulatory elements in the

zebrafish anf locus are required to unravel this paradox.

The natriuretic peptide Anf has been shown to regulate cardiac homeostasis in

adult mice (John et al., 1995; McGrath MF, 2005). Mice with an Anf targeted mutation do

not present defects in heart development and survive to adulthood (John et al., 1995). In

line with this, overexpression of Anf in zebrafish heart does not perturb heart remodeling.

However, Anf-injected embryos still display a delay in heart looping. It has been

proposed that the cell shape of the cardiomyocytes located in the outer and inner

curvature of the chick heart is an important driving force for the bending of the heart tube

during looping (Manasek and Monroe, 1972; Taber, 2006). The myocardial cells at the

outer curvature flatten during c-looping, while those near the inner curvature become

thicker radially and longer circumferentially. It was postulated that these cell shape

changes are actively generated, possibly through myofibrillogenesis, to force the heart

tube to bend (Manasek and Monroe, 1972). Recently, the same cell shape changes have

been suggested to underlie chamber formation in zebrafish (Auman et al., 2007). As the

natriuretic factor Anf has been shown to inhibit hypertrophy (McGrath MF, 2005),

misexpression of Anf may interfere with the shape of the cardiomyocytes in the outer

curvatures of the heart tube, thus causing a delay in heart looping.

In mice, Tbx20 has been shown to be required for remodeling of the heart and to

downregulate Tbx2 in the chamber myocardium (Cai et al., 2005; Singh et al., 2005;

Stennard et al., 2005). However, misexpression of Tbx20 does not perturb formation of

chambers nor AVC constriction, implying that Tbx20 is not sufficient to induce chamber

myocardium formation (this study). Other parallel pathways are most likely involved,

such as Nkx2.5. Nkx2.5 is one of the first cardiac markers to be expressed in the heart

mesoderm and absence of Nkx2.5 also leads to defects in chamber formation (Lyons et

al., 1995). Recently, it has been shown that BMP signaling is responsible for upregulation

of Tbx3 in the mouse heart (Yang et al., 2006). In this report we show that tbx2a

expression is upregulated in the heart tube upon misexpression of Bmp2. Together these

observations imply that BMP signaling is upstream Tbx2 and Tbx3 in the non-chamber

myocardium.
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It has been shown in mouse embryos that cell proliferation is high in the chamber

myocardium and low in the non-chamber myocardium (Sedmera et al., 2003). Previously,

we have characterized two genes, tbx2a and tbx3b, that are required to maintain a similar

differential pattern of cell proliferation in the zebrafish heart (Ribeiro I, 2007). On the

other hand, recent studies in chick and in zebrafish show that cardiomyocyte cell shape is

different in the outer and inner curvatures of the looping heart tube and that maintenance

of these regional discrepancies is required for normal heart remodeling (Auman et al.,

2007; Itasaki et al., 1991; Itasaki et al., 1989). There seems to be differential cell behavior

throughout the extent of the linear heart tube and this differential behavior accounts for

heart looping. In this report we show that colchicine-inhibition of microtubule

polymerization, between 31 and 36 hpf when heart remodeling is initiated, results in lack

of chamber growth and formation of AV constriction as well as failure to loop. The drug

colchicine binds to tubulin and causes microtubule depolymerization. Cells subjected to

colchicine cannot form the mitotic spindle and thereby remain arrested in anaphase.

Moreover, colchicine also inhibits cell migration, which requires active microtubule

polymerization in the front of the migrating cell and is reported to influence cell shape

(Basu and Chang, 2007). The conclusion of this experiment is that the differential cell

behavior throughout the extent of the heart tube is dependent on microtubule dynamics.

Further analysis of the timing of cell shape and cell division of the cardiomyocytes is

required to integrate both mechanisms in heart looping.

In summary, what we know of heart morphogenesis in zebrafish appears to relate

to heart morphogenesis in the mouse, The primitive heart tube in zebrafish is composed

of homogenous primary myocardium that presents high automation and slow conduction

(Milan et al., 2006). Although, homogenous expression of chamber and non-chamber

cardiac markers was observed in the pre-looping zebrafish heart (Fig. 1), upon

remodeling the expression of these regional cardiac markers becomes restricted. This

differential expression activates chamber differentiation and at the same time maintains

characteristics of the primary myocardium in the non-chamber myocardium.

Synchronous beating replaces peristaltic contractions around 36 hpf and chamber

formation is initiated. Chamber differentiation includes a decrease in automation, an

increase in conduction velocity and in proliferation levels and altogether, these changes
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result in the formation of the chamber myocardium (Milan et al., 2006; Ribeiro I, 2007).

Many more aspects of heart remodeling need to be studied, but so far the main events

involved in heart morphogenesis observed in higher vertebrates seem to be conserved in

the zebrafish.
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ABSTRACT:

The Ulnar-Mammary Syndrome is caused by haploinsufficiency of the TBX3 locus.

Patients suffering from this syndrome display a wide variability of congenital defects that

include heart malformations. In order to understand the origin of these congenital

malformations, a targeted deletion of the mouse Tbx3 locus was performed in an attempt

to phenocopy the human congenital defects. Tbx3 mutant mice are embryonic lethal but

nevertheless display defects that correlate with Ulnar Mammary Syndrome: Tbx3-null

embryos display defects in mammary gland and limb bud development. In this report, we

describe the cardiac defects present in Tbx3 mutant embryos that survive past E11.5. We

observed a ventricular septum defect, outflow tract septation defects and thin compact

zone of the ventricle myocardium wall. We also observe a correlation between the

severity of cardiac defects and the extent of yolk sac vascularization, implying that the

latter may be a consequence of poor blood circulation rather than the cause. We also

made transheterozygous embryos for a hypomorphic and a null allele of Tbx3 to obtain

survival of affected embryos for longer periods of time. Together, these observations

provide a basis to study the molecular origin of the cardiac defects caused by ablation of

Tbx3.
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INTRODUCTION:

Congenital heart disease is the leading non-infectious cause of death in children.

Mutations in genes involved in cardiac development underlie most of the frequent

congenital heart disease (CHD) (Srivastava and Olson, 2000). The consequences of these

mutations can be manifest at birth as life-threatening cardiac malformations or later as

more subtle cardiac abnormalities. Understanding the genetic basis of cardiac

development has important implications not only for understanding CHD, but also for the

possibility of cardiac repair through genetic reprogramming of non-cardiac cells to a

cardiogenic fate.

Tbx genes play multiple roles in embryonic development, including heart

development (Naiche et al., 2005). All members of the Tbx2-subfamily of Tbx genes are

expressed in the heart, albeit at different time points. Additionally, all genes of this

subfamily have been ascribed a human syndrome, with the exception of TBX2. Mutations

in the human TBX4 gene cause Small Patella Syndrome (SPS), which is an autossomal

dominant-skeletal dysplasia (Bongers et al., 2004). TBX5 haploinsufficiency is the cause

of the Holt Oram Syndrome (HOS), which exhibits a high incidence of CHD. HOS

patients invariably present defects in the upper limb, whereas cardiac defects range from

single to multiple atrial and ventricular septal defects (ASDs and VSDs, respectively) or

encompass complex malformations such as tetralogy of Fallot or hypoplastic left heart

syndrome (Basson et al., 1997; Li et al., 1997).

