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Abstract

A systematic search in the available scaffolds of the Strongylocentrotus purpuratus genome has revealed that this sea urchin has 11 members
of the ets gene family. A phylogenetic analysis of these genes showed that almost all vertebrate ets subfamilies, with the exception of one, so far
found only in mammals, are each represented by one orthologous sea urchin gene. The temporal and spatial expression of the identified ETS
factors was also analyzed during embryogenesis. Five ets genes (Sp-Ets1/2, Sp-Tel, Sp-Pea, Sp-Ets4, Sp-Erf ) are also maternally expressed.
Three genes (Sp-Elk, Sp-Elf, Sp-Erf ) are ubiquitously expressed during embryogenesis, while two others (Sp-Gabp, Sp-Pu.1) are not transcribed
until late larval stages. Remarkably, five of the nine sea urchin ets genes expressed during embryogenesis are exclusively (Sp-Ets1/2, Sp-Erg, Sp-
Ese) or additionally (Sp-Tel, Sp-Pea) expressed in mesenchyme cells and/or their progenitors. Functional analysis of Sp-Ets1/2 has previously
demonstrated an essential role of this gene in the specification of the skeletogenic mesenchyme lineage. The dynamic, and in some cases
overlapping and/or unique, developmental expression pattern of the latter five genes suggests a complex, non-redundant function for ETS factors
in sea urchin mesenchyme formation and differentiation.
© 2006 Elsevier Inc. All rights reserved.
Keywords: ets gene family; Sea urchin; Mesenchyme; Strongylocentrotus purpuratus
Introduction

The ets gene family of transcription factors is noted for its
wide distribution among metazoans (Degnan et al., 1993).
Genes belonging to this family have been identified in a variety
of animals, including sponges and ctenophores, but not in
plants, fungi, yeast or any protozoan (Laudet et al., 1993). There
are 27 paralogous ets genes in Homo (Hollenhorst et al., 2004),
8 in Drosophila (Hsu and Schulz, 2000), 14 in Ciona (Leveugle
et al., 2004; Yagi et al., 2003) and 10 in Caenorhabdtis (Hart et
al., 2000). Three main features characterize this family and
allow for sub-classification. These are: (i) sequence homology
of highly conserved domains such as the ETS-(DNA-binding-)
domain, shared by all members, and the pointed (PNT) domain,
which is conserved in a subset of family members and also
found in various receptors, protein kinases and adaptor proteins
⁎ Corresponding author. Fax: +39 081 5833285.
E-mail address: miarnone@szn.it (M.I. Arnone).

0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.08.012
(Graves and Petersen, 1998; Sharrocks et al., 1997); (ii) the
widespread and diverse interaction with co-regulatory partner
proteins, which is a consequence of domain conservation and
often reflected in similar functions observed within members
belonging to the same subfamily (Li et al., 2000); (iii) the ability
to act as a nuclear target for signal-transduction pathways, in
particular those mediated by MAP kinases, which bind to
specific docking domains and target conserved phosphor-
acceptor motifs found in a subset of family members (reviewed
in Yordy and Muise-Helmericks, 2000).

Functional analyses of these genes have revealed essential,
non-redundant roles in many different developmental processes
including cell proliferation, apoptosis, differentiation, migra-
tion, transformation and hematopoiesis (for a recent review see
Sharrocks, 2001).

Genes belonging to only two members of this family have so
far functionally been characterized in sea urchin. These are the
Sp-Ets4 gene, identified as a regulator of the mechanism that
establishes the animal–vegetal axis of the sea urchin embryo
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(Wei et al., 1999a), and three homologues of the human ETS-1
gene, the founder member of the ETS domain family that was
first discovered from the E24 avian leukemia virus as the v-ets (e
twenty-six) oncogene (Karim et al., 1990). For these sea urchin
genes, an important role in the process of micromere specifica-
tion and skeletogenic cell differentiation has been recently
uncovered in three different species (Kurokawa et al., 1999; P.
Oliveri, personal communication; Rottinger et al., 2004). The
central function exhibited by these sea urchin ets genes, together
with the high degree of conservation of ETS domains displayed
by ets family members, which is often reflected in overlapping
binding specificities (Sharrocks et al., 1997), persuaded us to
investigate this gene family systematically in the sea urchin.
Moreover, the availability of the Strongylocentrotus purpuratus
genome sequence (released by Human Genome Sequencing
Center at Baylor College of Medicine) and the phylogenetic
position of sea urchins as non-chordate deuterostomes offered
the opportunity of re-evaluating the evolution of this important
gene family with particular regard to the emergence of
vertebrates. Here we report the isolation, domain structure,
phylogenetic analyses and expression profiling during em-
bryonic development of eleven ets genes identified in the
S. purpuratus genome. Given the well documented amenability
of the sea urchin embryo for experimental analysis of gene
regulatory networks (Davidson et al., 2002; Oliveri and
Davidson, 2004), this workmay provide the essential framework
for investigations into the complex molecular interactions and
multiple biological roles of ETS proteins in vivo.
Materials and methods

Animals

Adult S. purpuratus were obtained from Pat Leahy (Kerchoff Marine
Laboratory, California Institute of Technology, USA). Spawning was induced by
vigorous shaking of animals or by intracoelomic injection of 0.5 M KCl.
Embryos were cultured at 15°C in Millipore filtered Mediterranean seawater
(MFSW) diluted 9:1 in deionized H2O.

