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ABSTRACT

 

—Retinoic acid (RA) regulates many of the chordate-specific and vertebrate-specific charac-
ters. These include the anteroposterior pattern of the dorsally located central nervous system, pharynx with
gill slits, neural crest cells, limb morphogenesis and anteroposteriorly organized vertebrae. The necessity
of endogenous RA and the RA receptor (RAR) has been demonstrated by mutant analyses, vitamin A-
deficient animals and various other methods. Since RAR has been identified only in chordates, the acqui-
sition of the RAR-mediated RA signaling pathway is thought to be an important event for the innovation
of the chordate body plan. RA-synthesizing aldehyde dehydrogenases and RA-degrading enzymes also
seem to be chordate-specific. The expression pattern of these genes in ascidian embryos is similar to that
in vertebrate embryos. These results suggest that the RA signaling cascade, with various regulators and
modifiers, had been already well established in the common chordate ancestor. RA also regulates mor-
phogenesis during the asexual reproduction of ascidians, suggesting that RA may also have played a part
in producing diversity within the chordate groups.
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INTRODUCTION

 

The origin of chordates, as well as that of vertebrates,
has long attracted many scientists in various fields of biology
(for review see Gee, 1996; Hall, 1998). Therefore, we would
like to avoid repeating well-conceived theories and debates
here. We would like to concentrate our discussion on the
possibility that the acquisition of the metabolic and signaling
pathways of retinoic acid (RA) have played important roles
in the evolution of the chordate and vertebrate body plans
and divergence within the phylum Chordata.

It is widely accepted that the innovation of a new body
plan can be achieved by gene duplication (Ohno, 1970).
Gene duplication allows one of the derivatives to change to
an extent that may otherwise be fatal (Holland 

 

et al

 

., 1994).
This may finally result in the elaboration of a gene with novel
function and novel expression pattern (Holland 

 

et al

 

., 1994).
This seems quite applicable to vertebrate evolution, where
two rounds of genome-wide gene duplication are believed to
have occurred (Sidow, 1996). Attention has been concen-
trated on the duplication of the 

 

Hox

 

 gene cluster (Ruddle 

 

et

al

 

., 1994; Holland and Garcia-Fernàndez, 1996). Indeed, the
duplication of 

 

Hox

 

 genes produced a complicated vertebrate
body plan. However, the vertebrate 

 

Hox

 

 genes are function-
ally interchangeable with 

 

Drosophila

 

 counterparts (Malicki 

 

et
al

 

., 1990; Lutz 

 

et al

 

., 1996). The genes upstream and/or
downstream to the Hox function, as well as Hox-indepen-
dent developmental programs, should also be considered
for seeking “difference” between vertebrates and inverte-
brates, as carefully pointed out by Holland and Garcia-
Fernàndez (1996). In addition, cephalochordate amphioxus
and urochordate ascidians belong to the phylum Chordata,
together with vertebrates (Kowalevsky, 1866, 1867;
Garstang, 1928; Katz, 1983). They share many characters
with vertebrates, even though their genomes possess a sin-
gle 

 

Hox

 

 gene cluster (Garcia-Fernàndez and Holland, 1994;
Dehal 

 

et al

 

., 2002). The genes important for the innovation
of the basic chordate-specific body plan may therefore have
to be sought among those commonly found in all chordate
species but not in non-chordate species. The draft genome
sequence of the ascidian 

 

Ciona

 

 

 

intestinalis

 

 revealed that
about one-sixth (ca. 2570) of the 

 

Ciona

 

 genes possess
homologs only within chordates, suggesting that these
genes arose in the common ancestor of chordates (Dehal 

 

et
al

 

., 2002). A gene encoding the RA receptor (RAR) belongs
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to this category (Dehal 

 

et al

 

., 2002). RA regulates prolifera-
tion, differentiation, morphogenesis and pattern formation in
a wide variety of tissues, organs and cell lines in vertebrates
(De Luca, 1991; Conlon, 1995; Ross 

 

et al

 

., 2000). Similar
effects have been observed exclusively in chordates as dis-
cussed below, suggesting that the acquisition of the RAR
function was a driving force for innovation of the chordate
body plan. In the following sections we show how RA and
RAR, and RA-metabolizing enzymes, are involved in the cell
differentiation and morphogenesis of key chordate-specific
cell types. Then, we discuss the possibility that a urochor-
date-specific life, with asexual reproduction, was elaborated
by the acquisition of the RA signaling pathway.

 

RAR-mediated RA signaling pathway is acquired in the
chordate ancestor

 

RA signaling is mediated not only by RAR but also
mediated by retinoid X receptor (RXR) (Mangelsdorf 

 

et al

 

.,
1990). RXR is a heterodimeric partner that can bind various
nuclear receptors including RAR (Mangelsdorf and Evans,
1995). RAR, but not RXR, can bind all-

 

trans

 

 RA and 9-

 

cis

 

RA when it forms a heterodimer with RXR (Kurokawa 

 

et al

 

.,
1994). By contrast, RXR can bind 9-

 

cis

 

 RA (Heyman 

 

et al

 

.,
1992), when it dimerizes with RXR or a few other nuclear
receptors (NURR1 and LXR) (for review see Leblanc and
Stunnenberg, 1995). The RXR-encoding genes have been
cloned from a wide variety of animals. In 

 

Drosophila

 

 an RXR
homolog, Ultraspiracle (USP; Oro 

 

et al

 

., 1990), does not
bind RA but forms a heterodimer with the ecdysone receptor
(Oro 

 

et al

 

., 1990; Yao 

 

et al

 

., 1992). Although there is no evi-
dence suggesting endogenous RA function in 

 

Drosophila

 

,
the possibility cannot be excluded that 9-

 

cis

 

 RA regulates
some biological functions in other invertebrates.

In contrast, RAR-encoding genes have been identified
exclusively in chordates. Vertebrates possess three RAR-
encoding genes (Fig. 1; for review see Mangelsdorf and
Evans, 1992). The RAR/RXR heterodimer binds to the spe-
cific DNA sequences, called RA response element (RARE),
and mediates RA signaling (Umesono 

 

et al

 

., 1991). The unli-
ganded form of the RAR/RXR can still bind to RARE and
functions as a transcriptional repressor through protein-pro-
tein interaction with nuclear receptor co-repressors SMRT
and N-CoR (Chen and Evans, 1995; Hörlein 

 

et al

 

., 1995).
Ascidians (Hisata 

 

et al

 

., 1998; Devine 

 

et al

 

., 2002; Naga-
tomo 

 

et al

 

., 2003) and amphioxus (Escriva 

 

et al

 

., 2002)
possess a single RAR-encoding gene (Fig. 1). Sequence-
specific DNA-binding, heterodimerization with RXR, and RA-
dependent transcriptional activation of reporter genes were
experimentally demonstrated for these protochordate RARs
(Kamimura 

 

et al

 

., 2000; Escriva 

 

et al

 

., 2002). No RAR has
been reported in any non-chordate species. The well-char-
acterized genomes of 

 

Caenorhabditis elegans

 

 and 

 

Droso-
phila melanogaster

 

 do not contain any gene similar to RAR
(The 

 

C. elegans

 

 Sequencing Consortium 1998; Adams 

 

et
al

 

., 2000).
RA-mediated malformations have been reported in a

number of non-chordates, including sponges (Imsiecke 

 

et
al

 

., 1994), cnidarians (Müller, 1984), molluscs (Créton 

 

et al

 

.,
1993), crustaceans (Hopkins and Durica, 1995), and echin-
oderms (Sciarrino and Matranga, 1995). However, RA-
induced phenotypes can hardly be interpreted by analogy
from those of chordates, suggesting that the RA-mediated
developmental programs, if any, are not homologous to
those in chordates. Phenotypes induced by exogenous RA
are similar among the chordate species as described in the
following sections. The protochordate RARs are expressed
during embryogenesis in a stage- and tissue-specific man-
ner (Escriva 

 

et al

 

., 2002; Nagatomo 

 

et al

 

., 2003), suggesting
specific roles in the embryo. An RAR-mediated RA signaling
pathway seems to have been established in the chordate
ancestor.