Mutations in TBX3 in humans are responsible for the Ulnar Mammary Syndrome

(UMS), a pleiotropic disorder characterized by malformations of the forelimbs,

hypoplasia of the breast and other apocrine glands. In addition, small stature,

underdeveloped external genitalia and delayed puberty in males and uterine anomalies in

females are commonly observed (Bamshad et al., 1997; Gay et al., 1981; Meneghini et

al., 2006). This autossomal dominant disorder is fully penetrant, however UMS is

associated with a wide range of phenotypes, and variable expressivity is common. Even

inside the same family, affected individuals that bear the same TBX3 mutation can

present different symptoms (Bamshad et al., 1999). The malformations observed in UMS

patients have been suggested to arise during embryonic development. Indeed, mouse
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Tbx3 is widely expressed in embryonic tissues, in particular in those affected by

congenital defects in UMS, including forelimbs, hindlimbs, the epithelium of the

mammary gland and the genital bud (Chapman et al., 1996). Expression has also been

detected in the adult heart, lung, kidney, pancreas, and adrenal gland, as well as the

embryonic heart (Bamshad et al., 1996; Hoogars et al., 2004); however congenital defects

affecting these organs in UMS patients are less frequent (Meneghini et al., 2006). Thus,

TBX3 haploinsufficiency impairs development of some, but not all, of the TBX3

expressing tissues. Among the less frequent anomalies observed in UMS patients are

cardiac malformations, which consist of a ventricular septum defect (VSD), tooth and

fibula defects (Gay et al., 1981; Meneghini et al., 2006).

Mice heterozygous for a targeted mutation in Tbx3 locus are healthy and fertile

adults that possess normal limbs. Nevertheless, homozygous mutants are embryonic

lethal and the mutant phenotype reflects the predominant features of UMS with severe

defects in limb and mammary gland development (Davenport et al., 2003; Ribeiro et al.,

2007). Furthermore, Tbx3 mutant embryos are smaller than their littermates and die over

a large period of embryonic development, starting at E10.5 and ending at E16.5

(Davenport et al., 2003; Ribeiro et al., 2007), which is reminiscent of the wide range of

severity of defects observed in UMS patients. Tbx3 mutant embryos that die before E11.5

display evident cardiac malformations (Ribeiro et al., 2007). However, these

malformations are too severe to provide a model to study UMS cardiac defects and

cardiac defects were not described in Tbx3 mutants that survive after E11.5 (Davenport et

al., 2003).

In the mouse embryonic heart, Tbx3 starts to be expressed in the presumptive

regions that will give rise to the inflow tract (IFT) and the atrioventricular canal (AVC) at

E8.5 and this expression becomes stronger by E9.0. At E9.5, Tbx3 transcripts are found

in the AVC and in the dorsal side of the embryonic atrium close to the IFT, as well as in

the future interventricular area (Hoogars et al., 2004). At E10.5 Tbx3 continues to be

expressed in the AVC myocardium, and the expression levels in the OFT are increased.

At later stages, Tbx3 mRNA is detected in the mesenchyme of the forming valves and

interventricular septum (IVS) (Hoogars et al., 2004). Based on this pattern of expression,

Tbx3 has been proposed to be a unique marker of the developing cardiac conduction
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system (CCS).

Previously, we have characterized the defects in heart looping and non-chamber

myocardium development that occur in Tbx3 mutants with early lethality. In this study

we analyze the cardiac malformations that arise in Tbx3 mutant embryos that survive past

E11.5. We show that these embryos display ventricular septum defect (VSD), outflow

tract (OFT) septation defects and a thin compact zone of the ventricle myocardium wall.

Furthermore, we have analyzed transheterozygous embryos for a new defective allele of

Tbx3, Tbx3exc, and the null allele of Tbx3, Tbx3neo, and demonstrate that these embryos

survive until later in development. We propose that Tbx3neo/Tbx3exc transheterozygous

embryos provide a good murine model system to assess the origin of the cardiac

malformations in UMS patients.

MATERIALS AND METHODS:

Generation of Tbx3 KO mice:

Targeted disruption of the mouse Tbx3 locus to produce the Tbx3neo allele by homologous

recombination in embryonic stem (ES) cells was performed and was described elsewhere

(Ribeiro et al., 2007). In brief, a loxP-flanked neo selection cassette was inserted into the

first exon of the Tbx3 locus, using a targeting construct with an overall 5.3 Kb of

homology. The targeting strategy resulted in the replacement of a BglII - NcoI fragment

of 500bp located in the first exon and containing the ATG initiation site. This neo

cassette contains multiple stop codons that prevent translation of Tbx3 mRNA into

protein, thus we believe this generated allele to be a null mutated allele, and called it

Tbx3neo. The linearized construct was electroporated in ES cells (J1 cells) and the colonies

correctly targeted were selected by Southern analysis on BglII digests. Germ-line

chimeras were generated by injection of targeted ES cells into C57BL/6 host blastocysts.

Chimeras were mated with C57BL/6 females and the first progeny were confirmed to

harbor the Tbx3neo allele by Southern analysis of EcoRV genomic digests, using a 5’

outside probe that binds a wild type 8.2 Kb fragment and a mutant 5.6 Kb fragment.

Subsequently, mice and embryos were genotyped by PCR using the following primers:
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(1) 5’-CCAGTCATAGCCGAATAGCC-3’; (2) 5’- CTCAACTAAGACGCCTCCTG-3’;

(3) 5’- GCAACAACAAAAGCGGAGCC-3’ that generate a 700 bp product from the

wild type allele and a 400 bp product from the mutant allele. The defective allele Tbx3exc

was generated by electroporation of the targeting construct in to J1 cells harboring the

Cre recombinase. Upon confirmation of excision of the neo cassette, the positive clones

were injected into blastocysts and one germ-line chimera was generated.

Collection of mouse embryos and paraffin embedding:

Staged mouse embryos obtained from timed matings between Tbx3neo heterozygotes as

well as between Tbx3neo and Tbx3exc heterozygotes. Day E0.5 was considered to be noon

of the day in which a vaginal plug was observed. Embryos were collected in cold

phosphate-buffered saline (PBS), were photographed in a Leica M420 microscope with a

Kodak Professional DCS 620X camera; fixed overnight in 4% paraformaldehyde in PBS

at 4ºC and processed for paraffin embedding. Gradual dehydration in a series of ethanol

solutions 50%, 75%, 95% and 100% was followed by two washes in xylene at room

temperature (RT). Next, embryos were incubated at 65oC in 50% paraffin in xylene for

30 minutes and in pure paraffin for 2 hours, with one renovation of paraffin. They were

finally orientated in solidifying paraffin, kept at 4 oC overnight and sectioned the next day

in a microtome with 10 µm thickness. Slides were dried overnight at 37 oC and processed

to hematoxylin/eosin staining using standard protocols. Briefly, sections were rehydrated

to water, incubated 5 to 10 minutes in Mayers hematoxylin (Sigma) and in running tap

water until the blue color was fully developed. The sections were dehydrated back to

95% ethanol, incubated for 3 minutes in eosin Y solution and washed in 95% ethanol

three times for 2 minutes. Slides were rehydrated back to water, mounted in aqueous

mounting media and photographed in an Olympus microscope with a camera SPOT.

In situ hybridization:

Wild type embryos were collected in PBS and staged as described above. The embryos

were cleared of extra-embryonic tissues and the neural tube was perforated to avoid
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accumulation of solutions inside the neural tube. Embryos were fixed in 4%

paraformaldehyde at 4˚ C overnight, washed in PBS 1% Tween (PBST) and gradually

dehydrated to 100 % methanol, in which they were stored at –20 ˚ C until needed. Whole

mount in situ hybridization was performed as previously described (Kawakami Y, 2004).

