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Review

Gene regulatory systems that control gene expression
in the Ciona embryo

By Yutaka SATOU**>! and Kaoru S. IMAT*
(Communicated by Shigekazu NAGATA, M.J.A.)

Abstract: Transcriptional control of gene expression is one of the most important regulatory
systems in animal development. Specific gene expression is basically determined by combinatorial
regulation mediated by multiple sequence-specific transcription factors. The decoding of animal
genomes has provided an opportunity for us to systematically examine gene regulatory networks
consisting of successive layers of control of gene expression. It remains to be determined to what
extent combinatorial regulation encoded in gene regulatory networks can explain spatial and
temporal gene-expression patterns. The ascidian Ciona intestinalis is one of the animals in which the
gene regulatory network has been most extensively studied. In this species, most specific gene
expression patterns in the embryo can be explained by combinations of upstream regulatory genes
encoding transcription factors and signaling molecules. Systematic scrutiny of gene expression
patterns and regulatory interactions at the cellular resolution have revealed incomplete parts of
the network elucidated so far, and have identified novel regulatory genes and novel regulatory
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mechanisms.

Keywords:

Introduction

Transcriptional control of gene expression is one
of the most important regulatory systems involved in
animal development. Through combinatorial regula-
tion mediated by multiple sequence-specific tran-
scription factors, different cell types express different
sets of genes.)? Each of transcription factors
positively or negatively regulates transcription of its
target genes, and there are transcription factors
whose activity is modulated by cell—cell interactions.
The specific set of transcription factors at a given
developmental time point is activated by the specific
set of transcription factors active at the preceding
time point. Thus, transcriptional regulation consti-
tutes a network. Can such gene regulatory networks
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causally explain the expression of every gene? Over
the past two decades, the genomes of many animals
have been decoded; therefore, we now have the
opportunity to address this question on a genome-
wide scale.

The genome of every cell is duplicated when it
divides into two daughter cells, and one of the
duplicated copies is inherited by each of the two
daughter cells. Because networks are encoded in
genomes, networks are also duplicated at the time
of cell division. These networks interact with one
another through cell—cell interactions. Thus, signal-
ing molecules mediating cell—cell interactions are
essential components of networks, and the spatial
organization of cells within the embryo, which
constrains cell—cell interactions, is important for
our understanding of the developmental program in
animal embryos.

In this review, we will discuss the gene regu-
latory network in an ascidian, Ciona intestinalis.®)*)
The number of embryonic cells in this animal is small:
gastrulation begins at the 112-cell stage, and a larva
consists of only 2,600 cells;”% almost all cells can
be identified under microscopes. Therefore, in this
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species it is relatively easy to understand how cell—
cell interactions occur, and to trace gene expression
temporally and spatially.

Cliona intestinalis is a basal chordate and a close
relative of vertebrates,”® and the Ciona larva
exhibits a typical chordate body plan. Forty noto-
chord cells are aligned linearly along the anterior-
posterior axis of the tail. The notochord is flanked
dorsally by a nerve cord, ventrally by an endodermal
strand, and laterally by muscle cells. The dorsal nerve
cord is connected to the brain, which is located in the
dorsal region of the trunk. Mesenchymal and endo-
dermal cells are also differentiated in the trunk region.
Thus, the developmental mechanism of the chordate
body plan can be dissected in this simple embryo.

The draft genome sequence of this animal was
determined in 2002.” The genome size is approx-
imately 160 mega-bases, and contains around 16,000
protein coding genes. After a major update,'?') 68%
of the genome sequences are now associated with
specific chromosomes. The genome size and gene
number are similar to those of non-chordate species,
including protostomes, but much smaller than those
of vertebrates. Therefore, the Ciona embryo provides
an opportunity for analyzing the developmental
program for the common chordate body plan in an
organism with a smaller number of genes and a
compact genome.

In the current assembly of the Ciona genome,
341 transcription factor genes of well-known classes,
including bHLH, bZIP, homeobox, nuclear receptor,
T-box, Ets, HMG, and =zinc fingers that are
annotated as transcription factors, and additional
297 zinc-finger genes that might encode transcription
factors, have been comprehensively listed up'?~19)
(http://ghost.zool.kyoto-u.ac.jp/TF_KH.html). Ex-
pression patterns up to the tailbud stage have been
described for over 85% of these genes.?”) Because
c¢DNA clones for the remaining 15% genes were not
obtained in our extensive EST collection spanning
the egg through larval stages,?!) these genes are likely
to be expressed at low levels during embryonic
development. Gene-expression patterns for ligands
and receptors of signaling pathways of FGF, Ephrin,
TGFB/BMP, Wnt, and Notch have also been
examined comprehensively.??)

On the basis of their expression patterns, the
functional interactions among these regulatory genes
have been comprehensively and systematically ana-
lyzed in Ciona in a manner independent of particular
hypotheses that could be drawn from preceding
studies.??2Y)  Therefore, this network provides a

[Vol. 91,

unique opportunity to systematically test to what
extent combinatorial regulation explains differential
expression. This test may uncover incomplete parts
of the network that has been elucidated so far,
and may provide implications for mechanisms that
cannot be explained by simple combinatorial regu-
lation, including chromatin modification and micro
RNAs. At the time of this writing, the elucidated
network contains 394 edges (regulatory interactions),
which interlink 113 nodes (genes) (http://ghost.zool.
kyoto-u.ac.jp/201406html/). In the subsequent sec-
tions, we describe how the gene regulatory networks
explain the dynamic changes in gene-expression
patterns in the Ciona embryo. At the same time,
we discuss the degree to which the network that has
been elucidated explains the process of specification,
which establishes specific gene-expression patterns,
and highlight examples in which new regulatory
mechanisms and new regulatory genes were identified
through scrutiny of the elucidated gene regulatory
network.

In the following sections, genes will be named
according to the recent guideline for the nomencla-
ture of tunicate genes.?”) For the first time each gene
is mentioned, its original name will be given in
brackets. For genes whose new names are very
different, we will show their original names as
synonyms?”) together with their new names.

Maternal factors controlling initial states
of the network

The Ciona embryo was historically regarded as a
mosaic embryo,?9?") in which different blastomeres
that inherit different localized maternal materials
assume different developmental fates. Although this
is not necessarily true, there exist at least three
important maternal transcription factors and co-
factors that play critical roles in fate determination:
f-catenin,?®?) Gata.a?)?!) (a possible ortholog of
vertebrate GATA4, GATAS5, and GATAG; the
original name was Gata-a), and the Zic-like protein
Macho-1/Zic-r.a (Macho-1 is the original name and
Zic-r.a is the new name).’?33) The activities of (-
catenin and Gata.a are restricted to the vegetal and
animal halves of the early embryo, respectively,
and Macho-1/Zic-r.a mRNA is localized at the
posterior pole of the embryo. Consistently, (-
catenin is required for specification of cells in the
vegetal hemisphere, whereas Gata.a is required for
specification of ectodermal tissues derived from the
animal hemisphere. Macho-1/Zic-r.a is required for
formation of muscle and mesenchyme that are
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Fig. 1.

Four maternal factors pre-patterns an embryo. (A) Localized activity of GATA-a (magenta), S-catenin (yellow), Macho-1/Zic-

r.a (blue), and Pem-1 (black). Regions filled with mixed colors have mixed activities of multiple factors. (B) Schematic
representations of the 16-cell embryo. Localized activities of the four maternal factors are indicated according to the same color code
used in (A). Each cell pair of the bilaterally symmetrical embryo is designated by a unique name, indicated on the left of the
illustrations. (C) Expression patterns of genes (z-axis) that are zygotically activated at the 16-cell stage in individual cells (y-axis).
Because the expression profiles are based on comprehensive assays, we do not expect that additional regulatory genes activated from
zygotic genomes at this stage will be discovered. The right-most gene is not a regulatory gene and represented by a KH-gene model
identifier,") because there are no regulatory genes that show this ninth expression pattern. Red squares indicate expression, and each

of nine expression patterns are enclosed by thick lines.

derived from the vegetal—posterior region. Thus, as
shown in Fig. 1A and B, combinations of these three
factors define three distinct regions in early embryos:
the animal, vegetal-anterior, and vegetal-posterior
regions. In addition, Pem-1 mRNA colocalizes with
Macho-1/Zic-r.a mRNA at the posterior pole.??)
Pem-1 protein represses transcription in the posteri-
or—most cells (germ line cells) and also contributes to
the initial setup of the gene network.?%)-30)

These maternal factors initiate the zygotic
developmental program. The first clear zygotic gene
expression begins at the 16-cell stage, although
some genes that start to be expressed at the 16-cell
stage are also expressed faintly at the 8-cell stage.
Seventeen regulatory genes that begin to be ex-
pressed at the 8- and 16-cell stages??)23):30)37)~40)
exhibit eight different expression patterns (Fig. 1C).

Do the combinatorial activities of the above
four maternal factors explain these eight expression

patterns? Foxd, which is expressed in the vegetal
hemisphere except the posterior-most cells, is a direct
target of SB-catenin;**) Fog, which is expressed in
the animal hemisphere, is a direct target of Gata.a;*")
Tbz6-r.b (formerly called Thxz6b), which is expressed
in the posterior vegetal cells (except the posterior-
most), is a putative direct target of Macho-1/Zic-

a.*?) Because most genes have multiple enhancers,
two or more enhancers might promote expression of
other genes in a more complex pattern. Soxbl is
expressed in the animal hemisphere and the vegetal-
anterior blastomeres; Gata.a might activate the
expression of Soxb! in the animal hemisphere, and
combinatorial activity of (-catenin and Macho-1/
Zic-r.a might repress the expression of Sozb! in the
vegetal-posterior blastomeres, although this possibil-
ity has not yet been experimentally tested. On the
other hand, Foza.a (formerly called FozA-a) is
expressed in the animal-anterior, vegetal-anterior
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and vegetal-posterior blastomeres. This expression
pattern cannot be explained by any combination of
activity of the above maternal factors, suggesting
the existence of unknown maternal regulatory genes
or unidentified novel regulatory interactions among
the four aforementioned regulatory factors. Indeed, a
previous study suggested that [-catenin suppresses
Gata.a activity in the vegetal hemisphere,®") but it is
not yet understood how this suppression occurs.