 

Fig. 1.

 

A phylogenetic tree of nuclear receptors constructed by the
neighbor-joining method (Saitou and Nei, 1987) using the amino
acid sequences of the DNA-binding domains. The RARs from two
ascidian species (C

 

iona intestinalis

 

 and 

 

Polyandrocarpa misakien-
sis

 

) form a sister group of the vertebrate RARs. Similarly, the RXRs
from ascidians form a cluster with other RXR homologs. The diver-
gence within this group does not seem to be accurate, probably
because the sequences of the DNA-binding domain of RXRs are
extremely highly conserved. Among 

 

Drosophila

 

 proteins, the orphan
receptor E78A shows the highest similarity to RARs. Note that rab-
bit TR4 and amphioxus TR2/4 belong to a group of “testis-specific
receptors (TR)” and are different from mouse TR

 

α

 

 (thyroid hormone
receptor 

 

α

 

). ER, estrogen receptor; ROR, retinoid-related orphan
receptor.
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RA signaling is important for the expression of chordate-
specific characteristics

 

The central nervous system (CNS) in chordates is
formed from the folding of the dorsally located neural plate
and is subdivided along the anteroposterior axis (Gee,
1996). The anteroposteriorly organized, but ventrally located
CNS is observed in the annelids and arthropods, and was
once regarded to be homologous to the chordate CNS
(Dohrn, 1875; see also Nübler-Jung and Arendt, 1994).
However, the homology between chordate dorsal CNS and
protostome ventral CNS is rather unsolid (Lacalli, 1995;
Peterson, 1995). The homology between hemichordate dor-
sal “neurocord” and the chordate neural tube is not widely
accepted either (Brusca and Brusca, 1990). It seems there-
fore likely that the organization of the dorsal, hollow CNS
has been acquired during the evolution of the common
“chordate” ancestor (Garstang, 1928).

RA causes the homeotic transformation of the identity
of rhombomeres in the hindbrain by affecting the expression
pattern of 

 

Hox

 

 genes along the anteroposterior axis of the
neural tube in vertebrates (Morriss-Kay 

 

et al

 

., 1991; Papal-
opulu 

 

et al

 

., 1991). A dominant negative form of RAR

 

β

 

 inter-
feres with the normal rhombomere patterning and reduces
RA-induced teratogenesis (van der Wees 

 

et al

 

., 1998). Sim-
ilarly, another type of the dominant negative RAR eliminates

 

HoxD1

 

 expression and affects the pattern formation in the
hindbrain (Kolm 

 

et al

 

., 1997). Since the dominant negative
RAR inhibits RAR-mediated but not RXR-mediated signal-
ing, the RAR/RXR heterodimer was revealed to play a key
role in the normal hindbrain patterning (Kolm 

 

et al

 

., 1997;
van der Wees 

 

et al

 

., 1998). The necessity of endogenous
RA was also demonstrated by the defect of the hindbrain
patterning in vitamin A-deficient quail (Gale 

 

et al

 

., 1999).
Koide 

 

et al

 

. (2001) showed that the repressor activity of unli-
ganded RAR is required for correct differentiation of the
forebrain. This also suggests complicated but important
endogenous roles of RAR for the chordate body plan.

In amphioxus and ascidians, the region-specific expres-
sion pattern of many developmental regulatory genes along
the anteroposterior axis of the central nervous system is
similar to that in vertebrates (Wada and Satoh, 2001).
Although there is no obvious indication of the metameric

regionalization in the putative hindbrain region, the expres-
sion pattern of 

 

Hox

 

 genes is also similar to that in verte-
brates (Katsuyama 

 

et al

 

., 1995; Gionti 

 

et al

 

., 1998; Locascio

 

et al

 

., 1999; Wada 

 

et al

 

., 1999; Nagatomo and Fujiwara,
2003). RA affects the 

 

Hox

 

 gene expression pattern in
amphioxus (Holland and Holland, 1996) and ascidians (Kat-
suyama 

 

et al

 

., 1995; Nagatomo and Fujiwara, 2003),
although the malformation of the anterior neural tissues in
ascidians can hardly be regarded as homeotic transforma-
tion (Fig. 2; Denucé 1991; Nagatomo 

 

et al

 

., 2003).
The pharynx, with gill slits and the endostyle, is another

chordate-specific characteristic (Young, 1981). The proto-
chordate endostyle is thought to be homologous to the ver-
tebrate thyroid gland (Gee, 1996; Ogasawara 

 

et al

 

., 1999).
The hemichordate pharynx possesses gill slits but no endo-
style (Gee, 1996). RA causes the loss of pharynx in RA-
treated lamprey (Kuratani 

 

et al

 

., 1998) and mammalian
(White 

 

et al

 

., 1998) embryos. RA is involved in the transcrip-
tional regulation of 

 

Pax1

 

 and 

 

Pax9

 

 genes in the pharyngeal
endoderm in mice (Wendling 

 

et al

 

., 2000). Targeted
mutagenesis of RARs resulted in the loss of the second and
third pharyngeal arches (Lohnes 

 

et al

 

., 1994). Abnormalities
are also obvious in the thymus and thyroid gland (Mendel-
sohn 

 

et al

 

., 1994). The reduction of the posterior pharyngeal
endoderm in vitamin A-deficient quails provides additional
support for endogenous RA requirement for pharyngeal pat-
terning (Quinlan 

 

et al

 

., 2002).
In ascidians the development of pharyngeal basket

starts after metamorphosis. RA treatment during postlarval
development leads to reduced expression of 

 

otx

 

 gene and
eventual loss of the pharyngeal basket (Hinman and Deg-
nan, 1998, 2000). In amphioxus, the size of the pharynx is
reduced and gill slits do not form in RA-treated embryos
(Holland and Holland, 1996). In contrast, the pharynx is
expanded in embryos treated with an RA antagonist,
BMS009 (Escriva 

 

et al

 

., 2002). In this case, RA affects the
expression of a 

 

Pax1/9

 

 homolog (Holland and Holland,
1996; Escriva 

 

et al

 

., 2002). The pharynx of ascidians and
hemichordates also expresses 

 

Pax1/9

 

 homolog (Ogasawara

 

et al

 

., 1999). These results suggest that RA regulates the
pharyngeal morphogenesis through a similar genetic cas-
cade in all the chordate groups.

 

Fig. 2.

