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EVOLUTIONARY BIOLOGY

Homologous gene regulatory networks control
development of apical organs and brains in Bilateria

Roberto Feuda*t and Isabelle S. Peter*

Apical organs are relatively simple larval nervous systems. The extent to which apical organs are evolutionarily
related to the more complex nervous systems of other animals remains unclear. To identify common develop-
mental mechanisms, we analyzed the gene regulatory network (GRN) controlling the development of the apical
organ in sea urchins. We characterized the developmental expression of 30 transcription factors and identified
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key regulatory functions for FoxQ2, Hbn, Delta/Notch signaling, and SoxC in the patterning of the apical organ
and the specification of neurons. Almost the entire set of apical transcription factors is expressed in the nervous
system of worms, flies, zebrafish, frogs, and mice. Furthermore, a regulatory module controlling the axial patterning
of the vertebrate brain is expressed in the ectoderm of sea urchin embryos. We conclude that GRNs controlling the
formation of bilaterian nervous systems share a common origin and that the apical GRN likely resembles an ancestral

regulatory program.

INTRODUCTION
Many theories have been developed over the years to reconstruct
the evolutionary relationship between nervous systems of vastly
different morphology and function in attempts to explain the evo-
lution of the nervous system. One of them, proposed over a century
ago, postulates that the last common ancestor of echinoderms,
hemichordates, and chordates might have resembled in appearance
the marine larvae of extant echinoderms (1-3). According to this
theory, the central nervous system of chordates would have evolved
from a common ancestor with an apical organ, which gave rise to
the anterior nervous system and brain, and a ciliated band nervous
system, which fused to form the neural tube. More recent compari-
sons based on molecular gene expression data, however, seem to
offer little support for this theory (1, 4-6). Thus, there is a remark-
able similarity of regulatory modules controlling the regionalization
of the central nervous system along the anterior-posterior and
mediolateral axes in vertebrates, arthropods, and annelids, raising
the possibility of a bilaterian ancestor that already had a relatively
complex regionalized nervous system (4-6). However, the absence
of complexity and regionalization in the nervous system of many
bilaterian clades challenges this possibility and would have to be the
result of secondary losses if their ancestors had a relatively complex
and partitioned nervous system (7, 8). An alternative explanation is
that the conservation of axial patterning mechanisms might have
occurred for reasons other than the regionalization of the brain and
that these mechanisms might therefore be less suitable for under-
standing the evolution of the nervous system. Further insights into
developmental mechanisms that control the formation of the
nervous system in different clades are therefore necessary for re-
constructing the evolutionary history of the nervous system.

Here, we analyzed the gene regulatory network (GRN) controlling
the development of the apical organ in sea urchin embryos to iden-
tify developmental mechanisms that are used in echinoderms and
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that serve as a basis for evolutionary comparisons. GRNs orchestrate
developmental processes including axial patterning, cell fate speci-
fication, morphogenesis, cell proliferation, and many other aspects
of development (9). The comparison of developmental GRNs operat-
ing in different animals provides a way to assess the evolutionary
relationship of developmental programs across considerable evolu-
tionary distances because it is unlikely that extensive similarity in
transcription factor components or regulatory circuits has evolved
entirely independently. It should be noted however that even
homologous GRNs may have further evolved by the co-option of
additional regulatory factors and by the rewiring of regulatory
circuits and thus have acquired the capacity to regulate the forma-
tion of novel morphological structures (10, 11). The promise of
GRN comparisons is to reveal where transcription factor co-options
and novel regulatory circuits have contributed to the evolution of
novel features in the animal body plan.

Echinoderm larvae have a centralized nervous system, with
neurons located either in the apical organ, which corresponds to
the anterior neurogenic ectoderm, or in the ciliary band ectoderm
(12, 13). Apical organs are present in several animal phyla including
Cnidaria, ctenophores, annelids, and echinoderms (13, 14). The
similarities between apical organs in various cnidarian and bilaterian
species indicate that apical organs are homologous (14). As sister
groups of chordates, echinoderms and hemichordates are in a phylo-
genetically important position to reveal insights into the evolution
of the nervous system in early deuterostomes.

In the purple sea urchin Strongylocentrotus purpuratus, the api-
cal organ of pluteus larvae includes four to six serotonergic neurons
in addition to other neurons and other non-neural cell types (15).
Most neurons in the apical organ and ciliary band are specified
during the development of the larva after the onset of gastrulation.
However, the precursors of serotonergic neurons form exclusively
within the apical organ and are distinctly specified before the onset
of gastrulation, indicating that the patterning of the apical organ
occurs early during sea urchin development (16). Several develop-
mental mechanisms contribute to the initial specification of the
apical neurogenic ectoderm. Thus, SoxB transcription factors are
responsible for initially activating the expression of foxg2 in the
neurogenic ectoderm (17, 18). The anterior localization of the apical
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organ is defined by antagonism to Wnt signaling from the vegetal
pole, which restricts the expression of the forkhead transcription
factor (FoxQ2) and the specification of the apical neurogenic ecto-
derm to the animal pole (19-21). The boundaries of the apical neu-
rogenic ectoderm are further defined by repressive cross-interactions
between FoxQ2 and Emx and by expression of Wnt signaling
antagonists downstream of FoxQ2 (20, 22). Additional regulatory
mechanisms were identified, which control neurogenesis not only in
the apical organ but also throughout the sea urchin larva, including
Delta/Notch signaling, SoxC, and Brn1/2/4 (16, 18, 23, 24). However,
developmental mechanisms that contribute to the development of
the apical organ after definition of its progenitor field and that lead
to the specification of serotonergic neurons and other apical cell fates
are so far not well resolved.