Briefly, rehydrated embryos were incubated 10 minutes with 10 % hydrogen peroxide in

PBST to inhibit endogenous peroxidase activity, thoroughly washed in PBST and

permeabilized with proteinase K (10 mg / ml) at 37 ˚ C for varying periods of time,

according to embryonic stage. Proteinase K was inhibited in 1mg/ml glycine solution in

PBST on ice for 10 minutes and the embryos were postfixed in 4 % paraformaldehyde,

0.2% glutaraldehyde in PBST for 20 minutes at RT. Next, the embryos were incubated

for 1 hour at RT in antibody blocking solution which consisted of 10 % heart inactivated

sheep serum, 10% of blocking reagent (Boehringer Mannheim) and 1 % Tween in maleic

acid buffer (MABT), incubated with anti-Digoxigenin alkaline phosphatase conjugated

antibody overnight at 4ºC. Several washes in MABT were performed at RT the next day

followed by incubation in alkaline phosphatase reaction buffer. Color was developed with

developed using 0.175 mg/ml BCIP and 0.45 mg/ml NBT in alkaline phosphatase buffer

at RT, protected from light. The embryos were photographed in a Leica M420

microscope with a Kodak Professional DCS 620X camera. For in situ hybridization on

sections, paraffin sections were deparaffinated, rehydrated to PBS and refixed in 4 %

paraformaldehyde for 5 minutes at RT. Further treatment was as follows: after two more

washes in PBS, sections were incubated at RT in 5X SST for 1 hour, after which the

Digoxigenin-labelled riboprobe was added in hybridization buffer; 50% formamide, 10%

(w/v) dextran sulfate, 1 X Denhardt's solution and 200 ug/ml tRNA in 0.6 M NaCl; 10

mM Tris-HCl, pH7.4; 1 mM EDTA, pH8.0. On each slide, 100 µl hybridization solution

were applied. Slides were then covered with a coverslip and incubated in a humidified

chamber at 70°C for 16 h. After hybridization, slides were sequentially washed with 50%

(v/v) formamide/2 X SSC at 65°C (20 min X 3 times) and NTE buffer (0.5 M NaCl, 10

mM Tris-HCl, 1 mM EDTA, pH 8.0) at RT (5 min). Then sections were treated with

RNase A, 20 µg/ml, in NTE buffer at 37°C for 30 min, followed by washing with NTE

buffer at 37°C for 5 min, and with 0.1 X SSC at 42°C (20 min X 3 times). After washing

with buffer 1 (0.1 M Tris, 0.15 M NaCl, pH 7.5) at RT for 1 min, the slides were
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incubated with 10 % (w/v) blocking reagent (Boehringer Mannheim GmbH, Germany) in

buffer 1 at RT for 30 min. Then the slides were incubated in a humidified chamber

overnight at 4°C with sheep anti-DIG antibody conjugated with alkaline phosphatase,

diluted to 1:100 in buffer 1 containing 1% blocking reagent. Slides were then washed

with buffer 1 (15 min X 2 times) and PBS (5 min) at RT. Finally, the immunoreactions

were visualized by incubating the sections with 0.175 mg/ml BCIP and 0.45 mg/ml NBT

in alkaline phosphatase buffer at RT, protected from light. Slides were counterstained

with haematoxylin, dehydrated with alcohol, cleared with xylene and covered with a

coverslip before observation.

RESULTS:

The insertion of a neo cassette in the first exon of Tbx3 locus generated a null

allele for this gene ++. Adult mice heterozygous for this Tbx3-null mutation are born at

the expected mendelian frequency, are viable and generally fertile in an inbred 129ter

background and mixed genetic background (129 X C57 and 129 X ICR), as previously

described (Davenport et al., 2003; Ribeiro et al., 2007). However, 5 out of 17

heterozygous males did not plug wild type or heterozygous females, which suggests they

were sterile. In females crossed with the other 12 heterozygous males there was a high

proportion of plugged females that were not pregnant during the course of these studies,

which may reflect female or male infertility. Furthermore, delay or failure in vaginal

opening was often observed, as previously described. No live Tbx3neo/ Tbx3neo pups were

recovered from intercrosses between heterozygous animals and no alive Tbx3neo/ Tbx3neo

embryos older than E14.5 were obtained.

The Tbx3neo/ Tbx3neo embryos died over a range of several days, beginning at

E11.5 (Table 1). Thus the severity of the embryonic defects displayed by Tbx3 mutant

embryos varied considerably. In light of this, we divided Tbx3 mutant embryos in two

major classes, one with severe defects and another with mild defects. From the embryos

collected between stages E10.5 and E11.5, 35.7 % of Tbx3 mutant embryos presented

poorly developed yolk sac vasculature, a delay in heart looping and pericardial swelling

and were classified in the severe class of Tbx3 mutants (Fig. 1 C, arrow; (Ribeiro et al.,



128

2007). The cardiac defects of the early lethality Tbx3neo/Tbx3neo embryos were described

in detail elsewhere (Ribeiro et al., 2007). The remaining 64.3 % of Tbx3 mutant embryos

collected between E10.5 and E11.5 displayed normal yolk sac vasculature, normal heart

looping and no pericardial swelling (Fig. 1 B, E, F). Tbx3 mutant embryos recovered

from E12.5 onwards displayed milder cardiac defects and a fairly normal yolk sac

vasculature (Fig. 2 A, B). These latter groups were classified as the milder class of Tbx3

mutants.

Table1: Genotype of embryos recovered from heterozygous crosses.

embryonic

stage

Tbx3neo/Tbx3neo

total                       swollen
pericardial cavity

+//Tbx3neo +/+

E9.5 44 4 88 47

E10.5 21 7 34 23

E11.5 7 3 24 13

E12.5 4 0 15 8

E13.5 5 0 20 11

E14.5 3 0 17 9

total 84 14 198 111

The mild class of Tbx3 mutant embryos survive long enough to allow an analysis

of the possible causes for the most frequent UMS malformations (Davenport et al., 2003).

From E11.5 onward, all surviving Tbx3 mutant embryos were readily distinguished from

their littermates since they all presented a reduced hindlimb (Fig. 1 A-C, black

arrowhead). At E12.5, the majority of Tbx3 mutant embryos were smaller than their

littermates (Fig. 1 F). The hindlimb bud was always severely abnormal, overall thinner

and shorter than the wild type. The forelimb displayed a wider variability of defects

raging from an abnormal autopod in an otherwise normal bud to a narrower bud similar

to the Tbx3 mutant hindlimb (Fig. 1 E, F, blue arrowhead). None of the recovered E12.5
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Figure 1. Tbx3neo/ Tbx3neo embryos recovered after E11.5. A - C, E11.5; D – F, E12.5;
G – I, E13.75; J, L, E14.5. A, D, G, right embryo in J, wild type or heterozygous embryos. B, C,
E, F, H, I, left embryo in J, L, Tbx3neo/ Tbx3neo embryos. Arrow in C indicates pericardial
swelling. Black arrowhead points to the hindlimb and blue arrowhead points to the forelimb.
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mutant embryos presented a pericardial swelling or defects in heart looping, suggesting

that the severe class of Tbx3 mutants did not survive up to this stage. Tbx3 mutants

recovered at E13.5-E14.5 were noticeably smaller than their littermates and presented

severe limb defects (Fig. 1 G - J). In the forelimb autopod, the anteriormost digit is absent

(Fig. 1 L, blue arrowhead). The hindlimb was severely affected and displayed a spikelike

shape, similar to what has been previously reported (Davenport et al., 2003).

Furthermore, in these embryos the whole embryo body was swollen which is likely to

result from poor circulation (Fig.1 I). Thus, in the mild class of Tbx3 mutants, forelimb

and hindlimb defects are observed, as well as circulation defects indicated by body

swelling.

The severe class of Tbx3 mutant embryos displayed reduced yolk sac vasculature

in which the large vitelline vessels were poorly developed and the capillary plexus was

disorganized compared with the wild type or heterozygous littermates, similar to what

has been previously described (Davenport et al., 2003). However, the milder class of

Tbx3 mutants presented a normal yolk sac vasculature between stages E10.5 and E12.5.

In these late surviving Tbx3 mutant embryos, yolk sac vasculature defects were

conspicuous only from E13.5 onwards and consisted of a reduced number of big vessels

with fewer ramifications (Fig. 2 A, B). Previously, the cause of death of Tbx3-null mutant

embryos had been suggested to be the reduction in the yolk sac vasculature that would

prevent correct maternal nurture of the embryo (Davenport et al., 2003). However, Tbx3

mutant embryos surviving past E11.5 display rather normal yolk sac vasculature

indicating that this is not their cause of death. Furthermore, we observed a direct

correlation between the severity of the cardiac defects, the degree of the reduction of the

yolk sac vasculature and the time of death.