A microarray assay that determined gene-
expression profiles in individual cells of the 16-cell
embryo revealed one additional gene-expression
pattern.”” Because these are among the first zygoti-
cally activated genes, maternal factors must be
responsible for their expression. To understand how
maternal factors in ascidian eggs establish the initial
state of the gene regulatory network, we need to
understand how the four main maternal factors
(along with other currently unknown factors, if
any) induce these nine distinct patterns of gene
expression.

Specification of ectodermal fates in the animal
hemisphere of early embryos

Once the pre-pattern for the zygotic program is
established by maternal factors by the 16-cell stage,
the gene regulatory network encoded in the zygotic
genome begins to specify cell fates. At the 32-cell
stage, two cell pairs in the animal hemisphere (the
a6.5 and b6.5 cell pairs) are destined to neural
fates and start to express Otz under the control of
Gata.a.??304) Otz is not activated at the 16-cell
stage, because an additional activator is required for
its expression: the secreted signaling molecule Fgf9/
16/20, the sole ortholog of vertebrate FGF9, FGF16
and FGF20, which is expressed in the vegetal
hemisphere from the 16-cell stage.??*) Although
this signal potentially activates Otz expression in all
animal-hemisphere cells, 47 and the areas of cell
surface contact with FGF-expressing cells are corre-
lated with Otz expression,*®) suppression by Efna.d
(Ephrin-A.d; formerly called EphrinA-d) restricts
Otz expression in the neural cells. Efna.d is expressed
in all cells in the animal hemisphere.??) Because this
signaling molecule is anchored to the cell membrane,
its signal is transmitted only to neighboring cells. As
a result, inner cells, which are surrounded entirely by
other animal cells, are expected to receive stronger
signal than outer cells, which are surrounded by a
mixture of animal cells and vegetal cells (Fig. 2A).
Indeed, among the cells in the animal hemisphere,
two pairs of outer cells that express Otz have the
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smallest contact surfaces with FEfna.d—expressing
cells,'” which was calculated with a 3D-virtual
embryo.*®) This Ephrin signaling antagonizes trans-
duction of FGF signaling through p120RasGAP,*)
resulting in the outer cells that express Otz.

A systematic and comprehensive approach also
revealed the involvement of Gdfl/3-r (Gdfl.3-
related; formerly called Gdfl/3-like) and Admp
signaling in specific expression of Otz.*”) These two
factors downregulate the expression of Otz by direct
binding of their effector transcription factor Smad
(Fig. 2B). Without this signaling activity, Otz is
occasionally expressed ectopically in presumptive
epidermal cells. The antagonistic action of Efna.d
cannot completely suppress the activity of Fgf9/16/
20, probably because this process is intrinsically
stochastic. Therefore, fluctuations in the overall
activity of Fgf9/16/20 and Efna.d signaling could
result in occasional ectopic expression of Otz.
However, direct repression through the Otz enhancer
by Gdfl/3-r and Admp signaling blocks occasional
weak activating signals. Because knockdown of
either Gdf1/3-r or Admp does not result in a clear
phenotype (simultaneous knockdown of these genes
results in a clear phenotype as described above), the
function of Gdfl/3-r and Admp might be revealed
only through a comprehensive analysis not based on
specific hypotheses. In other words, because the
antagonistic system consisting of Fgf9/16/20 and
Efna.d can explain the specific expression of Otz, it
might have been difficult to hypothesize that Gdf1/
3-r and Admp cooperatively repress Otz expression
weakly. It would not be surprising if similar hidden
noise-cancelling mechanisms were used more widely
in other inductive interactions.

The same double-negative regulation by Efna.d
signaling and Gdf1/3-r/Admp signaling is used for
specific expression of Nodalin the presumptive neural
cells. Unlike Otx, Nodal is expressed only in the
posterior pairs of the presumptive neural cells (b6.5).
This is because Nodal expression in the anterior pair
(a6.5) is repressed by Foza.a,””*”) which is expressed
in the anterior animal cells but not in the posterior
animal cells.

Neural induction in Ciona embryos is reminis-
cent of neural induction in Xenopus embryos, in
which choice between epidermal fate and neural fate
is controlled by BMP and FGF signaling,*) "
although FGF plays a more dominant role in the
Ciona embryo. According to the ‘default model’,
the default fate in Xenopus is neural. In the Ciona
embryo, all ectodermal cells receive FGF signals and
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Fig. 2. Specification of neural fate. (A) Schematic representation of the animal hemisphere of a 32-cell embryo. Among two pairs of sister
cells indicated by their cell names, a6.5 and b6.5 are specified as neural cells. Cells filled with green are epidermal cells, and cells filled
with orange are vegetal cells that express Fgf9/16/20. Blue indicates neural fate, and pink indicates palp fate. The palps also contain
neurons. Because the a6.5 cell pair gives rise to the palps and brain, this cell pair is colored blue and pink. Similarly because a pair of the
cells (a6.7) between a6.5 and b6.5 gives rise to the brain and epidermis, this cell pair is colored green and blue. The border between the
anterior and posterior halves is indicated by a thick line. In the lower panel, the regulatory interactions that occur in the two sister-cell
pairs are shown. Cell membranes contacting cells expressing Efna.d are shown in magenta. Epidermal cells have larger contact surfaces
with cells expressing Efna.d, whose protein product suppresses Fgf9/16/20 signaling. Previous studies indeed measured the contact
surface areas using embryos virtually reconstructed based on a series of confocal images.'0)47) (B) Schematic illustration showing
how four distinct signaling molecules coordinate Otz expression. Effector transcription factors of Fgf9/16/20, Admp, and Gdfl/3-r
signaling pathways directly control an Otz enhancer, whereas Efna.d signaling antagonizes Fgf9,/16/20 signaling through controlling
p120RasGAP activity. (C) Regulatory interactions for specifying brain and palp fates from the 32-cell stage to the early gastrula stage.
The a6.5 lineage has brain fate (pink) and palp fate (blue). The vegetal cells abutting on either of a6.5 or its descendants with the brain
fate continuously express Fgf9/16/20 and are indicated in orange. Ovals for multiple cells, in which the same regulatory interactions
are observed, are fused. (D) The gene regulatory networks shown in (C) cannot specify palp fate, when Bz and Bz2 are simultaneously
knocked down. In (A—D), normal and flat-head arrows indicate positive and negative regulation, respectively. Dotted arrows indicate
suppressed interactions. Regulatory interactions through signaling pathways are shown in magenta and dark blue. Genes that are
expressed are shown by black letters, and genes that are suppressed are shown in gray letters. Genes marked by asterisks are not
actively transcribed, but their protein products derived from mRNA transcribed in ancestral cells are expected.
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could therefore assume neural fate in the absence of
proper suppression. Epidermal cells are differenti-
ated, even if blastomeres are continuously dissociated
to prevent cell—cell interactions until the early
gastrula stage.”” This observation might suggest
that the default fate is epidermal. However, it may be
hard to determine whether the “true” default fate of
the ascidian ectoderm is different from that of the
Xenopus embryo. Because autocrine signaling is not
completely ruled out even in dissociated cells, it is
possible that autocrine signaling works differently
between embryos of these two animals.

The anterior neural cells (a6.5) give rise to the
brain and palp. The palp, an adhesive organ differ-
entiated in the anterior tip of the larva, is considered
to have the same origin as the vertebrate anterior
placodes.?® 5% Brain and palp fates are specified at
the gastrula stage (Fig. 2C), when brain cells start to
express a Zic-like transcription factor gene, ZicL (or
Zic-r.b), and palp cells start to express F oxc.22)23)
ZicL expression is negatively regulated by Fozc®)
and positively regulated by FGF signaling.?® Fozxc
expression is negatively regulated by Fgf9/16,/20
signaling.??%)°6) Fgf9/16/20 is expressed in cells
abutting on the presumptive brain cells but not on
the presumptive palp cells, and makes these two cell
populations different. Their common ancestor cells
that express Otz at the 32-cell stage (a6.5) abut on
the Fgf9/16/20-expressing cells, and an antibody
against a dual-phosphorylated form of the extrac-
ellular regulated kinase 1/2 (dpERK) revealed that
FGF-signaling cascade is activated in these cells;??)%7)
indeed, as we described above the FGF-signaling
cascade activates Otz expression at the 32-cell stage
and Dmrtl is also expressed under the control of
Fgf9/16/20 in the a6.5 lineage; Otz and Dmrtl
positively regulate Fozxc expression. While the
presumptive palp cells stop to express Otz probably
because of lack of Fgf/9/16/20 signaling, Dmirtl
continues to be expressed. It has not yet been
revealed why Dmrtl expression continues in these
cells.

Why does not FGF signaling activate ZicL
expression in the brain cells before the gastrula
stage? The Ciona genome encodes gene circuits that
repress precocious expression of ZicL before the
gastrula stage’” (Fig. 2C). Initially, Hes.a and
Blimp-like zinc finger proteins (Bzl and Bz2, or
Prdml-ra [Pr domain containing 1, with znf
domain.a] and Prdml-r.b) repress ZicL at the 32-
cell stage, and therefore the FGF signaling that
activates Otz expression does not activate ZicL
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expression there. At the 64-cell stage, Bzl and Bz2
repress ZicL expression, and also repress their own
expression by an auto-regulatory loop. At the
gastrula stage, Bz1 and Bz2 are auto-repressed and
no longer repress ZicL; therefore, ZicL begins to be
expressed. At this time, however, the presumptive
palp cells do not abut on the Fgf9/16/20-expressing
cells, and therefore these cells do not express ZicL.
Thus, these gene circuits reasonably explain the
causal mechanisms underlying gene expression in the
brain and palp lineages.

The timing at which BzI and Bz2 are turned off
is critical for specification of the brain and palp fates.
In Bz1 and Bz2 double-knockdown embryos, because
ZicL expression is not repressed at the 32-cell stage,
ZicL expression starts precociously, and all presump-
tive palp cells differentiate into brain (Fig. 2D). On
the other hand, overexpression of Bzl and Bz2
prevents ZicL from being expressed in the brain
lineage, because in this context BzI and Bz2 continue
to repress ZicL expression. Gene circuits that control
temporal gene expression have not yet been analyzed
as extensively as those that control spatial gene
expression. Systematic tests to determine whether
the gene regulatory network provides a logical
explanation for temporal control of gene expression
may lead to identification of currently unknown gene
circuits that control temporal gene expression.

