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REVIEW / SYNTHESE

Using ascidian embryos to study the evolution of
developmental gene regulatory networks'

Angela C. Cone and Robert W. Zeller

Abstract: Ascidians are ideally positioned taxonomically at the base of the chordate tree to provide a point of compar-
ison for developmental regulatory mechanisms that operate among protostomes, non-chordate deuterostomes, inverte-
brate chordates, and vertebrates. In this review, we propose a model for the gene regulatory network that gives rise to
the ascidian notochord. The purpose of this model is not to clarify all of the interactions between molecules of this
network, but to provide a working schematic of the regulatory architecture that leads to the specification of endoderm
and the patterning of mesoderm in ascidian embryos. We describe a series of approaches, both computational and bio-
logical, that are currently being used, or are in development, for the study of ascidian embryo gene regulatory net-
works. It is our belief that the tools now available to ascidian biologists, in combination with a streamlined mode of
development and small genome size, will allow for more rapid dissection of developmental gene regulatory networks
than in more complex organisms such as vertebrates. It is our hope that the analysis of gene regulatory networks in as-
cidians can provide a basic template which will allow developmental biologists to superimpose the modifications and
novelties that have arisen during deuterostome evolution.

Résumé : Les ascidiens occupent une position taxonomique idéale a la base de I’arbre évolutif des chordés pour four-
nir un point de comparaison des mécanismes régulateurs du développement qui sont en opération chez les protosto-
miens, les deutérostomiens non chordés, les chordés invertébrés et les vertébrés. Nous proposons dans notre
rétrospective un modele du réseau génique de régulation qui meéne a la formation de la notochorde des ascidiens. Le
but du modele n’est pas de faire la lumiere sur I’ensemble des interactions entre les molécules du réseau, mais plutot
de fournir un schéma de travail de I’architecture régulatrice qui meéne a la spécification de I’endoderme et a la structu-
ration du mésoderme chez les embryons d’ascidiens. Nous décrivons une séries de méthodologies, tant informatiques
que biologiques, d’usage courant ou en développement, pour I’étude des réseaux géniques de régulation chez les em-
bryons d’ascidiens. Nous croyons que, compte tenu du mode simplifié de développement et de la taille réduite du gé-
nome chez les ascidiens, les outils actuellement disponibles aux chercheurs intéressés a la biologie des ascidiens
permettront une dissection accélérée des réseaux géniques de régulation du développement par comparaison a ce qui se
passe chez les organismes plus complexes, tels que les vertébrés. Nous espérons que I’analyse des réseaux géniques de
régulation chez les ascidiens fournira une maquette de base sur laquelle les biologistes du développement pourront su-
rimposer les modifications et les nouveautés qui sont apparues durant I’évolution des deutérostomiens.

[Traduit par la Rédaction]

Introduction

Ascidians are marine invertebrate chordates and are the
largest class within the subphylum Urochordata. Commonly
called sea squirts, these bilaterian animals have been studied
by developmental biologists since their chordate affinity was
first described in the late-19th century (Kowalevsky 1866;

Kowalevsky 1871). Adult ascidians are sessile filter feeders
that reproduce via motile tadpole larvae which possess key
features of the chordate body plan such as notochord flanked
by muscles and a dorsal, hollow neural tube (Satoh 1994).
There has been a renewed interest in recent years to exploit
the ascidian embryo as a means to understand the molecular
mechanisms underlying the developmental programs of the
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ancestral chordate, as well as modern chordates such as hu-
mans (for recent reviews see Di Gregorio and Levine 1998,
2002; Satou and Satoh 1999; Satoh 2001, 2003; Satoh et al.
2003).

From an embryological perspective, the ascidian is an
ideal experimental system in which to decipher cell fate
specification mechanisms at the molecular level. The
ascidian tadpole larva consists of approximately 2500 cells
that form a limited set of tissues including epidermis, central
and peripheral nervous systems, notochord, muscle, endo-
derm, and mesoderm (Satoh 1994). This simple configura-
tion of the tadpole larva represents the basic chordate body
plan. Development in ascidians is extremely rapid — about a
dozen cell divisions produces a fully developed Ciona
intestinalis (L., 1767) larva that hatches 18 h post fertiliza-
tion when reared at 18 °C. Extensive research over the last
century has defined the nearly complete cell lineage of the
ascidian embryo up to the gastrula stage and most of the
major cell lineages are well characterized (Conklin 1905;
Ortolani 1955, 1957, 1962; Nishida and Satoh 1983; Nishida
and Satoh 1985; Nishida 1987). The early blastomeres of the
embryo are uniquely shaped and positioned, and are thus
amenable to experimental manipulation. In situ hybridization
may be used to visualize the differential patterns of gene ex-
pression patterns with high cellular resolution. Two com-
monly studied ascidians, C. intestinalis and Ciona savignyi
Herdman, 1882, have relatively short life cycles of about
3 months that have facilitated the implementation of cultur-
ing techniques and mutagenesis screens (Moody et al. 1999;
Nakatani et al. 1999; Sordino et al. 2000, 2001; Deschet et
al. 2003).

From a molecular perspective, ascidians provide an ideal
platform with which to examine developmental gene regula-
tion. A key feature is the ability to generate hundreds, or
even thousands, of transgenic embryos using a simple
electroporation technique (Corbo et al. 1997b; Di Gregorio
and Levine 2002; Zeller 2004). Although these embryos of-
ten express transgenes mosaically, they have proved in-
valuable for examining the expression of tissue-specific
regulatory modules that function during embryogenesis. Re-
cently, a simple to build electroporator was reported to allow
the precise creation of transgenic embryos with predictable
levels of mosaic transgene expression, thus controlling the
extent of mosaic expression. The functions of developmen-
tally important genes may be assayed by misexpressing
genes under the control of tissue-specific regulatory modules
via electroporation or by microinjection of RNA (e.g., Corbo
et al. 1998; Takahashi et al. 1999; Imai et al. 2000; Di
Gregorio and Levine 2002). Recently, the use of morpholino
antisense oligonucleotides has been demonstrated to effec-
tively suppress gene expression during ascidian development
(Satou et al. 2001a, 2001b; Imai et al. 2002a, 2002¢; Wada
and Saiga 2002; Miya and Nishida 2003) and has even been
used in a large-scale screen to analyze genes of unknown
function that are conserved between ascidians and verte-
brates (Yamada et al. 2003). It is possible to generate stable,
transgenic lines of ascidians (Deschet et al. 2003), and re-
cently, a transposon system has been demonstrated to func-
tion in ascidians (Sasakura et al. 2003) that will compliment
traditional chemically induced mutant screening strategies.