 

RA-induced phenotype in the central nervous system of ascidians. The photographs were obtained by Tomoko Ishibashi of our labo-
ratory. (A) Head of a normal 

 

Ciona intestinalis

 

 larva, the anterior is to the left, and the dorsal is up. The adhesive papillae (pa) and the brain
vesicle with two sensory pigment cells (arrows) are differentiated. (B) Head of an RA-treated larva, dorsal view. The anterior neural tube failed
to close and was exposed to the dorsal surface (arrow), and the presumptive brain cells form a cell mass outside the body (arrowhead).
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RA signaling is also important for the expression of ver-
tebrate-specific characteristics

 

Many important vertebrate-specific characteristics are
found in the complicated structure of the head, and thus ver-
tebrates (and hagfish) are called, “craniates” (Gee, 1996).
The neural crest cells give rise to the cranial nerves, ceph-
alic skeletal components and many other tissues comprising
the head structure (Gans and Northcutt, 1983). Since most
of these and other vertebrate-specific cell types derive from
the neural crest cells, their evolution is thought to be an
extremely important event in vertebrate evolution (Hall,
2000). The neural crest cells come only from the posterior
neural plate (the hindbrain and spinal cord regions),
suggesting that posteriorization of the neural plate, accord-
ing to “the activation/transformation model” (Nieuwkoop and
Albers, 1990), is involved in the neural crest development
(Villanueva 

 

et al

 

., 2002). The neural crest differentiation
depends, at least partly, on the induction from the paraxial
mesoderm (Bonstein 

 

et al

 

., 1998). This and the fact that the
posterior paraxial mesoderm is the site of retinoic acid syn-
thesis (discussed below, see Fig. 4) suggest that RA could
be one of the candidate posteriorization factors. In fact, RA
treatment and a constitutively active form of RAR can induce
the neural crest in the presumptive forebrain region (Villan-
ueva 

 

et al

 

., 2002). The presumptive neural crest cells die by
apoptosis in vitamin A-deficient quails (Maden 

 

et al

 

., 1998).
Wada (2001) proposed that the dorsal midline epidermis in
ascidians and amphioxus is the origin of the neural crest
and thus the neural crest cell population itself is not an
innovation of vertebrates. An enhancer element of the
amphioxus 

 

Hox-1

 

 gene (

 

AmphiHox-1

 

) can be activated in
the vertebrate neural crest, although 

 

AmphiHox-1

 

 expres-
sion is restricted to the neural tube in amphioxus embryos
(Manzanares 

 

et al

 

., 2000). Since 

 

Hox-1

 

 expression in the
neural crest depends on RA (Manzanares 

 

et al

 

., 2000), the
acquisition of the RA signaling pathway could have con-
ferred the neural crest cell properties on the dorsal midline
epidermis of the vertebrate ancestor. Wada (2001) is skep-
tical to this idea because an 

 

AmphiHox-3

 

 enhancer contain-
ing an RARE was not expressed in the neural crest cells
(Manzanares 

 

et al

 

., 2000). However, requirement of a few
additional changes does not necessarily deny the impor-
tance of the acquisition of RA-responsiveness for the neural
crest evolution. A large part of the amphioxus nerve cord is
thought to be homologous to the vertebrate brain (Holland

 

et al

 

., 1992). The 

 

Hox-3

 

 and 

 

Hox-5

 

 homologs of ascidians
are expressed only at the late stages of development (Gionti

 

et al., 1998; Locascio et al., 1999). These observations sug-
gest that the expression and function of the posterior (5’)
Hox genes were largely modified after the divergence of pro-
tochordate and vertebrate groups.

The limbs are also vertebrate-specific, and missing in
protochordates (Gee, 1996). RA affects the proximodistal
axis in the regenerating amphibian limbs (Niazi and Saxena,
1978; Maden, 1982; Thoms and Stocum, 1984). The effect
of RA on the anteroposterior pattern formation of developing

chick wing bud was remarkable (Tickle et al., 1982). The
organizing role of endogenous RA in the limb has long been
expected, but also doubted. Although RA-induced ectopic
digit formation follows the upregulation of RARβ expression,
the endogenous organizing region (called ZPA) does not
express RARβ (Noji et al., 1991). RA thus came to be
regarded as a notorious example of the chemical that only
mimics the action of endogenous factors. ZPA expresses
Sonic hedgehog (Shh) gene that organizes the anteroposte-
rior pattern in the limb bud (Riddle et al., 1993). The ques-
tion then moved to how the Shh expression was activated
in the posterior region of the limb bud (Johnson and Tabin,
1997). It seems that the anteroposterior organization of the
limb bud is a sophisticated modification of the pre-existing
pattern in the lateral plate mesoderm (Cohn et al., 1997) Lu
et al. (1997) demonstrated that RAR antagonists block the
formation of ZPA. In addition, the expression domain of
Hoxb-8, a direct RA target gene, correlates with the domain
of polarizing activity in the lateral plate mesoderm (Lu et al.,
1997). Inhibition of the RA synthesis (Stratford et al., 1996)
and the RAR/RXR function (Helms et al., 1996) in the lateral
plate mesoderm disturbed limb formation. These results
suggest that RA truly acts as an endogenous factor for ZPA
induction and limb formation.

The name “vertebrates” comes from the vertebral col-
umn. RA induces homeotic transformations of the vertebrae
along the anteroposterior axis (Kessel and Gruss, 1991).
This phenotype is derived from altered pattern of Hox
expression (Kessel and Gruss, 1991; Kessel, 1992).

It should be noted that all these vertebrate-specific
characters are affected by targeted mutagenesis of at least
two of three RAR subtypes (Lohnes et al., 1994). The phe-
notypes of RAR double mutants are similar to the fetal vita-
min A-deficient syndrome (Wilson et al., 1953). This suggests
that endogenous RAR plays important roles in the expres-
sion of these characteristics.

RA-synthesizing enzyme and RA-degrading enzyme are
also chordate-specific

Is RA synthesized only in the chordates? In vertebrates,
a major RA-synthesizing enzyme in the embryo is the alde-
hyde dehydrogenase encoded by Raldh2 gene (Zhao et al.,
1996). Raldh2 is expressed in the posterior mesoderm in the
pre-somite stage vertebrate embryos (Niederreither et al.,
1997; Swindell et al., 1999). Targeted disruption of Raldh2
gene causes early embryonic lethality (Mic et al., 2002).
Conditional rescue of the Raldh2 null mutant mice by pro-
viding RA within maternal food revealed that the forelimb
formation requires normal RA synthesis (Niederreither et al.,
2002b). These results suggest an essential role of RA in
vertebrate embryogenesis. Although many experiments
have been carried out in which exogenous RA was applied
to various invertebrate species as described above, little
attention has been paid to the RA-synthesizing activity in
invertebrates.

