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SUMMARY

In the sea urchin embryo, the large micromeres and their lineages at much later stages of development, however,
progeny function as a critical signaling center and execute through a regulative pathway of skeletogenesis that is
a complex morphogenetic program. We have identified a responsive to cell signaling. The Alx1 protein is highly
new and essential component of the gene network that conserved among euechinoid sea urchins and is closely
controls large micromere specification, the homeodomain related to the Cartl/Alx3/Alx4 family of vertebrate
protein Alx1. Alx1 is expressed exclusively by cells of the homeodomain proteins. In vertebrates, these proteins
large micromere lineage beginning in the first interphase regulate the formation of skeletal elements of the limbs,
after the large micromeres are born. Morpholino studies face and neck. Our findings suggest that the ancestral
demonstrate that Alx1 is essential at an early stage of deuterostome had a population of biomineral-forming
specification and controls downstream genes required for mesenchyme cells that expressed an Alx1-like protein.
epithelial-mesenchymal transition and biomineralization.

Expression of Alx1 is cell autonomous and regulated Key words: Sea urchin embryo, Early development, Fate specification,
maternally through B-catenin and its downstream effector,  Skeletogenesis, Primary mesenchyme cells, Alx1, Cartl,

Pmarl. Alx1l expression can be activated in other cell Biomineralization, Epithelial-mesenchymal transition, Alx3, Alx4

INTRODUCTION progeny are positioned at the vegetal pole in a ring that
surrounds the small micromere descendants. The large
The primary mesenchyme cell (PMC) lineage of the sea urchimicromere progeny undergo an epithelial-mesenchymal
embryo is a model system for the analysis of fate specificatiotransition at the beginning of gastrulation and ingress into
cell signaling, morphogenesis and biomineralization. PMCshe blastocoel, forming the primary mesenchyme. During
are derived from the micromeres of the 16-cell stage embrygastrulation and later development, PMCs migrate to specific
At the fifth cleavage division, the micromeres divide unequallytarget sites along the blastocoel wall and secrete the calcified
The four large daughter cells (large micromeres) are thendoskeleton of the larva.
founder cells of the primary mesenchyme and the small Recent studies have begun to elucidate the gene regulatory
daughter cells (small micromeres) contribute to the coelominetwork that underlies PMC specification. The initial
pouches. Isolation and transplantation of micromeres or larggpecification of the large micromere lineage is entrained by a
micromeres from early cleavage stage embryos show thphatterning system linked to the animal-vegetal polarity of the
these cells are autonomously programmed to give rise tonfertilized egg (Ettensohn and Sweet, 2000; Brandhorst and
skeletogenic cells and that all but the most terminal aspects Kfein, 2002; Angerer and Angerer, 2003). One important
their differentiation program are insensitive to extrinsic cuegsomponent of this system [iscatenin.f-catenin is localized
(see Ettensohn and Sweet, 2000; Brandhorst and Klein, 2008;the nuclei of vegetal blastomeres during early cleavage and
Angerer and Angerer, 2003). Cell division within the becomes concentrated at the highest levels in the micromere
micromere territory lags behind the remainder of the embrytineage (Logan et al., 1999). Nuclearizationpetatenin is
and the small micromeres divide even more slowly than theequired for all known aspects of mesoderm and endoderm
large micromeres. This temporal pattern of cleavage generatEgmation, including large micromere specification (Emily-
transient 56- and 60-cell stages (Summers et al., 1993). By tikenouil et al., 1998; Wikramanayake et al., 1998; Logan et
late blastula stage, the large micromeres have divided two &., 1999; Davidson et al., 2002). This indicates tRat
three times depending on the species, and their 16 or &tenin, in combination with its LEF/TCF partner(s) (Huang
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et al., 2000; Vonica et al., 2000), provides a very early inputlorpholino antisense oligonucleotides (MO) and mRNA

into the PMC gene network. One critical early targefpof injections

catenin is the transcriptional repressor Pmarl (Oliveri efertilized L. variegatuseggs were injected as described previously
al., 2002). Pmarl is transiently expressed in both large ar{@weet et al., 20025. purpuratusggs were dejellied by incubating
small micromeres during early development. In the largéor 10 minutes in pH 5.0 ASW before being placed in rows on
micromeres, Pmarl is thought to block the expression dfrotamine sulfate-coated dishes. Eggs were fertilized on the dishes

n unknown. al | repr r of PM ification. A nd injected with_in 5 mi_nutes. LvAIx1 MO was complementary to the
gongequgncé gc?fbathees% esggrlyo molgcuslgtrec e?/aeltnct)s osth%end of the coding region and had the sequence ACGGCATTGACG-

L . . . GTAGAATAACAT. SpAlx1 MO was complementary to the BTR
transcriptional regulators are activated selectively in the 1argg, haq the sequence TATTGAGTTAAGTCTCGGCACGACA. For
micromere lineage later in development, including Etslyost experiments, MO injection solutions contained 2 mM LvAlx1
(Kurokawa et al.,, 1999) and Tbr (Croce et al., 2001y SpAix1 MO, 20% glycerol (volivol), and 0.1% rhodamine dextran
Fuchikami et al.,, 2002). Presumably, these and othgut/vol).

transcription factors control the expression of downstream . . ) N

genes that regulate primary mesenchyme morphogenesis anigt antibody production and immunostaining

biomineralization (Zhu et al., 2001; lllies et al., 2002),A DNA fragment_correspondlng to amino acm_is 242-369 of LvAIx1
although these links have not been established. was subcloned into peT32 (Novagen, Madison, WI) to create a

: - . istidine-tagged, thioredoxin-fusion protein. The fusion protein was
givDeurllir;ge ngmsﬁlefgg;y%%;r;ﬁslsé;gy tSﬁderrg2X$;izgqmeﬁ:§§urified fromE. coliusing a nickel column (Novagen) and then used

. 0 generate a rabbit polyclonal antibody (Pocono Rabbit Farm and
conditions, however, the same developmental prograMaporatory, Canadensis, PA). For Alxl immunostaining, embryos
can be activated in other cell lineages. Removal Ofyere fixed in fresh 2% paraformaldehyde in ASW for 20 minutes at
micromeres at the 16-cell stage or PMCs at the early gastrulgom temperature. After rinsing once with ASW, the embryos were
stage leads to the transfating of macromere-derived celfsstfixed/permeabilized with 100% methanol (5 minutes at —20°C).
(secondary mesenchyme cells, or SMCs) to the PMC fateor staining with 6a9, Endol or anti-myosin, embryos were fixed in
(Ettensohn, 1992; Sweet et al., 1999). The transfating Ce”gethanol alone. Em_bryos were washedvath PBS' and incubated

exhibit all features of the PMC phenotype that have beef 4% goat serum in PBS (PBS-GS) for 30 minutes. They were
examined. They express PMC-specific molecular markerlgansferred to flexible, round-bottom 96-well plates and staining was