Specification of developmental fates in the
vegetal hemisphere of early embryos

Anterior vegetal cells. As we described above,
(-catenin is responsible for specifying the vegetal
hemisphere, and most (possibly all) genes activated
in the vegetal hemisphere of early embryos are
downstream of [-catenin.’®®® Nerve cord, noto-
chord, mesenchyme, or endoderm cells are derived
from the anterior vegetal cells (Fig. 3A, B). A recent
study revealed that transient nuclear localization
of [-catenin at the 16-cell stage is required for
specification of notochord and nerve cord fates in the
anterior half;?? that is, cells in which f-catenin is
not localized in the nucleus during the early stages
become epidermal and neural cells, cells in which (-
catenin is localized in nucleus continuously from the
16-cell stage to the 32-cell stage become cells with
endodermal fate (A6.1 and A6.3), and cells in which
(-catenin is localized in nucleus only at the 16-cell
stage become notochord cells and nerve cord cells
(A6.2 and A6.4).

At the 16-cell stage, each of the two pairs of the
vegetal anterior cells has endodermal, mesodermal
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Specification of endodermal and mesodermal fates. (A—C) The vegetal hemisphere of (A) 32-cell, (B) 64-cell, and (C) early

gastrula embryos is illustrated in the center. Regulatory interactions in cells enclosed by red lines are shown on the left and right sides.
Fach circle represents a single cell. Circles for multiple cells in which the same regulatory interactions are observed are fused. Cells
with different fates are filled with different colors shown at the bottom. The sizes of the circles are not proportional to the actual sizes
of the cells. Normal and flat-head arrows indicate positive and negative regulation, respectively. Dotted arrows indicated suppressed
interactions. Regulatory interactions through signaling pathways are shown in magenta and dark blue. Genes that are expressed are
shown in black letters, and genes that are suppressed are shown in gray letters. Genes marked by asterisks are not actively
transcribed, but their protein products derived from mRNA transcribed in ancestral cells are expected.

and nerve-cord fates. These two pairs of cells divide
along the anterior-posterior axis at the 32-cell stage.
The anterior descendants are presumptive noto-
chord/nerve cord cells (A6.2 and A6.4), which
express ZicL??%) (Fig. 3A). This ZicL expression is
positively controlled by Foza.a and Foxd, which are
expressed at the preceding 16-cell stage.??%) Chro-
matin-immunoprecipitation assays have shown that
this regulation by Foza.a and Foxd is direct.®?)

In the ascidian Halocynthia roretzi, Not mRNA
starts to be expressed in the vegetal cells at the 16-

cell stage, and it is asymmetrically distributed to the
presumptive notochord /nerve cord cells.®?) In Ciona,
this asymmetrical distribution of mRNA is not
restricted to Not mRNA:*) mRNAs expressed in
the vegetal cells at the 16-cell stage, including Fgf9/
16/20, and Foxd, are asymmetrically distributed to
the presumptive notochord/nerve cord cells at the
next division. However, soon after this division, the
Fgf9/16/20 mRNA is again observed in both of
the presumptive/nerve cord cells and the cells with
endodermal fate, because transcription of these genes
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continues in these cells. Despite the asymmetric
distribution to the presumptive notochord/nerve
cord cells, Foxd mRNA soon becomes detectable
only in the cells with endodermal fate, because
transcription of Foxd continues only in these cells.??)

Currently, it is not understood how Foxd and
Foza.a specifically activate ZicL expression in the
presumptive notochord/nerve cord cells but not in
the cells with endodermal fate at the 32-cell stage. As
mentioned above, because cells in which [-catenin
is localized in nucleus continuously from the 16-cell
stage to the 32-cell stage do not express ZicL, the
activity of nuclear (-catenin is likely related to the
specific expression of ZicL."" However, it is not
understood how nuclear localization of [-catenin is
controlled, how transient nuclear localization of (-
catenin activates the specific expression of ZicL, and
how continuous nuclear localization of [-catenin
represses ZicL expression.

ZicLi directly binds to an enhancer of Bra-
chyury,%®) which encodes a key transcription factor
for differentiation of the notochord, and this binding
confers competence for FGF induction on this gene.
Before the 64-cell stage, the presumptive notochord/
nerve cord cells divide into presumptive notochord
cells and presumptive nerve cord cells (purple cells
and blue cells in Fig. 3B). Fgf9/16/20 is expressed in
the presumptive notochord and endoderm (encircled
by magenta in Fig. 3B), and the nerve cord cells
receive Efna.d signals from the animal hemisphere
that inhibit FGF signaling.%*) Thus, dpERK signals
are detected in the presumptive notochord cells, but
not in the presumptive nerve cord cells at the 64-cell
stage. This Fgf9/16/20 signal eventually induces
Brachyury expression only in the presumptive
notochord cells. On the other hand, in the endoder-
mal lineage, although a stronger FGF signal is
expected, Brachyury is not expressed, because the
endodermal cells lack of ZicL expression. Conse-
quently, Brachyury is expressed exclusively in the
presumptive notochord cells.%®) Brachyury expression
initiates the differentiation program of the noto-
chord, and all genes known to be expressed in the
notochord are downstream of Brachyury.59-67)

Because the same FGF signal represses Foxb
expression, which is under the control of Foza.a and
Foxd, Forb is expressed in presumptive nerve cord
cells but not in presumptive notochord cells.?®) Foxb
is required for patterning of the nerve cord, which we
discuss below. In Halocynthia embryos, Foxb sup-
presses the notochord fate in the presumptive nerve
cord.®)
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Cells with continuous nuclear [-catenin express
Lhz3//4 (formerly called Lhz3) at the 32-cell stage,
which is an essential factor for endoderm specification
in the embryo of the closely related species Ciona
savignyi.%?) Because this gene has the same expression
pattern in C. intestinalis embryos,?? Lhz3// likely
has the same function in both species.

A previous study suggested that in Halocynthia
embryos, the endodermal cells differentiated from the
posterior half require FGF signaling.”™ The same
principle could be applied to Ciona embryos, because
Nkx2-1 (formerly called Titfl or Ttf1), which begins
to be expressed specifically in the endodermal lineage
at the 64-cell stage,”™™ is under the control of FGF
signaling in Ciona.?*

The lateral cells with endoderm fate (A6.3) also
contribute to mesenchyme cells. These mesenchyme
cells, specifically called trunk lateral cells (TLCs),
give rise to adult mesodermal cells including blood
cells.™™ A6.3 cells divide into presumptive endo-
dermal cells and presumptive TLCs at the 64-cell
stage. Specification of the TLCs is again controlled
by antagonism between Fgf9/16/20 and Efna.d)
(Fig. 3B). At this stage, the presumptive endoderm
cells are expected to receive more Fgf9/16/20 signal
and less Efna.d signal than the presumptive TLCs.
Indeed, dpERK signals were not observed in the
TLCs.??) In the presumptive endoderm, the signaling
pathway activated by Fgf9/16/20 represses expres-
sion of genes that are activated in the presumptive
TLCs. Nodal signaling instructs the TLC fate by
activating a specific set of genes in the TLC lineage,
including Delta-like.b (formerly Delta-like or Delta?2)
and Fgf8/17/18 (Fig. 3B). Nodal is expressed in the
b6.5 lineage (Fig. 2A) from the 32-cell stage to the
gastrula stage, and also transiently in the vegetal
hemisphere (A6.1, A6.3, and B6.1) at the 32-cell
stage.

Posterior vegetal cells. Although Macho-1/
Zic-r.a was first identified as a maternal muscle
determinant,?33) it subsequently turned out to be a
factor specifying the posterior part of the embryo.™)
Indeed, mesodermal cells derived from the posterior
half of the embryo, mesenchyme, muscle, and trunk
ventral cells (heart precursor cells), are under the
control of Macho-1/Zic-r.a. Thz6-r.b and ZicL are
important for specification of these fates. Tbx6-r.b is
expressed in the posterior vegetal cells, except for the
posterior-most cells at the 16-cell stage, and ZicL
begins to be expressed at the 32-cell stage.??)-00):76)
At the 32-cell stage, two pairs of cells in the vegetal
posterior quadrant (B6.2 and B6.4) have mesodermal
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fate (Fig. 3A). The most posterior pair (B6.3)
contributes to heart precursor cells, although this
cell pair is kept transcriptionally silent at this stage,
as we will discuss below. The expression of ZicL
in the anterior mesodermal (presumptive muscle/
mesenchyme/notochord) cells (B6.2) is under the
control of Tbz6-r.b, but the expression of ZicL in the
posterior mesodermal (presumptive muscle/mesen-
chyme) cells (B6.4) might not require control by
Tba6-r.b.") Once activated, Tbz6-r.b expression
persists until the mid-to-late gastrula stage in the
muscle lineage. The persistent expression of Tbz6-r.b
is controlled by ZicL, because these two genes
constitute a transient positive regulatory loop
(Fig. 3C). These two transcription factors cooperate
to activate Mrf (formerly called MyoD or MDF), the
sole ortholog of vertebrate MyoD, Myf5, Myogenin
and MRF/, at the early gastrula stage. This
myogenic factor continues to be expressed until
the tailbud stage,” %9 and activates downstream
transcription factor genes including Meox (formerly
called Moz) and Otp specifically in muscle cells.??)

Macho-1/Zic-r.a and [-catenin regulate Otz
expression in both of the mesodermal cells (B6.2
and B6.4) at the 32-cell stage®?%) (Fig. 3A). Otz
cooperates with ZicL to activate Twist-r.a and Twist-
r.b (Twist-related.a and Twist-related.b; formerly
called Twist-likela and Twist-likelb; in this review
these two genes are collectively called Twist-r.a/b)
in the mesenchyme lineage after the 64-cell stage®"
(Fig. 3C). In addition to Otz and ZicL function,
Fgf9/16/20 signaling is required for activation of
Twist-r.a/ b8 Probably because the presumptive
mesenchyme cells, but not the presumptive muscle
cells, abut on endodermal cells expressing Fgf9/16/
20, Twist-r.a/b is activated only in mesenchyme cells.
Thus, the combination of Fgf9/16/20 signaling, Otx
and ZicL proteins induces Twist-r.a/b expression,
whereas the combination of Fgf9/16/20 signaling and
ZicL protein induces Brachyury, as mentioned above.
Although Fgf9/16/20 signaling and ZicL. protein
potentially activates Brachyury expression in the
mesenchyme lineage, Snail expressed in this lineage of
cells represses Brachyury expression.®?$) This Snail
expression is under the control of Macho-1/Zic-r.a
and Tbz6-r.b,>*2) although the positive regulatory
loop of Tbx6-r.b and ZicL, which is seen in muscle
cells, cannot maintain Tbz6-r.b expression in the
presumptive mesenchyme cells at the early gastrula
stage with an unknown reason.