From a genomics perspective, ascidians provide an exten-
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sive collection of sequence resources that include two draft
genome sequences, a collection of nearly 500 000 expressed
sequence tag (EST) sequences deposited in GenBank, and an
extensive set of in situ hybridization-based expression data
of over 5000 genes. The draft genome of C. intestinalis was
reported in 2002 (Dehal et al. 2002) and the draft sequence
of C. savignyi was recently released by the Whitehead Center
for Genome Research (http://www.broad.mit.edu/annotation/
Cional). The C. intestinalis genome is predicted to express
nearly 16 000 genes and there are few examples of gene
duplication events, suggesting that gene regulatory analysis
in ascidians should be relatively simple compared with verte-
brates. An extensive set of EST sequence data and in situ
hybridization data is available on the Web (http://ghost.zool.
kyoto-u.ac.jp/indexrl.html) and has been published in a series
of papers on both embryonic ESTs (Nishikata et al. 2001;
Satou et al. 2001c¢; Fujiwara et al. 2002; Kusakabe et al.
2002) and adult/juvenile tissue ESTs (Takamura et al. 2001,
Inaba et al. 2002; Ogasawara et al. 2002). Comparative
genomics-based methods for gene regulatory analysis, such
as phylogenetic footprinting techniques (e.g., VISTA analy-
sis (Mayor et al. 2000; Loots et al. 2002)), promise to accel-
erate the rate at which gene regulatory research may be
pursued in ascidians. At the present time, ascidians are cur-
rently the only deuterostome group in which the genomes
from related species within the same genus have been se-
quenced.

A proposed model of the ascidian
notochord gene regulatory network

We propose a working model of the gene regulatory net-
work (GRN) that specifies notochord cell fate in ascidian
embryos. This model, shown in Fig. 1, is based on the ex-
perimental results from a number of laboratories and will be
briefly described here. A detailed accounting of the key ex-
periments used to construct this model will be discussed
later in this review. During early embryogenesis, the differ-
ential nuclear localization of B-catenin in the endoderm lin-
eage is believed to activate the transcription of several key
genes including a fibroblast growth factor (FGF) ligand
(FGF9/16/20) and the transcription factor FoxD (Imai et al.
2002a, 2002b). This FGF ligand, and possibly other FGF
ligands as well, produced from the endoderm cells signals
the surrounding mesoderm and patterns this mesoderm along
the anteroposterior axis (Kim et al. 2000; Kim and Nishida
2001; Nishida 2002). An Ets class transcription factor has
recently been shown to mediate this signal (Miya and
Nishida 2003). A maternally inherited transcription factor
called Macho-1 that localizes in the posterior mesoderm
serves as a “molecular switch” to determine if mesoderm re-
ceiving the FGF signal will adopt an anterior (notochord) or
posterior (mesenchyme and muscle) fate (Nishida and
Sawada 2001; Kobayashi et al. 2003). In addition to FGF
signaling, recent experiments have suggested that bone
morphogenic protein (BMP) signaling also plays an impor-
tant role in notochord induction (Darras and Nishida 2001).
One of the genes downstream of this FGF-signaling event is
the gene encoding the conserved transcription factor Brachy-
ury (Yasuo and Satoh 1994; Nakatani et al. 1996; Corbo et
al. 1997b). The synergistic activity of Brachyury together
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Fig. 1. A working model of the gene regulatory network that gives rise to the ascidian notochord. Maternal determinants are shown on
the left of the broken vertical line, while zygotically expressed genes are shown on the right, within a respective tissue type. Solid lines
and arrows represent direct or indirect interactions within the network that are supported by experimental evidence as detailed in the
text. The dotted line progressing from FoxD to BMP indicates a hypothetical regulatory interaction between FoxD and BMP as de-

scribed in the text.
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with the transcription factor FoxA2 specifies a notochord
cell and presumably activates a series of genes that are re-
quired in the differentiation of the notochord cells (Yasuo
and Satoh 1998; Di Gregorio and Levine 1999; Hotta et al.
1999, 2000; Takahashi et al. 1999; Shimauchi et al. 2001a).
It is unclear how the FoxA2 gene is regulated, but it is
known to be expressed in the endoderm, ventral cells of the
neural tube, and the notochord (Corbo et al. 1997aq;
Shimauchi et al. 1997). In addition to these key regulatory
genes, several other regulatory genes have also been impli-
cated in the formation of the ascidian notochord including a
Zic-type transcription factor (Imai et al. 2002¢; Yagi et al.
2004), a winged-helix transcription factor called FoxD, and
Notch signaling (Imai et al. 2002b). Additional details of
this model will be provided in the following discussion of
the key experiments supporting this GRN. Readers should
continue to consult Fig. 1, as details of the experiments im-
plicating the various regulatory genes are described.

The cell lineage of the notochord and
inductive events

The notochord of the ascidian tadpole larva is composed
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of exactly 40 cells in a single file “stack-of-coins™ arrange-
ment as shown in Fig. 2. The cell lineage of the ascidian
embryo, first described by Conklin (Conklin 1905) with sub-
sequent refinements by Ortolani (Ortolani 1955, 1957,
1962), was verified with modern cell lineage analysis tech-
niques by Nishida and Satoh (Nishida and Satoh 1983, 1985;
Nishida 1987). The notochord cells are derived from two
cell lineages that arise in the early embryo. The anterior 32
cells are descendents of the A4.1 blastomere pair (anterior-
vegetal blastomeres) of the 8-cell-stage embryo and are
referred to as the primary lineage. The secondary lineage,
consisting of the 8 posterior notochord cells, is derived from
the B4.1 descendents (posterior-vegetal) of the 8-cell-stage
embryo. The notochord cells are specified during early
embryogenesis and later will undergo convergent extension
movements to arrange their final axial orientation along the
anteroposterior axis (Miyamoto and Crowther 1985; Cloney
1990; Munro and Odell 2002a, 2002b). These movements
are completed at about 12 h post fertilization in the C. intest-
inalis embryo. From this point forward the notochord cells
differentiate by forming an extracellular component called
the notochordal sheath and produce numerous vacuoles that
eventually will form the lumen of the notochord (Cloney
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Fig. 2. The cell lineage of the endoderm and the primary and secondary notochord cells of ascidians. (a) Patterns of cell divisions dur-
ing ascidian embryogenesis from the 8-cell stage to the tadpole larva stage (~12 h post fertilization for C. intestinalis), indicating the
spatial relationships between notochord and endoderm (dark gray) precursors. (b) Cell lineages of the endoderm, the primary (A-
lineage, medium gray) and secondary (B-lineage, light gray) notochord cells. The pattern of cell divisions depicted here can be com-
pared with the spatial locations of the cells within the actual embryo as shown in part A. (¢) Key events in the specification of
endoderm and notochord during ascidian development. Cell-lineage nomenclature is after Conklin (1905).
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1964; Miyamoto and Crowther 1985; Crowther and Whittaker
1986; Cloney 1990).