(including MSP130, SM50, and SM30), migrate to I:,MC_carried out as described by Hodor et al. (Hodor et al., 2000). Primary
specific gtarget si'tes ac’:quire PMC’—spe%ific signalin antibodies were crude LvAIx1 antiserum or preimmune serum (1:100

. . 9n PBS-GS), mAbs 6a9 and Endol (full-strength tissue culture
properties, and synthesize a normally patterned skeletQfyyermatants), and anti-myosin (1:100 in PBS-GS). Secondary
(Ettensohn and McClay, 1988; Ettensohn and Ruffins, 1993ntibodies were fluorescein-conjugated, goat anti-rabbit 1gG or
Guss, 1997). fluorescein-conjugated, goat anti-mouse IgG+IgM (Cappel, ICN
In this study, we have identified a new and essentiadiomedicals) (1:50 in PBS-GS). For double staining experiments,
component of the PMC gene network, Alx1. We show thaembryos that had been stained with LvAIx1 antiserum and
Alx1 protein is required for an early step in the specificatiorfluorescein-conjugated secondary antibody were washed as described
of the large micromere lineage and for the transfating of norfy Hodor et al. (Hodor et al., 2000) and incubated overnight at 4°C
micromere-derived cells to a PMC fate. Alx1 is the first knownVith full-strength monoclonal antibody 6a9. The embryos were

: : washed again, incubated for 2-4 hours at room temperature in affinity-
invertebrate member of the Cartl/Alx3/Alx4 subfamily of ' - d, Texas red-conjugated goat anti-mouse IgG/gM (H+L)

. . X . u
Paired class homeodom_aln proteins. AS. these proteins has}ﬁckson Immunoresearch) (1:50 in PBS-GS), washed and mounted.
been shown to function in skeletogenesis in vertebrates, our

findings have implications concerning the evolution ofQuantitative PCR (QPCR)

biomineralization within the deuterostomes. Total RNA was isolated from control (uninjected) and experimental
embryos (injected with a 2QM injection solution of MO or 2 mg/ml
MRNA injection solution) using RNAzol (Leedo Medical
Laboratories, Houston, TX). DNA-Free (Ambion) was used to
eliminate contaminating DNA. First-strand cDNA was synthesized

) with RNA extracted from 200-300 embryos using random hexamers
Animals and the Taq Man kit (PE Biosystems). cDNA was diluted to a
Adult Strongylocentrotus purpuratusere obtained from Marinus, concentration of 1 embryall Specific primer sets for each gene were
Inc. (Long Beach, CA, USA) and Pat Leahy (Kerchoff Marinedesigned using the known cDNA sequences and the program
Laboratory, California Institute of Technology, USA). Adult Primer3 (Rozen and Skaletsky, 2000) (publicly available at
Lytechinus variegatusvere obtained from the Duke University www.genome.wi.mit.edu/genome_software/other/primer3).  Primer
Marine Laboratory (Beaufort, NC, USA) and Carolina Biological sets were chosen to amplify products 100-200 bp in length. Reactions
Supply (Burlington, NC, USA). Spawning was induced by were carried out in triplicate using cDNA from 2 embryos/reaction as
intracoelomic injection of 0.5 M KCI and embryos were cultured intemplate and SYBR green chemistry (PE Biosystems). Thermal
artificial seawater (ASW) in temperature-controlled incubatbrs ( cycling parameters were as described previously (Rast et al., 2000)

MATERIALS AND METHODS

variegatus 23°C;S. purpuratus15.5°C). and data were analyzed using an ABI 5700 sequence detection system.
o o The average of data for the three cycles at the threshe)ddiCeach
Whole-mount in situ hybridization gene was normalized against the averagefo€ ubiquitin mRNA,

In situ hybridization was carried out according to the method of Zhwvhich is known to be expressed at constant levels during the first 24
et al. (Zhu et al., 2001). SpAIx1 probe was generated from clone 16wours of development. Primer efficiencies (i.e., the amplification

118 (a full-length clone) and LvAIx1 probe was generated from a 3.2actors for each cycle) were found to exceed 1.9. Relative folds of
kb cDNA that included the C-terminal third of the protein-codingdifference between control and experimental embryos were calculated
sequence and most of thelBTR. (see Tables 1 and 2). In every experiment, a no-template control was
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included for each set of primers. Each experiment also included region immediately upstream of the homeodomain that
control comparing levels of test mMRNAs in uninjected embryos an¢ontains a high number of charged residues (aspartic acid and
embryos injected with a control MO. Data were only included wherysine; Fig. 1A), a feature shared by the vertebrate Alx4 and
no more than one cycle of difference was observed for each mRNgartl proteins. Moreover, SpAlx1 and LvAIx1 are proline-rich
tested. (12% proline residues outside the OAR domain and
PMC removal homeodomain), another characteristic of the vertebrate Alx3

PMCs were removed from mesenchyme blastula stage embryos %Qd Alx4 proteins.

described previously (Ettensohn and McClay, 1988). Developmental expression of Alx1 mRNA and

protein
RESULTS Northern blot analysis with a full-length probe
_ ) complementary t@&palxlrevealed a single major transcript
Cloning and sequence analysis of SpAlx1 and with an apparent length of 5-5.5 kb (not shown). This
LvAIx1 corresponded well to the predicted size of SipalxImMRNA