Gene search and phylogenetic analyses

S. purpuratus Ets proteins were identified with BLAST searches against the
traces, contigs, scaffolds and Glean3 database at the HGSC, Baylor College of
Medicine site: http://www.hgsc.bcm.tmc.edu/blast/?organism=Spurpuratus.
Identified Glean3 predictions were manually annotated and validated where
possible with known ESTs or by PCR amplification and sequencing. A
phylogenetic tree comparing sea urchin ets genes and homologues from
multiple species was constructed in order to name accurately the newly
identified genes. Orthologous sequences were obtained by database searches
using BLASTP and TBLASTX (http://www.ncbi.nlm.nih.gov/BLAST/). Pro-
tein domains were identified using SMART (Letunic et al., 2006; Schultz et al.,
1998) (http://smart.embl-heidelberg.de/) and Pfam (Bateman et al., 2004) (http://
www.sanger.ac.uk/Software/Pfam/) databases. Accession numbers of all the
sequences are listed in Table S1. Multiple sequence alignment of ETS domains
was generated by CLUSTAL X 1.83 (Thompson et al., 1994) then manually
optimized with GeneDoc (http://www.psc.edu/biomed/genedoc). Phylogenetic
reconstruction was carried out using the neighbor-joining method, and bootstrap
values determined by 1000 replicates. The tree was also generated using
maximum parsimony methods with bootstrap replicates of 1000. The final
output of the phylogenetic tree was obtained using Treeview software version
1.6.6 (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Isolation of sea urchin ets cDNAs

The cDNAs corresponding to the complete coding sequences of Sp-Elk,
Sp-Erg and Sp-Elf were obtained by screening arrayed cDNA libraries from
S. purpuratus 20 h and 40 h embryos (Cameron et al., 2000) following an
established protocol (Rast et al., 2000). For the ets genes, and where necessary,
PCR and 3′ or 5′RACE (Invitrogen, Carlsbad, CA) of S. purpuratus cDNAwere
performed to confirm transcript sequence of predicted genes. Isolated cDNAs
were fully sequenced using an Automated Capillary Electrophoresis Sequencer
3730 DNA Analyzer (Applied Biosystems, Foster City, CA). The list and
reference numbers of all ets cDNAs are reported in Table S2 of Supplementary
material.

Quantitative PCR (QPCR)

Total RNAwas extracted from embryos at various stages (egg, 8, 10, 15, 18,
21, 24, 33, 40, 45, 48, 52, 72 h post fertilization, hpf) using Eurozol reagent
(Euroclone, Celbio, Milan, Italy). Residual DNA was digested with DNase I
using a DNA-free kit (Ambion, Austin, TX). First-strand cDNAwas synthesized
in a 50 μl reaction from 1 μg of total RNA using random hexamers and the
TaqMan Reverse transcription Kit (Applied Biosystems). Specific primer sets
(Table S3) for each gene were designed using the Primer3 program (Rozen and
Skaletsky, 2000) (http://www.broad.mit.edu/cgi-bin/primer/primer3_www.cgi).
Primer sets were chosen to amplify products 100–200 bp in length. Blast
searches were used to ensure that primers were specific for each individual ets
gene. cDNA was diluted to a concentration of 1 embryo/μl. Reactions were
performed in triplicate using the Chromo 4 real-time detector (BioRad,
Hercules, CA) with SYBR Green chemistry (Applied Biosystems). Data for
each gene were normalized against ubiquitin mRNA, which is known to be
expressed at constant levels during the first 72 h of development (Nemer et al.,
1991). Primer efficiencies (i.e., the amplification factor for each cycle) were
found to exceed 1.9. Calculations from QPCR raw data used the formula 1.9ΔCt,
where 1.9 is the multiplier for amplification per PCR cycle, andΔCt is the cycle
threshold difference with ubiquitin found for that sample. Absolute quantifica-
tion of the number of transcripts was obtained by using SpZ12-1 as an internal
standard. The number of SpZ12-1 transcripts in embryos of the relevant stages
had been measured earlier by RNA titration (Wang et al., 1995).

Whole-mount in situ hybridization (WMISH)

Fragments of Sp-Elk, Sp-Ese, Sp-Erf, Sp-Ets, Sp-Gabp, Sp-Pea and Sp-Tel
were amplified from cDNA templates by PCR using specific primers (Table S3,
Supplementary material). PCR products were purified and cloned into pCRII-
TOPO (Invitrogen) according to the manufacturer's instructions and the identity
of inserts confirmed by sequencing. For Sp-Erg, a fragment of 450 bp was
subcloned into pBSK+ (Stratagene, La Jolla, CA) using KpnI and EcoRI sites.
For Sp-Elf, a 1856 bp long fragment was derived from the cDNA clone 1K4
(20 h library). The position of each probe with reference to the corresponding
ETS protein sequence is depicted with a blue line in Fig. 1B.

Whole-mount in situ hybridization was performed as described by
Minokawa et al. (2004). The accuracy of whole-mount in situ hybridization
data was confirmed by control experiments using sense probes (not shown).
Both antisense- and sense-digoxigenin-labeled RNA probes were obtained using
a DIG-RNA labeling kit (Roche, Indianapolis, IN), following the manufacturer's
instructions and using 1 μg of linearized plasmids. RNA probes were purified
using Mini Quick Spin RNA Columns (Roche). Following staining, embryos
were mounted in glycerol and analyzed using a Zeiss Axio Imager M1
microscope operating in DIC mode.

Results

Identification, domain structure and phylogenetic analysis of
sea urchin ets genes

The completion of the sequencing of the S. purpuratus
genome and the release of the first draft genome assembly by
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Fig. 1. Phylogenetic analysis of S. purpuratus ets genes. (A) Neighbor-joining phylogeny of ETS proteins comprising: 14 sea urchin (Strongylocentrotus purpuratus in
purple text, other species in green), 27 human (Homo sapiens, blue text), 11 Ciona intestinalis (pale blue text), 8 Drosophila melanogaster (yellow text) and 6
Caenorhabditis elegans (pink text) members. The tree was created from the alignment of the amino acid sequence of the ETS, DNA binding, domain using
CLUSTAL X and Treeview (see Materials and methods for details). C. intestinalis and C. elegans genes with incomplete or highly divergent ETS domains were not
included in this analysis. The tree was rooted using the SPI/PU.1 group as the outgroup. Numbers give the bootstrap support for given nodes in the phylogram. For sake
of simplicity, only upstream-to-group nodes are displayed, the inter-group bootstrap robustness ranging from 236 to 1000. Validation of the tree using maximum
parsimony methods confirmed all group nodes. Groups are named according to Laudet et al. (1999) and Sharrocks (2001). All named proteins are appended with the
species designation (one letter for the genus, one for the species; see Table S1 for complete names and sequence accession numbers). (B) Schematic structure of S.
purpuratus ETS proteins in comparison with closest human counterparts. ETS, DNA binding domain, green; PNT, pointed domain, yellow; PEA3, PEA3 activation
domain, orange; P, MAP kinase phosphorylation site, recognition motif in red. Asterisks mark the position of conserved MAP kinase docking sites (see text for details;
sequence alignment not shown). Aligned along sea urchin ETS proteins are the amplicons used for quantitative PCR (QPCR) and the probes used for whole month in
situ hybridization (WMISH) analyses, depicted as red and blue lines, respectively.
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HGSC at Baylor College of Medicine in November 2005
allowed the identification of all the ETS-related genes in sea
urchin. An initial BLASTN homology search through the
deposited unassembled traces, followed by analyses of contigs
and scaffolds later, was conducted using the ETS DNA binding
domain (the “ETS domain”; Graves and Petersen, 1998) of
human genes representative of all ETS subgroups (Laudet et al.,
1999; Sharrocks, 2001). Sequences corresponding to 11 putative
ets sea urchin genes were found. Phylogenetic comparison of
these urchin ETS domains with those of human, Ciona
intestinalis, Drosophila and Caenorhabditis elegans was used
to identify sea urchin homologues of specific human genes (Fig.
1A). All 11 sea urchin homologues could be assigned to
subgroups where the members of the subgroup are more closely
related to each other than they are to other ets genes, regardless
of species of origin. The putative urchin ets genes have therefore
been identified and named according to the subgroup to which
they belong, as follows: Sp-Ets1/2, Sp-Erg, Sp-Ese, Sp-Tel, Sp-
Pea, Sp-Ets4, Sp-Elk, Sp-Elf, Sp-Erf, Sp-Gabp and Sp-Pu1.