The posterior presumptive mesenchyme cell
(B7.7) begins to express Twist-r.a/b soon after the
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division of its parental cell (B6.4) at the 64-cell stage
(Fig. 3A and C). On the other hand, the anterior
presumptive mesenchyme cell (B8.5) begins to
express Twist-r.a/b at the early gastrula stage. This
cell is derived from B6.2 of the 32-cell embryo. B6.2
divides into a presumptive muscle cell and a cell with
two developmental fates (mesenchyme and noto-
chord) at the 64-cell stage. At the early gastrula
stage, the latter cell divides into a presumptive
mesenchyme cell (B8.5) and a presumptive noto-
chord cell (B8.6) (Fig. 3C), and Twist-r.a/b begins to
be expressed in B8.5. Thus, the posterior presump-
tive mesenchyme cells (B7.7 pair) express Twist-r.a/b
earlier than the anterior presumptive mesenchyme
cells (B8.5 pair). The factor that delays Twist-r.a/b
expression in the anterior mesenchyme cells has not
been revealed.

The presumptive notochord cell (B8.6), which is
a sister cell of the anterior mesenchyme cell (B8.5),
expresses Brachyury. Unlike the presumptive noto-
chord cells in the anterior vegetal quadrant, the
notochord cells in the posterior vegetal quadrant
may not require ZicL, and instead use Notch-
Delta signaling to activate Brachyury?):*1):60):84)85)
(Fig. 3C). The ligand gene, Delta-like.b, is expressed
in the TLC precursors, which abut on the notochord
cells in the vegetal-posterior quadrant, under the
control of Fozd, Neurogenin, and Nodal signaling
(Fig. 3B).

There are at least 19 maternal mRNAs localized
in the posterior-most cells of the Ciona em-
bryos,?")43)860)88) including Macho-1/ Zic-r.a and
Pem-1. Pem-1, which was originally called posteri-
or-end-mark or Pem, suppresses transcription, and
the posterior-most cells are therefore always tran-
scriptionally quiescent.”3%) The posterior-most cells
at the 32-cell stage are called B6.3, and this pair of
cells has muscle and TVC fates in addition to a germ-
line fate. At the subsequent division, these cells
divide into B7.5 and B7.6, and B7.6 becomes the new
posterior-most cell. In B7.5 of the 64-cell embryo,
suppression of transcription ceases, and Lhz3/4 and
Tbz6-r.b begin to be expressed. Subsequently, these
two genes and FGF signaling activates Mesp in
B7.5.%9 Mesp is a key transcription factor in TVC
specification, as all known genes expressed in TVCs
are directly or indirectly regulated by Mesp.5
Indeed, in C. savignyi embryos, knockdown of Mesp
resulted in loss of the heart after metamorphosis.?”

In the vegetal posterior quadrant, the cells with
endodermal fate express Lhxz3// at the 32-cell stage
and Nkz2-1 at the 64-cell stage under the control of
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maternal [-catenin.??%9):7):72) These two genes are

essential for specification of the endodermal cells, as
in the case of the endodermal cells in the vegetal
anterior cells.

Specification of ectodermal tissues

The endodermal and mesodermal fates are
specified until the gastrula stage as in the preceding
section. Cells in each of the individual tissues
basically express the same set of genes, and no clear
functional differences among them have been re-
ported. On the other hand, ectodermal cells are
further specified to produce at least seven territories
of epidermis and a variety of neural cells. Although
the networks specifying these epidermal territories
and neural cell types are still far from comprehen-
sively understood, here we focus on two sub-networks
and explain their regulatory interactions.

Nerve cord cells. The nerve cord is a hollow
tube consisting of four rows of ependymal cells. The
lateral and ventral rows are derived from the vegetal
hemisphere. At the 32-cell stage, as we described
above, two pairs of the anterior vegetal cells have
nerve cord and notochord fates. At the 64-cell stage,
the fate of the anterior daughters (A7.4 and A7.8) is
restricted to the nerve cord fate (Fig. 3B). Nodal
signaling differentiates the lateral pair (A7.8) from
the medial pair (A7.4) by activating genes including
Snail?38)57 in the descendants of A7.8 (A8.15 and
A8.16) at the early gastrula stage (Fig. 4A). This
Nodal signaling comes from b7.9 and b7.10, which are
descendants of b6.5 of the 32-cell embryo that
express Nodal (Fig. 2A) and contribute to the dorsal
row of the nerve cord. Snail represses Mnz, which is
specifically expressed in cells giving rise to the ventral
row of the nerve cord, whereas Foxb activates Mnz in
the medial A7.4 descendants (A9.13 and A9.15), in
which Snail is not induced,® at the late gastrula
stage (Fig. 4B).

The nerve cord cells are further specified by a
combination of multiple signaling pathways. Here
we focus on specific expression of Fgf8/17/18,
because this FGF regionalizes the brain of the larva.
Fgf8/17/18 expression is repressed through ERK
activated by Fgf9/16/20, and induced by Nodal
signaling.’” FGF signaling is suppressed in the nerve
cord cells at the early gastrula stage as described
earlier (Fig. 3), and Foxb and Snail also repress
the expression of Fgf8/17/18 (Fig. 4A). At the late
gastrula stage, each nerve cord cell divides along the
anterior-posterior axis, resulting in formation of two
rows of nerve cord cells (Fig. 4B). FGF signaling is
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turned off in the anterior row, as revealed by an
antibody for dpERK,?” probably through the action
of Ephrin. Foxb transcription is turned off except
the anterior medial cells (A9.14). Nonetheless, Foxb
protein derived from mRNA transcribed at the early
gastrula stage likely represses Fgf8/17/ 18 expression,
because knockdown of Foxb results in ectopic
expression of Fgf8/17/18 in all of the cells in the
anterior row.%)

Snail repressor directs specific expression of
Fgf8/17/18 in A9.30. As described above, Snail
expression is induced by Nodal signaling from b7.9
and b7.10 (Fig. 4A). At the late gastrula stage, Snail
expression in A9.32 (which abuts on the descendants
of b7.9 and b7.10) is enhanced by Neurogenin
(Fig. 4B), which is activated in its parental A8.16
cell under the control of Delta-like.b (Fig. 4A). Delta-
like.b is induced in b7.9 and b7.10 cells by autocrine
Nodal signaling (Fig. 4A). Because the Notch ligand
encoded by Delta-like.b is a membrane protein, its
signal is transmitted exclusively to the neighbors
of cells that express Delta-like.b, and Neurogenin
is therefore activated only in A8.16. As a result,
because Neurogenin enhances Snail expression, Snail
is expressed more strongly in the A8.16 lineage than
the A8.15 lineage, and Snail protein represses Fgf8/
17/ 18 expression more strongly in the A8.16 lineage.
Thus, FGF signaling, Nodal signaling and Snail
repressor activated by Delta-like.b function cooper-
atively to induce specific expression of Fgf8/17/18 in
A9.30.%)

Fgf8/17/18 expressed in A9.30 induces the
expression of Gli and Pax2/5/8-A, and represses
Otz and En in neighboring cells at the tailbud stage
(Fig. 4C). As a result, the neighbors of cells that
express Fgf8/17/18 give rise to a morphologically
distinct structure called the ‘neck’ between the
ganglion and the brain.

Epidermal cells. The expression profiles of
regulatory genes indicate that there are at least seven
different epidermal territories in the tailbud embryo
(Fig. 4D). Specification of the ventral and lateral
regions of the trunk epidermis cannot be explained
simply by combinatorial regulation, because the gene
expression profiles of cells that contribute to these
two regions and neighboring regions did not provide
plausible hypotheses to explain how the clear
boundary between these two regions is established.
This, along with the observation that BMP signaling
is involved in specification of the ventral epidermal
region, V) led to identification of a novel secreted
BMP-antagonist, Pinhead.’? This factor specifically
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Fig. 4. Specification and patterning of the nerve cord and epidermal territories at later stages. (A—C) Regulatory interactions in the
lineages that form the nerve cord in (A) early gastrula, (B) late gastrula, and (C) tailbud embryos. The nerve cord is derived from
three lineages of cells. The A7.4 (green) and A7.8 lineages (light yellow) are derived from A7.4 and A7.8 of the vegetal hemisphere of
the 64-cell embryo, and the b6.5 lineage (blue) are derived from b6.5 of the animal hemisphere of the 32-cell embryo. Fused circles
indicate multiple cells with the same regulatory interactions. Only cells that form the posterior part of the brain, the neck region,
and the visceral ganglion are shown at the tailbud stage. Thick black arrows indicate cell lineages. Normal and flat-head thin arrows
indicate positive and negative regulation, respectively. Regulatory interactions through signaling pathways are shown in magenta.
Genes that are expressed are shown in black letters, and genes that are suppressed are shown in gray letters. Genes marked by asterisks
are not transcribed, but their protein products derived from mRNA transcribed in ancestral cells are expected. (D-G) Admp/Bmp
signaling specifies the ventral epidermal region and the lateral epidermal region of the trunk. (D) Epidermal territories based on gene
expression profiles. The seven distinct territories do not necessarily coincide with clonal territories of cells. (E) Regulatory interactions
between the ventral epidermal region and the lateral epidermal region of the trunk. Normal and flat-head thin arrows indicate positive
and negative regulation, respectively. Note that Pinhead directly binds to Admp, thereby antagonizing the activity of Admp. (F, G) In
addition to the protein—protein interaction between Admp and Pinhead, Pinhead transcription represses Admp transcription. The
Pinhead and Admp genes are encoded as neighbors in the genome and transcribed in the same direction. The Admp enhancer (red) is
located near the Pinhead coding region (light blue), and the enhancer necessary for Pinhead and Admp transcription (green) is located
near the Admp coding region (yellow). (F) When Admyp is transcribed, the Admp promoter interacts with the Admp enhancer (red)
and the enhancer necessary for Pinhead and Admp transcription (green). (G) Pinhead transcription sequesters the Admp enhancer in
a DNA loop formed between the Pinhead promoter and the enhancer indicated by a green box. The Pinhead promoter always wins
the competition for the common enhancer necessary for Pinhead and Admp transcription (green), when it is activated by signaling of
Admp and Bmp2/4. Therefore, once Pinhead transcription is turned on, Admp is never transcribed.
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interacts with Admp, a member of the BMP signaling
molecule family, but not with Bmp2/4. Admp is
expressed in the lateral epidermal region of the early
tailbud embryo, and the Admp signal activates
Pinhead and Bmp2//4 in the ventral region (Fig. 4E)
probably through the action of Chordin, which is an
antagonist for Admp and Bmp2/4 and is expressed in
the dorsal region of the epidermis. Once activated,
Pinhead starts to antagonize Admp, and prevents
the ventral region from being further expanded
by Admp. Because Bmp2/4 is not antagonized by
Pinhead, it activates the regulatory genes specifically
expressed in the ventral epidermis, including Nkx2-3
(formerly called Nk4), via autocrine signaling.

