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SUMMARY

The formation of the embryonic axes are highly sensitive to the effects of retinoids.

Signaling by these dietary factors are mediated by a group of transcription factors called

the retinoic acid receptors (RARs). The objective of this thesis was to investigate the

roles of retinoid signaling in the patterning of the antero-posterior and left-right axes by

using mice harboring mutations for the RARs. This work demonstrated that retinoids

influence vertebral identities through a previously unsuspected role for the RARs late in

the formation of the vertebrae. Exogenous RA can also tmncate the axis, however,

previous studies were unsuccessful in defining the cellular and molecular basis for this

caudal regression phenotype. This was addressed by examining the effects of retinoid

excess on several tissue specific markers in the posterior embryo. I documented a specific

down-regulation of mesodermal markers, such as brachyury and wnt3a, m response to

retinoids, and therefore concluded that newly forming mesoderm is the primary site of the

lesion leading to the axial tmncations. Furthermore, this work generated novel insights

into the regulation of retinoid signaling in the caudal embryo by documenting a feedback

mechanism ofretinoid degradation involving the catabolic enzyme Cyp26Al. Finally, m

an effort to define new roles for the RARs, a gene replacement approach using a

dominant negative RAR was developed to circumvent redundancy among the RAR

genes. Indeed, this strategy demonstrated, for the first time, a role for retinoid signaling in

late heart looping morphogenesis involving the left side-specific determinant, pitx2.

Collectively, these results identify key effectors of RAR function during development

and significantly further our knowledge of the roles ofretinoid signaling in the patterning

of the embryonic axes.

KEY WORDS : Brachyury, cardiac looping, caudal regression, dominant negative,

pitx2, retinoic acid, retinoic acid receptor y, myocardium, vertebral patterning.
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SOMMAIRE

La formation des axes embryonnaires est hautement sensible aux effets des rétinoïdes

dont les médiateurs sont les récepteurs de l'acide rétinoïque (RARs). L'objectif premier

de cette thèse fut d'étudier les rôles des rétinoïdes dans rétablissement des axes antéro-

postérieur et gauche-droite, par l'utilisation de souris présentant des mutations pour les

RARs. Les résultats de cette étude ont démontré l'existence d'une nouvelle fonction pour

les RARs dans la formation tardive des vertèbres. L'excès d'AR peut également résulter

en une truncation axiale. Néanmoins, les études antérieures n'ont pu définir les bases

cellulaire et moléculaire associées au phénotype de régression caudale. Cette question fut

donc adressée en examinant les effets causés par l'excès de rétinoïdes sur l'expression de

plusieurs marqueurs spécifiques dans la région postérieure de l'embryon. Une diminution

de l'expression de certains marqueurs du mésoderme, tels que brachyury et wnt3a, fut

observée indiquant que le mésoderme en formation est le site primaire affecté menant aux

truncations axiales. De plus, les résultats obtenus ont pemiis de révéler de nouveaux

aspects de la régulation par les rétinoïdes en démontrant la présence d'un mécanisme de

rétro-action impliquant l'enzyme catabolique Cyp26Al. Finalement, dans le but de

définir de nouveaux rôles pour les RARs, une approche de remplacement de gène,

utilisant un RAR dominant négatif, fut développée afin de contourner la redondance

parmi les RARs. Cette stratégie pemùs de démontrer, pour la première fois, un rôle pour

les rétinoïdes dans le processus de morphogenèse tardive du cœur. En conclusion,

l'ensemble de ces résultats a mené à l'approfondissement de nos connaissances des rôles

des rétinoïdes, et de leurs effecteurs, dans rétablissement des axes embryonnaires.

MOTS CLES: Acide retinoïque, brachyury, dominant négatif, identité vertébrale,

morphogenèse du cœur, myocarde, récepteurs de l'acide rétinoïque, régression caudale,

pitx2.
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1.1 Vitamin A Signaling

A fundamental question of modem biological sciences is the identity of the genetic and

environmental factors that influence vertebrate development. The generation of animal

form is accomplished by highly inventive and adaptive iterative cellular processes that

are driven by conservative signaling pathways. The intrinsic aspects of development are

only now beginning to be understood genetically. Yet, animal morphogenesis is also

dependent upon extrinsic factors. The retinoids (vitamin A and its derivatives) are such

external agents that have dramatic capacity to modify and regulate vertebrate

embryogenesis. They interact with an organism's genome by specifically activating the

retinoic acid receptors (RARs), transcription factors that influence diverse embryological

processes such as cranio-facial, heart and nervous system development, among others.

1.1.1. Retinoid Biosynthesis And Binding Proteins

Retinoids are acquired in the diet from either animal sources in the form of retinal esters

or vegetal sources as provitamin carotenoids. Although these compounds exhibit

remarkably diverse functions, they are relatively simple, consisting of a p-ionone ring, an

isoprenoid tail and a polar end group that varies in its oxidation state. The parental

compound is vitamin A or retinal and is characterized by a hydroxyl group attached at its

end. The metabolism of vitamin A produces increasing polar molecules such as retinal,

which contains an aldehyde, and retinoic acid (RA), which harbors a carboxyl group at

its extremity (Fig. 1-1).

Dietary retinoids are absorbed from the enterocytes in the lumen or the mucosa of

the small intestine where its processing depends on its source. Retinyl esters are

hydrolyzed to retinal, whereas provitamin p-carotenoids are oxidized to retinal and

subsequently reduced to retinal (Gottesman et al., 2001; Napoli, 1999; Noy, 2000). The

retinol is then re-esterfied within the enterocytes and is packaged into chylomicrons.

These lipoproteins are secreted into the lymphatic system and the majority is taken up

and stored by the liver and other tissues. Bioactive retinoids, such as retinoic acid (RA),

are synthesized from retinyl ester stores in serial oxidation reactions catalyzed by various

enzymes.
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n Figure 1-1. Simplified depiction of the metabolism of vitamin A (retinol) and the role
of the various enzymes in each step.
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The major site of storage ofretinoids is the liver. It expresses a large diversity of

enzymes involved in the synthesis and metabolism of these compounds. The first step in

the synthesis of RA, the active form of vitamin A, involves the hydrolysis of retinyl

esters to produce retinal. The hydrolase activity that cleaves retinyl esters, such as retinyl

palmitate, in the liver have yet to be fully characterized but involve bile-salt dependent

and independent pathways (Gottesman et al., 2001; Napoli, 1999). Mobilized retinol

travels throughout the bloodstream complexed to retinal binding protein (RBP). This

protein is involved in secretion of retinol from hepatocytes but is not critically required

for the delivery of retinal to cells, as RBP mice are viable and fertile (Quandro et al.,
1999). Gottesman and colleagues (2001) have speculated that there exists several RBP-

independent pathways that deliver retinoids to target tissues. These include the circulation

of free RA circulating in the semm (estimated at 0.2-0.7% the concentration of retinol-

RBP), retinyl esters in chylomicrons and chylomicron remnants, soluble glucoronides of

retinal and RA, and provitamin A carotenoids that can be metabolized within diverse

tissues. However, as the retinoids are highly lipophilic, they can conceivably pass

through the cell membrane and enter cells passively.

t
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Once inside the cell, retinal or retinal associate with cytosolic binding proteins

called cellular retinal binding proteins (CRBPI and CRBPII). These conserved proteins

may be involved in the metabolism and storage of retinol. Both CRBPI and CRBPII

bound to retinal direct its esterification by lecithin retinol acyltransferases (LRAT), while

the absence of retinal bound to CRBPI stimulates the hydrolysis of retinyl esters (Ong et

al., 1988; reviewed in Gottesman et al., 2001; Noy, 2000). Another proposed function for

CRBPI to present retinal and retinal to specific dehydrogenases via direct protein-protein

interactions (Napoli, 2000; Noy, 20002). Thus, CREPI acts as an intracellular transporter

of retinal and retinal, facilitates the uptake of retinal from the blood, and enhances

retinoid metabolism and storage. These seemingly important roles are, however, not

required for viability as CRBPI null mutant mice are largely normal (Ghyselinck et al.,

1999). CRBPI mice do have reduced rctinyl ester stores and retinoid uptake in their

livers, supporting a modest requirement for this gene in retinoid storage and mobilization.

As mammals have an additional CRBP gene (CRBPII), it may compensate for the lack of

CRBPI. The difficulty in this hypothesis is that CRBPII is only transiently expressed in

the liver during embryogenesis, and is restricted to the small intestine of the adult.

CRBPI, on the other hand, is expressed in multiple tissues of the fetus and adult, being

particularly abundant in the liver (Gustafson et al., 1993). Additionally, CRBPII seems to

have a distinct function in the initial processing of vitamin A from food and may also

play a role in the targeting of retinal to microsomal enzymes for its reduction to RA. As

CRBP double null mutants have yet to be described, functional redundancy remains a

possible explanation for the lack of an obvious phenotype associated with CRBPI mice.
RA binds to another class of retinoid binding proteins, the cellular retinoic acid

binding proteins (CRAB PI and CRAB PII). These proteins are highly similar and are

widely expressed during embryogenesis, while in the adult the near ubiquitous expression

of CRABPI contrasts with the more restricted domain of CRABPII (i.e. skin, utems,

ovary, brain; Dollé et al., 1990; Fiorella et al., 1993; Perez-Castro et al., 1989; Ruberte et

al., 1991). These proteins are thought to render RA soluble in the cytosol and shuttle the

bioactive retinoid between different cellular compartments. CRAB PI also seems to

stimulate the formation of polar metabolites from RA by serving as substrate (when

complexed with RA) for microsomal enzymes such as CYP26 (Fiorella and Napoli,

l
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1991; Fujii et al., 1997; White et al., 1996). CRABPII associates with retinoid receptors

(RARa and RXRa) in a ligand-dependent fashion, raising the intriguing possibility that

CRABPII functions as a chaperone for RA by transporting it from the cytosol to the

nucleus where it is presented to RXR:RAR heterodimers (Delva et al., 1999). Whether

these observations have any physiological relevance was placed in doubt by the

generation of null mutations for these genes. CRABPI null mice are viable and fertile

(Gony et al., 1994), and with the exception of a mild limb phenotype, CRABPII and

CRABPI/CRABPII double null mutants are completely normal (Fawcett et al., 1995;

Lampron et al., 1995). Thus, in a vitamin A sufficient diet, there may be enough retinoids

within the cytoplasm to drive RA synthesis at levels competent for nonnal development

without the aid of these putative chaperones.

1.1.2. Biosynthesis Of Retinal

The oxidation of vitamin A to retinal is accomplished by at least two different families of

alcohol dehydrogenases that are grouped according to their size. Furthennore, the

synthesis of retinal from retinol is reversible (Fig. 1-1). In the presence of NAD, retinol is

oxidized by alcohol dehyrogenases, whereas NADPH favors the reverse reaction, (i.e. the

reduction of retinal to retinol), via the activities of members of the same family of

enzymes (Duester, 2000). Hence, they are often referred to as alcohol dehydrogenases/

reductases, whose activity depends on the availability ofprotonated cofactors.

Medium-chain alcohol dehydrogenases. These are cytosolic zinc metalloenzymes

represented by four classes in mouse (Adhl-4) and additional members in the chick

(ADH7) and frog (ADH8; Duester, 2000; Ross et al., 2000). ADH1, ADH2 and ADH4

have been reported catalyze the oxidation of retinal to retinal in a NAD-dependent

manner, with ADH4 being the most efficient (Duester, 2000). However, their specificity

is not limited to retinol as ethanol can also serve as a substrate (Ross et al., 2000). Adhl

is expressed in a variety of embryonic and adult tissues consistent with RA production

and is particularly abundant in the liver (Ang and Duester, 1999; Deuster, 2000; Vonesch

et al., 1994). ADH4 is also expressed in retinoid-target tissues but is absent from the

liver. Expression begins in the primitive streak coinciding with the onset of RA in the

embryo, and is subsequently detected in the trunk, forelimb bud, cranial neural crest and

l
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cranio-facial mesenchyme (Ang et al., 1996). Disruption of ADH1 or ADH4 function in

the mouse did not result in any defects, however, when challenged with a dose of retinol,

adhl and adh4 mice were compromised in their ability to synthesize RA (Deltour et

al., 1999a, 1999b). The lack of any severe phenotypes in ADH null mice demonstrates

the robustness of the retinoid biosynthetic pathway and is consistent with the relatively

large number of enzymes capable of oxidizing retinal (Fig. 1-1).

Shorî-chain dehydrogenases/reductases (SDRs). These enzymes are smaller than

ADHs and do not require a catalytic metal ion (Deuster, 2000). This group includes

RoDHl-4, RDH5, and ret SDR1, among others, which share extensive sequence

homology to one another. They associate with the microsomal fraction of cells and are

collectively widely expressed (Duester, 2000). In particular, RoDHl and RoDH2 are

abundant in the liver and kidneys and prefer NADP as a cofactor over NAD, and are thus

likely involved in the reduction of retinal to retinol. The physiological role of these

proteins in retinoid biosynthesis remains preliminary as the mouse mutations for SDRs

have not yet been reported.

1.1.3. Biosynthesis Of Retinoic Acid

The synthesis of RA from retinal is irreversible and requires its own set of specific

enzymes (Fig. 1-1; Deuster, 2000; Ross et al., 1999). They are cytosolic NAD-dependent

dehydrogenases such as ALDH1 (AHD2/RALDHI), ALDH6 and Raldh2 (ALDH1A7).

The earliest expression ofALDHl and raldh2 occurs in the primitive streak during mouse

gastrulation (Ang and Duester, 1997; Niederrether et al., 1997). For both of these genes,

and particularly for raldh2, transcripts are excluded from the node, but are enriched in the

surrounding mesoderm layer being generated by the priinitive streak. Shortly after

gastmlation, raldh2 is expressed throughout the posterior embryo with an anterior limit at

the base of the headfolds. At subsequent stages (E8.5 and onwards), raldh2 transcripts are

restricted to the mesoderm along the trunk of the embryo, the hindbrain, developing eye,

and in the somites (Fig. 1-2; Niederreither et al., 1997). Furthermore, its expression

seems to accompany the cranio-caudal formation of the somites, being initially detected

within the newly condensing somites in the posterior region, with expression increasing

substantially in more mature somites rostrally (Fig. 1-2). Raldh2 expression in the spinal
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posterior (lumbar) regions adjacent to the developing fore- and hind limb buds,

respectively (Niederreither et al., 1997). The anterior limit of expression never surpassed

the posterior-most hindbrain, while the posterior boundary remained fixed at the level of

the most recently formed somite throughout mouse development, and did not extend into

the caudal embryo (Fig. 1-2C; Niederreither et al., 1997). Expression in the limb buds is

restricted to the interdigital mesenchyme that eventually undergoes apoptosis.

Raldh2 activity seems to be highly specific for RA synthesis from retinal

precursors in the embryo (Haselback et al., 1999; Zhao et al., 1996). In a rare example of

the lack of functional redundancy in the retinoid biosynthetic pathway, the null mutation

of raldh2 results in embryo lethality and a syndrome of abnormalities that are consistent

with a role for this enzyme in RA synthesis during development (Niederreither et al.,

1999). Particularly, raldh2 embryos display severe heart, neural tube, hindbrain and
neural crest cell defects, and caudal axial tmncations (Niederreither et al., 1999, 2000,

2001). Importantly, these tissues are often targeted by aberrant retinoid signaling in both

avians and mammals (Means and Gudas, 1995; Zile, 1998, 2001). Niederreither and

colleagues (1999) also demonstrated that the raldh2 lacked RA, as the expression of a

RA responsive transgene was lost in the mutants. These studies therefore suggest that

Raldh2 is the principal RA synthesizing enzyme during mammalian embryogenesis.

i!

J

1.1.4. Cyp26Al And RA Caîabolism

Developmental processes are highly sensitive to the effects of bioactive retinoids (Collins

and Mao, 1999; Means and Gudas, 1995). Controlling the availability of RA during

development is accomplished by the regulated expression of RA biosynthetic enzymes, as

briefly outlined above. In addition, vertebrates have also evolved RA degradative

pathways to counteract the teratogenic effects of this molecule and strictly regulate RA

levels during embryo genesis. Within the last few years, a novel family of cytochrome RA

hydroxylases represented by P450RAI/Cyp26Al, has been identified (Fujii et al., 1997;

Ray et al., 1997; White et al., 1996). This enzyme is highly conserved between mice and

humans (93% identity) and is believed to play a major role in inactivating retinoids by

catabolizing RA into more polar compounds (Abu-Abed et al., 1998). Over-expression of t
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Cyp26 in several different cell lines leads to the production of 4-oxo-RA, 4-OH-RA, and

18-OH-RA from att-trans-RA (Fig. 1-1; Fujiï et al., 1997; White et al., 1996, 1997).

Furthermore, the oxidation of RA generating more polar metabolites reduces its

biological activity and likely initiates its ultimate destmction (Fiorella and Napoli, 1994;

Fujii et al., 1997; White at al., 1996, 1997). Interestingly, this enzyme is involved in a

positive feedback loop with RA directly regulating its expression in cells and in the

embryo (Abu-Abed et a/., 1998; Fujii et al., 1997; Ray et al., 1997; White et al., 1996).

Indeed, White and colleagues (1996) isolated Cyp26Al based on a differential screen for

RA-induced transcripts. Moreover, the proximal promoter region of this gene has been

found to harbor a conserved retinoic acid response element (RARE) that binds RXRoc/

RARy heterodimers in vitro and is required for efficient induction of reporter gene

expression in response to RA (Loudig et al., 2000). This suggests that it serves to protect

the embryo from retinoid toxicity, as increased levels of RA lead to increased expression

of Cyp26Al and subsequently enhanced degradation of the retinoid. Consistent with this,

the over expression of cyp26Al in Xenopus embryos inhibits the teratogenic effects of

RA on neurectodennal development (Hollennann et al., 1998).

The earliest expression of cyp26Al is in the primitive streak of the gastmlating

mouse embryo as a posterior-high gradient (Fig. 1-2; deRoos et al., 1999; Fujii et al.,

1997). Transcripts are also transiently detected in the neuroepithelium and mesoderm

anterior to the node during head fold formation stages (E7.5-8), where the future CNS

forms (deRoos et al., 1999; Fujii et al., 1997; MacLean et al., 2001; Swindell et al.,

1999). The node and its derivative, the notochord, do not express this gene during these

stages in both the chick and mouse. At later stages (E8.5 and onwards), abundant

cyp26Al transcripts are found in the neuroepithelium, mesoderm and hindgut in the open

caudal neuropore of the embryo (Fig. 1-2C). This expression is maintained in the

posterior region as it develops into the tail bud. Other sites of cyp26Al expression include

the condensing mesenchyme of the limb buds, medial aspect of the developing eye,

endocardium of the rostral and caudal heart, prospective second rhombomere, first

pharyngeal arch ectoderm, migrating rhombomeric neural crest cells, and the cranial

ganglia (deRoos et al., 1999; Fujii et al., 1997; MacClean et al., 2001). These populations

are highly sensitive to the effects of excess RA, and agree with a role for this enzyme in
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limiting retinoid signaling to pemiit normal development (Means and Gudas, 1995). In

the adult, cyp26Al transcripts are detected primarily in the liver, consistent with a role in

retinoid metabolism (Ray et al., 1997).

Recently, the importance of Cyp26Al during mammalian development was

confirmed by the targeted mutagenesis of this gene (Abu-Abed et al., 2001; Sakai et al.,

2001). These mutants display malfonnations striking similar to those evoked by excess

RA. For instance, cyp26Al~/~ embryos exhibit a severe truncation of the caudal embryo

and posterior transformations of the cervical vertebrae. However, the rostral hindbrain is

largely normal in these mutants. This is puzzling in light of the fact that excess RA has

been shown to perturb this region (Galvalas and Krumlauf, 2000). A possible explanation

may be a partial functional redundancy with a second Cyp26 member (P450RAI-

2/Cyp26Bl), which is highly expressed in the developing hindbrain throughout its

development from E8.5 to Ell.5 (MacLean et al., 2001; White et al., 2000a). Indeed,

cyp26Bl expression in the hindbrain is much greater and more extensive than that of

cyp26Al, supporting the possibility for functional redundancy between the two genes in

the posterior CNS. Cyp26Bl is also highly expressed in the ectoderm and endoderm of

the caudal pharyngeal arches, which nicely complements the mesenchymal expression of

cyp26Al in this region. (Fujii et al., 1997; MacClean eî al., 2001). Additional regions of

cyp26Bl expression include the developing limb bud during its outgrowth phase. Despite

possibly redundancies between the Cyp26 family members, these results generally

support a role for Cyp26Al in the generation of RA deficiencies within particular

embryonic regions and at specific times during development.

1.2. Embryonic RA Distribution

J

Determining the tissues that contain vitamin A derivatives is of primary interest to

retinoid biology. Initial studies have identified the posterior region of the limb bud (the

zone of polarizing activity or ZPA) as a source of RA that was believed to assign

posterior pattering information to the developing autopod (reviewed in Hofmann and

Eichele, 1994). In the same vein, others have noted that presumed RA production in the

organizer tissue, such as the mouse node (see below), and midline tissues (floorplate and
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notochord) are able to induce rmrror-image duplications of digits when grafted onto

anterior regions of the chick wing bud (Chen et al., 1992; Chen and Solursh, 1992;

Hogan et al., 1992). Importantly, it was noted that organizer tissues from avians and

amphibians also contain high levels of endogenous retinoids (Chen et al., 1992, 1994).

These interesting observations led to the hypothesis that RA functions as a conserved

posteriorizing signal in the vertebrate embryo. Subsequent work in the mouse and chick

embryo has revealed that the node and midline tissues themselves do not contain

retinoids, but that the mesoderm surrounding these tissues do (Horton and Maden, 1995;

Maden et al., 1998). Furthermore, the polarizing activities of the notochord and floorplate

detected in these assays were likely due the abundant expression of Sonic Hedgehog

(Shh) protein in these tissues (Echelard et al., 1993; Riddle et al., 1993). Shh is also

expressed in the posterior margin of the early limb bud and in itself can mediate the

effects of the ZPA (Echelard et al., 1993; Riddle et al., 1993). In support of this,

organizer tissue from vitamin A deficient (VAD) quail embryos is still able to induce

limb duplication in heterotopic grafts in chick wing buds (Chen et al., 1996). Shh

expression was found to be unaffected in VAD tissues, likely accounting for their

observed limb-inducing abilities in grafting experiments. These initial claims of

organizer-like properties of retinoids have therefore been tempered with a more limited

role for these molecules in the antero-posterior patterning of the various axial and

apendicular structures, principally by regulating Homeobox (Hox) gene expression (see

below; Conlon, 1995; Gavalas and Kmmlauf, 2000; Means and Gudas, 1995).

J

7.2.7. Retinoid Distribution Reflects The Expression Of Biosynthetic And Degradative
Enzymes

As one might expect, the level and distribution of bioactive retinoids closely parallel the

distribution ofRA biosynthetic and degredative enzymes, such as Raldh2 and Cyp26Al,

respectively (Fig. 1-2; Fujii et al., 1997; McCaffery and Drager, 1994; McCaffery et al.,

1999; Niederreither et al., 1997). This becomes obvious by early somitogenesis stages,

with the lack of RA from the posterior embryo occurring concomitantly with the up-

regulation of Cyp26Al. As a result, a very sharp boundary of RA-containing and RA-

deficient regions is created at the interface between the nascent posterior mesoderm and
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developing somites. This has been strikingly demonstrated by the expression of an RA-

responsive transgene in the mouse embryo (Balkan et al., 1992; Mendelsohn et al., 1991;

Rossant et al., 1991). These transgenic mice harbor a P-gal reporter gene driven by a

tandem repeat of the RARp2 RARE, which is activated in a manner that closely reflects

the distribution of endogenous retinoids determined by HPLC and F9 reporter expiant

assays (Horton and Maden, 1995; Maden eî al., 1998; Wagner et al., 1992). Particularly,

the transgenic embryos show abundant P-gal activity throughout the trunk and

developing spinal cord with a clear posterior boundary at the caudal-most (i.e. most

recently formed) somite, and an anterior boundary at the level of the posterior hindbrain.

HPLC studies in the chick embryo also reveal a sharp transition between retinoid-

rich and retinoid deficient regions in the equivalent anterior and posterior regions (Maden

et al., 1998). However, in the gastmlating chick embryo, raldh2 and cyp26Al expression

are highly complementary (Swindell et al., 1999). In contrast to the mouse, the authors

found little or no cyp26Al expression in the posterior chick embryo, but abundant

expression was seen anterior to the node in the ectodemi surrounding the notochord.

Interestingly, they also observed a gradient of raldh2 expression in the mesoderm

surrounding the primitive streak and Hensen's node, with the higher levels in anterior

mesoderm. Indeed, unlike mammalian embryos, the posterior-most mesoderm in the

chick gastrula does not express raldh2. In both cases, however, bioactive retinoids are

expected to be low or lacking in the posterior region of the embryo. Thus, the two species

have evolved different ways to keep the caudal-most mesoderm relatively free of RA,

elegantly demonstrating the mechanistic conservatism of vertebrate development.

Further differences between avians and mammals include the type of retinoids

found in embryonic tissues. In the chick embryo, for example, didehydro RA is the most

abundant bioactive retinoid and seems as effective as aïï-trans-RA in inducing retinoid-

responsive reporter gene expression in cells (Maden et al., 1998). In the mouse embryo,

aïi-trans-RA was the only RA detected (Horton and Maden, 1995). Although 9-cis-RA

isomer can be generated from retinoid precursors in cells (Pig. 1-1), and is able to bind

and activate retinoid receptors, it has not been detected in embryonic tissues in the mouse

nor chick (Chambon, 1996; Horton and Maden, 1995; Maden et al., 1998). This remains

a matter of contention as a dehydrogenase specific for the 9-cis retinol isomer was
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identified in the mouse embryo (Romert et al., 1998). Furthermore, this enzyme displays

restricted embryonic expression in regions that require retinoid signaling, such as the

developing spinal cord, eye, somites and the heart. However, due to the lack of detection

of 9-c;5'-RA during mouse development, its physiological role remains uncertain.

3

7.2.2. Dorso-Ventral Distribution OfRetinoids In The Embryonic Axis

Retinoid levels in the developing vertebrate axis are distributed as an increasing

concentration along the ventral-dorsal axis, with the highest levels detected in spinal cord

throughout embryogenesis (Fig. 1-2C; Horton and Maden, 1995; Maden et al., 1998;

JVtcCaffery and Drager, 1994; Wagner et al., 1992). This contrasts with an earlier more

uniform retinoid distribution in the primitive streak, which includes all tissues posterior

to, but excluding, the node (Fig. 1-2A). At later stages, regions containing moderate to

high levels of retinoids include the mesenchyme surrounding the hindbrain, somites, eyes

and limb bud mesoderm. Sites containing relatively low retinoids are the pharyngeal

arches and frontonasal mass, lateral plate mesoderm, and the heart (Maden et al., 1998).

Importantly, the node and anterior CNS neuroepthelium have no or barely detectable

levels of retinoids, respectively. This is in accordance with the recent analyses of raldh2

and cyp26Al expression, confirming that RA is produced in mesodenn surrounding the

node and not within the organizer itself (Fig. 1-2).

l

J

1.2.3. Implications For Developmental Mechanisms

Perhaps the most interesting observation derived from these studies is that regions rich in

bioactive retinoids seem to be distributed adjacent to retinoid-deficient ones, creating

sharp boundaries, instead of gradients, of retinoids across embryonic tissues, as was

initially assumed (Chen et al., 1992; Hofmann and Eichele, 1994). The implications for

developmental mechanisms are profound as it suggests that retinoids do not behave as

morphogens. To be a morphogen, a molecule must spread out from a localized source to

form a concentration gradient along an embryonic axis and directly influence the types of

cells formed along that gradient (Lawrence, 2001). Morphogens presumably pattern

tissues by virtue of the generation of different cell types depending on the graded
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n Figure 1-2. RA distribution and cyp26Al and raldh2 expression in the mouse embryo.

(A) RA distribution and (B) expression ofcyp26Al and raldh2 in the late primitive streak
stage. (C) RA distribution and (D) expression ofcyp26Al and raldh2 in 9 day old mouse
embryos [Please refer to text for references].
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concentration of the molecule. The idea that molecular gradients pattern tissues is a

powerful and unifying one in developmental biology and has been given much support

within the last few years (Tabata, 2001). Shh is an example of a morphogen that

influences the development of diverse neuronal cell types along the dorso-ventral axis in

response to a ventral-high gradient of the protein (Ericson et al., 1997; McMahon, 2000;

Tabata, 2001). Yet, retinoids do not appear to influence cell fate decisions simply based

on concentration as they are distributed in an almost uniform manner along the antero-

posterior axis. The infonnation supplied by RA may involve an all or none decision

making process at the boundaries of retinoid-enriched and deficient areas at particular

times of development. During gastmlation, when retinoids are abundant in the primitive

streak, they likely instruct ingressing presumptive paraxial mesoderm to adopt

progressively more posterior fates (see section 1.6). At later stages, when somitogenesis

is well underway, RA diffusing from the trunk may influence the condensation of newly

forming paraxial mesoderm in the caudal embryo.

It remains possible, however, the cells at the on/off retinoid boundaries at the

extremities of the spinal cord experience a steep gradient of RA, and that this gradient

can pattern the intervening tissues. For instance, at the anterior end of the spinal neural

tube near the hindbrain (or rhombencephalon), RA can presumably bias rhombomeric

identity to more posterior fates in a gradient-dependent manner by inducing a cohort of

hox gene expression (see below; Gavalas and Krumlauf, 2000). This phenomenon

provides the most compelling evidence yet for the existence of a retinoid gradient,

however steep, that is able to pattern tissues, and is discussed at length in section 1.6.3.

1.3. Retinoic Receptors: Transducing The RA Signal

J

1.3.1. The Retinoic Acid Receptors

The discovery that RA exerts its function by binding to a group of transcription factors,

referred to as the retinoic acid receptors (RARs), revolutionized our understanding of

retinoid biology (Giguère et al., 1987; Petkovich et al., 1987). The principal ligands that

are able to bind to activate the RARs are both aïl-îrans- and 9-cis-RA (Allanby et ai,

1993). The RARs belong to the nuclear receptor (NR) superfamily of ligand-induced
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transcription factors that includes steroid honnone receptors, thyroid hormones, and

vitamin Ds receptors, among others (Mangelsdorf ef al., 1995). In mammals, the RARs

are represented by three members (a,?, and y), which share a modular structure

characteristic of the nuclear receptors that includes six regions (A-F; Fig. 1-3; Chambon,

1996). These regions encode a DNA binding domain (DBD), ligand-binding domain

(LBD), and both ligand-dependent and independent transcriptional activation functions.

With the exception of the carboxy-tenninal F region, these receptors show remarkable

species conservation, with amino acid identities reaching as high as 97% in the LBD

region (Chambon, 1996; Lohnes et al., 1992; Mangelsdorf ef al., 1995). Moreover, the

conservation of a given receptor type across species is greater than the degree of

conservation of the three RAR types within a given species. This implies that each RAR

type performs unique functions.

Amino-terminal (A/B) domain. Additional complexity in RAR signaling results

from the generation of isoforms that differ in their amino-terminal A region (Lohnes et

al., 1992). This is achieved by alternative splicing and the use of two separate promoters,

Pl and P2 (Chambon, 1996). For RARa and RARy, alternate promoter usage produces

two isoforms (RARal, a2, and RARyl, y2), while for RARR, the combination of

alternate promoter usage, differential splicing, and an isoform-specific start codon creates

four isoforms (RARpl-p4; Lohnes et al., 1992; Nagpal et al., 1992; Zelent et al., 1991).

The amino-tenninus harbors a transcription activation function, called AF-1, that

is required for the full transcriptional activity of the RARs (Folkers et al. 1993; Nagpal et

al., 1993). This transcription activation domain functions independently of ligand

binding, however it synergizes with a ligand-dependent transcription activation function,

referred to as AF-2, located in the carboxy-terminus of the RARs (see below; Nagpal et

al., 1993; Taneja et al., 1997). Amino-terminal RAR isoforms have been conserved

during evolution, suggesting a possible mechanism for generating tissue-specific

differences in RAR function by modulating the availability of the AF-1 domain.

Interestingly, AF-1 region undergoes regulatory phosphorylations at conserved serine

residues from cyclic-dependent kinases, among others, that enhance both the ligand-

dependent and independent transcriptional activities of the RARs (Bastein et al., 2000;

Delmotte et al., 1999; Rochette-Egly et ai, 1997, Taneja et al., 1997). As this kinase



^1

^

16

activity seems to be mediated by a complex containing TFIIH holoenzyme and CDK7, it

raises the intriguing possibility that RARs may activate transcription in part by

stimulating the formation of the initiation complex. Thus, several different signaling

pathways can affect the transcriptional activity of the RARs through the phosphorylation

of their amino-terminal region.

DNA-binding (C) domain. RARs, like all transcription factors, contain a

sequence-specific DBD that recognizes a core consensus half-site of the retinoic acid

response element (RARE; see below). It is composed of two alpha helices, the first of

which, the recognition helix, makes direct contacts with the bases of target DNA

sequences located in the major groove (Perlmann et al., 1993; Schwabe et al., 1993;

reviewed in Aranda and Pascula, 2001; Mangelsdorf and Evans, 1995). The recognition

helix contains one of two zinc finger motifs that are unique to the NRs. The second alpha

helix encompasses the carboxyl tenninus of the second zinc finger which projects away

from the recognition helix at a right angle and is involved in receptor dimerization with

another class of retinoid receptors, called the retinoid x receptors or RXRs (see below;

Froman et al., 1989; Gampe et al., 2000; Kurokawa et al., 1993; Perlmann et al., 1993;

Rosenetal., l993;Zeche\et al., 1994a, 1994b).

Ligand binding (E) domain. The LBD is a complex multifunctional region that is

involved in ligand binding, receptor dimerization, ligand-dependent transcriptional

activation, and co-factor interactions (Aranda and Pascual, 2001; Chambon, 1996;

Mangelsdorf and Evans, 1995; Rosen et al., 1993). It is composed of 12 conserved

helices (H1-H12) and a P-tum between helices 5 and 6 (Renaud et al., 1995; Wurtz et al.,

1996). These motifs are folded into an intricate triple-layered anti-parallel helical

sandwich, with a central core of several helices squeezed between two layers of protein

structure to create the ligand binding pocket. This cavity is predominantly hydrophobic

and forms extensive contacts with RA deep within the ligand binding domain.

Perhaps the most important function of the retinoid receptors is encoded by the

ligand-dependent transcription activation function, AF-2, located at the carboxyl

extremity of the LBD. This highly conserved motif mediates the induction of target

promoters by various NRs in response to ligand (Barettino et al., 1994; Danielian et al.,

1992; Durand et al., 1994; Webster et al., 1988). In the absence of ligand, the AF-2
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module extends an amphipathic a-helix (helix 12) at a 45° angle from the core structure

(Bourguet et al., 1995; Renaud et al., 1995; Wurtz et al., 1996). The addition of RA

dramatically alters this structure, resulting in a significantly more compact LBD.

Crystallographic analysis of a ligand-baund RARa carboxyl-terminal region

demonstrates that the AF-2 core, which is contained in helix 12, bends towards the main

body of the LBD to cover the RA bound within its pocket (Renaud et al., 1995). The

folding over of helix 12 has been compared to a mouse-trap, that acts to capture RA

buried deep within the core of the LBD (Wurtz et al., 1996). This, in addition with other

less dramatic structural movements, generates a binding surface for co-activator proteins

on the exterior of the molecule, while maintaining a highly hydrophobic interior that is

intimately interacting with the ligand (Feng et al., 1998). Herein lies the key to retinoid

function: these small lipophilic molecules act as a switch that is able to transform the

retinoid receptors into potent transcriptional activators.

Hinge (D) region. Between the DBD and LBD lies the hinge region. It confers a

certain degree of rotational flexibility to the DBD, which is important for efficient

dimerization ofNRs on consensus DNA binding elements (Mader et al., 1993a). This

domain is also involved in the binding of co-repressors, and cooperates with the primary

sites of co-repressor binding in the LBD (reviewed in Aranda and Pascual, 2001;

Chambon,1996).

i

j;

Figure 1-3. Modular stmcture of the retinoic acid receptors.
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1.3.2. The RetinoidX Receptors: The Heterodimer Partner Of The RARs

Following the isolation of the RARs, several laboratories discovered that their effect on

transcription can be potentiated by another group ofretinoic acid receptors, the retinoid x

receptors (RXRs; Leid et al., 1992; Mangelsdorf ef al., 1990; Yu et al., 1991). The RXRs
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are also members of the nuclear hormone receptor superfamily and thus display a

modular structure highly similar to the RARs (Fig. 1-3). As with the RARs, multiple

isofomis also exist for the three RXR genes (RXRal, oc2, |3l, p2,yl, and Y2; Chambon et

al., 1996). The homology between the RARs and RXRs is quite low, and suggests that

they have diverged relatively early in vertebrate evolution (Chambon, 1996). Indeed, a

RXR homolog exists in invertebrates, whereas the RARs have no counterpart outside the

vertebrate phylum (Oro et al., 1990). Another difference between the two retinoid

receptor types is that RXRs can only bind the 9-cis-RA isomer, whereas RARs can

associate with both alï-trans and 9-cis-RA (Allenby et al., 1993; Heyman et al., 1992;

Levin et al., 1992; Zhang et al., 1992; reviewed in Mangelsdorf et al., 1994; Mangelsdorf

and Evans, 1995). RXRs act as rather promiscuous heterodimer partners for a number of

nuclear hormones receptors, including retinoic acid, thyroid honnone and vitamin Da

receptors, among several others (Mangelsdorf and Evans, 1995). They can also function

as homodimers depending on the RARE type, whereas they are obligatory heterodimers

with the RARs (Kurokawa et al., 1993, 1994; Mader et al., 1993a; Perlmann et al., 1993;

Zechel et al., 1994a; Zhang et al., 1992). Within the RXR/RAR heterodimer, an RXR-

selective ligand alone is unable to activate transcription of a reporter gene, while the

addition of a RAR-specific ligand, such as all-lrans-RA is able to induce transcription

(Minucci et al., 1997). This suggests that ligand binding to the RAR partner is an

obligatory initial step in the activation ofretinoid target genes.

J

1.3.3. Retinoic Acid Response Elements (RAREs)

The retinoid receptors bind to direct repeats of a conserved hexameric motif with the

following consensus: PuG(G/T)TCA (Aranda and Pascual, 2001; Chambon, 1996;

Mangelsdorf et al., 1994). These response elements, referred to as retinoic acid response

elements (RAREs), have been identified in the promoter regions of several genes,

including the RARs themselves, some hox genes, and CRBPI and CRABPI, among

others (Mangelsdorf et al., 1991; Mangelsdorf et al., 1994; Means and Gudas, 1995;

Sucov et al., 1990). The spacing between the repeats of the core RARE consensus is

variable, but a separation of the hexameric motifs by five CDR5) or two (DR2)

nucleotides seems to be optimal for RXR/RAR binding (Mader et al., 1993b).
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Furthermore, the sequences flanking the RAREs greatly influence receptor binding.

Interestingly, RXR/RAR heterodimers bind to response elements more efficiently than do

RXR homodimers, suggesting that the former constitutes the functional receptor complex

in vivo (Mader et al., 1993a). Additionally, several groups have shown that the

heterodimer partner of RXR occupies the 3' consensus half-site and that this orientation

is conferred by the dimerization interface contained within carboxyl terminal portion of

the DNA-binding domain (Kurokawa et al., 1993; Mader et al., 1993a; Perlmann eî al.,

1993; Zechel et al., 1994a, 1994b). Indeed, cooperative binding of RXR/RAR and

RXR/TR heterodimers were only observed when the RXR partner occupied the 5' half

site. In support of these binding studies, crystallographic analyses of the RXR/TR pair

has revealed that the RXR partner binds to the upstream hexameric DNA repeat

(Rastinejad et al., 1995). These observations therefore strengthen the hypothesis that the

RXR/RAR heterodimer is the functional receptor complex that is involved in binding to

and activating the promoters of target genes.

1.4. Retinoid Receptors And Transcriptional Activation

1.4.1. RARs And Transcriptional Co-Repressors

The transcriptional prowess of the RARs is modulated different groups of co-factors that

can either suppress or activate transcription in a ligand-dependent fashion. Several

important developments within the last few years have shed light on the regulatory

machinery that mediates transcriptional repression confen-ed by unliganded nuclear

receptors (Aranda and Pascual, 2001; Glass and Rosenfeld, 2000). Particularly, two large

highly related proteins, termed N-CoR (nuclear receptor co-repressor) and SMRT

(silencing mediator for RARs and TRs), have been independently isolated as RAR and

TR interacting factors that mediate transcriptional repression by the NRs (Chen and

Evans, 1995; Horlein et al., 1995). They define a novel class of co-repressor proteins that

interact strongly with unliganded NRs. Moreover, expression of N-CoR or SMRT in

tissue culture experiments led to a potent repression of both a TR and RAR responsive

reporters in a ligand-independent manner (Chen and Evans, 1995; Hôrlein et al., 1995).

Hôrlein et al. (1995) also determined that NRs interact with these proteins largely
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dissociation of the co-repressors from the NRs concomitant with the induction of reporter

gene expression (Chen and Evans, 1995; Hôrlein et al., 1995). This ligand-dependent

release of co-repressors likely results from the loss of co-repressor binding surfaces due

to the dramatic conformational changes that occur within the LED of NRs (Glass and

Rosenfeld, 2000; Wurst et al., 1996).

3

1.4.2. Co-Repressors And Histone Deacetylation

The primary amino acid sequence of N-CoR and SMRT initially offered little insight into

the nature of how they mediate transcriptional repression. They contain three unrelated

repression domains (RDI, RD2, and RD3) and a carboxyl terminal NR interaction

domain consisting of a bipartite motif (Hôrlein et al., 1995; Hu and Lazar, 1999; Perissi

et al., 1999; reviewed in Glass and Rosenfeld, 2000). Subsequent studies linked the co-

repressors to a conserved histone deacetylase machinery which is thought to inactivate

transcription by rendering chromatin more compact and relatively inaccessible to the

basal transcription machinery (Alland et al., 1997; Heinzel et al., 1997; Nagy et al.,

1997). This is accomplished by the deacetylation of lysine residues within the amino-

terminal tails of core histones (Ayer, 1999; Glass and Rosenfeld, 2000). Moreover, the

acetylation state of the core histones is an important determinant of transcriptional

activity (Marmorstein, 2001). A simple model of acetylation and transcription holds that

in the absence of acetyl groups, histone tails are predominately basic and associate tightly

with the acidic DNA backbone. As a consequence of this, the DNA becomes inaccessible

to transcriptional activators leading to repression.

The principal enzymes involved in the deacetylation of chromatin are the HDACs

(histone deacetylases). There are at least 7 members identified to date that are related to

the yeast global transcriptional represser, Rpd3p (Ayer, 1999). They fonn the enzymatic

core of large multiprotein complex that are conserved in all eukaryotes. In mainmalian

cells, there are two distinct represser complexes, both containing HDAC1 and HDAC2,

but differing primarily by the presence of a scaffolding protein, mSin3A (Huang et al.,

2000). It is through mSin3A that NRs are able to recmit HDACs. Several groups have

demonstrated that SMRT and N-CoR exert their repressive function by forming a ternary
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complex with HDACs via mSin3A or mSin3B (Alland et al., 1997; Heinzel et al., 1997;

Nagy et al., 1997). N-CoR/SMRT recruits mSin3A through their amino terminal

represser domain (RDI), and also directly interacts with HDACs via RD2 and RD3.

Thus, in the absence of ligand, RARs associate with N-CoR/SMRT which recruit histone

deacetylases principally by associating with the molecular scaffolding proteins mSin3A

and mSin3B (Fig. 1-4). Furthermore, the ternary complex formed by RAR (or TR) bound

to N-CoR/SMRT, and HDACs via mSin3A is sufficient to confer active repression on

RARE (or TRE) reporters in vitro (Nagy et al., 1997). These observations suggest that

unliganded RARs function to target histone deacetylases to RARE-containing promoters

and specifically repress the transcription of retinoid-responsive genes by localized

increases in histone-DNA interactions.

1.4.3. RARs, Trans criptional Co-Activators, and Histone Acetylation

The simple addition of RA converts RARs from transcriptional repressors to activators.

Clues as to the nature of this interesting behavior occurred with the isolation of several

proteins that are able to mediate the activational properties of the NRs (Glass et al., 1997;

Freedman, 1999). Among the first in a series of discoveries is the identification of a new

family of transcript! onal co-activators called CREB-binding protein (CBP) and p300

(Chakravarti et al., 1996; Kamei et al., 1996). These large highly similar proteins contain

multiple zinc-finger domains that interact with a variety of transcription factors including

RARs (Glass et al., 1997). Moreover, CBP/p300 specifically associate with the LBD of

the RARs in a ligand-dependent manner, and this interaction leads to increased activation

of RA reporters in cell culture (Chakravarti et al., 1996; Kamei et al., 1996).

Interestingly, CBP/p300 contain histone acetyltransferase (HAT) activity that can

acetylate both free and nucleosomal histones (Bannister and Kouzarides, 1996; Ogryzko

et al., 1996). The acetylation of histones in their amino terminal tails results in a

decreased affinity between core histone subunits and therefore relaxes the compaction of

DNA in chromatin (Fry and Peterson, 2001; Marmorstein, 2001). As this is associated

with increased transcriptional activation, CBP/p300 likely confers transcriptional

activation by the RARs via the co-activator HAT domains (Fig. 1-4). In support of this,

Dilworth et al. (1999) have shown that CBP enhanced transcription mediated by RA
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binding to RXR/RAR heterodimers on a chromatinized reporter. Furthermore, the

addition ofRA leads to a rapid but transient increase in the acetylation ofhistones, and is

associated with the activation ofretinoid target genes (Chen et al., 1999). This study thus

suggests a link between retinoid receptor function and histone acetylation, consistent with

the involvement ofHAT-containing co-factors in transcriptional activation by the RARs.