Cardiac defects observed in the milder class of Tbx3 mutants are detectable at

E11.5. In dissected hearts from E11.5 Tbx3 mutant embryos, we observed a lack of the

interventricular (IV) exterior sulcus present in the wild type counterpart (white arrow)

and a malformed outflow tract that appeared not to have initiated the process of septation

(blue arrowheads, Fig. 3 A, B). At E14.5, the IVS was not closed in the mutant hearts

(Fig. 3 C, D) and the compact zone of the ventricle wall was thinner compared to wild
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type (Fig. 3 E, F, bracket). The mutant heart was also particularly distended (Fig. 3 C, D),

suggesting the existence of cardiac pump malfunction. In addition, the epicardium cell

layer surrounding the ventricle wall was discontinuous in the mutant hearts compared

with the wild type (Fig. 3 E, F, arrowhead). These observations suggest that Tbx3 plays

crucial roles in cardiac maturation, particularly in the growth of the ventricle compact

wall and in the closure of the IVS.

Figure 2. Yolk sac vasculature defects in the mild class of Tbx3 mutant embryos.
E14.5 embryos with the yolk sac intact. A, wild type littermate. B, Tbx3neo/ Tbx3neo embryo. Note
the presence of big vessels (arrow) in the mutant embryo despite the lower numbers as well as
ramifications.

Given the absence of epicardium layer and thin ventricle compact wall in Tbx3

mutant hearts, we assessed expression of Tbx3 in the mouse epicardium and ventricle. At

E10.5, low levels of Tbx3 transcripts are present in the epicardium but are absent from

the ventricle and atrium myocardium (Fig. 4 B, arrowhead). The expression pattern of

Tbx3 correlates with the defects observed in the heart of Tbx3 mutant embryos. Tbx3 is

also expressed in the posterior mesenchyme of the forelimb and hindlimb at E10.5 (Fig. 4

A). At E11.5, Tbx3 becomes expressed in anterior and posterior domains in the

mesenchyme of the limb bud and this expression is similar in both forelimb and hindlimb
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(Fig. 4 C). At E13.5, Tbx3 transcripts are found in the autopod, in the interdigital

mesenchyme in the most anterior two digits, digits I and II, and the most posterior digit,

digit V (Fig. 4 D).

Figure 3. Cardiac defects in the mild class of Tbx3 mutants. Upper panel, E11.5 right
heart is the wild type littermate, left heart is the Tbx3neo/ Tbx3neo heart. White arrowhead
indicates the IV exterior sulcus, which is absent in the mutant heart. A – D, E14.5. A and C, wild
type littermate. B and D, Tbx3neo/ Tbx3neo. The bracket indicates the thickness of the compact
zone of the ventricular wall and the asterisk indicates the trabecular zone. CZ, compact zone; LA,
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left atrium; LV, left ventricle; OFT, outflow tract; RA, right atrium, RV, right ventricle; TZ,
trabecular zone.

The excision of the neo cassette from the Tbx3 locus resulted in the allele Tbx3exc

encoding a defective Tbx3 protein that lacks the first N-terminal 80 aminoacid residues,

leaving the T-box domain intact (D. Büscher and J.C. Izpisúa Belmonte, unpublished

data). Tbx3exc/Tbx3exc homozygous adults were recovered, although not at the expected

mendelian ratios. These adult Tbx3exc/Tbx3exc present normal hindlimbs and a healthy

and normal life span (D. Büscher and J.C. Izpisúa Belmonte, unpublished data). To test if

these 80 N-terminal aminoacids were important for Tbx3 function, we analyzed

Tbx3neo/Tbx3exc transheterozygous animals recovered from +/Tbx3neo and +/Tbx3exc

intercrosses. No adult Tbx3neo/Tbx3exc were recovered from 13 litters, suggesting that

Tbx3 protein without the N-terminal 80 aminoacids is not able to rescue Tbx3neo/ Tbx3neo

lethality in haploinsufficiency. At E11.5, Tbx3neo/Tbx3exc were present at expected

mendelian ratios and were indistinguishable from their littermates. In two litters collected

at E14.5, Tbx3neo/Tbx3exc were recovered at mendelian ratios but were readily spotted

from their wild type or heterozygous littermates since they were significantly smaller and

displayed limb defects (Fig. 5 A, B). In the forelimb, these defects ranged from a severe

autopod disorganization, including fusion of digits III, IV and V and the presence of a

sixth digit-like structure anteriorly (asterisk), to a fairly normal autopod with the presence

of a sixth digit-like structure anteriorly (Fig. 5 C, D, G, H). The hindlimb continued to be

the most affected limb in Tbx3neo/Tbx3exc embryos, being reduced and narrow. The

autopod, however, presented two digit-like structures (Fig. 5 E, F, I, J). Thus,

transheterozygous embryos display less severe defects than Tbx3-null mutants.
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Figure 4. . Tbx3 expression in the limbs and in the heart. A. Tbx3 is expressed in the
lateral mesoderm and in the limb buds at E10.5. B.Transversal section of E10.5 heart shows that
Tbx3 is present in the AVC myocardium and, at lower levels, in the epicardium (arrow). C. At
E11.5, the domain of expression of  Tbx3 in the limbs consists of two anterior and posterior
domains in the mesenchyme. D. At E13.5, Tbx3 is present in the interdigital mesenchyme in the
anterior- and posterior-most digits.

In contrast to the mild class of E13.5 – E14.5, E14.5 Tbx3neo/Tbx3exc were not

swollen. Transversal sections at the level of the heart in Tbx3neo/Tbx3exc embryos showed

that the transheterozygous aorta artery and ventricles were filled with blood (Fig. 6 B, D,
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arrow), suggesting the existence of cardiac malfunction. Furthermore, the IVS had a wide

gap in the superior connection to the atrioventricular bundle (AVB) in Tbx3neo/Tbx3exc

Figure 5. Transheterozygous Tbx3neo/Tbx3exc embryos collected at E14.5. A, B. Ventral view.
C, D, G, H. Dissected forelimbs.  E, F, I, J. Dissected hindlimbs. A, C, D, E, F. Wild type. B, G,
H, I, J. Tbx3neo/Tbx3exc mutants. Digit numbers are indicated in C and G for comparison. Asterisk
in H points to a sixth digit like structure.

E14.5 hearts, while it was completely closed in the wild type heart (Fig. 6 D, asterisk).

The compact layer of the ventricle wall was also thinner than in the wild type heart,
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although this phenotype was not as severe as the one observed in Tbx3neo/Tbx3exc mild

class embryos (Fig. 6 C, D, arrowhead). Together these observations indicate that

Tbx3neo/Tbx3exc embryos display cardiac defects that are milder than the cardiac defects

presented by the mild class of Tbx3neo/Tbx3exc embryos. Thus, the Tbx3 defective protein

encoded by Tbx3exc allele is not able to completely compensate for the lack of Tbx3

normal protein, but can nevertheless delay the onset of lethality to later stages.

Figure 6. Transversal sections at the level of the heart of E14.5 transheterozygous
Tbx3neo/Tbx3exc embryos. A, C. Wild type embryo. B, D. Tbx3neo/Tbx3exc embryos. A, B.
section at the level of the great arteries. C, D. section at the level of the interventricular septum.
Ao, aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Po,
pulmonary vein. Arrows in D point to blood accumulation in the right atrium and right ventricle.
Arrowhead in d points to the thin compact layer of the ventricle wall in mutant hearts.
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DISCUSSION:

The Tbx3-null allele used in this study was obtained using a different targeting

strategy than the one previously described. Nevertheless, the overall phenotype, including

the limb and yolk sac phenotypes of Tbx3neo/Tbx3exc are very similar to the described

Tbx3 targeted mutants (Davenport et al., 2003). A range of previously unnoticed cardiac

malformations was observed in this study (Fig. 1; (Ribeiro et al., 2007). A difference

between the targeted Tbx3 mutation and the one previously reported is unlikely, since

both created alleles are null and the limb, yolk sac and small size phenotype are very

similar (Davenport et al., 2003; Ribeiro et al., 2007). In spite of this, we cannot exclude

the hypothesis that Tbx3neo homozygous embryos are different than the Tbx3 mutation

previously described since the heart was not analyzed in that study (Davenport et al.,

2003).