Alignment of sea urchin ETS domains with their most
closely related human and Drosophila (or C. elegans) ho-
mologues revealed 13 absolutely conserved amino acids, 7 of
which fall within the predicted helix–turn–helix region
(Mavrothalassitis et al., 1994) (Fig. 2A). Apart from these
thirteen amino acids (in the region of 84 to 90 amino acids
encompassing the ETS domain), each sea urchin ets gene
revealed extended stretches of high similarity with the members
of the subgroup to which it belongs, as shown by color boxes in
Figs. 2A and B. In these figures, for sake of simplicity, each sea
urchin gene is compared to only one of the often several human
paralogs belonging to the same group. Given the very high
conservation among human ets homologues of the same paralog



Fig. 2. Multiple sequence alignment of the ETS DNA-binding domain. (A) The amino acid sequence of the ETS domain of the 11 S. purpuratus ETS proteins and their
closest human andDrosophila (orC. elegans) relativeswere aligned using CLUSTALX and colored in GeneDoc. Bright green, completely conserved residues. Differently
colored boxes highlight similarities within subgroups. Bottom row, consensus sequence. Right column, total number of amino acids included in the ETS domain. (B) Pair
wise percent of identities of the ETS proteins aligned in panel A. The statistical report was generated using GeneDoc and manually colored according to panel A.

38 F. Rizzo et al. / Developmental Biology 300 (2006) 35–48
group, the arbitrary choice of any paralog – here taken as a
vertebrate counterpart – does not affect sequence comparison
analysis. The most striking conservation is observed within the
ETS (96% identity between Sp-ETS1/2 and Hs-ETS1, and 94%
between Sp-ETS1/2 and Dm-PNT1) and ERG subgroups (95%
identity between Sp-ERG and both Hs-ERG and Dm-ETS3).
Significant homology (average 80% identity) is also displayed
in the ELF, PDEF, GABP, ERF, ELK and PEA subgroups.
Lower identities were observed within the subgroups ESE (69%
between Sp-ESE and Hs-ESE-1, and 58% between Sp-ESE and
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CeC33A11), and TEL/YAN (58% between Sp-TEL and Hs-
TEL, and 51% between Sp-TEL and Dm-YAN). Even the least
similar pair, Sp-PU.1 and Hs-PU.1, has 44% identity and 53%
similarity. In most cases (nine out eleven), the highest similar
pair within each subgroup is observed between sea urchin and
human proteins, consistent with the phylogenetic position of
echinoderms in the deuterostomian clade.

In total, six cDNA sequences that contain an ETS domain and
that could be assigned to three different ets genes, have been
previously identified in four sea urchin species. These are:
SpEts4 (Wei et al., 1999b), which falls in the PDEF subgroup;
LvErg (Qi et al., 1992) and SpErg (Zhu et al., 2001), which
belongs to the ERG subgroup; HsEts (Kurokawa et al., 1999),
LvEts2 (Chen et al., 1988), SpEts1 and PlEts1 (Rottinger et
al., 2004), which all fall in the ETS subgroup (Fig. 1A). The last
four genes are all orthologues of the group identified by human
ETS1 and ETS2, as well as Drosophila pnt1 and pnt2. We
therefore propose to re-name the only S. purpuratus gene
belonging to the ETS subgroup as Sp-Ets1/2. For two of the
three previously identified S. purpuratus ets genes, namely
SpEts1 (hereby called Sp-Ets1/2) and SpEts4, complete cDNA
sequence was available. To determine the transcript sequence
and structure of all predicted sea urchin ets genes, a combination
of cDNA library screening (for Sp-Erg, Sp-Elf and Sp-Elk), 5′
and 3′ RACE sequencing, PCR cloning and analysis of existing
EST databases was used (see Table S2 for details).