In a previous large-scale cDNA sequencing analysis wbased on the sequence of clone 16-118 (~5&balxImRNA
identified a cDNA clone (16-118) frons. purpuratusthat was not detectable in the unfertilized egg or at very early
encoded a protein similar frosophilaAristaless and related cleavage stages by northern analysis, but was strongly
proteins in vertebrates (Zhu et al., 2001). We sequenced batipressed by the blastula stage.
strands of this full-length clone and determined the predicted Whole-mount in situ hybridization showed th8palx1
amino acid sequence of the protein (Fig. 1A; GenBanknRNA was expressed specifically by cells of the large
accession no. AY277399). Although this protein was originallymicromere-PMC lineage (Fig. 2). Expression was first
named SpAristaless, we changed the name to SpAIx1 to refledttectable as one to two distinct intranuclear spots of staining
the evolutionary conservation of the homeodomain of the sda each of the four large daughter cells of the micromeres at
urchin protein with the vertebratgistalessike homeobox the 56-cell stage. At this stage of development, most of the
proteins Alx3 and Alx4 (see below). RT-PCR and RACE werecells of the embryo have undergone the sixth cleavage division
used to clone an orthologous gene product fromariegatus  but the micromeres have divided only once, producing four
a species separated fr@n purpuratudy 30-40 million years large and four small daughter cellsSpalxl mRNA
(Smith, 1988) (Fig. 1A; GenBank accession no. AY277400)accumulated only in the large daughter cells, the founder cells
ClustalX alignment shows that the LvAIx1 and SpAlx1 of the PMC lineage, beginning in the first interphase after these
proteins have an overall amino acid identity of 95%. The twaells were born. After the next cell divisidpalxIMRNA was
mRNAs are highly conserved at the nucleotide level in botlletectable at higher levels in all eight large micromere progeny.
coding and non-coding regions (see GenBank nucleotideitense signal was evident during the blastula stage in
entries). presumptive PMCsSpalxImRNA was expressed specifically
Alx1 contains a homeodomain, the sequence of which iey PMCs throughout gastrulation and later embryogenesis,
identical inL. variegatusandS. purpuratugFig. 1A). Analysis  although levels gradually decreased. Faint expression in PMCs
of this 60-amino acid sequence showed that it containgas still evident at the early pluteus stage, the latest
several signature residues characteristic of a Paired-cladsvelopmental stage examined.
homeodomain (Galliot et al., 1999; Banerjee-Basu and In L. variegatus expression ofalxl mRNA was also
Baxevanis, 2001). Paired-class homeodomain sequences hagstricted to the large micromere-PMC lineage (Fig. 2).
been further grouped into 18 distinct subfamilies (Galliot et al.Expression was delayed slightly relativéStgpurpuratusvhen
1999). Analysis of the Sp/LvAIx1 homeodomain usingassayed by in situ hybridizatiohvalxl mMRNA was first
ClustalX and PAUP showed that this sequence is most closetietectable in some embryos in the eight daughter cells of the
related to the homeodomains of the Cartl/Alx3/Alx4large micromeres at ~5 hours postfertilization (~128-cell
subfamily (Fig. 1B). Alx1 is the first invertebrate member ofstage). The transcript was expressed at high levels in the large
this subfamily. Alx1 and the vertebrate members of theamicromere progeny after these cells had undergone one
subfamily lack a Paired domain, a distinct DNA-bindingadditional division; i.e. in the 16 descendants of the large
domain found in some proteins that also contain a Paired-classicromeres. As irS. purpuratus levels of expression were
homeodomain. high in PMCs following ingression and then gradually declined
SpAIx1 and LvAIx1 also contain a perfectly conserved C-during later developmenitvalxlexpression was not detectable
terminal OAR (dp, aistaless,_R) domain (Fig. 1A). Many in most embryos after the late gastrula stage.L/a&1 probe
Paired-class homeodomain proteins, including members of trelhowed the same pattern of hybridization when used to probe
Cart1/AIx3/Alx4 subfamily, have an OAR domain at the Cembryos ofL. pictus indicating that thealxl gene is also
terminus (Gaillot et al., 1999). The function of this domainconserved in this species and is expressed in a similar fashion
is poorly understood, although it may bind to and masKnot shown).
transactivation domains located elsewhere in the proteins, aA polyclonal antiserum was generated against a 128-amino
masking effect that can be relieved by the binding of otheacid region in the C-terminal half of LvAIX1 (see Materials
proteins to the OAR domain (Amendt et al., 1999; Norris andnd Methods). This antibody cross-reacted with SpAlx1,
Kern, 2001; Brouwer et al., 2003). probably because of the high degree of conservation between
Except within the homeodomain and OAR domain, SpAlxlthe two proteins. The anti-Alx1 antiserum specifically labeled
and LVvAIx1 show no significant similarities to other proteinsthe nuclei of cells of the large micromere-PMC lineage (Fig.
by BLAST analysis. We noted, however, a 25-30 amino aci@). In L. variegatus nuclear staining was evident at the
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Fig. 1. (A) ClustalX alignment of the predicted amino acid
sequences of SpAlx1 and LvAIx1. Homeodomains, OAR

HsRx domains, and charged domains are boxed. Note that in each case
the assignment of the start methionine is provisional, as there are
three in-frame AUG codons near theefid of the open reading
frame (ORF) of each mRNA. There are in-frame stop codons
upstream of each ORF. (B) Unrooted neighbor-joining tree
showing the relationship of Lv/SpAlx1 to other Paired-class

SpPrx1

HsAlIx4

HsAIx3 0.043

0.046

0.011
07

0.027 proteins (homeodomains only). The other proteins shown are

those with Paired-class homeodomains that are most closely
related to those of the Cart1/Alx3/Alx4 subfamily (Galliot et al.,

0.0
HsCartl

1999). A multiple alignment was generated using ClustalX and
tree construction was carried out with PAUP*4.0 (Sinauer
Associates) using the Neighbor Joining Method. Numbers
indicate the fraction of amino acid substitutions between nodes.

o017 HsPrx2

Sp/LVvAIX1

HsPrx1

staining of PMCs was still evident at the early pluteus stage,
the latest developmental stage examine@.lpurpuratusthe
earliest stage at which we could reliably detect nuclear
localization of Alx1 was in the interphase following the first
HsOg12 division of the large micromeres, i.e., when there were eight

large micromere progeny (Fig. 6A). This was one cell division

later thanSpalx1 mRNA expression was first detectable by
blastula stage prior to PMC ingression and PMC nuclei werin situ hybridization and may reflect a lag between
labeled throughout gastrulation. Double-labeling with theranscriptional activation of theSpalxl gene and the
PMC-specific monoclonal antibody (mAb) 6a9 confirmed thaticcumulation of sufficient amounts of protein to be detected
the Alx1l-expressing cells were PMCs (Fig. 3G). Nucleaby immunostaining.
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Fig. 2. Whole-mount in situ hybridizations
S. purpuratus showingalx1 mRNA expression ii$. purpuratus
' ; (A-H) andL. variegatugl-L) embryos. (A) 56-

‘F ' cell stage embryo, the earliest stage at which

alxI mRNA is detectable in the four large
micromeres (arrow). Initially, staining is limited
to one to two small, intracellular spots in each
cell. (B,C) Two focal planes of a 56-cell stage
embryo, viewed along the animal-vegetal axis.
Alx1 mRNA is present in the large micromeres
(B, arrow) but not the small micromeres (C,
arrow). (D,E) Lateral and vegetal views,
respectively, of ~128-cell stage embryos,
showingalx1 mRNA in the eight progeny of the
large micromeres (arrows). (F) Mid-blastula
stage. (G) Mesenchyme blastula. (H) Late
gastrulaAlx1 transcript continues to be
restricted to large micromere progeny
throughout blastula and gastrula stages (arrows).
In L. variegatusalxlis expressed in a similar
pattern, although expression is first detectable,

K L by in situ hybridization, one cell cycle later than
in S. purpuratusafter the large micromeres have
divided once. (1) Blastula, showing expression in
~16 large micromere progeny (arrow). (J) Early
gastrula. (K) Mid-gastrula. (L) Late gastrula.
Alx1-expressing PMCs are indicated by arrows.
By the end of gastrulation, levelslofalx1

expression have declined in most embryos.