The observed severity of the cardiac defects was strongly correlated with the

degree of reduction in the yolk sac vasculature as well as with the time of death in Tbx3-

null mutant embryos. This correlation suggests that the cardiac defects may be the

original cause for the reduced yolk sac vasculature observed in Tbx3neo/ Tbx3neo embryos

that present early lethality. Supporting this hypothesis, the milder class of Tbx3 mutant

embryos, that displays mild cardiac defects, presents a rather normal yolk sac

vasculature. Defects in the formation of the yolk sac vasculature have previously been

associated with cardiac malfunction, namely in the myosin light chain 2a (mlc2a) and the

sodium calcium exchanger 1 (Ncx1) mouse mutants (Lucitti et al., 2007). The heart does

not beat in these mutants and blood circulation is not established. Neither mlc2a nor Ncx1

transcripts are found in the yolk sac, thus the defects observed in the yolk sac vasculature

are likely to be due to poor blood circulation in these mutants. Blood flow has been

proposed to be important for the remodeling of the initial vascular plexus of the yolk sac

into a vascular network of larger vessels (Huang et al., 2003). The lack of vascular

network in the yolk sac of the most severe class of Tbx3 mutant embryos may have

originated from poor blood circulation. Since Tbx3 mutant embryos with milder cardiac
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defects have normal cardiac beating, the initial remodeling of the vascular network of the

yolk sac is not perturbed.

Thinning of the compact zone of the ventricle myocardium has been reported in

several mouse mutants (Gittenberger-de Groot AC, 2000; Kastner P, 1994; Kreidberg JA,

1993; Kwee L, 1995; Moore AW et al., 1999; Sucov HM, 1994; Yang JT, 1995).

However, it is unclear whether the formation of a thinner compact zone in the ventricle

myocardium results from the same mechanism in all cases. Absence of the epicardial

layer surrounding the ventricles and the atria has been shown to occur in RXRα, integrin

α4, Ephrin receptor and VCAM1 mutant mice that display a thin compact ventricle wall

(Gittenberger-de Groot AC, 2000; Kastner P, 1994; Kwee L, 1995; Sucov HM, 1994;

Yang JT, 1995). Recently, Ruiz-Lozano and colleagues have shown that the conditional

ablation of RXRα in the epicardium results in the same thinning of the compact zone of

the ventricle wall (Merki E et al., 2005). This work supports experiments performed in

chick, where ablation of the proepicardial organ results in thinning of the ventricle

compact zone (Manner J, 2005). Thus, the epicardium plays a crucial non-cell

autonomous role in the growth of the compact zone of the ventricle wall. Although Tbx3

is not expressed in the ventricle myocardium, the mildly affected Tbx3neo/Tbx3exc

embryos display a hypoplastic compact zone of the ventricle wall. In line with this, the

discontinuity observed in the epicardium cell layer may account for the lack of growth of

the compact zone of the ventricle wall in Tbx3 mutant hearts. This discontinuity may be

derived of a defective development of the epicardial organ. Tbx3 transcripts are found in

the epicardium suggesting that Tbx3 also plays a role in the development of this tissue.

Several murine models have been created in order to provide a better insight into

the origin of congenital heart malformations observed in human syndromes. Mice in

which Tbx5 or Tbx1 has been ablated display most of the defects characteristic of the

Holt-Oram and DiGeorge syndromes, respectively (Bruneau et al., 2001; Jerome and

Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001; Piotrowski et al., 2003).

In the case of mice with a targeted mutation for Tbx3, the homozygous Tbx3 null

embryos display defects reminiscent of the most predominant features of the UMS

syndrome such as the limb defects, the mammary gland hypoplasia and the small size.

Haploinsufficiency results in some degree of sterility (this study) and late onset of
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puberty in females (Davenport et al., 2003), in otherwise normal adult mice. We expected

that creation of a hypomorph allele, Tbx3exc, which encodes for a Tbx3 protein with a

shorter N-terminal domain, but intact T-box domain, would allow analysis of adult

phenotypes. However, obtaining homozygous Tbx3exc adults proved difficult and the few

obtained did not present defects in the limbs and were fertile (D. Büscher and J.C. Izpisúa

Belmonte, unpublished data). Transheterozygous embryos for the null and defective Tbx3

alleles were generated and, although they were not born, Tbx3neo/Tbx3exc embryos

survived until later in development and thus comprise a better experimental set to assess

the causes of the existent malformations in UMS patients. The cardiac abnormalities

observed in these embryos consisted of a VSD and thinner compact wall of the ventricle

myocardium. The late onset of death in these embryos (posterior to E14.5) also allows

analysis of the origin of the detected cardiac malformations, which include VSDs

observed in UMS patients. Furthermore, Tbx3-null embryos that survive past E11.5

display mild cardiac defects that also include VSD. Together, Tbx3-null and Tbx3

transheterozygote embryos provide a good model to study CHD observed in UMS

patients and also perhaps predict undetected cardiac defects in these patients.
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In this thesis, a multispecies approach was employed to study the role of the T-

box transcription factors, Tbx2 and Tbx3, during embryonic heart development. Two new

zebrafish homologs of mouse Tbx2 and Tbx3, named tbx2a and tbx3b, were isolated and

characterized. Homology of the encoded aminoacid sequence, genomic localization and

defects observed upon knock down of tbx2a or tbx3b in zebrafish embryos suggest that

these genes are functional orthologs of mouse Tbx2 and Tbx3, respectively. Both these

transcription factors play an important role in heart looping, possibly by regulating cell

proliferation in the AVC and thereby breaking the symmetry of cell proliferation

throughout the linear heart tube.

Further analysis of zebrafish heart development unveiled the zebrafish heart as an

ideal model to study heart looping. Although the expression of many zebrafish cardiac

markers was not restricted to chamber and non-chamber myocardium and was initiated

earlier when compared to their mouse counterparts, the accessibility of the zebrafish heart

to imaging with the resolution of a singe cell provides a novel approach to study heart

looping.

The research turned to the mouse mutant for Tbx3 where two types of cardiac

defects were observed. Impairment of cardiac looping was observed among the Tbx3

mutant embryos with early lethality whereas defects in OFT septation, interventricular

septum and ventricle compact wall growth were observed in Tbx3 mutant embryos with a

longer survival period. A hypormoph mutation of Tbx3 was used and transheterozygous

embryos were generated in an attempt to prolong their period of survival to study the

requirement for Tbx3 in the adult heart. Transheterozygocity of null and hypomorph

alleles of Tbx3 was also lethal, as no adult transheterozygous animals were recovered, but

survived until E14.5 at least whereas most homozygous Tbx3 mutant embryos died at

E11.5. The mature heart displayed a VSD and a thin compact wall. Together, the results

presented in this thesis provide further insight into the roles of Tbx2 and Tbx3 in

zebrafish and mouse, establishing these transcripion factors as crucial components of the

complex networks regulating heart development.
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Cross-species analysis of the role of Tbx2 and Tbx3 in heart development

Various members of the family of Tbx genes are expressed in different embryonic

tissues and have been implicated in the embryonic development of numerous organs

(Naiche et al., 2005). In chick and mouse embryos, Tbx2 and Tbx3 are widely expressed

in the limb bud, heart and eye, among others and play essential roles in the development

of most of these tissues (Chapman et al., 1996; Christoffels et al., 2004; Davenport et al.,

2003; Hoogaars et al., 2007; Hoogaars et al., 2004; Ribeiro et al., 2007; Suzuki et al.,

2004). In Chapters 2 through 4 we focused on zebrafish tbx2a and tbx3b, orthologs of

mouse Tbx2 and Tbx3, respectively. tbx2a and tbx3b transcripts are detected in the

various organs derived from the mesoderm such as fin bud, eye, otic placode and heart

and therefore the expression pattern of these genes is comparable to that of their mouse

and chicken counterparts.