There are three pairs of blastomeres at the 16-cell stage
that are fated to give rise to both notochord and endoderm
(A5.1, A5.2, and B5.1). At this time, transcripts of the tran-
scription factors FoxA2 in Halocynthia roretzi (von Drasche,
1884) (Shimauchi et al. 1997) and FoxD in C. savignyi (Imai
et al. 2002b) are detected in these blastomeres, but the early
embryonic expression pattern of Ciona FoxA2 gene has not
been reported. In the ascidian Molgula oculata Forbes, 1848,
expression of the FoxA gene begins around the 44- to 64-cell
stage and inhibiting the function of this gene with anti-
sense oligonucleotide treatment disrupts migration of both
endoderm and notochord cells (Olsen and Jeffery 1997). At
this time, maternally supplied B-catenin protein is probably
beginning to differentially localize to the nuclei of endo-
dermal cells, a process that appears to be complete by the
32-cell stage (Imai et al. 2000). By the 32-cell stage, the
endoderm (A6.1, A6.3, and B6.1) and notochord (A6.2,
A6.4, and B6.2) fates have separated in the A- and B-
lineages (Fig. 2). The three pairs of notochord precursors are
situated at the vegetal-marginal zone immediately flanking

BMP Signaling

the three pairs of endoderm precursors. The A-lineage noto-
chord founder cells (A7.3 and A7.7) are born at the 44-cell
stage (Darras and Nishida 2001), although in most reports
these cells are reported as appearing at the 64-cell stage.
These two pairs of the primary lineage founder cells become
fate restricted at this time and divide three more times to
form the 32 primary notochord cells. The secondary noto-
chord precursors (B8.6) do not become restricted to notochord
fate until the 110-cell stage. These B8.6 blastomeres will di-
vide two more times to form the last 8 cells (Nishida 1987).

Early experiments with partial ascidian embryos sug-
gested that the notochord formed autonomously, consistent
with the notion that ascidian cell specification was mosaic in
nature. In embryos of C. intestinalis and H. roretzi, B4.1 and
A4.1 partial embryos produced notochord cells (Crowther
and Whittaker 1986; Nishikata and Satoh 1990) Early exper-
iments with H. roretzi showed that isolated blastomeres from
110-cell embryos could autonomously differentiate into
notochord cells. We now know that both the primary lineage
and the secondary lineage of the notochord have already
been specified by the 110-cell stage, allowing for autono-
mous differentiation from this point forward. With the
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notochord cell lineage well characterized, Nishida’s labora-
tory examined notochord cell specification on a much finer
scale. When grown in a state of continuous dissociation until
the 110-cell stage, embryonic cells failed to differentiate
into notochord (Nishida 1992). This not only revealed that
inductive interactions between cells must be necessary for
ascidian notochord formation, as in the development of the
vertebrate notochord, but that the induction occurs early.
Complementing this study, Nishida’s laboratory conducted a
more refined embryo dissociation experiment in which em-
bryos were dissociated at different cleavages from egg to the
64-cell stage, and then cultured as partial embryos in normal
seawater from the 110-cell stage onward (Nakatani and
Nishida 1994). The results from this series of experiments
indicated that embryos which dissociated around the 32-cell
stage failed to produce notochord cells, but notochord cells
were produced in embryos that dissociated after this time or
when the dissociation was stopped prior to the 32-cell stage.

The preceding sets of experiments established the 32-cell
stage as a critical time in ascidian notochord induction but
did not identify which cells in the early embryo produced
notochord. Therefore, Nishida’s laboratory proceeded to
carry out a series of elegant experiments using partial ascidian
embryos (Nakatani and Nishida 1994). Partial embryos con-
sisting of presumptive A-lineage notochord cells generated
at the 8-, 16-, 64-, or 110-cell stage produced notochord
cells, while partial embryos created at the 32-cell stage did
not. At the 32-cell stage, presumptive A-line notochord pre-
cursors would not produce notochord cells unless co-
cultured with a presumptive endoderm cell or with a second
presumptive notochord cell. This indicated that a notochord
cell needs a signal from a neighboring cell to be specified. It
also explains why any partial embryo resulting from a
blastomere isolated at other than the early 32-cell stage can
signal itself and form notochord, especially because the
notochord and endoderm share a cell lineage up until this
stage (see Fig. 2). Similar experiments were performed with
partial embryos of B-lineage presumptive notochord cells.
Notochord cells could not be produced from B-lineage par-
tial embryos produced prior to the 64-cell stage, suggesting
that an induction takes place around this time in develop-
ment. Similar types of partial embryo experiments examin-
ing notochord specification, other than creating A- or B-
lineage quarter embryos, have not yet been reported in em-
bryos of C. intestinalis.

To examine which molecules might confer the notochord-
inducing signal in ascidians, factors implicated in vertebrate
embryo mesoderm induction were tested for their ability to
induce notochord fate in isolated presumptive notochord
blastomeres from H. roretzi. When applied exogenously to
isolated presumptive notochord blastomeres, low levels of
recombinant human bFGF, but not activin, successfully in-
duced notochord features in these cells (Nakatani et al.
1996). Additional experiments demonstrated that this FGF
treatment was also sufficient for activating the expression of
the notochord-specific transcription factor Brachyury less than
one cell division later at the 64-cell stage (Nakatani et al.
1996). Six FGF genes have been identified in the recently
released genome of C. intestinalis (Satou et al. 2002), an
FGF receptor has been characterized from H. roretzi (Kamei
et al. 2000; Shimauchi et al. 2001a), and experiments inhib-
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iting FGF signaling in embryos of H. roretzi (Kim and
Nishida 2001; Minokawa et al. 2001) have all implicated en-
dogenous FGF signaling in the induction of notochord cells.
The function of one of the FGF ligand genes, FGF9/16/20,
has been more thoroughly examined in C. savignyi embryos
(Imai et al. 2002a). When an antisense morpholino oligo-
nucleotide was used to perform a gene “knock-down” of the
FGF9/16/20 gene, the initial stages of notochord induction
were blocked, but notochord gene expression was observed
later in development, suggesting that perhaps additional FGF
ligands are present. The FGF9/16/20 gene is thought to be a
downstream target of the maternal B-catenin that localizes to
the nuclei of endoderm cells (Imai et al. 2002a). We should
note that these FGF signals are involved in the general pat-
terning of the mesoderm along the anteroposterior axis of
the ascidian embryo (reviewed by Nishida 2002) and the
notochord represents the anterior mesoderm in the ascidian
embryo.

Unlike the A-lineage notochord cells, the B-lineage
notochord precursor cells did not respond to induction by
exogenously applied bFGF (Nakatani et al. 1996). In the
search for additional signaling molecules, the Nishida labo-
ratory discovered that BMP is likely the second signaling
molecule (Darras and Nishida 2001). In their model, begin-
ning at the 24-cell stage, an FGF signal from the anterior
and posterior endoderm cells initiates the first phase of
notochord induction. At the 44-cell stage, BMP signaling
only from the anterior endoderm cells, and not the posterior
endoderm cells, completes the induction of the notochord
precursors. This observation may also explain why only the
combination of an anterior endoderm precursor, but not a
posterior endoderm precursor, with a B-line notochord pre-
cursor will result in specification of notochord (Kim et al.
2000). These experiments also demonstrated that inhibition
of BMP signaling, by overexpression of its antagonist
chordin, resulted in the reduced formation of both primary
and secondary notochord cells, indicating the importance of
FGF and BMP signals for the induction of both notochord
lineages.