In this study, we analyzed the GRN that controls the formation
of the apical organ and the specification of serotonergic neurons
before gastrulation. We determined the spatial and temporal ex-
pression of 31 transcription factors and signaling ligands during
this process and performed perturbation experiments to test the
function of key nodes. The results show that FoxQ2 and Hbn func-
tion upstream in the specification of apical cell fates and in the
patterning of the apical organ. Both transcription factors together
activate the expression of SoxC in the apical neurogenic ectoderm,
which is subsequently restricted to neuronal precursors by Delta/
Notch signaling. SoxC in turn activates the expression of several
proneural transcription factors to specify neural precursors. A com-
parative analysis indicates that the orthologs of most transcription
factors constituting the sea urchin apical GRN are expressed in the
nervous system throughout Bilateria. In addition, transcription
factors patterning the anterior-posterior axis of the nervous system
in flies and mice are expressed in the neural and non-neural ecto-
derm of sea urchin embryos, indicating that this regulatory module
is conserved in echinoderms even in the absence of a complex
partitioned nervous system. These results suggest a common origin of
developmental programs that control the formation of apical organs
and more complex brains despite their differences in morphology
and function. Given the absence of co-options in the apical GRN, the
ancestral form of anterior nervous system might resemble the apical
organs of extant echinoderm larvae, as proposed many years ago.

RESULTS

Identification of transcription factors that

constitute the apical GRN

Previous systematic gene expression analyses identified 48 regula-
tory genes that were annotated as being expressed in the apical
organ at some point during the first 3 days of sea urchin development
(table S1) (15, 16, 22, 25-30). To identify transcription factors that
potentially contribute to the pregastrular development of the apical
organ, we analyzed the time-course expression levels of these candi-
date genes up to the onset of gastrulation at 30-hour postfertilization
(hpf) by NanoString nCounter technology (31). Because only two to
four serotonergic neurons are specified at this early stage in the apical
organ, even expression levels as low as 60 mRNA molecules per
embryo may result in functional levels of transcription factors. Using
this threshold, we identified 43 regulatory genes that are expressed
during pregastrular development, whereas five genes were expressed
at levels too low to be functionally relevant and were excluded from
further analyses (fig. S1A). The spatial expression of the 43 regulatory
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genes was further analyzed by whole-mount in situ hybridization
(WMISH), showing that 31 regulatory genes are expressed in the
apical neurogenic ectoderm just before gastrulation, while 12 regu-
latory genes are expressed elsewhere in the embryo at this stage
(fig. S1B). These results show that the GRN controlling the prega-
strular development of the apical organ includes at least 30 transcrip-
tion factors in addition to the signaling ligand Delta.

On the basis of the spatial expression patterns of these transcrip-
tion factors, the apical organ includes several cell fates by 30 hpf that
are organized into concentric domains, as summarized in Fig. 1. In
the center of the apical organ, a central apical tuft region is marked
by expression of foxjl and nkx3-2 [Fig. 1, A (yellow circle) to C; and
fig. S2]. A larger domain of the apical plate that overlaps with the
tuft domain expresses 12 regulatory genes including foxq2 and
nkx2.1 (Fig. 1A, green circle). Several regulatory genes are expressed
in the apical organ and in surrounding ectodermal cells, including
otx, zic, and soxbl (Fig. 1B, gray domains). The apical organ shows an
oral/aboral asymmetry, as indicated by expression of hbn on the aboral
side (Fig. 1, A and B, blue-green half circle), and of not, six3, and foxg on
the oral side [Fig. 1, A (dashed line) and B (light blue and gray
oral quadrant)]. Furthermore, a few individual cells within the
aboral apical organ specifically express several proneural regulatory
genes including soxc, achaete-scute (ac/sc), delta, and brnl/2/4
(Fig. 1, A and B, red circles). These cells correspond to the precursors
of serotonergic neurons that, in addition, express 15 transcription
factors that are present more broadly in the apical organ (Fig. 1C).
These results confirm that extensive patterning of the apical organ
and the specification of the serotonergic neural precursors occurs
before gastrulation.

Dynamic specification of cell fates during development

of the apical organ

Neurogenesis typically starts with the specification of a broad neu-
rogenic ectoderm domain in which, as development proceeds, a
subset of cells acquire neural cell fate identity and differentiate into
neural cell types (32). To determine the progression of patterning
and cell fate specification in the developing apical organ and to
identify transcription factors that contribute to this process, we
analyzed the expression of the apical transcription factors during
earlier development of the apical organ. For the 31 regulatory genes,
spatial expression was analyzed from early specification of apical
neurogenic ectoderm up to gastrulation (12 to 30 hpf) at 3-hour
time intervals by WMISH (Fig. 1A and fig. S2, A to E). For simplifi-
cation, the resulting spatial gene expression data are summarized in
a Boolean expression matrix (Fig. 1, B and C). These data indicate
that several important regulatory transitions occur during the specifi-
cation of the apical organ.