Knock down of tbx2a produced embryos with tail truncation and cardiac

malformations, including failure to form the AVC constriction and defective heart

looping. These heart defects are similar to those presented by mouse Tbx2 knock out

embryos. A quarter of Tbx2-null homozygous embryos do not formthe AVC constriction

(Harrelson et al., 2004). Thus, tbx2a appears to have similar functions to its mouse

counterpart in heart development. However, caudal truncation was not observed in mouse

Tbx2 mutant embryos whereas defects in gastrulation that result in a shorter AP axis are

detected upon knock down of tbx2b (Gross and Dowling, 2005). These observations

suggest that the role of Tbx2-like genes in the zebrafish and mouse Tbx2 differ in tail

development. Another possibility is that in the mouse other Tbx genes compensate for the

lack of Tbx2 in the posterior part of the embryo.

Cardiac defects in mouse Tbx3 mutants were previously undetected (Davenport et

al., 2003). However, in this work all Tbx3 mutant embryos recovered after E11.5

presented cardiac defects. Moreover, a small proportion of Tbx3 mutant embryos

displayed incomplete heart looping and the AVC was slightly enlarged at E9.5-E10.5

(Ribeiro et al., 2007). Although all Tbx3 mutant embryos recovered after E12.5 presented

normal heart looping and AVC constriction, the hearts of these embryos displayed
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defects in OFT septation, interventricular septum and compact layer of the ventricular

wall (Chapter 5). Recently, it was demonstrated that Tbx3 is required to induce and

maintain the sinoatrial gene program (Hoogaars et al., 2007). These observations suggest

that Tbx3 plays crucial roles at several stages of heart development.

In zebrafish, knock down of tbx3b resulted in embryos that are overall smaller

with arrested fin bud development, and defects in the otic placode, heart and tissue

organization in the trunk. The heart defects consisted of incomplete heart looping and

failure to form the AVC constriction (Ribeiro et al., 2007). These cardiac defects were

similar to the cardiac defects observed in the Tbx3 mutant embryos with early lethality.

Moreover defects in the fin bud were comparable to hindlimb defects observed in the

mouse mutants (Davenport et al., 2003). These observations indicate that tbx3b is the

functional ortholog of mouse Tbx3.

Double knock down of tbx2a and tbx3b provided the first analysis of heart defects

in the absence of both Tbx2 and Tbx3 function. In double morphant embryos, defects in

the fin bud, otic vesicle, tail and trunk appeared to be additive of the defects displayed by

single morphants in these tissues. The heart, however, was more severely affected than in

single morphants since heart looping was not initiated and the AVC constriction was not

present. Together these observations suggest that tbx2a and tbx3b present non-redundant

functions in heart development. Accordingly, Tbx2 and Tbx3 appear to be regulated by

different signaling pathways in the mouse and chicken embryonic heart. Different

sensitivity to ectopic Bmp2 application in chick embryos was observed. Induction of

Tbx2 expression was stronger and more expanded than Tbx3 expression upon application

of beads soaked in Bmp2 (Yamada et al., 2000). Moreover, Tbx2 expression was found to

be upregulated and extended throughout the heart tube of mouse Tbx20-null embryos

whereas Tbx3 expression was found to be unaltered (Cai et al., 2005; Singh et al., 2005;

Stennard et al., 2005; Takeuchi et al., 2005). Recently, extensive microarray analysis of

an allelic series of E12.5 mouse Tbx5 mutant embryos, with decreasingly less functional

Tbx5, revealed that Tbx5 is a potential regulator of Tbx3 expression. Tbx3 was placed

among the group of highly sensitive Tbx5 gene targets and indeed numerous TBE

binding sites were found in sequences upstream the Tbx3 locus (Mori et al., 2006). Tbx2

expression levels were not altered according to the microarray analysis. Together, these
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studies indicate that different upstream signaling pathways regulate Tbx2 and Tbx3

expression in the embryonic heart.

Signaling pathways upstream Tbx2 and Tbx3

Several studies approached the regulation of Tbx2 and Tbx3 expression in many

morphogenetic events, including the limb bud and digit formation and mammary gland

and lung development (Cho et al., 2006; Li et al., 2004; Manning et al., 2006; Mori et al.,

2006; Suzuki et al., 2004; Tumpel et al., 2002). Different signaling pathways seem to

regulate Tbx2 and Tbx3 in different situations.

In the limb bud, Tbx3 is expressed in the limb mesenchyme, in an anterior and a

posterior domain and is regulated by different signaling pathways in each one of them. In

the posterior domain of expression, Tbx3 expression is induced by Shh produced in the

progressive zone and maintained by Bmp2 present in the posterior mesenchyme. In the

anterior domain, Tbx3 is induced by Bmp4 (Tumpel et al., 2002). The posterior domain

of Tbx3 expression is fated to give rise to digits III and IV, and Tbx3 is required for their

normal development (Suzuki et al., 2004), whereas the anterior domain of Tbx3

expression has an entirely different fate. Fate map studies have shown that this anterior

mesenchyme disappears, and that the cells in the anterior edge of the middle non-

expressing-Tbx3 stripe correspond to the future edge of the hand plate (Vargesson et al.,

1997). Interestingly, an extra anterior digit was observed in the forelimb of E14.5

Tbx3neo/Tbx3exc transheterozygous embryos (Chapter 5). This extra digit might have

originated from misregulation of the fate of the anterior domain of expression of Tbx3 in

the limb bud. The different regulation of Tbx3 expression in the two domains of the limb

bud might be the molecular basis for their different fates. Different co-factors or

interacting proteins may be present in each domain thereby determining their fate.

In the limb bud, expression of Tbx2 is very similar to expression of Tbx3 – Tbx2

transcripts are found in two domains, one anterior and another posterior in the

mesenchyme of the limb bud. The posterior domain of Tbx2 expression is smaller, not

extending anteriorly and distally as far as expression of Tbx3-posterior domain of

expression and is fated to become part of digit IV only. Tbx2 expression is not



151

regulated by Shh or Bmp signaling in the limb bud (Nissim et al., 2007). Instead it was

proposed that Tbx2 expression is regulated by a secreted factor present in the DV

ectoderm border, exluding the apical ectodermal ridge and the hunt for this factor is

currently on (Nissim et al., 2007). Tbx2 and Tbx3 help maintain anterior-posterior

polarity in the limb bud and regulate expression of Hoxd12 and Hoxd13 in the posterior

region of the limb bud, providing identity to digits III and IV (Suzuki et al., 2004).

A specific set of cells in the hypothalamus, the ventro tubero-mamillary (vt-m)

cells, express Tbx2 where it is required to establish vt-m identity. In these cells, contrary

to the limb bud, expression of Tbx2 is induced by Bmp2 and represses expression of Shh

(Manning et al., 2006). In the mammary bud, Tbx3 expression appears to be induced in

the mesoderm by Wnt signaling from the ectoderm (Cho et al., 2006). The signaling

pathways that regulate Tbx2 or Tbx3 expression are different in different embryonic

tissues. Thus, the regulation of Tbx2 and Tbx3 expression appears to be complex and it is

not possible to place Tbx2 or Tbx3 downstream of a single signaling pathway.

What is downstream of Tbx2 and Tbx3?

As transcription factors, the outcome of the presence of Tbx2 or Tbx3 in the cell

is regulation of transcription of gene targets. Multiple in vitro studies have suggested that

Tbx2 and Tbx3 act as repressors of transcription (Brummelkamp et al., 2002; Jacobs et

al., 2000; Lingbeek et al., 2002; Prince et al., 2004). We have shown that this is the case

for tbx3b in vivo in zebrafish embryos. Dominant negative and constitutively active

forms of Tbx3 were misexpressed in zebrafish embryos. The VP16 domain, which

constitutively activates transcription, was fused to Tbx3. The resulting protein is expected

to turn on transcription of Tbx3 gene targets as previously shown for a similar construct

(Suzuki et al., 2004). Tbx3:VP16- injected embryos displayed defects in the fin buds, otic

placode, heart and trunk similar to those displayed by tbx3b morphants, suggesting that

Tbx3:VP16 successfully interferes with tbx3b function. The constitutively repressor

domain of engrailed was also fused to Tbx3, generating a protein that is expected to be a

stronger repressor of transcription than Tbx3 alone. Indeed, misexpression of Tbx3:EnR

resulted in a higher percentage of embryos with cardiac defects than the one resultant
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from injection of Tbx3 alone. These observations provide in vivo evidence that Tbx3 acts

as a repressor of transcription.