The domain structure of each S. purpuratus ETS protein in
comparison with its closest human homolog is depicted in Fig.
1B. In addition to the ETS domain already mentioned, a signi-
ficant fraction of known ets genes share a second highly con-
served domain, the POINTED (PNT) domain (Klambt, 1993).
The presence and position of the PNT domain are conserved in
five of the six sea urchin human gene homologues that possess
the PNT domain. The only exception is observed in the more
divergent ESE and PU.1/SPI subgroups: while Hs-ESE1
possesses a PNT domain and Hs-PU.1 does not, the reverse
situation is found in sea urchin, where Sp-ESE does not have a
PNT domain, while Sp-PU.1 displays one PNT domain (see Fig.
1B). Interestingly, the latter gene is considerably longer that the
human counterpart. When overall domain organization is taken
into account, in particular (i) the position of the ETS domainwith
respect to the N- and C-terminal region, (ii) the relative positions
of the ETS and PNT domains, and (iii) the total length of the
proteins, it appears that the Sp-ERG/Hs-ERG, Sp-ERF/Hs-ERF,
Sp-GABP/Hs-GABP, Sp-ETS1/2/Hs-ETs1, Sp-PEA/Hs-ETV1,
Sp-ELK/Hs-ELK1, Sp-TEL/Hs-ETV6 and Sp-ETF4/Hs-PDEF
pairs are most similar. An exception is the Sp-ELF/Hs-ELF1 pair
where the sea urchin protein appears truncated at the C-terminus,
although it presents a considerably longer 3′ untraslated region
(see Table S2). On the other hand, several additional elements of
conservation are found within each group. The PEA3 domain, a
300 amino acid domain found just upstream to the ETS domain
in all proteins belonging to the PEA3 subgroup (Pfam entry
ETS_PEA3_N; de Launoit et al., 1997), is present, although
interrupted, in Sp-PEA.Moreover, several motifs, known targets
of MAP kinase phosphorylation, appear also conserved in three
sea urchin ETS proteins. Depicted in Fig. 1B are: the MAP
kinase ERK docking sites present in proteins of the ERG and
ETS subgroups (Seidel and Graves, 2002), which appear con-
served in the PNT domain of Sp-ETS1/2 and Sp-ERG (double
asterisk); the IHFWStLSP MAP kinase recognition motif found
in all members of the ELK subgroup in mammals (Yang et al.,
1998a,b) as well as the FQFP motif, shown to promote docking
by the ERKMAPK in C. elegans Lin-1 (Jacobs et al., 1998) and
in mammalian ELK/SAP proteins (Jacobs et al., 1999), which
are both present in Sp-ELK (the red vertical bar and an asterisk,
respectively; sequence alignment not shown).

Expression of sea urchin ets genes during embryonic
development

S. purpuratus completes embryogenesis, from egg to larva,
in 72 h and QPCR was used to determine which ets genes
were active during this period. Expression levels of the 11 sea
urchin ets genes were measured quantitatively at 10–13 time
points, from egg (time zero) to larval stage (72 hpf). The
results of these measurements, reported in individual graphs,
one for each gene, are shown in Fig. 3. Five genes (Sp-Ets1/2,
Sp-Ets4, Sp-Tel, Sp-Erf, Sp-Pea) are significantly represented
in maternal mRNA.With the exception of the exceptionally high
number of transcripts per egg exhibited by Sp-Ets1/2 (>40,000),
average maternal mRNA levels were about 2300, ranging from
800 to 4000, transcripts per egg. Expression levels of Sp-Ets1/2
are noticeably high (>20,000 copies per embryo) during
cleavage up to 10 hpf, then decrease steeply to about 7000
transcripts per embryo at early blastula stage (15 hpf), and
maintain quite high levels throughout gastrulation (average 4000
transcripts per embryo). In striking contrast, two genes
(Sp-Gabp and Sp-Pu.1) are not expressed during embryogen-
esis, but are transcribed during late larval stages and/or in adult
tissues (not shown). The range of expression levels among the
remaining nine ets genes over developmental time is rather
broad, varying from the few hundreds to as many as
8300 mRNA molecules per embryo. Three genes, Sp-Ets4,
Sp-Tel and Sp-Elk, show the highest levels of expression from
cleavage to early blastula stage (8–15 hpf). Four other genes,
Sp-Erg, Sp-Ese, Sp-Pea, Sp-Elf, reach maximal expression
levels during gastrulation, from 24 to 48 hpf. Sp-Erf shows a
biphasic profile with two peaks, one at cleavage (8 hpf) and the
other during gastrulation (33 hpf).

The expression patterns of all sea urchin ets genes during
embryogenesis, with only the exception of Sp-Ets4 which has
been previously characterized (Wei et al., 1999a,b), has been
assessed during development by whole-mount in situ hybridi-
zation. Five stages were analyzed for each gene: cleavage stage,
from 4th to 6th (5–8 hpf), when the large micromeres, founder
blastomeres of the primary mesenchyme cells (PMC), segregate
by unequal cleavage at the vegetal pole; early blastula stage
(13–15 hpf), when prospective PMCs (inner ring) and
prospective secondary mesenchyme cells (SMC, outer ring)
lie as concentric circles at the vegetal pole of the one cell thick
spherical embryo; mesenchyme blastula (22–24 hpf), when
PMCs are completing their ingression into the blastocoel from
the thickened vegetal epithelium; early gastrula (28–36 hpf),



Fig. 3. Quantitative profile of expression of S. purpuratus ets genes during embryonic development (0–72 h post fertilization, hpf). The number of transcripts per
embryo was calculated from QPCR data using SpZ12 (Wang et al., 1995) as internal standard (see Materials and methods for details). All quantitative measurements
were done in triplicate on at least two different batches of embryo cDNA. Average calculations over the various measurements±standard deviations per individual time
points are reported for each gene as grey columns with error bars.
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when PMCs migrate on the inner surface of the gastrula wall to
arrange in a ring around the blastopore and SMCs delaminate
off the tip of the invaginating archenteron; late gastrula
(45–48 hpf), when PMCs begin to secrete the larval skeleton at
their two ventral–lateral clusters and SMCs keep on migrating
from the tip of the fully elongated archenteron to reach their
definitive location into the ectoderm (pigment cells), in various
regions of the blastocoel (blastocoelar cells), and along the fore-
gut (muscle cells). The spatial expression patterns obtained for
eight sea urchin ets genes are reported in Fig. 4 and described in
the following sections, grouped according to pattern.
Sp-Ets1/2, Sp-Erg and Sp-Ese

Sp-Ets1/2, among ets genes, and probably among all
transcription factors, is the gene most represented in the sea
urchin maternal mRNA stockpile. This initial set of transcripts,
probably reinforced by zygotic transcription (starting from
8 hpf; data not shown), is uniformly distributed in all
blastomeres during early cleavage (Fig. 4, A1). From 10 h of
development, when a sharp decrease in Sp-Ets1/2 expression
levels was observed (Fig. 3), a clearance of transcripts was
noted starting from the animal pole (not shown). At 13 hpf, Sp-
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Ets1/2 pattern of expression resolves as a ring of cells at the
vegetal pole of the embryo that includes all micromere
descendants, the prospective PMCs (Fig. 4, A2). Sp-Ets1/2 is
transcribed at high levels in PMCs while they ingress into the
blastocoel (Fig. 4, A3). Expression in the skeletogenic lineage is
retained throughout gastrulation (Fig. 4, A4, A5) and during the
process of differentiation. When invagination of the archenteron
begins, Sp-Ets1/2 is also activated in the prospective secondary
mesenchyme cells (SMC) at the vegetal pole of the embryo
(Fig. 4, A4). At late gastrula stage, Sp-Ets1/2 mRNA is also
detectable in several SMCs delaminating from the tip of the gut
and migrating towards the oral ectoderm (Fig. 4, A5).