Transcriptional activation of Brachyury, a
notochord-specific transcription factor

In ascidians, the transcription factor Brachyury is the ear-
liest expressed notochord-specific gene. The Brachyury gene
has been identified and at least partially characterized in a
number of different ascidian species including C. intestinalis
(Corbo et al. 1997b), C. savignyi (Imai et al. 2000), H. roretzi
(Yasuo and Satoh 1993), several Molgula species (Takada et
al. 2002), and several larvacean (pelagic urochordates) spe-
cies (Bassham and Postlethwait 2000; Nishino et al. 2001).
In all cases examined, Brachyury is expressed in the
notochord lineage. Within the last few years, our under-
standing of Brachyury gene regulation has dramatically im-
proved, as results from many experiments have linked
several signal transduction pathways and transcription fac-
tors to Brachyury. There are at least three different pathways
that positively regulate Brachyury expression: (1) FGF sig-
naling, (2) BMP signaling, and (3) Notch signaling. There is
also an interaction with the Snail repressor protein that me-
diates transcriptional repression (Fig. 1). In this section, we
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will summarize the relevant experiments that led us to the
GRN model we presented in Fig. 1.

We have previously mentioned that in early ascidian em-
bryos between the 24- and 44-cell stages, FGF and BMP
signaling is required to induce the formation of both primary
and secondary lineage notochord. When bFGF is exoge-
nously applied to isolated notochord precursor cells, these
cells were induced to form notochord and they activated the
expression of the Brachyury gene (Nakatani et al. 1996).
One possible FGF ligand is encoded by the FGF9/16/20
gene isolated from C. savignyi. The Ciona FGF9/16/20 gene
is a downstream target of B-catenin and when the function of
FGF9/16/20 is knocked-down by injecting early embryos
with a specific morpholino oligonucleotide, early Brachyury
expression is inhibited. However, Brachyury expression in
the notochord will begin later in development (Imai et al.
2002a). Consistent with this data, when endogenous FGF
signaling was chemically inhibited in H. roretzi embryos or
by the overexpression of a dominant-negative ras, which is a
component of the FGF signaling pathway, Brachyury was
not expressed and the notochord was not formed (Nakatani
and Nishida 1997; Kim et al. 2000). Finally, a recent study
has demonstrated that an Ets class transcription factor in
H. roretzi mediates FGF signaling in ascidian embryos. In-
terfering with the function of this transcription factor pre-
vented the expression of Brachyury and the formation of the
notochord (Miya and Nishida 2003). Similarly, when endoge-
nous BMP signaling was inhibited with overexpression of
ascidian chordin or Xenopus noggin, both BMP antagonists,
Brachyury expression and notochord formation were abro-
gated (Darras and Nishida 2001). These results clearly dem-
onstrate that Brachyury expression is dependent on both
FGF and BMP signaling pathways, as indicated in Fig. 1, al-
though it is unclear if transcription factors that mediate these
signaling events, namely Ets (for FGF) and SMADs (for
BMP), directly bind to the Brachyury cis-regulatory domain.

A third signaling pathway has been implicated in the acti-
vation of the Brachyury gene — Notch signaling. There are
several lines of evidence that support this hypothesis. An
analysis of the Brachyury cis-regulatory domain demon-
strated that several putative binding sites for the Suppressor
of Hairless (Su(H)) transcription factor, a mediator of Notch
signaling (reviewed by Artavanis-Tsakonas et al. 1995), was
required for transcriptional activation of the gene (Corbo
et al. 1997b). Subsequent experiments demonstrated that a
C. intestinalis Su(H) orthologue bound to these sites to
transcriptionally regulate the Brachyury gene (Corbo et al.
1998). So what regulates Notch signaling in notochord in-
duction? One clue comes from the analysis of the C. savi-
gnyi FoxD gene, which encodes a winged helix class
transcription factor. Like FGF9/16/20 gene, this gene is a
downstream target of B-catenin and is transiently expressed
in the early endoderm lineage (Imai et al. 2002b). Inhibition
of the function of FoxD with specific morpholinos prevented
the expression of Brachyury and the formation of the
notochord — both primary and secondary lineages. This
phenotype could be partially rescued by the co-injection of
an activated form of the C. savignyi Notch receptor, but this
would only occur in the B-lineage secondary notochord lin-
eage (Imai et al. 2002b). These results suggest that FoxD
may be regulating notochord specification through at least
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two mechanisms: (1) Notch signaling in the secondary lin-
eages and (2) some other signaling pathway in the primary
and (or) secondary lineages. Since FoxD knock-downs pre-
vent notochord formation in both lineages, some common
signaling pathway is likely to mediate this interaction. By it-
self, activated Notch rescues only the B-lineage notochord
fate; therefore, Notch and this unknown signaling pathway
may be functionally redundant in this lineage. Perhaps this
second signal could be BMP signaling (indicated with a dot-
ted line in Fig. 1), although in vertebrates, FoxD3 is a
transcriptional repressor that inhibits BMP expression (Sasai
et al. 2001).

In addition to inducing the fate of the anterior mesoderm
(notochord), FGF signaling also patterns the posterior
mesoderm (mesenchyme and muscle) in ascidian embryos
(Nishida 2002). If FGF signaling activates Brachyury ex-
pression, then how is Brachyury transcriptionally repressed
in the posterior mesoderm? The Nishida laboratory has
recently reported that a maternal mRNA encoding the tran-
scription factor Macho-1 in H. roretzi is selectively seques-
tered to the posterior embryo as development proceeds
(Nishida and Sawada 2001). Recent experiments have dem-
onstrated that Macho-1 function, which is normally only
present in the posterior mesoderm, acts as a switch to modu-
late the actions of FGF signaling in the mesoderm
(Kobayashi et al. 2003). Notochord cells do not normally in-
herit Macho-1 mRNA or protein, so they express Brachyury
in response to FGF signaling. In the posterior mesoderm,
Macho-1 activates the expression of the ascidian Snail gene
that encodes a transcriptional repressor (Kobayashi et al.
2003). Previous experiments in C. intestinalis have demon-
strated that Snail mediates transcriptional repression of the
Brachyury gene in the posterior mesoderm (Fujiwara et al.
1998). In these experiments, Snail was shown to bind to spe-
cific target sequences located in the Brachyury cis-regulatory
domain.