Retinal, of various isomers, is stored in the unfertilized
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egg of the ascidian Halocynthia roretzi (Irie et al., 2003).
Recently, we identified a candidate Raldh2 homolog (Ci-
Raldh2) from the ascidian Ciona intestinalis (Fig. 3A; Fuji-
wara et al., 2002; Nagatomo and Fujiwara, 2003). The
amino acid sequence deduced from the Ci-Raldh2 cDNA
shows the highest similarity to human RALDH2. However,
low bootstrap values suggest that the branching pattern of
a few related retinaldehyde dehydrogenases {RALDH3
(Grün et al., 2000; Niederreither et al., 2003), mitochondrial
ALDH2 (Chen et al., 1994) and RALDH2} is uncertain (Fig.
3A). The expression of Ci-Raldh2 was restricted in the ante-
rior paraxial mesoderm (a few muscle cells on both sides of
the notochord) (Fig. 4A, C; Nagatomo and Fujiwara, 2003).
Although it is still under dispute, the ascidian muscle cells
are thought to correspond to the segmented somites in ver-
tebrates (Crowther and Whittaker, 1994). If so, the expres-
sion pattern of Ci-Raldh2 is similar to that of vertebrate
Raldh2 in the somites (Fig. 4A-D; Niederreither et al., 1997).
The role of 11-cis-retinal in vision is thought to be evolution-
arily ancient and retinal-metabolizing enzymes were isolated
from invertebrates (for review see Duester, 2000). There is

no evidence suggesting endogenous roles for all-trans RA
and 9-cis RA in non-chordate invertebrates. Furthermore, no
Raldh2 homolog has been reported in any non-chordate
species. However, it is difficult to draw conclusions from
sequence comparison. The sequence of aldehyde dehydro-
genases is extremely highly conserved from bacteria, fungi
and plants to animals, and we can hardly predict the sub-
strate from the sequence.

Vertebrates possess cytochrome P450 enzymes
(CYP26) that catalyze the reaction from RA to 4-oxo- and 4-
hydroxy-RA (White et al., 1997, 2000). Cyp26 is expressed
in the presumptive forebrain/midbrain region of the gastru-
lating embryo, while Raldh2 is expressed in the presomitic
and lateral plate mesoderm at the same stage (Fig. 4B;
Swindell et al., 1999). This complementary expression pat-
tern suggests that CYP26 is limiting the range of RA action
(Fig. 4A–D). The region where RA is deduced to be active
coincides with the spatial expression pattern of an RARE-
containing reporter gene (Fig. 4E; Rossant et al., 1991).
Cyp26 null mutant mice exhibited the posterior transforma-
tions of cervical vertebrae and abnormal rhombomere pat-

Fig. 3. (A) A phylogenetic tree of aldehyde dehydrogenases constructed by the neighbor-joining method (Saitou and Nei, 1987). Vertebrates
possess three RALDH groups (RALDH1-3). The Ciona RALDH2 shows the highest similarity to RALDH2. Indole-3-acetaldehyde dehydroge-
nase of the fungus Ustilago maydis and 10-formyltetrahydrofolate dehydrogenase showed relatively high similarity to a group of retinaldehyde
dehydrogenases. (B) A phylogenetic tree of cytochrome P450 enzymes constructed by the neighbor-joining method. The Ciona CYP26 forms
a cluster with vertebrate CYP26 enzymes. Among various cytochrome P450 enzymes, the Ciona CYP26 showed relatively high similarity to
the plant enzymes.
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terning (Abu-Abed et al., 2001). This phenotype resembles
that observed in RA-treated embryos, suggesting the impor-
tant endogenous roles for CYP26 in regulating RA action
during development (Abu-Abed et al., 2001).

We identified a Cyp26 homolog in ascidians (Fig. 3B;
Fujiwara et al., 2002; Nagatomo and Fujiwara, 2003). This

gene is expressed in the anterior neural plate of the gastrula
and neurula, and in the brain of the tailbud embryos (Fig.
4A, C; Nagatomo and Fujiwara, 2003). This expression
domain does not overlap that of Raldh2 and is similar to that
of vertebrate Cyp26 (Fig. 4A-D; Nagatomo and Fujiwara,
2003). The expression of Cyp26 in ascidian embryos is dra-
matically upregulated by exogenous RA (Nagatomo and
Fujiwara, 2003), as is the case in vertebrates (White et al.,
1997). The enzymatic activity of these ascidian homologs
remains to be demonstrated biochemically.

Variation of the repertoire of RA-target genes in some
chordate species

If the acquisition of the RAR gene is a key event during
the chordate evolution, the history of the RAR’s recruiting
target genes depicts at least a part of chordate morpholog-
ical evolution. RAR regulates developmental programs
mainly through transcriptional regulation of Hox genes (Sim-
eone et al., 1990; Gould et al., 1994; Manzanares et al.,
2000). A few developmental regulatory genes are also
known as RA target genes. These include RARβ (Mendel-
sohn et al., 1991) and Meis2 (Oulad-Abdelghani et al.,
1997). The systematic analyses of RA target genes, based
on cDNA arrays, were performed using embryonic stem
cells (Kelly and Rizzino, 2000) and embryonal carcinoma
cells (Freemantle et al., 2001) but not in embryos of any ani-
mal species.

Recently we identified a number of RA target genes in
the ascidian embryos by means of a cDNA microarray-
based screening (Ishibashi et al., 2003). The strong activa-
tion of Hox-1 and Cyp26 was similar to that in vertebrates
(Nagatomo and Fujiwara, 2003; Ishibashi et al., 2003). As
previously shown by in situ hybridization analysis
(Nagatomo et al., 2003), RAR expression was not activated
by RA (Ishibashi et al., 2003). This is in marked contrast to
the RA-inducibility of the RAR genes in amphioxus (Escriva
et al., 2002) and vertebrates (Mendelsohn et al., 1991).
Many candidate target genes seemed to be involved in the
neuronal functions, suggesting that not only morphogenesis
but also cellular differentiation of the nervous system are
regulated by RA. However, RA-treated larvae can respond
to natural metamorphosis inducers even though they lack
the adhesive papilla that is responsible for the chemosen-
sory response (Hinman and Degnan, 1998). This suggests
that RA does not cause homeotic transformation of the ante-
rior cells into completely different cell types in ascidians.

RA-mediated transdifferentiation in the budding ascidi-
ans

RA also plays an important role in the asexual repro-
duction of the ascidians, which is a characteristic acquired
only in the urochordate lineage of chordate evolution. In the
ascidian Polyandrocarpa misakiensis, the gut, pharynx,
endostyle, neural gland and many other tissues are formed
through the pluripotent transdifferentiation of the atrial epi-
thelium (Fujiwara and Kawamura, 1992; Kawamura and

Fig. 4. (A–D) Schematic representation of the expression pattern
of Raldh2 (red) and Cyp26 (blue) in gastrulae and tailbud embryos
of ascidians and vertebrates. bp, blastopore; br, brain; me, paraxial
and lateral plate mesoderm; mu, muscle; nd, node; no, notochord;
np, neural plate; ps, primitive streak; r2, the second rhombomere
segment; so, somites. (A) Ascidian gastrula, dorsal view. (B) Verte-
brate gastrula, dorsal view. The ascidian gastrula is shown in a box
in a roughly equal magnification. (C) Ascidian tailbud embryo, lateral
view. Three anterior-most muscle cells express Raldh2. (D) Verte-
brate somite-stage embryo, lateral view. (E) The region where
endogenous RA functions, speculated from the expression pattern
of a Ciona homolog of Meis, of which expression is activated by RA
(G). (F) The expression pattern of the RARE-containing reporter
gene that depicts the region where RA is acting (Rossant et al.,
1991). The expression of the reporter gene in the optic vesicle (ov)
is thought to be activated by RA synthesis catalyzed by RALDH3.
(G) The expression pattern of a Ciona Meis homolog. The strong
expression in the brain (br) is thought to be activated by an RA-inde-
pendent mechanism, since Cyp26 is strongly expressed in this
region. The photograph was obtained by Kan-ichiro Nagatomo (in
preparation).
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Fujiwara, 1994). Exogenous RA induces ectopic transdiffer-
entiation, resulting in a completely duplicated body axis
(Hara et al., 1992). Localized activation of aldehyde dehy-
drogenase suggests that endogenous RA acts as a regula-
tor of transdifferentiation (Kawamura et al., 1993). Genes
encoding RAR and RXR are expressed in the developing
bud (Hisata et al., 1998; Kamimura et al., 2000). Functional
analysis revealed that they bind specific DNA sequence as
a heterodimer and activate reporter gene expression
depending on RA (Kamimura et al., 2000). A differential dis-
play screening identified a few target genes, including a
serine protease with a complex modular structure (Ohashi et
al., 1999). This serine protease, named TRAMP, is a candi-
date transdifferentiation factor, since recombinant TRAMP
protein can stimulate proliferation and probably dedifferenti-
ation of the cell line derived from the atrial epithelium
(Ohashi et al., 1999).