Only a few gene targets have been identified downstream of Tbx2 or Tbx3. A

stereotyped enhancer has been suggested to regulate expression of chamber-specific

genes. This enhancer, composed of NKE, GATA and TBE binding sites in close

proximity, has been found in the promoters of Anf, Cx43, Cx40, Csl and BMP10 (Habets

et al., 2002; Hoogaars et al., 2004; Ribeiro et al., 2007). In vitro studies have shown that

Tbx2 and Tbx3 interact with Nkx2.5 to repress transcription of Anf, Cx43, Cx40 and Csl

(Habets et al., 2002; Hoogaars et al., 2004). However, no embryonic cardiac defects were

observed in mouse mutants for any of these genes suggesting that regulation of these

gene targets is not crucial for heart developtment. There must be other gene targets

downstream of Tbx2 and Tbx3 that are required for heart development. Mouse Bmp10

mutants present defects in the development of chamber myocardium and its expression is

altered in Tbx3 mutant embryos, suggesting that Bmp10 may be one of these gene targets.

On the other hand, non-chamber myocardium specific genes were found to be

downregulated in Tbx3 mutant hearts. TGFβ2  and Smad6 were significantly

downregulated in Tbx3 mutant hearts. The regulation of these genes is most likely

indirect since Tbx3 represses transcription during heart development (Ribeiro et al.,

2007)

Tbx2 and Tbx3 have been implicated in regulation of the cell cycle. Both bind the

promoter regions repressing transcription of the cell cycle inhibitors p16INK4a and p19ARF

(of the common locus cyclin-dependent kinase inhibitor (Cdkn) 2a), p15INK4b from

Cdkn2b locus and p21 from Cdkn1a locus (Brummelkamp et al., 2002; Jacobs et al.,

2000; Lingbeek et al., 2002; Prince et al., 2004). One important control mechanism of

cell growth depends on the tumor suppressor p53 gene, whose inactivation is the most

frequent event in human cancer. A second control mechanism, which prevents cells from

indefinite proliferation, is governed by the CDK inhibitor Cdkn2a (also known as

p16INK4a). Binding of Cdkn2a (p16INK4a) to cdk4 and cdk6 inactivates cdk kinase

activities and induces a G1-phase cell cycle arrest by preventing the inactivation of the

tumor suppressor RB1. Cdkn2a also controls the p53 pathway by generating an
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alternative transcript that encodes Cdkn2a (p14ARF) in humans or Cdkn2a (p19ARF) in

mice. p1 9ARF sequesters the oncoprotein MDM2 to the nucleolus and blocks

nucleocytoplasmic shuttling of MDM2. This prevents p53 degradation by MDM2 and

leads to increased p53 stability and function in the nucleoplasm. p19ARF has also been

reported to interact with targets other than Mdm2 to inhibit cell proliferation by a

mechanism that is independent of p53 (Yi et al., 2004).

Furthermore, Tbx3 has been found to potentiate transformation mediated by

oncogenic Ras and to inhibit myogenic differentiation in cell culture (Carlson et al.,

2002). Tbx2 and Tbx3 were found in a screen aimed at identifying genes that allow a

bypass of cell senescence in Bmi-1 null fibroblasts (that enter senescence state sooner

than normal cells). The senescence bypass was caused by downregulation of p16INK4a

expression and thus p53 protein levels (Brummelkamp et al., 2002; Jacobs et al., 2000).

Surprisingly, no alterations in the level of proliferation and the levels of expression of

p19ARF, p16INK4a, p15INK4b and p21 were detected in Tbx2-null embryos (Harrelson et al.,

2004), Moreover, the defects of Tbx2- and Tbx3-null mutant embryos were still observed

in a p53-null background, indicating that the phenotypes observed in these mutants are

not a consequence of an alteration in the p53 pathway (Harrelson et al., 2004; Jerome-

Majewska et al., 2005).

Recently, microarray analysis of Tbx2 expression in NIH3T3 fibroblasts, that

normally do not express this gene, revealed that several of the genes upregulated by Tbx2

are related to cell cycle control. Among these are genes that promote cell division, as for

example metallothionein, Cdc2A and MAD2, as well as genes that repress the cell cycle,

such as caveolin (Chen et al., 2001). Tbx2 was also shown to downregulate Nmyc1

expression in the mouse embryonic heart, thus preventing cell proliferation (Cai et al.,

2005). These results suggest that the outcome of control of cell cycle by Tbx2 depends on

the cellular context, which may simply refer to the available interacting proteins in each

cell type. Only a few interacting partners for Tbx proteins have been described, and

constitute an avenue of research that would allow a better understanding of the role of

Tbx genes during embryonic development.
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Model for heart remodeling in the mouse embryo

After fusion of cardiac fields, a linear heart tube is formed. The myocardium in

this linear heart tube appears to be homogenous at the level of cellular characteristics.

This primary myocardium exhibits low levels of cell proliferation, high contracting

automaticity, low intercellular connections, low sarcomeric and sarcoplasmic transcripts

and slow conduction. Concomitant with initiation of cardiac looping is the process of

chamber formation. The chamber specific genetic program, composed of Anf, Cx40, Csl

and Bmp10, is activate in chamber myocardium but repressed by Tbx2 and Tbx3 in the

non-chamber myocardium (Fig. 1). Since Tbx2 and, to some extent, Tbx3 expression in

the AVC are induced by Bmp2 which is a secreted factor that presumably reaches the

adjacent chamber myocardium, there must be a mechanism that represses expression of

Tbx2 and Tbx3 in the chamber myocardium. Indeed, Hesr1 and Hesr2 from the Hairy

and Enhancer of Split family of bHLH transcription factors, have been implicated in the

maintenance of the AV boundary. Hesr1 (also named Hey1) is expressed in the atrium

myocardium whereas Hesr2 (Hey2) is expressed in the ventricle myocardium. In single

Hesr1-/- or Hesr2-/- mouse mutants, expression of Bmp2 and Tbx2 is expanded to the

chamber myocardium (Kokubo et al., 2007). In double mutants Hesr1-/- Hesr2-/-,

expression of Tbx2 and Bmp2 is further expanded and the length of the AVC is extended

when compared to wild type littermates. Moreover, misexpression of Hesr1 or Hesr2

results in the downregulation of Bmp2 and Tbx2 expression and shorter AVC (Kokubo et

al., 2007), suggesting that Hesr1 and Hesr2 are required to restrict the non-chamber

myocardium identity to the AVC. Tbx3 expression was not analyzed in these studies.

Thus. a feedback loop mechanism seems to be used to maintain and sharpen the boundary

between non-chamber and chamber myocardium.

The early molecular distinction between chamber and non-chamber myocardium

seems to be crucial for proper cardiac looping. In the mouse, cardiac looping and

chamber formation appear to be interdependent morphogenetic events as shown by the

existence of various mouse mutants defective in both events. Homozygous mutants for
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Nkx2.5, Mef2c, Tbx5 and Tbx20 display defects in heart looping and chamber formation

(Bruneau et al., 2001; Cai et al., 2005; Lin et al., 1998; Lyons et al., 1995; Singh et al.,

2005; Stennard et al., 2005). Thus, it has been virtually impossible to separate these two

morphogenetic events. In this thesis we show that Tbx3-null embryos display cardiac

defects that belonged to two catgories. In severely affected Tbx3-null embryos, although

cardiac looping is defective, chambers emerge and expression of cardiac markers is

normal suggesting chamber formation is not affected (Ribeiro, et al, 2007). Thus, Tbx3

mutant mice provide a model to separate cardiac looping from chamber formation.

Furthermore, mildly affected Tbx3-null embryos can be used to study the consequences

of minor disruptions of cardiac looping in remodeled hearts.