L. variegatus
I

The role of Alx1 in PMC specification Alx1 MOs interfered with normal PMC specification as
To determine the function of Alx1 in PMC specification, assayed by the expression of a battery of molecular markers
we injected morpholino antisense oligonucleotides (MOs)Fig. 5, Table 1). mAb 6a9 recognizes PMC-specific cell
complementary toalxl mRNA into fertilized eggs ofS.  surface proteins of the MSP130 family (Ettensohn and McClay,
purpuratusandL. variegatus SpAlx1 and LvAIx1 MOs were 1988; lllies et al., 2002). Alx1 MO-injectesl purpuratusand
designed to be complementary to non-overlapping regions &f variegatusembryos had greatly reduced numbers of 6a9-
the respective mRNAs. The SpAlx1 MO was targeted againgtositive cells (Fig. 5G-H; and see below). This effect was dose-
the B8-UTR, while the LvAIx1 MO was complementary to the dependent; high doses of MO completely blocked the
5 end of the coding region, including the putative start codoiformation of 6a9(+) cells. The expression $/MSP130-
(see Materials and Methods). related 2(a MSP protein family membergpP19and SpFRP

The phenotypes of MO-injecte®. purpuratusand L. (fibrinogen-related protein) (Zhu et al., 2001, lllies et al., 2002)
variegatus embryos were essentially identical (Fig. 4).was examined by in situ hybridization (Fig. 5A-F). Most
Development appeared normal during cleavage and blastutanbryos lacked detectable expression of these markers or had
stages, and injected embryos hatched within 1 hour of siblingreatly reduced numbers of mesenchyme cells that expressed
controls (. variegatus 23°C). At the late blastula stage, the mRNAs. Finally, inS. purpuratuswe used QPCR to
however, a striking phenotype became apparent. PMCs did naoteasure levels of expression of nine genes expressed
ingress in the MO-injected embryos and invagination of thexclusively or selectively by cells of the large micromere-PMC
vegetal plate was delayed by several hours relative to contriitheage (Table 1). SpAlx1 MO had no detectable effect on
sibling embryos. MO-injected embryos failed to form visiblelevels of four of the mRNAgbr (Fuchikami et al., 2002gts1
skeletal elements even after extended periods of culture (3 agidurokawa et al., 1999felta (Sweet et al., 2002) argmarl
6 days forl. variegatusandS. purpuratusrespectively) (Fig. (Oliveri et al., 2002) when assessed either at 18-20 hours or
4), 23-24 hours post-fertilization. The level 8palxImRNA was

By co-injecting fluorescent dextran with the MOs, weslightly elevated in MO-injected embryos, suggesting that
observed that the severity of the phenotype depended on tA&1 protein may act as a negative regulator ofahxd gene.
amount of MO injected. Eggs that were injected with largeFour of the mRNAs we testedri (G. Amore and E. Davidson,
volumes of 2 mM MO solution (5-10 pl) showed the mostpersonal communication)MSP130 (Parr et al.,, 1990),
extreme phenotype; i.e., a complete lack of PMCs/skeletdiISP130-related Zlllies et al., 2002) andm50(Katoh-Fukui
elements and delayed invagination. Those injected with smallet al., 1991), were down-regulated in MO-injected embryos.
volumes (2-5 pl) showed a partial phenotype; i.e., reduced Several molecular markers and morphological criteria were
numbers of PMCs, small skeletal elements, and only a slightsed to determine whether cell types other than PMCs were
delay in invagination. In most of our experiments, we use@ffected by Alx1 MOs. As noted above, invagination was
levels of MO sufficient to produce the extreme phenotype imelayed but eventually occurred in the absence of any primary
>90% of the embryos. mesenchyme. In the transparent embryog.ofariegatus it
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Fig. 3. Alx1 protein expression if.
purpuratus(A-D) andL. variegatug E-
H) embryos. In both species, Alx1
protein is restricted to the nuclei of la
micromere progeny (arrows).
Expression is first detectable prior to
PMC ingression and is evident
throughout gastrulation. (A) 128-cell
stage. (B) Mid-blastula stage; vegetal
view. (C) Mesenchyme blastula. (D) £
Alx1 MO-injected embryo that was
allowed to develop until controls had
reached the late gastrula stage. No
nuclear staining is evident in cells of t
vegetal plate (arrow). (E) Blastula.
(F) Late gastrula. (G) Late gastrula
stained withaAlx1 and mAb 6a9,
which recognizes a family of PMC-
specific cell surface proteins. There it
one-to-one correspondence between
6a9- and Alx1-positive cells (arrow).
(H) Overexpression ofenopusC-cadherin. This embryo was fixed when sibling controls were late gastrulae. It has an animalized
phenotype (Wikramanayake et al., 1998; Logan et al., 1999) and no Alx1 staining is detectable.

S. purpuratus

L. variegatus

was evident that the shape of the archenteron was alteredrmdgut/hindgut marker (Wessel and McClay, 1985), was
MO-injected embryos. In many embryos, the anterior end wasventually expressed in an appropriate pattern (Fig. 51,J). Large
distended and the roof sagged into the lumen of the gutumbers of pigment cells formed in Alx1 MO-injectéd
Nevertheless, the gut became segmented and Endol,variegatusand S. purpuratusembryos (Fig. 5M,N). InS.
purpuratus these cells stained with the
pigment cell-specific antibody Spl
(Gibson and Burke, 1985; not shown).
Several observations showed that Alx1
MOs did not interfere with the normal
polarization of the ectoderm along the
oral-aboral axis. A morphological
difference between squamous aboral
and columnar oral ectoderm cells was
evident in MO-injected embryos (Fig.
4G,H,P) and pigment cells were
restricted to the aboral ectoderm, as in

S. purpuratus

24 hr
B

Control

+ML Fig. 4. Effects of Alx1 MOs irS.
purpuratus(A-H) andL. variegatuqI-P).
MOs were complementary to non-
overlapping regions of th®palxland
Lvalx1mRNAs and produced essentially
identical phenotypes in the two species.