The identification of an additional family of co-activators able to interact with

liganded NRs, termed the pl 60 proteins (due to their molecular weight), further indicates

the importance of co-regulation in honnonal and retinoid signaling (Chen et al., 1997;

Torchia et al., 1997; Voegel et al., 1998; Yao et al., 1996; reviewed in Freedman, 1999;

Glass et al., 1997; Glass and Rosenfeld, 2000). The are currently three related members

of the pl60 co-activators including SRC-l/N-CoA-1 (steroid receptor co-activator-l/

nuclear receptor co-activator-1), TIF2/GRIPl/N-CoA-2 (transcriptional intermediary

factor 2/glucocorticoid receptor interacting protein/nuclear receptor co-activator 2), and

p/CIP/ACTR/AIBl (p300/CBP interacting protein/activator of the thyroid and RA

receptor/amplified in breast cancer l). Like CBP/p300, pl 60 proteins associate with

RARs in a RA-dependent manner (Chen et al., 1997; Torchia et al., 1997; Voegel et al.,

1998; Yao et al., 1996). They also possess intrinsic HAT activity which is essential for

mediating the transcriptional activation of the RARs and other NRs (Korzus et al., 1998;

Spencer et al. 1997). Importantly, not only do pl 60 proteins bind RARs, but they directly

associate with CBP/p300, thereby forming co-activator complexes with NRs that mediate

transcriptional activation via their HAT activities (Chen et al., 1997; Torchia et al., 1997;

Yao et al., 1996). These HAT-containing co-activator complexes are believed to be

preformed and are recruited to RARs in the promoters of target genes in response to

ligand binding. Furthermore, the targeting of several HAT proteins to promoters via the

RARs illustrates the primacy of histone acetylation in gene activation. An interesting

possibility for a scaffolding role for the pl 60 co-activators is suggested by the presence

of a highly conserved bHLH-PAS domain in their amino terminus. As these domains

mediate protein-protein interactions, the pl 60 members may catalyze the formation of a

transcription-competent complex.

The role of histone acetylation in RAR-mediated transcriptional activation was

strengthened by the identification of a multi-subunit complex containing a homolog of
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the prototypical yeast histone acetyltansferase GCN5, termed p/CAF (p300/CBP

associated factor; Blanco et al., 1998). P/CAP is able to acetylate both free and

nucleosomal core histones in response to RA in cell culture. It is therefore a HAT protein

that is distinct from the pl60 co-activators but that nonetheless is able to associate with

RXR/RAR heterodimers in a RA-dependent fashion via the LBD of the RAR partner

(Blanco et al., 1998; Korzus et al., 1998). Moreover, it also interacts with CBP/p300, and

its overexpression leads to an increased activation ofretinoid reporter genes.

Interestingly, biochemical analysis of the p/CAF complex reveals that it contains

several TAFs that were previously shown to be part of the TFIDD complex (Ogryzko el

al., 1998). Another resemblance to TFIED is the presence of histone-like subunits within

the p/CAF complex. These surprising findings suggest that P/CAF bridges the gap

between RXR/RAR heterodimers, co-activator complexes containing pl60 and

CBP/p300, and the basal transcription apparatus. Thus, in response to RA, RXR/RAR

recruits a vast HAT machinery that transduces the retinoid signal to the basal apparatus

by locally unraveling chromatin and enabling transcriptional activation.

1.4.4. Bridging To The Basal Transcription Machinery: TRAP/DRIP Complexes

Recent developments have identified protein complexes that can bridge the gap between

the NRs, their co-activators and the basal transcription machinery. In addition to the

p/CAF complex described above, another unrelated NR-associating complex has been

isolated. This includes the TRAP/DRIP (thyroid receptor associated protein/vitamin Ds

receptor interacting protein) complexes that contain at least 10 subunits and associates

with NRs in a ligand-dependent manner primarily through a single component,

TRAP220/DRIP205 (Fondell et al., 1996; Lee et al., 1995; Rachez et al., 1998; Yuan et

al., 1998). Interestingly, TRAP/DRDP complexes do not possess intrinsic HAT activity,

but are able to enhance transcription on chromatinized templates, raising the possibility

that they activate transcription independently of the HAT machinery. In support of this,

several subunits of the TRAP/DRIP complexes are homologous to those found in the

yeast Mediator complex, which associates with the carboxyl terminal tail of RNA

polymerase II to form the holoenzyme (Gu et al., 1999). This suggests that the function

of TRAP/DRIP complex is to indirectly link ligand-activated NRs to the basal
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transcription apparatus, and possibly, to recruit RNA polymerase II to RXR/RAR-bound

promoters. However, the functional significance of this complex is just beginning to be

understood. There is presently little evidence that links the TRAP/DRIP complexes to the

co-activators. Indeed, as both complexes bind to the same region of the NRs (i.e. the AF-

2 core of the LED), it has been suggested that they may act independently or sequentially

in the activation of target genes (Glass and Rosenfeld, 2000). For instance, the pl 60 and

CBP/p300 co-activators may first be recmited to promoters containing NRs in response

to ligand-binding, where they render local chromatin accessible to transcription factors

via histone acetylation. Subsequently, according to this model, the TRAP/DRIP complex

displaces the HAT proteins from the NR AF-2 core and recruits the RNA polymerase II

machinery to allow transcription. Thus, the first step involves a de-repression of gene

expression, while the following events prime the target promoter for transcription

initiation. Collectively, these findings demonstrate the hierarchical and dynamic nature of

eucaryotic transcription, and have shattered all previous allusions to simplicity in the

retinoid signal transduction pathway.

1.4.5. Co-Factor NR Interaction Motifs And Co-Regulator Exchange Model

A common feature both the CBP/p300 and pl60 families of co-activators is the presence

of a LXXLL motif (where L is leucine and X any amino acid), which is often repeated in

the NR interaction domains of these factors, and interacts directly with helix 12

containing the core AF-2 domain of NRs (Glass and Rosenfeld, 2000). This motif,

referred to as the NR box, is found in the central region of pl 60 proteins and amino

terminus of CBP/p300, and is predicted to form a short a-helix (Heery et al., 1997;

Torchia et al., 1997). Interestingly, the NR co-repressors SMRT/N-CoR have remarkably

similar leucine-rich motifs, called the CoRNR box (Hu and Lazar, 1999; Perissi et al.,

1999). The consensus for this motif is LXXXIXXXVL (I is isoleucine), and represents an

extended a-helix compared to the NR box. Indeed, molecular modeling of co-repressor

and co-activator binding sites on NRs indicates that they both associate to the same

general region formed by helices 3, 5, and 6 of the LED (Perissi et al., 1999). The

differential affinity of the co-repressors and co-activators to the LBD of RARs is

modulated simply by the binding of RA. The basis for this interesting property lies in the
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dramatic structural changes that occur in the carboxyl terminus of RARs upon the

binding of ligand. Particularly, ligand binding results in a major shift of helix 12, which

contains the AF-2 core, to cover the hydrophobic binding pocket created by helices 3, 4

and 5 (Wurtz et al., 1996). This results in the formation of a charged interface on helix 12

running along the length of the hydrophobic groove created by the ligand binding pocket

associated with the ligand. This is known as the 'charged clamp' and associates strongly

with helix formed by the LXXLL motifs in co-activators (Glass and Rosenfeld, 2000).

Thus, in the absence of ligand, the helices of the CoRNR box extend within the

hydrophobic pocket of the LED of NRs. This interaction is effectively competed out by

the ligand, which also alters the shape of the LBD and creates an additional binding

surface for the LXXLL helix of the co-activators through the juxtapositioning of helix 12

with the ligand-binding pocket.

A highly simplified representation of transcriptional activation by the RARs,

termed the co-regulatory factor exchange model, is presented in Figure 1-4 below.

Brieïïy, in summarizing the above discussion, RARs act as nucleating agents that bring

histone modifying enzymes and scaffolding proteins onto the promoters of target genes.

In absence of ligand, RXR/RAR heterodimers associate with a transcriptionally

repressive complex containing histone deacetylase activity that maintains chromatin in a

compact and inactive state. The binding of RA to the RAR partner releases the co-

repressers SMRT/N-CoR, and the associated mSINSa/HDAC machinery. The

conformational changes of RARs AF-2 helix evoked by ligand binding also results in the

recmitment of histone acetyltransferases, such as CBP/p300 and pl60 proteins, and the

Mediator-like complex, TRAP/DRIP, to the promoter of the target gene. The co-activator

proteins render the chromatin more accessible by acetylating core histones, presumably

loosening up the local DNA-histone interactions. Subsequently, the DRIP/TRAP

complexes target the basal transcription apparatus to the 'open' promoter near the RARs

to allow for transcription initiation. Despite the clear deficiencies in our understanding of

the transcriptional mechanisms of RAR function, it is nonetheless remarkable how

rapidly we have come to appreciate the not entirely subtle effects of ligand binding to

these receptors. The next few years should prove pivotal in our linking of the RARs and
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histone acetylation and the nucleosomal remodeling machinery.

Figure 1-4. Co-Regulator Exchange Model for RAR transcription function.
[Please refer to text for abbreviations].
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1.5. Genetic Analysis OfRetinoid Receptor Function During IVIammalian
Development

Early studies using dietary deprivation of vitamin A (VAD) during embryonic

development in both rodents and avians have unequivocally demonstrated the crucial

roles of the retinoids during development. Processes such as the differentiation of the

genital and respiratory tracts, as well as heart, eye and CNS development have proven to

be highly sensitive to vitamin A levels during development (Zile et al., 2001). Upon the

identification of the RARs and RXRs, it became imperative not only to examine their

distribution during embryogenesis, but to undertake a systematic mutagenesis of these

receptors in the mouse. After several years of intensive studies of the retinoid receptor
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vitamin A signal, and that they seem to do so as heterodimers (Kastner et al., 1995).
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7.5.7. The Expression Of Retinoid Receptors During Development

The transcripts for the three RARs and RXRs genes are collectively distributed widely

throughout mouse development. Individual RAR and RXR genes, however, often have

non-overlapping and complimentary patterns of expression. In each of the retinoid

receptor sub-families, there is one member that is almost ubiquitously expressed. For

RARs, that member is RARa, while within the RXR family, RXRp transcripts are found

throughout the embryo (Dollé et al., 1990, 1994; Mangelsdorf eî al., 1992; Ruberte et al.,

1990).

The earliest detectable expression of RARp occurs during the mid to late

primitive streak stages in the lateral mesodermal wings of the primitive streak, with

increasing transcript abundance in the rostral-most region (Ruberte et al., 1991). At this

stage, RARp transcripts are restricted to the mesenchyme, and are excluded from the

overlying neuroepithelium. By early somitogenesis stages, RARp expression shifts to a

predominantly neuroepithelial restriction near the caudal hindbrain. As the embryo

develops, this expression elaborates throughout the closed neural tube in the tmnk region

with an anterior limit in the post-otic hindbrain, near rhombomeres 6 and 7, and a

posterior limit at the open caudal neural tube. Thus, RARp transcripts are located

throughout the presumptive spinal cord during its development, but are excluded from the

CNS in areas where the neural tube remains open. Early expression also includes the

foregut endoderm, lateral mesoderm, and the posterior heart. Subsequently, during

organo genesis, RAR(3 transcripts are found in several regions of epithelial-mesenchymal

interactions. These include mesenchymal tissues of the frontonasal process, tongue,

mandible, and neural crest cells (Dollé et al., 1989; Dollé et al., 1990; Ruberte et al.,

1991). Additional expression domains of RAR|3 include the lateral and intermediate

mesoderm, trachéal epithelium and associated mesenchyme, epithelium of the developing

bronchi and genital tract, foregut epithelium and adjacent mesenchyme. Eye expression is

restricted to the pigmented retina, vitreous body, and the condensed mesenchyme

surrounding the eye. During limb morphogenesis, RARp transcripts become localized in
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the apical ectodermal ridge and in the interdigital mesenchyme, which eventually

undergoes apoptosis to separate the digits (Dollé et al., 1989; Ruberte et al., 1990).

RARy has a highly diffuse expression pattern during mid-streak stages (Ruberte et

al., 1990). Definitive expression is seen by E8 in all three germ layers of the open caudal

neural tube region (Ruberte et al., 1990; Ruberte et al., 1991). RARY transcripts are

abundant in the neurectodenn of the open caudal neurofolds, the presomitic and lateral

mesoderm, and the posterior endoderm. Therefore, RARy is expressed in regions that

exclude RARp transcripts, particularly in the caudal embryo. By somitogenesis stages,

RARy transcripts begin to be expressed in the anterior areas of the embryo, such as the

frontonasal mesenchyme and mandibular (first pharyngeal) arch mesenchyme. The

development of the pharyngeal arches from E8.5-E10.5 is accompanied by strong RARy

expression in these structures (Dolle et al., 1990; Ruberte et al., 1990; Ruberte et al.,

1991). RARy is specifically expressed in the largely neural crest cell-derived

mesenchyme of the pharyngeal arches, and not in the overlying ectoderm. Other

mesodermal derivatives expressing RARy include the lateral plate and limb buds (Dolle

eî al., 1989; Ruberte eî al., 1990).

Among the tissues expressing the highest levels of RARy are in the

precartilaginous mesenchymal condensations of both the axial and apendicular skeleton.

During the ontogeny of the vertebrate, RARy is initially expressed in the undifferentiated

presomitic paraxial mesoderm, then becomes undetectable in the somites themselves, but

is later greatly induced in the sclerotomal component of the differentiating somite.

Expression within the sclerotome persists during its condensation into cartilage, and is

subsequently downregulated as the first ossification centers appear. Interestingly, this

pattern of expression in the precartilaginous condensations follows a cranio-caudal

progression, being upregulated first in the cervical region, and accompanies the wave of

sclerotome differentiation along the anterior-posterior axis. RARy is also expressed in the

mesenchyme sun-ounding the trachéal and bronchial epithelium, and is maintained during

the formation of the cartilaginous trachéal rings and laryngeal cartilages. This expression

of RARy in mesenchymal condensations is also mirrored in the limb buds, where the

initially diffuse RARy expression throughout the limb bud mesenchyme is followed by
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high expression in limb and digit precartilaginous condensations. Additional regions of

RARy expression include the epithelia of the oral cavity and foregut, genital tubercle

mesenchyme, and in the dermal, epidermal and peridennal layers of the skin (Ruberte et

al., 1990).

RXRa and RXRy display largely non-overlapping expression patterns during

development. Although initially diffuse during early embryogenesis, RXRa becomes

highly expressed in the viscera, liver, kidney, spleen and the epithelia of the digestive

system and skin (Mangelsdorf et al., 1992; Dollé et al., 1994). In contrast, RXRy

transcripts are localized in the differentiating muscle lineages of the developing cranio-

facial region, skeleton, and the limbs. Skeletal muscle expression is evident as early as

E 10, as the rostral-most somites begin to differentiate along their dorso-ventral axis into

sclerotome and demamyotome (Mangelsdorf et al., 1992). RXRy transcripts are also

localized in several discrete regions of the developing CNS, including the diencephalon,

the corpus striatum, which contains basal ganglia, and the ventral horns of the spinal

cord. Additional expression patterns include the retina, otic vesicle, and the pituitary and

thyroid glands (Mangelsdorfef al., 1992; Dollé et al., 1994).

7.5.2. Vitamin A Deficiency Syndrome In Mammals

Early nutritional studies have established a fundamental role for vitamin A in the

development and survival of mammals. The deprivation ofretinoids from the diet of rats

leads to several defects collectively referred to as the vitamin A deficiency (VAD)

syndrome. In the adult, VAD leads a widespread transformation of various glandular or

secretory epithelia into a keratinizing squamous epithelium (Table 1-1; Wolbach and

Howe, 1925). This is often accompanied by the agenesis of several glandular organs,

ocular malformations, male sterility due to the degeneration of seminiferous tubules, and

eventually results in death. Furthermore, the deprivation of retinoids during pregnancy

results in many congenital malfonnations in the resulting pups. The fetal VAD syndrome

gives rise to defects involving the eye, heart, various glands, genito-urinary tract, and

leads to the hyper-keratinization and squamous metaplasia of epithelia (Table 1-1;

Wilson and Warkany, 1948,1949; Wilson et al., 1953; Dickman et al., 1997). Although

J
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Table 1-1. Defects induced by Vitamin A Deficiency (VAD) in adults and m fetuses durmg development.
[Please refer text for references].

Adult (Post-Partum) VAD
- Growth retardation.
- Ocular defects: corneal lesions due to keratinization, atrophy of the mucous glands of the conjunctiva,
photoreceptor degeneration.

- Atrophy of various glands: submaxillary, parotid, lacrimal, Harderian, extraorbital, pancreas, thyroid,
pituitary , thymus, testes, prostate.

- Formation ofkeratmizing squamous epithelium m the followmg areas:
Respiratory tract (larynx, trachea, bronchi, nasal septum, nares, sinuses)
Anterior alimentary tract (submaxillary, parotid, and salivary glands, pancreatic ducts,
pharynx).
Genito-urinary tract (bladder, ureter, kidney, uterus and oviducts, epididymis,
prostate, coagulating glands).
Eyes and associated glands (conjunctiva, meibomian gland ducts, cornea, lacrimal gland,
harderian gland).
Thymus

Fetal VAD
- Ocular defects: coloboma, micropthalmia, eversion of the retina, defects of the lens and eye lids,
post-lental membrane.

- Cardiac defects: interventricular septal defect, aortico-pulmonary septal defect, spongy myocardium.
- Aortic arch defects: double outlet right ventricle, persistent truncus arteriosus, dextroposed aorta,
absent ductus arteriosus.

- Respiratory tract defects: Agenic or hypoplastic left lung, hypoplastic right lung.
- Kidney defects: Ectopia, close apposition or fusion of kidneys, hydronephrosis.
- Genito-urmary tract defects: Ectopic termination of ureters, hypoplasia of ureters, hydroureter
unilateral absence or hypopasia of genital tract, absence of seminal vesicles, agenesis or incomplete
development of Mullerian ducts.

- Cranio-facial defects: Absent caudal cranial nerves, hypoplastic frontonasal region and mandibular
arch.

- Squamous metaplasia ofepithelia.
- Diaphramatic hernia.
- Growth retardation.

See Table 1-2 for a more detailed description of the ocular defects observed m fetal VAD.

J
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affecting similar tissues as post-partum VAD, the defects resulting fi-om fetal VAD are

generally more severe than those observed for the post-partum VAD. Moreover, the fetal

VAD syndrome involves additional abnonnalities not previously associated with post-

partum deficiency, such as diaphragmatic hernia, defects of the heart and aortic arches,

agenesis or ectopia of various glands and genito-urinary tract, and the absence or

hypoplasia of the lungs.

J

1.5.3. Single RAR Null Mutants

The deletion of any single one of the three RARs in the mouse leads to surprisingly few

abnormalities, suggesting a partial functional redundancy among these genes. In addition

to the targeted disruption of all isofonns of a given RAR type, several groups deleted

specific RAR isoforms in an attempt to demonstrate isoform specificity in receptor

fimction (Kastner et al., 1995). The deletion of the entire RARa gene leads to growth

deficiency and post-natal lethality, similar to that occurring with dietary retinoid

deficiency (Lufkin et al., 1993). Additional VAD-associated defects included male

infertility due to lesions within the parenchyma of the testes. Interestingly, RARa

knockout fetuses also displayed novel abnonnalities not previously observed in VAD

studies, such as cervical vertebral defects, which occurred at low frequencies, and a

moderately pénétrant soft-tissue syndactyly of the fore- and hindlimbs (Lohnes et al.,

1994; Lufkin et al., 1993). Moreover, RARal knockout mice are healthy and fertile,

demonstrating a complete overlap with the RARa2 isoform (Li et al., 1993; Lufkin et al.,

1993).

RARp null mice are even less affected than RARa mutants, as they are viable and

display no obvious abnonnalities in any organs nor the axial or apendicular skeleton

(Ghyselinck et al., 1997; Luo et al., 1995). They did, however, display a fusion of the

ninth and tenth cranial ganglia derived from the hindbrain, although it was seen only in

one mutant embryo (out of eleven examined). The removal of RARp function in the

embryo did not affect its sensitivity to the cranio-facial, limb and vertebral defects

elicited by excess RA (Luo et al., 1995; Mendelsohn et al., 1994b). Importantly, this

indicates that RARp is not critical for transducing the teratogenic retinoid signal, as has

been previously supposed based on the RA inducibility of the RARR2 promoter in
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transgenic reporter mice (Balkan et al., 1992; Mendelsohn et al., 1991; Mendelsohn et

al., 1994b; Rossant et al., 1991). Similarly, the mutation of RARp2, which is the most

prevalent RARp isoform during embryogenesis and contains the prototypical RARE in

its promoter, resulted in no phenotype (Mendelsohn et al., 1994b). Thus, RARp seems

largely dispensable for mammalian development.

In contrast, the mutation of the RARy gene led to several defects associated with

VAD (Lohnes et al., 1993). For example, most RARy knock-out mice die soon after birth

and the remaining pups display a severe growth deficiency, with most of them dying

within three weeks of age. Other VAD-associated defects in RARy-/- mice include male
sterility due to a fully pénétrant squamous metaplasia and keratinization of the glandular

epithelia of the seminal vesicles and part of the prostate. Furthermore, the cranial prostate

was atrophied in these mice, exacerbating the reduced male fertility phenotype. RARy

null fetuses also displayed glandular defects such as the absence of the Hardenan glands,

which lubricates the eyes. This gland is often hypoplastic in VAD rodents, but is believed

to occur as a consequence of the widespread keratinization of the eye and surrounding

tissues following retinoid deprivation (Wolbach and Howe, 1925). Defects occurring in

RARy'7' mutants that were not previously observed in deprivation studies include frequent
malformations in the anterior axial skeleton, and abnormalities in the cartilaginous rings

of the trachea (Lohnes et al., 1993). Importantly, the removal of RARy leads to the partial

homeotic transfonnation of several cervical and upper thoracic vertebrae and to the

malformation of the neural arches of these structures.

As is the case for RARa and RARp genes, a large degree of functional overlap

occurs between the two RARy isoforms (Lohnes et al., 1993; Subbarayan eî al., 1997).

RARy2 null mice are completely normal, while RARyl knock-outs display a limited

subset of the defects exhibited by the total isoform null mouse. Particularly, RARyl

mice are somewhat growth deficient (10% growth retarded compared to 40-80% seen in

RARY-/- mice) but are viable and fertile. Likewise, the glandular defects observed in
RARy total isoform null mutants were not seen in RARYl-/- mice. However, some

specificity in RARyl function does occur, particularly for the formation of the cricoid

cartilage of the trachea, which was abnormal in almost all the RARyl mice (Subbarayan
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et ai, 1997). A low fi-equency of cervical vertebral malformations also occurred in

RARyl null mice, supporting a primary role for this isoform in mediating the RARy

ûinction.

In contrast to RARR nulls, RARy mutant mice are completely resistant to a subset

of the teratogenic effects of exogenous RA when administered between E8.5 and E9

(Lohnes et a/., 1993). Particularly, RARy null mice arc resistant to axial truncations

caused by excess retinoids during these stages. The importance of this gene in

transducing this teratogenic event is emphasized by the reduced sensitivity of the RARy+/-
mice relative to wild types to excess RA, indicating a strict gene dosage effect. The

individual deletion of RARyl or RARy2, however, did not limit the sensitivity of these

mice to RA-induced caudal tmncations (Subbarayan et al., 1997). These results

demonstrate, that RARy is critically required for the transduction of at least some of the

malformations induced by excess retinoids during development.

J

1.5.4. Double RAR Null Mutants

While the mutation of single RAR isoforms or genes failed to fully elicit a VAD

phenotype, the role of the RARs in transducing the vitamin A signal was ultimately

confirmed by the generation of double RAR mutants. Like VAD studies, RARay double

mutant fetuses exhibited extreme growth retardation (Lohnes et al., 1994). Several

different developmental processes and tissues were affected by the loss of two RARs, and

collectively, the combination of all RAR compound mutant phenotypes recapitulated the

VAD syndrome. They can be broadly grouped according to the type of tissues affected,

such as neural crest cells (NCCs), pharyngeal arch derivatives (which are largely NCC-

derived), eye, the urogenital system, respiratory tract, and the heart (Table 1-2; Lohnes et

al., 1994; Mendelsohn et al., 1994a). In addition, abnormalities not previously associated

with the VAD syndrome were observed in the double null mutants. These included

defects of some NCC and pharyngeal arch derivatives, neural tube closure defects,

malformations of the axial and apendicular skeletal, and digit patterning defects.

NCC defects in RAR double nulls. NCCs are a transient pluripotent population of

cells that originate from the lateral margins of the neural folds within the boundary

defined by the surface and neural ectoderm. During neumlation, they detach from the

l
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neural plate and migrate ventrally throughout the antero-posterior axis and ultimately

give rise to an broad variety of tissues, including the cranial ganglia, peripheral sensory

neurons, most cranio-facial skeletal elements and connective tissue, mesenchyme of the

pharyngeal arches, the septae of the heart outflow tract, and tunic media of the aortic

arches among others (Kaufman and Bard, 1999; Carlson, 1996).

NCCs are particularly sensitive to the effects of excess retinoids, and many of

their derivatives are affected in RAR double knock-out mice and VAD rat fetuses

(Moriss-Kay, 1993; Lohnes et al., 1994; Means and Gudas, 1995; Mendelsohn et al.,

1994a; Wilson et al., 1953). While RARap2, RARal(32 and RARp2Yhave very minor, if

any, cranio-facial defects, RARay mutants contained numerous deficiencies in these

crest-derived stmctures (Lohnes et al., 1994). RARay double mutants displayed losses in

the frontal, nasal, premaxillary and vomer bones, which were often replaced by

disorganized cartilaginous nodules, indicating a possible defect in the migration,

proliferation and/or differentiation of NCCs (Table 1-2). Cranio-facial deficiencies were

also observed in VAD fetuses (Table 1-1). Particularly, Dickman et al. (1997) described a

high occurrence of hypoplasia of the frontonasal region in rats reared from VAD mothers.

The RAR double mutants also displayed ectopic crest-derived cranial skeletal elements,

which have been suggested to be homologous to the pila antotica and pterygoquadrate

cartilage (Lohnes et al., 1994). Interestingly, these stmctures are normally present in

reptiles, and are thus thought to be atavisms created by the lack of proper retinoid

signaling in the neural crest. This raises the possibility that the RARs have evolved novel

roles within the mammalian lineage to modify a pre-existing ancestral vertebrae 'ground

state' with respect to cranio-facial skeletal structures.

Additional crest defects included the loss of septae in the outïïow tract of the heart

and various deficiencies in eye structures, which were observed in RARap, RAR(3Y> and

RARay double mutants (Table 1-2; Mendelsohn et al., 1994a). The NCC-derived ocular

and cardiac defects were particularly reminiscent of those occurring in VAD fetuses,

supporting a role for the RARs in transducing the retinoid signal (Dickman et al., 1997;

WilsoneîaZ., 1953).

Pharyngeal arch defects in RAR double nulls. The pharyngeal arches are bilateral

swellings that develop laterally along the antero-posterior axis from E8 to Ell during
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mouse embryogenesis. They are composed of an inner core of mesenchyme surrounded

by ectodenn on their surface and rostral foregut endodenn internally. Although the

mesenchyme is initially composed of lateral and paraxial mesoderm, the outgrowth the

arches is fueled by the population ofNCCs, eventually giving rise to 5 arches (numbered

1,2,3, 4 and 6), four of which are visible externally (Sadler, 2000). The arches are

separated by prominent clefts on their external surface called pharyngeal grooves, and

endodennal pharyngeal pouches along their internal surface. The pharyngeal arches

ultimately become incorporated within the body of the fetus, contributing to the

development of the skeletal elements of the jaw and the various glands associated with

the head and neck. The first pharyngeal arch plays an essential role in the fonnation of

the cranio-facial region. It is composed of a mandibular prominence, which gives rise to

the mandible or lower jaw, and a smaller maxillary prominence, that becomes

incorporated in the facial region to form the upper jaw or maxillary, palatine and

alisphenoid bones (Carlson, 1996; Sadler, 2000). Of these, the latter elements were either

absent or hypoplastic, while the fanner remained unchanged in RARa or RARay double

mutants. Skeletal structures derived from the second and third arches, such as the stapes

and styloid process and hyoid bone, respectively, were either absent or hypoplastic and

malformed in RAR double mutants, particularly in RARay nulls (Table 1-2; Lohnes et

al., 1994; Mendelsohn et al., 1994a).

The sensory ganglia and muscles of the cranio-facial region are derived from the

NCC population of the pharyngeal arches (Sadler, 2000). These NCC populations arise

fi-om the midbrain and hindbrain and migrate ventro-laterally into the swelling arches,

where they eventually differentiate into the nerves and musculature of the face. The

cranio-facial nerves are highly deficient in RARap double mutants (Dupe et al., 1999),

supporting a general defect in NCCs in the RAR double nulls.

The caudal pharyngeal pouches participate in the formation of the glands of the

neck region such as the thymus, thyroid and parathyroid glands (Kaufinan and Bard,

1999; Sadler, 2000). Several RAR double mutants display ectopias and hypoplasias of

these tissues, indicating a deficiency in arch development (Table 1-2; Mendelsohn et al.,

1994a). Consistent with this, the examination ofpharyngeal arch system at earlier stages

(e.g. E9.5-10.5) reveals that the caudal-most arches are highly sensitive to RAR ablation,

l
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being altogether absent or hypoplastic in RARay and RARap null embryos (Dupé et al.,

1999; Wendling et al., 2001). Besides thymic, thyroid and parathyroid deficiencies, other

cranial glands that are abnormal or lacking in RAR double mutants include the sublingual

and submandibular (Mendelsohn et al., 1994a), which are derived from endodermal buds

of the tongue and mouth primordium, respectively, and the surrounding crest-derived

cranial mesenchyme (Sadler, 2000). Moreover, pharyngeal arch-derived structures such

as cranial nerves and several glands of the head and neck region are also affected in VAD

manipulations (Table 1-1), supporting a critical role for vitamin A signaling in arch and

NCC development (Dickman et aï.,1997; Wilson et al., 1953).

Ocular deficiencies in RAR double mutants. Eye development begins as a series

of interactions between forebrain neurectoderm and the underlying NCC-derived

mesenchyme that leads to the local evagination of the former tissue to form the optic

vesicle (Sadler, 2000). This structure subsequently undergoes a ventral invagination to

form the optic cup. The open neurectoderm of the optic cup, called the optic fissure,

ultimately fuses and is populated by mesoderm invading to form a transient cover, the

ventrolenticular membrane. Crest-derived mesenchyme migrating between the lens and

surface ectoderm forms the comeal stroma, while the space between the cornea and the

lens eventually gives rise to the anterior chamber. The neurectodermal derivatives of the

eye include the retina, optic nerve and the epithelial covering of the iris, while the NCC-

derived components are the sciera, comeal stroma, anterior chamber and vitreous body.

The eyelids originate from mesenchymal outgrowths covered by ectoderm.

The removal of any two RARs causes several eye defects with varying degrees of

severity depending on the receptors involved, but occurring at nearly complete

penetrance (Table 1-2; Grondona et a/., 1996; Lohnes et al., 1994). RARay and RARp2Y2

double nulls display the most severe ocular phenotype, while RARalp2 and RARap2

mutants are less affected, indicating the importance of the RARy gene in transducing the

retinoid signal in eye development. Particularly, RAR double nulls display coloboma of

the retina and optic nerve, hyperplasia and keratinization of the comeal epithelium,

degeneration of the retina, agenesis or hypoplasia of the eyelids, and the lack of the

cornea, conjunctiva, and anterior chamber of the eye (Table 1-2). These defects are also

manifested by VAD fetuses, but at a lower frequency (Wilson et al., 1953; Dickman et
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al., 1997). RAR double mutants also present several eye abnormalities that are not found

in VAD fetuses, such as the lack of lens formation and persistent comeal-lenticular stalk.

Thus, retinoid signaling through the RARs are critical for the proper formation and

maturation of diverse components of the eye.

Urogenital defects in RAR double null fetuses. The urogenital system develops

from reciprocal inductions between mesonephros, or primitive kidney, and the

surrounding mesenchyme (Sadler, 2000). The mesonephros performs the excretory

functions of the embryo and is composed of a mesoderm-derived longitudinal tubule on

each side of the embryo surrounded by intemiediate mesoderm. Following reciprocal

inductive interactions, the caudal portion of the mesonephros gives rise to the

metanephros consisting of the uteric bud, which in turn generates the ureter, renal pelvis,

the calyces, and the collecting tubules of the definitive kidney. The anterior portion of the

mesonephros develops into the genital ridge following a similar set of inductive events

involving the associated mesoderm.

RAR double mutants harbor a variety of defects in the urogenital system

(Mendelsohn et al., 1994a).These include kidney agenesis or hypoplasia, hydronephrosis,

absent renal pelvis, ectopic or agenic ureters, hydroureter, agenesis of the utems and

cranial vagina, and agenesis of the vas deferens and seminal vesicles (Table 1-2). A close

examination of RARa?2 double mutants revealed that the kidney defects resulted from

improper ureteric bud induction, which led to hypoplastic kidneys with reduced numbers

ofureteric tubules (Mendelsohn et al., 1999). In RARay mutants, the nephric tubules

were dispersed randomly and formed in more caudal positions than normally, suggesting

aberrant metanephric induction (Mendelsohn et al., 1994a). Moreover, while all three

RARs seem to be involved in urogenital development, there were some important

differences in the urogenital structures affected by the loss of RARp or RARy in

combination with RARa. RARa|32 double nulls generally displayed more severe

abnormalities of the female genital tract, while RARay mutants displayed male genital

tract malformations at a higher frequency. RARy single mutants also have male genital

tract deficiencies, consistent with an essential role for this receptor in the development of

the male urogenital system (Lohnes et al., 1993). With the exception of kidney agenesis

or hypoplasia, the majority of these defects were also noted in VAD fetuses (Table 1-1).

l
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Respiratory tract defects in RAR double mutants. The respiratory system develops

as an outgrowth of the ventral wall of the foregut. This outgrowth, referred to as the lung

bud or respiratory diverticulum, enlarges to fomi the right and left main bronchi, which in

turn are further divided into three and two secondary bronchi of the right and left lung

primordia, respectively (Sadler, 2000). The bronchi eventually give rise to the lobes of

the lungs, which are asymmetric, since the right side contains three and the left has two

lobes. The high surface area of the lungs is achieved by the repeated branching of the

secondary bronchi. As the lung bud expands caudally, it generates two longitudinal

esophagotracheal ridges that ultimately fuse to form the esophagotracheal septum This

structure separates the foregut along the dorso-ventral axis, with the esophagus located

dorsally and the trachea and lung buds ventrally.

Of the RAR double mutants, only RARap2+/~ and RARap2 double mutants

display hypoplastic or unilateral loss of the lungs and a lack of the esophagotracheal

septum (Table 1-2; Mendelsohn et al., 1994a). Branching morphogenesis seems to arrest

very early on in these mutants, either before or following the formation of the primary

bronchi, resulting in agenic or hypoplastic lungs, respectively. VAD fetuses also display

these defects, emphasizing the importance of retinoid signaling in lung branching

morphogenesis (Table 1-1).

In addition, the trachéal and laryngeal cartilages are misshapen and severely

fiised in RAR double mutants (Table 1-2; Mendelsohn et al., 1994a). The respiratory

cartilage defects are fully pénétrant and display their greatest expressivity in RARap2,

RARalya2 , and RARay mutants. However, in contrast to the lung defects, trachéal

and laryngeal cartilage abnormalities are not observed in retinoid deprivation studies.

Cardiac and aortic arch defects in RAR double mutants. The heart develops fi-om

paired endothelial tubes derived from lateral plate mesoderm (LPM) that fuse at the

midline during pre-somite stages to form a linear tube (Carlson, 1996; Fishman and

Chien, 1997; Sadler, 2000). Subsequently, various morphogenetic movements direct the

primitive heart tube to loop rightwards and generate a left-sided heart with four

chambers, consisting of right and left ventricles and atria, along with the inflow and

outflow tracts. The embryonic outflow tract communicates with the primitive ventricle

and separates aortic and pulmonary blood flow via the NCC-derived aorticopulmonary
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septum. This division fails to occur in RARap2 and RARay double mutants and leads to

a single outflow vessel, referred to as persistant tmncus arteriosus (Table 1-2;

Mendelsohn et al., 1994a). Additional cardiac defects observed in RAR double nulls

include dextroposed aorta, high ventricular septal defect, and double outlet right

ventricle. These abnormalities are all consistently observed in VAD fetuses (Wilson and

Warkany, 1949; Dickman et al., 1997), suggesting a strict requirement for retinoid

signaling in the development of the cardiac outflow system.

RAR double mutants also displayed abnormalities in the great arteries derived

from the paired aortic arches (Table 1-2). They are originate from endothelial

condensations of the pharyngeal arch mesenchyme and connect to aortic sac at the most

distal end of the outflow tract (Sadler, 2000). Although initially symmetric, aortic arch

arteries are retained unilaterally during development, creating asymmetries in the aortic

branch pattern. Most RAR double mutants displayed enonnous variability in the

stereotypical pattern of the aortic arch arteries, as do fetuses from VAD mothers

(Dickman et al., 1997; Mendelsohn et al., 1994b; Wilson et al. 1953). It is important to

note that at least part of the arch arteries, like the aorticopulmonary septum, are

ultimately derived from cardiac NCC. Thus, this is consistent with a generalized effect of

RAR ablation on this remarkable population of cells.

Another important cardiac deficiency resulting from RAR ablation is the loss of

myocardial populations within the ventricles (Table 1-2). The myocardium originates

from lateral plate mesoderm and forms the muscular component of the heart, as well as

contributing to the septation of the atria and ventricles (Sadler, 2000). RARay mutants

display a completely pénétrant ventricular myocardial hypoplasia that leads to a spongy

myocardial phenotype in fetuses. This condition is also characteristic of the fetal VAD

syndrome (Table 1-1), indicating the importance of retinoid signaling in myocardial

development.

Skeletal and other non-VAD-associated defects in RAR double mutants. In

addition to the cranio-facial skeletal elements, the axial and apendicular skeletons are

abnormal in RAR double mutants. The axial skeleton is composed of vertebrae that are

derived from the sclerotomal compartment of the somites (Kaufman and Bard, 1999;

Verbout, 1985). The anterior-most vertebrae form the occipital and basioccipital bones at
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the base of the head. These are followed by the cervical vertebrae of the neck, the rib

producing thoracic vertebrae, and the lumbar, sacral, and finally, caudal vertebrae.

As was discussed previously, single RAR nulls, particularly the RARy mutants,

display homeotic transformations and malformations of several cervical and some

thoracic vertebrae (Lohnes et al., 1993). Both the occurrence and the severity of these

defects are greatly increased upon additional RAR ablation (see section 1.6.8.; Table 1-4;

Lohnes et al., 1994). This is especially evident for the allelic series involving the

successive removal of RARa isoforms from the RARy background. Interestingly, while

the separate inactivation of RARa and RARp2 resulted in mild or no vertebral defects,

the combined mutation of both genes led to a synergistic effect on vertebral patterning.

This indicates the importance of global levels of RAR signaling for normal vertebral

development, and again demonstrates the large degree of redundancy inherent in retinoid

receptor function. Despite the sensitivity of vertebral patterning to RAR signaling, axial

defects were never observed in VAD studies (Wilson et al., 1953; Dickman et al., 1997).

This suggests that VAD fetuses still retain residual retinoid activity sufficient to drive

axial patterning, possibly supplied by maternal retinyl ester stores. Furthermore, it is

impossible to generate a complete VAD mother, as this is incompatible with life.

The development of the apendicular skeleton is also affected in RAR double

mutants (Lohnes et al., 1994). These abnormalities include soft tissue syndactyly (fused

digits) or webbed digits, polydactyly (extra digits), and ectrodactyly (digit loss) and occur

only in RARay double mutant forelimbs. RARa and RARy single mutants rarely display

webbed digits (Lufkin et al., 1993), while those occurring in RARay double nulls are

fully penetrate. In contrast, RARaB2 and RARp2y double mutants never displayed digit

abnormalities. This is consistent with the expression of the RARa and y, but not RARR,

in the condensing mesenchyme of the limb skeleton (Dollé et al., 1989). Moreover, as

with the vertebral defects, digit malformations have not been described in VAD fetuses.

The external ear develops from localized thickenings of surface ectodemi on

either side of the caudal hindbrain (Kaufinan and Bard, 1999; Sadler, 2000). These

thickenings (otic placodes) subsequently invaginate to form the otic vesicles (otocysts).

RARay double mutants display hypoplastic otocysts which lead to small and incomplete

cartilaginous otic capsules (Lohnes et al., 1994). Moreover, recent findings demonstrate
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Table 1-2. Summary of the abnormalities occurring in RAR double null mutants.
[Modified from Kastner et al., 1995. (Please refer to text for references)].

RARMUTANT ABNORMALITIES OBSERVED IN THE FETAL VAD SYNDROME

Abnormalities

Cardiac and aortic arch neural crest cell defects:

Persistent truncus arteriosus

Dextroposed aorta
High ventricular septal defect
Double outlet right ventricle
Patterning abnormalities of the arteries derived from aortic arches

Other cardiac defects:

Thin ("spongy") myocardium

Ocular neural crest cell defects:
Retrolenticular membrane

Unfused eyelids
Hypoplastic conjunctival sac
Abnormal corneal stroma

Absence of anterior chamber

Agenesis of cornea, conjunctiva, and eyelids

Other ocular defects:

Microphtalmia
Coloboma of the retina

Coloboma of the optic nerve
Metaplasia and keratinization of the corneal epithelium
Abnormal lens fibers
Shortened ventral retina and ventral rotation of the lens

Pre-natal retinal dysplasia

Cranio-facial neural crest cell defects:

Hypoplasia of frontonasal process and mandibular arch
Loss or disorganization of caudal-most cranial nerves and ganglia

Respiratory tract defects:
Agenic/hypoplastic left lung
Hypoplastic right lung
Absence of esophagotracheal septum

RAR Mutant Genotype

alp2, a|32, ay
+/-alp2,alYa2"r",aY

alp2, ap2, alYa2+/~, ay
)+/-

•

Urogenital tract defects:
Agenic/hypoplasdc ureter
Ectopic ureter
Hydroureter
Kidney hypoplasia
Caudally displaced kidney/Ectopia
Hydronephrosis
Female: Agenesis of oviduct and uterus (total or partial)
Female: Agenesis of cranial vagina
Male: Agenesis or dysplasia of vas deferens
Male: Agenesis of seminal vesicles

Diaphramatic hernia

alYa2"
alp2,ap2,alYa2+/-,aY

ay

ap2, ay
alya2 , ay

p2y, ay
p2y, ay
p2y, ay

ay

ay

ay

P2y, ay
ay

ay

ay

ay

ay
ap

af32
ap2

al|32,ap2

alp2,ap2, ay
alp2, a):
ap2, p2y

alp2,ap2+/-,ap2,alYa2+/-
ap2, ay

alp2,a|32, p2y
al (32, a|32, ay
alp2,ap2,ay
alya2 , ay

ay

at
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Table 1-2, continued. Summary of the abnormalities occurring in RAR double null mutants.
[Modified from Kastner et at, 1995. (Please refer to text for references)].

RARMUTANT ABNORMALITIES NOT OBSERVED IN THE FETAL VAD SYNDROME

Abnormalities

Ocular defects:
Corneal-lenticular stalk

Agenic lens
Post-natal retinal dysplasia
Agenesis of Harderian gland

RAR Mutant Genotype

alya2 , ay
ay

P2y2
Y, P2y, aly, alYa2T'', ay

,+/-

Cranio-facial defects:

Agenesis of frontal, nasal, premaxillar, and vomer bones ay
Agenesis or dysplasia of sublingual and submandibular glands and ducts p2, alv, alYCt2
Supernumerary atavistic elements: Pila antotica aly, ay

Pterygoquadrate cartilage p2y, a?2, alp2, alya2 , ay

, ay

Exencephaly

Pharyngeal arch-derived glandular defects:
Hypoplastic medial thymus
Persistent cervical thymus
Ectopic accessory thymus bodies
Hypoplasia of thyroid
Ectopic thyroid
Ectopic parathyroids

Rhombencephalic (hindbrain) defects:
Loss of caudal rhombomeres
Hypoplastic and ectopic otocysts

Skeletal defects:

Homeotic transformations and malformations of cervical vertebrae
Malformed scapula
Agenesis of radius
Hypoplastic ulna
Agenesis of carpal bones
Syndactyly (soft tissue)
Polydactyly
Ectrodactyly

Cartilage defects:
Malformed or fused laryngeal cartilages: Thyroid cartilage

Arytenoid cartilage
Cricoid cartilage

Malformed trachéal cartilage
Ectopic cranio-facial cartilage nodules

Urogenital tract defects:
Agenesis or aplasia of kidney
Absence of anal canal

ay

a|32
ay

P2y, alp2, ap2+/-, a|32, alYa2+/" , ay
alp2, ap2, alYa2+/-, ay

a|32, ay
alp2,ap2,alYa2+/-,aY

ap,ay
ap, ay

a, y, ap2, |32Y, aly, ay
ay

ay

ay

ay
a, ay

ay

ay

ap2, alYa2+/-, ay
ap2, alYa2+/-, ay

alp2,ap2,alYa2+/-,ay
al|32,ap2,alYa2+/-,aY

alp2,ap2,ay

ay
ap2



n

43

that RARap double null and RARap+/'y compound null mutants contain small ectopic

otocysts caudal to the parental otic vesicles (Dupé et al., 1999; Wendling et al., 2001). In

affected mutant embryos, the abnormal otocysts are always accompanied by hindbrain

patterning defects, suggesting that the two process are linked. RAR signaling thus

appears to play an important role in the induction of the otocyst and hindbrain patterning

(see below).

RARs are also required for the proper closure of the neural tube, as RARay and

RARap y compound mutants show an externalized brain, or exencephaly (Lohnes et al.,

1994; Wendling et al., 2001). These defects seem to result from a failure of the neural

tube to close along the length of the hindbrain.

Thus, the sum of the genetic studies in the mouse have unequivocally established

the importance of the RARs in mediating diverse retinoid-dependent processes, as well

having demonstrated a great plasticity afforded by the functional overlap between the

three RAR genes.

1.5.5. Single and Double RXR Null Mutants

As with the RARs, a systematic mutagenesis of the RXR gene family in the mouse genn

line was undertaken to illuminate their function in vivo. Of the three RXR genes, only the

mutation of RXRa has an overt phenotype late in embryogenesis and leads to embryo

lethality between E13.5-E16.5 (Kastner et al., 1994; Sucov et al., 1994). The lethality is

likely due to the cardiac defects and poor vascularization of the RXRa null homozygotes.

Particularly, an abnormal thinning of the trabeculae is observed in the RXRa hearts by

E 14.5, which accompanied a general reduction in the ventricular wall myocardium and

ventricular septal defects. Detailed analyses of RXRa embryonic hearts revealed that

the myocardial loss was due to the precocious differentiation and maturation of

cardiomyocytes (Kastner et al., 1997b).

Interestingly, a single RXR-a allele is sufficient for development, since RXRa+/7

RXRp/RXRy triple mutants are viable and essentially normal (Krezel et al., 1996). The

importance of RXRa in the transduction of the vitamin A signal is suggested by a study

from Kastner and colleagues (1997b) showing an exacerbation of the ventricular

t
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myocardial hypoplasia associated with VAD in RXRo(/RXR(3 double mutants. The

myocardial deficiency in RXRa single and RXRa/RXR(3 double nulls, as with RARay

null mutants, is due to an aberrant differentiation of subepicardial myocytes comprising

the wall of the ventricle. This gives rise to the "spongy" myocardial phenotype and

becomes nearly fully pénétrant in RXRoc/RXRp double mutants, likely reïïecting a tme

deficiency in retinoid signaling in the heart.