The initial specification of apical neurogenic ectoderm as dis-
tinct from other ectodermal cell fates occurs at 12 hpf, when foxq2
expression becomes restricted to the animal pole domain (Fig. 1A)
(21, 22). In addition to foxq2, six other regulatory genes are ex-
pressed at this early stage throughout the apical neurogenic ectoderm,
including foxj1, arrowhead homolog (awh), and six3, in addition to
soxbl, which is broadly expressed throughout the ectoderm (Fig. 1C
and fig. S2). A few hours later, expression of foxjl becomes restricted
and, by 18 hpf, specifies a central tuft domain, while expression of
six3 is excluded from the apical domain (Fig. 1A). Cells of the apical
neurogenic ectoderm are otherwise uniformly specified by expression
of seven regulatory genes, including foxq2, nkx2.1, and hbn.
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Fig. 1. Developmental expression of regulatory genes in the apical neural ectoderm. (A) Spatial gene expression of selected regulatory genes between 12 and
30 hpfindicating the specification of distinct cell fate domains in the apical neural ectoderm. Distinct cell fate domains are indicated by colored circles. Complete dataset
available in fig. S2. (B) Diagram of embryos summarizing the apical cell fate domains expressing distinct regulatory states, with small lateral schemes indicating the position
of the apical plate within embryos and large schemes indicating apical views. Color code as in (A). (C) Boolean expression matrix summarizing the spatial expression of all
analyzed regulatory genes at indicated time points. Numbered columns indicate the regulatory state for each cell fate domain shown in matched color in (B). LV, lateral view;
AV, apical view. Scale bars, 20 um.
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Extensive patterning of the apical organ occurs between 18 and
24 hpf, essentially establishing most apical cell fates specified before
gastrulation. This process coincides with the activation of 15 addi-
tional regulatory genes in the apical neurogenic ectoderm (Fig. 1C
and fig. S2). Thus by 24 hpf, the three concentric domains of the
apical organ are specified: the central apical domain marked by
foxj1 and nkx3-2; a broader apical domain expressing foxq2, nkx2.1,
rx, and awh; and cells surrounding these two domains that express
otx, six3, and zic (Fig. 1C and fig. S2). The origin of the oral-aboral
asymmetry in the apical organ is provided by expression of not,
hnf6, and foxg in the oral quadrant, which, at this stage, intersects all
three concentric apical domains (Fig. 1, A and B, and fig. S2).

The specification of serotonergic neurons during development
of the apical organ is indicated by the expression of SoxC, a tran-
scription factor that is expressed in neurons throughout the sea
urchin larva and required for neurogenesis (16, 18). Apical neural
progenitors are first detected at 21 hpf when soxc expression occurs
in clusters of cells located on the aboral side of the apical domain
(Fig. 1A and fig. S2F). Within a few hours, expression of soxc be-
comes restricted to two to three individual cells, the precursors of
serotonergic neurons (Fig. 1A and fig. S2). This transition in the
spatial expression of soxc occurs at a time when several proneural
transcription factors start being expressed in apical neural precursors,
including insulinoma-associated protein (Insm), early B-cell factor 3
(EBF3), Brain 1/2/4 (Brn1/2/4), and Achaete-Scute (Ac/sc) (Fig. 1C
and fig. S2). Soxc is therefore one of the earliest proneural regulatory
genes expressed during development of the apical organ.

These results show that the sea urchin apical organ develops
from the early specification of neurogenic ectoderm to the expression
of proneural transcription factors in serotonergic neural precursors
within just about 18 hours before the onset of gastrulation. Several
transcription factors are expressed in key positions within this pro-
cess and are likely to control the specification of neurons and other
cell fates in the apical organ.

FoxQ2 controls specification of various cell fates

in the apical organ

FoxQ2 is one of the earliest transcription factors expressed in the
apical neurogenic ectoderm, together with Six3 (Fig. 2A and fig. S2)
(22, 28, 29). Previous studies showed that the perturbation of Six3
affects the expression of many transcription factors within the
apical organ (29). However, expression of six3 clears from the apical
neurogenic ectoderm by 15 hpf, and Six3 is therefore unlikely to
function as a direct regulator of gene expression in the apical organ
beyond very early stages of development. Expression of foxq2 on the
other hand is exclusively detected in the apical neurogenic ectoderm
throughout embryogenesis, beyond the onset of gastrulation (28).
Although several mechanisms have been identified that control
the earliest expression of FoxQ2 in the apical neurogenic ectoderm
(21, 22), its function during apical development is not clear.

To determine the function of FoxQ2 in the development of the
apical organ and in the specification of neural precursors, we
perturbed the expression of FoxQ2 using morpholinos. Sea urchin
embryos were injected at fertilization with foxq2 morpholinos or
random control morpholinos, and the expression of apical regula-
tory genes was analyzed at 21 and 30 hpf using NanoString nCounter
analysis. A probe set was used including 29 of the 31 apical regula-
tory genes, all except z133/fez and delta. The results show that
FoxQ2 affects the expression of apical regulatory genes both at
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21 and 30 hpf (Fig. 2B and fig. S3). Consistent with previous results,
expression of the Wnt signaling antagonist sfrp1/5 was down-regulated
and expression of foxq2 was up-regulated in embryos injected with
foxq2 morpholinos (20, 22). The perturbation of FoxQ2 also affected
the expression of several additional regulatory genes, including
genes broadly expressed in the apical neural ectoderm (nkx2.1, zic,
and rx), genes expressed in the central apical domain (nkx3-2 and
Ihx2-9), and genes specifically expressed in apical neural precursors
(ac/sc and ebf3) (Fig. 2B). FoxQ2 is therefore required for the ex-
pression of transcription factors that are associated with several
distinct cell fates within the apical organ.