Figure 1. Model for mouse heart remodeling. A, common atrium; AVC, atrioventricular canal;
V, common ventricle.

Model for heart looping in the zebrafish embryo

Although there are significant differences between the two-chambered heart of the

zebrafish and the multi-chambered heart of higher vertebrates, the underlying biology

appears to be basically the same. More importantly, the first steps of heart development,

comprising heart field migration, cardiac field fusion into a heart tube and heart

remodeling, are very similar (Stainier, 2001). Taking advantage of the transgenic line

mlc2a::GFP which expresses GFP in the myocardium, we analyzed the first stages of
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heart remodeling in zebrafish embryos (Chapter 4). Similar to the mouse heart, the first

step of looping of the zebrafish linear heart tube comprises the rightward movement of its

anterior portion, the future ventricle region. This movement is followed by the bending of

the heart tube, which precedes the movement of the posterior region of the heart, the

sinoatrial region, towards the head. The final destiny of the atrial region is located dorsal

to and anterior to the ventricle region in both zebrafish and mouse heart. Cardiac looping

positions the different heart regions in their final tri-dimensional architecture in both

zebrafish and mouse hearts.

Figure 2. Model for heart looping in zebrafish embryo. A, atrium; AVC, atrioventricular canal

IC, inner curvature; V, ventricle.

Despite its importance in heart development, the cellular mechanisms underlying

cardiac looping are not completely understood. We show that gain- and loss-of-function

of tbx2a and tbx3b in the zebrafish heart leads to alterations in the pattern of cell

proliferation along the linear heart tube and incomplete heart looping (Ribeiro et al.,

2007). These studies point to a requirement of differential cell proliferation along the
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linear heart tube for normal cardiac looping (Fig. 2). On the other hand, observations

made with a transgenic line expressing the fluorescent protein dsRed in mosaic in the

myocardium (Tg(cmlc2:dsredt4)) suggest that cell shape changes play a role in cardiac

looping too (Auman et al., 2007). At the outer curvature of the looping heart, where the

chamber myocardium is located, cardiomyocytes elongate whereas in the inner curvature

of the looping heart cardiomyocytes remain round suggesting that regionally confined

cell shape changes occur as the chambers emerge from the linear heart tube. The shape of

the cardiomyocytes was proposed to arise as the outcome of an equilibrium of opposing

forces: the blood flow, which causes elongation of the cardiomyocytes in the outer

curvature of the heart, and the cardiomyocyte’s inherent contractibility (acting as a

resistance to change cell shape) (Auman et al., 2007). However, the role of blood flow in

the bending of the linear heart tube is still controversial, since studies with explants of the

chick embryo heart tube, in which the linear heart tube was cut at both ends and cultured

in vitro, demonstrate that it is capable of bending, although complete looping is not

achieved (Manning and McLachlan, 1990; Rutenberg et al., 2006). Together these

observations indicate that cardiac looping appears to result form an ensemble of different

types of intrinsic cellular behavior as well as influence from surrounding tissues (Taber,

2006). Given the restriction of expression of tbx2a and tbx3b to the inner curvatures and

the AVC and the defective cardiac looping upon gain- and loss-of-function, it is tempting

to suggest that these transcription factors orchestrate the events occurring in the non-

chamber myocardium during cardiac looping. As transcription factors, multiple outcomes

may be envisioned from their function in the cell, including directing cell shape changes.

Implications of the lack of Tbx3 in the remodeled heart

The phenotype presented by Tbx3-null embryos reflects the variance of clinical

manifestations of UMS patients. Defects in limb and mammary gland development

observed in Tbx3-null embryos are parallel to the presence of deformed hands and upper

arms as well as underdeveloped or absent mammary glands in UMS patients.

Additionally, the wide range of onset of lethality in Tbx3-null embryos may reflect the

variability of clinical presentation of UMS in patients. Adult animals heterozygous for
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Tbx3-null allele are healthy and live a normal life span. However, a delay in female

puberty has been observed through measurement of the day of vaginal opening

(Davenport et al., 2003). Furthermore, many heterozygous adult animals were found to be

sterile in this study (Chapter 5). These observations suggest that other defects observed in

UMS patients may be studied in Tbx3-null heterozygous animals, as has been done in

Tbx5 mutant mice.

The mildly affected Tbx3 mutant homozygous embryos survive past E12.5 and

present a looped heart with a normal AVC. However, closer analysis of these hearts

demonstrated that there are defects in OFT septation, interventricular septum and

ventricle compact layer defects (Chapter 5). Recently, another study unveiled the

requirement for Tbx3 in the development of the sinoatrial node. Tbx3 represses

transcription of atrial specific genes in the sinoatroal node thereby maintaining its

identity. Together, these studies suggest a complex requirement for Tbx3 in multiple

phases of heart development.

Future perspectives

Several interesting questions arise from the results presented in this thesis. Tbx2

and Tbx3 are co-expressed in the heart tube but appear to be regulated by different

upstream signals and to perform different functions (Mori et al., 2006; Ribeiro et al.,

2007; Tumpel et al., 2002; Yamada et al., 2000). Tbx2 and Tbx3 are a cognate gene pair

and code for very similar proteins. However, outside the T-box DNA binding domain

Tbx2 and Tbx3 differ considerably and this is a start point to analyze the molecular basis

of the different roles of Tbx2 and Tbx3 in heart development. We can search for proteins

that interact with Tbx2 and Tbx3 by using the yeast two hybrid system. Yeast two hybrid

system is a technique that takes advantage of the modular organization of many

transcription factors. Many such proteins have two or more discrete structural and

functional units, or domains, that can be separated without disruption of their structure.

One such example is the GAL4 transcription factor from yeast (Saccharomyces

cerevisieae), which has a DNA-binding domain and an activation domain. When GAL4

binds to its cognate binding site, the activation domain is brought close to the promoter,
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allowing the activation domain to interact with the transcription machinery and resulting

in activation of transcription. In the two hybrid system, these two discrete domains are

separated. The DNA-binding domain is fused to a protein or a protein domain of interest

termed the "bait". This fusion protein can bind to the DNA, but cannot activate

transcription because the bait does not contain an activation function. The activator

domain is fused to another protein termed the “prey” that often is one of multiple in a

DNA library prepared specifically for this purpose. Then both hybrid proteins are

expressed in the same cell and when the bait and the prey interact, activation of

transcription of a reporter gene is achieved. This reporter gene can provide resistance to

an antibiotic (screen for cell viability) or an enzyme that can synthesize a blue pigment

given the appropriate substrate (β-galactosidase; screen for blue colonies). Typically,

libraries will contain large numbers of different clones; a few of them will be able to

interact with the bait. These few can then be recognized by their ability to turn on the

reporter gene. Identifying interacting proteins will provide clues to the molecular basis of

the function of Tbx2 and Tbx3 in a cell.

Analysis of more aspects of cell behavior in chamber and non-chamber

myocardium in the looping heart tube will be very informative. Are Tbx2 and Tbx3

regulating cell shape changes observed in the looping heart? Are these cell shape changes

required for differentiation into chamber and non-chamber myocardium? And what is the

relationship between the cell shape changes and cell proliferation occurring in the heart

tube? Cell shape should be analyzed in single and double morphants in the zebrafish, by

imaging live cells expressing Tg(cmlc2:dsredt4) mosaically within Tg(cmlc2:egfp)-

expressing hearts (Auman et al., 2007).

Tbx3 mutants with late lethality display defects in OFT septation, interventricular

septum and ventricle compact layer of the heart. The myocardial compact layer of the

ventricle has been suggested to receive signals from the overlying epicardium, in which

Tbx3 is expressed. A crosstalk between the two tissues maintains high levels of

proliferation in the compact layer of the ventricle, as opposed to the trabelucae layer.

Pinpointing the level of disruption of this crosstalk would provide answers as to why

these defects are present in the ventricle wall. Since UMS patients may display VSDs, it

would be very interesting to pinpoint the molecular basis of this defect as well. Analysis
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of the adult heart of the heterozygous animals to determine the occurrence of VSDs will

establish this mutant as a murine model for UMS.
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