Additional VAD-associated abnonnalities included a slight but consistent growth

retardation of RXRa+/-juvenile mice, and bilateral microphthalmia (Kastner et al., 1994).

Particularly, in all RXRa embryos, a ventral shortening of the eye is often accompanied

an abnormal thickening of the comeal stroma. This leads to a close positioning or even

contact of the stroma with the lens, which in turn causes the severe reduction or absence

of the anterior chamber of the eye. Also, the closure of the optic fissure is incomplete in

RXRa null fetuses, resulting in a coloboma of the optic nerve.

An interesting observation regarding the RXRa mice is that they are completely

resistant to limb defects evoked by excess RA (Sucov et al., 1995), while single RAR

mutants remain sensitive to this specific teratogenic abnormality (Lohnes et al., 1993;

Luo et al., 1995; Mendelsohn et al., 1994b). Thus, RXRa seems to be a limiting partner

in the transduction of the excess RA signal in the apendicular skeleton.

The targeted mutation of RXRy did not result in any obvious malformations.

Indeed, RXRy mice are completely viable and fertile (Krezel et al., 1996). With the

exception of abnormal spermatogenesis, RXRp nulls were also normal (Kastner et al.,

1996). A puzzling finding from these studies is that RXRy seems to be completely

unnecessary, as RXRa/RXRy and RXRp/RXRy are no more affected than RXRa and

RXR(3 single mutants, respectively (Kjezel et al., 1996). Taken together, the level of

redundancy among the RXRs is even more striking than that observed for the RARs, and

perhaps reflects a universal ability of these two classes of receptors to heterodimerize

with one another without preference.

J



n

45

1.5.6. Synergism Between The RAR and RXR Null Mutations

As discussed earlier, evidence from retinoid receptor dimerization and transfection

studies hinted at a possible role for RAR and RXR heterodimerization in the transduction

of the retinoid signal. This synergism has subsequently been noted in vivo with various

RAR/RXR double null mutants in many retinoid-dependent processes (Kastner et al.,

1994, 1997 a). For instance, while the outflow tract septation was nonnal in RXRoc , and

RARa'/' or RARy'/' embryos, the removal of RARa or RARy from the RXRa null

background leads to septation defects and an increase in myocardial loss, demonstrating a

high degree of synergism between the two receptor classes (Table 1-3; Kastner et al.,

1994, 1997a). Similarly, although single RXRa or even double RXR mutants displayed

at most ocular and myocardial defects, RXRa/RAR (a, P, or y) double nulls recapitulated

the entire RAR double mutant syndrome (Table 1-3; Kastner et al., 1994, 1997a).

Significantly, the removal of just one RARa, RARp, or RARy allele fi-om the RXRa null

background results in some of the defects found in RAR double mutants (Tables 1-2 and

1-3). The loss of a single RXRa allele from the RARy mutant background is sufficient to

induce digit webbing, trachéal defects, and vertebral homeosis and malformations to a

similar extent to that observed in RARay double null embryos (Kastner et al., 1997a). As

with the RXR double and triple mutant data, this indicates that RXRa fulfills all the

requirements for RXRs in retinoid signaling during development. Accordingly,

RXR/RAR double mutants composed of either RXRp or RXRy null alleles did not lead to

any increase in the severity of RAR single mutant phenotypes, consistent with a

predominant role for RXRa. Given that RXRa/RAR double mutants present the same

spectrum of defects as RAR double mutants, and collectively recapitulate the fetal VAD

syndrome, these observations support the notion that RXR/RAR heterodimers, and not

RXR homodimers, transduce the vitamin A signal during embryogenesis.

^
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n Table 1-3. Synergism between RXRa and RARa, RARp, and RARy null mutations.
[Modified from Kastner et al., 1997a. (Please refer to text for references)].
Abnormalities RXRa (Xa) and RAR (Aa, AB, or Av) mutant eenotvpe

..+/-Xa/Aa^ Xce/Aa

Ocular defects
Shortened venfa-al retina
Coloboma of the retma
Thicker comeal stroma

Hypoplastic/agenic eyelids +

+

np
+

Cardiac and arterial defects

Myocardial deficiency +++
ConotoTincal septal defect x
Persistent truncus arteriosus +

Abnormal arteries +

Respiratory tract defects
Hypoplasia of lungs np

• Lack ofesophagotracheal
septum np

Glandular defects

Agenesis of thymus np
Hypoplasia of
submandibular gland np

Urogenital tract defects
• Ageneis ofMullerianduct ++

Ectopic ureter +
Hypolasia of kidneys np
Agensis of kidneys +

++

np
+

+++

x

+++

+++

+++

+++

np

np

+++

+++

+++

np

+

np
+

+

na

np
np
np

np

np

np

np

+

++

np
np

+

np
++

++

na

np
++

+

np

np

+

np

++

np
np

++

np
++

++

++

np
np

np

np

np

np

+

+

np
np

Xa

x np
+++ +

+++ +

np np
++ np
+ np

np

np

np

+

++

np
np

np

np

np

np

np
np
np
np

Evaluation scheme based on expressivity and penetrance of the phenotype: +, moderately affected; ++,
highly affected; +++, severely affected.
Abbreviations: na, not available; np, not present; x, present.
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1.6. Retinoid Signaling And Antero-Posterior Patterning Of The Vertebrate
Axis

1.6.1. The Organizer And Establishment Of The Vertebrate Antero-Posterior Axis

Classical studies in the early patterning of the amphibian embryo have revealed that the

antero-posterior (A-P) axis is initiated by a particular group of cells in the dorsal marginal

zone that straddles the middle of the amphibian blastula (reviewed in Gilbert, 1994;

DeRobertis et al., 2000). This special group of cells forms the dorsal blastopore lip which

is endowed with the ability to recruit and organize surrounding tissues into dorsal

mesodermal (mesendodermal) and neurectodermal fates, and subsequently impart it with

an A-P character. This region is called Spemann's organizer (or simply, the organizer),

whose appearance constitutes the first morphological sign of posterior identity, thereby

defining the A-P axis. In the amphibian embryo, the organizer is capable of inducing an

embryonic axis, complete with head and tail, when transplanted to the ventral region of a

host embryo (DeRobertis et al., 2000). Indeed, this ability to induce a complete ectopic

axis has become the defining characteristic of vertebrate organizer tissue.

Recent work has led to important discoveries as to the molecular nature of the

amphibian organizer. It seems that the organizer functions by dorsalizing the inherently

ventral nature of tissues deposited before gastrulation, thus allowing the creation of axial

(dorsal) mesoderm and the CNS. This is accomplished by the secretion of a diverse

collection of molecules that are able to inhibit several key signaling pathways, such as

those initiated by BMPs (bone morphogenetic proteins), which are divergent members of

the TGFp superfamily, and Wnt (Wingless/int-1-related) family members (reviewed in

DeRobertis et al., 2000). The antagonists secreted by the organizer include Wnt-specific

inhibitors such as Frzb-1, Dickkopf-1 (Dkk-1), and Crescent; the BMP inhibitors

Chardin, Follistatin, and Noggin; a TGFp-specific inhibitor, Lefty/Antivin; and Cerberus,

a multifunctional antagonist capable of inhibiting the activities of both Wnts and BMPs

(DeRobertis et al., 2000). The activity of these antagonists seem essential for at least one

of the two requirements of the organizer, that is, the induction of anterior stmctures

(Bouwmeester et al., 1996; Glinka et al., 1998).

As with amphibians, the first morphological sign of asymmetry in mammals

occurs at the initiation of gastmlation, when the primitive ectoderm, known as the
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epiblast, undergoes an epithelial to mesenchymal transition to form a groove of

ingressing tissue called the primitive streak (or streak; reviewed in Beddington and

Robertson, 1999; Hogan et al., 1994; Tarn and Behringer, 1997). This defines the future

posterior region of the embryo. During subsequent stages, this stmcture elongates to the

distal tip of the cup-shaped mammalian embryo. At the anterior extremity of the streak

lies a specialized structure, referred to as the node, that seems to be homologous to the

amphibian gastmla organizer. It can give rise to similar tissues as Spemann's organizer,

such as the prechordal plate and notochord, which together constitutes axial

mesendodemi (the dorsal-most mesodermal type), and definitive gut endoderm

(Beddington and Robertson, 1999; Tarn and Behringer, 1997). Furthermore, the node

expresses many of the genes found in the amphibian organizer (Hogan et al., 1994;

Beddington and Robertson, 1998, 1999). Together, the mouse node and primitive streak

generate all the mesoderm and definitive endodemi of the embryo via the ingression of

epiblast cells, consistent with organizer function.

A more formal proof of the node being the functional equivalent of the amphibian

organizer came when Beddington (1994) grafted one onto the epiblast of a recipient

mouse embryo, which led to the formation of a second neural axis. However, in contrast

to amphibians, the ectopic axis lacked anterior-most stmctures including forebrain. Thus,

the mouse node is unable to support the complete fonnation of a secondary axis.

Alternatively, when combined with extra-embryonic tissues, particularly, primitive

anterior endoderm (anterior visceral endoderm or AVE), as well as epiblast, the node is

able to fully induce an ectopic axis with anterior neural structures (Tarn and Steiner,

1999). In another series of elegant experiments, Thomas and Beddington (1996)

demonstrated that the AVE is required for the expression of early markers of the

prospective forcbrain. Importantly, evidence from this study, as well as that of others,

suggest that the anterior neural tube is already patterned before the onset of gastrulation

(reviewed in Beddington and Robertson, 1999; Stem, 2000). These landmark studies

suggest, that although initially elusive, the mammalian organizer is more complex than

that of amphibians, requiring the distinct activities of at least two separate tissues: the

AVE and node. Thus, while the AVE occupies itself with anterior neural induction, the

node induces more posterior regions of the axis, such as the trunk. Due to these separate
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inducing activities, the AVE is often referred to as the head organizer, and the node as the

tmnk organizer.

1.6.2. The Posteriorization Of The Vertebrate Antero-Posterior Axis

A long held view of how the vertebrate axis acquires antero-posterior patterning contends

that following the induction of an anterior neural state, signals act to posteriorize it. This

frwo-step process, called activation-transformation, was initially proposed by Nieuwkoop

almost half a century ago (Nieuwkoop, 1952; Nieuwkoop and Nigtevecht, 1954). Briefly,

this model asserts that the neuraxis is induced by organizer activity (the activation step)

and initially possesses only anterior neural character, which is subsequently regionalized

by the activity of various posteriorizing signals, such as Wnts, Fgfs, and RA (the

transformation step; reviewed in Stem, 2000).

The role of retinoids in promoting posterior fates along the A-P axis has gained

much support from studies in Xenopus laevis, the preeminent model system for neural

induction. RA drastically attenuates forebrain development in a dose-dependent manner,

while expanding more posterior neural tissue concomitantly with the anterior shift in the

expression of posterior neurectodermal markers (Durston et al., 1989; Ruiz i Altaba and

Jessell, 1991a, 1991b; Sive et al., 1990; Sharpe, 1991). Moreover, the period at which

RA is able to posteriorize the CNS is restricted to neurulation stages following

gastmlation (Durston et al., 1989; Papalopulu and Kitner, 1996; Sive et al., 1990; Sharpe,

1991). This suggests that the embryo becomes sensitive to RA following the induction of

neurectoderm by organizer activity. Consistent with this, naïve ectodemial expiants from

the amphibian blastula or gastrula become competent to respond to RA only after they

have been induced to become neural tissue by Noggin, Follistatin, Chordin or Cerbems

(Papalopulu and Kitner, 1996; Taira et ai, 1997; reviewed in DeRobertis et al., 2000;

Wilson and Hemmati-Brivanlou, 1997). This implies that normal retinoid signaling is

crucial for the development of the posterior CNS (see section 1.6.3), but is not required

for anterior neural patterning.

In the mouse, retinoid treatment following gastmlation also leads to a reduction in

anterior fates (Simeone et al., 1995; Avantaggiato et al., 1996). RA treatment expands the

expression of several midbrain and rostral hindbrain markers anteriorly, such as pax-2,
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wfit-1, en-1, and en-2, along with a concomitant loss of forebrain markers emx-1, emx-2,

dlx-land otx-2, suggesting a posteriorization of cell fate in the CNS. Fetuses resulting

from such treatments are microcephalic or even lack head structures altogether,

demonstrating that the reduction in anterior development is extensive (Yasuda et al.,

1986; Kessel and Gruss, 1990). As with Xenopus, sensitivity of mouse embryos to

retinoids is restricted to stages following gastrulation, And thus occurs subsequent to

neural induction (Kessel and Gruss, 1990). These results therefore support a role for RA

as a potent caudalizing factor in the regionalization of CNS development.

Fgf signaling also has the ability to posteriorize the A-P axis, and Fgfs have been

championed by some groups as Nieuwkoop caudalizers in Xenopus (Amaya et al., 1991,

1993; Cox and Hemmati-Brivanlou, 1995; Holowacz and Sokol, 1999; Kengaku and

Okamoto, 1995; Lamb and Harland, 1995; Taira et al., 1997). Like retinoids, Fgfs can

induce hox gene expression in posterior neural tissue and mesoderm, thereby inïïuencing

the patterning along the A-P axis (see below; Kolm and Sive, 1995; Kolm et al., 1997;

Pownall et al., 1996; Ruiz i Altaba and Jessell, 1991b; Sive and Cheng, 1991; Sive et al.,

1990; Sharpe, 1991). In addition, genetic studies in zebrafish demonstrates that Fgfs

regulate the morphogenetic movements (convergent extension) that allow for posterior

development (Griffin et al. 1995, 1998); which is a defining characteristic of the tmnk

organizer. Fgf signaling does this by regulating the products of the no tail and spadetail

loci, which encode zebrafish homologs of the brachyury gene, a critical regulator of

convergent extension movements in vertebrates (reviewed in Yamada, 1994).

Importantly, retinoids and Fgfs synergize in the posteriorization of both

mesoderm and neurcctoderm in Xenopiis development, suggesting that caudalization

involves an interaction between peptide growth factors and RA signaling (Cho and

DeRobertis, 1990; Kolm and Sive, 1995; Kolm et al., 1997; Ruiz i Altaba and Jessell,

1991; Sive and Cheng, 1991; Taira et al., 1997). Kolm and colleagues (1997) propose

that RA functions to caudalize the hindbrain, while Fgfs promote the posteriorization of

the spinal cord in Xenopus. This is consistent with the enrichment of retinoids in the

rostral spinal cord adjacent to the hindbrain, and the posterior-high expression gradient of

Fgfs in the Xenopus gastrula and mouse primitive streak (Crossley and Martin, 1995;
Isaacs et al., 1992; Haub and Goldfarb, 1991; Hébert et al., 1991; Niswander and Martin,
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molecule mediating the transformation event of Nieuwkoop's two-step model, vertebrate

A-P patterning requires a complex interplay between growth factors and retinoid

signaling.
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1.6.3. RA Signaling And Hindbrain Development

One of the most obvious manifestations of patterning along the A-P axis is the presence

of segmented structures in the posterior brain and in paraxial mesoderm along the entire

length of the embryo. The hindbrain (or rhombencephalon) is composed of eight

segments, called rhombomeres (numbered rl to r8), that lie caudal to midbrain and rostral

to the spinal cord (Carlson, 1996; Kaufman and Bard, 1999; Gilbert, 1994).

Rhombomeres consist of a series of depressions and bulges (sulci and gyri) whose

boundaries are defined the restricted expression of several genes (Fig. 1-5; Cordes, 2001).

Furthermore, they are transient structures that harbor neural crest cells that form the

cranial ganglia and the inner ear, and ultimately give rise to the brain stem (medulla,

pans, and cerebellum). Neural crest cells originating from the first three even-numbered

rhombomeres migrate ventrally beneath the ectoderm to populate the first, second, and

third pharyngeal arches, respectively. R3 and r5 seem to lack neural crest cells and are

inhibitory to the migration of crest cells from adjacent rhombomeres (Cordes, 2001;

Golding et al., 2000; Trainor and Krumlauf, 2000).

Much evidence exists for a role of retinoid signaling in the patterning of the

hindbrain, consistent with a transforming role for this putative morphogen along the A-P

axis (Gavalas and Kmmlauf, 2000). Retinoids are consistently enriched in the rostral part

of the spinal cord immediately adjacent to the caudal hindbrain (Fig. 1-2; Maden et al.,

1998). Both anterior paraxial mesoderm (occipital and cervical somites) and overlying

neurectoderm consistently have slightly higher levels of retinoids that more posterior

regions. This accurately reflects the expression of Raldh2, a major RA biosynthetic

enzyme (Fig. 1-2; Niederreither et al., 1997). Furthermore, the RA-catabolizing enzymes

Cyp26Al and Cyp26Bl are expressed in the anterior (r2) and anterior to middle regions

(r2-r6) of the hindbrain, respectively (Fujii et al., 1997; MacLean et al., 2001). This

presumably creates a sharp gradient of RA diffusing from the rostral spinal cord into the
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caudal hindbrain. RA distribution in the hindbrain region is therefore consistent with it

being a planar and lateral mesodermal signal that patterns the neurectoderm according to

a concentration landscape. Thus, if retinoid signaling does indeed impart a posterior

character to the hindbrain, then altering the retinoid gradient should perturb patterning in

predictable ways.

In agreement with this, there is an increasing posterior sensitivity to RA signaling

along the developing hindbrain (Conlon and Rossant, 1992; Godsave et al., 1998; Dupé

and Lumsden, 2001; Wood et al., 1994). Excess RA during post-gastrulation or early

somitogenesis stages leads a dramatic foreshortening of the anterior hindbrain of mouse

and Xenopus embryos (Conlon and Rossant, 1992; Godsave et al., 1998; Kolm et al.,

1997; Marshall et al., 1992). There is a co-linear response to exogenous RA in the

hindbrain. For instance, the hindbrain expresses homeobox-containing transcription

factors (hox genes) in a nested series along its A-P axis: hoxbl, hoxb3, hoxb4, and hoxb5

are expressed in r4, r5-r6, r7-r8, and r8 and the spinal cord, respectively (reviewed in

McGinnis and Kj-umlauf, 1992). The more posteriorly expressed hox genes respond to

higher levels of exogenous RA, while anterior expressing genes require less RA (Conlon

and Rossant, 1992; Godsave et al., 1998; Marshall et al., 1992; Wood et al., 1994).

Similarly, inactivation of Cyp26Al in the mouse, a RA-catabolizing enzyme expressed in

r2, leads to a mild posterior transformation of the anterior hindbrain, concomitant with a

rostral expansion and enhanced hoxbl expression in r4 (Abu-Abed et al., 2001; Sakai et

al., 2001). Also, small numbers of cells rostral to the r4 boundary express hoxbl

ectopically in cypî6Al embryos, reflecting a posteriorization of the hindbrain. This

suggests that there is a sharp gradient of RA patterning the hindbrain along the A-P axis,

with greater levels ofretinoids required to instruct more posterior fates.

Predictably, the loss of RA signaling leads to an anteriorization of the hindbrain.

Treating chick embryos with increasing levels of RAR antagonist BMS493 leads to a

progressive loss of posterior rhombomeres and enlargement of anterior rhombomeres

(Dupé and Lumsden, 2001). BMS493 treatment in the mouse also results in a caudal

tmncation of the hindbrain, with a greater loss of hindbrain structures occurring with

treatments at earlier times (Wendling et al., 2001). In the most extreme form of retinoid

deprivation elicited by antagonist treatments, the caudal hindbrain becomes truncated

l
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^ Figure 1-5. The effects of inhibition ofRA signaling on hindbrain development.

The phenotypes were assessed by the expression patterns of various rhombomeric-
restricted markers indicated below. High expression is indicated by the solid lines. Low
expression is represented by the dashed lines. Otocysts are represented by the shaded
ovals and nonnally develop at the r5/r6 boundary. Intermediate retinoid signaling leads to
hypoplastic, and sometimes ectopic otocysts, while low levels of RA signaling leads to
hypoplastic otocysts. ND, not determined. Abbreviations: mb, midbrain; ot, otocyst; r,
rhombomere; se, spinal cord; ot, otocysts. [Modified from Gavalas and Krumlauf, 2000].
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below r4, while the remaining rhombomeres are expanded. This has also been observed

in VAD quails and rats, RARay double null mutants, and Raldh2~/~ mouse embryos,

which represents the mouse equivalent of a near complete retinoid-deficient situation

(Fig. 1-5; Gale et al., 1999; Maden et al., 1996; Niederreither et al., 2000; Wendling et

al., 2001; White et al., 2000b). These losses in the posterior rhombomeres have been

confirmed with extensive molecular analyses of key hindbrain patterning genes (Fig. 1-

5). In Raldh2 embryos, the expression of various hox genes, particularly hoxal, bl, a3,

and b3, are either highly reduced, or in the case of hoxd4, abolished altogether

(Niethereither et al., 1999, 2000). As hoxd4 is the caudal-most expressing hox gene in the

hindbrain, this is consistent with a deletion of the molecular identity of the posterior

hindbrain. Similar losses in caudal rhombomeric markers occur in VAD quails and rats

(Gale et al. 1999; Maden et al., 1996; White et al., 2000b).

Interestingly, RARay double mutants display as severe a phenotype as Raldh2

and VAD embryos with respect to hindbrain patterning, while RARa? double mutants

present a milder loss of posterior rhombomeres (Dupé et al., 1999; Wendling et al.,

2001). Particularly, the hindbrains ofRARap double mutants lack rhombomeres caudal

to r6 and have an enlarged r5, indicating that there is still remains an intermediate degree

of retinoid signaling in these mutants (Fig. 1-5). In agreement with these patterning

defects, RARap double null mouse embryos often have a small unilateral or bilateral

ectopic otocysts that fonn caudal to the original otocysts (Dupé et al., 1999). These

structures normally arise from the r5/r6 boundary, thus the ectopias may reflect a caudal

shift of this boundary, and can be interpreted as an anteriorization of rhombomeric

identity. Similar hindbrain phenotypes can be elicited in Xenopus with dominant-negative

RARs or ectopic expression ofCyp26Al (Fig. 1-5; Blumberg et al., 1997; Hollemann et

al., 1998; Kolm et al., 1997; van der Wees et al., 1998). This includes the anterior

transformation of much of the hindbrain, consistent with a requirement of RA signaling

for posterior development.

Collectively, these studies indicate that a block in retinoid signaling leads to a loss

of the caudal hindbrain and a respecification of the remaining rhombomeres to a more

anterior identity. Moreover, the sensitivity to retinoid signaling appears to be greatest in

the posterior hindbrain, with the rostral extremity of the hindbrain, at the junction of the
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midbrain, and the spinal cord being relatively unaffected by aberrant retmoid signaling.

Therefore, retinoids adequately fiilfill the requirements of a caudalizing factor in the

vertebrate hindbrain.

J

1.6.4. Somitogenesis

In addition to the hindbrain, another tissue that displays obvious metamerism is the

mesodenn-derived somites. They are bilateral epithelial blocks of cells located on either

side of the notochord, below the neural tube, and eventually give rise to the vertebrae (as

well as other tissues) that are differentially patterned along the A-P axis. Somites, like all

mesodermal tissues, are derived from epiblast cells ingressing through the primitive

streak (Lawson et al., 1991; Tarn et al., 2000). The cells fated to give rise to the paraxial

mesoderm have been mapped to a rostro-lateral region of the epiblast, relative to the

location of the primitive streak (Lawson et al., 1991; Tarn et al., 1997, 2000). By mid-

streak stages, presumptive paraxial mesodenn is found in the epiblast in a large lateral

domain encompassing the rostral half of the primitive streak (Fig. l-6a; see Appendix I

for the staging of mouse embryos). As the streak elongates anteriorly, it impinges on

these precursors in the epiblast, which then ingress through the anterior portion of the

streak. Cranial paraxial mesodemi (somitomeres) is the first such population to move

through the streak, followed by somitic paraxial mesoderm during late gastmlation

stages. These ingressing cells migrate laterally and rostrally as they exit the streak and are

deposited along the sides of the developing midline. Towards the end of gastmlation, the

cells of the anterior streak contain precursors for the first six to ten pairs of somites and

the paraxial mesodenn.

The primitive streak continues to generate paraxial mesodenn until it regresses

completely by E8.5 in the caudal region of the mouse embryo (Fig. l-6b; Tarn and Tan,

1992; Tarn et al., 2000). Up to this point, all of the cervical and some thoracic level

somites have been generated. Subsequently, there is a transition in cellular recruitment of

paraxial mesoderm from the streak to the tail bud mesenchyme as the posterior neuropore

(open caudal neural tube) closes. The tail bud then generates the remaining paraxial

mesoderm (Tarn, 1984). The mesenchymal cells of the tail bud behave very much like the

primitive streak as they can generate diverse lineages in the caudal embryo, such as
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hindgut endoderm, paraxial and lateral mesoderm, and neuroepithelium (Kanki and Ho,

1997; Tarn, 1984). Moreover, the tail bud also shares the expression of several markers

with the streak, such as brachyury (Wilkinson et al., 1990; Hermann, 1991; Kispert and

Herrmann, 1994), wnt-3a (Roelink and Nusse, 1991; Takada et al., 1994) ândfgfrl (Orr-

Urteger et al., 1991; Yamaguchi et al., 1992). The loss of any of these genes leads to

severe deficiencies in mesodenn formation, consistent with a critical role in primitive

streak function (Beddington et al., 1992; Ciruna et al., 1997; Takada et al., 1994;

Wilkinson et al., 1990; Yamaguchi et al., 1994; Deng et al., 1994). Interestingly,

brachyury régulâtes a type of intercalary cell movement called convergent extension

(Beddington et al., 1992; Wilson and Beddington,1997; Wilson et al., 1995; Tada and

Smith; 2000; Yamada, 1994). Furthemiore, wnt3a has been shown to directly regulate

brachyury promoter activity in the mouse (Arnold et al., 2000; Yamaguchi et ai, 1999),

and Fgf signaling impacts on the expression of the brachyury in Xenopus (Klm et al.,

1998; Latinkic et al., 1997) and chick (Dubmlle et al., 2001). The regulation of this

important morphogenetic protein is complex, as brachyury in turn induces the expression

of Wnt family members (Xwnîll; Tada and Smith, 2000) and Fgfs (Casey et ai, 1998;

Klm et al., 1998), and itself (Conlon, et al., 1996; Tada et al., 1997) in Xenopus. Thus, a

possible mechanism for generating paraxial mesoderm from tail bud mesenchyme

involves convergent extension movements.

Paraxial mesoderm is deposited along both sides of the developing midline and

subsequently, in its most rostral domain, begins to condense to form epithelial balls, the

somites. This rostral paraxial domain contains the earliest ingressed paraxial mesodermal

tissue, and thus initiates somitogenesis first via a mesenchymal to epithelial transition.

Somites therefore develop in a cranio-caudal sequence, with the more mature somites

being continually displaced cranially by the generation of new ones (Tarn, 1986). Early

embryological work demonstrated that somites are formed from presomitic mesodenn

with a certain periodicity. In avians and mammals, a somite pair is generated every ninety

minutes or so (reviewed in Pourquie, 2000). This rate is observed in different vertebrates,

hinting at an underlying evolutionarily conserved mechanism for generating somites.

Several theories have been put forth to explain the periodicity of somite formation. One

that is currently enjoying much support is the clock and wavefront model (Pourquie,
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2000; Tarn et al., 2000). This theory asserts that presomitic cells oscillate synchronously

according to an internal clock, and then stop oscillating when they are reached by a

progressing wavefront originating from the posterior embryo. The wavefront is thought to

consist of an A-P gradient of maturation governed by a signaling process that propagates

slowly up along the embryo. At the apex of the presoniitic mesoderm, the autonomous

clock segments the tissue in response to this wavefront.

Until recently, the molecular mechanisms governing somitogenesis were poorly

understood. In what is a classic study, Palmeirim and colleagues (1997) elegantly show

the expression of a basic helix-loop-helix transcription factor gene, c-hairy, in chicks as

an anteriorly progressing wavefront within the presomitic mesodenn. This vertebrate

homolog to the Drosophila pair rule gene, hairy, initiates expression throughout the

presomitic mesoderm, but becomes progressively restricted anteriorly until its reaches the

rostral presomitic mesoderm, where it is strongly expressed in the caudal half of both the

newly forming and recently emerged somite (Fig. l-6c). Each cycle of the c-hairy

wavefront corresponds to the time required to form a somite (i.e. ninety minutes). An

identical pattern of expression has been observed for a mammalian hairy gene, HES1,

and a second chick hairy homolog, c-hairy2 (Jouve et ai, 2000). Thus, the cyclical

activation of the vertebrate hairy genes reflects the output of a segmentai clock and

provides molecular support for the clock and wavefront theory. Subsequent work

revealed that several members of the Notch signaling pathway are also expressed in

presomitic mesoderm and newly forming somites in patterns that presage the formation

of somite boundaries (reviewed in Pourquie, 2000; Tarn et al., 2000). Furthermore, the

loss of function of a number of members of the Notch signaling pathway leads to

disorganized somitogenesis, consistent with a role in somite formation (Pourquie, 2000,

and references therein).

Fgf signaling has been implicated in generating the somitogenesis wavefront and

establishing somite identity by coordinating hox gene expression in the appropriate

sonaites (Dubmlle et al., 2001; Zakany et al., 2001). Fg/s and their receptor,/gjfr7, are

normally expressed in the caudal unsegmented portion of the paraxial mesoderm, where

they may regulate the differentiation status of presoiiiitic mesoderm (Crossley and

Martin, 1995; Dubmlle et al., 2001; Haub and Goldfarb, 1991; Niswander and Martin,
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n Figure 1.6. Localization of tissue precursors in the mouse epiblast and tailbud and
formation of somites.

(A) Fate map of the epiblast in mid to late primitive streak stages. The black line
indicates the primitive streak. (B) Localization of tissue precursors in the mouse tailbud
region at early somite stages. The dotted line indicates the notochord and floorplate. (C)
Cyclic expression pattern of c-hairy in the presomitic mesoderm of chick embryos and
the fonnation of somites. Depicted is one full oscillation of the somitogenesis cycle
occurring in 90 minutes, c-hairy expression begins in a broad domain fi-om the posterior
embryo and progresses upwards as a narrowing wave. c-hairy expression becomes
stabilized in the caudal portion of the somite. So, forming somite; S;, most recently
formed somite; Sii, older rostral somite. [Figures A and B modified fi-om Tarn et al.,
2000. Figure C modified from Pourquié et al., 2000].
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^ 1992; Orr-Urteger et al., 1991; Wilkinson et al., 1988). Consistent with this, ectopic

expression of FGF8 throughout the chick presomitic mesoderm abolishes somitogenesis

and expands the expression of brachyury, a marker for naïve mesoderm. Likewise, the

loss oîfgfrl in the mouse also leads to a lack of somitogenesis (Cimna et al., 1997; Deng

et al., 1994; Yamaguchi et al., 1994). A much more localized expression of FGF8 in the

rostral presomitic mesodenn causes abnormally small somites to form, indicating an

acceleration of either the somitogenesis clock or the propagation of the wavefront

(Dubmlle et al., 2001). As the cyclic expression of hairy is unaffected by local increases

in FGF8 levels, this suggests that Fgf signaling contributes to the wavefront controlling

the decision to undergo segmentation. Collectively, these observations suggest that Fgf

signaling regulates segmentation in response to the somitogenesis clock, which in turn

sets the axial level of hox expression, and therefore somite identity.
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1.6.5. Hox Genes And Co-Linearity

As alluded to earlier, hox genes are expressed in a nested pattern along the A-P axis in

both neurectoderm (hindbrain) and mesoderm (somites), and are believed to establish

segment identity (Gaunt et al., 1988, 1989). They are transcription factors characterized

by the presence of a DNA binding motif called the homeobox, and display remarkable

conservation during metazoan evolution (McGinnis and Krumlauf, 1992). The fly

genome contains two separate homeotic gene complexes referred to as the Bithorax (BX-

C) and Antennapedia (ANT-C) complexes. In the mouse, this basic set occurs in four

separate clusters of linked hox genes, labeled HoxA through HoxD, that are found on

different chromosomes (Pig. 1-7A; Graham et al., 1989; McGinnis and Krumlauf, 1992;

Krumlauf, 1994). It is believed that this resulted from at least two independent

duplication events of an ancestral Homeotic gene complex (or HOM-Q during the

divergence of the vertebrate and invertebrate lineages. As each cluster is imperfectly

repeated four times in mammals with respect to insects, there may be as many as four

copies of a given hox gene within the mammalian genome (Fig. 1-7A). These copies are

referred to as paralogs, and share greater homologies with one another than with any

other hox genes (McGinnis and Krumlauf, 1992). For example, hoxa4, hoxb4, and hoxd4

are paralogs, while any of these genes are orthologs of the fly deformed (dfd) gene (Fig.
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1-7A). Moreover, there is evidence to support the functional equivalence ofparalogous

hox members (Gréer et al., 2000).

Interestingly, the clustered distribution ofhox genes in chromosomes reflects their

spatio-temporal expression profile; a phenomenon referred to as co-linearity (McGinnis

and Krumlauf, 1992; Krumlauf, 1994). That is, the entire cluster is transcribed in the

same orientation such that the more 5' the position of a hox gene within a cluster, the

later it becomes activated and the more caudal its expression along the A-P axis (Fig. 1-

7B). This important property of hox gene fiinction has been conserved in evolution as

insects display an identical co-linearity in their box gene counterparts (Graham et al.,

1989). Moreover, both the Drosophila and vertebrate HOM^-C genes are involved in the

specification of segment identity, indicating a true functional and structural homology

with one another.

Hox genes are activated during late gastrulation (E7.5 in the mouse), presiimably

in the ingressing tissue of the primitive streak (Deschamps et ai, 1999; Krumlauf, 1994).

This corresponds to the initiation phase oîhox gene expression and is thought to establish

the anterior boundaries of hox expression in paraxial mesodenn. Moreover, as

somitogenesis proceeds in a cranial to caudal fashion, the earliest formed, and thus most

anterior somites express the more 3' hox genes. This principal of co-linearity has been

demonstrated by Duboule's group in an elegant series of transposition experiments within

the Hox D cluster (Kmita et al., 2000; van der Hoeven et al., 1996). When 3' hox genes

were placed in more 5 ' locations, they became activated later on in development and in

more posterior locations along the axis, consistent with their new chromosomal location.

These studies therefore established that position with a cluster determines the order of

expression. More recent work points out that hox gene activation may be accomplished

by a progressive escape from repression and corresponding accessibility to the

transcriptional apparatus (Kondo and Duboule, 1999). The represser element has been

mapped by this group to some 40 kb upstream of the 5' most gene in the HoxD cluster

and functions to keep the 5' hox genes repressed. This likely accounts for at least some

aspects of the observed co-linearity of hox gene expression, as 3' more box genes are

further away from the represser and thus escape its influence more readily.
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n Figure 1-7. Co-linearity in the structure and expression ofHomebox gene complexes.

(A) Genomic organization of the Homeobox (Hox) gene complexes (HOM-C) m
Drosphila (top) and the mouse. Mammalian genomes have four copies of the
Antennapedia (ANT-C) and Bithorax (BX-C) complexes {Hox A to D) located on four
separate chromosomes. A single complex spans 100 kb and includes paralogous groups 1
to 13. The color scheme indicates the mammalian genes that are homologous to the
Drosophila HOM-C genes. The direction of transcription of the complexes is indicated
by the arrow. In mammals, the 3' more hox genes are transcribed earlier, expressed in
more anterior compartments, and display a greater response to retinoid treatments (i.e.
respond more quickly and with lower doses of RA). Drosophila HOM-C genes: lab,
labial; pb, proboscipedia; dfd, deformed; scr, sex-combs reduced; antp, antennapedia;
ubx, ultrabithorax; abd, abdominal. (B) The expression domains of Hox genes along the
antero-posterior axis constitutes a Hox code for vertebra identity. Solid transverse lines
indicate the major segment modules of the vertebrate axis: Occipital, cervical, thoracic
[vertebrostemal (identified by long processes or ribs) and non-vertebrostemal thoracic
(identified by smaller ribs)], lumbar, and sacral. Dotted line identifies the caudal
segments. [Figure A modified from Sadler, 2000. Figure B modified fi-om Hogan et al.,
1994].
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Indeed, the removal of the represser element leads to a loss of co-linearity due to the

premature activation of 5' hox genes.

Interestingly, recent findings suggest that hox gene expression in the matiiring

somite is actually transient and reflects the outcome of the somitogenesis clock (Dubrulle

et al., 2001; Zakany ef al., 2001). The fonnation of each somite is immediately preceded

by a burst ofhox gene activation, which becomes subsequently downregulated as the new

somite forms. Based on these observations, the authors suggest that the segmentation

clock enhances the transcription of hox genes in cells approaching the somite boundary,

which then stabilizes the identity of the segments along the A-P axis. Thus, a refined

model of co-linearity states that hox genes are transcriptionally activated during

gastmlation by the progressive release of a silencing mechanism, and somite expression

boundaries are then set by time-dependent bursts of hox gene activation by the

segmentation clock.

1.6.6. Hox Genes And Vertebral Patterning

A hallmark of vertebrate design is the presence of somite-derived segments, the

vertebrate, that possess unique regional morphologies along the A-P axis. These include

seven cervical vertebrae, rib-producing thoracic vertebrae, seven of which fuse at the

midline to form the rib cage (the vertebrostemal ribs), and the lumbar, sacral, and caudal

vertebrae. Perhaps the most interesting property of the hox genes is that, due to co-

linearity, unique combinations of hox gene expression occur within different axial

structures (Fig. 1-7B; Burke et al., 1995; Gaunt et al., 1988, 1989; Kessel and Grass,

1991). For example, the first somites express paralog group 1 genes, while more caudal

somites express paralogous groups 1 and 2, followed by groups 1 through 4, and so on

(Fig. 1-7B). This led Kessel and Gruss (1990) to propose the existence ofaHox code that

defines vertebral identity. This states that the unique combination oî box gene expression

within a vertebral segment defines it. Based on this model, one expects gain of function

or loss of function experiments to perturb vertebral patterning in predictable ways. That

is, the loss of more posterior paralogous genes results in somites containing a Hox code

characteristic of more anterior segments, and should lead to anterior homeotic

transformations of the vertebrae. While ectopic expression of more 5' hox genes should
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lead to posterior homeotic transformations due to a posterior expansion of hox expression

in more rostral somites. Indeed, the phenotype of any given hox knock-out correlates with

it's anterior-most domain of expression, consistent with the Hox code model (reviewed in

Krumlauf, 1994).

There also exits a high degree of redundancy in hox gene function. For example

the loss of both hoxal and hoxbl give rise to a more severe phenotype than either single

mutants, affecting the pharyngeal arches, hindbrain patterning and hindbrain-derived

cranial ganglia (Gavalas et al., 1998, 2001). Likewise, the progressive loss ofparalogous

group 4 genes leads to a gene dosage-dependent increase in both the occurrence and the

severity of the transformation of the second cervical vertebra (C2) to the identity of the

first (Cl; Horan et al., 1995b). A particularly interesting observation from this study is

that the group 4 hox compound nulls display a near complete transformation of most

cervical vertebrae to the identity of the of Cl, suggesting that some combinations of hox

genes act to pattern entire regions of the A-P axis. Another example of synergy involves

the mutation of paralog group 3 genes, whose rostral limit of expression reaches the

somites that form the cervical vertebrae (Fig. 1-7B). The phenotypes of the hoxd3 and

hoxa3 single mutants do not overlap, despite their similar expression profiles. In

particular, the loss of hoxd3 (Condie and Capecchi, 1993) results in an incomplete

transformation of Cl to an occipital bone, while the targeted mutation of hoxa3 leads to

abnormalities of the hyoid bones of the skull and does not affect the cervical or occipital

vertebrae (Chisaka and Capecchi, 1991). However, the combined mutation of both of

these genes results in a gene-dosage dependent deletion of Cl, and an exacerbation of

hyoid bone deficiencies, demonstrating a remarkable degree of functional overlap

(Condie and Capecchi, 1994).

The overexpression of hox genes leads to posterior homeotic transformations, due

to the rostral expansion of their expression into more anterior segments. For instance, the

ectopic expression of hoxal in both mice (Zhang et al., 1994) and fish (Alexandre et al.,

1996) leads to a posteriorization of the hindbrain, mimicking the action of retinoids.

Likewise, driving hoxd4 expression into the rostral-most cranial somites results in

spectacular transformations of the occipital vertebrae to the identities of the more

posterior cervical segments (Lufkin et al., 1992). Other posterior homeotic



64
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(Nonchev et al., 1997), hoxcô (Jegalian and DeRobertis, 1992), hoxb8 (Charité et al.,

1994), and hoxc8 (Pollock et al., 1992), consistent with a redefinition of the Hox code.

Together, these gain- and loss-of-function experiments thus lend support for the existence

of a Hox code patterning the segments along the A-P axis.

D
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1.6.7. Retinoid Signaling And Hox Gene Regulation

The regulation of hox genes is remarkably dynamic and complex. Deschamps and

colleagues (1999) have outlined three separate phases of hox gene function: initiation,

establishment, and maintenance. As described above, initiation involves the activation of

hox gene expression during gastmlation in the tissues ingressing through the primitive

streak, including the presumptive paraxial mesoderm and overlying nascent

neuroepithelium. Whereas establishment refers to the fine tuning of hox gene expression

within their characteristic rhombomeric and somite boundaries. The maintenance phase

of hox gene expression usually refers to a long term epigenetic mechanism that modifies

the chromatin structure surrounding the hox clusters, and involves the activities of

polycomb group and tri thorax group genes (reviewed in Gould, 1997).

Interestingly, for certain hox genes the establishment mechanism involves cross

regulation by paralogous hox members (Manzanares et al., 2001; Morrison et al., 1997;

Packer et al., 1998; Studer et al., 1998). Several 3' hox genes have bipartite /îox binding

motifs that bind a heterodimer of Hox proteins along with another class of homeobox-

containing factors, the Pbx proteins (Maconcochie et al., 1997; Manzanares et al., 2001;

Popped and Featherstone, 1992; Popper! et al., 1995). In the case of the hoxbl gene, the

auto-regulatory element has been shown to be critical for the establishment and

maintenance of its expression in the hindbrain (Popperl et al., 1995), and is mediated by

both hoxal and hoxbl genes (Studer et al., 1998). Similar cross-rcgulatory motifs are

required for the establishment of hoxb2 (Maconochie et al., 1997), hoxa3 (Manzanares et

al., 2001), hoxa4 (Packer e? al., 1998), and /iox&4 (Gould et al., 1997, 1998) expression

in the neurectoderm.

Several important observations support a key role for retinoid signaling in the

initiation phase of hox gene expression. Among the earliest discoveries regarding retinoid
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regulation ofhox genes came from studies in human embryonal carcinoma cell lines. RA

is able to efficiently activate hox genes in a co-linear fashion in these cell lines, with 3 '

more genes being more rapidly induced at with lower concentrations that 5' more genes

(Moroni et al., 1993; Simeone et ai, 1990, 1991). Subsequently, these findings have been

extended in vivo in the mouse (Conlon and Rossant, 1992; Kessel and Gmss, 1991;

Marshall et al., 1992; Wood et al., 1994), where it was found that RA treatment during

late gastrulation rapidly induces 3' hox gene expression and anteriorizes their rostral

expression boundaries. This response is co-linear, with the 3'-most hox genes being

insensitive to retinoids after E7, and more 5' hox genes remaining sensitive to RA at

progressively later times up until day 9 of gestation (Conlon and Rossant, 1992; Kessel

and Gmss, 1991). Interestingly, the caudal-most expressing genes are refractory to excess

RA, suggesting that retinoid signaling directly regulates the hox genes at the 3' end of the

cluster (Conlon and Rossant, 1992).

Retinoids are enriched in the primitive streak of avians and mammals (see Fig. l -

2; section 1.2), consistent with a role in the activation of early-expressing hox genes.

Furthermore, the mutation of Raldh2, a major RA biosynthetic enzyme, and VAD in

avians and rodents, results in the down-regulation or absence of several 3' hox genes in

their rostral expression domains (Fig. 1-5; section 1.6.3; Gale et al., 1999; Maden et al.,

1996; Niederreither et al., 1999, 2000; White et al., 2000b). Similarly, RARay double

null mutants and embryos treated with a RAR antagonist also display a loss of hox gene

expression in the hindbrain. Importantly, the hox genes consistently down-regulated in

these experiments include groups 1, 2 and 4, suggesting that some of these hox group

members are directly regulated by retinoids (Dupé et al., 2001; Wendling et al., 2001).

More robust support for the fiinction of retinoids in hox gene activation comes

from the discovery ofRAREs within the regulatory regions of most group 1 and 4 genes.

Among the first RAREs to be isolated is the 3' DR5 type element of the hoxal gene

(Langston and Gudas, 1992). This enhancer is necessary for establishing the rostral limit

oîhoxal expression and mediates the RA-inducibility of the gene (Frasch et al., 1995;

Langston and Gudas, 1992). Consistent with this, mice lacking the hoxal 3' RARE fail to

initiate the rostral hoxal boundary and display reduced levels of hoxaï transcripts (Dupe

J
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et al., 1997). These mice are also compromised in the ability to induce hoxal expression

in response to RA treatment.

The hoxbl gene contains both 5' DR2 and 3' DR5 RAREs which are sufficient

to recapitulate the early expression pattern of the hoxbl gene in transgenic imce

(Marshall et al., 1994; Ogura and Evans, 1995; Studer eî al., 1994). As with the hoxal

RARE, the targeted disruption of the hoxbl 3' RARE reveals its importance in

establishing the early rostral expression boundary of hoxbl in the hindbrain, and in

directing robust expression levels of this gene (Studer et al., 1998). Likewise, the

initiation of hoxb4 expression in neurectoderm requires a RARE that responds to retinoid

signals emanating from the cranial paraxial mesoderm (Gould et al., 1998). Other similar

RAREs have been described for the hoxa4 (Packer et al., 1998) and hoxd4 (Morrison et

al., 1996, 1997; Popperl and Featherstone, 1993; Zhang et ai, 1997, 2000) loci, which

mediate RA-induction and establish the proper anterior expression boundaries of these

genes. An interesting corollary to these observations is that no RAREs have been

reported for the group 3 paralogous genes, which begin to be expressed in sharp rostral

domains a full day later than groups 1, 2, and 4 (Manzanares et al., 2001). At least for the

hoxa3 locus, an auto-regulatory element consisting of two Hox/Pbx binding sites seems

to mediate its expression in the neurectoderm, in agreement with its relatively late

initiation during development (Manzanares et al., 2001).