About a half of the ascidian species can proliferate
asexually by budding. Various modes of budding have been
described (for review see Nakauchi, 1982). The origin of the
newly formed tissues is the atrial epithelium in Styelidae and
Botryllidae, the stolonial septum in Perophoridae, and the
epicardial epithelium in Polycitoridae, Polyclinidae and some
other families (Nakauchi, 1982). Since the common chor-
date ancestor was thought to be a free-swimming tadpole-
like animal (Wada, 1998), the ability of asexual reproduction
seems to have been independently acquired several times
during the ascidian evolution (Wada et al., 1992). This sug-
gests that small genetic changes can cause the conversion
of solitary to colonial lifestyle. Despite the extreme diversity
in the type of multipotent formative tissues, the early buds
of most species look similar to one another. In the develop-
ing bud, the gut and pharynx are usually the first organs to
be formed (Nakauchi, 1982 and references therein). The
molecular mechanisms underlying the bud development
may be roughly common to all the budding ascidians. RA
affects morphogenesis of the pharyngeal endoderm in all
chordate groups, as described above. And Hox genes deter-
mine the anteroposterior pattern of the digestive tract in ver-
tebrate embryos (Sakiyama et al., 2001). Considering these
facts, the ability of asexual reproduction may have been
acquired by re-activation of RA-driven developmental pro-
grams in some adult cell type. Since the asexual reproduc-
tion includes reconstruction of the whole body from a piece
of tissues, the process can be thought as regeneration
(Kawamura and Fujiwara, 2000). RA affects amphibian limb
regeneration as described above. Inhibition of RA synthesis
disturbs regeneration, suggesting that endogenous RA
plays an important role in the amphibian limb regeneration
(Maden, 1998). Although RA is also involved in the regen-
eration of a few other tissues (for review see Maden and
Hind, 2003), we have little evidence to connect, in general,
the ability of regeneration to the ability of re-activation of RA
signaling pathway.

Conclusions and perspectives
The RAR-mediated RA signaling pathway is involved in

the formation of most chordate-specific and vertebrate-spe-
cific characteristics. The necessity of endogenous RA func-
tions has been demonstrated for each case, using dominant
negative RARs, RAR mutants and vitamin A-deficient ani-
mals. RA-synthesizing and RA-degrading enzymes also
seem to be chordate-specific. Considering this, the basic
framework of the RA signaling cascade, target genes and
metabolizing enzymes that modify RA functions has already
been established in the common chordate ancestor. How
were the complicated network and cascade established?
How were RAR expression and function modified during the
evolution of vertebrates? Thinking about the origin, it is
important to obtain the information about the sister groups,
hemichordates and echinoderms. In addition to the func-
tional analysis of the genes involved in the RA signaling,
screening and comparative analysis of homologous genes
in hemichordates and echinoderms will be of great interest.

ACKNOWLEDGEMENTS

We are grateful to Kan-ichiro Nagatomo and Tomoko Ishibashi
for photographs and other data shown in figures. We also thank
Tom Suzuki for the construction of phylogenetic trees. Work from
the author’s lab was supported by Grant-in-Aid from the Ministry of
Education, Science, Sports and Culture of Japan. S.F. was also
supported by the Asahi Glass Foundation.

REFERENCES

Abu-Abed S, Dollé P, Metzger D, Beckett B, Chambon P, Petkovich
M (2001) The retinoic acid-metabolizing enzyme, CYP26A1, is
essential for normal hindbrain patterning, vertebral identity, and
development of posterior structures. Genes Dev 15: 226–240

Adams MD, Celniker SE, Holt RA et al. (2000) The genome
sequence of Drosophila melanogaster. Science 287: 2185–
2195

Bonstein L, Elias S, Frank D (1998) Paraxial fated mesoderm is
required for neural crest induction in Xenopus embryos. Dev
Biol 193: 156–168

Brusca RC, Brusca GJ (1990) Invertebrates. Sinauer, Sunderland
Chen M, Achkar C, Gudas LJ (1994) Enzymatic conversion of reti-

naldehyde to retinoic acid by cloned murine cytosolic and mito-
chondrial aldehyde dehydrogenases. Mol Pharmacol 46: 88–96

Chen JD, Evans RM (1995) A transcriptional co-repressor that inter-
acts with nuclear hormone receptors. Nature 377: 454–457

Cohn MJ, Patel K, Krumlauf R, Wilkinson DG, Clarke JD, Tickle C
(1997) Hox9 genes and vertebrate limb specification. Nature
387: 97–101

Conlon RA (1995) Retinoic acid and pattern formation in verte-
brates. Trends Genet 11: 314–319

Créton R, Zwaan G, Dohmen R (1993) Specific developmental
defects in molluscs after treatment with retinoic acid during gas-
trulation. Dev Growth Differ 35: 357–364

Crowther RJ, Whittaker JR (1994) Serial repetition of cilia pairs
along the tail surface of an ascidian larva. J Exp Zool 268: 9–16

Dehal P, Satou Y et al. (2002) The draft genome of Ciona intestina-
lis: insights into chordate and vertebrate origins. Science 298:
2157–2167

De Luca LM (1991) Retinoids and their receptors in differentiation,
embryogenesis, and neoplasia. FASEB J 5: 2924–2933

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



S. Fujiwara and K. Kawamura816

Denucé JM (1991) Teratogene und metamorphosehemmende
wirkung von retinsäure in Ciona intestinalis. Z Naturforsch 46c:
1094–1100

Devine C, Hinman VF, Degnan BM (2002) Evolution and develop-
mental expression of nuclear receptor genes in the ascidian
Herdmania. Int J Dev Biol 46: 687–692

Dohrn A (1875) Der Ursprung der Wiebelthiere und das Princip des
Functionswechsels. Verlag von Wilhelm Engelmann, Leipzig

Duester G (2000) Families of retinoid dehydrogenases regulating
vitamin A function. Eur J Biochem 267: 4315–4324

Escriva H, Holland ND, Gronemeyer H, Laudet V, Holland LZ (2002)
The retinoic acid signaling pathway regulates anterior/posterior
patterning in the nerve cord and pharynx of amphioxus, a chor-
date lacking neural crest. Development 129: 2905–2916

