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Fig. 4. Requirement for a Wnt-signal-independent p-catenin polar localization system. (A) Early cleavage Et embryos demonstrating progressive spatial
restriction of an injected p-catenin:GFP mRNA to the vegetal pole. Before 16-cell stage, this mRNA is found in all cells of the embryo. At fourth cleavage, the
mRNA comes to be restricted to micromere- and micromere-abutting nuclei at the vegetal pole. Several cleavages later, it is only found in a few cells at the
vegetal pole, the only likely identity of which is the micromeres because they are disposed exactly as are the cells expressing micromere genes (Fig. 1). (B) Early
cleavage embryos treated with C59, a reagent inhibiting porcupine-dependent Wnt signaling. C59 does not effect spatial restriction of p-catenin:GFP mRNA.
(C) Quantitative effects, measured by QPCR, of treatment with 1.5 uM C59 on relevant genes in 15-h Et embryos. The difference in cycle number (ddCt) with
respect to an uninjected control group is shown on the ordinate. Error bars represent the SD of four independent experiments. (D) QPCR analysis of effects at
16 h in Et embryos of injected dominant-negative Cadherin mRNA. Error bars represent the SD of two independent experiments.

expression in the immediately adjacent skeletogenic micromeres.
That is, as in the canonical case, Notch signal transduction of the
micromere Delta signal results in hesc expression in these non-
skeletogenic mesodermal cells. Because, as shown above, HesC is the
repressor excluding alvl expression from the nonskeletogenic meso-
derm, if Delta expression is prevented, alx! expression spreads to the
nonskeletogenic mesoderm, now involving twice as many cells (Fig. 5
B-D). We perhaps see here the original role of micromere delta
expression in sea urchin embryos, the spatial separation of skel-
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etogenic from nonskeletogenic mesodermal specification. This re-
sult capsulizes the depth of the differences between the euechinoid
and cidaroid specification systems; whereas Sp uses its double-
negative gate circuitry to position skeletogenic function in the mi-
cromere lineage, Et uses Delta\Notch signaling for this purpose.

Discussion

Our main and specific objective was to assess at least the minimum
evolutionary divergence that took place within a thoroughly known
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developmental GRN, during or soon after the last major cladistic
split in the evolution of the echinoids. This divergence occurred in
a late Paleozoic time interval that is constrained in real time by the
fossil record. One uncertainty that could affect dynamic in-
terpretation of the results is the possibility that the differences we
observe between the test species of this work, Sp and Et, are ac-
tually in part the sum of changes that occurred only gradually—
that is, during the Mesozoic (Triassic, Jurassic, and Cretaceous),
subsequently to the split from which emerged the modern eue-
chinoid and cidaroid subclasses. This would require, however, that
the specific circuitry features we investigated vary among modern
euechinoid orders that arose during the Mesozoic (18). However,
although indeed incomplete, the evidence so far limits this possi-
bility. Thus, a euechinoid belonging to an irregular euechinoid
group (the Spatangoids), far removed from typical euechinoids such
as Sp, also contains a pmarl gene and also zygotically expresses the
hesc gene all over the embryo except for the skeletogenic micro-
meres (42), exactly as in Sp. This global hesc expression, as we have
seen, is in direct contrast to Et (we refer here only to the key shared
linkages of interest, irrespective of the many and various other
intracuechinoid divergences that are also observed, but are irrele-
vant to skeletogenesis) (42). Therefore, key diagnostic features of
the modern euechinoid (i.e., Sp) GRN are found in descendants of
a euechinoid clade the last common ancestors of which with Sp
arose anciently, perhaps at the beginning of the Jurassic (18). This
result leaves untested only the most basal orders of euechinoids, but
because those clades emerged directly from the subclass split per se,
they limit the temporal argument pertaining to postdivergence
events. Similarly, on the cidaroid side, as noted above, the orders
composing this Subclass have displayed remarkably invariant and
conservative morphology ever since their appearance (18). Con-
sistent with this, as we have seen, Et indeed shares with a distant
cidaroid the key property of lacking the double-negative skeleto-
genic specification gate (23). Therefore, with the caveat of the yet-
unexamined most basal euechinoid orders, we can tentatively as-
sume that we are here assaying genomic wiring features typical
of almost the whole euechinoid subclass vs. those typical of the
whole cidaroid subclass. These must be differences that indeed
arose during the late Paleozoic at the divergence between these
clades and/or in the earliest subsequent phases of euechinoid
divergence—differences that have ever since been inherited by
descendants of the crown group ancestors of each branch.