Thus, hox RAREs convey the universal ability to drive early abundant expression

of hox genes within the neurectoderm. Moreover, they set the rostral limit of hox

expression and are thus able to interpret positional information supplied by caudalizing

signals from either the mesoderm or neural plate. Retinoid signaling therefore helps

establish Hox co-linearity by directly activating the 3' most members of the complex

within defined spatial-temporal domains.

J

1.6.8. Retinoid Receptors And Vertebral Patterning

A number of key experiments outlined above have established that retinoid signaling can

pattern metameric structures within the neuroepithelium by regulating hox genes (section

1.6.3). This also holds true for the somite-derived vertebrae, which are also patterned by

hox genes (Fig. 1-7B). Kessel and Gruss (1991) have shown that vertebral patterning is
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particularly sensitive to excess retinoids from late gastrulation (E7-7.5) to early
somitogenesis stages ÇE8.5) in the mouse. A subsequent analysis from Kessel (1992)

discovered that excess RA can also elicit vertebral patterning defects at later stages, from
E10.5 to El l.5. Moreover, early treatments affect the entire vertebral axis, while later

treatments generally result in regional defects along the axial skeleton, such as lower
cervical and upper thoracic regions transformations (Fig. 1-8 and Table 1-4). This reflects

the establishment of paraxial mesoderm and rostro-caudal progression of somitogenesis
during the early window (E7-E8.5), and the subsequent differentiation of somites to

prevertebrae for the late window, which also occurs in an A-P sequence.

Retinoid sensitivity during the early period is associated with rostral expansions

of the anterior expression boundaries of several hox genes within prevertebral
condensations (Kessel and Gruss, 1991). These shifts occur concomitantly with posterior
transformations of the thoracic and lower cervical vertebrae, consistent with their normal

patterns of expression in this region. Thus, exogenous RA can affect vertebral patterning

by altering the Hox code.

Surprisingly, the homeotic transformations elicited with RA during the late

window are not associated with alterations of hox expression domains, suggesting the

existence of a hox-gene independent mechanism for vertebral patterning (Kessel, 1992).

As these transformations resemble those occurring with earlier retinoid treatments,
Kessel (1992) described this phenomenon as a respecification of the vertebrae. The

author also proposes that retinoids can affect vertebral identities at this late window by

interfering with the mesenchymal transformation of the somite to sclerotome. However, it

is important to bear in mind the complexities of hox gene regulation. As discussed earlier,

once established, hox gene expression is maintained in part by a cross-regulatory
mechanisms involving paralogous hox members. Thus, RA treatment during the late
window can conceivably alter vertebral patterning via more subtle effects on hox genes,

possibly involving hox gene cross-regulation. In this scenario, retinoids can alter the hox

function within the forming vertebrae by destabilizing hox gene expression mechanisms.
This remains, however, a highly speculative model given that altered hox expression was

never observed in the prevertebrae following RA treatments during the late window.
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Recently, a role for endogenous retinoid signaling in vertebral patterning is

supported by mice harboring null mutations in cyp26Al, a RA-catabolizing enzyme,

(Abu-Abed et al., 2001; Sakai et al., 2001). Cyj?26A7-/-fetuses exhibit multiple posterior

homeotic transformations throughout the entire cervical region, consistent with the

effects of excess RA during early gestation periods (Fig. 1-8 and Table 1-4). For instance,

cyp26Al null fetuses display the transfonnation of the seventh cervical vertebrae to the

identity of the first thoracic segment (Fig. 1-8). Furthermore, the morphologies of the

first and second cervical vertebrae resemble those of more caudal cervical segments,

suggesting posterior homeotic transformations. Thus, the deletion of cyp26Al miinics the

effects of exogenous retinoids on the vertebral skeleton, presumably due to the reduced

catabolism of RA during early embryogenesis.

Additional support for a requirement of RA signaling in axial patterning comes

from the vertebral defects displayed by various retinoid receptor null mice. The loss of

RARy leads to several anterior transformations of the cervical region, consistent with its

high expression in the presomitic mesoderm and, at later stages, in the sclerotome (Fig. 1-

8; Lohnes et al., 1993; Ruberte eî al., 1990). Interestingly, vertebral defects resemble

those occurring in the hoxd4-Tm[ï mouse, a known RA-target gene (Horan et al., 1995a).

Indeed, hoxd4/RARy double mutants display a much more severe phenotype than either

mutants alone (Folberg et al., 1999a). Although not as severe as group 4 compound

mutants (Horan et al., 1995b), the penetrance and expressivity of the anterior

transformations of the second cervical vertebra to the identity of the first increases in the

hoxd4/RARy double mutants, consistent with RARs regulating the early expression of all

group 4 genes. The mutation of RARa, on the other hand, leads to a very low frequency

of vertebral homeosis (Lohnes et al., 1994; Lufkin et al., 1993), while RARp nulls

display no overt axial defects (Luo et al., 1995). In contrast, any combination of RAR

double mutants leads to significant increases in both anterior and posterior homeotic

transformations and malformations of the cervical vertebrae relative to those observed in

RARy mice (Fig. 1-8 and Table 1-4). These abnormalities reach their greatest

expression in RARay double nulls, which often display a complete dyssymphysis of the

neural arches (dorsal aspect of the vertebrae) in the cervical region. Due to these severe

losses of vertebral structure, the identities of the cervical vertebrae are difficult to
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Figure 1-8. Summary of the homeotic transformations elicited by excess RA, cyp26Al
and RAR mutations in the mouse.

Normal cervical and thoracic vertebral pattern is indicated on the left. Red circle
identifies the anterior arch which is normally present on Cl. Small rounded yellow
rectangles represent the tuberculi anteriori normally present on C6. Black lines
projecting from the thoracic vertebrae represent ribs. Light grey blocks identify
transformed vertebrae. Upward and downward arrows indicate posterior and anterior
homeotic transformations, respectively. For late RA treatments, the normal C5 and C6
vertebrae are indicated next to the correspondingly transformed vertebrae elicited by RA
at E10.5. Red upward arrow indicates posteriorization occurring with RA treatment at
El l.5. BO, basioccipital bone, C, cervical vertebrae (numbered 1 to 7), T, thoracic
vertebrae (numbered 1 to 13, with 14 occasionally seen in RAR mutants). [Figure 1-8 is
on the following page].

J
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Table 1-4. Summary of the homeotic transformations affecting the cervical region ofRA-treated
embryos, cyp26Al-/-, and various RAR null mutants. Occurrence of defects is given as percentages.
[Data obtained from Kessel and Gmss ,1991, and Kessel ,1992, for RA excess; Abu-Abed et al., 2001,
and Sakai et al., 2001, for Cyp26AJ-/-, Lohnes et al., 1993, 1994, for RAR null mutants].

RAE7.3 CYP26A1 RA E10.5/E11.5
Anteriorization:
BO-C1 fusions
C2->CÏ
C6->C5
C7^C6
Posteriorizations:
BO anomalies* 74 40
C1^C2 57 40
C2^C3 57 40
C5^C6 50 80
C6->C7 82 80
C6^T1
C7^TlorT2 82 100

28
17
14
14

al Y

19
31
25
25

RAR GENOTYPE
alycX2+/- aj^ S2y

18
64
73
73

NA
NA
NA
NA

22
11
0
0

48/0

44/0
44/0

63/33 38 27
33
67

aft2

0
20
80
80

1

* Basioccipital anomalies included fusions with exoccipital bones, fusions to neural aches of Cl, fusion and
presence ofproatlas. NA, not applicable (due to the severity of the phenotype).
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ascertain, but partial transformations of the second cervical vertebrae to the identity of the

first are observed in less affected RARay mutants. Interestingly, while single RARp null

mutants lack vertebral defects, RARp2y and RARa(32 show anterior homeotic

transfonnations of the cervical vertebrae (Fig. 1-8). Furthermore, the removal of only one

RXRa allele from the RARa or RARy null background greatly increases the frequency

of vertebral abnormalities seen in either RAR single mutants (Kastner et al., 1997). This

synergy suggests that effect of retinoid signaling in vertebral patterning is transduced by

heterodimers between the RXR and RAR genes. Moreover, retinoid receptors seem to

function largely redundantly in the patterning of the axial skeleton.

To conclude this section, I have described some of the key observations made

within the last few years regarding the role of retinoid signaling in the caudalization of

the vertebrate axis. This ability is shared across the vertebrate phylum, from amphibians

to avians to mammals, and reflects the tight regulatory coupling of a linked group of

genes, the hox genes. Retinoids, it seems, have been co-opted during evolution to activate

the distal members of the Hox complexes and thus help establish their remarkable co-

linearity with animal design. These simple molecules have incredible patterning abilities

in both neural and mesodermal metameres, leading to an appreciation of the plasticity

afforded by retinoid signaling in vertebrate morphogenesis.

1.7. Retinoid Signaling And Left-Right Axial Patterning

J

1.7.1. Heart Induction And Formation Of The Linear Heart Tube

The heart is the first major organ to develop and ultimately derives from anterior lateral

plate mesoderm. Fate mapping of the mouse epiblast has restricted cardiac precursors to

the cranial mesodennal domain located in the rostro-lateral half of the primitive streak

region (Fig. 1-6A; Tarn et al., 1997). As the streak extends rostrally during gastrulation,

the heart and cranial mesoderm precursors within the epiblast ingress through it and enter

the nascent mesodermal stream, where they migrate anteriorly and laterally. These cells

are among the first to gastrulate, resulting in cardiac precursors being found in the

leading edge of the migrating mesodermal sheet immediately underneath the presumptive
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cephalic neural plate. Moreover, the progenitors of the anterior (foregut) endodenn co-

localize with heart mesodermal precursors in the epiblast and ingress through the streak

at approximately the same time (Tarn et al., 1997). This establishes an early relationship

between these two tissues, which is critical for the subsequent induction of the

cardiogenic, or heart, field.

The heart field is defined as that region of the anterior embryo that is competent

to form heart tissue in response to inducing signals, and is typically larger than the actual

area that contains the cardiac progenitor cells (Redkar et al., 2001; Tarn and Schoenwolf,

1999). Early embryological studies determined that there are two tissues that are essential

for defining the cardiac forming region in vertebrate embryos: the anterior endoderm and

cephalic neural plate (reviewed in Schultheiss and Lassar, 1999). Grafting anterior or

lateral portions of anterior endoderm in non-cardiac posterior mesodermal regions in the

chick induces the expression of cardiogenic markers (Schultheiss et al., 1995).

Subsequent work has revealed that BMPs can mimic the heart inducing activity of

embryonic anterior endoderm in the chick (Schultheiss et al., 1997). Furthermore, the

mutation of BMP2 in the mouse results in severe cardiac defects, with a quarter of the

mutants lacking heart tissue altogether (Zhang and Bradley, 1996).

Recently, a role of the antagonism of Wnt activity during cardiac mesodenn

ingression has been shown to be required for heart induction. In particular, Wnt signaling

from cranial mesoderm and neurectodenn restricts the formation of the heart field, which

can be counteracted by over-expressing the Wnt antagonists Crescent and Dkk-1 (Marvin

et al., 2001; Schneider and Mercola, 2001; Tzahor and Lassar, 2001). Importantly, the

ectopic expression of either Crescent or Dkk-1 in non-cardiogeneic mesoderm is

sufficient to promote heart formation in vivo (Marvin et al., 2001; Schneider and

Mercola, 2001). Marvin and colleagues (2001) also show that in the chick, crescent is

expressed in anterior endoderm during gastmlation, which agrees well with a putative

role as an endogenous inducer of the heart field. Thus, a revised model of heart formation

states that the induction of the heart is mediated by two separate signaling events. The

first step involves the inhibition of Wnt signaling from cephalic neural tissue by the

secretion of antagonists, such as Crescent and Dkk-1, from anterior endoderm to generate

!
l
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n the heart field. BMP signaling then acts on this broad field to promote the differentiation

of heart tissue in a subset of cells.

Once heart induction has occurred, cardiac precursor cells form an extended

crescent-shaped tissue ventral to the intestinal portal (open foregut); a structure referred

to as the cardiac crescent (see Appendix I for mouse embryo staging). These lateral

mesodemial wings form paired endothelial tubes converge at the midline and fuse to

form a single medial heart vessel. This occurs at approximately 8 days of gestation in the

mouse as the anterior neural tube begins to close (Sadler, 2000). As a consequence of the

cephalic growth and closure of the anterior neuropore, the paired cardiac primordia,

which are located on the ventral surface of the open foregut, are pulled cranially. At the

same time, the embryo begins to fold laterally, dragging the cardiac primordia along with

it, resulting in the cranio-caudal fusion of the heart tube.

D

J

7.7.2. Establishment Of The Left-Right Axis

Although superficially symmetrical, all vertebrates process intrinsic asymmetries in the

development of many thoracic and abdominal organs along their left-right axis. The

normal left-right arrangement of organs is called situs solitis, and with respect to cardiac

development, gives a right to leftward displaced heart referred to as levocardia (Fig. 1-

9A; Casey and Hackett, 2000; Majumder and Overbeek, 1999). Perturbations in the

development of the left-right axis can lead to mirror-image reversals in the placement of

the internal organs in the body cavity, a situation referred to as situs inversus. When this

occurs, it may give rise dextrocardia, which .is the development of the heart on the right

instead of the left side. In dextrocardial hearts, the systemic ventricle, which distributes

oxygenated blood from the lungs to the body, is the right ventricular chamber instead of

the left (Fig. 1-9A). Likewise, in reversed situs, the pulmonary ventricle, which concerns

itself with delivering oxygen-deprived blood to the lungs, is the left chamber as opposed

to the right.

Situs defects are relatively common, in one estimate occurring at a frequency of

1/5000 births (Casey and Hackett, 2000). Most patients with complete situs inversus lead

nonnal lives, however, reversals of a subset of the internal organs, called heterotaxia, is

often lethal, principally due to complications arising from inadequate alignment of

l
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outflow (conotrucus) and inflow (sinus venosus) regions of the heart. Despite the obvious

clinical manifestations of situs defects, it is only within the last few years that progress

has been made in identifying key regulators of left-right axis formation. The rapid

evolution of this field has led to an impressive understanding of the mechanisms

generating left-right asymmetry (Fig. 1-9B), including the regulatory modules directing

laterality-specific gene expression (reviewed in Capdevilla et al., 2000).

Among the most obvious signs of lateral asymmetry is the leftward positioning of

the heart (Fig. 1-9A). Once the linear heart tube has formed, various signals direct it to

undergo a stereotypical counter-clockwise torsion to give rise to a leftward displaced

heart (Sadler, 2000). These same signals also impart lateral asymmetry to certain internal

organs, including the lungs, stomach, spleen, and intestines, demonstrating a coiiunon

mechanism underlying left-right (L-R) patterning. The establishment of the L-R axis

involves a largely conserved cascade of signaling events, with important species

differences, and can be subdivided into four overlapping stages. The first step involves

the initial breaking of symmetry, which converts the initial A-P patterning to L-R

asymmetry and is mediated by the node. Subsequently, L-R positional information is

relayed from the node to the lateral plate mesoderm (LPM), and left-specific expression

of laterality markers is established. The third phase involves the stabilization of the broad

domains of side-specific expression via auto-regulatory and cross-regulatory interactions

between laterality determinants. The last step of L-R axis formation is the interpretation

of the side-specific information by the organ primordia and the establishment of

asymmetric morphogenesis.

In mice, strong evidence exists for the role of a specialized group of monocilia

present on the ventral surface of the node in the initial breaking of symmetry (Marszalek

et al., 1999; Nonaka eî al., 1998; Okada et al., 1999; Takeda et al., 1999). In an elegant

series of experiments utilizing videomicroscopy, researchers from Hamada's group have

demonstrated that nodal cilia rotate counter-clockwise, generating a net leftward flow of

extracellular fluid across the ventral surface of the node (Nonaka et al., 1998). The

authors suggest that this motion, called the nodal flow, concentrates a secreted molecule

initially expressed throughout the node to its left side. Once this laterality determinant

reaches a threshold level, it triggers the expression of left-sided genes in tissues adjacent

t
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to the left side of the node, namely the left LPM, and subsequently establishes left-right

asymmetry. Consistent with this model, mice mutant for the kinesin motor proteins

Kif3A or Kif3B, lack nodal cilia, do not produce the nodal flow, and display a

randomization of organ situs (Marszalek et al., 1999; Nonaka et al., 1998; Takeda et al.,

1999). Likewise, the classical mouse mutant inversus viscerum (iv) harbors a mutation in

a novel member of the dynein motor family, called left-right dynein, that renders the

nodal cilia immobile (Okada et al., 1999; Supp et al., 1997). This mutant displays

numerous situs defects, in agreement with a requirement of nodal cilia in left-right

asymmetry. Another mouse mutant, called inversion of embryonic turning (inv), also

displays randomized asymmetric development (Yokoyama et al., 1993), and is associated

with reduced rotation of the nodal cilia (Okada et al., 1999). The inv locus is predicted to

encode a large intracellular protein containing ankyrin repeats, suggesting a stmctural or

scaffolding function (Mochizuki et al., 1998). Unfortunately, this offers little insight as to

the function of inv in L-R patterning, but it may mediate or stabilize the assembly of the

nodal cilia. Thus, these studies suggest that, in mammals, the leftward nodal flow is the

initial signal that breaks symmetry in the L-R axis by concentrating laterality

determinants on the left side.

A likely candidate for a left-determining signaling molecule secreted by the node

is a TGFp family member, called appropriately enough, nodal (Conlon et al., 1994).

Although, initially expressed throughout the periphery of the node, nodal becomes up-

regulated on the left side of the node by early somite stages before becoming expressed in

a broad domain throughout the left LPM (Collignon et al., 1996; Lowe et al., 1996). This

expression pattern is therefore consistent with the nodal flow model, whereby an initial

asymmetry on the left side of the node region, becomes propagated throughout the left

side of the embryo. In support of this, the lefi-specific expression of nodal is reversed or

bilateralized in mouse models of situs inversus, iv and inv, which display dismpted nodal

flow (Collingnon et al.,ï996; Lowe et al., 1996; Okada et al., 1999).

The loss of Nodal fiinction is lethal early in development due to a failure to

gastrulate (Conlon et al., 1994), however a recently published hypomorphic nodal

mutation confirmed its role in left-right patterning (Lowe et al., 2001). Particularly, nodal

hypomorphs display right pulmonary isomerism as well as reversal of cardiac looping,
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concomitant with the loss of expression of two important downstream targets of the

laterality cascade, lefty2 and pitx2, in the left lateral plate mesoderm (see below). Other

situs defects in nodal hypomorphs included right-sided stomach and isomerization of the

atria (Lowe et al., 2001). Consistent with a role in L-R determination, the misexpression

of nodal on the right LPM adjacent to the avian organizer (Levin et al., 1995; Sampath et

ai, 1997, 1998), and its ectopic expression in amphibians (Lohr et ai, 1997) and

zebrafish (Rebagliati et al., 1998) is sufficient to randoinize the situs of several organs.

Nodal is an atypical member of the TGFp superfamily of secreted molecules, and

like all TGFp ligands, signals through TGF(3 receptors (reviewed in Goumans and

Mummery, 2000). It is therefore not surprising that the mutation of activin type IIB

receptor (ActRIIB), a putative Nodal receptor, is associated with reversals in cardiac

looping and right pulmonary isomerism, as well as other situs abnormalities (Oh and Li,

1997). Also supporting a role for TGFp signaling in L-R patterning are the loss of

function mutations in smad5 (Chang et al., 2000) and smad2 (Heyer et al., 1999), which

are intracellular mediators of the TGFp pathway (Goumans and Mummery, 2000)

The full effect of Nodal signaling seems to require essential co-factors from the

EGF-CFC family of extracellular proteins (Ding et al., 1998; Gaio et al., 1999; Gritsman

et al., 1999; Schlange et al., 2001; Yan et al., 1999). Loss of function of crypto (or c/c2)

phenocopies the A-P patterning defects in nodal mutants in the mouse (Ding et ai, 1998)

and zebrafish (Gritsman et al., 1999), while the loss of cryptic (or c/c7), another

mammalian EGF-CFC gene, leads to randomized cardiac looping concomitant with the

lack of nodal, lefty2, and pitx2 expression in the left LPM (Gaio et al., 1999; Yan et al.,

1999). Similar results are observed with an antisense knockdown of the chick cfcl gene

(SchlangeeïaZ.,2001).

Interesting differences exist between avians and mammals with respect to the

initial breaking of symmetry (Fig. 1-9B). Monocilia have not been reported in the chick,

but asymmetries in the expression patterns of certain signaling molecules occur

significantly earlier in the chick perinodal region relative to equivalent stages in the

mouse (Capdevila eï al., 2000). The chick embryo also expresses right-sided

determinants along with the Nodal-driven left-specific pathway. Among these is another

TGFp signaling molecule, Activin PB, and its receptor, ActRIIA (Levin et al., 1995,

i:
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1997). Activin signaling inhibits the expression of the morphogen Shh on the right side of

Hensen's node. This leads to the restriction of Shh on the left side adjacent to the chick

organizer, which then activates Nodal in a small domain lateral to the organizer (Levin et

al. 1995, Pagan-Westphal and Tabin, 1998). Furthermore, Activin induces the expression

offgf8 on the right side, which in turn prevents the inappropriate activation of nodal on

the right (Boetteger et al., 1999). Thus, in the chick, Activin signaling initiates left-

specific nodal expression by inhibiting shh and activating/g/8 on the right ÇFigure 1-9B).

By comparison, the expression of Activin receptors, Fgf8 and Shh are not asymmetric in

mouse, although their mutations do affect left-right patterning (Izraeli et al., 1999;

Meyers and Martin, 1999; Oh and Li, 1997; Tsukui eî al., 1999). The generation of a

hypomorphic fgf8 mutation results in reversals in heart looping and right pulmonary

isomerism, concomitant with the loss of expression of nodal and other laterality

determinants (Meyers and Martin, 1999). Thus, while/g/S is a right determinant in the

chick, its role in the mouse is to activate the left-specific laterality cascade.

Recent developments in the mouse suggest a role for Shh signaling in the

activation of the laterality cascade in the left LPM. The mutation of smoothened (smo),

which encodes a putative Shh co-receptor and effector, results in axial and L-R patterning

defects along with aberrant expression of nodal, lefty l/lefty2, and pitx2 (Zhang et al.,

2001). Importantly, as nodal expression remains intact in the node of smo embryos, but

is entirely abolished in the LPM, Shh signaling may also be involved in the transfer of

nodal expression from the node to left LPM (Zhang et al., 2001). However, shh mutants

also lack axial structures such as the notochord and floorplate, which normally function

as a midline barrier that prevents left-specific infomiation from traversing to the right

(see below). Thus, the bilateral expression of nodal and other left determinants in shh~/~

embryos may be due to loss of inidline tissues, resulting in a porous barrier to the

rightward flow of laterality determinants. Shh has therefore evolved two ways in

regulating left-specific information: in avians, asymmetric shh expression in the left

perinodal region activates nodal and the left laterality cascade, whereas in the mouse, shh

functions not only to restrict established laterality information to the left side, but to

activate nodal in the left LPM as well (Fig. 1-9B). These interesting differences may

^
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reflect the inherently different morphologies of gastrulation in birds and mammals

(Beddington and Robertson, 1998).

The transfer of laterality infonnation from the organizer to lateral plate mesoderm

seems to involve paraxial mesoderm (Pagan-Westphal and Tabin, 1998). In chicks, Shh is

able to induce nodal expression in a small region immediately adjacent to Hensen's node.

An additional factor is then require to transfer this small nodal domain to the much

broader left-sided expression throughout the left LPM. In a search for left-specific factors

that are able to promote Nodal signaling, several groups identified a Cerbems-related

molecule called Caronte (Car; Rodriguez-Esteban et al., 1999; Yokouchi et al., 1999;

Zhu et al., 1999). This BMP antagonist is indeed expressed asyiimietrically in a small

domain in the left paraxial mesoderm, adjacent to 5'/i/i-expressing cells near the node. Car

promotes the left-sided pathway presumably by antagonizing the activity of BMPs in the

chick lateral mesendoderm, which inhibit Nodal signaling possibly by the competition for

intracellular mediators, such as Smad5. Thus, Car releases Nodal inhibition by BMPs in

the left LPM, allowing its expansion throughout this domain.

Once nodal expression becomes established in the left LPM, its activity is

restricted there by the action of antagonist molecules, encoded by the lefty genes. Lefty2

defines a novel class of TGF(3 signaling factors and is specifically expressed in the left

LPM in response to Nodal signaling (Levin et al., 1997; Meno et al., 1996; Sampath et

al., 1997). Like nodal, lefty2 expression is found in the right LPM in iv and inv mutants

(Mena et al., 1996), and its misexpression in chicks or frogs results in situs defects

(Levin et al., 1997; Sampath et al., 1997). Moreover, lefty2 expression is absent in nodal

hypomorphs, suggesting it acts downstream of Nodal signaling (Lowe et al., 2001).

However, the loss of function of lefty2 in both mice and zebrafish results in excess

mesoderm formation due to a grossly expanded primitive streak (Meno et al., 1999); a

phenotype that the authors argue is opposite to that of nodal mutants. In agreement with

this, nodal expression is expanded in lefty2~/~ mouse embryos.

Insights into the mechanistic basis of this cross-regulatory relationship comes

from the analysis of the nodal and lefty2 promoter regions (Adachi et al., 1999; Noms

and Robertson, 1999; Saijoh et al., 1999). Interestingly, both the nodal and lefty2

promoters contain a conserved early asymmetric enhancer. Crossing transgenic reporter
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mice harboring these asymmetric enhancers into the iv and inv mutant backgrounds leads

to bilateralized or right-sided expression, demonstrating they indeed function as

asymmetric regulatory modules (Adachi et al., 1999; Norris and Robertson, 1999; Saijoh

et al., 1999). The nodal/lefty2 left-specific enhancer contains binding sites for FAST

transcription factors, which are the downstream effectors of the TGFp signaling pathway

(Goumans and Mummery, 2000). This suggests that the early asymmetric expression of

nodal and lefty2 is controlled by TGFp signaling. Moreover, the targeted deletion of the

nodal asymmetric enhancer abolishes reporter expression in the left LPM but not the

node, suggesting it functions as an autoregulatory element for Nodal signaling in the left

LPM (Noms and Robertson, 1999). Also, the overexpression of lefty2 in zebrafish

inhibits nodal expression (Mena et al., 1999). These results hint at the existence of an

inhibitory feedback loop between Lefty2 and Nodal, and a positive autoregulatory loop

driving nodal expression. Thus, to summarize this data, Nodal is able to activate lefty2,

which in turn antagonizes Nodal signaling through the competition for common receptors

at the cell surface (Fig. 1-9B). The subsequent decrease in Nodal receptor occupation

leads to a loss of nodal autoregulation via its asymmetric enhancer.

The most downstream component of the laterality cascade is the Nodal target

gene pitx2, which encodes a novel bicoid-type homeobox transcription factor. This gene

was initially cloned as RIEG, as its haploinsufficiency gives rise to Rieger's syndrome in

humans (Seimna et al., 1996). Subsequently, this gene was cloned in other vertebrates

and found to be expressed in the left LPM immediately prior to cardiac looping

(Campione et al., 1999; Logan et al., 1998; Piedra et aZ.,1998; Ryan et al., 1998). Later

on, pitx2 is highly expressed asymmetrically in several developing organs and is thus

suspected to play a major role in the asymmetric development of organs (Hj alt et al.,

2000; Semina et al., 1996). The misexpression of pitx2 on the right side in chicks and

frogs is sufficient to cause reversals in heart and gut looping (Campione et al., 1999;

Logan et al., 1998; Piedra et aZ.,1998; Ryan et al., 1998). Pitx2 is efficiently induced by

Nodal misexpression on the right side, suggesting it acts as a downstream component of

the Nodal-driven laterality cascade (Fig. 1-9B). Strong support for this comes from the

pitx2 promoter, which like that of lefty2 and nodal, contains critical Nodal response

elements (FAST binding sites) that mediate its left-specific expression in the LPM
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(Shiratori et al., 2001). Furthermore, piîxT. expression is randomized in iv mice,

consistent with it being a distal component of the L-R pathway (Piedra et al., 1998;

Campione et al., 2001).

The targeted disruption of pitx2 leads to the asymmetric development of several

organs such as the atria, lungs, stomach and gut (Kitamura et al., 1999; Lin et al., 1999;

Lu et al., 1999). Interestingly, the levels of Pitx2 seem to impart positional information to

different organs. The progressive ablation of the three pitx2 isoforms (pitx2a, pitx2b, and

pitx2c) increases the number of organs affected (Gage et al., 1999). Also, a recent study

by Liu and colleagues (2001) describes a gene-dosage requirement of the major pitx2

isoform, piîx2c, in the asymmetric development of different organs. For example, while

the establishment of the left atrial chamber requires low levels of functional Pitx2c, the

asymmetric development of the lungs and gut is easily perturbed by even the slightest

decreases in pitx2c dosage

Additional targets of Nodal signaling in the left LPM include the zinc finger

transcription factor Snail-related (SnR) and the homeobox-containing factor, Nkx3-2

(Schneider et al., 1999). SnR is initially expressed bilaterally in precardiac mesoderm,

but becomes progressively restricted to the right side of both mouse and chick embryos

(Isaac et al., 1997; Sefton et al., 1998). In the chick, SnR represses pitx2 expression on

the right side, thereby keeping the left-side transcriptionally distinct from the right (Fig.

1-9B; Patel et al., 1999). Furthennore, Nodal signaling appears to suppress SnR

expression on the left, which in turn allows for robust left-specific pitx2 expression. Pitx2

expression thus appears to be regulated by Nodal in two ways: direct activation through

the early asymmetric enhancer, and indirectly via the inhibition of the pitx2 repressor,

SnR.

Nkx3-2 is expressed on the left LPM in response to nodal signaling and is thought

to mediate the asymmetric development of organs in response to the L-R pathway

(Schneider et al., 1999). Interestingly, the analysis of the pitx2 promoter revealed the

presence of NK2 binding sites, which are required for the maintenance of pitx2

expression. Thus, nkx3-2 may regulate organ asymmetries by maintaining robust pitx2 in

the left LPM and its derivatives during organogenesis (Fig. 1-9B). Taken together, these

results suggest that the asymmetric development of organs involves the transfer of
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laterality information from the left LPM to pitx2. This is mediated both directly and

indirectly by Nodal.

The maintenance of left-specific information involves midline tissues such as the

notochord and floorplate, which act as a molecular barrier preventing the rightward flow

of left determinants (Fig. 1-9B; Capdevila et al., 2000). As alluded to earlier, a prediction

from this midline barrier model asserts that any perturbation of the midline function will

result in a bilateralization of left-specific determinants due to their unrestricted diffusion

towards the right. Consistent with this, the loss of members of the Shh pathway, such as

shh (Meyers and Martin, 1999; Tsukui et ai, 1999), HNF-3^ (Collignon et al., 1996),

and smo (Zhang et al., 2001), disrupt midline development and display a randomization

of situs concomitant with bilateralized nodal, leftyl, and pitx2 expression. Interestingly, a

second lefty gene, lefty 1, is expressed in midline tissues, particularly in the left half of the

floorplate (Mleno et al., 1997). Leftyl and /e^y2 constitute a divergent sub-family of

TGFp signaling molecules and are closely linked on mouse chromosome l (Meno et al.,

1997). However, the regulatory mechanisms governing leftyl and lefty2 expression are

entirely different. While an asyn-imetric enhancer directs lefty2 expression on the left side,

the asymmetric expression of leftyl is regulated by a combination of bilateral enhancers

and a right-sided specific silencer (Saijoh et al., 1999). Targeted deletion of leftyl

confimis its role in L-R development as mutants display situs defects in association with

the bilateral expression of nodal, lefty2 and pitx2 (Mena et al., 1998). Moreover, as

nodal, lefty2 and pitx2 all contain FAST-binding sites in their asymmetric enhancers,

leftyl can presumably inhibit their expression directly. Thus, leftyl seems to function as

the molecular mediator of the midline barrier. Collectively, these results demonstrate that

signaling from the midline keeps left-specific information from diffusing to the right, and

thus prevents the laterality cascade from degrading with time. A summary of the key

players in the L-R pathway is depicted in Figure 1-9B.

l
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Figure 1-9. Establishment of asymmetries in the left-right axis.

(A) Drawing of the ventral view of the heart during cardiac looping morphogenesis.
Normal (situs solitus) heart looping is indicated on top and mirror-image reversal (situs
inversus) is depicted on the bottom. Blood flows from the inflow tracts at the bottom
(sinus venosus) to the outflow tracts (bulbis cordis, conotrucus, and aortic arches) at the
top. Normal looping of the heart involves a rightward rotation of the linear heat tube
leading to the mature four chambered hear with septation (levocardia). In situs inversus,
the direction of cardiac looping is reversed leading to the formation of the systemic
ventricle (red) on the right and the pulmonary ventricle (yellow) on the left
(dextrocardia). (B) Outline of L-R signaling pathway in chicks (right) and mice (left).
Differences between chicks and mice include the presence of nodal cilia (depicted by
short black curved lines), and the existence of the midline barrier in the mouse. The
initial breaking of symmetry in the chick involves asymmetric expression of Shh in
response to activin signaling, whereas in the mouse the nodal cilia act to concentrate
Nodal on the left periphery of the organizer. SUh signaling is subsequently transmitted to
Nodal via the BMP antagonist Caronte (Car), which is expressed in the paraxial
mesoderm (presomitic mesodenn and somites). In addition, Shh may also activate Nodal
in a small domain lateral to the mouse organizer. Once Nodal expression is established, it
activates Pita2, which drives organ asymmetry. Auto-regulatory and cross-regulatory
interactions between Nodal and Lefty members limit Nodal signaling to the left LPM. In
the mouse, Leftyl expression in the left prospective floorplate defines a midline barrier
that inhibits Nodal signaling in that tissue. This maintains the expression of the laterality
determinants on the left side, leading to the asymmetric development of the various
organs. Please refer to text for detailed explanations. Abbreviations: LPM, lateral plate
mesoderm, pfp, prospective floorplate, ps, primitive streak, psm, presomitic mesoderm,
so, somite. [Figure A modified from Majumder and Overbeek, 1999. Figure B modified
from Meyers and Martin, 1999. (Figure 1-9 is on the following page)].

J
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1.7.3. Reïinoid Signaling And Left-Right Axis Formation

Early nutritional studies have established a role for retinoid signaling in cardiac
development (Smith and Dickman, 1997). The deprivation of retinoids during avian
development results in abnormal or reversed cardiac looping, thinned myocardial wall,
and the loss of posterior heart structures (Heine et al., 1985; Dersch and Zile, 1993;
Kotetskii, 1998, 1999). Moreover, excess retinoids in quails and maimnals, including
primates, gives rise to siinilar heart defects including cardiac malpositioning, and situs
inversas or heterotaxia of organs in the thoracic region (Dickman and Smith, 1996;
Hendrickx et al., 1980; Miura et al., 1990; Shenefelt, 1972; Thompson et al., 1969; Van

Maldergem et al., 1992; Yasui et al., 1998).

Cardiac situs in mice is particularly sensitive to exogenous RA during

gastmlation, with treated mice displaying atrial isomerism and abnomial heart looping
(Yasui et al., 1998). Interestingly, aberrant retinoid signaling in avians can perturb the
asymmetric expression of various extracellular proteins surrounding the heart, including
hLAMP-1 and Flectin (Smith et al., 1997; Tsuda et al., 1996). These were among the first

studies linking siîus defects resulting from abnormal retinoid signaling with reversals in
the expression of L-R axial markers. Subsequently, several groups examined the effects
of aberrant retinoid signaling on the expression of the newly discovered laterality
determinants (Chazaud et al., 1999; Tsukui et al., 1999; Wasiak and Lohnes, 1999; Zile

et al., 2000). Excess RA administered during late gastrulation stages in the mouse
embryos results in reversal of situs and is associated with bilateralization of nodal, lefty2,
and pitx2 expression (Chazaud et al., 1999; Tsukui et al., 1999; Wasiak and Lohnes,
1999). Importantly, excess retinoids do not affect lefty 1 expression in the prospective
floorplate, suggesting that the midline barrier function within the floorplate is largely
intact. Alternatively, VAD quails display a loss of nodal and pitx2, but do not affect
earlier asymmetric signals such as shh, caronte, activin receptor Ha, andfgf8, consistent
with a disruption of left-specific signaling in the LPM (Zile et al., 2000). Similar effects
can be evoked by RAR-antagonist treatment in mice (Chazaud et al., 1999), suggesting
that retinoids normally pattern the L-R at stages subsequent to the initial breaking of
symmetry. Collectively, these results argue that retinoid signaling regulates L-R axis
development principally through the maintenance of the left-specific laterality pathway

l
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driven by nodal. These findings are also consistent with a role for retinoids in providing

competence to the embryo to respond to left-specific cues.

The disruption of the retinoid receptors revealed a physiological requirement for

RA signaling certain aspects of heart development, but failed to demonstrate a role for

these receptors in looping morphogenesis (section 1.5.4). This may reflect the inherent

redundancy in RAR signaling, which as we have seen can be quite extensive. In support

of this, both RAR antagonists (Chauzaud et al., 1999) and retinoid deprivation (Zile et

al., 2000) have indeed demonstrated a requirement for normal retinoid signaling in

directing laterality development. It thus remains possible that the RARs do indeed

mediate an effect on L-R patterning; an idea which invites our inquiries.

1.8. Hypothesis

D
This introduction described the breadth of retinoid signaling during vertebrate

development, with particular emphasis on key regulatory events in axial patterning.

During the course of my studies, I have attempted to address several outstanding

questions with respect to the timing and role of the retinoid receptors during A-P and L-R

development. Based on the observation that RARy is essential for the transduction of the

terato genie effects of excess RA on the caudal embryo (Lohnes et al., 1993), I reasoned

that this receptor may also be required to elicit the effects of retinoid excess on vertebral

patterning. Furthermore, as vertebral patterning displays a biphasic sensitivity to

exogenous retinoids, this experiment allowed an assessment of the developmental period

at which RARy nomially functions to pattern vertebrae. A second question addressed

during my studies pertains to the problem of identifying the primary tissue affected by

excess retinoids at E8.5 that leads to axial trunctions. Given that the RARy null mice are

resistant to these caudal truncations, I hypothesized that by examining various tissue-

specific markers in RARy'7' versus wild type embryos following RA treatment, I would

determine where the primary lesion occurs in response to the teratogen. Lastly, given that

our understanding of RAR function remains incomplete due to the large degree of

functional overlap between the different receptors, I reasoned that novel roles for these
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receptors would be revealed by circumventing RAR redundancy. To this end, I have

employed a gene replacement approach to bypass RAR redundancy and demonstrated

new roles for these receptors in cardiac looping morphogenesis.

J
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ABSTRACT

Exogenous retinoic acid (RA) administered during mouse embryogenesis can alter the

pattern of the axial skeleton during two developmental periods: an early window (7 to 8.5

days post-coitum; dpc) and a late window (9.5 to 11.5 dpc). Treatment during the early

window results in vertebral homeotic transformations (predominantly posteriorizations)

concomitant with rostral shifts in Hox gene expression, while treatment at the later

window results in similar transformations without detectable alterations in Hox gene

expression patterns. Mice null for retinoic acid receptor gamma (RARy) exhibit axial

defects, including homeosis of several vertebrae, therefore establishing a role for this

receptor in normal axial specification. RARy null mutants are also completely resistant

to RA-induced spina bifida, which occurs in wild type embryos treated at 8.5 - 9.0 dpc,

suggesting that this receptor specifically transduces at least a subset of the teratogenic

effects ofretinoids.

To further investigate the role of RARy on RA-induced defects during the early

and late windows of retinoid-sensitive vertebral patterning, RARy hétérozygotes were

intercrossed, pregnant females treated with vehicle or RA at 7.3, 10.5 or 11.5 dpc and full

terni fetuses assessed for skeletal defects. Relative to wild type littennates, RARy null

mutants treated at 7.3 dpc were markedly resistant to RA-induced embryo lethality,

craniofacial malformations and neural tube defects. Furthermore, while RARy null

mutants were modestly resistant to certain vertebral malformations elicited by RA

treatment at 7.3 dpc, they exhibited more pronounced resistance following treatment at

10.5 and 11.5 dpc. Moreover, several of the vertebral defects inherent to the RARy null

phenotype were abolished by RA treatment specifically at 10.5 dpc, suggesting that

RARa and/or RARp isoforms may substitute for certain RARv functions, and that RARy

may elicit its normal effects on vertebral morphogenesis at this developmental stage.

l
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INTRODUCTION

Vitamin A and its derivatives (retinoids) play central roles in vertebrate development and

in the maintenance of various tissues in the adult (reviewed in Spom et al. 1994). Rodents

fed a vitamin A deficient (VAD) diet display weight loss, sterility, squamous metaplasia

of various tissues including the respiratory tract, alimentary tract, genito-urinary tract,

and eyes and related glands, and eventually die (Wolback and Howe, 1925). Moreover,

pregnant dams deprived of vitamin A give rise to fetuses exhibiting various congenital

defects involving the eye, genito-urinary and respiratory tracts, and heart and aortic arch

derivatives, among others (Wilson et al., 1953 and references therein). With the exception

of blindness, all of the defects generated by post-partum VAD can be prevented and/or

reversed by treatment of animals with retinoic acid (RA; Thompson et al., 1964), thereby

establishing that RA is a principal active metabolite of vitamin A.

The identification of retinoic acid receptors (RARs) allowed for a genetic

analysis of the varied developmental and physiological roles of retinoid signaling

(reviewed in Chambon, 1996; Sucov and Evans, 1995). Differential promoter usage and

alternative splicing leads to generation of N-terminal variant isoforms for each of the

three RARs (RARal and a2, RARpl-p4, RARyl and y2). RARs fiinction as ligand-

inducible transcription regulators by binding to specific sequences (RA response

elements; RAREs) present in the promoter/enhancer region of target genes, but do so

only as heterodimers with another class of receptors, the retinoid x receptors

(RXRa, P, y). RARs can be activated by both all-trans retinoic acid and the stereoisomer,

9-cis retinoic acid. RXRs, which can fiinction as transcription regulators in certain

contexts as homodimers, are activated only by 9-cis RA (Heyman et al., 1992;

MangelsdorfandEvans, 1995).

Targeted disruption of the various RARs has revealed specific as well as

redundant functions for these receptors (reviewed in Kastner et al., 1995; Sucov and

Evans, 1995). In addition to certain defects related to postpartum VAD, RARy null mice

display axial malformations, including vertebral homeotic transformations, not previously

observed in dietary deprivation studies (Lohnes et al., 1993). RARy disruption in

combination with RARa or R2 ablation leads to increasing penetrance and expressivity of
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the axial defects associated with the RARy null phenotype. Furthermore, RARap2 and

RARalp double mutants, but not single mutants, also exhibit vertebral transformations

and malformations, indicating a degree of functional redundancy among the RARs with

respect to vertebral morphogenesis (Luo et al., 1996; Lohnes et al., 1994; Mendelsohn et

al., 1994a).

Excess RA can alter vertebral identities at specific times during development.

Treatment at 7.3 to 8.5 days post coitum (dpc) results in multiple homeotic

transformations of the vertebral column which are accompanied by alterations in the

anterior expression boundary of some Hox genes (Kessel and Gruss, 1991). The

observation that the vertebral defects of certain Hox null mutants phenocopy certain of

the axial transformations of RARy null and RAR double mutant fetuses further supports

the contention that RARs affect vertebral specification via regulation of Hox gene

expression in vivo (Lohnes et al., 1993; Lohnes et al., 1994). However, RA

administration at 9.0-11.5 dpc can also "respecify" vertebral patterns without detectable

alterations in Hox gene expression (Kessel, 1992), suggesting that alternative

mechanisms of retinoid-dependent vertebral morphogenesis exist.

RARy null mutants are completely resistant to RA-induced spina bifida,

indicating that this receptor plays a specific role in retinoid teratogenesis (Lohnes et al.,

1993). The present study was undertaken to determine if this receptor is critically

required for the transduction of other retinoid-induced skeletal defects. To this end,

females from RARy heterozygous intercrosses were treated with RA at either the early

(7.3 dpc) or late (10.5 or 11.5 dpc) windows of RA-sensitive vertebral specification, and

the resulting wild type, heterozygous, and null mutant fetuses assessed for skeletal

defects. While some differences in axial patterning were observed between RARy

mutants and wild type fetuses treated with RA at 7.3 dpc, mutants were highly resistant to

the neural tube defects and cranial-facial malformations elicited by treatment during this

developmental window. In contrast to treatment during the early retinoid-sensitive

window, RARy ablation had a significant influence on axial patterning following RA

exposure at 10.5 and 11.5 dpc. Furthermore, several of the vertebral defects associated

with the RARy null phenotype were abrogated by RA exposure specifically at 10.5 dpc,



n

91

suggesting that this receptor may normally function in vertebral morphogenesis during

this developmental stage.

MATEMALS AND METHODS

Animals and Treatment. The RARy null mice used in this study have been

previously described (Lohnes et al., 1993). RARy heteozygotes were mated overnight

and females examined the following morning for the presence of a vaginal plug; noon of

the day of plug was considered as 0.5 dpc. Pregnant females were dosed by oral gavage

with vehicle or all-trans retinoic acid dissolved in com oil to a final delivery of 10 mg/kg

maternal weight at 7.3 dpc or 100 mg/kg at 10.5 or 11.5 dpc.

Pregnant females were sacrificed at 18.5 dpc by cervical dislocation and fetuses

obtained via cesarean section and stored at -20 C. Placental DNA was utilized for

genotype assignment by either genomic Southern blot as previously described (Lohnes et

al., 1993) or by PCR. In the latter case, primers specific for RARy sequences (5'-

CAGAGCACCAGCTCGGAGGA-3' and 5'-CTTCACAGGAGCTGACCCCA-3') which

flank the Néo integration site of the targeted locus were used to amplify a 120 bp product

specific for the wildtype allele. The primer 5'-GGCCGGAGAACCTGCGTGCAATCC-

3', comprising sequences complementary to the 5' coding region of the Néo gene, was

employed with the first oligonucleotide to amplify an approximately 600 bp product

specific for the dismpted allele. The PCR conditions used were 94 C for 30 seconds,

55 C for 10 sec, and 72 C for 1 minute for 25 cycles. Amplification products were

resolved on a 1.5% agarose gel and visualized by ethidium bromide staining.

Whole Mount Skeletal Preparations. Fetuses were skinned, eviscerated, and

dehydrated in 100% ethanol. Carcasses were then stained overnight with 0.03% alcian

blue (Sigma) in 80% ethanol:20% glacial acetic acid (v/v) to detect cartilaginous

elements. Specimens were then dehydrated in 100% ethanol, cleared in 2% aqueous

potassium hydroxide for 6 hours, rinsed once in tap water, and stained overnight with

0.1% alizarin red S (Sigma) to detect ossified structures. Clearing was effected by several

changes of 20% glycerol in 1% potassium hydroxide over one week, followed by 50%
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glycerol:50% ethanol (v/v) for 2-3 weeks. Specimens were scored under a dissecting

microscope and photographed with ASA 400 color film (Kodak).