If FoxQ2 is responsible for controlling the specification of different
apical cell fates, then it should, particularly, regulate the expression
of transcription factors that first define apical cell fate domains
during development. However, the perturbation of FoxQ2 showed
no effect on the expression levels of two transcription factors that
mark the initial specification of their respective domains, foxjI in
the central apical domain and soxc in neural precursors. We thus
examined the expression of these two genes by WMISH in embryos
with perturbed FoxQ2 expression. While foxjI was expressed in the
central apical domain in embryos injected with control morpholinos,
expression was not detectable in embryos injected with foxq2
morpholinos (Fig. 2C). Similarly, expression of soxc was specifically
abolished in the apical neural precursors upon perturbation of
FoxQ2, while soxc expression was not affected in embryos injected
with control morpholinos (Fig. 2D). These results show that FoxQ2
functions upstream in the apical GRN, controlling the expression of
transcription factors that pattern the apical organ and that drive the
specification of apical cell fates including neural precursors.

Hbn activates soxc expression in aboral apical

neurogenic ectoderm

In sea urchins, serotonergic neurons form exclusively on the aboral
side of the apical organ. Because FoxQ2 is expressed evenly through-
out the apical organ, other transcription factors must be responsible for
the localized activation of soxc expression in the aboral apical ectoderm.
The expression of FoxQ2 also precedes expression of soxc by several
hours, further indicating that FoxQ2 alone is not sufficient to acti-
vate soxc expression. Three regulatory genes start being expressed
between 12 and 18 hpf in the apical ectoderm just before the onset
of soxc expression. Nkx2.1 and zic are broadly expressed in the apical
organ and in surrounding ectoderm. Hbn on the other hand is only
initially broadly expressed in the apical domain and becomes re-
stricted to the aboral apical ectoderm after 21 hpf, when neural pre-
cursors are specified (fig. S2B). To evaluate the function of Hbn in the
initial specification of apical neural precursors, embryos were injected
with hbn morpholinos, and expression of soxc was analyzed by
WMISH at 30 hpf. While soxc expression was detectable in neural
precursors in embryos injected with control morpholinos, perturba-
tion of Hbn abolished the expression of soxc in apical neural precursors
(Fig. 2E). FoxQ2 and Hbn are therefore both necessary for the ex-
pression of soxc at the aboral boundary of the apical domain. This is
consistent with a previous study showing that Hbn and FoxQ2 are
required for the specification of serotonergic neurons in a related
sea urchin species, Hemicentrotus pulcherrimus (33). The results
here indicate that FoxQ2 and Hbn constitute an AND logic gate
that regulates the expression of SoxC in apical neural precursors and
thereby, although possibly indirectly and in combination with other
regulators, controls the specification of serotonergic neurons.
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Delta/Notch signaling restricts the specification of apical
neurons by regulating soxc

By the onset of gastrulation, the precursors of serotonergic neurons
are dispersed within the aboral apical ectoderm, as shown by ex-
pression of soxc (Fig. 1A). Initially however, the expression of soxc
is activated more broadly in the apical neurogenic ectoderm at 21 to
24 hpf (Fig. 1A and fig. S2D). The restriction of soxc expression thus
occurs after the initial activation to specify a few individual cells
that give rise to the serotonergic neurons. Although FoxQ2 and
Hbn are responsible for the activation of soxc expression in the
apical domain, other mechanisms must be involved in this dynamic
change of the soxc expression pattern. Previous studies show that
the perturbation of Delta/Notch signaling leads to an increased
number of neurons throughout the sea urchin larva (23, 30). To test
whether Delta/Notch signaling is responsible for controlling the
developmental restriction of soxc expression to neural precursors,
Delta/Notch signaling was blocked using the y-secretase inhibitor
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DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester) (34, 35). To monitor the formation of apical neural
precursors, the expression of soxc and insm was analyzed by WMISH
in embryos treated with DAPT or with dimethyl sulfoxide (DMSO)
for control.

A developmental time-course analysis of soxc expression be-
tween 21 and 30 hpf shows that soxc expression changes from cell
clusters to individual neural precursors by 27 hpf in DMSO-treated
control embryos. However, in embryos with perturbed Delta/Notch
signaling, soxc expression remains unchanged during the same time
period and is detected in clusters of cells in the aboral apical neural
ectoderm (Fig. 3A). Thus, at 30 hpf, the expression of soxc and insm
occurs exclusively in single cells in the apical domain of DMSO-
treated control embryos, while expression is more broadly distributed
in the absence of Delta/Notch signaling (Fig. 3, A and B). The
role of Delta/Notch signaling in the restriction of soxc expression is
consistent with the onset of delta expression in the apical domain at
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24 hpf (fig. S2A). Thus, Delta/Notch signaling among apical neural
progenitors inhibits the expression of soxc in non-neural cells and
restricts the continued specification of neural cell fates to individual
precursors of serotonergic neurons.