GRN Linkages of the Embryonic Sp Skeletogenic GRN Shown Here to be
Specifically Absent from the Embryonic Et Skeletogenic Specification
System. We can now list specific regulatory features encoded in Sp
cis-regulatory sequence that contribute decisively to the architecture
of the Sp skeletogenic GRN (6), but that do not operate at all or
operate differently in Et (reference citations below all refer to cis-
regulatory studies or other decisive studies in Sp). This provides a
minimum but hard estimate of regulatory differences between the
embryonic skeletogenic specification circuitries that have arisen since
the last common ancestor from which these two genomes descend.
The hesC cis-regulatory system. First, in Sp, the hesC gene responds to
a powerful global embryonic activator (24), a feature totally lacking
in Et. In Et, hesC transcription is spatially controlled by Delta/
Notch signaling from the micromeres and hence is expressed only
in mesoderm immediately adjacent to the micromeres [Delta/Notch
signaling does still provide an additional cis-regulatory input to
hesc in Sp (34)]. Second, in Sp, the hesC gene is negatively
controlled at the transcriptional level by Pmarl repression (24,
34). In Et, no pmarl gene or similarly functioning gene appears
to exist.

The tbr cis-regulatory system. First, in Sp, this gene is negatively
controlled by HesC and positively controlled by a ubiquitous acti-
vator (32). Second, in Sp, tbr is expressed in skeletogenic cells. In
Et, none of these three inputs operates on tbr transcription.
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The ets1/2 cis-regulatory system. First, in Sp, this gene is expressed
maternally. Second, in later development, it is expressed in dif-
ferentiating skeletogenic cells (where it plays a major role in
activating skeletogenic effector genes). However, in Et, neither
is true.

The delta cis-regulatory system. In Sp, early embryonic spatial ex-
pression of delta is negatively controlled by HesC, and Etsl serves
as a positive driver (24, 29). However, in Et, HesC provides no
spatial input into delta expression (although for unknown reasons,
hesc MASO somewhat increases delta mRNA levels); in Et, Etsl
does not provide any positive input into delta expression.

The pmar1 gene. This key gene of the Sp skeletogenic specification
system is almost certainly absent altogether from the Ef genome.
The initial combinatorial Otxa:Tcff-catenin cis-requlatory micromere input.
In Sp, this combinatorial input is used to trigger pmarl tran-
scription in micromeres (4, 34), whereas in Et this combination is
not functional in skeletogenic micromere specification by direct
test, and Otxa is not used at all in skeletogenic specification.
Although this transcriptional regulator is encoded maternally in
Et as in Sp, its function remains undemonstrated.

In sum, here there are nine specific cis-regulatory inputs into
genes operating in both species that function in Sp and are absent in
Et, plus a key gene missing in Et (or small subfamily of genes), plus
a key localized combinatorial cis-regulatory transcriptional input
used in Sp by the gene that is absent in Et. Assuming the euechinoid
network is the evolutionary novelty (see below), each of these
regulatory inputs represents the appearance of a new GRN linkage
that had to be encoded in cis-regulatory DNA of genes in the
euechinoid lineage, a linkage that is lacking in the cis-regulatory
sequences of the same genes in the cidaroid lineage. Perforce a
minimum estimate, we see here something of the scale of genomic
regulatory change required for architectural network evolution,
even in a small, confined GRN dedicated to specification of one
cell lineage. Canonically, this type of evolutionary process is far
removed from the single cis-regulatory module divergences easily
accessed in studies of intra- and interspecific adaptive variation (2).