Statistical analysis. The effect of RA-treatment on viability was assessed by

comparing observed versus expected genotype distribution using Chi squared analysis

(SokalandRohlf,1981).

RESULTS

RARy Mutants Are Resistant To The Lethality Of Excess RA

As previously described (Kessel and Gross, 1991; Kessel, 1992), treatinent of dams with

RA at 7.3, 10.5 and 11.5 dpc resulted in a high resorbtion frequency and reduced litter

sizes (data not shown). Treatment at 7.3 dpc resulted in significant lethality ofwildtype

offspring relative to RARy null mutants, as judged by deviation from the expected

Mendelian distributions (Table 2-1). A more moderate, although not statistically

significant, effect was also observed following treatment at 10.5 dpc.

Table 2-1

TABLE 1. Viability ofRA-Treated Fetuses at 18.5 dpc

Genotype distribution of fetuses
from RAR^+/- intercrosses"

RA treatment RAB-/+/+ RAR-/4,'- RAR-/-/-

7.3 dpcb
10.5 dpcc
11.5 dpc<:

20 (0.6)*
27 (0.7)
28(1.1)

72(2)
78(2)
52 (2)

38(1.1)
37 (1.0)
25 (1,0)

"Ratios were normalized with respect to hétérozygotes.
bl0 mg RA/kg maternal body weight.
"lOO mg RA/kg maternal body weight.
*Signifîcantly différent from the expected Mendelian distribu*
tion (P < 0.05).
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Cranio facial And Neural Tube Defects Elicited By RA Treatment At 7.3 dpc

In accordance with previous studies (Kessel and Gmss, 1991; Morriss-Kay, 1993), in

utero exposure to RA at 7.3 dpc resulted in a high frequency of offspring exhibiting

presumptive neural tube defects, notably anencephaly and exencephaly CFig. 2-1h).

Fetuses lacking overt neural tube defects often displayed a spectmm of additional

craniofacial malformations involving réduction or agenesis of skeletal elements. For

simplicity, anencephaly and exencephaly were compiled together and craniofacial defects

arbitrarily scored as severe or moderate; severe craniofacial malformations included

agenesis of rostral facial skeletal elements (e.g. Fig. 2-1i) and microcephaly, while

moderate malformations included hypoplasia or dysplasia of rostral skeletal elements (not

shown). Because anencepthaly and exencephaly result in severe craniofacial

malformations likely secondary to perturbation of neural tube closure, specimens

exhibiting these pathologies were not considered in the latter analysis.

Anencephaly and exencephaly could be readily assessed upon cesarean section at

18.5 dpc. Following genotype assignment, RARy null mutants were found to exhibit a

five-fold decrease in the incidence of these RA-induced defects relative to heterozygous

and wild type littermates (Table 2-2). Analysis of skeletal preparations likewise revealed

a 50-60% reduction in the frequency of severe and moderate craniofacial malformations

in RARy null mutants relative to control littermates (Table 2-2; note that although

specimens with neural tube defects were excluded from analysis of these defects, all

specimens were included in the calculation of the frequency of craniofacial defects and

therefore the resistance of RARy null mutants to these malformations is understated).

The consequence of RARy ablation on the induction of craniofacial malformations also

appeared to be stage-specific, as the frequency and severity of such defects elicited by

RA treatment at 10.5 or 11.5 dpc did not differ with respect to genotype (e.g. cleft palate;

Fig. 2-2e and f).

u

Analysis Of Vertebral Defects: Assignment Of Vertebral Patterns

Vertebral patterns were assigned essentially as previously described (Kessel, 1992;

Kessel and Gruss, 1991), and will be only briefly reiterated here. Normal wild type mice
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have a highly invariant vertebral pattern consisting of seven cervical vertebrae (denoted

Cl to C7), thirteen thoracic vertebrae (denoted Tl to T13), seven of which are normally

fused to the sternum (vertebrostemal thoracic vertebrae), six lumbar vertebrae (denoted

LI to L6) and three or four sacral vertebrae fused together to form the sacral bone (Sl to

S4). Caudal vertebrae were not considered in the present study.

A number of morphogenic criteria can be used to distinguish certain of these

vertebral elements. In the cervical region, the atlas (Cl) is the only vertebra lacking a

vertebral center and possessing a ventral ossified tubercle, the anterior arch of atlas (e.g.

Fig. 2-2g; AAA). The neural arches of Cl are also larger than those of more caudal

cervical vertebrae. The axis (C2) possesses neural arches intermediate in size to the atlas

and more caudal cervical vertebrae, and is further characterized by the presence of two

vertebral centers, including the axis dens which projects rostrally from C2 and is

considered homologous to the body of the atlas. C3 to C5 are very similar, possessing

closed or nearly closed transverse foramen, while C6 is distinguished by the presence of

ventrally protruding tuberculi anterior. The seventh cervical vertebra lacks transverse

foramen and may possess minor rib anlage extending from the transverse process; the

latter finding is a normovariant. All thoracic vertebrae are characterized by the presence

of ribs projecting from the lateral processes, the first seven (Tl to T7) being attached to

the sternum. In addition, the second thoracic vertebra is characterized by the presence of

an prominent spinous process on its dorsal aspect.

Exposure of embryos to RA at 7.3 dpc resulted in a number of defects of the axial

skeleton, several of which were interprétable as homeotic transformations by virtue of

altered vertebral morphologies. In treated wild type offspring, the frequency of these

transformations agreed well with previous reports (Table 2-2; Kessel and Gmss, 1991).

Ablation of RARy, however, had a significant impact on the frequency and/or severity of

several of these defects.

Following treatment at 7.3 dpc, sixty-five percent of treated wild type offspring

exhibited evidence for an occipital vertebra (a proatlas), manifested as a moderate or

extensive ossified neural arch-like stmcture between, and often fused to, the exoccipital

bone and the atlas (Fig. 2-1a and c). Thirty-five percent of these wild type fetuses also

exhibited a ventral tubercle reminiscent of an ectopic anterior arch of atlas (Fig. 2-1b and
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Figure 2-1. Skeletal and neural tube defects induced by RA treatment at 7.3 dpc.

(a-f) Lateral view of the cervical and upper thoracic region of the axial skeleton of
wildtype (a-c) and RARy null mutant (d-f) fetuses treated with RA at 7.3 dpc. Note the
evidence for both partial (a, c, and e) and complete proatlases (b, f) induced by RA
treatment at this stage (indicated by P). AAA* indicates an ectopic anterior arch ventral
to the first vertebra in (b, f), and, together with the occipital proatlantal neural arch
structure (P in a, b, e, e and f), was considered as evidence for induction of a complete
proatlas. Curved arrow indicates proatlas-exoccipital fusions in (a, c, and e). Long arrow
in (a and b) indicates neural arch fusions of cervical vertebrae, whereas the short arrow
points to ectopic ossifications. C2 bifidus is indicated by short arrow in (b). Extensive
ribs on C7 are indicated by a large star in (a, c), whereas minor ectopic rib anlage on C6
are indicated by a small star in (b, e). Note the reduction of cervical vertebrae from 7 to 6
in (b, d-f) and the presence of tuberculi anterior (TA) on C5 in (b, e and f). S,
supraoccipital bone; Tl, first thoracic vertebra, (g-i) Lateral view of craniofacial
malformations induced by RA treatment at 7.3 dpc. (g) Untreated wildtype fetus, (h)
treated wildtype fetus displaying anencephaly (denoted by a large star) and a complete
proatlas with an associated ectopic anterior arch (denoted by AAA*). Large arrow in (h)
indicates fusions of the proatlas and Cl. (i) RA-treated RARy-null mutant fetus
displaying severe rostral craniofacial malfonnations (large star), and hypoplasia of the
frontal bone (small star); note also the presence of a partial proatlas (P). AAA, anterior
arch of atlas; Pb, parietal bone; E, exoccipital bone; F, frontal bone; I, interparietal bone;
M, mandible; N, nasal bone; 0, otic capsule; S, supraoccipital bone; T, tympanic ring; X,
maxillary bone.
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2-1h); this latter characteristic was arbitrarily considered as evidence for the generation of

a complete proatlas. In contrast, only 5% of RA-treated RARy mutant littermates

exhibited a full proatlantal phenotype (Fig. 2-1f), with hétérozygotes presenting an

intermediate frequency (Table 2-2). It should be noted that untreated RARy null mutants

exhibit a similar phenotype, interpreted as an anterior transformation ofC2 to a Cl

identity (Lohnes et al., 1993; also compare Figs. 2-1fand 2-2]). However, the dens axis

is retained in RARy null mutants exhibiting a C2 to Cl transformation (Lohnes et al.,

1993), whereas this structure is lost upon RA-induction of a full proatlas (see Kessel et

al., 1990 for discussion). In the present study, treated RARy mutants exhibiting

supernumerary anterior arch of atlas-like structures were also lacking the dens axis in all

but one instance, indicating that induction of a full proatlas occurs at a much lower

frequency in the mutant background.

Treatment with RA at 7.3 dpc also resulted in posterior homeotic transformations

ofC3, C4 or C5 to a C6 identity, as evidenced by the appearance oftuberculi anterior on

one or more of these vertebrae in the majority ofwildtype specimens analyzed (Fig. 2-1b;

Table 2-2). Although 68% of RARy null offspring exhibited tuberculi anterior on C5

(Fig. 2-1f), stronger posteriorization effects (i.e. tuberculi anterior on C3 or C4) were

observed only in wildtype and heterozygous offspring. This likely reflects the complete

resistance of RARy null offspring to severe reduction of the cervical region, as, unlike

controls, none of the null mutants exhibited fewer than six cervical vertebrae (e.g. Figs.

2-1 d-f; Table 2-2).

The finding of six cervical vertebrae, irrespective of the presence of a proatlas, is

indicative of a posterior transformation ofC7 to a thoracic identity (Table 2-2; Fig. 2-1b,

d-f; Kessel and Gruss, 1991). Extensive ectopic rib anlage on C5, 6 or 7 were also

considered as evidence for transformation of these vertebrae to thoracic identities (Figs.

2-1a and c; Table 2-2). By these criteria, RA treatment at 7.3 dpc resulted in posterior

transformation ofC7 to a thoracic identity in the majority of all offspring independent of

genotype. However, RARy mutants never exhibited more extensive posteriorization

events (i.e. cervical ribs on C5 or C6) occasionally found in wildtype and heterozygous

offspring (Table 2-2); again, this finding likely reflects the resistance of mutants to the

loss of cervical elements seen in control fetuses.

î
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Table 2-2

TABLE 2. Skeletal Defects Induced by RA Treatment at 7.3 dpc»

RAR'Y"'" (48)b RAR-y*-'- (58) RAR-y-/- (38) lYansforroation

Malformations
Aneiicephaly/exencephaly 12(25) 20(34) 2(5)
Craiuo-facia] malformations
Moderate 10(21) 9(16) 3(8)
Severe 9(19) 16(28) 4(11)

fusion 5(10) 16(28) 10(26)
Cl-proatlas fusion 7(15) 18(31) 10(26)
Cervical vertebral fusions'.'1 13(27) 15(26) 18(47)

Transformations
Basioccipital-AAA fusion' — — 2 (5)

Proatlas
Evidence for 14(29) 31(53) 15(39)
Complete 17(35) 13(22) 2(5)

Tuberculum anterior
Absent 5(10) — 1(3)
C3 1(5) 1(2) —
C4 1(2) 4(7) -
C5 33(69) 41(71) 26(68)
C6 8(17) 12(21) 11(29)

Rib adage on C5 or C6
Absent/small 35(73) 37(64) 28(74)
Extensive 5(10) 11(19)' —

Rib anlage on C7
Absent/smaiï 5(10) 4(7) 7(18)
Extensive 3(6) 6(10) 3(8)

Processus spinosus
Absent " 3(6) 4(7) 3(8)
Tl 12(25) 21(36) 6(16)
T2 33(68) 30(52) 29(76)
T3 —3 (5) —

Cervical vertebrae
3to5 3(6) 4(7) —
6 37(77) 44(76) 28(74)
7 8(17) 10(17) 10(26)

Rîbsf
12 3(6) 6(10) 3(8)
13 37(77) 45(78) 32(84)
14 8(17) 7(12) 3(8)

Vertebrostemal ribs
6 8(17) 5(9) 1(3)
7 32(67) 47(81) 31(82)
8e 8(17) 6(10) 6(16)

Lumbar vertebraer
5 24(50) 36(62) 19(50)
6 24(50) 22(38) 19(50)

Presacral vertebrae
<24 4(8) 5(9) —
24 15(31) 26(45) 16(42)
25 24(50) 23(40) 15(39)
26 5(10) 4(7) 7(18)

Vertebral patterns
C3-5/T13/L5/S3/4 — 1(2) —
C3-5/T13/L6/S3/4 3(6) 1(2) —
C3-5/T14/L5/S3/4 — 1(2) —
C3-5/T144.6/S3/4 — 1(2) —
C&T12^5/S3/4 1(2) 3(5) —
C6H~ÏVLë/S3/4 2(4) 2(4) 1(3)
C&T13^5/S3/4 14(29) 23(40) 15(39)
C6/T13/L6/S3/4 13(27) 11(19) 9(24)
C6/T14/L5/S3/4 8(17) 4(7) 2(5)
C6^T14/L6/S3/4 — 1(2) 1(3)
C7/Tiai.6/S3/4 — 1(2) 2(5)
C7/T13^5/S3/4 2(4) 6(10) 2(5)
C7/T13/L6/S3/4 5(10) 3(5) —

•Numbers in parentheses indicate percentages. AAA: anterior arch of the atlas.
''Includes 28 fetuses from wildtype intercrosses.
CRAR-y nuU-assodated defects.
""Neural arch fusions between C1-C2, C2-C3, C3-C4, or C4-C5.
"Two specimens showed a C5 to Tl transformation (i.e., extensive rib anlage on C5).

ittems.

Occipital to cervical

C3 to C6
C4toC6
C5 to C6

C5/C6toTl

C7toTl

TltoT2

T3toT2

C4, 5 or 6to T
C7 to Tl

T7 to T8

T8toT7orC7toTl

CtoT,LtoS
CtoT,LtoS
CtoT, L6 to SI
C to T
C7toTl,TtoL,LtoS
C7 to Tl,Tto L, Lto S
C7toTl,T13toLl,LtoS
C7toTl,T13toLl,L6toSl
C7 to Tl,L6 to Sl
C7 to Tl
T13toLl,L6toSl
L6 to SI
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~) More caudal homeotic transformations induced by RA treatment at 7.3 dpc

included gain or loss ofthoracic vertebrae, as indicated by rib counts; the presence of the

spinous process on the eight, rather than ninth, vertebral element; the presence of six or

eight, rather than seven, vertebrostemal ribs and the presence of five lumbar vertebrae

instead of six. As discussed previously (Kessel and Gmss, 1991), deviations in the

number of ribs from thirteen may be interpreted as either a posterior transfonnation of the

seventh cervical segment to a thoracic identity in the case of six ceryical vertebrae,

fourteen ribs and six lumbar vertebrae, or an anterior homeotic transfonnation of LI to a

thoracic identity in the case of seven cervical vertebrae, fourteen ribs and five lumbar

vertebrae. RA treatment at 7.3 dpc appeared to result in several transformations along the

axial skeleton occurring concomitantly within a single specimen. For example, six
cervical, thirteen thoracic and five lumbar vertebrae implies a posterior transformation of

C7 to a thoracic identity, transformation of the last thoracic vertebra to a lumbar identity

and transformation of the last two lumbar vertebrae to sacral identities, culminating in the

loss of two presacral vertebrae.

Interpretation of these vertebral patterns (Table 2-2) revealed that RARy mutants

exhibited a lower fi-equency of the formation of an ectopic fourteen rib relative to

wildtypes (8% versus 17% respectively), and a three-fold reduction of the C6/T14/L5

vertebral pattern (Table 2-2). Other transformations affected by RARy ablation included

a six-fold reduction of T7 to T8 transformation, and a modest attenuation of

transformation of the first thoracic vertebra to a T2 identity. The frequencies of other

homeotic transformations and vertebral patterns were not appreciably different in the

RARy null background compared to controls.

Skeletal Defects Induced By RA Administration At 10.5 And 11.5 dpc

Following RA treatment at 10.5 or 11.5 dpc, forelimb and/or hindlimb malformations

were evident in all offspring from heterozygous intercrosses. The frequency and severity

of these defects did not vary with genotype (Fig. 2-2a-c). Fetuses also exhibited defects

of the axial skeleton, several of which resembled homeotic transformations induced by

RA exposure at 7.3 dpc. However, unlike earlier treatment, vertebrae were affected in a
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regionalized fashion, with defects generally induced in a cranial-caudal manner with

respect to the developmental stage of exposure. In wildtype offspring, the nature and

frequency of these axial malformations agreed well with previous work (Kessel, 1992).

RARy null specimens, however, were markedly resistant to certain of these RA-induced

defects.

At 10.5 dpc, RA treatment induced fusions between the basioccipital and

exoccipital bones in approximately half of all wildtype and heterozygous specimens

examined whereas RARy null mutant littennates never displayed this defect (Fig. 2-2d-f ;

Table 2-3). A number of homeotic transformation of the axial skeleton were also

attenuated by RARy ablation. Following treatment at 10.5 dpc, mutants were only

slightly resistant to posterior homeotic transformation of C5 to C6, as evidenced by the

presence of ectopic tuberculi anterior on C5 (Fig. 2-2h; Table 2-3). However, whereas

the majority of affected wildtype specimens exhibited a bilateral shift of tuberculi

anterior to C5 with concomitant transformation ofC6 to a C7 identity (assessed by loss of

both tuberculi anterior and closed transverse foramen), only one null mutant displayed

such a bilateral transformation (Table 2-3). Furthermore, 21% ofwildtype specimens,

but no mutants, displayed C5 to C6 and C6 to C7 transformations following treatment at

11.5 dpc. In a similar manner, the presence of extensive cervical ribs on C7 induced by

treatment at 10.5 (e.g. Fig. 2-2h) or 11.5 dpc was approximately three-fold less frequent

in mutants relative to wildtype controls (Table 2-3). RARy therefore appears to play a

significant role in posterior transformation of C5 through C7, as well as events involved

in abnormal development of more rostral somite derivatives (i.e. fusion of basioccipital

and exoccipital bones) induced by excess RA at 10.5 and 11.5 dpc.

RARy also appeared to influence specification of more posterior vertebrae, as

mutants treated at 10.5 dpc exhibited a ten fold increase in the incidence of anterior

transformation of LI to T14 relative to wildtype controls (Table 2-3). Following

treatment at 11.5 dpc, RARy mutants also exhibited a five-fold increase in anterior

transformation of L2 to a thoracic phenotype (i.e. T15/L4) compared to wildtype

littennates (Table 2-3). Thus, contrary to the trend observed in the cervical region,

mutants exhibited increases in RA-induced anterior homeotic transformation of lumbar
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Figure 2-2. Defects induced by RA treatment at 10.5 and 11.5 dpc.

(a-c) Forelimbs from untreated wildtype (a) or wildtype (b) and RARy null mutants (c)
treated with RA. at 10.5 dpc. Note that all treated limbs exhibited similar defects. H,
humems; R, radius; S, scapula; U, ulna. (d-f) Ventral view of the base of the skull from
an untreated wildtype, or wildtype (e) and RARy null mutant (f) treated with RA at 10.5
dpc. Fusion of the basioccipital (B) and exoccipital (E) bones (indicated by the short
arrows in e) was only manifested in the treated wildtype specimen. Cleft palate (star in e,
f) and other craniofacial defects did not differ between wildtypes and mutants (e.g.
compare reductions and malfonnations of alisphenoid (A), basisphenoid (BS) and palatial
bone (P) in e and f); T, tympanic ring. (g-1) Lateral view of cervical region of an
untreated wildtype control (g), wildtype specimen treated with RA at 10.5dpc (h) and
RARy null mutants treated at 10.5 dpc (I) or 11.5 dpc (j-1). Note the tuberculum anterior
(TA) on C5 instead ofC6 and an extensive rib on C7 (large star) in (h) and (I). Fusion of
the neural arches of are denoted by long arrows in (I, k and l). Note the C2 to Cl anterior
transformation indicated by an ectopic anterior arch of atlas (AAA*) in (] and l). E,
exoccipital bone; S, supraoccipital bone; T, Tympanic ring. (m-o) Dorsal view of the
thoracic region of an untreated wildtype fetus (m), or wildtype (n) and RARy null fetuses
(o) treated at 11.5 dpc. Note the extensive fusions of the thoracic vertebrae from T3 to
T8 in the wildtype specimen (large bracket in n) compared to more moderate fusions in
the RARy null mutant (bracket in o).
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vertebrae. However, in contrast to previous reports (Lohnes et al., 1993), we have

observed that 11% of untreated RARy null offspring exhibited LI to T 14 transformations,

as evidenced by minor rib anlage on the 21 vertebral element (Table 2-3 and data not

shown). Thus, the increase in anterior transfonnation of lumbar to thoracic identities

observed in the null background could be due to additive events between RARy

dismption and RA treatment. Given the experimental nature of these studies, it is likely

that these events are highly related.

A low fi-equency of untreated wildtype controls in both our and others (Kessel,

1992) studies exhibited L6 to sacral transfonnations, as evidenced by T13/L5 or T14/L4

vertebral patterns, and this phenotype was attenuated following treatment with RA

specifically at 10.5 (Table 2-3; Kessel, 1992). Intriguingly, RARy null mutants never

exhibited this particular transfonnation irrespective of treatment, despite the fact that all

specimens were littermate-derived, and therefore of comparable genetic background.

Although we cannot exclude the existence of a closely linked modifier co-segregating

with the RARy locus, the curative effect specific to wildtype specimens treated at 10.5

dpc, the lack of this phenotype in RARy null littermates, and the finding of anterior

transformation of LI to T 14 in the mutant background, all suggest that RARy does indeed

influence vertebral patterning in this region of the axial skeleton. The discrepancy

between this observation and previous reports may be attributed to background effects, as

our current colony (which is 129Sv-C57BL/6 hybrid) has been backcrossed to C57BL/6

several times. Such modifying events have been noted in a number of knockout studies,

including genes involved in axial patterning (Ramirez-Solis et al., 1993), notably RARa

(Lufkin et al., 1993; Lohnes et al., 1994). Generation and analysis of RARy null

offspring on genetically homogeneous backgrounds may reveal fiirther roles for this

receptor.

RA treatment at 11.5 dpc resulted in additional malformations of the axial

skeleton, including fusions of the ventro-lateral portion of the neural arches of thoracic

vertebrae and dyssymphysis or fusion of the vertebral bodies of thoracic or lumbar

vertebrae. These defects were classified as either severe or moderate depending on the

number of vertebrae involved and the extent of the malformation (Table 2-3). Relative to
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Table 2-3

-^
TABLE 3. Vertebral Patterns Induced by RA'faeatment at lO^S and 11.5 dpc .1

RA at 10.5dpc RA at 11.5dpc Untreated

RAB7*/+
(29)

RAR-y+/-
(49)

RAR'Y'
(33)

RAK-f+/*
(33)

RAB-y"'-
(40)

RAR-y-/- RAR'Y4/+ EAR-).-'
(25) (21) (27)

• • ï::l"

Trans- ;:S||
formation

Malfonnations
Basiocripital-exoc-

cipital fusion
Cl Bifidus»
Neural arch

fusions"1'
ClorC2mal-

formed*-'
Vertebral malforma-

tions'1
Moderate
Severe

Transformations

Basioccipital-AAA
fusion"'*

Anterior arch on C2'
Tùberculum anterior

Absent
C5

C5 and C6
C6
C7»

Rib anlage on C7
Absenfsmall
Extensive

Ribsr
13
14
15

Vertebrostemal ribs
7
s"

Lumbar vertebraer
4
5
6

Vertebral patterns
C7/T13/L5/Sa/4
C7/T13/L6/S3/4
C7/T14/L4/S3/4

C7/T14/L5/S3/4
C7/T15/L4/S3/4

13 (45) 26 (53) —

1(3)

2(6)

10 (34) 4 (8)

1(3)
18 (62)

20 (69) 25 (51)
9 (3D 24 (49)

28 (97) 47 (96)
l (3) 2 (4)

2(7) 2(4)
27 (93) 47 (96)

1(3)
27 (93)

l(3) 2(4)

1(3)

11 (22) 7 (21)
34(69) 24(73)

1(3)

29 (88)
4(12)

23 (70)
10(30)

29(100) 49(100} 30(91)
3(9)

10 (30J
23 (70)

47(96) 23(70)

10 (30)

1(3) —
1(4)

4 (12) — 9 (36)

8(32)

2(6)
10(30)

2(6) —

29 (88)
4 (12)

9(27)
23(70)
l(3)

33(100)

5(15)
21 (64)
7 (21)

3(9)
7 (21)
4(12)

18 (55)
1(3)

12 (30)
1(3)

5(15) 11 (28)
7(21) -

21(64) 29(72)

36(90)
4(10)

6(15)
33 <83)
l(3)

39 (97)
1(3)

10(25)
25 (63)
5 (13)

1(3)
5(13}
9 (23)

24(60)
1(3)

4(16) —

2(8) —
4(16) —

3(12) —

20(80)
2(8)

24(96)
1(4)

21 (84)
9(16)

17(68)
8 (32)

4(16)
21(84)

21 (84)
4(16)

2(7)

3(11)

7(26)

2(7)
4(15)

21(100)

21(100)

21(100)

21(100)

5 (24)
16(76)

5(24)
16(26)

C2 to Cl

C5 to C6,
C6toC7

C5 to ce

C7toC6
27(100)

27(100)

24(89)
3 (II)

22 (81)
5(19)

C7toTl

TStoTl

3(11)
24 (88)

L6toSl
24 (89)

3(11)

LI to T14,
L6 to SI

LI toT14
LI to TU,

L2toTl5

"RAR^ null-associated vertebral defects.
bNeural arch fusions between C1-C2, C2-C3, or C4-C5.
'•Dyssyinphysisofthe neural arches and enlargement ofC2 neural arch.
dSplit vertebral bodies and neura] arch fusions ofthoracic and/or lumbar vertebraa.
'AAA: anterior arch of the atlas.
rVertebral transformations were assigned according to vertebral patterns.
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wildtype controls, RARy mutants exhibited a low incidence of only moderate thoracic

vertebral malfonnations involving fusions of, at most, 3 vertebrae (e.g. Fig. 2-2o). In

contrast, approximately one third of wildtype littermates displayed more severe fusions

which often involved six or more vertebrae (Fig. 2-2n; Table 2-3).

Certain Aspects Of The RARyNull Phenotype Are Abolished By RA Treatment

RARy null offspring exhibit skeletal defects including malformations and homeotic

transfonnations of several vertebral elements (Lohnes et al., 1993). Characteristic

transformations include anteriorization ofC2 to a Cl identity, C6 to a C5 identity, C7 to a

C6 identity, and T8 to a T7 identity (the former transformation is considered incomplete,

as the dens axis, a C2-specific structure, is unperturbed). Our present results have also

documented LI to T14 anterior homeotic transformation in RARy null mutants. Axial

malformations characteristic ofRARy null mutants include fusions of the neural arches of

Cl through C4 and of the basioccipital bone and anterior arch of atlas.

As stated above, our colony has been outcrossed to a C57/B6 background, but is

still 129Sv-C57BL/6 hybrid, necessitating a re-evaluation of RARy null-specific axial

defects. With the exception of fusion of the basioccipital bone to the anterior arch of

atlas, which occurred at a lower frequency than previous reports, and the finding of LI to

T 14 transformation, the incidence and natiire of the vertebral anomalies in RARy

offspring agreed well with the original report (Table 2-3 and Lohnes et al., 1993).

The frequency of most malformations characteristic of the RARy null phenotype

were unaffected by RA treatment at 11.5 dpc (e.g. C2 to Cl in Fig. 2-2j and 1; Table 2-3).

Fusions of the neural arches of cervical vertebrae (Fig. 2-2k, 1, and o), which occurred in

36% of treated mutant offspring, was higher than untreated RARy nu^ controls. This

may be due to an effect ofRA superimposed on the RARy null phenotype, since wildtype

specimens treated at 11.5 dpc also displayed similar vertebral fusions (Table 2-3). In

marked contrast, RA-treatment at 10.5 dpc markedly attenuated several of the skeletal

defects induced by RARy ablation (Table 2-3). In particular, anterior transformation of

C2 to a Cl identity was never observed, and the incidence ofT8 to T7 transformation

was reduced by 50%. The frequencies of other vertebral defects, including cervical
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neural arch fusions and malformations of Cl and C2, were also greatly reduced, being

observed in only two RARy null specimens (e.g. Fig. 2-2i). Defects not attenuated by RA

treatment at 10.5 dpc in the RARy mutant background included fusion of the basioccipital

bone and anterior arch of atlas, and anterior transformations of T7 to T6 and LI to T14.

The extreme malformations of cervical vertebrae frequently resulting from RA

treatment at 7.3 dpc confounded clear assessment of RARy null-associated skeletal

defects. Although most mutants with two vertebrae characteristic of Cl exhibited

morphological criteria consistent with the induction of a proatlas (see above), at least one

specimen had an apparent C2 to Cl transformation, as the dens axis was present on the

second vertebral element (data not shown). Treatment at 7.3 dpc also resulted in fusions

of the neural arches in wild type mice (e.g., Fig. 2-1a and b). However, the incidence of

these malformations was consistently higher in treated RARy null mutants relative to

wild type controls (Table 2-2), again suggesting an additive effect between RA treatment

and the cervical vertebral fusions inherent to the RARy null phenotype, and that these

latter defects are not attenuated by treatment at 7.3 dpc.

l

DISCUSSION

Previous studies have demonstrated that RARy specifically transduces the teratogenic

effect of RA on the caudal neural tube at 8.5 - 9.0 dpc. We have extended this initial

observation, and present evidence that RARy also contributes to rostral neural tube

defects and malformations of the axial skeleton induced by excess RA.

RAR Y Contribute s To Retinoid-Induced Embryolethality

RARy null embryos, compared to control littermates, were resistant to the embryo

lethality evoked by excess RA, particularly at 7.3 dpc. Since expression of RARy at this

stage has not been reported, it is difficult to speculate as to the nature of this effect. Our

results, however, clearly imply that this receptor is expressed at this stage, and is capable

of transducing the retinoid signal at least in a pharmacological setting. In agreement

with a role for this receptor in retinoid toxicity, others have also noted that RARy null
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n mice are resistant to certain pharmacological effects of post-partum RA excess (Look et

al., 1995).

D

J

A Role ForRARyIn Craniofacial And Neural Tube Defects

A proportion of RARa/y double null mutants exhibit exencephaly at term due to an open

rhombencephalon which arises prior to 9.5 dpc (Lohnes et al., 1994). Involvement of

RARy in neural tube defects is also presented here, as null mutants were markedly

resistant to exencephaly and anencephaly following RA administration at 7.3 dpc.

Interestingly, RARy mutants are also resistant to neural tube defects (spina bifida)

induced by RA at more caudal levels at later developmental stages (Lohnes et al.,1993).

Whether these findings are indicative of a common RARy-dependent event awaits

elucidation of the molecular mechanism(s) of retinoid-induced neural tube defects.

Neural crest cells (NCC) have long been recognized to be a target of retinoid

excess (reviewed in Morriss-Kay, 1993; Ito and Monta, 1995). Consistent with this is

our finding that RARy null mice were partially resistant to retinoid-induced craniofacial

defects, the basis of which likely reflect malformations of mesenchymal NCC

derivatives. Defects of mesectodermal origin also underiy many of the craniofacial

malformations observed in RAR double null mutants (Lohnes et al., 1994), as well as

cardiac outflow tract defects and abnormalities of aortic arch derivatives found both in

RAR double null mutants and VAD rat and quail embryos (Mendelsohn et al., 1994a;

Thompson et al., 1964; Dersch and Zile, 1993; Luo et al., 1996). However, as previously

discussed (Mendelsohn et al., 1994a), the window of opportunity for rescue of these

VAD-imposed defects by exogenous retinoid administration is consistent with a role for

the RARs during migration or postmigration phases of NCC ontogenesis. In contrast,

since the time of retinoid administration in the present study (7.3 dpc) is prior to the onset

of NCC migration (Bronner-Fraser, 1995), our findings suggest that RARy plays a role in

teratogenic events at earlier stages of NCC development. However, since not all RAR or

RXR null combinations have been investigated, it is unclear whether these receptors do

indeed play a physiological role in premigratory NCC. In this regard, recent studies

documenting hindbrain abnonnalities (primarily loss of rhombomeres 4 through 8) and

associated NCC deficits in VAD quail embryos clearly suggests that the retinoid signal
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plays critical roles in the morphogenesis of the CNS and certain NCC populations at early

developmental stages (Maden et al., 1996).

3

RARyAnd Limb Defects

Ablation of RARy did not alter the severity or frequency of limb defects induced by RA

treatment at 10.5 or 11.5 dpc. Induction of these malformations is also not attenuated by

disruption of RARal, RARp (all isoforms) or RARal/P (Luo et al., 1995; 1996). Since

both RARa and RARy are uniformly expressed in the limb bud mesenchyme at these

stages of treatment (Dollé et al., 1989), these findings suggest that RARa isoforms, in the

absence of RARy, may suffice to transduce the teratogenic retinoid signal leading to limb

defects. This possibility is consistent with the observation that RARa/y double null

mutants exhibit limb malformations (Lohnes et al., 1994). However, as RAR|3 is

expressed during early limb development in a region overlapping the zone of polarizing

activity, and RARJ32 promoter activity has been noted in the ectoden-nal ridge

(Mendelsohn et al., 1991), a role for this receptor in RA-induced limb defects cannot be

excluded. Alternatively, since RXRa null embryos are completely resistant to retinoid-

induced limb defects (Sucov et al., 1995), it is possible that this particular teratogenic

outcome is elicited by 9-cis RA signaling via RXR homodimers. Further studies,

focusing on RAR double null mutants, may address these questions.

J

RARyAnd Vertebral Malformations

Following treatment at 10.5 dpc, RARy null embryos were found to be completely

resistant to RA-induced fusions of the basioccipital and exoccipital bones, and markedly

resistant to fusions of the neural arches of thoracic and lumbar vertebrae. A number of

mouse mutants have been described which exhibit vertebral fusions similar to the latter

malformations, including Rf (rib fusions; Mackensen and Stevens, 1960), rh (rachiterata;

Theiler et al., 1974) and rv (rib-vertebrae; Theiler and Vamuni, 1985), to name a few.

The basis for the vertebral defects observed in these developmental mutants is likely

mesenchymal, and a similar mechanism may apply to the RARy-dependent RA-induced

fusions as this receptor is highly expressed in sclerotome at the time of treatment. These
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in the retinoid signaling pathway, or converge on common downstream effectors.

However, as these genes have not yet been isolated, a molecular assessment of this

hypothesis cannot be presently undertaken.

J

RARyAnd Vertebral Specification

RA treatment of wild-type mouse embryos at 7.0 - 8.5 dpc results in homeotic

transformations along the entire vertebral column concomitant with anteriorization of the

expression domains of certain Hox genes (Kessel and Gruss, 1991). That Hox genes

could be direct RA targets is supported by the finding of functional RAREs in the

promoter/enhancer region of some RA-rcsponsive Hox family members (Langston and

Gudas, 1992; Popperl and Featherstone, 1993; Studer et al., 1994; Ogura and Evans,

1995; reviewed in Marshall et al., 1996). Furthermore, HOX transcripts, particularly 3'

paralog members, are upregulated by RA in teratocarcinoma cells (Simeone et al., 1990;

Simeone et al., 1991), and disruption of either RARoc or y in F9 embryocarcinoma cells

attenuates induction of certain of these genes (Boylan et al., 1993; Boylan et al., 1995).

A further link between Hox genes and a role for RA in specification of the axial skeleton

comes from the observation that RARy dismption results in phenocopies of certain Hox

null mutants; anterior transformation ofC2 to a Cl identity is observed in RARy, Hoxb-4

and Hoxd-4 null offspring (Ramirez-Solis et al., 1993; Horan et al., 1995), whereas T8 to

T7 transformation is seen in both RARy and Hoxc-8 null mice (Le Mouellic et al., 1992).

Disruption of RARy in combination with RARa or RARp2 isoforms generally results in

an increase in the expressivity and penetrance of RARy null-associated axial defects, and

in the appearance of novel transformations several of which are also highly similar to

malformations characteristic of certain additional Hox null fetuses (Lohnes et al., 1994

and references therein).

RARy transcripts are detected at 8.5 dpc in all germ layers posterior to the open

caudal neuropore prior to somite condensation (Ruberte et al., 1990), suggesting that this

receptor may function during somitogenesis, via a Hox gene-dependent mechanism, to

specify somite identity. However, RARy transcripts arc also abundantly expressed in

sclerotome at later stages (9.5 - 11.5 dpc; Dollé et al., 1990). During this latter period,
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excess RA can act to "respecify" vertebral identities in the absence of detectable

qualitative or quantitative changes in Hox gene expression (Kessel, 1992).

In the present study, RA treatment of RARy null embryos at 10.5 dpc resulted in a

reduction in the incidence of certain vertebral defects inherent to the RARy null

phenotype, as mutants never exhibited C2 to Cl transformations and the frequency of T8

to T7 transfonnation and malformations of cervical vertebae (including neural arch

fusions) was greatly reduced compared to untreated RARy null specimens.

Paradoxically, the incidence of certain RARy null-associated defects, such as T8 to T7

transformation and cervical neural arch fusions, increased relative to untreated mutants

following RA-exposure at 11.5 dpc. In these cases, however, wild-type littermates

exhibited similar defects, suggesting an additive effect between RA-induced

malformations and lesions due to ablation of RARy. This latter finding further supports

the observation that treatment specifically at 10.5 dpc is necessary to attenuate certain of

the vertebral defects evoked by loss of RARy.

These findings are indicative of at least two possible mechanisms for RARy

function. In the first instance, the axial defects characteristic of RARy null offspring may

reïïect a role for this receptor in Hox gene-dependent vertébral specification during

gastmlation which is subsequently altered by RA treatment at 10.5 dpc, resulting in a

more normal vertebral pattern. Alternatively, RARy may function during the later RA-

sensitive Hox gene-independent window of vertebral morpho genesis, with the remaining

RARs fullfilling certain roles of RARy in the presence of excess RA. While we cannot

exclude that a similar curative effect also occurred following exposure to RA at 7.3 dpc,

RA-induced malformations were greatly influenced by RARy ablation following

treatment at 10.5 and 11.5 dpc, whereas, with few exceptions, mutants exposed at 7.3 dpc

showed comparatively little resistance. In this respect, it should be noted that previous

studies have shown that RARy null mutants are not resistant to vertebral homeotic

transformation following RA administration at 8.5 - 9.0 dpc (Lohnes et al., 1993).

Finally, expression of the RA-responsive Hoxb-4 gene is not apparently altered in

untreated RARy null mutants (P. Dolle and P. Chambon, personal communication).

Taken together, these observations suggest that RARy functions during the latter period

l



^)

Ill

of RA-sensitive vertebral development, possibly by affecting sclerotome formation

and/or migration.

This model does not exclude the possibility that RARy also affects vertebral

specification by regulation of Hox gene-dependent pathways, nor does it exclude a role

for the RARs in affecting Hox gene expression during somitogenesis. Many Hox genes

involved in vertebral specification are expressed not only during somitogenesis, but also

exhibit persistent expression in sclerotome. In the developing limb, it has been proposed

that certain Hox genes may fiinction during two periods, the first corresponding to events

related to proliferation and the second pertaining to the realization of the final form of

skeletal elements (Morgan and Tabin, 1994); a similar mechanism may relate to the early

and late windows of RA-sensitive vertebral specification. Furthennore, although Hox

transcript distribution is not apparently altered following RA treatment at 9.5 -11.5 dpc,

subtle changes in their domain or level of expression cannot be excluded, as previously

discussed (Kessel et al., 1992). It is also conceivable that RARy may function diiring this

period by altering the expression of other components of the Hox transcription

machinery, such as Pbx and related genes (Chang et al., 1995, and references therein).

The outcome of such a hypothetical situation would likely be altered Hox functionality in

the absence of detectable changes in Hox gene expression, a possibility we are currently

addressing.

Implications For Functional Specificity Of The RARs

The overlapping expression patterns of the RARs (Dollé et al., 1990; Ruberte et al., 1991)

and the synergistic effects of combinatorial RAR null mutation (Lohnes et al., 1994;

Mendelsohn et al., 1994a; Grondona et al., 1996; Luo et al., 1996) suggests that RARa

and/or RAR(3 isoforms serve to attenuate the RARy null phenotype m RA treated

mutants. However, several transformations inherent to the RARy null background were

not abrogated by treatment at any of the stages tested. This suggests either that the

correct window for RA administration was not examined or that the remaining RARs do

not exhibit the correct expression pattern. Alternatively, these defects may reflect RARy

fiinction(s) that cannot be fulfilled by any other receptor. One such example is fusion of

t
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the basioccipital bone to the anterior arch of atlas. In this regard, the frequency of this
defect is not increased following ablation of RARa or R2 isoforms fi-om the RARy null

background (Lohnes et al., 1994; Mendelsohn et al., 1994a). Thèse observations suggest

that RARy performs a specific function intrinsic to the nonnal ontogenesis of the first

hypochordal bar, a transient embryonic structure the persistence of which likely underlies
the fusion between the anterior arch of atlas and the basioccipital bone (see Lohnes et al.
1993 for discussion). Consistent with this possibility is the finding that following
treatment at 7.3 dpc, one of the few transformations significantly attenuated by loss of

RARy was the induction of a full proatlas. Our criteria for this particular transformation

was the presence of an ectopic anterior arch of atlas associated with the proatlas. Since
the origin of this supernumerary anterior arch is likely due to abnomial persistence of the

first hypochordal bar (Kessel et al., 1990), this further suggests that RARy plays a

specific role in the specification of this particular structiire in both loss (receptor ablation)
and gain of function (RA excess) situations. Whether these findings are indicative of true

functional specificity or the lack of expression of other RARs in the appropriate tissues

will require alternative approaches, such as gain of fiinction.
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ABSTRACT

Dietary deprivation and gene disruption studies clearly demonstrate that biologically

active retinoids, such as retinoic acid, are essential for numerous developmental

programs. Similar ontogenic processes are also affected by retinoic acid excess,

suggesting that the effects of retinoid administration reflect normal retinoid-dependent

events. In the mouse, exogenous retinoic acid can induce both anterior (anencephaly,

exencephaly) and posterior (spina bifida) neural tube defects depending on the

developmental stage of treatment. Retinoic acid receptor y (RARy) mediates these effects

on the caudal neural tube at 8.5 days post-coitum, as RARy null mice are completely

resistant to spina bifida induced by retinoic acid at this stage. We therefore used this null

mouse as a model to examine the molecular nature of retinoid-induced caudal neural tube

defects by using a panel of informative markers and comparing their expression between

retinoic acid treated wild type and RARy null embryos.

Our findings indicate that treatment of wild type embryos led to a rapid and

significant decrease in the caudal expression of all mesodermal markers examined (e.g.

brachyury, wnt-3a, cdx-4). In contrast, somite, neuroepithelial, notochord, floorplate, and

hindgut markers were unaffected. RARy null mutants exhibited normal expression

patterns for all markers examined, consistent with the notion that mesodennal defects

underlie the etiology of retinoid-induced spina bifida.

We also found that caudal somitic, but not posterior pre-somitic, embryonic

tissues contained detectable bio-active retinoids, an observation which con-elated with the

ability of the latter tissues to rapidly clear exogenous RA. Interestingly, transcripts

encoding mP450RAI, a cytochrome P450, the product of which is believed to catabolize

retinoic acid, were abundant in the retinoid-poor region of the caudal embryo. mP450RAI

was rapidly induced by retinoic acid treatment in vivo, consistent with previous data

suggesting that it plays a critical role in retinoid signaling. These data suggest that

nascent mesoderm is highly sensitive to retinoic acid, and that mP450RAI serves to

tightly regulate retinoid levels in the caudal embryo. These findings also raise the

possibility that RA may play a role in the generation of posterior mesoderm derivatives in

part by affecting brachyury expression.
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INTRODUCTION

Retinoids (vitamin A and its derivatives) play important roles in the maintenance of

various tissues in the adult vertebrate and are essential for diverse embryological

processes (reviewed in Spom et al. 1994). Rodents fed a vitamin A deficient (VAD) diet

show weight loss, sterility and squamous metaplasia of various tissues including the

respiratory, alimentary, and genito-urinary tracts, and eyes and related glands (Wolbach

and Howe, 1925). Likewise, VAD during embryogenesis results in fetuses exhibiting a

spectrum of congenital defects involving the eye, genito-urinary and respiratory tracts,

among other tissues (Wilson et al. 1953). Retinoic acid (RA) can prevent or reverse all of

the defects generated by post-partum VAD (with the exception of blindness) indicating

that RA (or closely related derivatives) is the principal active metabolite of vitamin A

(Wilson et al. 1953). Moreover, studies using VAD rats supplemented with RA as a

model for the effects of stage-specific retinoid-deficiency also suggest that RA can fulfill

the developmental requirements for vitamin A (Dickman et al. 1997).

A molecular dissection of the retinoid signaling pathway became possible with

the identification of the RA. receptors (RARs; reviewed in Chambon, 1996). In addition

to the three separate RAR types (RARa, P, and y), differential promoter usage and

alternative splicing generates N-terminal variant isoforms for each gene (RARal and a2,

RARpl-p4, RARyl and y2). RARs function as ligand-inducible transcriptional regulators

in conjunction with a retinoid x receptor partner (RXRa, R, y; Leid et al. 1993;

Mangelsdorf and Evans, 1995). While RARs are activated by both all-trans and 9-cis RA,

RXRs, which can homodimerize and function as transcriptional regulators in certain

contexts, are activated only by 9-cis RA (Mangelsdorf and Evans, 1995; Heyman et al.

1992).

Targeted mutagenesis of the RARs has been employed to establish the roles of

each of these receptors in vivo (Kastner et al. 1995; Sucov and Evans, 1995). While

dismption of a single RAR isoform results in little or no apparent abnonnality, mice

devoid of all RARa or RARy isoforms exhibit several defects similar to those observed

in post-partum VAD studies (Lohnes et al. 1993; Lufkin et al. 1993). In contrast, RAR

compound null fetuses recapitulate essentially all aspects of the fetal VAD syndrome, as
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well as a number of additional malformations not previously associated with such dietary

deficiency studies (Luo et al. 1996; Mendelsohn et al. 1994; Lohnes et al. 1994).