We have now accounted for three activating interactions
(FGF, BMP, and Notch signaling) and the single repressive
interaction (Snail) that regulate Brachyury expression (Fig. 1).
There is a fourth positively acting interaction that has been
recently defined. In both H. roretzi and the two Ciona spe-
cies, genes encoding a Zic-type zinc finger transcription fac-
tor have been shown to regulate a variety of developmental
processes, including notochord specification (Imai et al.
2002c; Wada and Saiga 2002; Yagi et al. 2004). When the
function of either gene is inhibited by morpholino injection,
notochord development is abrogated and Brachyury is not
expressed. In both Ciona species, a series of functional ex-
periments have demonstrated that ZicL is downstream of
both B-catenin and FoxD function (Imai et al. 2002¢; Yagi et
al. 2004), although it is unclear if B-catenin activates ZicL
directly or indirectly via FoxD. ZicL is first expressed at the
32-cell stage in the A-lineage notochord precursor cells
(A6.2 and A6.4, Fig. 2). It is unclear if ZicL expression in
these cells is mediated by a FoxD-regulated signaling path-
way such as Notch. It is possible that the expression of FoxD
at the 16-cell stage in A5.1 and A5.2, the cells that will give
rise to A6.2 and A6.4, is sufficient to directly activate ZicL
in A6.2 and A6.4 when the 32-cell stage is reached. We have
now accounted for all of the early interactions, depicted in
Fig. 1, that lead to Brachyury expression.
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Identification of down stream Brachyury
target genes

Experiments in Xenopus had previously demonstrated that
the function of Brachyury alone was not sufficient to pro-
mote notochord fate in animal cap assays. Only when Brac-
hyury and the FoxA orthologue Pintallavis were injected
together in animal caps did those cells transform to noto-
chord cells (O’Reilly et al. 1995). Ascidians also have a
FoxA orthologue that has been characterized from both
H. roretzi and C. intestinalis. This gene begins expression at
the 16-cell stage (Shimauchi et al. 1997) and is expressed in
tissues that include the endoderm, notochord, and ventral
neural tube (Corbo et al. 1997a; Shimauchi et al. 1997). It is
unclear how the ascidian FoxA2 gene is regulated, but an
analysis of the C. intestinalis FoxA2 cis-regulatory domain
has implicated the Snail repressor and a possible T-box pro-
tein like Ci-VegTR (which is expressed in early vegetal
blastomeres) as possible transcriptional regulators (Di
Gregorio et al. 2001). To test whether the synergistic func-
tions of Brachyury and FoxA2 were required to specify
ascidian notochord cells, a transgene was constructed that
expressed the Brachyury cDNA under the control of the
FoxA2 promoter. When this construct was electroporated
into fertilized eggs, the resulting embryos displayed a phe-
notype consistent with the ectopic production of notochord
cells (Takahashi et al. 1999). Essentially, all cells that ex-
pressed both Brachyury and FoxA2 were at least partially
converted to a notochord fate. This experiment has also been
repeated using mRNA injections of both transcription factors
and the same results were obtained (Yasuo and Satoh 1998;
Shimauchi et al. 2001a).

Because great quantities of transgenic embryos may be
obtained via electroporation (Corbo et al. 1997b; Di
Gregorio and Levine 2002; Zeller 2004; Zeller et al. 2004),
large numbers of transgenic embryos ectopically expressing
Brachyury were generated and used in a subtractive hybrid-
ization screen to identify potential downstream targets of
Brachyury (Takahashi et al. 1999). Nearly 40 genes were
identified that were predominately expressed in the noto-
chord and subsequent experiments characterized the tempo-
ral and spatial expression patterns of these genes (Hotta et
al. 1999, 2000). As might be expected, these genes are ex-
pressed after Brachyury begins to be expressed in the noto-
chord founder cells of the early embryo. Some of the target
genes initiate expression about a cleavage after Brachyury,
while others initiate expression much later in development.
These varied temporal expression patterns suggest that some
genes may be direct targets of Brachyury function, while
others may be indirect targets. As expected, many of these
genes encode the types of molecules that would be expected
to be produced in the differentiated notochord.

Validating the ascidian notochord GRN

The summary of experimental data in the previous section
supports the GRN model that we have presented in this re-
view. The goal in designing this model is to determine the
overall regulatory architecture of the network, without nec-
essarily knowing all of the minute details. In the case of the
ascidian notochord GRN, we now have a reasonable view of
the overall regulatory architecture. However, further experi-

81

mentation is required to validate this model and expand it to
encompass additional regulatory factors and downstream tar-
gets as these molecules are identified. The GRN provides a
framework for designing experiments that can determine the
functional relationships between the molecules portrayed in
the network, as well as in identifying additional molecules
that play important roles in the development of the noto-
chord in chordates.

In the last few years, advances in gene regulatory experi-
mentation in ascidians have reached a point where GRN
models may now be rigorously tested. To test GRNs, the
functions of key regulatory molecules must be modulated
both positively and negatively, and the results of these ma-
nipulations monitored by observing the resulting embryonic
phenotypes as well as by identifying changes in the expres-
sion of downstream genes. With the completion of both
C. intestinalis and C. savignyi genomes, microarrays have
begun to be used to assay global gene expression during
ascidian embryogenesis (Azumi et al. 2003; Ishibashi et al.
2003). Once readily available, microarrays may be used to
examine the expression of target genes in embryos in which
the GRNs have been experimentally manipulated. It will be
necessary to manipulate GRNs at different times and in dif-
ferent cell types during embryonic development, necessitat-
ing the use of appropriate methods for misexpressing genes.
In addition to misexpressing genes with wild-type functions,
it will be necessary to express genes that have been mutated
to have positively or negatively acting functions. For exam-
ple, the DNA-binding domain of a transcription factor may
be fused to either an activation or a repression domain to al-
ter the function of the protein. Similar types of modifications
and (or) truncations may be made to receptors to alter their
functions as well. These types of approaches, first developed
in other systems and used extensively in embryos such as the
sea urchin embryo (Davidson et al. 2002a, 2002b; Oliveri et
al. 2002; Rast et al. 2002), have now begun to be employed
in ascidians. The next key step in the analysis of ascidian
GRNs will be to combine these genetic manipulations with
microarray analysis to examine changes in the global pat-
terns of gene expression during embryonic development.

Two strategies are currently used in ascidians to mis- or
over-express genes: mRNA injections and transgene-based
expression. Microinjection in ascidians is relatively simple
to perform, although the throughput is quite small compared
with producing transgenic embryos with electroporation.
One of the advantages of mRNA injection is that there is
very little lag time for producing protein off of the mRNA
template; protein is likely produced prior to first cleavage
and may be produced in all blastomeres that inherit the in-
jected mRNA. This is an important consideration when try-
ing to manipulate GRN function in early development.
Although transgenes have been used to ectopically express
genes in ascidian embryos, those genes are expressed with
the temporal, spatial, and quantitative regulation provided by
the cis-regulatory DNA used to create the transgene. The
earliest reported zygotic transcription occurs at the 16-cell
stage in ascidians (Shimauchi et al. 1997; (Imai et al.
2002b), and transgene-based expression will not be suitable
for early GRN manipulations unless cis-regulatory DNAs
are identified that confer earlier zygotic expression. A draw-
back of mRNA injections is that the injected mRNAs are di-
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luted during embryogenesis as blastomeres divide, mRNAs
are degraded during this time, and there is no spatial control.
For manipulating later aspects of GRN function, transgene-
based methods are ideal. Large numbers of transgenic em-
bryos may be produced via electroporation (Di Gregorio and
Levine 2002; Zeller 2004) and a variety of cis-regulatory
DNAs have been identified that will confer temporally and
spatially restricted patterns of expression on targeted genes
(e.g., Harafuji et al. 2002).