Sp-Erg exhibits a pattern of expression very similar to Sp-
Ets1/2, the main difference being that its expression levels are
much lower than Sp-Ets1/2 and maternal transcripts are
undetectable (Fig. 3). Moreover, Sp-Erg is not expressed during
cleavage (Figs. 3 and 4, B1). Similarly to Sp-Ets1/2, at 15 hpf,
all future PMCs are stained by the Sp-Erg probe (Fig. 4, B2) and
this expression is retained in the PMCs while they ingress into
the blastocoel. Unlike Sp-Ets1/2, which is confined to the
skeletogenic lineage until late mesenchyme blastula, Sp-Erg
expression in the SMC mesoderm begins before PMC
ingression (not shown). At mesenchyme blastula, Sp-Erg
mRNA is present in both ingressed PMCs and prospective
SMCs, arranged at this stage as a circle at the vegetal pole (Fig.
4, B3). Around 33 h of development, coinciding with the
maximal levels of Sp-Erg expression (Fig. 3), Sp-Erg transcripts
disappear from the PMCs while transcription is retained by the
SMCs, now delaminating from the tip of the archenteron (Fig. 4,
B4). The number of cells expressing Sp-Erg gradually decreases
as gastrulation proceeds. At late gastrula stage, Sp-Erg is
present only in a few SMCs migrating towards the blastocoel
wall, where the mouth will open (Fig. 4, B5).

Sp-Ese instead presents a more limited domain of expression.
It is undetectable during cleavage (Figs. 3 and 4, C1) and its
levels of expression slightly increase at early blastula stage
when the gene is ubiquitously expressed (Fig. 4, C2). Sp-Ese
transcripts become localized to a few prospective SMCs at the
time of PMC ingression. At mesenchyme blastula, a period that
coincides with maximum levels of Sp-Ese mRNA in the em-
bryo (Fig. 3), strong asymmetric expression is observed at the
vegetal pole (Fig. 4, C3). Double in situ RNA hybridization
together with a specific aboral ectoderm mRNA probe, Spec1
(Lynn et al., 1983), indicates that the prospective SMCs
expressing Sp-Ese at this stage, are facing the future oral ecto-
derm (data not shown). According to fate map studies (Ruffins
and Ettensohn, 1996), these cells most likely are the precursors
of blastocoelar SMCs. Few of the delaminating SMCs express
Sp-Ese as the gut starts to invaginate (Fig. 4, C4). The number
of SMCs that express Sp-Ese progressively diminishes during
gastrulation. At late gastrula, as few as two to four cells at the tip
of the archenteron are positive for Sp-Ese staining (Fig. 4, C5).

Sp-Pea and Sp-Tel

Sp-Pea transcripts are uniformly distributed in the embryo
during early embryogenesis until the onset of gastrulation.
Expression levels measured by QPCR (see Fig. 3) are such that,
except for cleavage stage (Fig. 4, D1), less than 10 transcripts
per embryo can be detected. Consistent with this low copy
number per cell, staining is almost undetectable in these
embryos (Figs. 4, D2, D3). As gastrulation begins, levels of Sp-
Pea expression increase considerably (Fig. 3) and staining can
be observed at the tip of the invaginating archenteron (Fig. 4,
D4). Expression in this domain is retained until late gastrula,
when staining is also observed in the oral ectoderm, more
intense at the apical plate (Fig. 4, D5).

Sp-Tel displays maximal levels of expression during
cleavage (8 hpf, Fig. 3), when it is ubiquitously expressed
(Fig. 4, E1). Sp-Tel transcripts become localized during early
blastula, when they are confined to micromere descendants
(Fig. 4, E2). PMCs retain Sp-Tel expression while ingressing
into the blastocoel (Fig. 4, E3), but lose it immediately after, at
beginning of gastrulation, when transcripts are now localized at
the tip of the invaginating archenteron (Fig. 4, E4). Expression
at the tip of the archenteron continues throughout gastrulation,
but is less intense at late gastrula, when expression is also
detected in the endoderm around the blastopore and in the oral
ectoderm (Fig. 4, E5).

Sp-Elk, Sp-Erf and Sp-Elf

Sp-Elk, Sp-Erf, and Sp-Elf expression patterns are grouped
together because unlike the previously described genes, they
share a very low degree of localized expression in the embryo.
Extreme cases are represented by both Sp-Erf and Sp-Elf that
are ubiquitously expressed throughout embryogenesis (Fig. 4,
panels in rows G and H). Moreover, the levels of expression of
Sp-Elf (Fig. 3) are undetectable until late gastrulae, when
transcripts appear uniformly distributed, although probably
more concentrated in the gut (Fig. 4, G5). Ubiquitous Sp-Erf
expression is quite strong during cleavage (Fig. 4, G1), but
slowly decreases until early blastula. Expression levels increase
considerably again during gastrulation (Fig. 3), although the
ubiquitous distribution of Sp-Erf transcripts renders the level of
this gene to less than 10 copies per cell. In agreement with the
time course data, staining in these embryos is very faint, just
above background levels (compare in Fig. 4 panels G2–G5 and
panels in row 4).

On the other hand, a certain degree of localized expression is
exhibited by Sp-Elk. Ubiquitously distributed in the early
blastula (15 hpf, Fig. 4, F2), when it reaches its maximal level of
expression (Fig. 3), Sp-Elk also appears localized faintly in the
vegetal plate of mesenchyme blastulae (Fig. 4, F3). In addition,
there appears to be significant expression at late gastrula stage
in the oral ectoderm and in the endoderm, but more intense at
the oral side and at the tip of the archenteron (Fig. 4, F5).