Moreover, the penetrance and expressivity of the abnonnalities observed in RAR single

null offspring are significantly increased in RXRa/RARy compound mutants, suggesting

that RXR/RAR heterodimers transduce the retinoid signal in vivo, at least during

development (Kastner et al. 1997). These observations offer convincing evidence that

the RARs are the principle transducer of the retinoid signal, although a considerable

degree of functional redundancy appears to exist among these receptors.

Pharmacological doses of RA leads to diverse congenital malformations, the

precise nature of which depends on the dosage and developmental stage of exposure

(Morriss-Kay et al. 1994;; Kessel and Gruss, 1991). In contrast to the apparent

functional redundancy among the RARs during normal development, specific retinoid

receptors are clearly involved in transducing subsets of the teratogenic effects of RA.

This is evidenced by the observation that RARy null embryos are completely resistant to

the lumbosacral truncations and spina bifida caused by RA administration at 8.5 days

post coitum (dpc) (Lohnes et al. 1993). More recently, we have also foimd that RARy

null mutants are highly resistant to RA-induced anencephaly and exencephaly at 7.3 dpc,

supporting a role for this receptor in retinoid-induced anterior neural tube defects

(lulianella and Lohnes, 1997). Similar studies have also shown a critical role for RXRa

in mediating the teratogenic RA signal leading to limb defects (Sucov and Evans, 1995b).

Neural tube defects (NTD) are prevalent congenital disorders in the human

population, afflicting 1-4 newboms in every 1000 (Copp, 1994a; Copp and Bemfield,

1994). Although the molecular basis underlying these disorders are poorly understood,

retinoid signaling is clearly required for normal development of the neural tube, as

exemplified by the high incidence of exencephaly in RARa/y double null mutants

(Lohjnes et al. 1994). Aberrant retinoid signaling has also been implicated in the etiology

of spina bifida in the curly tail (ct) mouse mutant. In afflicted ct/ct embryos, RARy and

RARp transcripts are downregulated in the posterior neuropore (PNP) and hindgut,

respectively (Chen et al., 1995), and the extent of this decrease is associated with the

severity of the delay in PNP closure which is believed to be the underlying basis for the

spina bifîda observed in this mutant (Brook et al. 1991). Moreover, RA can exacerbate

3
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or attenuate the incidence of NTD in ct/ct offspring depending on the dose and time of

administration in a manner which correlates with normalization of RARR and y

transcripts (Chen et al. 1995). Finally, as described above, RARy specifically transduces

RA-induces spina bifida, demonstrating a specific and unique role for this receptor in this

teratogemc outcome.

In the present study, the RARy-null mouse was used to investigate the

mechanistic and molecular nature of RA-induced spina bifida by comparing the

expression of tissue-specific markers between wildtype and RARy-null mutant embryos

treated with RA. We report that, in a situation of RA excess, RARy specifically effects

gene expression in posterior mesoderm at 8.5 dpc. Using a sensitive reporter cell assay,

we also observed that caudal somite-containing tissues are relatively enriched in

diffusible active retinoids at 8.5-9.5 dpc, whereas pre-somitic embryonic tissues are

devoid of bioavailable RA at all stages examined. Furthermore, in contrast to somitic

regions, caudal tissues rapidly cleared exogenous RA. This observation correlated closely

with the expression of mP450RAI, a cytochrome P450 family member capable of

metabolizing RA to more polar derivatives. These data suggest that nascent mesoderm

populations are highly sensitive to variations in retinoid level, and also raise the

possibility that RA plays a role in events critical to the normal differentiation of posterior

mesoderm during late gastrulation.

MATEMALS AND METHODS

Embryos And RA Treatment

The RARy null mice used in this study have been previously described (Lohnes et al.

1993). RARy heterozygous and null embryos were generated from RARy intercrosses.
Wildtype embryos were derived either irom the above matings, fi'om intercrosses of

wildtype stock from the RARy colony (C57BL/6-129Sv hybrid), or fi-om CD-I

intercrosses; no appreciable differences in gene expression profiles were noted between

any of these backgrounds. Mice were mated overnight and females were examined the

following morning for the presence of a vaginal plug; noon of the day of plug was

considered as 0.5 dpc. Pregnant females were dosed by oral gavage with all-trans RA
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dissolved in com oil to a final delivery of lOOmg/kg at 8.4 dpc. Pregnant females were

sacrificed 4, 8, or 24 hours post-treatment and embryos dissected in phosphate buffered

saline (PB S), fixed overnight in 4% paraformaldehyde, dehydrated through a methanol

series and stored at -20°C in 100% methanol. Yolk sacs were lysed according to (Hogan

et al. 1994) and used to establish genotype by PCR as described previously (lulianella

andLohnes, 1997).

In Situ Hybridization Analysis

Similarly staged embryos (according to somite number) were pooled by genotype and

time of exposure to RA and rehydrated through a methanol series. The mP450RAI cDNA

(Abu-Abed et al. 1998) was used to generate a digoxygenin-labeled riboprobe by

linearizing with EcoRI and transcribing with T7 RNA polymerase. The brachury, shh.

wnt-3a, HNF-3p, pax-3, follistatin, and cdx-4 riboprobes were generated as previously

described (Gamer and Wright, 1993; Albano et al. 1994; Goulding et al. 1991; Sasaki

and Hogan, 1993; Parr et al. 1993; Echelard et al. 1993; Wilkinson et al. 1990). Whole

mount in situ hybridizations were performed according to (Wilkinson, 1992).

After in situ hybridization, embryos were cleared, photographed under a

dissecting microscope, post-fixed in 4% paraformaldehyde/0.2% glutaraldehyde at 4 C

for 30 minutes, rinsed in several changes of PBS and embedded in Paraplast (Fisher).

Sectioning was performed on a Jung RM 2055 microtome at 7pm and sections processed

according to(Hogan et al. 1994). Whole mount in situ hybridization specimens and

sections were photographed with 64T Ektachrome film (Kodak).

Generation And Analysis Of Representative cDNA

To quantify differences in gene expression, caudal tissue (posterior to the closed neural

tube) of treated and untreated individual embryos was dissected and used for the

generation of representative cDNA by PCR essentially as previously described

(Sauvageau et al. 1994). Briefly, RNA was prepared by lysis in a 5M guanidium

isothiocyanate solution and precipitated using a linear polyacrylamide carrier. Reverse

transcription was carried out at 37 C for 10 minutes in a 10^1 volume using 100 units of

MMLV reverse transcriptase (Gibco-BRL) and 0.2|j,g/|j.l of a primer
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(5'GATGTCGTCCAGGCCGCTCTGGACAAAATATGAATTCT T(T)2i-3') under

standard reaction conditions. Homopolymeric A tailing of the cDNA was accomplished

using 8mM dATP and 7.5 units of terminal deoxynucleotidyl transferase (Gibco-BRL) at

37 C for 15 minutes. PCR was performed according to (Sauvageau et al. 1994), using the

same primer as employed for the reverse transcription. Controls consisted of caudal tissue

extracts that were not reverse transcribed, but were subsequently subjected to tailing and

amplification reactions. One fifth (lOp.1) of the PCR reaction was mn on a 1% agarose gel

and stained with ethidium bromide to visualize product.

Alkali Southern blots were prepared using Gene Screen Plus membranes (NEN-

Dupont) according to the manufacturer's directions. Hybridizations were performed

overnight at 42°C in a formamide-based buffer (40% formamide, 0.9M sodium chloride,

50mM sodium phosphate, 2mM EDTA, 4X Denhardts, 0.1% SDS) supplemented with

O.lmg/ml denatured salmon sperm DNA with approximately 106 cpm/ml of denatured

probe prepared by random priming. Sequences used to generate the probes were derived

fi'om the cDNAs employed for in situ hybridization by appropriate restriction digestion

followed by agarose electrophoresis and isolation by Gene Clean (Bio 101). Blots were

washed in 2X SSC/0.1% SDS three times at 65°C, followed by three washes in 0.2X

SSC/0.1% SDS at the same température.

Following autoradiography, densitometry was performed using the Alpha Imager

IS-1000 software package, version 2.0 (Alpha Innotech corporation, San Leandro, ÇA,

USA). Values were normalized with respect to P-actin and expressed as fold change

relative to untreated controls. Statistical analysis was performed by Student's t-test.

J

Determination OfRetinoid Bioavailability

Retinoid bioavailability in embryonic tissues was assessed using F9 embryonal

carcinoma cells transfected with a RA-responsive Lac Z reporter construct previously

described (Wagner et al. 1992). Caudal pre-somitic and adjacent somite-containing

tissues were dissected from 8.5 to 11.5 dpc embryos and placed onto the reporter cell

monolayers (-90% confluence) in 96-well plates. For 9.5 to 11.5 dpc embryos, two

somitic samples were taken at different axial levels; one containing the most recently

formed somites, the other being immediately rostral to the first somite-containing section.
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In order to keep the expiant size constant, the number of somites contained within each

sections varied from 4-6, with the first section containing fewer somites but including

some condensing pre-somitic paraxial mesoderm, while the more rostral sample included

6 somites. Tissues were incubated on the monolayers overnight according to Wagner et al

(Wagner et al. 1992). The samples were then washed in PBS and fixed with 4%

paraformaldehyde on ice for 10 minutes, followed by two washes with PB S. Samples

were then stained for P-galactosidase activity as described (Lim and Chae, 1989), and

photographed using 64T Ektachrome film.

To determine the ability of somitic and caudal tissues to clear exogenous

retinoids, pregnant CD 1 females were treated with lOOmg RA/kg at 8.4 dpc and embryos

dissected 3.5 or 6 hours post-treatment. Caudal and rostral expiants were then assayed for

RA bioavailabilty as described above.

RESULTS

Wildtype mouse embryos treated with exogenous RA (lOOmg/kg maternal weight) at 8.5
dpc exhibit caudal axial dysmorphogenesis (Kapron-Bras and Trasler, 1988a; Kessel and

Gruss, 1991). In contrast, RARy null embryos are completely resistant to this effect, with

hétérozygotes exhibiting an intermediate phenotype (Lohnes et al. 1993). However,

RARy mutants still exhibit homeotic transformations following treatment, suggesting that

this receptor specifically transduces retinoid-induced axial truncations. Thus, the RARy

null mouse is a useful model to examine the molecular nature underlying this defect.
We pursued this by comparing the effect ofRA excess on the expression of genes

in wildtype and RARy null mutant embryos. Genes investigated were either specific to

lineages potentially involved in this defect and/or encoded products known to be essential

for nonnal development of the caudal embryo. These included brachyury and wnt-3a,

whose transcripts are expressed in the primitive streak, associated nascent mesoderm and

neuroepithelium. Brachyury is also expressed in the notochord (Parr et al. 1993; Roelink

and Nusse, 1991; Wilkinson et al. 1990; Kispert and Herrmann, 1994). Mutation of

either of these loci leads to caudal axial truncations similar to that evoked by RA

treatment (Takada et al. 1994; Beddington et al. 1992). Cdx-4 was chosen as an
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additional primitive streak, nascent mesoderm, and caudal neuroepithelium marker

(Gamer and Wright, 1993). Shh and HNF-3/3 are expressed in the floorplate, notochord,

and hindgut, and are critical for axial patterning (Chiang et al. 1996; Ang and Rossant,

1994; Echelard et al. 1993; Sasaki and Hogan, 1993). Pax-3 transcripts are localized m

the dorsal somite, the neuropithelilum and the presumptive neural crest lineage (Goulding

et al. 1991), and mutation of this gene leads to NTD, including spina bifida (Copp,

1994a). Follistatin was examined as an additional somite marker (Albano et al. 1994).

Pregnant dams from RARy hétérozygote intercrosses were dosed with RA at 8.4

dpc and RARy null, hétérozygote, and wildtype embryos were examined for the

expression of the above transcripts 4, 8, or 24 hours later. For all the in situ hybridization

analysis, a minimum of 4 similarly staged embryos for each genotype were examined,

with all experiments being performed at least twice. Whenever possible, littermates for

each genotype were compared, thus controlling for subtle differences in maternal RA-

absorption and clearance kinetics. The results of all in situ hybridization experiments

were consistent for all embryos of a given genotype and were independent of minor

vanations m staging.

RA Attenuates Markers Of Nascent Mesoderm

In untreated mice at 8.5 dpc brachyury transcripts are principally located in the

notochord, the primitive streak remnant and in nascent mesoderm, with lower expression

in neural plate and hindgut endoderm (Wilkinson et al. 1990; Kispert and Herrmann,

1994); Fig. 3-1A,E). In contrast, in wildtype embryos examined 24 hours post-treatment

expression was observed only in the notochord, which was, however, highly dysmorphic

in the caudal region (compare Fig 3-1A to 3-1B). Treatment also resulted in tmncation of

the axis (compare Fig. 3-1B to 1A) as well as abnormal tail flexion (large arrow in Fig. 3-

1B), a defect which precedes spina bifida in other mouse models (Brook et al. 1991;

Copp, 1994; Copp and Bemfield, 1994). In contrast, RARy littermates did not display

overt axial defects and showed no differences in brachyury expression relative to

untreated controls (compare Fig. 3-1A to 3-1D). RARy+/~ embryos showed an
intermediate decrease in expression with accompanying caudal flexion defects (large

arrow. Fig. 3-1C), consistent with the partial resistance of these hétérozygotes to RA-
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Figure 3-1. Brachyury expression is rapidly downregulated by RA treatment.

Pregnant dams from RARy+/- intercrosses were treated with RA at 8.4 dpc and embryos
collected 24 (B-D), 8 (F-H) or 4 hours (I-K) post-gavage. RA treatment resulted in a
complete extinction of caudal expression in wildtype embryos 24 hours post treatment
(B, compare to untreated embryo in A) and a significant repression at 8 or 4 hours post-
exposure (F, and I respectively; compare to untreated specimen in E). RARy embryos
were completely resistant to this effect at all stages examined (D, H, K) whereas
hétérozygotes exhibited an intermediate response (C, G, J). The large arrow denotes the
tail flexion defect evident in wildtype and heterozygous offspring 24 (B, C) or 8 (G, I)
hours after gavage, ne, notochord; so, somite.
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induced spina bifida (Lohnes et al. 1993). Untreated RARy embryos exhibited
brachyury expression comparable to control wildtype specimens (data not shown).

The long lapse between treatment and analysis of expression confounded clear

assessment of whether this was a primary effect. Therefore we examined embryos

exposed to RA for shorter periods and found that brachyury transcripts were consistently

downregulated 8 or 4 hours post-treatment in wild-type embryos (compare Figs. 3-IE to

F or I), with tail flexion defects apparent after 8 hours of exposure (large arrow in Fig. 3-

IF). As observed with longer treatment times, RARy littermates were completely
resistant to this effect (Fig. 3-1H and K compare to E), while RARy hétérozygotes

showed an intermediate response (Figs. 3-1G and J). Embryos examined 4 hours post-
treatment did not exhibit any gross morphological abnormalities, such as the tail flexion
defects observed 8 and 24 hours after RA exposure, suggesting that the decrease in

brachyury preceded overt dysmorphogenesis.

To more precisely compare the effects of RA. on brachyury, a PCR-based

technique was used to derive representative cDNAs from pre-somitic caudal tissue from

single embryos, as described in Materials and Methods. Analyses were perfomied in

triplicate from independent embryos (untreated or 4 or 8 hours after RA gavage), the

hybridization signal quantified by densitometry and nonnalized relative to P-actin

signals. Consistent with the in situ hybridization data, this analysis confirmed a

reproducible and significant decline in brachyury transcripts 4 and 8 hours post-treatment

(Fig. 3-2).
Like brachyury, null mutation of wnt-3a leads to caudal axial truncations(Takada

et al. 1994). Moreover, a hypomorphic allele oîwnt-3a (vestigial tail) is associated with a

relatively mild caudal tmncation, demonstrating a gene dosage effect and fiirther

illustrating a critical role for this gene product in the generation or maintenance of

posterior mesodenn (Greco et al. 1996). In the caudal embryo at 8.5 dpc, wnt-3a is
expressed in the primitive streak remnant, the neuroepithelium encompassing the PNP

and the underlying mesenchyme (Roelink and Nusse, 1991). In this expression domain,

RA treatment resulted in a downregulation of expression 8 (Fig. 3-3A, B) or 4 hours (data

not shown) post-exposure in wildtype, relative to RARy'/' specimens (note that for this

J
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Figure 3-2. Semi-quantitative analysis of brachyury expression.
Representative cDNAs from untreated embryos (lanes 3-5), or from samples 4 (lanes 6-8)
or 8 hours (lanes 9-11) following RA treatment were generated from individual embryos
as described in materials and methods No RT indicates no reverse transcriptase controls
prepared using untreated (lane 1) or RA-treated (lane 2; 8 hours RA exposure) specimens.
Southern blots were hybridized to either brachyury (A) or ft-actin (B) probes. (C)
Densitometric scanning was performed and the brachyury signal normalized with respect
to expression of ft-actin. Results were plotted relative to the ratio obtained from
untreated embryos. Error bars indicate standard deviation from the mean. Significantly
different from untreated embryos *, p<0.05; **, P<0.01 by Student's t-test.
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'^ and all other in situ analysis described below, expression in RARy null embryos, with or

without RA, was comparable to that in untreated wildtypes; data not shown). As with

brachyury, gene dosage effects were also observed, with hétérozygotes exhibiting an

intermediate decline in wnt-3a transcripts (data not shown).

Cdx-4 is a homeobox-containing gene belonging to the caudal gene family. At

8.5 dpc, cdx-4 transcripts are detected in caudal mesoderm and neuroectoderm including

the primitive streak remnant, presomitic paraxial and lateral plate mesoderm and hindgut

endoderm (Gamer and Wright, 1993). As with brachyury and wnt-3a, cdx-4 transcript

levels decreased in wildtype embryos 8 hours following RA treatment, while expression

was unaffected in RARy null littermates (Figs. 3-3C and 3-3D, respectively).

To detennine whether the above observations were secondary to effects on other

lineages, the expression of additional genes were examined. At 8.5 dpc, shh and HNF-3ft

both label floorplate, notochord, hindgut endoderm and the ventral midline of the

midbrain. Moreover, both gene products are essential for nonnal axial patterning

(Chiang et al. 1996; Ang and Rossant 1994). Embryos examined 8 hours post-treatment

did not show any overt differences in shh or HNF-3/3 expression between wildtype and

RARy embryos (Fig. 3-3E-3-3H), suggesting that there is no acute perturbation of
notochord, floorplate or hindgut endodenn populations which could cause secondary

effects on the caudal embryo.

Pax-3 is expressed in the dorsal somite, neuroepithelium and presumptive neural

crest cell populations in 8.5 dpc embryos (Goulding et al. 1991). Mice mutant for this

gene (splotch) develop spina bifida due to an accumulation of neural crest cells at the tip

of the open PNP, thereby delaying its closure (Moase and Trasler, 1990). Moreover, RA

can interact with the spotch allele leading to an enhanced or decreased incidence of spina

bifida depending on the timing and dose of RA administered (Kapron-Bras and Trasler,
1984, 1985; Kapron-Bras et al. 1988). However, no differences vipax-3 expression were

observed between wildtype and RARy'/' embryos 8 hours post-treatment (Fig. 3-31 and 3-
3 J). Likewise, RA treatment did not affect fol listatin expression, which is expressed m

all somites at 8.5 dpc (data not shown; Albano et al. 1994). These data suggest that

J
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Figure 3-3. RA specifically downregulates markers of nascent mesodenn.

.-/-Whole mount in situ hybridization of wildtype (A, C, E, G, I) or RARy'' littermates (B,
D, F, H, J) 8 hours following RA treatment. In wildtype, but not RARy embryos, RA
repressed expression ofwnt-3a (A compare to B) and cdx-4 (C, compare to D). Identical
treatment did not alter shh (E, F), HNF-3f5 (G, H) or pax-3 (I, J) expression in wildtypes
relative to null specimens. The large arrow (A, C, E, G, I) indicates the tail flexion defect
induced in wildtype embryos, fp/nc, floorplate/notochord; hg, hindgut; ne,
neuroepithelium; so, somite.
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perturbation of these somitic and neuroepithelial populations by RA administration does

not underlie the posterior dysmorpho genesis caused by retinoid excess.

To determine more specifically which tissues were affected by RA, transverse

sections of embryos 8 hours post-treatment were examined for brachyury or cdx-4

expression. In the open PNP region, treatment reduced brachyury expression on

neuroepthelium and mesodenn underlying the neural plate in wild types relative RARy
embryos (compare ne and me in Figs. 3-4A-C to E-G). Likewise, hindgut endoderm

showed a pronounced RARy-dependent decrease in brachyury transcripts (compare hg in

Fig. 3-4A-C to E-G). Message was still evident in the notochord of wild type embryos,

although it was clearly affected by treatment (Fig. 3-1B and data not shown), consistent

with previous results (Yasuda et al. 1990; Tibbies and Wiley, 1988). Differences

between the genotypes were particularly striking in the rostral-most region of the PNP,

where the signal was undetectable in wild types (with the exception of the notochord) but

clearly evident in a normal distribution in RARy mutants (compare Fig. 3-4A to E).
Interestingly, brachyury message in the primitive streak region of wild type embryos was

not extinguished by acute RA exposure (Fig. 3-4D), although expression was completely

attenuated 24 hours post-treatment (Pig. 3-1B).

Examination of sections from specimens hybridized for cdx-4 confirmed that

treatment also attenuated this message in an RARy-dependent manner (compare Pigs. 3-

4l -N). However, in this case, these effects appeared to be more modest and restricted to

rostral derivatives, including the somatopleure and neuroepithelium at the level of the

closed neural tube (compare sop and ne in Fig. 3-41 to L). In contrast, in the open PNP,

expression in the neural folds (ne. Fig. 3-4J and M) neural plate, and caudal mesoderm

(ne and me, Fig. 3-4K and N) appeared equivalent between wild type and null mutants.

Caudal sections of embryos hybridized with shh or HNF-3^ did not reveal any overt

differences inexpression between wild type and RARy specimens (data not shown), in

agreement with whole mount analysis (Fig. 3-3E-H).

J
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Figure 3-4. RARy-mediated downregulation of brachyury and cdx-4 expression.

Transverse sections (rostral-caudal sequence) through the caudal region of RA-treated (8
h) embryos from whole mounts hybridized with antisense brachyury (A-H) or cdx-4 (I-N)
probes. (A-D) Brachyury expression in sections from treated wildtype embryos. (E-H)
Equivalent sections from treated RARy" embryos. In wildtype embryos, at the rostral
most level of the posterior neuropore, brachyury expression was evident in notochord
(no) only (A), compared to expression in neuroepithelium (ne), hindgut endoderm (hg),
and paraxial (px) and lateral plate mesoderm (1pm) in RARy '/' mutants (E). At more
caudal levels, expression was observed in mesoderm, dorsal hindgut endoderm and
neuroepithelium in wildtypes but the signal was consistently diminished in intensity
relative to RARy null littermates (compare B and C to F and G). Staining was also
observed in wildtypes in the primitive streak regions which, however, remained less
intense than in the null mutants (D, compare to H). (I-N) Sections ofwholemounts from
treated wildtype (I-K) or RARy littermates (L-N) hybridized with a cdx-4 probe. At the
level of the closed neural tube and rostral posterior neuropore, wildtypes (I, J) exhibited
reduced expression in the neuroepithelium (nt or ne), paraxial mesoderm (px) and
somatopleure (sop) compared to null mutants (L, M). In contrast, comparable expression
was observed in the neuroepithelium and mesoderm (me) in the primitive streak region
between the two genotypes (K, compare to N). da, dorsal aorta; ec, ectoderm; hg,
hindgut; 1pm, lateral plate mesoderm; me, mesoderm; ne, neuroepithelium; no,
notochord; nt, neural tube; px, paraxial mesoderm; sop, somatopleure. Magnification
160X (B, C, E, F, I), 180X (A, G, H, K, L, N), and 200X (D, J, M).

J



133

n

D

Retinoid Bioavailability In The Caudal Embryo

The finding that RA rapidly attenuated the expression of posterior mesodermal markers

prompted us to examine in vivo bioactive retinoid distribution in the caudal embryo using

a reporter assay previously described (Fig. 3-5). At all stages investigated (8.5 - 11.5

dpc), caudal tissue did not release detectable levels of biologically active retinoids (Fig.

3-5A, C, F, and I; a minimum of five expiants were examined for each stage. Note that

the few positive cells in these micrographs are background inherent to these reporter

cells; Wagner et al., 1992, and data not shown). In contrast, at 8.5 dpc all somite-level

tissues elicited a positive response (Fig. 3-5B, n = 17). At 9.5 dpc, P-galactosidase

activity was observed in somite samples from both axial levels (Figs. 3-5D and E) with a

markedly lower, but reproducible, response from 10.5 dpc expiants (Figs. 3-5G and H).

Assays using 11.5 dpc samples exhibited little or no activity, irrespective of axial level

examined. Therefore, retinoid bioavailability was apparently greatest in 8.5 and 9.5 dpc

posterior somite-level tissues, with levels decreasing at 10.5 and 11.5 dpc.

To determine the distribution of exogenous RA, pregnant dams from wild type

intercrosses were treated with lOOmg RA/kg and dissected 3.5 or 6 hours later and caudal

and somitic samples assayed as described above. At 3.5 hours post-treatment, all caudal

and somitic samples examined exhibited high levels of RA (Fig. 3-6C and D; compare to

untreated controls in 3-6A and B; n = 9. Note also the different magnifications used

between untreated and treated samples). By 6 hours post-treatment a dramatic reduction

in signal was seen in caudal tissue, while reporter cells incubated with somite-containing

expiants continued to exhibit a strong response (compare Fig. 3-6E to F; n = 8).

mP450RAI; A Novel Mechanism For The Regulation OfRetinoid Bioavailability

The RA bioassay data suggested the existence of a system capable of catabolizing RA

selectively in the caudal embryo. Recently, a novel RA hydroxylase, P450RAI (CYP26),

has been isolated from several vertebrate species. All homologues are able to oxidize RA

into more polar derivatives, including 4-oxo-, 4-hydroxy-, and 18-hydroxy-RA,

suggesting that this enzyme may inactivate RA (Fuji! et al. 1997; White et al., 1996,

1997). To detemiine if this cytochrome could play a role in RA metabolism observed in

the caudal embryo, we examined its expression from 8.5 to 11.5 dpc. In wild type 8.5 to
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Figure 3-5. Bioavailable retinoid distribution in the caudal embryo.

Tissue at the level of the posterior neuropore (CAUDAL; A, C, F, I) and adjacent somite-
containing tissues (SOMITES l; B, D, G, J) were dissected from 8.5 to 11.5 dpc
embryos. An additional more rostral expiant (SOMITES 2; E, H, K) was dissected from
9.5 to 11.5 dpc specimens. After overnight culture on reporter cells, expiants and cells
were fixed and stained for (3-galactosidase activity. CAUDAL expiants were negative for
bioavailable retinoids at all stages tested (A, C, F, I). In contrast, at 8.5 and 9.5 dpc both
somite-containing expiants contained bioavailable RA (B, D, E) which declined at 10.5
and 11.5 dpc (G, H, J, K). Magnification 100X.

J



135

n CAUDAL SOMITES
x v..s...i^:^.-:'s-,svdas

-sSisi
iyStS'^'siSHwïS'^ïVSs-l

:;:."i^RI;.r'-":'^i^
R: ^a^r

^

ï-»-à:'.:
;̂î.

c'^ îf;'•
9̂- f-"d":^X; l.t ••.

^ m •'.
&• ^•*',^.

!ifSSS,

^ »^
^•»<» J»'s

<t

r ^Of

t^^

i^< •sa-^ kffc:^-*••

4» *-

<i^*t d'•*r ^•i. .t^ ^•^ f^ «'

'Ïtï •î w

'^:^'
!'

»y*i t?»-îfrm <"';-Siy, •<

m-% ^ •s* ^•-e'

^ -Éî ^ N
*»•fr-" ;'t

*•-%<«»,\.s. î*.,

NORA

)

3.5h RA

6hRA

Figure 3-6. The caudal embryo preferentially catabolizes RA.

Bioactive retinoids were assayed from untreated caudal pre-somitic tissues (CAUDAL;
A) or adjacent somite-containing tissues (SOMITES; B) from untreated 8.5 dpc wildtype
embryos or from equivalent tissues dissected from embryos 3.5 (C, D) or 6 hours (E, F)
following RA gavage. Treatment resulted in high levels of reporter cell response from
expiants from either axial level 3.5 hours post-treatment (C, D; compare to A, B).
However, by 6 hours post-treatment, pre-somitic expiants had cleared nearly all
bioavailable RA (E) while adjacent somite-containing samples continued to elicit a strong
response (F). Magnification 100X (A, B) and 50X (C-F).
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9.0 dpc embryos (12 to 18 somites), mP450RAI transcripts were evident in caudal

neuroepithelium, hindgut endoderm and the mesenchyme immediately underlying the

neural plate of the open PNP (Figs. 3-7A, B). At 9.5 dpc (22-26 somites), strong

expression continued in the nascent mesoderm at the caudal extremity of embryo, and in

the neuroepithelium of the caudal PNP (Fig. 3-7C). In slightly older embryos (9.75 dpc;

28-32 somites), message diminished and was restricted to the neuroepithelium and

underlying mesoderm in the region surrounding the posterior neurocoel (Fig. 3-7D). At

10.5 dpc, as PNP closure progressed, message abundance declined with expression

restricted to the caudal-most tip of the embryo (Fig. 3-7E). At 11.5 dpc, after PNP

closure, only a low level of mP450RAI message was observed in a few cells in the dorsal

region of the tailbud (Fig. 3-7F). Consistent with previous studies (Fuji! et al. 1997),

mP450RAI was also detected in more cranial regions and in limb buds (data not shown).

The murine P450RAI, like the human and zebrafish homologues, is upregulated

by RA in vitro (Abu-Abed et ai, 1998; White et al. 1996, 1997). Consistent with this,

we observed a strong induction mP450RAI message by RA in 8.5 dpc wild type embryos

as early as 4 hours post-treatment (Fig. 3-8B, compare to the untreated control in 3-8A.

Note that RARy embryos exhibited a similar induction; data not shown). Treatment
resulted in abundant transcripts throughout the caudal embryo, with a sharp anterior limit

of expression in the mesoderm, where transcripts were detected up to, but excluding, the

most recently formed somite (so in Fig. 3-8B). Message in the neuroepithelium extended

to a sightly more rostral level in the closed neural tube (Fig. 3-8B). At 8 hours

posttreatment, mP450RAI was still induced, but was apparently receding from the

anterior domains of expression seen 4 hours after gavage (compare Fig. 3-8C and D).

Consistent with these findings, representative cDNA analysis indicated that RA elicited a

23- or 20-fold increase in mP450RA.I abundance at 4 or 8 hours posttreatment,

respectively (data not shown).

Transverse sections were examined to more precisely define mP450RA.I

distribution and RA-induced expression patterns. Consistent with whole mount analysis,

untreated samples did not exhibit expression at the level of the closed neural tube or the

rostral limit of the PNP (Figs. 3-8D and E). Weak expression was observed in the
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Figure 3-7. mP4 5 ORAI exhibits dynamic expression in the caudal embryo.

Whole mount in situ hybridization of an antisense mP450RAI riboprobe to 8.5 dpc (A),
8.75 dpc (B), 9.5 dpc (C), 9.75 dpc (D), 10.5 dpc (E), and 11.5 dpc (F) embryos.
mP450RAI transcripts were detected in the neuroepithelium and underlying mesenchyme
of the posterior neuropore at 8.5 dpc (A), with similar high level expression at 8.75-9.75
dpc (B-D). Expression subsequently declined in the tail bud during posterior neuropore
closure at 10.5 dpc, and was barely detectable in the dorsal tail bud at 11.5 dpc (F).
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Figure 3-8. Caudal expression of mP450RAI was rapidly upregulated by RA.

Whole mount in situ hybridization analysis (A-C) and transverse sections (D-0) of
mP450RAI expression. (A-C) Whole mount analysis of untreated (A), or embryos 4 (B)
or 8 (C) hours following RA gavage. RA. induced mP450RAI transcripts throughout the
posterior embryo up to the level of the most recently formed somite 4 hours posttreatment
(B, compare to A). (C) mP450RAI expression declined 8 hours postgavage relative to the
pattern of expression observed at 4 hours in the anterior domain of induced expression
(C, compare to B). The large arrow in C indicates a caudal flexion defect. (D-0)
mP450RAI expressioïi m bransverse section of 8.5 dpc wildtype embryos without (D-I) or
4 hours following RA-treatment (J-0). In untreated specimens, mP450RAI transcripts
were not detected in any tissues at the level of the closed posterior neural tube (D) or the
anterior region of the posterior neuropore (E). Weak expression was observed in
neuroepithelium (ne) of the posterior neuropore at more caudal levels (F) with signal
appearing in the underlying mesoderm (me; G, H) and hindgut endoderm (hg; G) in the
caudal embryo. In the primitive streak region, staining was observed in the epithelium
and underlying mesodm (H, J). RA treatment induced ectopic expression in the closed
neural tube at the level of the most recently fanned somite (nt in J, compare to D).
Ectopic mP450RAI expression was observed in neuroepithelium and pre-somitic paraxial
mesoderm iinmediately caudal to the most recently formed somite (px in K; compare to
D). RA also induced expression throughout the posterior neuropore region in
neuroepithelium, mesodenn, and dorsal hindgut endoderm (L-N). Sections through the
primitive streak region showed induced mP450RAI expression throughout the embryos
(0 compare to I), da, dorsal aorta; hg, hindgut; 1pm, lateral plate mesoderm; me,
mesoderm; ne, neuroepithelium; no, notochord; nt, neural tube; px, paraxial mesoderm;
so, somite. Magnification 95X (A-C), 180X (E-G, J, M-0), and 200X (D, H, I, K, L).
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neuroepithelium in the open PNP, with signal increasing in strength at more caudal levels

(ne, Figs. 3-8F-I). Posterior sections also exhibited expression in dorsal mesoderm

underlying the neural plate (me, Figs. 3-8G-I) with a weak signal in the caudal-most

regions of the hindgut endoderm (hg Fig. 3-8G). Following RA treatment, expression of

mP450RAI was observed in the neuroepithelium of the closed neural tube at the level of

the most recently formed somite (nt, Fig. 3-8J; note, however, absence of expression in

the somite). At slightly more caudal levels, transcripts were also observed in pre-somitic

paraxial mesoderm (px, Fig. 3-8K), as well as in the closed neural tube and hindgut.

Thus, a discrete boundary of mP450RAI expression was established between the most

recently formed somite and pre-somitic mesoderm. In the rostral PNP, expression was

induced in the neuroepithelium and underlying mesoderm as well as notochord and dorsal

hindgut endoderm (Fig. 3-8L, compare to 3-8E). In inore caudal sections, transcripts

were induced throughout the mesoderm, the neural plate, and hindgut endoderm relative

to untreated controls (compare Figs. 3-8M and N to 3-8G and H). Message was also

induced throughout the embryo in the primitive streak region (compare Figs. 3-80 and I).

DISCUSSION

A Molecular Basis For Retinoid-Induced Axial Truncation

Wild-type mouse embryos exposed to excess RA at 8.5 dpc exhibit vertebral

transformations and caudal axial truncations associated with spina bifida (Tibbies and

Wiley, 1988; Kessel and Gruss, 1991). The latter event absolutely requires the presence

of RARy, but not RAR(3 or RARal, clearly illustrating a unique role for this receptor in

eliciting a subset of the teratogenic outcomes induced by RA (Lohnes et al. 1993; Lufkin

et al. 1993; Luo et al. 1995). In the present study, we demonstrate that these RARy-

dependent defects occur via an impact on posterior mesoderm, as evidenced by the rapid

downrcgulation of brachyury, wnt-3a and cdx-4 expression. These effects preceded overt

morphogenetic alterations, such as tail flexion defects, which occurred upon prolonged

development following treatment. In contrast to wild type embryos, RARynaVi mutants

exhibited normal expression for all markers examined. Moreover, RARy+/~ embryos
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displayed an intermediate effect on expression of mesodermal markers, consistent with

the partial resistance of these hétérozygotes to RA-induced axial truncation (Lohnes et al.

1993).

The lack of an effect of acute RA exposure on shh or HNF-3ft expression suggests

that retinoid-induced axial tmncation is not due to effects on floorplate, notochord, or

hindgut populations. Somitic mesoderm and presumptive neural crest populations were

likewise unaffected as judged by pax-3 and follistatin expression. Interestingly, a

mutation of pax-3 in the mouse (splotch) results in neural tube defects, including spina

bifida, due to a delay in PNP closure caused by aberrant neural crest cell migration

(Moase and Trasler, 1990, 1991; Serbedzija and McMahon, 1997). Our present data

suggest that the previously descnbed interaction between the splotch allele and retinoids

(Kapron-Bras and Trasler, 1984, 1985; Kapron-Bras et al. 1988) may be explained by the

effect of RA on posterior mesoderm.

Several lines of evidence suggest that attenuation of brachyury expression is a

primary event in RA-induced axial defects. When administered at the correct stage, RA

results in defects identical to those observed in brachyury (T/T) mutants (Wilkinson et al.

1990; Beddington eî al. 1992). This response of brachyury to RA is rapid, occurring

within 4 h, and requires RARy, consistent with the role for this receptor in retinoid-

induced axial tmncation (Lohnes et al., 1993). In Xenopus, ectopic expression of the

brachyury homologue Xbra in animal caps is sufficient to induce mesoderm formation,

and RA has been shown to have profound effects on subsequent mesodermal patterning

in this species (Brennan, 1992; Bain et al. 1996; Ruiz i Altaba and Jessell, 1991; O'Reilly

et al. 1995; Cunliffe and Smite, 1992). Moreover, posterior wnt-3a expression is

extinguished at 8.5-9.5 dpc in T/T embryos (Rashbass et al. 1994) suggesting that the

attenuation of wnt-3a in the present study is secondary to reduced brachyury expression.

Likewise, attenuation of cdx-4 may also be a secondary event, as it was affected in a

modest fashion relative to other mesodermal markers. Taken together, these observations

strongly suggest that the axial malformations induced by RA are due to insufficient

brachyury activity, consistent with a role for this gene product in posterior mesoderm

(Smith, 1997; Papaioannou and Silver, 1998; Beddington eî al. 1992).
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During gastmlation, brachyury transcripts are found in the primitive streak,

nascent mesoderm, and notochord as well as dorsal hindgut endoderm and ventral neural

plate (Kispert and Herrmann, 1994; Wilkinson eî al. 1990). Recent studies suggest the

existence of separable elements capable of directing brachyury expression either in the

primitive streak and nascent mesoderro, or in the notochord (Clements et al. 1996). Our

results suggest that, in a situation of RA excess, RARy affects brachyury transcription

specifically from the former element, as notochordal expression was not extinguished

(although the notochord was malformed as early as eight hours post-treatment). The

insensitivity of the notochord expression is not due to the possibility that RA simply

prevents do novo mesoderm formation, since rostral domains of brachyury expression

(e.g., presomitic mesoderm) are clearly affected by acute exposure. The effect of RA on

brachyury is also not likely due to a general cytotoxic event as certain markers, such as

cdx-4, were only sightly attenuated, and mP450RAI was actually induced. We also found

no evidence for widespread cell death following acute exposure, and morphogenetic

defects manifest only after effects on mesodermal markers have initiated. It therefore

seems possible that RA, through RARy, inhibits brachury expression.

Although our data suggest that RA interferes with a specific element directing a

subset of brachyury expression, the nature of this effect is unknown. In this regard, in

Xenopus, FGF signaling has been implicated in posterior mesoderm generation, and may

fomi an autoregulatory loop with Xbra (Isaacs, 1997; Latinkic et al. 1997; Schulte-

Merker and Smith, 1995; Isaacs et al. 1994). One component of the FGF signaling

pathway is the transcription factor AP-1 (Dong et al. 1996; Klm et al. 1998). Blocking

endogenous AP-1 activity or FGF signaling in Xenopus embryos results in severe

posterior defects concomitant with disruption of Xbra expression (Schulte-Merker and

Smith, 1995; Isaacs et al. 1994; Klm et al. 1998). As retinoids can inhibit AP-1 activity

in diverse models (Karin et al. 1997; Handel, 1997), the attenuation of brachyury

expression observed in the present study could conceivably occur via such a trans-

repression mechanism. However, in the mouse, FGF signaling has not been implicated in

inducing or maintaining brachyury expression (Schmidt et al. 1997; Ciruna et al., 1997).

Nonetheless, the lack of a demonstrated relationship between PGF and brachyury in the

mouse may be due to the presence of functionally redundant FGFs and FGFRs in the
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independent of FGF signaling, and the effects of RA on this transcription factor during

development remain to be established.

0

mP450RAI Régulâtes RA Levels In The Caudal Embryo

Despite the profound effects of RA treatment on posterior mesoderm, we were unable to

detect endogenous retinoid activity emanating from caudal tissue at any embryonic stage

examined. In contrast, adjacent somite-level expiants contained readily detectable RA,

particularly evident at 8.5-9.5 dpc, consistent with previous studies (Rossant et al. 1991;

Balkan et al. 1992). The localization of RA in these regions has been associated with the

expression of class IV alcohol dehydrogenase (class IV ADH), an enzyme capable of

catalyzing the oxidation of retinal to retinaldehyde, the rate-limiting step in RA

metabolism (Ang et al. 1996).

Application of exogenous RA resulted in a saturation of both caudal and posterior

somitic tissues as early as 3.5 hours post-treatment, again in agreement with previous in

vivo studies (Rossant et al. 1991; Balkan et al. 1992). We also found that, following

treatment, caudal, but not posterior somitic, expiants cleared essentially all exogenous

RA by 6 hours post-treatment, suggesting the presence of an RA-metabolizing system

preferentially localized in the caudal embryo. Indeed, in agreement with previous reports

(Fuji! et al. 1997), we observed coincident expression of P450RAI (mP450RAT) in this

region. mP450RAI encodes a cytochrome P450 family member capable of metabolizing

RA to more polar derivatives, principally by oxidation at C-4 or C-18 positions (Fujii et

al. 1997; White et al. 1996, 1997; Abu-Abed et al. 1998). At 8.5 dpc, mP450RAI

transcripts were observed in the primitive streak region and neuroectoderm associated

with the open posterior neuropore. Interestingly, expression of this gene peaked at 8.5-9.5

dpc, and declined to almost undetectable levels shortly after neural tube closure.

Like the zebrafish and human homologues, murine P450RAI has been found to

be RA inducible in vitro (White et al. 1996, 1997; Abu-Abed et al. 1998). Consistent

with these data, we found that mP450RAI was strongly and rapidly induced in all tissues

posterior to the most recently formed somite in 8.5dpc embryos. This contrasts with

prior studies which reported a decline in expression of this gene in the caudal embryo

j

î
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following treatment (Fuji! et al. 1997). This discrepancy is likely due to the use of a

lower dose of RA and/or a longer delay (12-24 h), as we have found that P450RAI

induction is remarkably transient, already having begun to recede 8 hours post-treatment.

Also, in contrast with previous studies (Abu-Abed et al., 1998) we noted similar RA

regulation in RARy-null embryos, suggesting that this receptor is not critically required

for induction of P450RAI in vivo. Whether this is indicative of cell-type-specific gene

regulation or other mechanisms is unknown.

RA metabolism is closely associated with the expression of P450RAI in diverse

cell lines (White et al. 1997; Abu-Abed et al. 1998), suggesting that P450RAI may act to

limit retinoid signaling via catabolic inactivation of RA. However, certain of its

products, such as 4-oxo-RA, have been reported to have potent biological activity

(Gaemers et al. 1996; Pijnappel et al. 1993). In the present study, expression of

mP450RAI coincided with rapid clearance of RA, suggesting either that the immediate

products of this enzyme are not active in vivo or that they are rapidly converted (or

cleared) to inert metabolites. This finding, together with the rapid and transient induction

of mP450RAI, is consistent with this enzyme playing a critical role in a feedback loop to

regulate RA bioavailability, at least in the caudal embryo. Such a mechanism is further

supported by the finding of functional RAREs in the promoter region of P450RAI

homologues from several vertebrate species (J. White and M.Petkovich, manuscript in

preparation).

Implications For Retinoid Signaling

The lack of detectable biologically active retinoids in the caudal embryo, together with

the expression pattern of mP450RAI, suggest that this enzyme may function to create

regions devoid ofretinoid signaling (see also Fujii et al., 1997). In this scenario, the axial

dysmorphogenesis induced by RA may represent a teratogenic outcome unrelated to

normal RA-dependent events. However, several lines of evidence suggest that retinoid

signaling functions in the caudal embryo at 8.5 dpc. First, class IV ADH (a candidate

enzyme for the rate-limiting step in RA biosynthesis) is expressed in this region just prior

to initiation of neural tube closure, and persists in paraxial mesoderm at 8.5 dpc (Ang et

al. 1996,1997). Second,caudal expression of mP450RAI at 8.5 dpc is modestly affected
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in RARal/Y double null embryos (our preliminary observations), indicating that these

receptors are liganded. Finally, RARy disruption results in homeosis of caudal thoracic

and lumbosacral vertebrae, which may reflect altered hox gene expression in the

primitive streak during late gastrulation (lulianella and Lohnes, 1997; Lohnes et al. 1993;

1994). Taken together, these findings are indicative of active retinoid signaling in the

primitive streak region at 8.5 dpc.

Our inability to detect biologically active retinoids in this tissue may reflect either

limiting amounts of RA (perhaps in a very restricted population) which may be rapidly

turned over by P450RAI. Consistent with this, the developing eye and limb bud also

express P450RAI (Fujii et al. 1997), yet are profoundly affected by RAR disruption

(Lohnes et al. 1994; Mendelsohn et al. 1994). Thus, mP450RAI expression does not

necessarily abolish normal retinoid signaling; rather, it may serve to limit the effects of

RA to specific populations and/or specific times.