Plesiomorphy and Polarity in the Echinoid Regulatory Linkages. All of
the changes enumerated above are gains of function with respect
to the regulatory configuration of the Et system, with most of them
involving multiple different inputs per cis-regulatory module. Al-
though it is conventional to note that all such changes could also
represent loss-of-function changes in the cidaroid lineage—
meaning that the euechinoid regulatory system could equally be
plesiomorphic—the evidence is no longer balanced; it is much
more likely [just as intuitively assumed by past observers (13, 14)]
that the euechinoid skeletogenic GRN is the derived, novel
character shared among descendants of the common euechinoid
ancestor. A crucial argument that now comes into view is that the
gains of function are sequentially and logically nested. That is, a
given change requires particular sets of sequential changes, which
impose polarity on the process. For example, acquisition of cis-
regulatory response to a global regulator in the hesc gene in-
troduces the possibility of release of control of genes such as alx/
from a strictly mesodermal activator to control by a general global
activator, and of the delta gene from its strictly Notch-dependent
control also to that of a global activator. However, such re-
laxations of domain-specific positive regulatory constraint in turn
make it necessary to control micromere expression by negative
rather than positive means, as executed by the euechinoid double-
negative gate. This is not to propose a specific pathway, but to
point out that, whatever the pathway, we are dealing here with an
internally sequential logic train, rather than a series of in-
dependent changes that indeed individually might be considered
equally likely to be gain as loss of function. A second argument
concerns the cooption of the #br gene to skeletogenic function.
This work shows that cooption to be a euechinoid novelty, because
in Et tbr is not skeletogenic in function, and because we know from
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Fig. 5. Spatial role of hesC in Et embryos. (A) Effects of delta MASO on hesc at the vegetal pole. In the presence of delfta MASO, hesC expression is
extinguished specifically at the vegetal pole, whereas its weak expression in certain regions of the ectoderm is unaffected. (B) Presence of delta MASO in Et
causes an expansion of the skeletogenic marker alx7 to the surrounding nonskeletogenic mesoderm domain. (C) Quantitative effects of de/ta MASO mea-
sured by QPCR in 20-h embryos of Et. Delta and alx1 are significantly up-regulated in the presence of delta MASO. HesC is barely affected due to its
background presence in the ectoderm. Ets1 and tbrain are unaffected. The difference in cycle number (ddCt) with respect to an uninjected control group is
shown on the ordinate. Error bars represent the SD of three independent experiments. (D) Histogram shows the number of alx7-positive, i.e., skeletogenic,
cells at three time points of £t development in embryos injected with defta MASO vs. uninjected controls. (18 and 26 h, n=7; 44 h, n =6). ***P < 0.0001; **P <
0.001; *P < 0.01 (all as determined by Student’s t test). LV, lateral view; OL/VV, oblique lateral/vegetal view; VV, vegetal view.

comparative studies that the plesiomorphic role of tbr in echino-
derms is not skeletogenic either (33). Therefore, this cooption is a
derived euechinoid character, and in Sp, tbr also is driven by a
ubiquitous activator (32) so that its expression is made skeleto-
genesis-specific only by the double-negative gate. Third, and
similarly, control of delta gene expression is executed by the Notch
response system in Et, whereas addition of a global positive control
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input in the delta gene in Sp (24) is therefore also a euechinoid
derivation. We conclude that all of the linkages of the skeletogenic
control GRN that are found in Sp but are absent from Er are
probably shared derived characters of the euechinoids.