To complement ectopic expression experiments, targeted
gene knock-down using morpholino antisense oligonucleo-
tides have proven to function well in ascidians (Satou et al.
2001a). Morpholinos, designed against specific mRNAs, are
microinjected into fertilized eggs where they effectively pre-
vent the translation of the targeted mRNA. Although de-
signed to be resistant to degradation, morpholinos tend to
lose effectiveness as development proceeds. Because ascidian
embryogenesis is rapid, this potential problem is minimized.
As with mRNA injections, injections of morpholinos provide
no means to control the spatial or temporal distribution of
the knock-down effect. Morpholinos should prove effective
at preventing the translation of maternal as well as zygoti-
cally transcribed genes. To date, morpholinos have been used
to knock-down the functions of the following genes relevant
to the development of the ascidian notochord: Brachyury
(Yamada et al. 2003), FoxD (Sasai et al. 2001), HrZicN
(Wada and Saiga 2002), FGF9/16/20 (Imai et al. 2002a),
Macho-1 (Nishida and Sawada 2001; Kobayashi et al. 2003),
HrEts (Miya and Nishida 2003), and CsZicL (Imai et al.
2002c). Although RNA interference (RNAi) techniques have
been successfully employed to knock-down gene function in
other invertebrate embryonic systems such as Drosophila
melanogaster Meigen, 1830 and Caenorhabditis elegans
(Maupas, 1900) Dougherty, 1955, (e.g., Bargmann 2001;
Schmid et al. 2002), there have been no published reports of
this technique being successfully used in ascidian embryos.

Manipulations of Brachyury expression during ascidian
embryogenesis have been accomplished by both ectopic ex-
pression, using both mRNA injections (Yasuo and Satoh 1998;
Shimauchi et al. 2001a) and transgene expression (Takahashi
et al. 1999), as well as by gene knock-down approaches us-
ing morpholinos (Yamada et al. 2003). Results from these
experiments are consistent with Brachyury acting as a
transcriptional activator on the downstream notochord target
genes; however, these experiments do not address if these
are direct or indirect targets. The Brachyury target genes ini-
tiate expression at several different times during develop-
ment, suggesting that there are both direct and indirect
targets (Hotta et al. 1999, 2000). Some initiate expression
one cleavage after the Brachyury gene begins to be expressed,
indicating that these may be direct transcriptional targets,
while others initiate expression much later in embryo-
genesis, which is consistent with the idea that they may rep-
resent indirect targets. Experiments on a single Brachyury
target gene, tropomyosin-like, have identified putative
Brachyury-binding sites in the cis-regulatory domain and
have demonstrated that these sites are required for proper
gene expression (Di Gregorio and Levine 1999). Similar
types of experiments should be conducted on the remaining
sets of notochord genes, although this will require a signifi-
cant labor investment.
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Given that the genomes of the related Ciona species are
now available, comparative genomics and bioinformatics ap-
proaches promise to expedite the analysis of the Brachyury
target genes and should prove invaluable for the analysis of
genes in other ascidian GRNs. Reports from a number of
different laboratories, using a variety of bilaterian embryo
models, have demonstrated that comparative genomics meth-
ods are useful for identifying potential cis-regulatory mod-
ules from genomic sequences (e.g., Blanchette et al. 2002;
Blanchette and Tompa 2002; Halfon et al. 2002). Although
several different methods have been reported, they all essen-
tially identify what are called “phylogenetic footprints” —
sequence regions that have been constrained during evolu-
tion. The coding regions of a pair of homologous genes
would be expected to be present within a phylogenetic foot-
print analysis, since the exons encode similar proteins like
the Brachyury gene from C. intestinalis and C. savignyi. An
interesting observation from these types of analyses is that
there are often extensive regions of non-coding sequence
that are also present within phylogenetic footprints. It is
these non-coding regions that are often found to identify im-
portant cis-regulatory DNAs, when tested using appropriate
experimental procedures.

Our laboratory has used phylogenetic footprinting tech-
niques with the two Ciona genome sequences to identify pu-
tative cis-regulatory domains for a variety of ascidian genes.
We have found that these computational methods are useful
for identifying where to design primers to amplify by poly-
merase chain reaction the 5-cis-regulatory domains directly
from genomic sequence. When assembled into a transgene
to drive green fluorescent protein (GFP) expression, these
cis-regulatory regions quite often express GFP with the ex-
pected temporal and spatial patterns. We have successfully
designed a number of transgenes in this manner, including
genes that are expressed in the central nervous system, epi-
dermis, muscle, and endoderm of the ascidian embryo.

A phylogenetic footprint analysis of a 5-kb region of the
Brachyury gene, using the VISTA web-based service (Mayor
et al. 2000; Loots et al. 2002), is displayed in Fig. 3A. Peaks
indicate the positions of conserved sequences, dark gray
peaks denote exons, and light gray peaks denote non-coding
regions. The “full length” cis-regulatory region from the
Brachyury gene, as originally reported (Corbo et al. 1997b),
extends about 3.5 kb upstream of the start of transcription
(left-most dark gray peak in Fig. 3). From the first draft of
the C. intestinalis genome, we have determined that about
1.2 kb of this region actually extends into an additional gene
near the Brachyury gene and has been removed from the
analysis shown in Fig. 3A. The set of light gray peaks im-
mediately adjacent to the first exon detected by the VISTA
analysis roughly corresponds to the 434-bp minimal Brachy-
ury enhancer, and the inclusion of the second set of light
gray peaks corresponds to the 790-bp enhancer, both of which
have been extensively tested experimentally (Corbo et al.
1997b). Phylogenetic footprinting thus promises to expedite
the identification of cis-regulatory DNAs and should prove
useful in the analysis of developmental gene regulation.

Phylogenetic footprinting techniques will probably be
most useful for identifying cis-regulatory DNAs on the level
of a regulatory module. To computationally identify actual
transcription factor binding sites, additional bioinformatics
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Fig. 3. Computational analyses can predict molecular interactions within ascidian gene regulatory networks. (A) VISTA analysis
(Mayor et al. 2000) comparing the Brachyury genes from Ciona intestinalis and Ciona savignyi. Exons are shaded dark gray and
highly conserved non-coding regions (putative regulatory modules) are shaded light gray. Transcription factor binding sites within these
light gray peaks were predicted with MatInspector (Quandt et al. 1995), and are indicated as SMAD, Ets, Su(H), or Brach.