Our present results suggest that RA may normally act to attenuate brachyury

expression. As mP450RAI expression is highest in the primitive streak region, it may

restrict RA levels in this area, allowing normal brachyury expression and subsequent

mesoderm allocation from the streak (Wilson and Beddington, 1997). At more rostral

levels, less differentiated mesoderm would encounter RA diffusing from posterior

somites (Fig. 5), which would inhibit brachyury expression concomitant with

differentiation. In agreement with this, transcripts for both brachyury (Wilkinson eî al.,

1990) and mP450RAI (Fig. 7) diminish after 9.5 dpc, consistent with increased RA (due

to reduced mP450RAF) attenuating bmchyury expression at the tailbud stage. Also in

conformity with this proposal is the observation that brachyury and mP450RAI are

colocalized at 8.5 dpc, both showing the highest expression in caudal/dorsal domains

(compare, e.g., Fig. 4H and 8N). Taken together with the rapid response of brachyury to

exogenous RA, these observations suggest that retinoids may nomially affect posterior

mesoderm fonnation via regulation of brachyury expression.

u
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ABSTRACT

Retinoids (vitamin A and its derivatives) play essential roles during vertebrate

development. Vitamin A deprivation during development leads to severe congenital

malformations affecting many tissues including diverse neural crest cell populations and

the heart. The vitamin A signal is transduced by the retinoic acid receptors (RARa,

RARp, and RARy). However, these receptors exhibit considerable functional

redundancy, as judged by the phenotypes of RAR single and double null mutants. To

circumvent this redundancy, a ligand-binding RARy mutant (RARyE) was targeted to the

endogenous RARy locus resulting in a gene replacement in mouse embryonic stem (ES)

cells. Chimeric embryos derived from hemizygous RARyE ES cells displayed several

defects similar to those found in certain RAR double null mutants, including hypoplasia

or absence of the caudal pharyngeal arches and myocardial deficiencies. The latter

defects were not due to abnormal cardiac specification as affected hearts still expressed

chamber-specific markers in an appropriate manner. The chimeras also displayed cardiac

looping anomalies which were associated with a reduction of Pitx2. In addition to

supporting a role for RAR signaling in late looping morphogenesis and cardiomyocyte

development, this study illustrates the utility of using a dominant-negative gene

substitution approach to circumvent the functional redundancy inherent to RAR

signaling.

^
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INTRODUCTION

Vitamin A plays critical roles in vertebrate development, as initially evidenced by

vitamin A deprivation (VAD) studies. VAD in rodents or birds leads to complex

congenital defects involving the eye, genito-urinary system, several neural crest cell

derivatives, hindbrain patterning and heart and associated vessels (Wilson et al., 1953;

Maden et al., 1996; Heine et al., 1985; Dickman et al., 1997; Zile, 1998). Most of these

defects can be reversed by exogenous retinoic acid (RA), demonstrating that RA can

fulfill embryonic vitamin A requirements (Dersch and Zile, 1993; Dickman et al., 1997;

Kostetskii et al., 1998,1999).

Retinoids are required for several aspects of heart development, including

anterior-posterior patterning of the heart tube, normal development of the myocardium

and proper cardiac looping (reviewed in Smith and Dickman, 1997; Zile, 1998).

Interestingly, excess RA in quails gives rise to similar cardiac defects including

malpositioning, situs inversus, and cardiac bifida (Dickman and Smith, 1996). The

notable difference is that RA excess truncates the anterior portion of the heart tube and

expands posterior cardiac markers anteriorly, whereas VAD elicits posterior truncations

(Xavier-Neto et al., 1999; Liberatore et al., 2000). This is consistent with a requirement

for retinoid signaling in the development of the posterior linear heart tube. Indeed, bio-

active retinoids are enriched in the atrial and sinus venosus region of the early heart,

coincident with the expression of the major RA-synthesizing enzyme, Raldh2 (Moss et

al., 1998). In agreement with this, targeted disruption oîraldh2 in the mouse results in a

loss of posterior cardiac structures, including the atria and sinus venosa, a thin

myocardial wall, and a dilated ventricle which fails to undergo cardiac looping

(Niederreither et al., 1999, 2001).

Considerable progress has been made in our understanding of the molecular

determinants of left-right asymmetry in vertebrates. Organ situs is controlled by an

evolutionarily conserved cascade of signaling molecules leading to the activation of the

left-specific determinants nodal, lefty2, and^>^x2 in the left lateral plate mesodemi

(LPM ; reviewed in Mercola, 1999; Capdevila et al., 2000). The misexpression oî nodal,

lefty2, or pitx2 on the right LPM can result in situs defects, as can the loss of these left
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side determinants (Logan et al., 1998; Lowe et al., 2001; Piedra et al., 1998; Ryan et al.,

1998; Yoshioka et al., 1998). The left-right pathway can be modified by retinoid

signaling, as the treatment of mouse embryos with excess RA, or a RAR antagonist,

results in aberrant heart looping concomitant with the misexpression of nodal, lefty2, and

pitx2 (Chazaud et al., 1999; Tsukui et al., 1999; Wasiak and Lohnes, 1999). Consistent

with this, VAD quail embryos display a loss of nodal and pitx2 expression and heart

looping defects (Zile et al., 2000). Raldh2 mouse embryos, which are largely RA

deficient, also display an arrest in looping, although they exhibit normal nodal and pitx2

expression (Niederreither et al., 2001).

The vitamin A signal is transduced by the retinoic acid receptors (RARa, p and y;

reviewed in Chambon, 1996). RARs are ligand-dependent transcription factors that bind

to retinoic acid response elements (RAREs) in the promoter regions of target genes as a

heterodimer with a retinoid x receptor (RXRcc,? and y) partner. Loss of a single RAR

leads to mild congenital malformations which do not recapitulate the fetal VAD

phenotype (Lohnes et al., 1993; Lufkin et al., 1993; Luo et al., 1995). However, double

RAR mutants are severely affected and collectively display all the features of

developmental VAD (Lohnes et ai, 1994; Mendelsohn et al., 1994; Kastner et al., 1995).

Combinations ofRAR and RKRa null mutants also recapitulate the fetal VAD phenotype,

consistent with the vitamin A signal being conveyed by RXR/RAR heterodimers

(Kastner et al., 1994, 1997). Furthermore, RKRam\\\, and certain RAR double mutants

exhibit several cardiac abnormalities, including reduced myocardium and lack of outflow

tract septation ( Kastner et al., 1994, 1997; Mendelsohn et al., 1994; Sucov et al., 1994).

Although these studies demonstrate that RAR/RXR heterodimers transduce the retinoid

signal during embryogenesis, these data also underscore a high degree of functional

overlap among the RARs.

To circumvent redundancy among the RARs, we have generated a cell line in

which we substituted one RARy allele with a ligand-binding deficient receptor. The

advantages of this approach are multiple. First, it bypasses the cumbersome genetics

needed to generate triple RAR null mutants. Second, it allows for specific inhibition of

RAR signaling within a defined spatial-temporal context, in this case the RARy

expression domain. Finally, chimeric approaches can allow an inference as to the

î
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primary site of RAR function for a given defect. In this regard, we show that RAR

function in foregut endoderm is likely required for the development of the caudal

pharyngeal arches, consistent with previous work (Dupé et aZ., 1999; Wendling et al.,

2001). We also describe a novel role for retinoid signaling in late cardiac looping

morphogenesis, which was associated with a reduction in Pitx2 expression. These results

demonstrate the utility of the targeted expression of a dominant negative RAR to

circumvent functional redundancy in RAR signaling in the mouse and show a previously

unsuspected role for retinoid signaling in late cardiac looping events.

MATERIALS AND METHODS

Gene Replacement

A dominant negative mouse RARy2 cDNA was created using the oligonucleotide 5'-

CACAATGCTGGCTTTGAACCCCTTACAGACCTCG-3' for site-directed mutagenesis

using the Transformer Kit (Clontech) resulting in a glycine to glutamic acid change at

amino acid position 305 in the ligand binding domain. The mutated RAR/2 cDNA

(henceforth referred to as RARyE) was subcloned into a targeting vector containing a

bifunctional thymidine kinase-neomycin (TK-Neo) selection cassette driven by the

phosphoglucose kinase (PGK) promoter and flanked by loxP sites. These sequences were

cloned into a Not I site engineered within exon5 of the RARy locus resulting in the

destruction the initiator ATG for the endogenous RAR/2 gene. The targeting constmct

contained 1.5kb of homologous genomic sequences upstream and 5.8kb downstream of

the integration site. An expression vector encoding diptheria toxin A chain (DT-A; Yagi

et al., 1990) was subcloned S'ofTÎ^TÎ/genomic sequences for negative selection.

RI ES cells were cultured on mitotically inactivated murine embryonic fibroblasts

under standard conditions (Wurst and Joyner, 1993). Cells were electroporated with 25

^g of linearized targeting vector and selected with G418 for 8-10 days. Genomic DNA

fi-om résistant colonies was restricted with Eco RI and targeted clones were identified
using a 350bp Rsa I-Bam HI probe external to the targeting vector (probe 1, Fig. 1).

Targeted clones were expanded and the TK-Neo cassette was excised by transient

transfection with a Cre recombinase expression vector (Gu et al., 1993). Desired
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recombinants were identified by restriction with Eco RV and hybridization with 1.6kb

Barn H l-Eco RI probe (probe 2, Fig. 4-1).

Generation Of Chimeric Embryos

Two independently targeted ES cell clones were used to generate chimeric embryos by

standard injection of either C57BL/6 or ROSA26 host blastocysts (Hogan et al., 1994;

Zambrowicz et al., 1997); embryos derived from either host exhibited similar defects.

Embryos were dissected at E9.5 to E10.5 in PBS and fixed overnight in freshly prepared

4% paraformaldehyde (PFA) in PBS at 4°C. Some embryos were subsequently

dehydrated through a methanol series in PBS/0.1% Tween-20 and stored at -20°C for

whole-mount in situ hybridization. For histology, embryos were dehydrated through an

ethanol series, embedded in paraffin, sectioned at 7 [im, and deparafînized and processed

for hematoxylin and eosin staining. Some embryos generated fi'om ROSA26 blastocysts

were fixed in 4% PFA at room temperature for 1 to 2 hours, rinsed in PBS, and stained

for P-galactosidase activity overnight at 37 C as described (Hogan et al., 1994). Embryos

were then embedded and sectioned as above.

Immunohistochemistry

Embryos were fixed in 4% PFA in PB S overnight at 4°C, and processed for staining as

described above. Sections were deparafinized, rehydrated through an ethanol series, fixed

in 10 mM sodium citrate buffer, and immunohistochemistry performed as described

previously (Lanctot et al., 1999). Briefly, following fixation specimens were blocked in

10% goat semm in PBS/0.2% Tween-20 and reacted with rabbit anti-mouse primary

antibodies against either Pitx2 (P2R10; Hjalt et al., 2000) or ANF (Santa Cruz). Samples

were then rinsed in PBS/0.2% Tween-20, blocked as above, incubated with biotinylated

anti-rabbit secondary antibody (Vector Labs), and subsequently with horse radish

peroxidase-coupled streptavidin (NEN Life Sciences). Reactivity was revealed with

diamino benzidine (Sigma) in PBS for 6-8 minutes. Specimens were counterstained with

methyl green (Sigma) before mounting.

J
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Whole-Mount In Situ Hybridization

Whole-mount in situ hybridization was performed as described previously (Wilkinson,

1992). Digoxigenin-labeled RNA probes were synthesized fi-om vectors containing

ventricular myosin light chain 2 (MLC2v; O'Brien et ai, 1993; Bruneau et al., 2001),

Tbx5 (Bmneau et al., 1999), or eHand (Srivastava et al., 1995). Expression was

visualized by staining for anti-digoxygenin-coupled alkaline phosphatase using either

BM purple (Roche) or NBT/BCIP.

RESULTS

J

Replacement OfRARy2 With A Dominant Negative Receptor

The RARyE cDNA was targeted to exon 5 of the RARy locus to provide a restricted

expression of the dominant negative receptor (Fig. 4-1). Tk-Neo sequences were

subsequently removed by transient Cre recombinase expression and desired recombinants

were characterized as described in Figure 4-1 A. Expression of the dominant negative

RARy\vas confirmed by sequencing ofRT-PCR products from ES cells (data not shown).

Two independent clones were injected into host blastocysts and the offspring

fi-om several litters examined at 3 weeks of age for coat color contribution. The resulting

chimeras contained no more than -30% ES cell coat coloration, suggesting that strong

contribution of RARyE cells was embryo lethal. Consistent with this, RARyE chimeric

embryos exhibited numerous defects, many of which have been previously seen in

retinoid receptor double null offspring or in Raldh2 null embryos (Kastner et al., 1995;

Chambon, 1996; Dupé et al., 1999; Mendelsohn et al., 1994; Niederreither et al,, 1999).

These included pharyngeal arch hypoplasia, axial tmncation, micropthalmia and heart

defects (data not shown and see below).

The contribution of RARyE cells during embryogenesis was examined by

injecting ES lines into ROSA26 recipient blastocysts. ROSA26 embryos express P-gal

ubiquitously throughout development, and is a useful means to assess ES cell

contribution (Zambrowicz et al., 1997). RARyE ES cells contributed to all embryonic

tissues (e.g. Fig. 4-2D, E, G, and H, and data not shown), with strong contributions to

certain populations correlating with specific phenotypes. Control injections of wild type
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Figure 4-1. Gene replacement ofRARy with the RARyE cDNA.

(A) A schematic representation of the RARy locus is depicted on the top. Dark grey
boxes indicate exons 5 and 8 of the RARy2 isoform, and the DNA binding domain for
both RARyl and RARy2, respectively. The targeting vector is shown below the RARy
locus, and contains the RARyE cDNA, a thymidine kinase-Neomycin resistance (TK-
Néo) bifimctional fusion gene flanked by Lox P sites (represented by black triangles), and
the diptheria toxin A chain (DTA) 3' to targeting sequences for negative selection.
Sequences are not drawn to scale. The targeted locus is shown below the targeting vector.
The integration results in the destruction of the endogenous ATG of RARy2. Depicted at
the bottom is the floxed-out locus with TK-Neo sequences removed by Cre recombinase.
Probe 1 is a 350bp BamHI-RsaI fragment 5' to targeting sequences and was used as an
external probe to identify targeted clones. Probe 2 is an internal 1.6kb BamHI-EcoRI
used to confirm the removal of TK-Neo sequences by Cre recombinase. B, BamHI; E,
EcoRI; K, Kpnl; Rv, EcoRV; Xh, Xhol. (B) Southern blot confirming the genomic
integrity of targeted and floxed-out alleles. The initial targeting event was identified by
EcoRI genomic digests and hybridization to probe 1 (lane 5 vs 1). The internal probe
(probe 2) hybridizes to a 5.1kb EcoRI band in the targeted locus and a 1.6kb band upon
the removal of TK-Neo sequences (lanes 17 and 21). Targeted alleles digested with
EcoRV hybridized to a 1.8kb fragment with probe 2, while floxed-out alleles displayed a
5.8kb EcoRV fragment (lanes 20 and 24), confirming the loss of the selection cassette.
Hybridization of probe 1 to EcoRV-digested genomic sequences of the targeted allele
revealed a 6.5kb fragment, which was shifted to 7.8kb upon the loss ofTK-Neo (lanes 8
and 12). In the targeted allele, probe2 hybridized to 6kb BamHI band with the removal
the intervening TK-Neo sequences resulting in an increase to 9.5kb, which co-migrated
with the wild type fragment (lanes 14, 18 and 22).
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0 parental ES cells never gave rise to such abnonnalities. Below we describe defects in

cardiac and pharyngeal arch development in these chimeras.

0

u

RAR Function Is Required For Development Of The Caudal Pharyngeal Arches

Pharyngeal arch development is retinoid-dependent. RAR antagonist-treated embryos,

RARoî/RARp and RARa/RARY null offspring exhibit absent or hypoplastic pharyngeal

arches caudal to the 2nd arch (Dupé et al., 1999; Wendling et al., 2000, 2001). The

phenotype of mice null for raldh2, an enzyme essential for the generation of most

embryonic RA, also supports a critical role for retinoid signaling in the pharyngeal arches

(Niederreither et al., 1999). Based on these data, and the pattern of expression of RARy

(Ruberte et ai, 1990), RARyE chimeras were examined for pharyngeal arch defects.

Wild type embryos at E10.5 have four externally discernable pharyngeal arches,

which consist of a largely neural crest cell-derived mesenchymal component surrounded

by ectoderm on their external surface and endoderm lining their interior border (Fig. 4-2B

and C). Aortic arches are found within the interior of branchial arches 1- 4 and are

evident in 2 through 4th branchial arches in section Fig. 4-2C (a2-a4). Strong

contribution of RARyE cells to the pharyngeal arches was frequently associated with a

hypoplastic 3 arch and absent 4 arch (e.g. Fig. 4-2F, compare with 4-2C). In affected
embryos, aortic arches were hypoplastic or absent in the 2 branchial arch and reduced in
the 3rd arch (Fig. 4-2F). One chimera displayed agenic and hypoplastic caudal arches on

the right side only (Pig. 4-2G-I). This unilateral arch deficiency involved the loss of the

fourth pharyngeal arch and hypoplasia of the 3rd pouch (B4 and P3, respectively; Fig. 4-

21), and was associated with a greater mutant cell contribution in the right relative to the

left side of the embryo. In contrast, the pharyngeal arches on the left side developed

essentially normally, with the exception of the loss of the 4 aortic arch (a4; Fig. 4-21,

compare with 2C). In this regard, it is interesting to note that, although the mesenchyme

of these pharyngeal arches was largely RARyE-derived, the underlying endoderm was

predominantly wild type (compare Fig. 4-21 with 4-2C). This suggests that RAR function

in pharyngeal endoderm is necessary and sufficient to direct pharyngeal arch

development, with the exception of the development of the aortic arches.
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Figure 4-2. RARyE chimeric embryos display pharyngeal arch defects.

(A, B) Frontal and left side views of an El 0.5 wild type embryo, respectively. Frontal
(D,G) and left side (E, H) views ofRARyE^-->ROSA26 chimeric embryos stained for P-
galactosidase (P-gal) activity. The chimera in D and E shows greater RARyE cell
contribution, while the chimera in G and H shows strong wild type contribution,
particularly in the pharyngeal arch region (arches are numbered). Scale bar in (A) is
250^im. (C, F, I) Frontal sections through the pharyngeal regions of wild type (C) and
chimeric (F, I) embryos. The wild type section was stained with eosin and the chimera in
(C) was counter-stained with eosin following p-gal staining. The chimera in (I) was
sectioned after x-gal staining and mounted without counterstaining. RARyE contribution
to the pharyngeal endoderm correlated with a loss of caudal pharyngeal arches and aortic
arches (F). The population of wild type cells (blue) in the endoderm was associated with
caudal pharyngeal arch development (I). be, bulbis cordis, fb, forelimb bud, la, left
atrium, lv, left ventricle, rv, right ventricle, o, outflow tract, 1, first pharyngeal arch, 2,
second pharyngeal arch. B1-B4, first to fourth pharyngeal arches, a2-a4, second to fourth
aortic arches, P3-P4, third and fourth pharyngeal pouches. Scale bar in (C) is lOO^im.
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n Cardiac Positioning Defects In RA.RyE Chimeras

Aberrant heart looping can be induced by VAD in avians (Heine et al., 1985; Dersch and

Zile, 1993; Dickman and Smith, 1996). Although cardiac looping defects have never

been described in any retinoid receptor null mutants, RA excess or RAR antagonist

treatment can affect cardiac looping concomitant with altered expression of several

markers of the left-right signaling pathway, including nodal, lefty2 and pitx2 (Chazaud et

al., 1999; Tsukui et al., 1999; Wasiak and Lohnes, 1999). A role for retinoid signaling in

looping morphogenesis is further supported by the finding that raldh2 null embryos

exhibit a block in cardiac looping (Niederreither et al., 1999, 2001). Consistent with these

observations, 28% of all chimeras examined in the present study displayed some form of

heart defects, the majority of which consisted of ventricular malpositioning, evident in

14% of all embryos examined (e.g. Fig. 4-2E, 4-4C-H, and 4-5C-G). Cardiac looping

defects ranged from a slight misalignment of the ventricles to a severe block in cardiac

looping (e.g. Fig. 4-3C, D), and rarely, a complete reversal of heart looping (e.g. Fig. 4-

3L). As these data were derived from all embryos generated, irrespective of chimerism,

they are an under-representation of the incidence of cardiac defects evoked by RARyE.

Pitx2, a member of the bicoid family of homeobox-containing transcription

factors, is a downstream effector of the left-right pathway ( Logan et al., 1998; Piedra et

al., 1998; Ryan et ai, 1998; Yoshioka et ai, 1998; Campione et al., 2001). It is expressed

in the left LPM and left side of the linear heart tube during early somite stages and

demarcates the left-ventral side of the heart throughout cardiac development (Hjalt et al.,

2000; Campione et al., 2001). Aberrant retinoid signaling has been shown to affect p^2

expression concomitant with abnormal heart looping (Chazaud et al., 1999; Tsukui et al.,

1999; Wasiak and Lohnes, 1999). Moreover, in VAD quails, aberrant looping

morphogenesis is associated with reductions in nodal and ^^2 expression (Zile et al.,

2000). We therefore examined the expression of Pitx2 protein in RARyE^--^ ROSA26

chimeras.

In controls at E9.5, Pitx2 was expressed in the ectoderm of the frontonasal mass

and the mandibular arch, in the left splanchnopleure, and at lower levels in the caudal

aspect of the left wall of the atrium and conotruncus consistent with previous data (Fig. 4-

3A; Hjalt et al., 2000; Campione e? al., 2001). In the E9.5 chimera in Figure 4-3C, D, a
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rightward looping of the bulbis cordis was initiated, but the ventricle failed to complete

the looping that normally positions it on the left side (compare Fig. 4-3C with 4-3A; Fig.

4-3D with 4-3B). The heart of this chimera was largely composed of RARyE cells, with

the exception of strong wild type contribution to the posterior wall of the left atrium, part

of the dorsal aspect of the bulbis cordis, and the myocardium separating the left atrium

from the ventricular chamber (red arrowheads in Fig. 4-3 C, D). Interestingly, the left

posterior atrial wall of the chimera, which was largely wild type, maintained Pitx2

expression, whereas adjacent splanchnopleure, consisting mainly of RARyE cells,

exhibited reduced Pitx2 (Fig. 4-3C, compare with Fig. 4-3A). This effect was specific to

the left LPM derivatives and heart as Pitx2 in the ectoderm of the mandibular arch,

derived mostly fi-om RARyE cells, was unaffected (red asterix in Fig. 4-3 C compare to

Fig. 4-3A).

Pitx2 expression at El 0.5 continues to be asymmetric in several developing

organs, including the heart and primitive stomach (black arrowheads; Fig. 4-3E and 4-

3F). In more ventral sections, Pitx2 was expressed in left dorsal wall of the ventricle and

the atrioventricular canal (Fig. 4-3F and 4-3K). Abnormal ventricular looping was

observed in chimeras at E 10.5 in which the ventricles were positioned more dorsally and

anteriorly than in controls (Fig. 4-3G-J; compare to Fig. 4-3E, F). These anomalies were

associated with a downregulation ofPitx2 expression in the left heart and the left stomach

primordium, which were mostly composed of RARyE cells (black arrowheads in Fig. 4-

31, J; compare to Fig. 4-3E, F). Loss ofPitx2 in the heart was not always associated with

RARyE cell contribution, as the chimera in Figure 4-3 G,H displayed a loss ofPitx2 in the

heart despite considerable wild type cell contribution (red arrowheads; Fig. 4-3G, H).

Two chimeras displayed a complete reversal of heart looping with a normal left-

positioned stomach lumen (Fig. 4-3L). This defect was associated with a lack of Pitx2

expression in the heart and stomach, although expression in the buccopharyngeal

ectoderm was unaffected (Fig. 4-3L, compare to 4-3K).

u
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Figure 4-3. PITX2 expression in RARyE chimeras.

(A,B) Immunohistochemistry of frontal sections of E9.5 wild type embryo using PITX2-
specific antibodies showing PITX2 expression (brown) in the splanchnopleure (spl),
dorsal-caudal region of the heart, the ectodenn of the first pharyngeal arch (red asterix),
and in the left side of the conotruncus (ct) and in the myocardial wall of the left atrium.
(B) More ventral section than (A). (C,D) Frontal sections ofE9.5 RARyE^-»ROSA26
displaying weak PITX2 expression in the splanchnopleure. Note high levels of PITX2 in
the first arch ectodenn of chimeras (red asterix in C, compare to A). Red arrowheads
identify regions of strong wild type cell contribution in the chimeras. (E, F) Frontal
sections of El 0.5 wild type embryos showing PITX2 expression in the left wall of the ct,
left atrium (la), and left side of the stomach primordium (st). Black arrowheads point to
left-specific PITX2 expression. (G, H and I, J) Frontal sections of two different
RARyE<-^ROSA26 chimeras showing reduced PITX2 expression in the stomach
primordium and left side of the heart. Red arrowheads in (G, H, and I) identify regions of
strong wild type cell contribution (dark blue). Black asterix in (I, J) identifies the dorsal
region of a chimeric heart that is largely derived from RARyE cells. Scale bar in (A) is
80^m. (K) Frontal section of an El 0.5 wild type embryo displaying PITX2 expression in
the left myocardial wall of the ct and in the atrioventricular canal (avc; black
arrowheads). Note also the expression in the region of the stomach, and the
buccopharyngeal ectoderm. (L) Comparable section of a RARyE<--^ C57BL/6 chimera
displaying a reversal in heart looping. PITX2 expression was absent or highly reduced in
the left heart and stomach, while it remained strong in the buccopharyngeal region. Note
the position of the stomach in (L) was comparable to the control (K). avc, atrioventricular
canal, be, bulbis cordis, ct, conotruncus, la, left atrium, ra, right atrium, spl,
splanchnopleure, st, stomach primordium, tr, trabeculae, v, ventricle. All embryos were
counterstained with methyl green. Scale bar in (K) is 160^im.
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Trabecular Deficiency In RARyE Chimeras

The myocardium develops as a thin layer of cells surrounding the ventricle and

subsequently projects proliferating myoblastic strands of cells in response to signals from

the endocardium; these cells become the future trabecular system of the heart ÇFig. 4-4A,

B; Challice and Viragh, 1973; Fishman and Chien, 1997; Gassmann et al., 1995;

Kaufman, 1992; Lee et al., 1995; Meyer and Birchmeier, 1995). The thin peripheral

myocardial layer begins to thicken at El 1.5-12.5 until it gives rise to a dense compact

layer by E14.5-16.5 that fonns the ventricular wall. Several retinoid receptor mutants and

VAD fetuses exhibit deficiencies in ventricular myocardium (Wilson eî al., 1953; Sucov

et al., 1994; Kastner et al., 1994, 1997; Mendelsohn et al., 1994). Consistent with this,

we observed a severe deficiency in ventricular myocardium in chimeras as early as E9.5

(tr in Fig. 4-3D, compare with 4-3B). In RXRa mutants, and to a lesser extent RARay

mutants, myocardial hypoplasia becomes apparent only after El 1.5 (Sucov et al. 1994;

Kastner et al., 1994, 1997), therefore the deficiencies observed in RARyE chimeras

represent a more severe perturbation of cardiomyocyte development.

To characterize this ventricular myocardial deficiency further, ANF expression

was assessed. ANF is initially expressed on the ventral surface of the heart at E8

(Christoffels et al., 2000; Zeller eî al., 1987). By E9.5, ANF expression becomes stronger

on the outer curvature of the left ventricle and begins to be expressed in the developing

lateral-dorsal myocardium of the atria. At E10.5, ANF expression becomes elaborated in

the developing trabeculae of the left ventricle and in the atria, and is down-regulated in

the right ventricle (Fig. 4-4C, D).

E10.5 chimeras displaying reduced trabeculation maintained ANF expression in

the migrating myoblastic strands in the left ventricle (Fig. 4-4G, I, compare with Fig. 4-

4D). This trabecular deficiency varied between affected chimeras, with the specimen in

Figure 4-4H, I showing a much greater reduction than the chimera in Figure 4-4E-G. The

myocardial deficiency was apparent as early as E9.5 in a chimera displaying a nearly

completely mutant heart, which displayed a block in looping morphogenesis (Fig. 4-4K,

compare to control in 4-4 J). These results suggest that RARyE contribution to the heart

resulted in reduced ventricular trabeculation, although myocardial specification was not

overtly perturbed as ANF expression was unaffected. Moreover, RARyE-derived tissue

l
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Figure 4-4. Trabecular deficiency in RARyE chimeras.

(A, B) Frontal sections of hematoxylin-eosin stained E10.5 wild type hearts. (C, D)
Immunohistochemistry showing ANF expression (brown) in El 0.5 wild type hearts. ANF
was expressed in the myocardial wall of the atria (C) and was more abundant in the
developing trabeculae (tr) and wall of the left ventricle (Iv; D). (E-G) Serial frontal
sections of an E10.5 RARyE<--> ROSA26 chimera showing a moderate reduction in the
trabeculae. (H-I) Serial frontal sections of a chimera displaying a severe reduction in
trabeculation and hypoplastic left ventricle. Ventricular specification was unaffected as
ANF expression was still strong in the left ventricle (I). Note the prevalence of wild type
(P-gal positive) cells associated with increased trabeculation (red asterix m F and I). (J)
Frontal section of E9.5 wild type embryo showing ANF expression in the wall and early
trabeculae of the left ventricle (Iv) and the bulbis cordis (be). (K) Comparable section of a
E9.5 RARyE<--^ROSA26 displaying abnormal cardiac positioning and a reduction in
the myocardium and ANF expression. The greatest reduction was observed in the bulbis
cordis, which failed to complete a righfrward loop (J, K). The relative lack of P-gal
positive cells in the chimera indicates a largely RARyE-derived heart. avc,
atrioventricular canal, be, bulbis cordis, et, conotruncus, la, left atrium, ra, right atrium,
Iv, left ventricle, rv, right ventricle, tr, trabeculae, SV, sinus venosus. Scale bar in (A) is
SO^irn.
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still formed trabeculae, consistent with previous studies suggesting a non cell-

autonomous requirement for retinoid signaling in this process (Chen et al., 1998; Tran

andSucov, 1998).

Chamber Specification In RARyE Chimeras

Given that ANF expression was largely normal in the chimeras irrespective of the

severity of cardiac defects, we examined the expression of additional cardiac markers

including ventricular myosin light chain 2 (MLC2v~), tbx5, and eHand.

MLC2v is initially detected in the cardiac crescent at E7.5 (Lyons et al., 1990;

O'Brien et al., 1993). In the linear heart tube, MLC2v expression is strongest in the

medial region fated to give rise to the ventricles (O'Brien et al., 1993; Christoffels et al.,

2000). Strong expression is maintained in the ventricles and proximal outflow tract at

E9.5-E10.5, with lower levels seen in the atrioventircular canal (Christoffels, et al., 2000;

Fig.4-5A, B and data not shown). MLC2v was not altered in chimeras displaying overt

cardiac looping defects at E9.5 (Fig. 4-5C-H, compare to 4-5A, B) nor at E10.5 (data not

shown).

EHand expression is restricted to the anterior and posterior domains of the linear

heart tube (Srivastava et ai, 1995). These regions give rise to the outflow tract and left

ventricle, respectively, which strongly express eHand at E10.5 (Srivastava et al., 1995;

Fig. 4-6A, B). The outer curvature of the outflow tract also expresses eHand, but

transcripts were excluded from the right ventricle, inner curvature of the heart and the

atria. No differences in eHand expression were observed in El 0.5 chimeras with overt

heart defects (Fig. 4-6C-H).

Tbx5 is expressed as a posterior high gradient in the linear heart tube (Chapman et

al., 1996; Bmneau et al., 1999). At E9.5, tbx5 transcripts are detected in the presumptive

right and left ventricles and in both atrial chambers, with greater expression in the left

ventricle relative to the right (Chapman et al., 1996; Bmneau et al., 1999; Fig. 4-7A-C).

Thus, tbxS is a lineage marker for cardiac structures arising from the posterior heart tube

(Christoffels et al., 2000). However, as with other chamber-specific markers, no

difference in tbx5 expression was detected in affected chimeras (Fig. 4-7D-F).

u
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Figure 4-5. MLC2v expression is not affected in RARyE chimeras.

(A-H) In situ hybridization ofMLC2v in E9.5 embryos. Frontal (A) and left (B) views of
wild type controls showing MLC2v expression throughout the ventricles and proximal
outflow tract (oft). (C, E, G) Frontal views of three E9.5 RARyE^->C57BL/6 chimeras
displaying various degrees of abnormal cardiac looping. White bar traces the axis along
the presumptive right and left ventricles. (D, F, H) Left side views of the same chimeras
displaying looping anomalies, be, bulbis cordis, la, left atrium, ra, right atrium, Iv, left
ventricle, rv, right ventricle, oft, outflow tract. Scale bar in (A) is 400|j,m.
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Figure 4-6. Expression of eHand is not affected in RARyE chimeras.

Frontal (A) and left(B) views of eHand expression in El 0.5 wild type embryos in the left
ventricle (lv) and outer curvature of the outflow tract (oft). (C, E, G) Frontal views of
three RARyE <--> C57BL/6 chimeras displaying abnormal looping, indicated by the
white line. (D, F, H) Left side views of the chimeras in C, E, and G, respectively,
demonstrating strong eHand expression in the left ventricle, la, left atrium, Iv, left
ventricle, rv, right ventricle, oft, outflow tract. Scale bar in (A) is 400|im.
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Figure 4-7. Expression of Tbx5 is not altered in RARyE chimeras.

(A-F) In situ hybridization of Tbx5 in E9.5 wild type (A-C) and a RARyE chimeric
embryos (D-F). Frontal (A), left (B), and right (C) views of a wild type embryo showing
Tbx5 expression in the ventricles and atria (Iv, la, ra). Expression was more intense in the
left ventricular segment than in the right ventricle (A). Non-cardiac expression included
the forelimb bud and flank mesoderm. Frontal (D), left (E) and right (F) views of Tbx5
expression in a RARyE<-->C57BL/6 chimera displaying a medially displaced ventricle
(D compare to A) and an anterior-ventral shift of the proximal outflow tract (F compare
to C). Black vertical lines in (A, D) identify the midline of the embryo. Fb, forelimb bud,
la, left atrium, ra, right atrium, Iv, left ventricle, rv, right ventricle, oft, outflow tract.
Scale bar in (A)is 400|^m.
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DISCUSSION

Retinoid signaling plays key roles in vertebrate embryogenesis. Results from the targeted

mutagenesis of the RARs has suggested a considerable degree of functional redundancy

among this receptor family (Kastner et al., 1995; Chambon, 1996). The present study

attempted to circumvent this problem by substituting RARy with a dominant negative

receptor in ES cells. We present evidence that this mutant interferes specifically with

retinoid-dependent events and gives rise to a more severe myocardial phenotype than

previously observed with any combinations of RAR or RXR null mice. Furthermore, we

demonstrate a novel role for retinoid signaling in late cardiac looping morphogenesis

involving the laterality effector, Pitx2.

A Novel Model For Retinoid Signaling Deficiency In The Mouse

A dominant negative RARa was previously created by modeling an inherited mutation in

the ligand-binding domain of thyroid hormone receptor a that leads to generalized

thyroid hormone resistance (Saitou et al., 1994, 1995;Yamaguchi et al., 1998). We have

created the corresponding mutation in the mouse RARy cDNA, which we referred to as

RARyE, and targeted it to the RARy locus in ES cells. Chimeras generated from these

cell lines displayed pharyngeal arch defects and deficiencies in ventricular myocardium

similar to those observed in certain RAR double null embryos (Mendelsohn et al., 1994;

Wendling et al., 2000, 2001). As one copy of the RARyE gene sufficed to elicit these

effects, this suggests that it functions as a potent dominant negative. Based on studies of

the cognate thyroid honnone receptor a mutant, this may occur by a lack of ligand

binding and strong association with co-rcpressors (Yoh et al., 1997).

u

The RARjE Mutation Inhibits Retinoid Signaling In The Pharyngeal Arches

Pharyngeal arch development is dependent on retinoid signaling. Pan-RAR antagonist

treatment, or the combined disruption of certain RAR genes all lead to hypoplastic or

agenic caudal pharyngeal arches and associated structures (Dupé et al., 1999; Wendling

et al., 2000, 2001). Contribution of RARyE cells appeared to reproduce several of these
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defects, consistent with the pattern of expression ofRARy (Ruberte et al., 1990), and the

behavior ofRARyE as a dominant negative receptor specific to RA signaling.

As RARyE was targeted to the RARy locus, it was expected to be expressed in

the pharyngeal arches. Indeed, the caudal-most arches were hypoplastic or lacking

altogether in all strong chimeras examined at El 0.5. Furthermore, population ofRARyE

cells in the arch mesenchyme was associated with a reduction or loss of the cognate

aortic arches, as has been noted previously in R4R double mutants and RAR antagonist-

treated embryos (Dupé et al., 1999; Wendling et al., 2000). Interestingly, wild type

contribution to the pharyngeal endoderm was associated with normal caudal pharyngeal

arch development, despite RARyE-derived arch mesenchyme. This suggests that RAR

signaling in the pharyngeal endoderm is necessary and sufficient to direct most aspects of

pharyngeal arch development, irrespective of the source of arch mesenchyme. Consistent

with this, Wendling and colleagues (2000) ascribed a requirement for retinoids in the

endoderm of the pharynx for the proper development of the caudal-most pharyngeal

arches. Our chimeric analysis thus provides further support for RAR-dependent

endodermal signaling in pharyngeal arch development.

Retinoid Signaling Is Required For Normal Cardiac Looping

Retinoid signaling is required for proper cardiac looping morphogenesis (Niederreither et

al., 1999, 2001; Smith and Dickman, 1997; Zile, 1998). These studies suggest that

retinoids regulate the effectors of the laterality cascade or affect the ability of the heart to

interpret this information (Dersch and Zile, 1993; Zile et al., 2000). Consistent with this,

RARyE chimeric embryos often displayed defects associated with aberrant cardiac

looping. Frequently, hearts initiated proper rightward looping but had misplaced

ventricles or outflow tracts, ranging from varying degrees of incomplete looping to an

arrest in morphogenesis, and on rare instances, a complete reversal of cardiac looping

was observed. At least certain of these anomalies may be due to the failure of the

proximal outflow tract to displace completely to the left despite initiating looping

correctly, in agreement with prior work in VAD quails (Zile et al., 2000).

Certain retinoid receptor null mutants exhibit a thin myocardial wall due to

precocious ventricular cardiomyocyte differentiation, and absence of outflow tract
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septation (Mendelsohn et al., 1994; Kastner et al., 1994, 1997; Sucov et al., 1994).

However, these studies failed to support a role for these receptors in cardiac looping

morphogenesis, as suggested by the outcome ofVAD in avians (Dersch and Zile, 1993;

Heine et al., 1985; Kostetskii et al., 1998; Zile ^ al., 2000). A possible explanation for

this discrepancy is that there remains sufficient retinoid signaling in the compound

RXR/RAR mutants to direct cardiac laterality.

VAD quail embryos display abnormal cardiac looping concomitant with a down-

regulation of expression of nodal and pitx2 in the left LPM, whereas the asymmetric

determinants actRIIA, shh,fgf8, caronte, or leftyl are unaffected (Zile et al., 2000). Pitx2

is considered to be an important detenninant of organ situs, presumably interpreting

signals from the laterality cascade (Semina et al., 1996; Logan et al., 1998; Piedra et al.,

1998; Ryan et al., 1998; Kitamura et al., 1999; Lin et al., 1999; Liu et al., 2001; Lu et al.,

1999). In support of this, the loss of pitx2 is associated with situs abnormalities of the

lungs, gut and posterior heart components (Kitamura et al., 1999; Lin et al., 1999; Liu et

al., 2001). Furthermore, the dosage ofPitx2 protein was recently suggested to be critical

for organ situs (Liu et al., 2001). As with VAD quail embryos, we also observed a loss of

Pitx.2 expression in the derivatives of the left LPM and in the hearts of chimeras

displaying looping defects, with the greatest decrease in occurring in a chimera that had

undergone a complete reversal of heart situs. The contribution of RARyE cells in LPM-

derived tissues, such as the splanchnopleure and stomach, was always associated with a

loss of Pitx2, suggesting a cell-autonomous requirement for retinoid signaling in the

LPM. However, the loss of Pitx2 in the hearts was not strikingly correlated with RARyE

contribution, suggesting a non-cell autonomous requirement for retinoid signaling in the

heart (see below).

Our results differ from those described for the raldh2 null mutant, which does not

exhibit altered pitx2 expression despite a block in cardiac looping (Niederreither et al.,

2001). A possible explanation for this discrepancy may be that the severe deficiency in

retinoid signaling in the raldh2 mutant results in a block in heart looping due to

mechanical constraints imposed by the loss of posterior cardiac tissue. Moreover, pitx2

expression was examined a full day earlier in raldh2 mutants than in the present study

u
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(Niederreither et al., 2001). Thus it is possible that pitx2 is affected by loss of RA

signaling only at later stages.

All known components of the retinoid signaling pathway are expressed

symmetrically throughout early embryogensis, and RA distribution has no known

laterality bias at the stages relevant to heart looping (Fujii et al., 1997; Niederreither et

ai, 1997; Rossant et al., 1991; Ruberte et al., 1990, 1991; Maden et al., 1998). Thus,

retinoid signaling is unlikely to be directly involved in the establishment of the left-right

axis but may be involved in maintaining expression of the left-specific effectors, or to

provide competence to interpret this information, as suggested previously (Zile et al. ,

2000). In support of this, recent work provides a precedent for the regulation ofpitx2 at

stages subsequent to looping involving a maintenance mechanism (Shiratori et al., 2001).

The pitx2 asymmetric enhancer contains Nodal and Nkx2-5 response elements, and the

deletion of the latter element results in a loss of reporter activity at later stages (Shiratori

et al., 2001). Thus, pitx2 requires signals to ensure its continued expression within the

LPM and its derivatives later on in development. Our results suggest that retinoid

signaling contributes to the maintenance of pitx2 expression, possibly indirectly by

rendering cells within the LPM competent to respond of the left determinants.

Heart looping involves a complex series of morphogenetic processes leading to a

dextral-looped heart with the correct positioning of the outflow tract and the atria

(reviewed in Manner, 2000). Briefly, this process involves the transformation of the

linear heart tube to a dextral c-shaped loop that subsequently undergoes a rightward

rotation in the ventricular region and the displacement of the outflow tract to the right of

the body. The latter two processes convert the initial c-shaped heart loop to an s-shape

one (Maimer, 2000). Both these processes seemed to be affected by altered retinoid

signaling as RARyE chimeras displayed medially positioned ventricles and abnormal

ventro-anterior shift of the outflow tracts. This suggests that retinoid signaling can affect

later aspects of looping, possibly through altered pitx2 expression. On rare instances we

observed a complete reversal of cardiac looping in association with a severe reduction of

pitx2 expression in the left LPM and its derivatives, and the heart. The rarity of this

defect may reflect the relatively late expression of RARyE within the LPM, as the

dominant negative was targeted to the RARy locus. Given that the expression ofRARyin
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the nascent LPM begins at approximately E8.25 (Ruberte et al., 1990), and is therefore

closely juxtaposed to the initiation of cardiac looping, the occasional chimera may

express RARyE during looping morphogenesis, leading to the observed reversals.

Alternatively, the rarity of this defect may reflect a artefactual lesion in development that

is expected to occasionally occur following blastocyst injection. Taken together, the

present study suggests that the inhibition of RAR function in the LPM at stages

subsequent to the initiation of heart looping affects late aspects of looping

morphogenesis.

RAR Signaling And Myocardial Development

Disruption of certain of the retinoid receptors leads to myocardial deficiencies,

particularly of the compact layer (Mendelsohn et al., 1994; Kastner et al., 1994, 1997;

Sucov et al., 1994). This may reflect a non cell-autonomous requirement for retinoid

signaling, as embryos containing hearts composed mostly of RXRa cells display

normal myocardial development (Chen et al., 1998; Tran and Sucov, 1998). Our results

also demonstrate a requirement of RAR signaling in myocardial development, as

myoblastic invasion of the ventricles was compromised in chimeras containing strong

RARyE contribution to the heart, although the mutant cells could form trabeculae. The

myocardial deficiency observed in our study was more severe that that noted for the

RXRa mutation, likely reflecting a greater inhibition of retinoid signaling occurring in

RARyE chimeras relative to RXRa null mutants. Consistent with this, the loss of raldh2

leads to an even greater deficiency in myocardial development, being evident as early as

E9 (Niederreither et al., 2001). Similarly, the loss ofmyocardium m RARyE chimeras

occiirred much earlier relative to retinoid receptor null mutations (obvious by El 1.5;

Kastner et al., 1997). Furthermore, chimeric hearts required considerable contribution

mutant cells to evoke trabecular hypoplasia, suggesting that localized signaling from wild

type cardiac tissue can rescue the deficiency in retinoid signaling. Paracrine signaling

underlies the development of the trabeculae (reviewed in Fishman and Chien, 1997), and

the presence of a limited number of wild type cells within chimeric hearts seems

sufficient to allow myoblasts to invade ventricle lumen, albeit in a compromised manner.

u
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Our study is consistent with a non cell-autonomous function for retinoid signaling in the

heart, as previously suggested (Chen et al., 1998; Tran and Sucov, 1998).

The expression of MLC2v, eHand, tbx5 and ANF was not altered in chimeras

exhibiting cardiac defects, demonstrating that chamber specification was not overtly

affected. Cardiac-specific transcription was also largely unaffected in raldh2~/~ mutants,
with the exception of loss of tbx5 expression, despite the severe defects in this mutant

ÇNiederreither et al., 2001). Retinoid signaling thus appears to be required for myocardial

development and posterior heart development, but not for the patterning of the ventricles

and outflow tract per se.

We describe a novel approach to circumvent functional redundancy of the RARs

by a gene-swap approach. Chimeras exhibited a number of defects typical of other

models of retinoid signaling deficiency, suggesting a specific inhibition of RAR

fiinction. The restricted expression of the dominant negative RAR, in combination with

chimeric analysis, offers a viable means to examine retinoid-dependent ontogenic

processes, and should reveal further roles for retinoid signaling during mammalian

embryogenesis.
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Retinoids have remarkable abilities to modulate and transform a plastic vertebrate

bauplan in very specific ways. They can change the identities of segments along the

antero-posterior axis, as well as influence patterning along the left-right axis. Retinoid

signaling also plays a crucial role in the development of the posterior embryo, which

generates the diverse lineages of the trunk and caudal region. Of concern to vertebrate

biology is the near ubiquitous issue of redundancy among members of gene families

afforded by their larger genomes. The RARs represent an excellent example of this

principal; one that is challenging to address due to the pleiotropic nature of retinoid

signaling. Furthermore, of particular importance is the dosage-dependence of biological

processes to both aberrant retinoid levels and RAR gene loss. We have seen this for

hindbrain development, vertebral patterning, and tail bud formation. Indeed, a major

component of my doctoral dissertation has been the assessment ofRARygene dose to the

effects of exogenous retinoid signaling on vertebral patterning and tail bud development.