Discussion

Phylogenetic analysis of sea urchin ets genes

The study of metazoan multigene families is a valuable
approach to understanding genome evolution. The ets gene
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family is well known for its wide distribution among
metazoans and considerable expansion by gene duplications
in vertebrate genomes (Graves and Petersen, 1998; Leveugle
et al., 2004). Sea urchins are in a key evolutionary position for
these studies since they diverged from other deuterostome
lineages prior to the origin of chordates. Therefore they provide
an invaluable outgroup for assessment of what might be ancient
in chordates, what is chordate-specific, what is protostome-
specific. Here we report the identification and developmental
expression of 11 ets genes from the newly sequenced S. pur-
puratus genome. Eight of these genes had not been previously
studied in the sea urchin. The phylogenetic analysis of the sea
urchin ets genes (Figs. 1 and 2) showed that almost all vertebrate
ets subfamilies, with the exception of only one so far found
exclusively in mammals, are represented by a single sea urchin
gene ortholog. In most cases, these subfamilies are constituted
by a set of two or three paralogs in the human genome, which has
a total of 27 genes.

Gene duplications have been extensively studied in some ets
subfamilies. In particular, focus has fallen on duplications
within the ERG and ETS groups, traditionally considered as
sister groups also because of the striking chromosomal location
of ets1 and ets2 (of the ETS group), and erg and f li (of the ERG
group), in mammals. Indeed, ets1 and f li are close neighbors on
one chromosome and ets2 and erg are located with a very
similar arrangement but on a different chromosome. Our
phylogenetic analysis is not consistent with the proposed
monophyly of ETS and ERG groups. Moreover, the fact that ets
and erg orthologues in Drosophila are found on different
chromosomes (Hsu and Schulz, 2000) does not support the idea
that a common ancestor of these genes was duplicated to give
rise to ets and erg genes which were maintained on the same
locus. Different evolutionary models have been proposed to
account for the peculiar arrangement of these genes in mammals
(reviewed by Laudet et al., 1999). Debates center on the concern
of when, in relative evolutionary time, the common ancestor of
these genes duplicated to give rise to extant ets family members,
if and when the two genes were transferred to the same locus (as
proposed by Laudet et al., 1999) and finally when this locus
further duplicated to generate the arrangement presently found
in mammals. It has been proposed that duplication within the
ERG group predates the deuterostome to protostome divergence
Fig. 4. Spatial pattern of expression of S. purpuratus ets genes. Reported are whole
expression, as measured by QPCR, in the interval from 5 to 48 hpf (see Fig. 3). WM
whose complete pattern of expression has been published previously (Wei et al., 1999
column. Left column, gene names (A–H). Top row, developmental time intervals (hou
similar age are displayed in analogous orientations, as follows. Column 1, cleavage
Sp-Pea, Sp-Tel and Sp-Erf, for which later (from 5th to 7th) cleavage stages are presen
for Sp-Ese, which is viewed from the vegetal pole. Column 2, early blastulae (13–15
and Sp-Erg, where embryos were slightly rotated to show the vegetal pole. Column 3, m
vegetal pole down. Column 4, early to mid gastrulae (28–36 hpf). In most cases em
invagination, are displayed. Earlier (28 hpf) and later (36 hpf) stages are shown for Sp-
5, late gastrulae (45–48 hpf). All embryos show a lateral view, with the oral side facin
On the right column, tables summarize the territories of expression for each gene. AP, a
micro. desc., micromere descendants; SMC, secondary mesenchyme cells; SMCmeso
ubiquitous. Asterisks (*) indicate that only a subset of cells in the given territory is
expressed at less than ten copies per cell (calculated according to QPCR experiments
corresponding embryo pictures also serve as background level and sense control (no
(Hart et al., 2000). The existence of only one sea urchin ERG
member and one ETS member highlighted in this study,
together with the presence of only one ETS member in Dro-
sophila and Ciona genomes, suggests that duplication within
these groups occurred after vertebrates emerged and that
multiplicity of ERG members found in non-vertebrate genomes
(such as C42D8.4 and T08H4.3 in C. elegans, ets3 and ets6 in
Drosophila, and three, all very closely related, Fli/Erg genes in
Ciona) is due to a high frequency of lineage-specific dup-
lications in these genomes. Assessment of the chromosomal
positions of Sp-Ets1/2 and Sp-Erg should help answer the
question as to whether the founder genes of ETS and ERG
subfamilies (which were probably generated by an ancient
duplication that predated deuterostome/protostome divergence)
were transferred into the same genetic locus before or after
emergence of chordates.

Genes belonging to the PU.1/SPI subgroup, which are re-
quired for the development of both innate and adaptive
immunity (for a recent review see Gangenahalli et al., 2005),
have been so far thought to be a chordate-specific feature.
Interestingly, a PU.1/SpiB/SpiC gene, Sp-PU.1, was identified
in the sea urchin (this study and J. Rast, unpublished results). In
contrast, no protostome orthologues have been found. Notably,
the sea urchin gene retains a pointed domain unlike chordate
genes of this subfamily (including the C. intestinalis ortholog
CiSpi/Pu.1; data not shown). Finally, we also identified a sea
urchin ortholog of the ERF subfamily, a group that to date also
does not include protostome members.

In conclusion, our analysis suggests that prior to emergence
of chordates the ets family already comprised at least 11 genes,
two of which are probably unique to the deuterostome lineage,
and that acted as founder members of the extant vertebrate ets
family (which consists of 27 paralogs belonging to 12
subfamilies).