Control embryos show normal PMC

A
E
A 4

L. variegatus

10 hr 16 hr 24 hr 48 hr ingression (A,l, arrows), PMC migration
T 4 e @ K i " ¥ (B,J, arrows), and _sl_<eletogene5|s (C,D,K,L,
K X arrows). Alx1 MO-injected embryos lacked
T ™, PMCs (E,M) and invaginated in a delayed
Gontrol e ¥4 L :\< fashion (F,N, arrows). They failed to form
‘_ \ ‘ !,, ; skeletal elements even after prolonged
s gy A0S culture (H,P). Eventually they developed a
W e - J tripartite gut (H,P, arrows), pigment cells
(see Fig. 5), blastocoelar cells, and
0 P e coelomic pouches (P, arrowhead).
SR o, '{\ Ectodermal territories appear to
/ 3 =+ : Y differentiate normally (thickened oral
+ML ( j e (e oy ectoderm is indicated by the arrow in G and
\ e ’ % AL the double arrow in P). Arrow in O
At s indicates expanded archenteron tifin

L variegatusembryos injected with Alx1 MO.
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control embryos. Using an anti-myosin heavy chain antibc - i

(Wessel et al., 1990) we found that circumesophageal mu: Contl h-niete

fibers formed in MO-injected embryos, although in a delay

fashion relative to control sibling embryos (Fig. 5K,L).
Control experiments showed that the MOs were effective

blocking the expression of Alx1 protein and that the obsen pSP130-Rel 2

phenotype resulted specifically from this inhibition. Alx1 MC

blocked nuclear accumulation of Alx1 protein in the larg

micromere progeny as shown by immunostaining (Fig. 3l

Injection of several other MOs int8. purpuratusand L.

variegatuseggs at the same concentrations did not affect P!

formation or skeletogenesis. As an additional control 1

specificity, we injectedS. purpuratusAlxl MO into L.

variegatuseggs. The LvAIx1 mRNA and SpAlx1 MO are

mismatched at 4/25 nucleotides, a degree of mismatching P19

has been shown to significantly reduce the effectiveness

MO directed against globin mRNA (Summerton, 1999). V

found that concentrations of SpAlx1 MO that resulted in

robust phenotype i8. purpuratudiad no effect when injected

into L. variegatuseggs. Finally, as noted above, SpAIlx1 ar

LvAIx1 MOs produced the same phenotype although they w

complementary to non-overlapping regions of the tar¢

MRNASs. FRP
Because the phenotype of Alx1 MO-injected embry:

resembled in some respects the phenotype of embryos in w

early cleavage divisions have been equalized (Langelan

Whiteley, 1985), we performed one experiment to directly t

the possibility that the MO might perturb the pattern of ea

cleavage and micromere formation. We allowed MO-inject

S. purpuratusembryos to develop to the 16-cell stage, the

removed from the dish any that showed signs of abnort

cleavage. The remaining embryos exhibited the same PM( 6a9

phenotype described above. Although we did not follow t

pattern of cell division in the MO-injected embryos after four

cleavage, these observations suggest that the MO does

affect PMC specification by altering the spatial pattern of ea

cleavage.

Upstream regulators of Alx1

Beta-catenin function is required for the expression of Endo1
mesendoderm-specific mMRNAs that have been analyzec
date. This observation, and the fact that the micromeres
their progeny have high levels of nuclgacatenin (Logan et
al., 1999), suggested that activation of Alx1 expression mi
be dependent offs-catenin. To test this hypothesis, Alx:

Fig. 5. Effects of Alx1 MOs inS. purpuratugA-H) andL.
variegatug(l-N). MO-injected embryos were examined 36 hours
(B,D,F,H) or 54 hours (J,L,N) postfertilization. (A-F) In situ
hybridizations withSpMSP130-related, SpP19%ndSpFRPprobes.
Control embryos show strong signal in large micromere progeny in
the vegetal plate and in PMCs following ingression (A,C,E, arrows)
(see also lllies et al., 2002). MO-injected embryos show few or no
positive cells. (G,H) Immunostaining with mAb 6a9, showing stained
cells (PMCs) in control (G, arrow) but not MO-injected (H) embryos.
(1,J) Endol expression in the midgut of a control pluteus at 24 hours
(note that the hindgut is out of focus) and in the midgut/hindgut of a
MO-injected embryo. (K,L) Myosin heavy chain expression in
circumesophageal muscle cells (arrows) of a control pluteus

(24 hours) and in a MO-injected embryo. (M,N) Pigment cells in the
aboral ectoderm of a control (arrow; 48 hours) and a MO-injected
embryo.

Myaosin

Pigment cells
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Table 1. Effect of SpAlx1 MO on levels of various mRNAs Table 2. Effect of overexpression of various proteins on

as measured by QPCR alx1 mRNA levels as measured by QPCR

18-20 hour embryos 23-24 hour embryos Over-expressed proteins 12 hour embryos 24 hour embryos
Gene (AIx1 ML, control ML) (Alx1 ML, control ML) Pmarl 2047, 6.61 42,55, 10.21
alx1 2.78,2.86 3.33,1.82 Cadherin 0.05, 0.01 0.13, 0.07
tbr 0.65, 0.55 0.55 Cadherin + Pmarl 11.99, 7.04 123.48, 20.06
etsl 0.64, 0.72 0.71, 0.58 Cadherin + EnHD 5.04, 1.50 15.77, 4.92
dri 0.07,0.10 0.29 EnHD 4.23,1.50 6.53, 4.32
delta 0.85, 0.83 0.90, 0.83
pmarl 1.02,0.75 ND Numbers shown are fold differences, calculated as described in the
msp130 0.22,0.14 0.31 Materials and Methods. Two time points were examined and two independent
msp130-rel-2 0.14 ND trials were carried out for each experiment.
sm50 0.38 0.27,0.11

Numbers shown are fold differences in the expression levels of MRNAS, . .
based on comparisons of embryos injected with Alx1 MO or a control MO. of Alx1 mRNA or protein (FIgS 2’3)' We tested whether the