Admp and Pinhead are present as a neighboring
gene pair in genomes from insects to vertebrates.?)
When Pinhead transcription is activated by Admp
or Bmp2/4, a DNA loop is formed between the
promoter and enhancer of Pinhead. This DNA loop
sequesters the Admp enhancer, making it inaccessible
to the Admp promoter (Fig. 4F and G). Thus, Admp
transcription is turned off in the ventral cells where
Pinhead is actively transcribed. This mechanism of
transcriptional regulation provides a plausible ex-
planation for the conservation of this bi-gene cluster
among the bilaterian animals.

Is the elucidated gene regulatory
network complete?

In this section we consider how we can know to
what extent combinatorial regulation encoded in the
elucidated gene regulatory network explain spatial
and temporal gene-expression patterns. Although
this problem cannot be easily experimentally tested,
it could be investigated by theoretical methods.
Unfortunately, currently available methods have
not yet succeed in providing solid evidence that the
network is indeed sufficient for explaining every gene
expression in embryos. On the other hand, there are
certain minimum requirements that the network
needs to satisfy,?®) %) and it might be easier to test
whether these minimum requirements are satisfied,
as discussed below.

The notion of combinatorial regulation implic-
itly assumes that unique combinations of regulatory
inputs cause the genome to express unique combina-
tions of genes. If this widely accepted assumption is
not satisfied in the elucidated network, it implies that
the network is incomplete; there might be unknown
regulatory genes, novel regulatory mechanisms, or
complex regulatory mechanisms that cannot be easily
uncovered.
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A theoretical study revealed that the dynamics
of complex networks can be monitored by measuring
the activity of a subset of genes, called “determining
nodes”.%) In other words, measuring the activity of a
subset of genes in a given cell will predict the ultimate
fate of that cell. There are several key transcription
factor genes. For example, Brachyury is essential and
sufficient for differentiation of the notochord. The
theory predicts that there might be determining
nodes upstream of these key transcription factors.
Foxd is one of the candidates.””) We may test
hypotheses deduced from this theory by directly
manipulating the activity of determining nodes to
control the network.

In this review, we have essentially treated the
gene regulatory network as a Boolean network, in
which gene activity is considered to be fully activated
or to be fully turned off. However, this might be an
over-simplification, given that differences in the ex-
pression level of Snail are utilized for localization of
Fqgf8/ 17/ 18 expression. That said, except for this one
exception, to date we identified no logical contra-
diction with the assumption of the Boolean network.

Intercellular interactions are critical for the
functions of gene regulatory networks in animal
embryos. Because geometrical relations among blas-
tomeres are a critical factor, this information needs to
be collected precisely. Virtual reconstruction of the
embryo provides a practical means for accomplishing
these goals. Early Ciona embryos have been virtually
reconstructed based on a series of images captured by
a confocal microscopy, and these data were then used
to test the possibility that contact surface areas
between cells can be used to predict the strength of
inductive signals.*®) Because the ascidian embryo
consists of a small number of cells, it provides an
ideal system for quantitatively modeling the cell—cell
interactions.

Does the elucidated gene regulatory network
explain temporal control of gene expression?

Above, we mainly argued that the gene regu-
latory network causally explains spatial control of
gene expression. Temporal control by gene regulatory
networks is important, especially for cell—cell inter-
actions, because gene regulatory networks need to be
temporarily coordinated between interacting cells.
The simplest system for achieving this regulation
would be one in which the progression of the network
depends on the kinetics of transcription and trans-
lation. That is, after a defined period of time, a
sufficient amount of mRNA and its protein product
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are synthesized to activate the target genes. Such a
mechanism seems to play a major role in progression
of the gene regulatory network in the sea urchin
embryo.%)

However, the kinetics of mRNA and protein
production are not likely to be the only limiting factor
in Ciona embryos. It is widely believed that the
necessary levels of transcription factors differ between
enhancers, depending on the numbers and properties
of binding sites. Hence, even genes that are activated
by the same set of transcription factors should start
to be expressed at different time points, depending
on characteristics of their enhancers (we will show an
example of Brachyury target genes below). However,
the results of comprehensive in situ hybridization
of regulatory genes in the Ciona embryo®? did not
reconcile with this prediction, because most (or
possibly all) genes almost simultaneously began to
be expressed soon after cell division. To date, no
genes that start to be expressed in the middle of a
cell cycle have yet been identified in early embryos.

Cell cycles and gene regulatory networks often
regulate each other. In vertebrate skeletal muscle
cells, the key transcription factors MyoD and Myf5
control cell-cycle withdrawal and induction of differ-
entiation.””) In Xenopus, Neurogenin2 is phosphory-
lated in response to rising cyclin-dependent kinase
(cdk) levels, and the Neurogenin2-dependent differ-
entiation program does not begin before cells stop
dividing.?® In both of these cases, the cell cycle halts
the activities of the gene regulatory networks, and
extracellular signals restart them. A similar example
in Cliona embryos is suppression of Cdc25 activity in
neural tube cells during neural tube closure; in this
process, the Cdc25 gene may be regulated transcrip-
tionally.””) These components might be involved in
regulation of chromatin states'®) and poised RNA
polymerase I1.'°Y) However, there are no reports that
perturbation of components of the gene regulatory
network clearly affects cell cycles in the early Ciona
embryo, and the network likely proceeds like a
cascade reaction in early embryos.

Gene expression is also temporally controlled by
gene regulatory circuits. As described above, the gene
circuit consisting of Bz and Bz2 temporally controls
ZicL expression in the neural lineage.*”) This gene
circuit measures time via an auto-regulatory loop.
With this time-delay circuit, the genetic program for
specification of the brain starts after the split
between the brain and palp fates. A recent study
showed that expression of notochord-specific genes
with multiple and single functional Brachyury bind-
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ing sites begins around the early gastrula and neural
plate stages, respectively, and expression of indirect
targets of Brachyury begins around the early neurula
stage.'%?) Thus, the difference of the necessary levels
of Brachyury likely determines when the early- and
middle-onset genes begin to be expressed, and the
late-onset genes are expressed because their direct
activators need to be activated under the control of
Brachyury first. Such ‘built-in’ gene timer circuits
have begun to be understood. However, especially in
early embryos, because these gene circuits still
depend on the kinetics of mRNA and protein
production, there might be novel mechanisms that
synchronize the gene regulatory network to the cell
cycle, and thereby coordinate the independent net-
works in different cells.

Does the gene regulatory network give us clues
about animal evolution?

The gene regulatory networks that construct
animal bodies are the products of evolution, and
changes in the structure of these networks underlie
evolution.'" Therefore, comparisons of gene regu-
latory networks between animals are more informa-
tive than comparisons of gene-expression patterns,
which can sometimes be misleading.

It has been long debated whether the ascidian
has a structure homologous to the vertebrate mid-
brain.!*971%) From a morphological and anatomical
viewpoint, no such structure exists in the ascidian.
On the other hand, different parts of the ascidian
brain express orthologs of genes that are expressed in
the vertebrate midbrain, leading to the aforemen-
tioned debate. The vertebrate midbrain is formed by
the midbrain-hindbrain boundary (MHB) organizer;
Fgf8 and Wntl are the key factors that control
the boundary between the midbrain and the hind-
brain.9771%) Although the ascidian genome lacks an
ortholog of Wntl1, the ascidian brain is regionalized
by the regulatory gene circuit controlled by Fgf8/
17/18 expressed at the late gastrula stage,! as we
described above (Fig. 4A—C). This strongly suggests
that the last common ancestor of Ciona and
vertebrates used Fgf8/17/18 and a gene circuit
controlled by Fgf8/17/18 to regionalize the brain.
Although this gene is again expressed in the central
nervous system of mid-tailbud embryos and this
expression made the debate complicated, the gene
regulatory network indicates that this later expres-
sion should not be compared with the expression of
Fgf8 in the vertebrate MHB. Thus, gene regulatory
networks give us deeper insights than gene expression
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patterns into the evolutionary changes that have
occurred in the genome.

The brain is an ancient structure, and the
anterior placode has been considered to be an
innovation of vertebrates or chordates. As stated in
Fig. 3D, knockdown of Bz1 and Bz2 results in loss of
the palp, a rudimentary anterior placode, and ectopic
induction of brain in its place. The BzI1/Bz2 gene
circuit delays induction of brain fate via Fgf9/16/20
signaling. During this time period, the presumptive
brain cells divide, and produce a cell population
that does not abut on Fgf9/16/20-expressing cells.
Therefore, it is a plausible hypothesis that addition of
the Bz1/Bz2 gene circuit enabled a sub-population
within the neural cell population to form the palp,
and that this took place before the divergence
between Ciona and vertebrates.

The ascidian larva has pigment cells called the
ocellus and otolith. These cells are derived from
the lateral border of the neural plate. In vertebrates,
neural crest cells that contribute to pigment cells are
also derived from the neural plate border. The gene
regulatory network in the pigment cell lineage of the
Ciona embryo is similar to that in vertebrate
embryos, although the ascidian larva does not have
distinct neural crest cells. The critical difference
between the networks of Ciona and vertebrates
might be the activation of Twist in vertebrate neural
crest cells.!'Y) In Ciona, Twist (Twist-r.a/b) is
specifically expressed in the mesenchyme lineage but
not in the neural plate border.®) When expression of
Twist-r.a/b is forced in the pigment cell lineage, these
pigment cells migrate in a manner that is evocative of
vertebrate neural crest cells. It is therefore attractive
to hypothesize that the co-option of Twist into the
neural plate border cells occurred in the vertebrate
lineage, resulting in creation of the neural crest.