Freemantle SJ, Kerley JS, Olsen SL, Gross RH, Spinella MJ (2002)
Developmentally-related candidate retinoic acid target genes
regulated early during neuronal differentiation of human embry-
onal carcinoma. Oncogene 21: 2880–2889

Fujiwara S, Kawamura K (1992) Ascidian budding as a transdiffer-
entiation-like system: multipotent epithelium is not undifferenti-
ated. Dev Growth Differ 34: 463–472

Fujiwara S, Maeda Y, Shin-i T, Kohara Y, Takatori N, Satou Y,
Satoh N (2002) Gene expression profiles in Ciona intestinalis
cleavage-stage embryos. Mech Dev 112: 115–127

Gale E, Zile M, Maden M (1999) Hindbrain respecification in the ret-
inoid-deficient quail. Mech Dev 89: 43–54

Gans C, Northcutt G (1983) Neural crest and the origin of verte-
brates: a new head. Science 220: 268–274

Garcia-Fernàndez J, Holland PW (1994) Archetypal organization of
the amphioxus Hox gene cluster. Nature 370: 504–505

Garstang W (1928) The morphology of the tunicata and its bearing
on the phylogeny of the chordata. Quart J Microsc Sci 72: 51–
187

Gee H (1996) Before the backbone: views on the origin of the verte-
brates. Chapman & Hall, London

Gionti M, Ristoratore F, Di Gregorio A, Aniello F, Branno M, Di
Lauro R (1998) Cihox5, a new Ciona intestinalis Hox-related
gene, is involved in regionalization of the spinal cord. Dev
Genes Evol 207: 515–523

Gould A, Itasaki N, Krumlauf R (1998) Initiation of rhombomeric
Hoxb4 expression requires induction by somites and a retinoid
pathway. Neuron 21: 39–51

Grün F, Hirose Y, Kawauchi S, Ogura T, Umesono K (2000) Alde-
hyde dehydrogenase 6, a cytosolic retinaldehyde dehydroge-
nase prominently expressed in sensory neuroepithelia during
development. J Biol Chem 275: 41210–41218

Hall BK (1998) Evolutionary developmental biology. Chapman &
Hall, London

Hall BK (2000) The neural crest as a fourth germ layer and verte-
brates as quadroblastic not triploblastic. Evol Dev 2: 3–5

Hara K, Fujiwara S, Kawamura K (1992) Retinoic acid can induce a
secondary axis in developing buds of a colonial ascidian, Poly-
androcarpa misakiensis. Dev Growth Differ 34: 437–445

Helms JA, Kim CH, Eichele G, Thaller C (1996) Retinoic acid signal-
ing is required during early chick limb development. Develop-
ment 122: 1385–1394

Heyman RA, Mangelsdorf DJ, Dyck JA, Stein RB, Eichele G, Evans
RM, Thaller C (1992) 9-cis retinoic acid is a high affinity ligand
for the retinoid X receptor. Cell 68: 397–406

Hinman VF, Degnan BM (1998) Retinoic acid disturbs anterior ecto-
dermal and endodermal development in ascidian larvae and
postlarvae. Dev Genes Evol 208: 336–345

Hinman VF, Degnan BM (2000) Retinoic acid perturbs Otx gene
expression in the ascidian pharynx. Dev Genes Evol 210: 129–
139

Hisata K, Fujiwara S, Tsuchida Y, Ohashi M, Kawamura K (1998)
Expression and function of a retinoic acid receptor in budding

ascidians. Dev Genes Evol 210: 129–139
Holland LZ, Holland ND (1996) Expression of AmphiHox-1 and

AmphiPax-1 in amphioxus embryos treated with retinoic acid:
insights into evolution and patterning of the chordate nerve cord
and pharynx. Development 122: 1829–1838

Holland PWH, Garcia-Fernàndez J, Williams NA, Sidow A (1994)
Gene duplications and the origins of vertebrate development.
Development 1994 Supplement: 125–133

Holland PWH, Garcia-Fernàndez J (1996) Hox genes and chordate
evolution. Dev Biol 173: 382–395

Holland PW, Holland LZ, Williams NA, Holland ND (1992) An
amphioxus homeobox gene: sequence conservation, spatial
expression during development and insights into vertebrate
evolution. Development 116: 653–661

Hopkins PM, Durica DS (1995) Effects of all-trans retinoic acid on
regenerating limbs of the fiddler crab, Uca pugilator. J Exp Zool
272: 455–463

Hörlein AJ, Näär AM, Heinzel T, Torchia J, Gloss B, Kurokawa R,
Ryan A, Kamei Y, Söderström M, Glass CK, Rosenfeld MG
(1995) Ligand-independent repression by the thyroid hormone
receptor mediated by a nuclear receptor co-repressor. Nature
377: 397–404

Imsiecke G, Borojevic R, Custodio M, Müller W (1994) Retinoic acid
acts as a morphogen in freshwater sponges. Invert Reprod Dev
26: 89–98

Irie T, Kajiwara S, Seki T (2003) Storage of retinal in the eggs of the
ascidian, Halocynthia roretzi. Comp Biochem Phys B 134: 221–
230

Ishibashi T, Nakazawa M, Ono H, Satoh N, Gojobori T, Fujiwara S
(2003) Microarray analysis of embryonic retinoic acid target
genes in the ascidian Ciona intestinalis. Dev Growth Differ (in
press)

Johnson RL, Tabin CJ (1997) Molecular models for vertebrate limb
development. Cell 90: 979–990

Kamimura M, Fujiwara S, Kawamura K, Yubisui T (2000) Functional
retinoid receptors in budding ascidians. Dev Growth Differ 42:
1–8

Katsuyama Y, Wada S, Yasugi S, Saiga H (1995) Expression of the
labial group Hox gene HrHox-1 and its alteration induced by ret-
inoic acid in development of the ascidian Halocynthia roretzi.
Development 121: 3197–3205

Katz MJ (1983) Comparative anatomy of the tunicate tadpole, Ciona
intestinalis. Biol Bull 164: 1–27

Kawamura K, Fujiwara S (1994) Transdifferentiation of pigmented
multipotent epithelium during morphallactic development of
budding tunicates. Int J Dev Biol 38: 369–377

Kawamura K, Fujiwara S (2000) Advantage or disadvantage: is
asexual reproduction beneficial to survival of the tunicate, Poly-
androcarpa misakiensis? Zool Sci 17: 281–291

Kawamura K, Hara S, Fujiwara S (1993) Developmental role of
endogenous retinoids in the determination of morphallactic field
in budding tunicates. Development 117: 835–845

Kelly DL, Rizzino A (2000) DNA microarray analyses of genes regu-
lated during the differentiation of embryonic stem cells. Mol
Reprod Dev 56: 113–123

Kessel M (1992) Respecification of vertebral identities by retinoic
acid. Development 115: 487–501

Kessel M, Gruss P (1991) Homeotic transformations of murine ver-
tebrae and concomitant alteration of Hox codes induced by ret-
inoic acid. Cell 67: 89–104

Koide, T., Downes, M., Chandraratna, R. A. S., Blumberg, B. &
Umesono, K. 2001. Active repression of RAR signaling is
required for head formation. Genes Dev 15: 2111–2121

Kolm PJ, Apekin V, Sive H (1997) Xenopus hindbrain patterning
requires retinoid signaling. Dev Biol 192: 1–16