(B) Brachyury::lacZ transgene expression in normal C. intestinalis embryos. Fertilized egg embryos were electroporated with a
CiBra::LacZ reporter construct and stained for LacZ expression, which is only present in the notochord. (C) The Brachyury::lacZ
transgene is misexpressed in embryos expressing ectopic Brachyury. Fertilized eggs were co-electroporated with CiFoxAZ2::Brachyury
and the C-Bra::LacZ reporter construct. Ectopic expression of Brachyury activates ectopic expression of the CiBra::LacZ transgene
consistent with the hypothesis that Brachyury may positively autoregulate its expression.
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approaches are becoming available, but there are a number
of hurdles that must be overcome before these methods will
become more generally useful. Transcription factors tend to
bind to short degenerate sequences, so simple sequence
searches are not always useful for identifying biologically
meaningful regulatory sites. Additionally, only a small num-
ber of the transcription factors encoded in animal genomes
have characterized binding sites, most sites are of unknown
composition. Other computational approaches, beyond the
scope of this review, are currently being developed to iden-
tify over-represented motifs that may prove useful for identi-
fying the binding sites of uncharacterized transcription
factors (e.g., Guhathakurta et al. 2002a, 2002b; Stormo and
Tan 2002; Wang and Stormo 2003).

Despite these drawbacks, potentially useful gene regula-
tory predictions may be obtained by combining phylogenetic
footprint analysis with the search for characterized transcrip-
tion factor binding sites (e.g., Wang and Stormo 2003). Since
the DNA-binding domains of homologous transcription fac-
tor proteins are conserved, these proteins are liable to bind
to similar DNA target sequences. This has been demon-
strated extensively with the Brachyury proteins of many dif-
ferent animals in both ascidians (Satoh et al. 2000) and
vertebrates (Marcellini et al. 2003). Since the Brachyury-
binding site has been well characterized (Kispert and Herrmann
1993), we performed a search for putative Brachyury-
binding sites, using the Transfac database (Quandt et al.
1995; Wingender et al. 1996), within the phylogenetically
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footprinted regions of the Brachyury gene. As shown in
Fig. 3A, our analysis detected the presence of putative
Brachyury-binding sites within the 434 minimal enhancer
element, suggesting that the Brachyury gene may regulate its
own expression. In an initial analysis of this hypothesis, we
electroporated C. intestinalis embryos with either the
Brachyury::lacZ reporter gene alone or together with the
FoxA2::Brachyury transgene that drives expression of
Brachyury in embryonic cells that normally express FoxAZ2.
As shown in Fig. 3B, the Brachyury::lacZ reporter gene is
correctly expressed only in the notochord cells, while ectopic
expression of this reporter gene is evident in embryos
ectopically expressing Brachyury (Fig. 3C), suggesting that
Brachyury may regulate its own expression.

Using a similar computational approach, we have
searched the Brachyury cis-regulatory domain for the pres-
ence of binding sites for Suppressor of Hairless (Su(H)), Ets,
and SMAD proteins that are downstream effectors of the
Notch, FGF, and BMP signal transduction pathways. The
Su(H)-binding sites identified in this computational analysis
are the same Su(H) sites that have been experimentally dem-
onstrated to regulate Brachyury expression in ascidian em-
bryos (Corbo et al. 1997b). As described earlier, both FGF
and BMP signaling regulate notochord specification in early
ascidian embryos (Nakatani et al. 1996; Darras and Nishida
2001). Recently, the Ets protein has been shown to mediate
the FGF-inducing signal in ascidians (Miya and Nishida
2003). The computational analysis has also identified puta-
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tive binding sites for factors that mediate the three signal
transduction pathways involved in notochord specification,
although it is not known if these sites functionally regulate
Brachyury gene expression (R.W. Zeller, unpublished obser-
vations). Thus, phylogenetic footprinting, coupled with
searching for characterized transcription factor binding sites,
should prove to be a powerful tool for deciphering gene reg-
ulation during development.

Comparing notochord gene expression
between ascidians and other deuterostome
embryos

The analysis of developmental GRNs in ascidians will
provide an important data set that may be used to understand
how gene regulation has changed during evolution. As an
example, we will discuss the evolution of the notochord
within the deuterostomes. The animals within the deutero-
stomes are either chordates (like ascidians, amphioxus, and
vertebrates) or non-chordates (like the sister-groups of
echinoderms and hemichordates). Neither echinoderms, like
the sea urchin, nor hemichordates have a notochord, but both
sea urchin and hemichordate embryos express Brachyury in
endodermal tissues (Tagawa et al. 1998; Peterson et al.
1999a, 1999b). In these organisms, Brachyury functions
control cell movements during gastrulation and endoderm
development, which is believed to be the ancestral role of
Brachyury function (Rast et al. 2002). In chordates, Brachyury
regulation of notochord genes is believed to be a co-opted
function. Therefore, in chordates, Brachyury would likely
regulate multiple sets of targets: one group of genes that reg-
ulate cell movement during gastrulation and another of
genes that make the notochord (Rast et al. 2002). A screen
to identify sea urchin embryo Brachyury target genes has
also been performed, but there is little overlap between these
genes and the Brachyury targets identified in the Ciona
screen (Rast et al. 2002). In the sea urchin screen, many of
the Brachyury targets encode genes that are involved in cell
movement or in the differentiation of the endoderm, while
the Ciona screen primarily identified genes involved with
notochord differentiation. These results support the hypothe-
sis that Brachyury function was co-opted in chordates to
make the notochord and suggest that the Ciona screen may
have missed Brachyury targets that regulate cell movements.
Future experiments could address this issue by characteriz-
ing putative Brachyury target genes that regulate cell move-
ments.