SoxC activates expression of proneural transcription factors
in neural precursors

The tight combinatorial regulation of soxc expression downstream
of FoxQ2, Hbn, and Delta/Notch signaling and its early activation
in neural progenitors indicate that SoxC functions as a key node in
the specification of serotonergic neurons. SoxC is broadly required
for the formation of neurons in sea urchin embryos, including the
apical serotonergic neurons (16, 24). On the basis of the expression
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data in fig. S2, SoxC is one of the first transcription factors specifi-
cally expressed in the apical neural progenitors (Fig. 1 and fig. S2D).
The expression of several transcription factors is activated in apical
neural precursors shortly after the restriction of soxc expression
to neural precursors. The spatial expression data show that ac/sc,
brnl1/2/4, ebf3, insm, and z133 are expressed in a few single cells in
the aboral apical organ at 30 hpf (Fig. 1C and fig. S2). To determine
whether SoxC is required for the activation of proneural regulatory
genes in apical neural precursors, expression of SoxC was perturbed
using morpholinos and expression of brn1/2/4, ebf3, and insm was
analyzed at 30 hpf by WMISH. In embryos injected with control
morpholinos, the expression of these proneural regulatory genes
was observed in apical neural precursors, while expression was not
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detectable in embryos injected with soxc morpholinos (Fig. 3, C to E).
These results indicate that SoxC controls the specification of seroto-
nergic neurons by activating the expression of several proneural
transcription factors, possibly together with FoxQ2. The regulation
of soxc expression by the upstream apical GRN therefore provides
a link between early specification of neurogenic ectoderm and the
specification of neural precursors in the apical organ.

Orthologs of apical transcription factors are commonly
expressed in bilaterian nervous systems

The systematic analysis of regulatory gene expression in this study
identified most of transcription factors that constitute the GRN of
the apical organ, offering an opportunity for a comparison between
the apical GRN and GRNs associated with the nervous system of
other animals. If the apical organ is evolutionarily related to more
complex nervous systems, then some that overlap in transcription
factor expression would be expected. Orthologs were identified for
28 of the 31 sea urchin apical transcription factors in mice, xenopus,
zebrafish, Drosophila, and Caenorhabditis elegans. Expression of
orthologous regulatory genes in the central nervous system of these
species was analyzed using publicly available databases (see Materials
and Methods and table S2). The results show that all transcription
factors expressed in the apical organ have orthologs that are ex-
pressed in the nervous system of other animals (Fig. 4A). Expression
in the nervous system was observed for all 24 orthologs in Mus
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musculus (100%), 23 of 25 orthologs in Xenopus tropicalis and
Danio rerio (88%), 21 of 28 orthologs in Drosophila melanogaster
(75%), and 23 of 24 orthologs in C. elegans (96%) (Fig. 4A). The
orthologs of 20 sea urchin apical transcription factors (>70%) are
expressed in the nervous system in every species for which ortho-
logs were identified.

Because random co-options of transcription factors might con-
tribute to this result, we conducted the same analysis using 28 regu-
latory genes that were randomly selected from genes not expressed
in the apical neurogenic ectoderm during sea urchin embryogenesis
(table S3). This set includes transcription factors that are expressed
in the endoderm, mesoderm, or ectoderm of sea urchin embryos
and even includes a few known neural transcription factors such as
nfe2 and six4. The results show that for nonapical regulatory genes,
expression in the brain or anterior neurons was found for 22 of
27 orthologs in M. musculus, 20 of 27 orthologs in X. tropicalis,
21 of 24 orthologs in D. rerio, 11 of 26 orthologs in D. melanogaster,
and 10 of 21 orthologs in C. elegans (Fig. 4B). Thus, particularly, in
vertebrates, the overall likelihood of expression in the nervous sys-
tem is relatively high even for randomly selected transcription factors,
suggesting that frequent co-options have occurred during the evo-
lution of the nervous system. However, only few transcription
factors in this group are expressed in the nervous system of all five
species. Only 7 of the 28 (25%) nonapical transcription factors are
commonly expressed in the anterior nervous system of all species
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Fig. 4. Comparative analysis of transcription factor expression in the anterior nervous system. Transcription factor expression in the anterior nervous system of five
bilaterian species was analyzed using publicly available in situ data. (A) Analysis for orthologs of transcription factors expressed in the sea urchin apical domain. (B) Analysis
for orthologs of transcription factors expressed in the sea urchin embryo but not in the apical domain. Of the 28 transcription factors expressed in the apical organ, 20 are
expressed in the anterior nervous system of all species for which expression data are available compared to 7 transcription factors of the nonapical gene set. ANE, anterior

nervous system.
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analyzed here, as compared to 70% for apical transcription factors.
Expression of transcription factors in the nervous systems of every
species examined is therefore far less likely to occur as a result of
independent evolutionary events. The large fraction of transcription
factors of the sea urchin apical GRN showing expression in the
nervous system of several bilaterian species suggests that these tran-
scription factors already operated as part of a GRN that was assem-
bled before the separation of echinoderms from other bilaterian
clades, indicating a deep evolutionary relationship of GRNs of the
central nervous system in Bilateria.

Previous studies suggest that the apical organ might be related
particularly to the vertebrate forebrain on the basis of expression of
transcription factors such as Six3 (29). To test whether the expression
of apical transcription factors is restricted to particular regions of
the vertebrate brain, we separately identified expression in forebrain,
midbrain, and hindbrain using the mouse Gene Expression Database
(GXD) (36). The results show that about 60% of the transcription
factors (17 of 28) are expressed in all three subdomains of the brain,
while only 7 transcription factors are expressed exclusively in the
mouse forebrain (see fig. S4). Thus, the expression of orthologs of
apical transcription factors is generally not restricted to individual
subdomains of the brain, although only the forebrain shows expression
of the complete set of apical transcription factors. The similarity
between apical organs and vertebrate brains in terms of transcrip-
tion factor expression is therefore strongest in the forebrain but
encompasses the entire brain.