Kowalevsky AO (1866) Entwickelungsgeschichte der einfachen
Ascidien. Mém L’Acad St Petersbourg Ser VII 10: 1–19

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Retinoic Acid and the Evolution of Chordates 817

Kowalevsky AO (1867) Entwickelungsgeschichte des Amphioxus
lanceolatus. Mém L’Acad St Petersbourg Ser VII 11: 1–17

Kuratani S, Ueki T, Hirano S, Aizawa S (1998) Rostral truncation of
a cyclostome, Lampetra japonica, induced by all-trans retinoic
acid defines the head/trunk interface of the vertebrate body.
Dev Dyn 211: 35–51

Kurokawa R, Yu VC, Näär A, Kyakumoto S, Han Z, Silverman S,
Rosenfeld MG, Glass CK (1994) Regulation of retinoid signal-
ling by receptor polarity and allosteric control of ligand binding.
Nature 371: 528–531

Lacalli T (1995) Dorsoventral axis inversion. Nature 373: 110–111
Leblanc BP, Stunnenberg HG (1995) 9-cis retinoic acid signaling:

changing partners causes some excitement. Genes Dev 9:
1811–1816

Locascio A, Aniello F, Amoroso A, Manzanares M, Krumlauf R,
Branno M (1999) Patterning the ascidian nervous system:
structure, expression and transgenic analysis of the CiHox3
gene. Development 126: 4737–4787

Lohnes D, Mark M, Mendelsohn C, Dollé P, Dierich A, Gorry P,
Gansmuller A, Chambon P (1994) Function of the retinoic acid
receptors (RARs) during development (I). Craniofacial and
skeletal abnormalities in RAR double mutants. Development
120: 2723–2748

Lu HC, Revelli JP, Goering L, Thaller C, Eichele G (1997) Retinoid
signaling is required for the establishment of a ZPA and for the
expression of Hoxb-8, a mediator of ZPA formation. Develop-
ment 124: 1643–1651

Lutz B, Lu HC, Eichele G, Miller D, Kaufman TC (1996) Rescue of
Drosophila labial null mutant by the chicken ortholog Hoxb-1
demonstrates that the function of Hox genes is phylogenetically
conserved. Genes Dev 10: 176–184

Maden M (1982) Vitamin A and pattern formation in the regenerat-
ing limb. Nature 295: 672–675

Maden M (1998) Retinoids as endogenous components of the
regenerating limb and tail. Wound Rep Reg 6: 358–365

Maden M, Gale E, Zile M (1998) The role of vitamin A in the devel-
opment of the central nervous system. J Nutr 128: 471S–475S

Maden M, Hind M (2003) Retinoic acid, a regeneration-inducing
molecule. Dev Dyn 226: 237–244

Malicki J, Schugart K, McGinnis W (1990) Mouse Hox-2.2 specifies
thoracic segmental identity in Drosophila embryos and larvae.
Cell 63: 961–967

Mangelsdorf DJ, Evans RM (1992) Retinoid receptors as transcrip-
tion factors. In “Transcriptional regulation” Ed by SL McKnight,
KR Yamamoto, Cold Spring Harbor Laboratory Press, New
York, pp 1137–1167

Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and
orphan receptor. Cell 83: 841–850

Mangelsdorf DJ, Ong ES, Dyck JA, Evans RM (1990) Nuclear
receptor that identifies a novel retinoic acid response pathway.
Nature 345: 224–229

Manzanares M, Wada H, Itasaki N, Trainor PA, Krumlauf R (2000)
Conservation and elaboration of Hox gene regulation during
evolution of the vertebrate head. Nature 408: 854–857

Mendelsohn C, Lohnes D, Decimo D, Lufkin T, LeMeur M, Cham-
bon P, Mark M (1994) Function of the retinoic acid receptors
(RARs) during development (II). Multiple abnormalities at vari-
ous stages of organogenesis in RAR double mutants. Develop-
ment 120: 2749–2771

Mendelsohn C, Ruberte E, LeMeur M, Morriss-Kay G, Chambon P
(1991) Developmental analysis of the retinoic acid-inducible
RAR-β2 promoter in transgenic animals. Development 113:
723–734

Mic FA, Haselbeck RJ, Cuenca AE, Duester G (2002) Novel retinoic
acid generating activities in the neural tube and heart identified
by conditional rescue of Raldh2 null mutant mice. Development
129: 2271–2282

Morriss-Kay GM, Murphy P, Hill RE, Davidson DR (1991) Effects of
retinoic acid excess on expression of Hox-2.9 and Krox-20 and
on morphological segmentation in the hindbrain of mouse
embryos. EMBO J 10: 2985–2995

Müller WA (1984) Retinoids and pattern formation in a hydroid. J
Embryol Exp Morph 81: 253–271

Nagatomo K, Fujiwara S (2003) Expression of Raldh2, Cyp26 and
Hox-1 in normal and retinoic acid-treated Ciona intestinalis
embryos. Gene Exp Patt 3: 273–277

Nagatomo K, Ishibashi T, Satou Y, Satoh N, Fujiwara S (2003) Ret-
inoic acid affects gene expression and morphogenesis without
upregulating the retinoic acid receptor in the ascidian Ciona
intestinalis. Mech Dev 120: 363–372

Nakauchi M (1982) Asexual development of ascidians: its biological
significance, diversity, and morphogenesis. Amer Zool 22: 753–
763

Niazi IA, Saxena S (1978) Abnormal hindlimb regeneration in tad-
poles of the toad, Bufo andersoni, exposed to excess vitamin A.
Folia Biol (Krakow) 26: 3–11

Niederreither K, McCaffery P, Dräger UC, Chambon P, Dollé P
(1997) Restricted expression and retinoic acid-induced down-
regulation of the retinaldehyde dehydrogenase type 2 (RALDH-
2) gene during mouse development. Mech Dev 62: 67–78

Niederreither K, Vermot J, Fraulob V, Chambon P, Dollé P (2002a)
Retinaldehyde dehydrogenase 2 (RALDH2)-independent pat-
terns of retinoic acid synthesis in the mouse embryo. Proc Natl
Acad Sci USA 99: 16111–16116

Niederreither K, Vermot J, Schuhbaur B, Chambon P, Dollé P
(2002b) Embryonic retinoic acid synthesis is required for fore-
limb growth and anteroposterior patterning in the mouse.
Development 129: 3563–3574

Nieuwkoop PD, Albers B (1990) The role of competence in the
cranio-caudal segregation of the central nervous system. Dev
Growth Differ 32: 23–31

Noji S, Nohno T, Koyama E, Muto K, Ohyama K, Aoki Y, Tamura K,
Ohsugi K, Ide H, Taniguchi S, Saito T (1991) Retinoic acid
induces polarizing activity but is unlikely to be a morphogen in
the chick limb bud. Nature 350: 83–86

Nübler-Jung K, Arendt D (1994) Is ventral in insects dorsal in verte-
brates? Roux’s Arch Dev Biol 203: 357–366

Ogasawara M, Wada H, Peters H, Satoh N (1999) Developmental
expression of Pax1/9 genes in urochordate and hemichordate
gills: insight into function and evolution of the pharyngeal epi-
thelium. Development 126: 2539–2550

Ohashi M, Kawamura K, Fujii N, Yubisui T, Fujiwara S (1999) A ret-
inoic acid-inducible modular protease in budding ascidians.
Dev Biol 214: 38–45