Within the chordates, in addition to the ascidian embryo,
there exists extensive research detailing the development of
the notochord in amphioxus (e.g., Holland et al. 1995;
Shimeld 1997), as well as in representative vertebrates such
as Xenopus, zebrafish, chickens, and mice. The expression
patterns and functions of signal transduction pathway genes,
such as BMP, FGF, and Wnt (e.g., Isaacs 1997; Casey et al.
1998; Dickmeis et al. 2001; Yasuo and Lemaire 2001; Faure
et al. 2002), as well as several transcription factors, includ-
ing Brachyury (Wilkinson et al. 1990; Smith et al. 1991;
Kispert et al. 1994; Schulte-Merker et al. 1994), FoxA2
(Ruiz i Altaba and Jessell 1992; Ang et al. 1993; Kaestner et
al. 1993; Strahle et al. 1993; Ang and Rossant 1994), and
Xnot or floating head (von Dassow et al. 1993; Stein and
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Kessel 1995; Talbot et al. 1995; Gont et al. 1996; Stein et al.
1996), that are involved in notochord development are well
described in many vertebrate species. Significant research
has also focused on the regulation of key notochord genes
such as Brachyury (e.g., Schulte-Merker et al. 1994; Griffin
et al. 1995; O’Reilly et al. 1995; Schulte-Merker and Smith
1995; Clements et al. 1996; Casey et al. 1998) and mutant
screens in zebrafish have identified numerous alleles that ef-
fect notochord development (Odenthal et al. 1996; Stemple
et al. 1996), although the molecular identity of many of
these genes remains unknown. In vertebrates, the notochord
arises from the chordamesoderm of the Organizer, a special-
ized group of cells that defines the dorsal-most region of the
embryo (recently reviewed by De Robertis et al. 2000). The
Organizer forms in response to several different signaling
pathways, including -catenin, Wnt, and TGFJ family mem-
bers. Brachyury is expressed in the prospective mesoderm of
the early vertebrate embryo and is involved in the develop-
ment of the notochord as well as in regulating cell move-
ments during gastrulation (reviewed by Herrmann and Kispert
1994; Smith 1997, 1999; Papaioannou and Silver 1998;
Technau 2001).

Ascidians are not known to possess a vertebrate Orga-
nizer, so early specification events regulating the expression
of Brachyury may not be completely conserved between as-
cidians and vertebrates. Although there are a number of Or-
ganizer genes that are present in the ascidian genome, few
have been characterized. One of the genes that has been
characterized is the chordin gene from H. roretzi. It is ex-
pressed in the primary lineage notochord cells at the 64-cell
stage and overexpression of this gene, or the Xenopus nog-
gin gene, early in embryogenesis disrupts notochord forma-
tion in ascidians (Darras and Nishida 2001). Despite the fact
that ascidians do not have an Organizer, many of the signal-
ing pathways that are required for Organizer function in ver-
tebrates, as mentioned above, may also be required for
Brachyury expression in ascidians. Interestingly, Brachyury
indirectly autoregulates its own expression in Xenopus em-
bryos by activating the expression of embryonic FGF (Casey
et al. 1998). Recall that our computational analysis and pre-
liminary experiment suggests that Ciona Brachyury also reg-
ulates its own expression (Fig. 3). The computational analysis
suggests that this interaction is direct, but we cannot rule out
indirect regulation via FGF signaling, as in Xenopus. Future
experiments should address these questions.

Brachyury function in ascidians and vertebrates is likely
to be conserved, although at the present time there is limited
molecular evidence to support this hypothesis. The large-
scale mutant zebrafish embryo screens identified a number
of loci that are involved in the specification, formation, and
maintenance of the notochord (Odenthal et al. 1996; Stemple
et al. 1996). Unfortunately, the identities of the genes corre-
sponding to most of these mutants are unknown. Some ver-
tebrate Brachyury targets, such as eFGF and the Bix
transcription factors, identified from screens in Xenopus em-
bryos (Tada et al. 1997; Casey et al. 1998; Tada and Smith
2001) have not been analyzed in ascidians. Clearly, the screens
in zebrafish, Xenopus, and ascidians have failed to identify
all of the loci regulating notochord development. We know
the identities of most of the characterized Brachyury target
genes from ascidians. Perhaps the identities of some of the
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remaining zebrafish mutants correspond to some of the
Ciona Brachyury targets, although we are unsure if this
analysis has been reported.

Some genes implicated in the development of the verte-
brate notochord have not been examined in ascidian em-
bryos. It is likely that some of these genes will not have
ascidian orthologues and will represent vertebrate novelties.
For example, the zebrafish one-eyed pinhead (oep) gene is
required for pre-chordal plate and endoderm formation and
is also expressed in the notochord (Zhang et al. 1998;
Feldman and Stemple 2001; Griffin and Kimelman 2003),
but there is no oep orthologue present in the current release
of the C. intestinalis genome (R.W. Zeller, unpublished ob-
servations). In other cases, ascidians will have orthologues
to vertebrate genes required for notochord development. For
example, the Xenopus Xnot gene (floating head in zebrafish)
encodes a homeodomain transcription factor that is required
for early notochord specification (von Dassow et al. 1993;
Talbot et al. 1995; Gont et al. 1996). This gene has been iso-
lated and characterized in sea urchins (Peterson et al. 19995b)
and is present in the ascidian genome, but it has not been
characterized (R.W. Zeller, unpublished results). As more
notochord genes are identified in vertebrates, their ascidian
orthologues should be characterized as well, to develop a
more complete model of the notochord GRN operating in
the ascidian embryo.

The Brachyury gene is central to notochord formation in
chordates, although it is also expressed in non-chordate
deuterostome and protostome embryos. Because ascidians
are situated at the base of the chordate tree, they are ideally
suited for comparisons among “higher” chordates (vertebrates),
as well as non-chordate deuterostomes. To understand how
gene regulatory mechanisms have evolved over time, we
must be able to identify the large sets of genes that function
together in a developmental process and then construct and
test a GRN model. The large-scale efforts to understand
gene regulation in the sea urchin embryo (Davidson et al.
2002a, 2002b; Oliveri et al. 2002; Rast et al. 2002) will pro-
vide us with a detailed example of developmental mecha-
nisms in a non-chordate deuterostome. Ascidians are now
poised to exploit the recent advances in large-scale gene reg-
ulatory analysis to provide us with a detailed understanding
of developmental gene regulation in a basal chordate.
Compared to vertebrates, gene regulatory analysis in ascid-
ians is relatively straightforward. By assembling the basic
framework of important developmental GRNs in ascidians,
we may be able to provide researchers with a “blueprint”
with which to model vertebrate GRNs. Comparisons of the
developmental mechanisms between ascidians and sea ur-
chins may shed light on the evolution of chordates from a
deuterostome ancestor. Similarly, comparisons between
ascidian and vertebrates will provide clues to the evolution
of vertebrates from a common chordate ancestor.

Summary

Ascidians are ideally suited for gene regulatory analysis.
Development is rapid, producing a 2500-cell tadpole larva
composed of few tissue types. The availability of sequenced
genomes from two closely related species will accelerate re-
search efforts as computational genomics methods are im-
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proved. The ability to easily create transgenic embryos, as
well as the ability to modulate the expression of genes, are
all key requirements for analyzing gene regulation on a
global scale. Ascidian researchers are now poised to exploit
this embryo for defining and testing developmental GRNs
that may provide “blueprints” for examining gene regulation
in vertebrate embryos. Because ascidians are basal chor-
dates, comparisons between developmental gene regulatory
mechanisms in ascidians, vertebrates, and non-chordate
deuterostomes will provide us with the data required to in-
vestigate not only how chordates evolved, but how verte-
brates evolved from a basal chordate ancestor. This new era
of gene regulatory experimentation in ascidian embryos
promises to unify the efforts of the disciplines of evolution,
development, genomics, and genetics towards understanding
and deciphering the gene regulatory code.
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