Cycle threshhold (€ data obtained by QPCR were first normalizedto C transfating of SMCs following PMC removal was associated
values for ubiquitin in each sample. Normalized cycle threshalds) (were with activation of Alx1 expression. The entire complement of
used to calculate fold differences, with the conservative assumption that the pMCs  was removed microsurgically from mesenchyme
efficiency of amplification was 1x9per cycle. Fold difference is then 499, blastula stage embryos and the resultant PMC(~) embryos were
For most gene markers, two independent trials were carried out at each of tvz/f . . . -
time points. ouble-immunostained with Alx1 antibody and mAb 6a9 at
various times after the operation. Early in the transfating
process (i.e., at the late gastrula stage), we observed numerous
expression was assayed in embryos that had been injected witlx1-expressing cells at the tip of the archenteron, many of
MRNA encoding full-lengttiXenopusC-cadherin (experiments which also stained with mAb 6a9 (Fig. 6). We also observed
in L. variegatu}, or the transmembrane/cytoplasmic domainAlx1-positive cells that were not stained with mAb 6a9. This
of LvG-cadherin (experiments i%. purpuratus Embryos is consistent with the finding that in normal embryos,
injected with these cadherin mMRNAs lack detectable levels afxpression of Alx1 precedes that of the MSP130 proteins.
nuclear B-catenin and exhibit an animalized phenotype As noted above, embryos injected with Alx1 MOs typically
(Wikramanayake et al., 1998; Logan et al., 1999). In suckailed to form skeletal elements even after prolonged periods
embryos, we could detect no nuclear LvAIx1 protein (Fig. 3H)n culture. This suggested that Alx1 MOs blocked not only the
and expression @palxlwas dramatically reduced as assayednitial specification of PMCs but the transfating of other cell
by QPCR (Table 2). These experiments demonstrate thhbheages to a skeletogenic fate. We investigated this further by
zygotic activation of LvAIx1 is dependent @Acatenin. counting numbers of 6a9(+) cells lin variegatusembryos at
Pmarl is a critical early transcriptional regulator in the genéifferent developmental stages after MO injection. In one
network that controls PMC specification (Oliveri et al., 2002) experiment, separate batches of zygotes from a single
The first expression ofSpalx]l detectable by in situ fertilization were injected with either 5 or 10 pl of MO
hybridization analysis, followed that gfmarl by one cell injection solution. The relative amounts of injection solution
cycle. These observations raised the possibility that expressiarere carefully controlled by delivering either one or two pulses
of Spalx1might be regulated bpmarl Consistent with this (100 mseconds each) with the picospritzer, using the same
hypothesis, we found that overexpression of Pmarl or amicroneedle to inject both sets of eggs.
engrailed-pmarl fusion protein (EnHD) (Oliveri et al., 2002) Alx1 MO-injected embryos showed a dose-dependent
resulted in a striking increase in levels $palx1 mMRNA  suppression of the transfating response.LInvariegatus
expression as assayed by QPCR (Table 2). The fact thaticrosurgical removal of micromeres or PMCs leads to
overexpression of wild-type Pmarl and EnHD producedhe appearance of 60-70 6a9-positive cells 24 hours
similar effects supports the view that Pmarl normally acts gsostfertilization at 23°C (Ettensohn and McClay, 1988; Sweet
a repressor (Oliveri et al., 2002). Moreover, we observed that al., 1999). Embryos injected with the lower dose of LvAIx1
overexpression of Pmarl (or EnHD) could activ@alxl MO showed greatly reduced numbers of 6a9-positive cells,
expression to high levels even in cadherin mRNA-injecteeven after 29 hours of development (mean no. of 6a9-positive

embryos (Table 2). cells=26.1, s.d.+9.h=20). Embryos injected with the higher
) ] dose of MO showed almost complete suppression of
Alx1 and transfating of cells to a skeletogenic fate transfating at 29 hours (mean no. of 6a9-positive cells=3.3,

In undisturbed embryos, SMCs do not express detectable levedsl.+4.1,n=17). The reduced numbers of 6a9-positive cells in

Fig. 6. Activation of Alx1 expression in transfating cells.
variegatusembryos were fixed 10 hours after PMC removal
and immunostained withAlx1 and mAb 6a9. (ApAlx1
staining. (B) MAb 6a9 staining. (C) Overlay of A and B. 6a9-
positive cells also have nuclear Alx1 (arrows). Some Alx1-
positive cells are not stained with 6a9, perhaps because they
are at an early stage in the transfating process.




Alx1 and PMC fate specification in sea urchins 2925

MO-injected embryos could not be attributed simply to a dela B-Catenin Otx

in transfating. Immunostaining of MO-injected embryos at \ / Maternal
earlier times showed that transfating began at about 19 hou : S ,

as judged by the earliest appearance of faintly stained, 6a ’ . Pmarl Micromeres
positive cells in association with the archenteron. This a 1 L
corresponds closely to the time at which transfating is firs Repressor X oo™
detectable following microsurgical removal of micromeres [set \/ 1

table 1 in Sweet et al. (Sweet et al., 1999)] or PMCs (Ettensol Ets1 AlxL Delta

and McClay, 1988) when embryos are cultured at 23°C.
Y, 1988) Y we b ><T b or

Ingression Skeletogenic SMC specification
DISCUSSION genes differentiation genes genes
The developmental function of Alx1 MSPL3O-relatec-1 eem
The timing of Alx1 expression and the phenotype of Alx1 MO- sMzr e
injected embryos indicate that this protein functions at an ear oz
step in PMC specification. II$. purpuratus alx1 mRNA ovs2
expression is detectable specifically in the large micromere SM50.
the founder cells of the PMC lineage, in the first interphas e
after these cells are born. Inhibition of Alx1 protein expressiol P19

using MOs blocks the earliest step in PMC morphogenesisig. 7. The micromere-PMC gene regulatory network. The total

(epithelial-mesenchymal transition) as well as the expressiafevelopmental time represented in the diagram is from fertilization

of several PMC-specific transcripts normally activated at higlftop) to the blastula stage (bottom). Arrows and bars indicate positive

levels prior to ingression. and negative interactions, respectively. All genes shown encode
Alx1 MOs produced very limited effects on cell types otherranscription factors with the exception[délta, which encodes a

than skeletogenic mesoderm. Embryos injected with Alx1 Maqtgnsmembrane protein. There is evidence for a direct interaction

gastrulated and subsequently formed a compartmentalized V€N Ets1 anemS0(Kurokawa et al., 1999) but all other _
nferactions may be indiredd-catenin and Otx are maternal proteins

and polarized eCtOderm‘. Alx1 Mo_mjec.te.d _embryos althat become differentially enriched in micromere nuclei at the 16-cell
formed large numbers of pigment cells. This is in clear contragtage (Chuang et al., 1996: Logan et al., 1999). These two proteins
to embryos lacking micromeres, which are almost devoid Ojre required for the activation pfarl, which is expressed only by
pigment cells (<5 pigment cells/embryo) (Sweet et al., 1999the micromeres and their progeny (Oliveri et al., 2002). Pmarl may
Pigment cell specification requires an inductive signal from thelock the expression of a putative repressor (Repressor X)
large micromeres, a signal recently shown to be the protespecifically in the micromeres. This repressor (which may be several
Delta (Sweet et al., 2002). The formation of large numbers diroteins) blocks PMC fate specification in all non-micromere
pigment cells in Alx1 MO-injected embryos is consistent withlineages (Oliveri et al., 2002%ts], alx1 anddeltaare all regulated
QPCR data showing that Alx1 MO has litlle effect Delta  ndependently by pmarl and the repressor. Ets1 regulatts the
mRNA expression. gene (Fuchikami et al., 2002) and Alx1 regulategthis study).