Expression of nervous system axial patterning genes
throughout the sea urchin ectoderm

Given the remarkable fraction of transcription factors of the apical
GRN that also contribute to the development of other nervous sys-
tems of various form and function, it is conceivable that regulatory
modules that are commonly expressed in animals with more com-
plex nervous systems are also deployed in sea urchin embryos. We
therefore determined the state of expression of a regulatory module
that shows deep conservation throughout Bilateria and that is asso-
ciated with the patterning of the anterior-posterior axis of the nervous
system and its tripartite organization, particularly, in vertebrates and
flies (6). How to interpret the conservation of regulatory modules
over these large phylogenetic distances, however, poses certain
challenges (7, 8). Because echinoderms are an early branching deu-
terostome clade with a relatively simple centralized larval nervous
system, assessing the expression of the axial regulatory module
might provide further insights into the ancestral function of this
regulatory module in early deuterostomes.

Several regulatory genes associated with the partitioning of the
vertebrate brain also contribute to the patterning of the sea urchin
apical organ, including six3, foxg, rx, z133/fez, and otx (Fig. 1, Ato C,
and fig. S2). Previous studies also showed that sfrp1/5 and msx are
expressed in the apical organ and in the aboral ectoderm, respec-
tively (19, 20, 37). In addition, we analyzed the spatial expression of
fgf9, hh, irxA, gbx, nk2-2, dlx, pax2/5/8, pax6, and hox7 just before
gastrulation by WMISH (Fig. 5A and fig. S5). The results show that
13 of 16 regulatory genes are expressed in specific patterns in the sea
urchin ectoderm, while hh, pax2/5/8, and pax6 are not expressed in
the ectoderm at this stage (fig. S5). The relative order in which the
axial transcription factors are expressed within the sea urchin ectoderm
is similar to the order of their expression along the anterior-posterior
axis of the vertebrate brain (Fig. 5, B to D). However, in sea urchins,
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the axial transcription factors are expressed throughout the entire
ectoderm, including the oral and aboral ectoderm, which do not
give rise to neurons. Thus, six3, otx, and foxg mark the oral ectoderm
and anterior/oral apical neural ectoderm; otx, sfrp1/5, fez, and rx
mark the posterior/aboral apical neural ectoderm; and irx, gbx, msx,
nk2-2, and hox7 mark the aboral ectoderm. Furthermore, the gene
expression boundary between otx and gbx, which in vertebrates
delineates the border between midbrain and hindbrain (38), separates
apical neurogenic ectoderm and aboral ectoderm in sea urchins
(Fig. 5C). Similarly, the boundary of expression between z133/fezand
irxA, which in vertebrates separates the thalamus and prethalamus
(39), is present also in sea urchins and separates the apical neuro-
genic ectoderm from the aboral ectoderm.

These results indicate that the axial patterning module is con-
served and functional also in echinoderms. However, its expression
throughout the ectoderm, including non-neural oral and aboral
ectoderm, suggests that, in sea urchin embryos, this module func-
tions more broadly in ectodermal patterning (Fig. 5D).

DISCUSSION

In this study, we identified most of transcription factors and several
regulatory linkages that control the development of the apical organ
and the specification of serotonergic neurons in sea urchin embryos.
We show that in this system, the apical organ forms within just
about 18 hours from the initial specification of apical neurogenic
ectoderm to the formation of neural precursors, in a process that
involves relatively few regulatory steps. A model of the GRN con-
trolling the development of the apical organ, including most of its
transcription factors and the regulatory linkages identified here and
elsewhere, is shown in Fig. 6. Although this GRN model is far from
complete in terms of regulatory interactions, several crucial regula-
tory transactions were identified that show how FoxQ2, Hbn, and
Delta/Notch signaling control the specification of serotonergic neu-
rons by regulating expression of a key transcription factor in this
process, SoxC, which, in turn, controls the expression of several
proneural transcription factors (Fig. 6).

This study shows that the orthologs of almost all transcription
factors of the apical GRN are also expressed in the central nervous
system of several other bilaterian animals. These findings support a
common evolutionary origin of apical organs and more complex
brains, because it is very unlikely that the deployment of the entire
suite of apical transcription factors in the development of more
complex nervous systems is the result of random evolutionary
co-options. It remains to be seen to what extent these apical tran-
scription factors execute conserved versus newly acquired functions
during neural development in different animals. For several apical
transcription factors, current evidence indicates that not only ex-
pression but also regulatory functions during development of the
nervous system have been conserved over remarkable evolutionary
distances.

A first example for the conservation of regulatory mechanisms is
provided by the upstream section of the apical GRN that controls
the initial specification of the apical neurogenic ectoderm in early
sea urchin embryos. The earliest specification of the apical organ
depends on SoxB1 activating the expression of foxq2 (17) and on
Wnat signaling from the vegetal pole, which leads to repression of
neurogenic cell fates and restriction of foxq2 expression to the
apical domain (19, 20). Further activation of foxg2 expression occurs
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downstream of Six3 (29), while FoxQ2 represses six3 and activates  system of cnideria, arthropods, annelids, and vertebrates, represent-

the expression of Wnt signaling antagonists (Fig. 6) (20, 22). Similar
mechanisms lead to the specification of neurogenic ectoderm through-
out Bilateria and in Cnidaria. Thus, SoxB class transcription factors
are required for neural commitment in the embryonic nervous sys-
tem in vertebrates (40, 41), Drosophila (42), and Nematostella (43).
Similarly, antagonism to Wnt signaling contributes broadly to the
specification of the anterior nervous system, in Cnidaria and Bilateria
as well as in apical organs and complex brains (14, 44-46). Further-
more, six3 genes are expressed in the apical organ or anterior nervous
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ing a common feature of Bilateria (45-47). Even the activation of foxq2
expression in neurogenic ectoderm downstream of Six3 orthologs
occurs in Cnidaria and in arthropods, as well as in zebrafish photo-
receptors (48-50).