Ohno S (1970) Evolution by gene duplication. Springer, New York
Oro AE, McKeown M, Evans RM (1990) Relationship between the

product of the Drosophila ultraspiracle locus and vertebrate ret-
inoid X receptor. Nature 347: 298–301

Oulad-Abdelghani M, Chazaud C, Bouillet P, Sapin V, Chambon P,
Dollé P (1997) Meis2, a novel mouse Pbx-related homeobox
gene induced by retinoic acid during differentiation of P19
embryonal carcinoma cells. Dev Dyn 210: 173–183

Papalopulu N, Clarke JDW, Bradley L, Wilkinson D, Krumlauf R,
Holder N (1991) Retinoic acid causes abnormal development
and segmental patterning of the anterior hindbrain in Xenopus
embryos. Development 113: 1145–1158

Peterson KJ (1995) Dorsoventral axis inversion. Nature 373: 111–
112

Quinlan R, Gale E, Maden M, Graham A (2002) Deficits in the pos-
terior pharyngeal endoderm in the absence of retinoids. Dev
Dyn 225: 54–60

Riddle RD, Johnson RL, Laufer E, Tabin C (1993) Sonic hedgehog
mediates the polarizing activity of the ZPA. Cell 75: 1401–1416

Ross SA, McCaffery PJ, Dräger UC, De Luca LM (2000) Retinoids

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



S. Fujiwara and K. Kawamura818

in embryonal development. Physiol Rev 80: 1021–1054
Rossant J, Zirngibl R, Cado D, Shago M, Giguère V (1991) Expres-

sion of a retinoic acid response element-hsplacZ transgene
defines specific domains of transcriptional activity during
mouse embryogenesis. Genes Dev 5: 1333–1344

Ruddle FH, Bentley KL, Murtha MT, Risch N (1994) Gene loss and
gain in the evolution of the vertebrates. Development 1994
Supplement: 155–161

Saitou N, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4: 406–425

Sakiyama J, Yokouchi Y, Kuroiwa A (2001) HoxA and HoxB cluster
genes subdivide the digestive tract into morphological domains
during chick development. Mech Dev 101: 233–236

Sciarrino S, Matranga V (1995) Effects of retinoic acid and dimethyl-
sulfoxide on the morphogenesis of the sea urchin embryo. Cell
Biol Int 19: 675–680

Sidow A (1996) Gen(om)e duplications in the evolution of early ver-
tebrates. Curr Op Genet Dev 6: 715–722

Simeone A, Acampora D, Arcioni L, Andrews PW, Boncinelli E
(1990) Sequential activation of HOX2 homeobox genes by ret-
inoic acid in human embryonal carcinoma cells. Nature 346:
763–766

Stratford T, Horton C, Maden M (1996) Retinoic acid is required for
the initiation of outgrowth in the chick limb bud. Curr Biol 6:
1124–1133

Swindell EC, Thaller C, Sockanathan S, Petkovich M, Jessel TM,
Eichele G (1999) Complementary domains of retinoic acid pro-
duction and degradation in the early chick embryo. Dev Biol
216: 282–296

The C. elegans Sequencing Consortium (1998) Genome sequence
of the nematode C. elegans: a platform for investigating biol-
ogy. Science 282: 2012–2018

Thoms SD, Stocum DL (1984) Retinoic acid-induced pattern dupli-
cation in regenerating urodele limbs. Dev Biol 103: 473–483

Tickle C, Alberts B, Wolpert L, Lee J (1982) Local application of ret-
inoic acid to the limb bond mimics the action of the polarizing
region. Nature 296: 564–566

Umesono K, Murakami KK, Thompson CC, Evans RM (1991) Direct
repeats as selective response elements for the thyroid hor-
mone, retinoic acid, and vitamin D3 receptors. Cell 65: 1255–
1266

van der Wees J, Schilthuis JG, Koster CH, Diesveld-Schipper H,
Folkers GE, van der Saag PT, Dawson MI, Shudo K, van der
Burg B, Durston AJ (1998) Inhibition of retinoic acid receptor-
mediated signalling alters positional identity in the developing
hindbrain. Development 125: 545–556

Villanueva S, Glavic A, Ruiz P, Mayor R (2002) Posteriorization by
FGF, Wnt, and retinoic acid is required for neural crest induc-
tion. Dev Biol 241: 289–301

Wada H (1998) Evolutionary history of free-swimming and sessile
lifestyles in urochordates as deduced from 18S rDNA molecular
phylogeny. Mol Biol Evol 15: 1189–1194

Wada H (2001) Origin and evolution of the neural crest: a hypotheti-
cal reconstruction of its evolutionary history. Dev Growth Differ
43: 509–520

Wada H, Garcia-Fernàndez J, Holland PWH (1999) Colinear and
segmental expression of amphioxus Hox genes. Dev Biol 213:
131–141

Wada H, Makabe KW, Nakauchi M, Satoh N (1992) Phylogenetic
relationships between solitary and colonial ascidians, as
inferred from the sequence of the central region of their respec-
tive 18S rDNAs. Biol Bull 183: 448–455

Wada H, Satoh N (2001) Patterning the protochordate neural tube.
Curr Op Neurobiol 11: 16–21

Wendling O, Dennefeld C, Chambon P, Mark M (2000) Retinoid sig-
naling is essential for patterning the endoderm of the third and
fourth pharyngeal arches. Development 127: 1553–1562

White JA, Beckett-Jones B, Guo YD, Dilworth FJ, Bonasoro J,
Jones G, Petkovich M (1997) cDNA cloning of human retinoic
acid-metabolizing enzyme (hP450RA1) identifies a novel family
of cytochromes P450. J Biol Chem 272: 18538–18541

White JC, Shankar VN, Highland M, Epstein ML, De Luca HF, Clag-
ett-Dame M (1998) Defects in embryonic hindbrain develop-
ment and fetal resorption resulting from vitamin A deficiency in
the rat are prevented by feeding pharmacological levels of all-
trans-retinoic acid. Proc Natl Acad Sci USA 95: 13459–13464

White JA, Ramshaw H, Taimi M, Stangle W, Zhang A, Everingham
S, Creighton S, Tam SP, Jones G, Petkovich M (2000) Identifi-
cation of the human cytochrome P450, P450RAI-2, which is
predominantly expressed in the adult cerebellum and is respon-
sible for all-trans-retinoic acid metabolism. Proc Natl Acad Sci
USA 97: 6403–6408

Wilson JG, Roth CB, Warkany J (1953) An analysis of the syndrome
of malformations induced by maternal vitamin A deficiency.
Effects of restoration of vitamin A at various times during gesta-
tion. Am J Anat 92: 189–217

Yao TP, Segraves WA, Oro AE, McKeown M, Evans RM (1992)
Drosophila ultraspiracle modulates ecdysone receptor function
via heterodimer formation. Cell 71: 63–72

Young JZ (1981) The life of vertebrates, 3rd edn. Clarendon Press,
Oxford

Zhao D, McCaffery P, Ivins KJ, Neve RL, Hogan P, Chin WW,
Dräger UC (1996) Molecular identification of a major retinoic
acid-synthesizing enzyme, a retinaldehyde dehydrogenase.
Eur J Biochem 15: 15–22

(Accepted April 11, 2003 / Invited Review)

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use