Gene regulatory networks change by altering
existing networks. Alterations that caused cata-
strophic effects on developmental programs are
thought to be negatively selected. Hence, the existing
networks constrain subsequent network changes, and
not every alteration is possible. Elucidating the kinds
of changes that are possible in extant gene regulatory
networks will help us to understand how these
networks have evolved. Previous studies showed
that loss of a particular structure can be achieved
relatively easily via a small number of changes in a
gene circuit that turns on a specific developmental
program. For example, vertebrate limbs can be lost
by changes in expression of homeobox genes.'!V)-112)
On the other hand, we do not yet know how the
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ancestral vertebrates acquired limbs. In other words,
we do not yet sufficiently understand how novel
structures arose, although we have begun to under-
stand the origins of novel structures such as the
anterior placodes and neural crest of vertebrates by
analyzing gene regulatory networks.

Conclusions

It is widely believed that combinatorial regu-
lation is a major principle that explains differential
gene expression in animal development. Indeed, the
gene regulatory network in Chiona embryos causally
explains the spatial expression of most genes.
Incomplete parts of the elucidated network have
led to identification of unknown regulatory genes,
novel regulatory mechanisms, or complex regulatory
mechanisms that cannot be easily uncovered.

Acknowledgements

This research was supported by Grants-in-Aid
from MEXT and JSPS, Japan, to YS (25118510) and
KST (26711014).

References

1) Britten, R.J. and Davidson, EH. (1969) Gene
regulation for higher cells: a theory. Science 165,
349-357.

2) Stanojevic, D., Small, S. and Levine, M. (1991)
Regulation of a segmentation stripe by over-
lapping activators and repressors in the Droso-
phila embryo. Science 254, 1385—1387.

3) Kubo, A., Imai, K.S. and Satou, Y. (2009) Gene-
regulatory networks in the Ciona embryos. Brief.
Funct. Genomic. Proteomic. 8, 250—255.

4) Satou, Y., Satoh, N. and Imai, K.S. (2009) Gene
regulatory networks in the early ascidian embryo.
Biochim. Biophys. Acta 1789, 268—273.

5) Satoh, N., Satou, Y., Davidson, B. and Levine, M.
(2003) Ciona intestinalis: an emerging model for
whole-genome analyses. Trends Genet. 19, 376—
381.

6) Lemaire, P. (2011) Evolutionary crossroads in
developmental biology: the tunicates. Develop-
ment 138, 2143-2152.

7) Delsuc, F., Brinkmann, H., Chourrout, D. and
Philippe, H. (2006) Tunicates and not cephalo-
chordates are the closest living relatives of
vertebrates. Nature 439, 965—-968.

8) Putnam, N.H., Butts, T., Ferrier, D.E., Furlong,
R.F., Hellsten, U., Kawashima, T., Robinson-
Rechavi, M., Shoguchi, E., Terry, A., Yu, JK.,
Benito-Gutierrez, E.L., Dubchak, I., Garcia-
Fernandez, J., Gibson-Brown, J.J., Grigoriev,
1V., Horton, A.C., de Jong, P.J., Jurka, J.,
Kapitonov, V.V., Kohara, Y., Kuroki, Y.,
Lindquist, E., Lucas, S., Osoegawa, K.,
Pennacchio, L.A., Salamov, A.A., Satou, Y.,



No. 2|

9)

10)

11)

12)

13)

14)

Gene regulatory systems in the Ciona embryo 47

Sauka-Spengler, T., Schmutz, J., Shin, I.T.,
Toyoda, A., Bronner-Fraser, M., Fujiyama, A.,
Holland, L.Z., Holland, P.W., Satoh, N. and
Rokhsar, D.S. (2008) The amphioxus genome
and the evolution of the chordate karyotype.
Nature 453, 1064—1071.

Dehal, P., Satou, Y., Campbell, R.K., Chapman, J.,
Degnan, B., De Tomaso, A., Davidson, B., Di
Gregorio, A., Gelpke, M., Goodstein, D.M.,
Harafuji, N., Hastings, K.E.M., Ho, I., Hotta,
K., Huang, W., Kawashima, T., Lemaire, P.,
Martinez, D., Meinertzhagen, I.A., Necula, S.,
Nonaka, M., Putnam, N.; Rash, S., Saiga, H.,
Satake, M., Terry, A., Yamada, L., Wang, H.G.,
Awazu, S., Azumi, K., Boore, J., Branno, M.,
Chin-bow, S., DeSantis, R., Doyle, S., Francino,
P., Keys, D.N., Haga, S., Hayashi, H., Hino, K.,
Imai, K.S., Inaba, K., Kano, S., Kobayashi, K.,
Kobayashi, M., Lee, B.I., Makabe, KW,
Manohar, C., Matassi, G., Medina, M.,
Mochizuki, Y., Mount, S., Morishita, T., Miura,
S., Nakayama, A., Nishizaka, S., Nomoto, H.,
Ohta, F., Oishi, K., Rigoutsos, I., Sano, M.,
Sasaki, A., Sasakura, Y., Shoguchi, E., Shin-i,
T., Spagnuolo, A., Stainier, D., Suzuki, M.M.,
Tassy, O., Takatori, N., Tokuoka, M., Yagi, K.,
Yoshizaki, F., Wada, S., Zhang, C., Hyatt, P.D.,
Larimer, F., Detter, C., Doggett, N., Glavina, T,
Hawkins, T., Richardson, P., Lucas, S., Kohara,
Y., Levine, M., Satoh, N. and Rokhsar, D.S.
(2002) The draft genome of Ciona intestinalis:
Insights into chordate and vertebrate origins.
Science 298, 2157—2167.

Shoguchi, E., Kawashima, T., Satou, Y.,
Hamaguchi, M., Sin, I.T., Kohara, Y., Putnam,
N., Rokhsar, D.S. and Satoh, N. (2006) Chromo-
somal mapping of 170 BAC clones in the ascidian
Ciona intestinalis. Genome Res. 16, 297-303.

Satou, Y., Mineta, K., Ogasawara, M., Sasakura, Y.,
Shoguchi, E., Ueno, K., Yamada, L., Matsumoto,
J., Wasserscheid, J., Dewar, K., Wiley, G.B.,
Macmil, S.L., Roe, B.A., Zeller, R.W., Hastings,
K.E.M., Lemaire, P., Lindquist, E., Endo, T\,
Hotta, K. and Inaba, K. (2008) Improved genome
assembly and evidence-based global gene model
set for the chordate Ciona intestinalis: new insight
into intron and operon populations. Genome Biol.
9, R152.

Satou, Y., Imai, K.S., Levine, M., Kohara, Y.,
Rokhsar, D. and Satoh, N. (2003) A genomewide
survey of developmentally relevant genes in Ciona
intestinalis. 1. Genes for bHLH transcription
factors. Dev. Genes Evol. 213, 213—221.

Wada, S., Tokuoka, M., Shoguchi, E., Kobayashi,
K., Di Gregorio, A., Spagnuolo, A., Branno, M.,
Kohara, Y., Rokhsar, D., Levine, M., Saiga, H.,
Satoh, N. and Satou, Y. (2003) A genomewide
survey of developmentally relevant genes in Ciona
intestinalis. II. Genes for homeobox transcription
factors. Dev. Genes Evol. 213, 222—-234.

Yagi, K., Satou, Y., Mazet, F., Shimeld, S.M.,
Degnan, B., Rokhsar, D., Levine, M., Kohara, Y.

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

and Satoh, N. (2003) A genomewide survey of
developmentally relevant genes in Ciona intesti-
nalis. III. Genes for Fox, ETS, nuclear receptors
and NF&B. Dev. Genes Evol. 213, 235—244.

Yamada, L., Kobayashi, K., Degnan, B., Satoh, N.
and Satou, Y. (2003) A genomewide survey of
developmentally relevant genes in Ciona intesti-
nalis. IV. Genes for HMG transcriptional regu-
lators, bZip and GATA/Gli/Zic/Snail. Dev.
Genes Evol. 213, 245-253.

Satou, Y., Sasakura, Y., Yamada, L., Imai, K.S.,
Satoh, N. and Degnan, B. (2003) A genomewide
survey of developmentally relevant genes in Ciona
intestinalis. V. Genes for receptor tyrosine kinase
pathway and Notch signaling pathway. Dev.
Genes Evol. 213, 254—263.

Hino, K., Satou, Y., Yagi, K. and Satoh, N. (2003) A
genomewide survey of developmentally relevant
genes in Cliona intestinalis. VI. Genes for Wnt,
TGFB, Hedgehog and JAK/STAT signaling
pathways. Dev. Genes Evol. 213, 264—272.

Satou, Y. and Satoh, N. (2005) Cataloging tran-
scription factor and major signaling molecule
genes for functional genomic studies in Ciona
intestinalis. Dev. Genes Evol. 215, 580-596.

Satou, Y., Wada, S., Sasakura, Y. and Satoh, N.
(2008) Regulatory genes in the ancestral chordate
genomes. Dev. Genes Evol. 218, 715—-721.

Miwata, K., Chiba, T., Horii, R., Yamada, L., Kubo,
A., Miyamura, D., Satoh, N. and Satou, Y. (2006)
Systematic analysis of embryonic expression
profiles of zinc finger genes in Ciona intestinalis.
Dev. Biol. 292, 546—554.

Satou, Y., Kawashima, T., Shoguchi, E., Nakayama,
A. and Satoh, N. (2005) An integrated database
of the ascidian, Ciona intestinalis: Towards func-
tional genomics. Zoolog. Sci. 22, 837—-843.

Imai, K.S., Hino, K., Yagi, K., Satoh, N. and Satou,
Y. (2004) Gene expression profiles of transcription
factors and signaling molecules in the ascidian
embryo: towards a comprehensive understanding
of gene networks. Development 131, 4047—4058.

Imai, K.S., Levine, M., Satoh, N. and Satou, Y.
(2006) Regulatory blueprint for a chordate
embryo. Science 312, 1183—-1187.

Imai, K.S., Stolfi, A., Levine, M. and Satou, Y.
(2009) Gene regulatory networks underlying the
compartmentalization of the Ciona central nerv-
ous system. Development 136, 285—293.

Stolfi, A., Sasakura, Y., Chalopin, D., Satou, Y.,
Christiaen, L., Dantec, C., Endo, T., Naville, M.,
Nishida, H., Swalla, B.J., Volff, J.N,
Voskoboynik, A., Dauga, D. and Lemaire, P.
(2015) Guidelines for the nomenclature of genetic
elements in tunicate genomes. Genesis (in press).