Alx1 MO-iniected embrvos showed a consistent delay i Alx1, Ets1 and Thbr are all expressed only by the large micromeres
. - ] . Y . o Y "ind their progeny. Alx1 and Ets1 both regulate genes involved in
invagination and in the subsequent differentiation of thegression and skeletogenesis (Kurokawa et al., 1999; this paper).
archenteron. Multiple factors probably contributed to thes@elta signaling activates genes involved in SMC specification,
phenotypic effects. Surgical removal of micromeres at the 16ncludinggecm(Ransick et al., 2002; Sweet et al., 2002). PMC
cell stage delays invagination in bdh purpuratugRansick  signals feed into the network upstreanabdl (this study); dashed
and Davidson, 1995) and variegatus(Sweet et al., 1999). bars and dashed arrow show possible inputs.
This may reflect an early inductive interaction between
micromeres and overlying veg2 cells or a mechanical
potentiation of invagination resulting from PMC ingressionThe PMC gene network
(see Ransick and Davidson, 1995). It appears that Alx1 proteBased on the present study and other recent work (Kurokawa
is expressed too late in cleavage to activate the putative eadyal., 1999; Zhu et al., 2001; Davidson et al., 2002; Fuchikami
inducing signal (Ransick and Davidson, 1995). It is moreetal., 2002; lllies et al., 2002; Oliveri et al., 2002), a framework
likely, therefore, that the delay in invagination in MO-injectedof the gene network that controls PMC specification can now
embryos is due to mechanical effects, or possibly tde constructed (Fig. 7). Maternal inputs into this network lead
interference with yet another micromere-derived signalpltimately to the activation or repression of genes that control
distinct from both Delta and the putative early signal. Withthe complex morphogenetic behaviors of PMCs (ingression,
respect to the later differentiation of the archenteron, there imigration and cell fusion) and their terminal differentiation
evidence that stimulatory signals are produced by PMCs duririgto biomineral-forming cells.
gastrulation. Removal of PMCs at the mesenchyme blastula Our results show that Pmarl and its upstream reguf&tor,
stage delays archenteron differentiation without affecting theatenin, are positive regulators of Alx1l expression.Sln
timing of invagination (Hamada and Kiyomoto, 2000). PMCspurpuratus alx1 transcript begins to accumulate in the first
normally secrete a variety of proteins into the blastocoel matriiaterphase after the large micromeres are born. This is just one
during gastrulation (Zhu et al., 2001) and archenteroiell cycle afte3-catenin begins to accumulate in the nuclei of
differentiation may be regulated by these factors. micromeres (Logan et al., 1999) and activates the expression
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of pmarl(Oliveri et al., 2002). We found that overexpressionseveral of its downstream targets (Guss, 1997) are selectively
of Pmarl dramatically elevateslxl mRNA levels even in activated in the transfating cells. There are other possible
cadherin mRNA-injected embryos. This suggests that thmterpretations of our transfating experiments that would
regulation ofalx1 expression by3-catenin may be mediated involve a role for Alx1 in the micromeres, but these can be
solely througtpmar1(Fig. 7). If there are other inputs frddn ~ excluded based on other experimental data. For example, an
catenin toalxl, they are dispensable in the presence of higlearly, Alx1-dependent signal from large micromeres might be
levels of Pmarl. Pmarl is a transcriptional repressor angquired for veg2-derived cells to become competent to
probably acts indirectly oalx1 by blocking the expression of transfate. This is clearly not the case, however, as a robust
an unidentified repressor (Oliveri et al., 2002) (this work). It igransfating response is observed when micromeres are removed
noteworthy that althoughmarl mRNA is expressed in both from 16-cell stage embryos, prior to the onset of Alx1
daughter cells of the micromeres, an unknown mechanisexpression (Sweet et al., 1999). Another possibility is that in
restrictsalx1 expression to the large micromeres. Pmarl mayO-injected embryos, the large micromere progeny continue
not block the expression of the putative repressor in smatb provide the signal that suppresses transfating, either because
micromeres or there may be other mechanisms that prevethie signal is independent of Alx1 or because levels of the MO
Alx1 expression in these cells. are too low to effectively block the signal. Neither scenario is

Injection of pmarl mMRNA causes mesomeres to adoptconsistent with the dose-dependent effect of the MOs, however.
a PMC-like fate (P. Oliveri and D. McClay, personal For example, if MOs were only partially blocking the PMC-
communcation). In contrast, overexpressioralgfl MRNA is  derived signal then higher concentrations would be more
insufficient to convert other cell lineages to a skeletogenic fateffective and lead to greater numbers of transfating cells. In
(data not shown)Pmarl is therefore likely to control key fact, the opposite was observed. We conclude that Alx1 is
regulators of PMC fate specification other tladxi, probably  required in the transfating cells where it functions to regulate
including other transcription factors expressed selectively drtey subprograms within the PMC gene network.
exclusively by the large micromere lineage. Zygotic expression The PMC gene network is activated in different ways in
of etsl is restricted to the large micromere lineage intransfating cells and large micromeres. Transfating cells
Hemicentrotus pulcherrimy&urokawa et al., 1999), although activate the network by a mechanism responsive to cell
in L. variegatusthis gene is expressed by both PMCs andsignaling, whereas in large micromeres the pathway is
SMCs (X. Zhu and C.A.E., unpublished observations). Zygoti@activated via a signal-independent, maternal mechanism that
expression ofbr is restricted to the large micromere lineageconcentratef3-catenin in micromere nuclei (Ettensohn and
(Croce et al., 2001; Fuchikami et al., 200®Ix1 is expressed Sweet, 2000; Brandhorst and Klein, 2002; Angerer and
earlier than eitheetslor thr but our QPCR studies suggest it Angerer, 2003). Our findings show that the divergence in the
is not required for the expression of either gene (Table 1 ambrmal and regulative pathways lies upstrearalxt (Fig. 7).
Fig. 7). Dri, another transcriptional regulator expressed byDespite different upstream inputs, the gene regulatory network
PMCs (G. Amore and E. Davidson, personal communicationjownstream of Alx1 in transfating cells and large micromeres
is regulated positively bgix1 (Fig. 7). appears to be identical.