Comparison of developmental expression patterns of sea
urchin ets genes with mammalian and protostome ets genes

The gene expression analysis performed in this study (Figs. 3
and 4) revealed that temporal and spatial activation of most sea
urchin ets genes employed in embryogenesis is sharply
regulated. This feature appears more remarkable when the
-mount in situ hybridizations (WMISH) of the ets genes that showed detectable
ISH probes used are depicted in Fig. 1B. Excluded from this analysis is Sp-Ets4,
a). Panels are arranged as a table, one gene per row, one developmental stage per
rs post fertilization, hpf; 1–5). With a few exceptions, in each column embryos of
stages (5–8 hpf). 16 cells, 4th cleavage embryos are shown for all genes except
ted. All embryos are viewed along the A/Vaxis (animal top, vegetal down) except
hpf). Animal–vegetal sections are displayed for all embryos except for Sp-Ets1/2
esenchyme blastulae (22–24 hpf). All embryos are seen in animal–vegetal view,
bryos at about 32 hpf, when the blastopore has opened and archenteron begins
Ets1/2 and Sp-Pea, respectively. All embryos are viewed as in column 3. Column
g right, except the Sp-Ets1/2 stained embryo, which is viewed from the oral side.
pical plate; Bl, blastopore; endo-prox. OE, endoderm-proximal to oral ectoderm;
, SMC pregastrular mesoderm; ToA, tip of archenteron; OE, oral ectoderm; Ubq,
expressing the gene. Pounds (#) mark situations where the gene is ubiquitously
; see Fig. 3). Dashes (–) indicate cases of undetectable levels of expression. The
t shown) comparison.
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developmental expression patterns of these genes are analyzed
in comparison with their closest mammalian and protostome
orthologues (shown in Table 1). When compared to mouse ets
genes, which are in most cases broadly expressed in all three
embryonic layers, sea urchin homologues often present more
localized domains of expression. Striking examples are
illustrated by Sp-Ets1/2, Sp-Erg and Sp-Ese which, in the sea
urchin embryo, are restricted to a few cells all belonging to
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mesenchymal lineages by the time of their onward specification
(Fig. 4). The orthologues of these genes are widely expressed in
mesodermal tissues including extraembryonic mesoderm,
cartilage, bone, as well as neural crest cells and central nervous
system of the mouse embryo (Kola et al., 1993; Vlaeminck-
Guillem et al., 2000). Biological roles, when assessed in the
mouse embryo, are as diverse as control of trophoblast stem cell
formation, for Elf5 (ESE2 in humans; Donnison et al., 2005),
differentiation of intestinal epithelium, for Elf3 (ESE1 in
humans; Ng et al., 2002) and regulation of T- and B-cell
differentiation/survival, for Ets-1 (Bories et al., 1995; Muthu-
samy et al., 1995). As expected from their broad expression,
knock-out of these genes often led to embryonic lethal mice, as
in the case of Ets2 (Yamamoto et al., 1998) and Fli1 (Spyro-
poulos et al., 2000).

Although very different in the extent and multiplicity of
expression domains, ets genes share some common paradigms
among metazoans. For example, Sp-Ets1/2 expression observed
in sea urchin mesenchymal cells (Fig. 1, row A) is reminiscent
of the expression of Ets1 in mesenchymal cells of several
developing organs in the mouse (Kola et al., 1993), as well as
the expression of pointed in migrating midline glial cells in
Drosophila (Klambt, 1993). These cells, although of different
embryonic origin, all share a common feature, as they are
actively migrating within the developing embryo. Conserved
Table 1
Major domains of expression and/or function of ets genes in sea urchin, mouse, fly

Sea
urchin
gene

Domain of expression in the sea
urchin embryo (hpf) b

Mouse
gene

Major domains of em
KO phenotype in mou

Sp-Elf Ubiquitous (40 h) MmElf-1 Thymocytes, epithelia
MmMef Reduced NK cells (2)

Sp-Elk Ubiquitous (15 h) MmElk-3 Impaired neuronal gen
MmNet Vascular Defects (4)

Sp-Erf Ubiquitous (8 h) MmErf (–)
Sp-Erg PMC and SMC (33 h) MmErg Mesodermal tissues, n

MmFli-1 Hemorrhage, decrease
Sp-Ese SMC meso (24 h) MmElf-3 Intestinal differentiatio

MmElf-5 Extraembryonic meso
Sp-Ets1/2 Micro. desc. (15 h) MmEts-1 Mesodermal cells, car

MmEts-2 Ubiquitous; embryoni
Sp-Ets4 Non-veg. ectoderm (15 h) MmPdef (–)
Sp-Gabp Undetectable MmGabpα Developing myotome;
Sp-Pea Tip of archenteron (40 h) MmPea-3 CNS, mesodermal tiss

MmEr81 Lack some neuronal c
Sp-Pu.1 Undetectable Mm Spi-B Spleen, thymus (15) B

MmPu.1 Embryonic lethal, hem
Sp-Tel Ubiquitous (8 h) MmTel-1 Neural tissues, lungs,

lethal (18)

(–), not known in mouse embryos.
–, not found in Drosophila nor C. elegans.
Gene names use the following species designations: Ce, Caenorhabditis elegans
purpuratus.
Ref., references: 1, (Bassuk et al., 1998); 2, (Lacorazza et al., 2002); 3, (Cesari
(Spyropoulos et al., 2000); 7, (Ng et al., 2002); 8, (Donnison et al., 2005); 9, (Kola et a
Lelievre et al., 1997); 13, (Laing et al., 2000); 14, (Arber et al., 2000); 15, (Lefebvre
1997, 1998); 19, (Janknecht et al., 1989); 20, (Miley et al., 2004); 21, (Chen et al.,
a Each sea urchin gene is confronted with (i) those mouse paralogs for which ei

embryo are known and (ii) a protostome paralog from D. melanogaster or C. elega
b For each sea urchin gene, the expression domain at about the time of its maxima

are from this study, except for Sp-Ets4 (Wei et al., 1999a,b). Non-veg., non vegeta
patterns of expression in the embryo suggest conserved
developmental functions. All three genes have been implicated
in epithelial–mesenchymal transition and cell migration (Bartel
et al., 2000; Hsu and Schulz, 2000; Rottinger et al., 2004).
Interestingly these genes also share other conserved domains
outside the ETS domain such as a pointed domain which
contains a MAP kinase docking site (see Fig. 1B). Conserved
protein domains also suggest conserved interactions. Indeed,
the well documented regulation of Ets1, Ets2 and pointed by
MAP kinase phosphorylation (reviewed in Yordy and Muise-
Helmericks, 2000), appear conserved in sea urchin orthologues
(Fernandez-Serra et al., 2004; Rottinger et al., 2004).

The wide expression domains displayed by ets genes in
mammals has several times raised the question as to how these
genes acquire the specificity of function demonstrated by genetic
studies in which mutation of individual members causes distinct
phenotypes (Graves and Petersen, 1998; Sharrocks, 2001). This
dilemma is even more evident if the high conservation among
ETS (DNA-binding) domains, which is often reflected in
overlapping binding specificities, is taken into account. The
extent of this problem has been recently estimated in a study
where the mRNA levels of the 27 paralogous human ets genes
were systematically measured in 23 tissues and cell lines
(Hollenhorst et al., 2004). Two-thirds of these genes were found
expressed significantly in most cell types. On the other hand, in
and worm embryos a

bryonic expression and/or gene
se (ref.)