Conklin, E.G. (1905) Mosaic development in asci-
dian eggs. J. Exp. Zool. 2, 145—223.

Nishida, H. (2005) Specification of embryonic axis
and mosaic development in ascidians. Dev. Dyn.
233, 1177-1193.

Imai, K., Takada, N., Satoh, N. and Satou, Y.
(2000) [-catenin mediates the specification of



48

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

Y. SATOU and K. S. IMAI

endoderm cells in ascidian embryos. Development
127, 3009-3020.

Kawai, N., Ilida, Y., Kumano, G. and Nishida, H.
(2007) Nuclear accumulation of [(-catenin and
transcription of downstream genes are regulated
by zygotic Wntba and maternal Dsh in ascidian
embryos. Dev. Dyn. 236, 1570—-1582.

Bertrand, V., Hudson, C., Caillol, D., Popovici, C.
and Lemaire, P. (2003) Neural tissue in ascidian
embryos is induced by FGF9/16/20, acting via a
combination of maternal GATA and Ets tran-
scription factors. Cell 115, 615—627.

Rothbacher, U., Bertrand, V., Lamy, C. and
Lemaire, P. (2007) A combinatorial code of
maternal GATA, Ets and [(-catenin-TCF tran-
scription factors specifies and patterns the early
ascidian ectoderm. Development 134, 4023—4032.

Nishida, H. and Sawada, K. (2001) macho-1 encodes
a localized mRNA in ascidian eggs that specifies
muscle fate during embryogenesis. Nature 409,
724-729.

Satou, Y., Yagi, K., Imai, K.S., Yamada, L.,
Nishida, H. and Satoh, N. (2002) macho-1-related
genes in Ciona embryos. Dev. Genes Evol. 212,
87-92.

Yoshida, S., Marikawa, Y. and Satoh, N. (1996)
Posterior end mark, a novel maternal gene
encoding a localized factor in the ascidian embryo.
Development 122, 2005-2012.

Shirae-Kurabayashi, M., Matsuda, K. and
Nakamura, A. (2011) Ci-Pem-1 localizes to the
nucleus and represses somatic gene transcription
in the germline of Ciona intestinalis embryos.
Development 138, 2871—2881.

Kumano, G., Takatori, N., Negishi, T., Takada, T.
and Nishida, H. (2011) A maternal factor unique
to ascidians silences the germline via binding to
P-TEFDb and RNAP II regulation. Curr. Biol. 21,
1308-1313.

Hamaguchi, M., Fujie, M., Noda, T. and Satoh, N.
(2007) Microarray analysis of zygotic expression
of transcription factor genes and cell signaling
molecule genes in early Cliona intestinalis em-
bryos. Dev. Growth Differ. 49, 27—37.

Hudson, C. and Yasuo, H. (2005) Patterning across
the ascidian neural plate by lateral Nodal signal-
ling sources. Development 132, 1199-1210.

Shi, W. and Levine, M. (2008) Ephrin signaling
establishes asymmetric cell fates in an endomeso-
derm lineage of the Ciona embryo. Development
135, 931-940.

Ikeda, T., Matsuoka, T. and Satou, Y. (2013) A
time delay gene circuit is required for palp
formation in the ascidian embryo. Development
140, 4703-4708.

Imai, K.S., Satoh, N. and Satou, Y. (2002) An
essential role of a FozD gene in notochord
induction in Ciona embryos. Development 129,
3441-3453.

Yagi, K., Satoh, N. and Satou, Y. (2004) Identi-
fication of downstream genes of the ascidian
muscle determinant gene Ci-machol. Dev. Biol.

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

[Vol. 91,

274, 478-489.

Matsuoka, T., Ikeda, T., Fujimaki, K. and Satou, Y.
(2013) Transcriptome dynamics in early embryos
of the ascidian, Ciona intestinalis. Dev. Biol. 384,
375—-385.

Hudson, C. and Lemaire, P. (2001) Induction of
anterior neural fates in the ascidian Ciona
intestinalis. Mech. Dev. 100, 189—203.

Imai, K.S., Satoh, N. and Satou, Y. (2002) Early
embryonic expression of FGF//6/9 gene and its
role in the induction of mesenchyme and noto-
chord in Ciona savignyi embryos. Development
129, 1729-1738.

Tassy, O., Daian, F., Hudson, C., Bertrand, V. and
Lemaire, P. (2006) A quantitative approach to the
study of cell shapes and interactions during early
chordate embryogenesis. Curr. Biol. 16, 345—358.

Ohta, N. and Satou, Y. (2013) Multiple signaling
pathways coordinate to induce a threshold re-
sponse in a chordate embryo. PLoS Genet. 9,
€1003818.

Haupaix, N., Stolfi, A., Sirour, C., Picco, V.,
Levine, M., Christiaen, L. and Yasuo, H. (2013)
p120RasGAP mediates ephrin/Eph-dependent
attenuation of FGF/ERK signals during cell fate
specification in ascidian embryos. Development
140, 4347-4352.

Delaune, E., Lemaire, P. and Kodjabachian, L.
(2005) Neural induction in Xenopus requires early
FGF signalling in addition to BMP inhibition.
Development 132, 299—-310.

Kuroda, H., Fuentealba, L., Ikeda, A., Reversade, B.
and De Robertis, E.M. (2005) Default neural
induction: neuralization of dissociated Xenopus
cells is mediated by Ras/MAPK activation. Genes
Dev. 19, 1022-1027.

Marchal, L., Luxardi, G., Thome, V. and
Kodjabachian, L. (2009) BMP inhibition initiates
neural induction via FGF signaling and Zic genes.
Proc. Natl. Acad. Sci. U.S.A. 106, 17437—17442.

Nishida, H. (1992) Developmental potential for
tissue differentiation of fully dissociated cells of
the ascidian embryo. Rouxs Arch. Dev. Biol. 201,
81-87.

Manni, L., Lane, N.J., Joly, J.S., Gasparini, F.,
Tiozzo, S., Caicci, F., Zaniolo, G. and Burighel, P.
(2004) Neurogenic and non-neurogenic placodes in
ascidians. J. Exp. Zoolog. B Mol. Dev. Evol. 302,
483-504.

Mazet, F., Hutt, J.A., Milloz, J., Millard, J.,
Graham, A. and Shimeld, S.M. (2005) Molecular
evidence from Cliona intestinalis for the evolu-
tionary origin of vertebrate sensory placodes. Dev.
Biol. 282, 494-508.

Wagner, E. and Levine, M. (2012) FGF signaling
establishes the anterior border of the Ciona neural
tube. Development 139, 2351-2359.

Tresser, J., Chiba, S., Veeman, M., El-Nachef, D.,
Newman-Smith, E., Horie, T., Tsuda, M. and
Smith, W.C. (2010) doublesex/mab3 related-1
(dmrt1) is essential for development of anterior
neural plate derivatives in Ciona. Development



No. 2|

57)

61)

62)

63)

64)

65)

66)

67)

68)

69)

70)

Gene regulatory systems in the Ciona embryo 49

137, 2197-2203.

Hudson, C., Lotito, S. and Yasuo, H. (2007)
Sequential and combinatorial inputs from Nodal,
Delta2/Notch and FGF/MEK/ERK signalling
pathways establish a grid-like organisation of
distinct cell identities in the ascidian neural plate.
Development 134, 3527-3537.

Imai, K.S. (2003) Isolation and characterization of
(-catenin downstream genes in early embryos of
the ascidian Ciona savignyi. Differentiation 71,
346-360.

Hudson, C., Kawai, N., Negishi, T. and Yasuo, H.
(2013) [(-catenin-driven binary fate specification
segregates germ layers in ascidian embryos. Curr.
Biol. 23, 491-495.

Imai, K.S., Satou, Y. and Satoh, N. (2002) Multiple
functions of a Zic-like gene in the differentiation of
notochord, central nervous system and muscle in
Cliona savignyi embryos. Development 129, 2723—
2732.

Kubo, A.,; Suzuki, N., Yuan, X., Nakai, K., Satoh,
N., Imai, K.S. and Satou, Y. (2010) Genomic cis-
regulatory networks in the early Ciona intestinalis
embryo. Development 137, 1613—1623.

Takatori, N., Kumano, G., Saiga, H. and Nishida, H.
(2010) Segregation of germ layer fates by nuclear
migration-dependent localization of Not mRNA.
Dev. Cell 19, 589-598.

Yagi, K., Satou, Y. and Satoh, N. (2004) A zinc
finger transcription factor, ZicL, is a direct
activator of Brachyury in the notochord specifi-
cation of Cliona intestinalis. Development 131,
1279-1288.

Picco, V., Hudson, C. and Yasuo, H. (2007) Ephrin-
Eph signalling drives the asymmetric division of
notochord/neural precursors in Ciona embryos.
Development 134, 1491-1497.

Yasuo, H. and Satoh, N. (1993) Function of
vertebrate T-Gene. Nature 364, 582—583.

Takahashi, H., Hotta, K., Erives, A., Di Gregorio,
A., Zeller, R.W., Levine, M. and Satoh, N. (1999)
Brachyury downstream notochord differentiation
in the ascidian embryo. Genes Dev. 13, 1519—
1523.

Hotta, K., Takahashi, H., Asakura, T., Saitoh, B.,
Takatori, N., Satou, Y. and Satoh, N. (2000)
Characterization of Brachyury-downstream noto-
chord genes in the Ciona intestinalis embryo. Dev.
Biol. 224, 69-80.

Hashimoto, H., Enomoto, T., Kumano, G. and
Nishida, H. (2011) The transcription factor FoxB
mediates temporal loss of cellular competence for
notochord induction in ascidian embryos. Devel-
opment 138, 2591-2600.

Satou, Y., Imai, K.S. and Satoh, N. (2001) Early
embryonic expression of a LIM-homeobox gene
Cs-lhz3 is downstream of [-catenin and respon-
sible for the endoderm differentiation in Ciona
savignyi embryos. Development 128, 3559-3570.

Kondoh, K., Kobayashi, K. and Nishida, H. (2003)
Suppression of macho-1-directed muscle fate by
FGF and BMP is required for formation of

1)

72)

73)

74)

75)

76)

77)

78)

79)

80)

81)

82)

83)

84)

posterior endoderm in ascidian embryos. Develop-
ment 130, 3205—-3216.