Alx1 is required for at least two distinct morphogenetic ) )
processes in the large micromere lineage: (1) ingressiobhe Cartl/Alx3/Alx4 subfamily and the evolution of
(epithelial-mesenchymal transition) and (2) skeletogenesi®iomineralization
The molecular changes required for ingression have not y&he primary sequence of the Sp/LvAlx1 homeodomain
been identified, although this process is associated witindicates that this protein is the first invertebrate member of
changes in cell shape, protrusive activity, adhesive propertie¢he Cartl/AIx3/Alx4 family of Paired-class homeodomain
and cell surface architecture (Fink and McClay, 1985; Milleiproteins. In our molecular phylogenetic analysis, the
and McClay, 1997). In contrast, a large number of terminabp/LvAIx1 homeodomain clustered with this gene family even
differentiation gene products have been identified that functiowhen only the most closely related Paired-class homeodomain
in the formation of the biomineralized skeleton (see lllies esubfamilies were included (Fig. 1B) (Galliot et al., 1999).
al., 2002; Wilt, 2002) (Fig. 7). These gene products ardhere are also similarities between Sp/LvAlx1 and members
expressed specifically in the large micromere lineagef the Cartl/Alx3/Alx4 family outside the homeodomain;
beginning at the mid-late blastula stage, prior to PMGQiz., the presence of a charged domain upstream of the
ingression. We examined the expression of four such marken@meodomain, a C-terminal OAR domain, and an overall
in this study, SpMSP130, SpMSP130-related 2, SpP19 arabundance of proline residues.
SpSM50, and found that all four are regulated positively by In vertebrates, the Cartl/AIx3/Alx4 proteins have been
Alx1. This suggests that Alx1 is a key regulator of theimplicated in the formation of the limb skeleton and the neural

molecular subprogram that controls skeletogenesis. crest-derived skeleton of the face and neck. These three genes
o are expressed in similar patterns by neural crest-derived
Activation of the PMC gene network through a mesenchyme of developing craniofacial regions and by the
regulative pathway: different upstream inputs lead mesenchyme of developing limbs (Zhao et al., 1994; Qu et al.,
to the same output 1997; ten Berge et al., 1998; Beverdam and Meijlink, 2001).

Our MO studies show that Alx1 is essential not only for normaMice with compound mutations in Alx3 and Alx4 have severe
PMC specification but also for the transfating of non-defects in neural crest-derived skeletal elements (Beverdam et
micromere lineages to a skeletogenic fate. The most likelgl., 2001). Alx4/Cartl double mutants have a similar phenotype
explanation is that Alx1 is required in the transfating cells. I{Qu et al., 1999) (see Beverdam et al., 2001). In humans,
support of this view, we have shown thdk1 (Results) and mutations in ALX4 have been shown to cause defects in skull
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ossification (Wu et al., 2000; Mavrogiannis et al., 2001). Alx4Brouwer, A., ten Berge, D., Wiegerinck, R. and Meijlink, F.(2003). The
and Cartl appear to recognize identical palindromic sites onOAR/ari_staless _domain of the homeodomain protein Cartl has an
DNA and bind to these sites as homo- or heterodimers (Qu g ftenuating role in vivciech. Dev12Q 241-252.

L uang, C. K., Wikramanayake, A. H., Mao, C. A,, Li, X. and Klein, W.
al., 1999). In vertebrates, it is not yet clear whether thes€ " 1996) Transient appearance of Strongylocentrotus purpuratus Otx in

proteins function primarily in fate specification, cell death, micromere nuclei: cytoplasmic retention of SpOtx possibly mediated
division, or other developmental processes. through an alpha-actinin interactidbev. Genet.19, 231-237.
The fact that similar proteins are involved in skeletogenesisroce, J., Lhomond, G., Lozano, J. C. and Gache, (2001). ske-T, a T-

; ; ; T ; ox gene expressed in the skeletogenic mesenchyme lineage of the sea
in sea urchins and vertebrates raises the possibility there mlghﬁmhin embryoMech. Dev107, 159-162.

be an evolutionary link between certain features of skeletopayidson, E. H., Rast, J. P., Oliveri, P., Ransick, A., Calestani, C., Yuh, C.
formation in these two groups of deuterostomes. It has beenH., Minokawa, T., Amore, G., Hinman, V., Arenas-Mena, C., Otim, O.,
proposed that the ancestral deuterostome (the most recenBrown, C. T, Livi, C. B, Lee, P. Y., Revilla, R., Schilstra, M. J., Clarke,
common ancestor of echinoderms, hemichordates and? J.: Rust. A. G., Pan, Z., Amone, M. I, Rowen, L., Cameron, R. A,,

. L McClay, D. R., Hood, L. and Bolouri, H.(2002). A provisional regulatory
Chordates) may have had an extensive calcitic skeleton muc ene network for specification of endomesoderm in the sea urchin embryo.

like that of modern sea urchins (Jefferies et al., 1996; pev. Biol.246 162-190.

Dominguez et al., 2002). This controversial hypothesis is basabminguez, P., Jacobson, A. G. and Jefferies, R.([®002). Paired gill slits
partly on the interpretation of paleozoic fossils known as in a fossil with a calcite skeletoNature417, 841-844.

mitrates — bilaterally symmetrical organisms that possessedniy-Fenouil, B, Ghiglione, C., Lhomond, G., Lepage, T. and Gache, C.

ill-sli dl lciti imilariti . (1998). GSK3beta/shaggy mediates patterning along the animal-vegetal axis
gill-slits and large, calcitic tests. Similarities among proteins ¢ ihe sea urchin embry@evelopment 25, 2489-2498.

associated with the biominerals of echinoderms and othedtensohn, C. A.(1992). Cell interactions and mesodermal cell fates in the
animals suggest that certain features of biomineralization sea urchin embrydevelopmensuppl. 43-51.
may have even more ancient origins, i.e., predating thittensohn, C. A. and McClay, D. R(1988). Cell lineage conversion in the

_ ; lanti .- sea urchin embrydev. Biol 125 396-409.
deuterostome protostome Sp|l'[. For example’ C-lectin domalrétt nsohn, C. A. and Ruffins, S. W(1993). Mesodermal cell interactions in

cc'mtailjing' proteins have_recently been shown to be associatehe sea urchin embryo: properties of skeletogenic secondary mesenchyme
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