Fly or
worm gene

Main function in fly or worm
(ref.)

l cells, skin (1) DmE74-A Metamorphosis (19)

e activation (3) Celin-1 Vulva development (20)

– –
eural crests (5) DmEts-3

DmEts-6
CNS development (21)

d lymphocytes (6)
n defects (7) CeC33A11 Unknown
derm (8)
tilage and bone, CNS (9) DmPnt-1 Eye development, neurogenesis,

tracheal cell migration (22)c lethal (10)
DmEts-4 Germ cell development (21)

embryonic lethal (11) DmElg Oogenesis (23)
ues (12); sterile males (13) DmEts-96 Unknown
onnections (14)
-cells defects (16) – –
atopoietic abnormalities (17)
kidneys, liver; embryonic DmYan Usually paired with Pn (24)

; Dm, Drosophila melanogaster; Mm, Mus musculus; Sp, Strongylocentrotus

et al., 2004); 4, (Ayadi et al., 2001); 5, (Vlaeminck-Guillem et al., 2000); 6,
l., 1993); 10, (Yamamoto et al., 1998); 11, (Ristevski et al., 2004); 12, (Chotteau-
et al., 2005); 16, (Su et al., 1997); 17, (McKercher et al., 1996); 18, (Wang et al.,
1992); 22, (Klambt, 1993); 23, (Pribyl et al., 1991); 24, (Lai and Rubin, 1992).
ther the gene knock-out phenotype and/or the expression pattern in the mouse
ns.
l level of zygotic expression before late gastrula stage (48 hpf) is reported. Data
l. Other abbreviations are as in Fig. 4.



45F. Rizzo et al. / Developmental Biology 300 (2006) 35–48
vivo DNA binding by chromatin immunoprecipitation demon-
strated that there is promoter specificity in spite of extensive co-
expression (Hollenhorst et al., 2004). Selectivity of promoter
activation in different tissues has been also demonstrated in
transgenic sea urchin embryos (Consales and Arnone, 2002).
The restricted pattern of expression of ets genes in the sea urchin
embryo, which correlates with the reduced size (about 1000 cells
for the gastrulating embryo) and simpler mode of development
as compared to the mouse embryo, offers the unique opportunity
to study, in vivo, the molecular mechanisms which confer
specificity of function to this important class of genes.

ets genes in the sea urchin mesoderm

An interesting feature of the ets genes that has emerged in this
study is the expression bias of this family to a specific domain in
the sea urchin embryo. Five of the nine sea urchin ets genes
transcribed during embryonic development are predominantly
expressed in the mesoderm. Sea urchin embryonic mesoderm
consists entirely of two types of mesenchyme cell. Primary
mesenchyme cells (PMCs) are the first mesoderm cells that
ingress to the blastocoel before any gut invagination has begun,
while secondary mesenchyme cells (SMCs) enter the blastocoel
during gastrulation. Whole-mount hybridization analysis per-
formed in this study (Fig. 4) showed that three of the sea urchin
ets genes (Sp-Ets1/2, Sp-Erg, Sp-Ese) are exclusively and two
Table 2
Domains of ets gene expression in the sea urchin mesoderm
more (Sp-Tel, Sp-Pea) are additionally expressed in these
mesenchyme cells and/or their progenitors. These data are
summarized in Table 2 where domains of ets gene expression are
reported as a function of developmental time with particular
regard to the mesenchyme cell specification schedule. PMCs,
the sole descendants of the large micromeres, segregate as
founder cells of the skeletogenic lineage by an unequal division
at 5th cleavage (6 hpf in S. purpuratus). These four founder cells
undergo three more rounds of cell division to appear as a two
cells thick ring at the vegetal pole at early blastula stage (13–
15 h). They begin to ingress into the blastocoel a few hours later
(19–23 hpf). SMCs derive from the most vegetal tier of
micromeres that lies above the large micromeres at the 60-cell
stage (7 hpf). SMC founder cells segregate from the future
endoderm following a micromere-induced Delta/Notch signal at
about 10–12 hpf, when they are arranged as a ring one cell thick
surrounding micromere descendants (the prospective PMCs).
These prospective SMCs are then found as a compact circle at
the vegetal pole when ingression of PMCs is completed (23–
24 hpf). SMCs begin to enter the blastocoel soon after and
continue to delaminate from the tip of the growing archenteron
throughout gastrulation (28–48 hpf). The expression domains
(reported in color in Table 2, where the PMC and SMC lineages
are depicted in dark and light grey, respectively) show co-
localization of several ETS factors at critical times of
mesenchyme development. Particularly significant with respect
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to the mesenchyme cell specification schedule is the co-
expression of Sp-Ets1-2, Sp-Erg and Sp-Tel in the micromere
descendants at early blastula stage (13–15 hpf) and the co-
expression of Sp-Erg and Sp-Ese first (16–19 hpf), Sp-Pea,
Sp-Tel and Sp-Ets1-2 later (20–24 hpf), in SMC mesoderm
prior to onset of gastrulation.

Functional analysis of sea urchin orthologues belong-
ing to the ETS subfamily has previously demonstrated
their essential role in the specification and differentiation
of the skeletogenic mesenchyme lineage. Evidence for
this was obtained by injection of a dominant negative form
of Hp-Ets (Kurokawa et al., 1999), overexpression of Pl-Ets1
by mRNA injection (Rottinger et al., 2004) and knockdown of
Sp-Ets1/2 by morpholino antisense oligonucleotide (MASO)
injection (P. Oliveri, unpublished results). On the other hand,
preliminary functional knock-out data obtained by MASO
injection (F. Rizzo, M. Fernandez-Serra and M.I. Arnone,
unpublished results) suggest that despite very similar binding
affinities and co-expression, these mesenchyme-specific ets
genes show non-redundant functions in the sea urchin embryo.
A detailed analysis of the function of these genes during sea
urchin mesenchyme specification and differentiation will
significantly contribute to the understanding of the role of
ETS factors in mesoderm formation.
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