In sea urchins, the initial specification of the apical organ is
followed by a relatively short phase of patterning and by the specifi-
cation of neural precursors. Our results show that FoxQ2 functions
upstream in the apical GRN and is required for the expression of
several transcription factors that pattern the apical organ. FoxQ2,
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in fig. S6 and table S4 (79-82).

together with Hbn, controls the specification of apical neural pre-
cursors by activating the expression of soxc. Similarly, orthologs of
FoxQ2 are expressed in the apical organ of Cnidaria and brachio-
pods and in the central nervous system of centipedes and insects
(48,49, 51). FoxQ2 is also expressed in Tribolium castaneum, where
it controls the specification and patterning of central brain struc-
tures, comparable to its role in the sea urchin apical organ (49, 52).
However, despite the important function of FoxQ2 and Hbn in the
early development of the nervous system in invertebrates, this func-
tion has been lost in vertebrates and foxq2 and hbn are not present
in the genomes of tetrapods and vertebrates, respectively (53, 54).
Some of the most broadly shared regulatory features of the apical
GRN are those involved in neurogenesis, which is consistent with
previous comparisons showing that the neuronal expression of
proneural transcription factors is widely conserved (32). Of the
20 transcription factors that are commonly expressed in the nervous
system of all six species examined here, 15 are expressed in apical
serotonergic neurons in sea urchins, although most of them also
in other cell fates of the apical organ. Overall, about 70% of the reg-
ulatory state of apical neurons is conserved. Furthermore, Delta/
Notch signaling, which is involved in the restriction of the neural
cell fate to neural precursors in sea urchins, is required for the
restriction of neural cell fates in many other developmental con-
texts. Thus, Delta/Notch-mediated lateral inhibition is commonly
deployed during neurogenesis in many animals, including other echi-
noderms, Drosophila, and vertebrates (55-57). In sea urchins, Delta/
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Notch signaling controls the expression of SoxC, which is required
for the specification of apical neural precursors. SoxC activates the
expression of neural regulatory genes including ac/sc, ebf3, insm,
and brn1/2/4. In vertebrates, orthologs of all five transcription factors
are involved in neurogenesis and neuronal differentiation (58-60). In
mice for instance, the SoxC class transcription factors Sox4, Sox11,
and Sox12 are expressed at high levels in neural progenitors in the
brain and function cooperatively with Brn2 in the activation of neu-
ral genes (40, 61, 62). Acscl functions as a pioneer transcription fac-
tor, recruiting other transcription factors such as Brn2 to neural genes
during neuronal differentiation. The co-expression of Soxc, Brn1/2/4,
and Ac/sc in apical serotonergic neurons suggests that these tran-
scription factors constitute a conserved regulatory module with a con-
served function in neural differentiation.

One of the few regulatory modules that are known to be deeply
conserved among bilaterian animals is the regulatory module
that patterns the anterior-posterior axis of the brain in arthropods
and vertebrates and that contributes to its tripartite organization
(4, 6, 38, 63, 64). However, it remains a matter of debate whether
the conservation of these axial patterning modules also indicates
that a complex regionalized nervous system was present in bilate-
rian ancestors (I, 4, 6, 8). Evidence indicating that this regulatory
module might be conserved for reasons other than the tripartite or-
ganization of the nervous system stem from observations in ani-
mals lacking a tripartite brain. Thus, in hemichordates, orthologs of
axial transcription factors including Otx, Pax2/5/8, Gbx2, and Hox
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are expressed in a similar order; however, instead of marking differ-
ent parts of the nervous system, these regulators separate the ectoderm
into proboscis ectoderm, collar ectoderm, anterior trunk ectoderm,
and posterior trunk ectoderm (I, 8). However, because hemichordates
have a diffuse nerve net that extends along almost the entire body
axis, ectodermal patterning might still contribute to the specifica-
tion of different neuronal cell types (8). The expression of the axial
patterning module throughout the ectoderm of sea urchin embryos
on the other hand shows that, in nonchordate deuterostomes, this
regulatory module controls ectodermal patterning beyond a central
nervous system, indicating that this function might be ancestral
within deuterostomes. Accordingly, the function of this regulatory
module in the tripartite organization of the vertebrate brain might
be the result of the co-option of novel developmental processes
downstream of this module that occurred within chordates after the
separation from echinoderms and hemichordates (Fig. 5D). Similar
evolutionary co-options that enabled this regulatory module to
control the partitioning of the nervous system would have occurred
independently within protostomes.

Together, the apical GRN displays an extensive degree of conser-
vation of its regulatory components. Not only are a majority of its
transcription factors expressed in the anterior nervous system
throughout Bilateria, but also many of them appear to control
similar aspects of neural development. This overlap in regulatory
mechanisms in the sea urchin apical GRN and the GRNs controlling
the formation of the nervous system in other animals supports the
conclusion that bilaterian nervous systems share a common evolu-
tionary origin and are therefore homologous. This homology in-
cludes not only developmental mechanisms controlling the anterior
localization of the nervous system but also processes involved in the
patterning of the nervous system and in the specification and differ-
entiation of neural cell types. Because the apical GRN includes few,
if any, transcription factors that are not shared with other neural
GRNSs, few gene co-options have occurred that are specific to apical
organs, indicating that the apical GRN has undergone limited
evolutionary modifications. Apical organs such as present in extant
echinoderms might therefore closely resemble an ancestral form of
anterior nervous system. Accordingly, the far more complex nervous
systems of vertebrates have evolved by extensive co-option of
dozens, if not hundreds, of additional transcription factors and
signaling molecules that supported the expansion of neuronal cell
types and the establishment of novel functional regions of the brain.
Because the development of the vertebrate brain involves far more
than the specification of a few cell types, even transcription factors
of an ancestral nervous system GRN would be likely to have acquired
novel regulatory functions, and as a result, ancestral GRN circuitry
might not be conserved apart from individual regulatory interactions
and smaller regulatory modules, as discussed above. As this study
indicates, the sea urchin apical GRN might provide an important
point of reference to further reconstruct the regulatory changes that
led to the evolution of the vertebrate nervous system.