The latter half of the work described herein has concerned itself with the question of

RAR function during development. To study this issue, a gene replacement approach

involving a potent RAR dominant negative was used to circumvent functional

redundancy among the RARs specifically within the RARy expression domain. These

experiments shed new light on the function of RA signaling in vertebral patterning and

caudal development, and reveal new roles for the RARs in cardiac morphogenesis.

l
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5.1. Role OfRARy In Transducing The Retinoid Signal During Vertebral
Patterning

5.1.1. RARy Can Pattern Cervical Vertebrae During The Late Window OfRA Sensitivity

Axial patterning is sensitive to exogenous retinoids during two distinct periods which

roughly correspond to times that vertebral precursors are undergoing a transition from a
mesenchymal to epithelial phenotype (Kessel and Gmss, 1990; Kessel, 1991). The first

window ofRA sensitivity corresponds to the ingression and establishment of the paraxial

mesodermal lineage and its subsequent condensation to somites. It is during this period
that hox genes become activated and somite identity is established. Excess retinoids

during this early window perturbs vertebral patterning along with anteriorizations in hox

gene expression. The later period of retinoid sensitivity, termed respecification, occurs

when the somites split along their dorsal-ventral axis and revert to a mesenchymal state to

give rise to the prevertebrae (or sclerotome). The effect of retinoids at this stage,

however, do not noticeably change hox expression patterns or levels. It thus remains to be

established how the retinoids influence vertebral patterning independently of hox gene

regulation.

Both the presomitic mesoderm and prevertebrae express RARy, and thus this gene

can conceivably mediate the effects ofretinoids during the two windows (Ruberte et al.,

1990). This was examined by challenging RARy-null embryos with exogenous RA.

While RARy-null fetuses were markedly resistant to craniofacial malformations induced

by early retinoid treatments, cervical vertebral defects were only mildly attenuated. In

contrast, RA ti-eatments at later times, particularly at E10.5, rescued RARy-null defects.

This rescue effect likely occurs by over-occupying the remaining RARs. As the

prevertebrae also express RARa, this receptor could conceivably mediate this rescue

effect on RARy ablation (Ruberte et al., 1990). Indeed, in unpublished observations, I

noted a loss of RA-mediated rescue in RARa/RARy double null mutants. Furthermore,

RARp has been shown to mediate the effects of excess RA on hoxd4 induction (Folberg

et al., 1999b). Thus, the RARs function redundantly in the respecification of the

vertebrae, consistent with their expression in the prevertebrae. The lack of RARy also

seriously compromised the ability of a late pulse of RA- to transform the occipital and
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exoccipital bones at the base of the skull, but not more posterior cervical vertebrae. These

results argue that the respecifîcation of the rostral-most vertebral identities requires intact

RARy function, and that this receptor normally functions during the late window.

J

5.1.2. Possible Targets Of RAR-lvIediated Respecification

Paralog group 4 hox genes act synergistically to pattern the cervical vertebrae (Horan et

al., 1995a, 1995b), and the mutation of single group 4 genes gives rise to a similar

vertebral phenotype to that of RAR null embryos (Lohnes et al., 1993, 1994).

Furthennore, the group 4 genes contain functional RAREs which establish their rostral

expression boundaries and mediate their responsiveness to RA (Gould et al., 1998;

Morrison et al., 1997; Packer et al., 1998; Popperl and Featherstone, 1993). Thus, RAR

ablation presumably affects vertebral patterning by delaying the activation and preventing

the correct rostral setting of group 4 hox genes. This is consistent with the effect of

retinoid signaling in the early period of vertebral specification. However, hox gene

expression persists in the prevertebrae (Kessel and Gmss, 1990; Gaunt et al., 1988, 1989)

raising the issue of whether hox genes mediate retinoid function at subsequent stages of

vertebral development, particularly during the respecification window.

This hypothesis is supported by Folberg and colleagues (1999a), who

demonstrated that the loss of hoxd4 from the RARy-null background abolished the

retinoid rescue of the C2 to Cl transformation. This suggests that hoxd4 fiinctions

epistatically to RARy to elicit vertebral defects caused by excess RA. Importantly, these

results also suggest that the respecification of vertebral identities requires box function.

However, hoxd4 expression is unaffected in RARy null embryos, and is still efficiently

induced by RA treatment at E10.5 in these mutants (Folberg et al., 1999a). As later

expression of paralogous group 4 members depends on promiscuous cross-regulatory

relationships between one another (Gould et al., 1997; Packer et al., 1998), it remains

possible that subtle effects of RARy loss on group 4 genes may be diluted through this

resilient autoregulatory network, leading to normal hoxd4 levels in somite derivatives.

According to this model, when retinoid signaling is impaired in addition to the loss of

hoxd4, the strain on the cross-regulatory network should become manifested as decreased

group 4 expression in RARy/hoxd4 double nulls. An important caveat to this theory is

]
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that hoxb4 expression is unaffected in RARy/hoxd4 double mutants (Folberg et al.,

1999a). However, expression was examined at E9.5, a full day before the respecification

window and several days prior the appearance ofprevertebrae. This time may also be too

early to assay an effect on the group 4 cross-regulation, which likely functions to

maintain established hox expression patterns in the descendants of somites.

A precedent for the importance of the timing in hox cross-regulation has been

elegantly demonstrated by Packer and colleagues (1998). They observe that the

expression of a transgenic reporter harboring hoxa4 regulatory elements is reduced in

hoxa4~/~ embryos specifically between E10.5 and E12.5. Group 4 hox members also
synergize extensively in the patterning of the cervical vertebrae (Horan et al., 1995b).

The absence of all three group 4 genes render the entire cervical region into a default Cl

state, suggesting the importance of cross-regulation in vertebral patterning. Thus, it

remains possible that group 4 expression is subtly downregulated in RARy/hoxd4 nulls

during the respecification window, which then leads to obvious deficiencies in the

maintenance ofhox expression in the condensing prevertebral elements. This would have

to be tested by assessing the expression of group 4 genes in RARy/hoxd4 double mutants

within the prevertebrae at El 2.5. Furthennore, to determine if the lack of RA rescue in

RARy/hoxd4 double nulls is due to inadequate hox cross-regulation, in situ hybridization

analyses of group 4 prevertebral expression in RARy/hoxd4 double nulls would have to

be compared to RARy embryos following RA treatment. There should be clear

differences between the RARy and RAR^/hoxd4 groups if hox genes do indeed mediate

the rescue effect of exogenous RA.

It has been well established that retinoid signaling is required to initiate the

expression of several distal hox genes in the anterior region of the embryo (s.ee section

1.6.9.). However, due to the early loss of hox regulation associated with ablation of the

RAREs, the role of these elements in the later maintenance and elaboration of group 4

hox expression remains to be addressed. Indeed, driving the expression of a dominant

negative RAR within developing prevertebral chondrocytes efficiently induces vertebral

defects concomitantly with a severe down-regulation of hoxa4 expression in the

prevertebrae at E12.5 (Yamaguchi et al., 1998). Furthermore, as RARs and hox genes

are co-expressed in prevertebrae at least until E12.5, then hox promoters presumably
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remain accessible to RAR regulation at stages subsequent to the specification of somites.

Thus, retinoid signaling may pattern vertebrae during the respecification window at least

in part by regulating hox genes in the prevertebrae. This could be examined by using a

cre-lox strategy to specifically excise RAREs of group 4 hox promoters at later times in

development, particularly during sclerotome fomiation and differentiation (i.e., between

E10.5-E12.5). A possible approach may involve the targeting of loxP sequences adjacent

to the 3' RAREs of group 4 genes and mating the resulting mice to transgenic strains

expressing Cre recombinase in the prevertebrae. A suitable promoter that directs

expression specifically within the prevertebrae is the collagen type II al chain regulatory

sequences used by Yamaguchi and colleagues (1998). Alternatively, one can use the

hormone-inducible Cre system developed by Brocard and colleagues (1997) to

specifically ablate hox RAREs within the condensing prevertebrae. The results from such

experiments should demonstrate decisively whether the respecification of vertebrae by

retinoid signaling is indeed hox gene dependent. In addition, to determine if vertebral

patterning results from the differential proliferative effects of Hox proteins in condensing

prevertebrae, one can utilize a similar cre-lox approach to efficiently excise entire

paralogous hox groups within this tissue, and assay the effects on chondrogenesis and

vertebral patterning. At present, such experiments have yet to be described, thus the

elucidation of Hox and RAR function in late aspects of vertebral morphogenesis remains

the province of future work.

RA signaling may also impact on hox function during the respecification window

without necessarily altering hox expression. Particularly, RA may alter Hox protein

binding preferences to their target promoters by regulating the expression of PBX family

of Hox co-factors. PBX proteins constitute a divergent class of homeobox-containing

factors belonging to the extradenticle family which impart binding site specificity to the

Hox proteins (reviewed in Mann and Chan, 1996). At least one member of the PBX

family, meis2, is regulated by retinoids (Oulad-Abdelghani et al., 1997). There is also

some evidence that RA is able to induce PBX proteins post-transcriptionally (Knoepfler

and Kamps, 1997). Furthermore, both PBX and Meisl are able to associate with a Hox

protein, forming a complex that directs the binding of the Hox partner to its response

element (Shamugam et al., 1999). Interestingly, within these triple complexes, the Meis

v
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partner does not contact the DNA, suggesting it functions to enhance or stabilize the

binding of the Hox/PBX heterodimer to their cognate elements. Thus, RA may affect

vertebral patterning during the late window by altering the composition of functional

Hox/PBX/Meis complexes, which in turn renders their binding to target promoters less

stable or less efficient. Alternatively, RA may induce the formation of specific PBX-Hox

complexes which then dictate the binding specificity of Hox proteins to their target

promoters. In support of this, RA treatment has been shown to induce ternary complex

formation involving HoxBl, Pbxl, and either Meisl or Prepl, a divergent member of the

PBX family (Ferretti et al., 2000).

RARs and hox genes could also synergize in separate, parallel pathways to elicit

vertebral form. For example, RARs are particularly enriched in the condensing

prevertebrae (Ruberte et al., 1990), and aberrant retinoid signaling inhibits the

proliferation of chondrocytes within developing limbs (reviewed in Underbill et al.,

2001). Thus, RARs could affect vertebral patterning in the late window by regulating the

chondro genesis of the vertebra. In support of this, the expression of a dominant negative

RAR within condensing prevertebrae leads to the transformation and malformation of the

cervical vertebrae not unlike those seen in RAR double null mutants, demonstrating that

vertebral patterning can be easily perturbed well after their initial specification has

occurred (Yamaguchi et al., 1998). Possible targets of retinoid action in prevertebral

condensations include sox9 (Sekiya et al., 2000), an important regulator of

chondrogenesis, and TGFp2 (Tsuiki et al., 1999), a patent inhibitor of chondrocyte

proliferation. BMPs are another group of TGFp factors that regulate chondrogensis in

response to retinoid signaling (Rodriguez-Leon et al., 1999; Underhill et al., 2001).

Interestingly, a similar effect on chondrogenesis has been proposed to explain the action

of hox genes in vertebral patterning (Duboule, 1995), and there is some evidence for the

differential proliferative abilities of various hox genes in the bone forming mesenchyme

of the limb buds (Goff and Tabin, 1997). Thus, in addition to requiring RAR activity for

the initiation of expression, hox genes may further collaborate with retinoid signaling in

the final realization of vertebral form by regulating chondrocyte proliferation. In this

scenario hox genes and RARs control different, non-overlapping sets of target genes

required for chondrogenesis.

4.
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5.2.7. Exogenous RA Inhibits Nascent Mesoderm Formation

Retinoids have the ability to alter the development of the caudal embryo depending on

their dose and time of exposure (Griffith and Wiley, 1990; Kessel and Gruss, 1991;

Kessel, 1992). In particular, excess RA at E8 in the mouse leads to severe defects in

caudal development, including a complete dysgenesis of the posterior embryo; a

condition referred to as caudal regression (Kapron-Bras and Trasler, 1988a; Tibbies and

Wiley, 1988; Yasuda et al., 1990). Exogenous RA also results in neural tube defects

affecting both the anterior and posterior neuropores when administered prior to the

closure of these regions (Kapron-Bras and Trasler, 1988a, 1988b; Kessel and Gmss,

1991; Moriss-Kay et al., 1994; Sulik et al., 1995; Tibbies and Wiley, 1988; Yasuda et al.,

1986, 1990). Likewise, the loss of retinoid signaling in RARa/RARy double mutants

leads to dramatic failures of neural tube closure in the anterior neuropore region (Lohnes

et al., 1994; Wendling et al., 2001). Due to the complex histology of the caudal embryo

during posterior neuropore closure stages, pharmacological studies could not agree if the

primary effect following RA exposure lies within mesodenn or neuroepithelium (Griffith

and Wiley, 1991; Kapron-Bras and Trasler, 1988a, Tibbies and Wiley, 1988; Yasuda et

al., 1990). The mutation of RARy results in a resistance to retinoid-induced caudal

regression (Lohnes et al., 1993) and thus serves as an excellent model for the evaluation

of the molecular targets of retinoid excess, and the determination of the primary tissues

affected by acute RA exposure during caudal development.

The caudal embryo develops from similar morphogenetic processes as those

governing gastrulation. Fate mapping studies in various vertebrates suggest that axial

elongation derives largely from a continuation of the ingression movements of precursors

initiated by the primitive streak (Catala et al., 1995; Kanki and Ho, 1997; Tarn, 1984).

This is mediated by a complex blastema called the tail bud which replaces the streak as

the major source of new mesoderm from E8.5 onwards (Tarn et al., 2000). Landmark

studies fi-om several laboratories demonstrate that a transcription factor, brachyury, is

critically required for caudal mesoderm fonnation (Beddington et al., 1992; Wilkinson et



198

n

0

al., 1990). Ectopic expression of this gene in amphibians is sufficient to promote excess

mesoderm formation (Cunliffe and Smith, 1992). Furthennore, elegant chimeric analysis

from Beddington's group refined a role for brachyury in driving morphogenetic

movements required for mesodemi ingression through the streak (Wilson and

Beddington, 1997; Wilson et al., 1995). In its absence, mesodermal precursors

accumulate in the streak and fail to become incorporated in the embryo, consequently

leading to severe axial tmncations resembling those caused by excess RA at E8.5.

However, evidence linking retinoid signaling and brachyury function is surprisingly

lacking. This was addressed by examining the effects of exogenous RA on the caudal

development of wild type and RA-resistant RARy-null embryos on the expression of

brachyury and several other markers of early posterior tissues. RA was found to rapidly

and reproducibly attenuate brachyury expression before any evidence for caudal

dysmorphogenesis. This effect displayed a gene-dosage sensitivity to RARy, consistent

with the strong caudal expression of this receptor during tail bud fonnation stages

(Ruberte et al., 1990). Moreover, additional markers of caudal mesodemi, including

wnt3a, and cdx4 were also rapidly reduced following acute RA exposure. As

neuroepithelial markers were unaffected by RA, these results demonstrated that newly

forming mesoderm is the primary lesion in retinoid-induced caudal dysgenesis.

These results have for the first time established a regulatory relationship between

brachyury and retinoid signaling. Whether brachyury is a direct target of RA is currently

unsubstantiated by the available evidence and thus remains a matter of speculation. In

this regard, our observations also suggest an early effect of excess RA on wnt3a

expression. This gene is expressed in the nascent mesoderm from E7.5 onwards and is a

faithful lineage marker for newly forming caudal mesodenn (Takada et al., 1994).

Interestingly, the loss of this gene, like that of brachyury, leads to axial truncations,

consistent with the effects of excess RA on posterior development (Greco et al., 1996;

Takada et al., 1994). Shum and colleagues (1999) observed a siinilar rapid down-

regulation of wnt3a expression in response to a pulse of RA. Furthermore, wnt3a is

responsive to exogenous retinoids throughout tail bud development, as we noted a

retinoid-induced decrease in wnt3a transcripts during the initial formation of the tail bud

l
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established.

Analysis of the proximal brachyury regulatory region in mice reveals the presence

of several conserved binding elements for TCF/LEF factors, the transcriptional mediators

of Wnt signaling (Arnold et al., 2000; Yamaguchi et al., 1999). This enhancer is

sufficient to direct expression of a reporter in the primitive streak and nascent mesoderm,

while axial mesodermal expression requires additional yet unidentified sequences

(Clements et al., 1996). These findings hint at a possible role for wnt3a regulation of

brachyury expression in the mesoderm emerging from the streak, and later on in the tail

bud. Indeed, the initiation of brachyury expression is independent of wnt3a function, as

brachyury transcripts are found throughout the primitive streak in wnt3a embryos
during early somite stages (Yamaguchi et al., 1999). This is consistent with the earlier

appearance of brachyury transcripts in the primitive streak relative to wnt3a expression

(Takada et al., 1994; Wilkinson et al., 1990). Subsequent brachyury expression in

posterior mesoderm is abolished in wnt3a mutants, demonstrating a role for Wnt

signaling in the maintenance of brachyury expression during the formation of the tail bud

(Yamaguchi et al., 1999).

Also, it is important to keep in mind the possibility of cross-regulatory loops

when considering brachyury expression. For instance, the expression of wnt3a and

wnt5a is reduced in the brachyury (or T/T) mutants during late gastrulation, suggesting a

requirement of brachyury function in the expression of caudal wnt factors (Rashbass et

al., 1994; Yamaguchi et al., 1999). It therefore appears that the TCP binding sites

function to maintain brachyury expression in the developing tail bud, thereby establishing

an cross-regulatory loop between brachyury and Wnt signaling in the formation of the

caudal embryo. Furthennore, as RAREs have not been described in the brachyury

promoter, retinoid regulation of wnt3a remains a tempting explanation for the acute

effects of RA signaling on brachyury expression. Confirmation of this hypothesis

requires a thorough analysis of the regulatory elements driving wnt3a expression.

Interestingly, RA has been shown to antagonize the activation of a Wnt

responsive reporter containing LEF/TCF binding sites (Easwaran et al., 1999). It appears

that this inhibition of Wnt reporter activity by retinoids is mediated by the sequestration

<
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of P-catenin by RARs. P-catenin is an intracellular mediator of Wnt signaling required

for the full activation of LEP/TCF targets. Particularly, in response to Wnt signaling, |3-

catenin translocates to the nucleus, where it converts LEF/TCF factors from repressors to

activators (reviewed in Wodarz and Nusse, 1998). Thus, a possible mechanism whereby

RA signaling down-regulates brachyury involves competition with LEF/TCF for P-

catenin binding, resulting in the inhibition of Wnt-mediated activation of brachyury

expression. This then leads to a loss of wnt3a expression due to the feedback regulation

of Wnts by Brachyury.

Several studies in amphibians point to the existence of cross-regulatory

interactions between FGF signaling and brachyury expression (Casey et al., 1998;

Conlon et al., 1996; Kim et al., 1998; Latinkic et al., 1997). These feedback loops appear

to be mediated at the level of the c^-regulatory regions for both FGF and brachyury.

FGF, along with a TGFp factor, is able to activate the brachyury promoter in Xenopus

embryos (Latinkic et al., 1997), and brachyury itself regulates eFGF expression in frogs

by binding to a conserved T-box factor element in the eFGF promoter (Casey et al.,

1998). Furthermore, the regulation of brachyury by FGF factors is supported by genetic

studies in zebrafish (Griffin et al., 1995, 1998), and the mutation of the PGF receptor

gene (fgfrl) in the mouse leads to loss of morphogenetic activity of the streak along with

aberrant mesodermal patterning and differentiation in the caudal embryo (Ciruna et al.,

1997; Deng et al., 1994; Yamaguchi et al., 1994). Despite these convincing observations,

FGF signaling has not been implicated in the regulation of brachyury in the mouse. This

is at odds with the apparent conservation of the ï!Gïl-brachyury cross-regulatory loop in

other vertebrates. Perhaps redundancies in FGF signaling may partially explain the lack

of a demonstrable connection between FGFs and brachyury in the mouse. However, if

FGFs do indeed regulate brachyury at some level, an alluring model of how retinoid

signaling can infringe upon brachyury regulation involves the competition for limiting

transcript! onal co-regulators, such as p300/CBP, which are used by both RARs and AP-1

factors, the transcriptional effectors of the FGF pathway (Goodman and Smolik, 2000).

Alternatively, RA signaling may interfere with FGF signaling by inhibiting kinases acting

downstream of Ras and upstream of AP-1, such as JNK (c-Jun N-terminal kinase).

Several reports have indeed shown that RA signaling is able to inhibit JNK activity,
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1999). This further complicates an already dense picture of the possible avenues retinoid

signaling may take to alter brachyury expression. Therefore, at present it remains difficult

to distinguish at what level retinoids regulate brachyury expression: either directly via

RAREs, or more likely, indirectly through the disruption of cross-regulatory networks

involving wnt3a and/or FGF signaling.

0
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5.2.2. RA Levels And The Dijferentiation Of Caudal Mesoderm

The distribution of endogenous retinoids in developing embryos offers important insights

in the functioning of retinoid signaling during caudal development. HPLC studies

(Horton and Maden, 1995; Maden et al., 1998), RARE reporter mice (Balkan eï al., 1992;

Mendelsohn et al., 1991; Rossant et al., 1991) and tissue expiant assays using retinoid

sensitive reporter cells (e.g., Figure 3-5; Wagner et al, 1992) all demonstrate that the

caudal region of E8.5 embryos is devoid of bioactive retinoids. Furthermore, our studies,

and that of others (Fujii et al., 1997) demonstrated that the posterior embryo expresses

p450RAI/cyp26Al, a RA-catabolic enzyme, throughout tail bud development (e.g., Figure

3-7). This suggests that tail bud formation is particularly sensitive to aberrant retinoid

levels and embryos employ Cyp26Al to effectively render the posterior region free of

RA. Cyp26Al is an RA-target gène (Fujii et al., 1997; Loudig et al., 2000; White et al.,

1996), and is thus involved in a substrate feedback loop whereby more RA enhances

cyp26Al expression, which then leads to increased RA catabolism. Indeed, we showed

that a short pulse of RA resulted in the saturation of the caudal embryo with this

compound and led to a greater than 22-fold increase in cyp26Al expression. By 6 hours

following the RA insult, most of the bioactive retinoids were cleared from the tail bud.

However, by this point the lesion in tail bud formation had occurred as brachyury and

wnt3a expression declined considerably 4 hours following treatment. Consistent with

this, the mutation of cyp26Al results in an excess RA-like caudal regression syndrome

concomitant with a reduction of brachyury and wnt3a expression and aberrant tail bud

development (Abu-Abed et al., 2001; Sakai et al., 2001). Collectively, these results

suggest that tail bud fomiation requires a strict exclusion of bioactive retinoids from the

caudal region.

î
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As the tail bud blastema is central to the formation and differentiation of caudal

mesodenn, perhaps a fmitfiil line of inquiry lies in suggesting a more general role for

retinoid signaling in the regulation of tissue differentiation in the posterior embryo. As an

interesting corollary, excess RA can convert prospective paraxial mesoderm to a neuronal

fate. Exogenous RA applied during tail bud fonnation stages results in the appearance of

ectopic neural tube-like structures in the dysgenic caudal embryo, which are positive for a

number ofneuroepithelial markers (Shum et al., 1999; Tibbies and Wiley, 1988; Yasuda

et al., 1990). Importantly, the loss oî \vnt3a also leads to ectopic neural tissues in the

caudal embryo, in agreement with its down-regulation following acute RA exposure

(Shum et al., 1999; Yoshikawa et al., 1997). This ectopic neuralization is restricted to

tissues fated to develop into paraxial mesoderm. Furthermore, Yamaguchi and colleagues

(1999) show that brachyury is reduced specifically within the prospective paraxial

mesoderm of wnt3a mutants. While ectopic neuralization has not been observed for

brachyury mutants, the mutation of a related gene, tbx6, whose transcripts co-localize

with brachyury in the primitive streak, results in a complete neuralization of paraxial

tissues (Chapman and Papaioannou, 1998). Strikingly, these mutants have three neural

tubes, with the ectopic ones lying adjacent to the notochord and medial neural tube.

Moreover, inhibiting brachyury fiinction in Xenopus animal caps results in the formation

of neural stmctures (Rao, 1994). These expiants normally form mesoderm in response to

forced expression of brachyury, suggesting that the inhibition of brachyury function is

sufficient to promote neural fates in naïve tissues. Also, in the mouse, the loss of

brachyury is associated with abnormal somite differentiation in addition to the general

lack of caudal mesoderm (Conlon et al., 1995; Rashbass et al., 1994). Thus, the activities

of Wnts and T-box genes are critical for the instmction of paraxial mesodermal fate in

ingressing cells of the late primitive streak, and excess retinoids appear to antagonize this

behavior in part via the down-regulation ofwnt3a.

How then, is endogenous retinoid signaling related to nonnal mesodennal

differentiation? Several different approaches reveal that endogenous retinoids are

enriched in the trunk of the embryo and are absent in the posterior region (Fig. 1-2; Fig.

3-5; section 1-2). Moreover, it appears that the expression of cyp26Al within the caudal

embryo ensures a lack ofRA in ingressing mesoderm m the primitive streak remnant and

l

l
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n tail bud. This creates a RA-enriched region immediately rostral to a RA-deficient caudal

embryo. As brachyury and wnt3a are expressed in ingressing mesoderm and are sensitive

to RA, then retinoid signaling may normally promote paraxial mesoderm differentiation

in part by down-regulating brachyury and wnt3a expression in naïve mesoderm. In this

model, relatively undifferentiated paraxial mesoderm encounters RA diffusing from the

posterior trunk and down-regulates the expression of brachyury to allow for the

differentiation of this tissue into somites (Fig. 5-1).

Figure 5-1. Simplified model for the differentiation ofparaxial mesoderm by RA
during tail bud development.

Schematic representation ofbrachyury (blue) and cyp26Al (red) expression domains and
RA distribution (green) in the E8.5 caudal embryo. The gradient ofbrachyury expression
is depicted as increased dark shading towards the caudal embryo. Cyp26Al expression
renders the caudal region devoid of bioactive retinoids and creates a sharp gradient of
RA distribution in the rostral pre-somitic mesoderm. RA diffusing from the posterior
trunk attenuates brachyury expression in the rostral-most paraxial mesoderm and allows
for the condensation of somites. The hypothetical gradient of RA is indicated extending
into the pre-somitic mesoderm from the caudal-most somitic region. Somites are
indicated as gray ovals. Light gray oval with dotted lines indicates condensing somite.
Abbreviations: no, notochord; psm, pre-somitic mesoderm; so, somites.

psm so

R

J



204

n There is some precedence linking brachyury expression with the state of

mesodermal differentiation. To begin with, brachyury is expressed in a graded fashion

along the caudal embryo, with the highest levels occurring in the posterior-most, newly

ingressed mesoderm (Kispert and Herrmann, 1994; Wilkinson et al., 1990). This roughly

correlates with the differentiation state of paraxial mesoderm along the axis, with more

naïve tissues expressing higher amounts of brachyury. In addition, the ectopic expression

of brachyury in the most rostral, and therefore more differentiated, compartment of the

paraxial mesoderm prevents its differentiation into somites (Dubmlle et al., 2001). As

brachyury directs morphogenetic cell movements, the epithelialization of paraxial

mesoderm may be incompatible with its expression. Thus, RA may normally promote

this process by attenuating brachyury expression in the rostral-most pre-soinitic

mesoderm (Fig. 5-1).

Interestingly, there is evidence supporting a role for endogenous RA in mesodenn

differentiation in the tail bud. The mutation of raldh2 results in severe axial tmncations

and aberrant mesodenn formation, which occur to a similar extent to that seen with

excess RA (Niederreither et al., 1999). These embryos also completely lack RA

production in the trunk, thus serving as an important test for the proposed mesoderm

differentiation model. As discussed above, the activity of brachyury is critical for the

formation of mesodenn, and its attenuation by excess RA is sufficient to account for the

axial truncation evoke by such a treatment. Therefore, according to the model, aberrant

regulation of brachyury should also be the underlying cause of the tmncations observed

in the raldh2 null embryos. In a series of impressive rescue experiments, Wilson and

Beddington (1997) show that the dosage of brachyury within the cells of the streak is

cmcial for their proper ingression in T/T embryos. Interestingly, chimeras generated from

ES lines expressing higher that normal amounts of Brachyury protein display a deficiency

of posterior mesoderm production and differentiation because of a premature exit from

the streak. Thus, the over-expression as well as deficiency of brachyury can lead to the

same outcome; namely the loss of caudal tissues. In light of this, the axial tmncation

observed in raldh2 null embryos may reflect an over-expression of brachyury in the

streak. Unfortunately, the expression of this gene was not assessed in raldh2 embryos,
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caudal development.

Driving the expression of a dominant negative RAR in the posterior region can

also be used to investigate this hypothesis. An ideal dominant negative for this purpose is

the ligand-binding deficient RARyE described in chapter 4, which presents a lesion in the

RA signaling pathway downstream of ligand availability. The brachyury promoter can be

used to effect a loss of RAR function particularly within the brachyury-positive nascent

mesoderm in the posterior embryo (Clemens et al., 1996). Therefore, if retinoid signaling

does indeed permit somite differentiation by down-regulating genes involved in primitive

streak and tail bud function, then blocking RAR function in the newly forming mesoderra

should result in an expansion of brachyury and wnt3a expression within rostral paraxial

mesodenn, and inhibit somite differentiation.

0

J

5.3. Assessing Novel Roles For Retinoid Signaling During Development

5.3.1. An Alternative Model For Retinoid Signaling Deficiency During Mouse
Development

The mutation of retinoid receptors revealed a high degree of functional overlap between

the different RARs during development. While any single RAR mutant displays minimal

or no abnormalities, the double mutants harbor a variety of developmental defects

resembling the fetal VAD syndrome (Tables 1-1 and 1-2; Lohnes eî al., 1994;

Mendelsohn et al., 1994). A problem with these mutational studies is that, due to the

presence of a remaining RAR gene, the full impact of RAR signaling during development

cannot be assessed. Further difficulties lie in the impracticality of generating triple RAR

mutants as the double mutants are embryo lethal. Moreover, if triple RAR hétérozygotes

are fertile, the numbers of triple RAR mutants expected from such a cross would

nonetheless be too low for any meaningful assessment during development. Another

mammalian model of retinoid signaling deficiency which presents its own unique caveats

is the raldh2 null mouse line generated by Niederreither and colleagues (1999). These

mutant mice display severe deficiencies in overall development and die at mid-gestation
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(between E9.5 and E10.5). Thus, there are gaps in our understanding of retinoid

signaling, particularly during later events in mammalian development.

In an attempt to address this, I have employed a gene replacement strategy to

target a dominant negative RARy (named RARyE) to the endogenous RARy locus. This

dominant negative cannot bind RA and is thus expected to block rctinoid-dependent

processes (Saitou et al., 1994). Indeed, the expression of the RARa version of this

dominant negative in transgenic mice potently inhibits skin development (Saitou et al.,

1995) and vertebral patterning (Yamaguchi et al., 1998); both of which require normal

retinoid signaling. By targeting this powerful dominant negative receptor to the RARy

locus, its expression becomes restricted spatially and temporally within the RARy

domain, and thus limits the lesion in retinoid signaling specifically in RARy-positive

tissues (Ruberte et al., 1990).

An important test for the effectiveness and specificity of RARyE in interfering

with retinoid-dependent processes is assessing its inïïuence on the formation of the

pharyngeal arches. A number of studies demonstrate the sensitivity of these structures to

aberrant retinoid signaling (Dupé et al., 1999; Wendling et al., 2000, 2001). Chimeras

generated from RARyE ES cells also displayed a defective pharyngeal arch development,

consistent with a specific interference of RAR function within the RARy expression

domain. Particularly impressive was the fact that only a single copy of this dominant

negative was sufficient to reproduce the pharyngeal arch phenotype displayed by RAR

double mutants. This demonstrates the singular potency of RARyE and its usefulness as

an alternative to generating compound RAR mutants. The present chimeric analysis also

provides additional support for the role of RAR signaling in the foregut endoderm in

pharyngeal arch development.

5.3.2. Possible Role For Reîinoid Signaling In LPM During Cardiac Development

Another process that is dependent on retinoid signaling is the development of the

myocardium. RXRa, and to a much lesser degree, RARay double null mutants display

deficiencies in cardiomyocytes by El 1.5 (Kastner et al., 1994, 1997b; Sucov et al.,

1994). These losses seem to stem from a precocious differentiation of the myocardium.
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Moreover, myocardial cell loss is seen as early as E9 in raldh2 (Niederreither et al.,
2001), establishing a genetic basis for vitamin A signaling in mammalian heart

development. Interestingly, chimeras generated from RARyE knock-in ES cells also

display a severe myocardial deficiency, apparent as early as E9.5. However, as RARy

expression has not been described within the developing myocardium (Ruberte et al.,

1990), the myocardial loss in the RARyE chimeras was unlikely to result from an

inhibition of retinoid signaling in the heart. Alternatively, the myocardium may indeed

express RARy, but only at extremely low levels that escape detection by in situ

hybridization. In this scenario, the cardiomyocyte loss in RARyE chimeras could be due

to aberrant retinoid signaling within the cardiac lineages.

Another possible explanation of the reduced myocardium in RARyE chimeras is

that it results from a block in RAR function within the late LPM and its derivatives.

There are several observations in favor of this hypothesis. To begin with, the developing

LPM expresses RARy from E8.25 onwards (Ruberte et al., 1990), and plays an

instmctive role in cardiac looping morphogenesis, as well as continually supplying

presumptive cardiomyocytes to the developing heart even following cardiac looping

(Challice and Viragh, 1973; Manasek et al., 1972; Stalsberg, 1969; reviewed in Harvey,

1998). Recent work in the chick demonstrates that myocardium is generated specifically

from splanchnic mesoderm-derived mesenchymal cells at the extremities of the cardiac

tube (Waldo et al., 2001; van der Hoff et al., 2001). As this de novo cardiomyocyte

production occurs well after the induction of the heart field from ingressing cranial

mesoderm, it is referred to as the secondary heart field (Waldo et al., 2001). Importantly,

splanchnic mesodenn derives from the LPM and expresses high amounts of RARy

(Ruberte et al., 1990), thus a possible explanation of the myocardial defects in RARyE

chimeras involves an inhibition of retinoid signaling within the secondary heart field.

Interestingly, Waldo and colleagues (2001) map the secondary heart field to the

mesoderm underneath the foregut endoderm, which, as was discussed earlier, critically

requires RAR function for proper pharyngeal arch developinent. As strong RARYE

chimeras displayed defects in retinoid signaling within the foregut endoderm, it is

possible that the underlying splanchnic mesoderm was also similarly affected,
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presumably leading to reduced cardiomyocyte numbers. Furthermore, retinoid signaling

in the foregut endoderm is implicated in normal avian heart morphogenesis, although this

reflects a much earlier requirement for retinoids in heart tube formation (Ghatpande et

al., 2000). Thus, there is much circumstantial evidence suggesting that a block in retinoid

signaling within the LPM-derived splanchnic mesoderm can lead to reduced myocardial

numbers by affecting the secondary heart field.

Additional data suggesting that the myocardial loss in RARyE chimeras was not

due to a deficiency in retinoid signaling within the heart proper was provided by the

normal expression of several cardiac markers in the chimeras. Despite extensive RARyE

contribution and obvious cardiac defects, chimeric hearts still expressed ANF, mlc2v,

tbx5, and eHand. In support of this, raldh2 hearts also expressed many chamber-

specific markers at levels comparable to wild type controls, despite having severe

myocardial deficiencies (Nieden-either et al., 2001). Lastly, the removal of RXRa

specifically within the heart failed to elicit myocardial deficiencies, indicating that the

loss of myocardium in RXRa null mutants may represent a requirement for retinoid

signaling in tissues outside the heart (Chen et al., 1998; Tran and Sucov, 1998). Taken

together, these results are consistent with a non-cell-autonomous function for RAR

signaling in the heart, and instead suggest that the myocardial loss observed in RARyE

chimeras may be principally due to a deficiency in cardiomyocyte precursors in non-

cardiac tissues, such as the LPM-derived splanchnopleure.

5.3.3. Role For Retinoid Signaling In Late Cardiac Looping Morphogenesis

An interesting property of aberrant retinoid signaling is its ability to perturb not only A-P

patterning, but the formation of the L-R axis as well. Studies in avians and rodents

indicate that excess RA can randomize the direction of heart looping if administered

immediately following gastrulation and prior to heart looping (Dickman and Smith, 1996;

Smith et al., 1997; Shenefelt, 1972; Thompson et al., 1969; Yasui et al., 1998). The lack

of vitamin A during development also results in laterality reversals (Heine et al., 1985;

Kostetskii et al., 1999; reviewed in Sinning, 1998; Smith and Dickman, 1997; Zile,

1998), which can be rescued by exogenous retinoids (Dersch and Zile, 1993; Kostetskii et

al., 1998). These situs defects are associated with either the randomization of the
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expression of several leflt determinants, including nodal, lefty2, and^/fa;2, with RA excess

(Chauzaud et al., 1999; Smith et al.. 1997; Tsukui et al., 1999; Wasiak and Lohnes,

1999), or their loss in the VAD quail embryos (Zile et al., 2000). In light of this it was

interesting to discover that the expression ofRARyE within the RARy domain resulted in

abnormal heart looping and was associated with reduced Pitx2 expression on the left side

of the chimeras. However, these defects rarely consisted of complete reversals of heart

looping, but more commonly affected the final positioning of the cardiac chambers

relative to the midline of the embryo. As the hearts initiated looping, the abnormal heart

development in the chimeras likely reflected a block in late aspects of looping

morphogenesis.

The left laterality determinants are expressed in the LPM adjacent to the heart and

during pre-somite stages instruct the linear heart tube to loop, generating the leftward

displaced heart (reviewed in Capdevila et al., 2000). This tissue therefore plays a crucial

role in L-R patterning. However, the available in situ data suggests RARy expression in

LPM occurs at stages following the initiation of cardiac looping (Ruberte et al., 1990).

Thus, the abnormal ventricular positioning seen in RARyE chimeras is consistent with the

relatively late expression of RARy, and thus presumably this dominant negative, with

respect to heart looping.

A tempting explanation for the late cardiac looping defects in RARyE chimeras

involves the inhibition of cardiac precursor accretion within the secondary heart field, as

discussed earlier for myocardial development. The caudal region of the heart plays a

dynamic role in the generation of heart mesoderm, and some evidence suggests that the

formation of the heart loop is caused by the preferential overgrowth of material on the

left side of the developing heart (Challice and Viragh, 1973; Manasek et al., 1972;

Stalsberg, 1969; reviewed in Harvey, 1998). Specifically, the dorsal wall of the heart is

continuous with splanchnic mesoderm, which continually supplies cells that become

definitive myocardium following cardiac looping (Manasek et al., 1972; Waldo et al.,

2001; van der îïoff et al., 2001). Furthermore, there is an increased proliferation rate of

caudal cardiac progenitors on the left side of the posterior heart region, which has been

suggested as a mechanism for generating heart asymmetry (Stalsberg, 1969; Harvey,

1998). It is this population of cells that expresses pitx2 during cardiac development (Hjalt

l
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cardiomyocytes throughout heart development (Campione et al., 2001). Thus, affecting

splanchnic mesoderm can presumably lead to myocardial deficiencies as well as looping

anomalies.

The targeting of RARyE within the RARy locus provided a direct test for the

requirement of retinoid signaling in the LPM, and its derivatives such as the

splanchnopleure, during later stages of heart development. Consistent with this notion,

we have observed both cardiomyocyte loss and ventricular malpositioning defects in

RARyE chimeras containing strong mutant cell contribution in the splanchnopleure. We

have also shown that Pitx2 was reproducibly down-rcgulated in the left splanchnopleure

populated by RARyE cells. The work detailed here therefore suggests that retinoid

signaling was required by the LPM to support cardiomyocyte proliferation as well as to

promote heart looping.

0
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5.3.4. Transcripîional Targets OfRetinoid Signaling During Heart Looping

Excess RA results in a rapid induction of nodal, lefty2, and^!?x2 (Chauzaud et al., 1999;

Smith et al., 1997; Tsukui et al., 1999; Wasiak and Lohnes, 1999). As the iiùs-expression

of these genes in various species is sufficient to randomize organ situs (section 1.7.4.;

reviewed in Capdevila et al., 2000), their bilateralization upon RA treatment is sufficient

to account for the observed reversals in cardiac looping. The expression of these genes

are also down-regulated by inhibiting retinoid signaling (Chauzaud et al., 1999; Zile et

al., 2000; chapter 4), suggesting some of them may be transcriptional targets of the

RARs. Indeed, the nodal promoter harbors a RARE within its minimal asymmetric

enhancer (Adachi et al., 1999; Noms and Robertson, 1999). Furthermore, lefty2 andpitx2

are direct targets of Nodal signaling, since they are induced by ectopic Nodal expression

(reviewed in Capdevila et al., 2000) and contain Nodal response element (FAST binding

sequences) within their asymmetric enhancers (Saijoh et al., 1999; Shiratori et al., 2001).

RAREs have not been described in the promoters of these genes, thus the effects of

excess RA during pre-looping stages may be due to indirect induction of lefty2 and pitx2

in response to nodal activation. Assuming that RARyE was expressed at stages prior to

the initiation of cardiac looping, then the aberrant looping morphogenesis seen in the
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chimeras may have resulted from a down-regulation of nodal expression, as occurs in

VAD quails (Zile et al., 2000). This would account for the strong reduction in Pitx2

expression observed in the chimeras. However, an important caveat to this hypothesis is

that looping morphogenesis initiated properly in almost all the chimeras examined.

Furthermore, as discussed above, RARy transcripts have thus far not been detected earlier

than E8.25; that is, at stages immediately following the initiation of looping. These

observations therefore suggest that Nodal function likely remained intact in the RARyE

chimeras, but that the maintenance of pitx2 expression following looping was

compromised.

At stages subsequent to heart looping, pitx2 expression remains distinctly left-

sided in many organs, including the heart (Campione et al., 2001; Hjalt et al., 2000). This

later asymmetric expression remains crucial for the instruction of organ situs (Liu et al.,

2001). Nodal transcripts in the LPM decline after 12-14 somites (Collignon et al., 1996;

Lowe et al., 1996), when the heart is midway through its looping morphogenesis, thus

additional factors are required for the maintenance of pitx2 expression at later stages.

Shiratori and colleagues (2001) ascribe the maintenance of pitx2 expression to Nbc2-5

binding elements in the pitx2 promoter. Indeed, several different NK2 homeodomain

factor proteins are expressed in cardiac lineages and in various organs during

development (Biben et al., 1998; Harvey, 1996; Pabst et al., 1997). Although RAREs are

not found in the pitx2 promoter, retinoid signaling may nevertheless indirectly impact on

the maintenance of expression of this gene. This is supported by the loss of Pitx2 within

the heart, stomach, and left body wall in affected RARyE chimeras. Our results also

established, for the first time, the importance of normal retinoid signaling to direct later

aspects of cardiac looping morphogenesis, such as the proper positioning of the ventricles

with respect to the midline. These findings therefore showed the utility of using a gene

replacement approach to restrict the expression of RARyE in order to circumvent

functional redundancy among the RARs within specific tissues.
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5.4. Perspectives And Future Directions

Retinoid signaling has diverse roles in the elaboration of animal design; from the

patterning of the axial skeleton to the elaboration of asymmetric development along the

left-right axis. Due to the complexities of vertebrate biology, not all the effects of

retinoids are well understood, particularly at the molecular level. This thesis has

attempted to address certain inadequacies in our knowledge of retinoid signaling during

mammalian embryo genesis, with particular emphasis given to exploration of the timing

of retinoid function and possible transcriptional targets of aberrant retinoid signaling.

One such outstanding issue involves determining during which developmental

period RARy functions to sculpt the unique characteristics of the cervical vertebrae. A

surprising finding from this study is that RARs were able to inHuence vertebral form

relatively late during development, at a period corresponding to the differentiation of the

rostral-most somites to sclerotome, the antecedent of the vertebrae. Furthermore, the

ability of rctinoid signaling to influence vertebral patterning at this time occurs

independently of alterations in hox gene expression patterns and is therefore thought of

involving hox-gene independent processes. However, as this remains largely unresolved,

a straightforward experiment would be the removal of the hox genes, or the RAREs

within their promoters, specifically during the formation of the vertebrae. The

experiments should help define if the RARs are tmly able to influence vertebral form

independent of the hox genes.

Retinoids also influence the development of the caudal embryo, and excess RA

can completely ablate all tissues below the lumbar region. The complexity of the

posterior development thwarted previous embryological work as to the nature of retinoid-

induced caudal regression. The work presented here attempted to resolve this issue with

the use of lineage-specific markers and suggested newly forming mesoderm as the

primary target of retinoid excess leading to caudal tmncations. The results described, for

the first time, a relationship between brachyury expression and retinoid signaling in the

posterior embryos leading to the tmncation of the axis. As the regulation of this important

morphogenetic gene is poorly understood, future work should characterize the basis of

the RA-dependent down-regulation of brachyury expression. Research activity should not
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only be directed towards an extensive analysis of c^-regulatory sequences directing

brachyury expression, but should also include the promoters of known regulators of

brachury, such as wnt3a. In addition, these observations provide a verifiable hypothesis

regarding retinoid signaling and brachyury function in paraxial mesoderm differentiation.

A major difficultly in assessing the contribution of RARs to any given

developmental process is the large degree of functional overlap between the three RAR

genes. Due to this redundancy, the conclusions drawn from knock-out phenotypes of

these genes remains incomplete. This was addressed by developing a novel model of

retinoid signaling deficiency involving the restricted expression of a potent and specific

dominant negative. Moreover, this approach permitted an assessment of RAR function

during heart looping, and revealed a previously unsuspected role for retinoid signaling in

late looping morphogenesis. Importantly, these studies suggest a role for the RARs in

cardiac development via the maintenance of pitx2 expression. As RAREs have not been

detected in the pitx2 promoter, future work should determine if the regulators of pitx2

expression, namely NK2 factors, are themselves retinoid targets. This can be

accomplished by a systematic examination of the effects of excess RA on the embryonic

expression of NK2 genes, followed by a dissection of the cz^-regulatory sequences of any

of the genes that respond to RA. Furthermore, the results also offer a novel tool in the

investigation of RAR function and can be used to reveal new roles for these receptors in

various developmental processes.

In conclusion, vitamin A has proven itself to be indispensable for life and

embryogenesis. Its derivatives, although simple in structure, have humbled us with their

abilities to influence several key events in vertebrate ontogeny, including antero-posterior

and left-right patterning. Due to their pleiotropic natures, it is with little doubt that

surprising roles will continue to emerge from the study of the retinoids in the

development of animal form.
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APPENDIX I

Staging of the Early Mouse Embryo

Embryonic Day (E) Stage

6.0 Pre-streak egg cylinder
6.5 Early primitive streak (gastrulation)
7.0 Mid-primitive streak
7.25 Early neurulation, cardiac crescent

formation
7.5 Late primitive streak, early head fold
8.0 Late head fold, early somitogenesis, linear

heart tube

8.25 Early heart looping
8.5 Anterior neuropore closure, pharyngeal

arch formation, somitogenesis, primitive
streak remnant, heart looping

9.5 Posterior neuropore closure, tail bud
formation, advanced somitogenesis

Data obtained from Kaufman and Bard (1999) and Fishman and Chien (1997).