Ristoratore, F., Spagnuolo, A., Aniello, F., Branno,
M., Fabbrini, F. and Di Lauro, R. (1999)
Expression and functional analysis of Cititf!, an
ascidian NK-2 class gene, suggest its role in
endoderm development. Development 126, 5149—
5159.

Spagnuolo, A. and Di Lauro, R. (2002) Cititf! and
endoderm differentiation in Ciona intestinalis.
Gene 287, 115-119.

Hirano, T. and Nishida, H. (1997) Developmental
fates of larval tissues after metamorphosis in
ascidian Halocynthia roretzi. 1. Origin of meso-
dermal tissues of the juvenile. Dev. Biol. 192,
199-210.

Tokuoka, M., Satoh, N. and Satou, Y. (2005) A
bHLH transcription factor gene, Twist-likel, is
essential for the formation of mesodermal tissues
of Ciona juveniles. Dev. Biol. 288, 387—-396.

Kumano, G. and Nishida, H. (2007) Ascidian
embryonic development: an emerging model
system for the study of cell fate specification in
chordates. Dev. Dyn. 236, 1732—1747.

Mitani, Y., Takahashi, H. and Satoh, N. (1999)
An ascidian T-box gene As-T2 is related to the
Thx6 subfamily and is associated with embryonic
muscle cell differentiation. Dev. Dyn. 215, 62—68.

Yagi, K., Takatori, N., Satou, Y. and Satoh, N.
(2005) Ci-Tbx6b and Ci-Tbx6c¢ are key mediators
of the maternal effect gene Ci-machol in muscle
cell differentiation in Ciona intestinalis embryos.
Dev. Biol. 282, 535—549.

Meedel, T.H., Chang, P. and Yasuo, H. (2007)
Muscle development in Ciona intestinalis requires
the b-HLH myogenic regulatory factor gene Ci-
MREF. Dev. Biol. 302, 333—344.

Meedel, T-H., Farmer, S.C. and Lee, J.J. (1997) The
single MyoD family gene of Ciona intestinalis
encodes two differentially expressed proteins:
implications for the evolution of chordate muscle
gene regulation. Development 124, 1711-1721.

Meedel, T.H., Lee, J.J. and Whittaker, J.R. (2002)
Muscle development and lineage-specific expres-
sion of CiMDF, the MyoD-family gene of Ciona
intestinalis. Dev. Biol. 241, 238—-246.

Imai, K.S., Satoh, N. and Satou, Y. (2003) A Twist-
like bHLH gene is a downstream factor of an
endogenous FGF and determines mesenchymal
fate in the ascidian embryos. Development 130,
4461-4472.

Erives, A., Corbo, J.C. and Levine, M. (1998)
Lineage-specific regulation of the Ciona snail gene
in the embryonic mesoderm and neuroectoderm.
Dev. Biol. 194, 213-225.

Fujiwara, S., Corbo, J.C. and Levine, M. (1998) The
snail repressor establishes a muscle/notochord
boundary in the Ciona embryo. Development
125, 2511-2520.

Corbo, J.C., Fujiwara, S., Levine, M. and Di
Gregorio, A. (1998) Suppressor of hairless acti-
vates Brachyury expression in the Ciona embryo.



50

85)

86)

87)

88)

89)

90)

91)

92)

93)

94)

95)

96)

97)

98)

Y. SATOU and K. S. IMAI

Dev. Biol. 203, 358—368.

Hudson, C. and Yasuo, H. (2006) A signalling relay
involving Nodal and Delta ligands acts during
secondary notochord induction in Ciona embryos.
Development 133, 2855—-2864.

Yamada, L., Kobayashi, K., Satou, Y. and Satoh, N.
(2005) Microarray analysis of localization of
maternal transcripts in eggs and early embryos
of the ascidian, Ciona intestinalis. Dev. Biol. 284,
536—550.

Satou, Y. (1999) posterior end mark 3 (pem-8), an
ascidian maternally expressed gene with localized
mRNA encodes a protein with Caenorhabditis
elegans MEX-3-like KH domains. Dev. Biol. 212,
337-350.

Satou, Y. and Satoh, N. (1997) posterior end mark 2
(pem-2), pem-4, pem-5, and pem-6: Maternal
genes with localized mRNA in the ascidian
embryo. Dev. Biol. 192, 467-481.

Christiaen, L., Stolfi, A., Davidson, B. and Levine,
M. (2009) Spatio-temporal intersection of Lhx3
and Tbx6 defines the cardiac field through
synergistic activation of Mesp. Dev. Biol. 328,
552-560.

Satou, Y., Imai, K.S. and Satoh, N. (2004) The
ascidian Mesp gene specifies heart precursor cells.
Development 131, 2533—-2541.

Pasini, A., Amiel, A., Rothbacher, U., Roure, A.,
Lemaire, P. and Darras, S. (2006) Formation of
the ascidian epidermal sensory neurons: insights
into the origin of the chordate peripheral nervous
system. PLoS Biol. 4, €225.

Imai, K.S., Daido, Y., Kusakabe, T.G. and Satou, Y.
(2012) Cis-acting transcriptional repression estab-
lishes a sharp boundary in chordate embryos.
Science 337, 964—967.

Peter, 1.S., Faure, E. and Davidson, E.H. (2012)
Predictive computation of genomic logic process-
ing functions in embryonic development. Proc.
Natl. Acad. Sci. U.S.A. 109, 16434—16442.

Mochizuki, A. and Saito, D. (2010) Analyzing
steady states of dynamics of bio-molecules from
the structure of regulatory networks. J. Theor.
Biol. 266, 323—-335.

Mochizuki, A., Fiedler, B., Kurosawa, G. and Saito,
D. (2013) Dynamics and control at feedback
vertex sets. II: a faithful monitor to determine
the diversity of molecular activities in regulatory
networks. J. Theor. Biol. 335, 130—146.

Bolouri, H. and Davidson, E.H. (2003) Transcrip-
tional regulatory cascades in development: initial
rates, not steady state, determine network ki-
netics. Proc. Natl. Acad. Sci. U.S.A. 100, 9371—

9376.
Kitzmann, M., Carnac, G., Vandromme, M.,
Primig, M., Lamb, N.J. and Fernandez, A.

(1998) The muscle regulatory factors MyoD and
myf-5 undergo distinct cell cycle-specific expres-
sion in muscle cells. J. Cell Biol. 142, 1447-1459.
Ali, F., Hindley, C., McDowell, G., Deibler, R.,
Jones, A., Kirschner, M., Guillemot, F. and

99)

100)

101)

102)

103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

[Vol. 91,

Philpott, A. (2011) Cell cycle-regulated multi-site
phosphorylation of Neurogenin 2 coordinates cell
cycling with differentiation during neurogenesis.
Development 138, 4267—-4277.

Ogura, Y., Sakaue-Sawano, A., Nakagawa, M.,
Satoh, N., Miyawaki, A. and Sasakura, Y.
(2011) Coordination of mitosis and morphogene-
sis: role of a prolonged G2 phase during chordate
neurulation. Development 138, 577-587.

Ho, L. and Crabtree, G.R. (2010) Chromatin
remodelling during development. Nature 463,
474-484.

Levine, M. (2011) Paused RNA polymerase II as a
developmental checkpoint. Cell 145, 502—511.
Katikala, L., Aihara, H., Passamaneck, Y.J,
Gazdoiu, S., Jose-Edwards, D.S., Kugler, J.E.,
Oda-Ishii, I., Imai, J.H., Nibu, Y. and Di Gregorio,
A. (2013) Functional Brachyury binding sites
establish a temporal read-out of gene expression in

the Ciona notochord. PLoS Biol. 11, e1001697.

Davidson, E.H. and Erwin, D.H. (2006) Gene
regulatory networks and the evolution of animal
body plans. Science 311, 796—800.

Dufour, H.D., Chettouh, Z., Deyts, C., de Rosa, R.,
Goridis, C., Joly, J.S. and Brunet, J.F. (2006)
Precraniate origin of cranial motoneurons. Proc.
Natl. Acad. Sci. U.S.A. 103, 8727—8732.

Wada, H., Saiga, H., Satoh, N. and Holland, P.W.
(1998) Tripartite organization of the ancestral
chordate brain and the antiquity of placodes:
insights from ascidian Paz-2/5/8, Hox and Otz
genes. Development 125, 1113—1122.

Takahashi, T. and Holland, P.W. (2004) Am-
phioxus and ascidian Dmbx homeobox genes give
clues to the vertebrate origins of midbrain
development. Development 131, 3285—3294.

Liu, A. and Joyner, A.L. (2001) Early anterior/
posterior patterning of the midbrain and cerebel-
lum. Annu. Rev. Neurosci. 24, 869—896.

Rhinn, M., Picker, A. and Brand, M. (2006) Global
and local mechanisms of forebrain and midbrain
patterning. Curr. Opin. Neurobiol. 16, 5—12.

Wurst, W. and Bally-Cuif, L. (2001) Neural plate
patterning: upstream and downstream of the
isthmic organizer. Nat. Rev. Neurosci. 2, 99-108.

Abitua, P.B., Wagner, E., Navarrete, [.LA. and
Levine, M. (2012) Identification of a rudimentary
neural crest in a non-vertebrate chordate. Nature
492, 104-107.

Cohn, M.J. and Tickle, C. (1999) Developmental
basis of limblessness and axial patterning in
snakes. Nature 399, 474—479.

Shapiro, M.D., Marks, M.E., Peichel, C.L.,
Blackman, B.K., Nereng, K.S., Jonsson, B.,
Schluter, D. and Kingsley, D.M. (2004) Genetic
and developmental basis of evolutionary pelvic
reduction in threespine sticklebacks. Nature 428,
T17-723.

(Received Aug. 27, 2014; accepted Nov. 5, 2014)



No. 2| Gene regulatory systems in the Ciona embryo

Profile

Yutaka Satou received a Ph.D. degree in science from Kyoto University in 1999
under the supervision of Professor Noriyuki Satoh. He became an assistant professor
in 1999 and then an associate professor in 2004 at Graduate School of Science, Kyoto
University. He worked with Professor Michael Levine at University of California,
Berkeley for one year from 2005 to 2006 as a visiting scientist. He received the JSPS Prize
in 2014. He played a major role in accomplishing the genome project of an ascidian,
Ciona intestinalis, and is studying molecular mechanisms of embryonic development by
taking full advantage of his experience in the genome project.

51