MATERIALS AND METHODS

NanoString nCounter assay

Gene expression levels in wild-type and perturbed embryos were
analyzed by NanoString nCounter essay according to previous
protocols (65). Briefly, ~200 embryos were collected for each sam-
ple, and RNA was extracted using the QLTAGEN RNeasy Micro Kit
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(QIAGEN, Hilden, Germany). Samples were ethanol-precipitated
and resuspended in 7.5 ul of nuclease-free water, and 5 pul was used
for hybridization. Hybridization reactions were performed according
to the manufacturer’s instructions at 65°C for at least 18 hours.
Hybridized probes were recovered with the NanoString Prep Station
and immediately evaluated with the NanoString nCounter. Counts
were normalized by the mean of total counts, and mRNA copies per
embryo for each gene was determined using linear regression of
counts for the positive spike-in probes divided by the number of
embryos per sample.

Whole-mount in situ hybridization

WMISH analyses were performed according to previous protocols
(66). Briefly, sea urchin embryos were fixed in paraformaldehyde.
Fixed embryos were incubated at 60°C overnight in hybridization
buffer [50% (v/v) formamide, 5x SSC, 1x Denhardt’s, yeast transfer
RNA (1 mg/ml), heparin (50 ng/ml), and 0.1% Tween-20] with
digoxigenin-labeled RNA probes (0.5 to 1 ng/ul) (table S1). Embryos
were washed with hybridization buffer [2x SSCT (2x SSC and 0.1%
Tween-20), 0.2x SSCT, and 0.1x SSCT; each for 20 min at 60°C].
Subsequently, the antibody incubations were performed at room
temperature with 1:1000 diluted anti-Digoxigenin-AP (anti-DIG)
Fab fragments (Fab) (Roche). Embryos were washed 6x with maleic
acid buffer containing Tween 20 (MABT) buffer (0.1 M maleic
acid, 0.15 M NaCl, and 0.1% Tween-20) and 2x with alkaline phos-
phatase (AP) buffer [100 mM tris-Cl (pH 9.5), 100 mM NaCl, 50 mM
MgCl,, and 1 mM levamisole]. 5-Bromo-4-chloro-3-indolyl-phosphate
and nitro blue tetrazolium were used for staining. Embryos stained
by WMISH were analyzed by microscopy.

Microinjection and perturbation analysis

Morpholino sequences targeting eve, foxq2, and soxc were previously
described: foxq2, GAATTAGAGGCGGTAGATGTGTCGT; eve,
CAGAAACCACTCGATCAATGTTTGC; and soxc, GAACCATCTT-
GAAGTCAGCATTCAC (22, 67). The sequence of the hbn morpholino
was 5'-AGGAACAACGACCGCCGTCATTC-3'". Morpholinos were
injected at 300 uM in 0.12 M KCl. For control, embryos were injected
with random control morpholinos or left uninjected. A total of
200 to 300 morpholino-injected embryos were collected at different
time points. Experiments were performed with two to three inde-
pendent batches of embryos. For experiments involving WMISH,
effects of perturbations were analyzed in 20 to 60 embryos, with
results shown representing at least 90 to 95% of scored embryos. To
block Delta/Notch signaling, the y-secretase inhibitor DAPT (34)
was dissolved in DMSO. Embryos were treated with DAPT at a final
concentration of 8 pM or with DMSO as control starting at 3 hpf,
as previously described (35).

Identification of orthologs

The orthologs of sea urchin transcription factors were deter-
mined using Panther least divergent ortholog (LDO) (68, 69).
Orthologs were further validated using EggNOG 5.0 (70), and for
D. melanogaster and C. elegans, we used the pipeline implemented in
ENSEMBL metazoan (71). Genes were excluded from the analysis
where the orthologous relationship was not clearly resolved (hesC
and hairy2/4) and where apical expression occurs only transiently
(kIf2/4). In the vast majority of cases, the same set of orthologs were
identified with all methods used, except when no LDO was identified
or when no orthologs or >3 orthologs were identified in Panther.
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Comparison of gene expression in nervous system

For each gene identified to be orthologous to one of the sea urchin
regulatory genes in the apical or nonapical gene set, we evaluated
expression in developing brains and/or neurons using publicly
available data. For M. musculus, we used the mouse GXD to deter-
mine genes expressed in the forebrain, midbrain, or hindbrain (36).
For Xenopus and zebrafish, we used Xenbase (72) and ZFIN (73),
respectively, to determine whether gene orthologs are expressed in
the forebrain, midbrain, or hindbrain. For D. melanogaster, we used
the Berkley Drosophila Genome Project in situ database (74) and
evaluated the expression of orthologs in the brain during embryo-
genesis. Last, for C. elegans, we used WormBase to evaluate the gene
expression in anterior neurons (75).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2416

View/request a protocol for this paper from Bio-protocol.
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