However, if this is the case, there must also remain plesiomor-
phic aspects of the skeletogenic program that would have been
identified in this work as shared features present in both £t and Sp.
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Indeed this logical expectation is fulfilled. The most prominent
plesiomorphic GRN character is of course the dominant role of
alx] as a driver of skeletogenic differentiation. The role of alx! is
plesiomorphic for echinoderm skeletogenesis in general (22, 25).
A second major plesiomorphy in circuit wiring is indicated by the
retention in both systems of negative spatial control of alx/ by
HesC repression. Similarly, a third plesiomorphic linkage is re-
tention of negative cis-regulatory control of delta expression by
HesC. This linkage, exactly like the HesC repression of alxl, is
used in Sp for global control of expression, and in Et for control of
skeletogenic vs. nonskeletogenic mesodermal expression.

Evolutionary Assembly of the Euechinoid Skeletogenic GRN. Solution
of the Et skeletogenic GRN will facilitate a rational reconstruction of
the evolutionary path by which the euechinoid skeletogenic micro-
mere specification GRN might likely have assembled from its
starting configuration. Only some general propositions can be of-
fered at this juncture. It is clear from this work that multiple genomic
regulatory changes had to be installed in the euechinoid lineage,
whatever the exact pathway, and it is obvious that these cannot have
entered the system all at once, nor would piecemeal alterations have
had functional utility. However, in this conundrum originates the
most powerful argument for the polarity of the evolutionary train of
events. The presumably plesiomorphic cidaroid skeletogenesis sys-
tem has a fundamental, key feature that would have allowed the
accumulation of the novel GRN linkages without at the same time
destroying its needed function of programming embryo/larval skel-
etogenesis. This feature is that development of the cidaroid micro-
mere cell lineage is in functional terms essentially a dual process. In
Et, cleavage-stage micromere functions per se and skeletogenic
functions per se are separate. The cleavage-stage micromeres do not
execute skeletogenic specification, and instead their role is to emit
Delta signals, which are used negatively in late cleavage to protect
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the nonskeletogenic mesoderm from skeletogenic differentiation
fate. Skeletogenic specification occurs only subsequently (in mi-
cromere descendants), when and after alx/ is belatedly turned on.
Skeletogenic differentiation takes place even later, mainly at the tip
of the archenteron and subsequently in the blastocoel. Thus, the
precocious skeletogenic functions controlled by the novel euechi-
noid skeletogenic GRN could have assembled over evolutionary
time at the embryological address of the micromere lineage, during
or soon after the period the cladistic cidaroid/euechinoid split was
taking place, without interrupting any of the developmentally
later skeletogenic functions on which the embryo of the euechinoid
stem lineage would still have depended. In other words, in the
plesiomorphic state the micromere lineage executed signaling
but not skeletogenic functions during cleavage and blastulation,
but during euechinoid divergence novel skeletogenic circuitry
executed in the micromere lineage during early development
could have been superimposed, without necessarily interfering
with gastrular skeletogenesis until the latter became redundant.

Materials and Methods

Detailed materials and methods are available in S/ Materials and Methods.
Briefly, Et were acquired from Sea Life, Inc. Procedures for handling eggs
and embryos of this species were developed in the course of this work and
are detailed in S/ Materials and Methods. WMISH was conducted essentially
after Ransick (43), with modifications. Microinjection experiments in Et were
done essentially as described elsewhere for euechinoids (44).
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S| Materials and Methods

Animals and Embryo Cultures. Etf sea urchins were obtained from
SeaLife and were maintained in room temperature (r/t) aquaria.
Animals were spawned with 0.5 M KCI. Cultures were grown in
Millipore-filtered sea water (MFSW) in an incubator set to 22 °C
unless otherwise indicated.

Real-Time Quantitative PCR. For each MASO-treated time point,
injected and uninjected embryos were counted (~70 embryos per
timepoint were used), gently centrifuged, and lysed with Buffer
RLT (Qiagen). Just before column chromatography, an equal
amount of exogenous GFP RNA was added to both treatment
and uninjected control samples to normalize for RNA prepara-
tion, which was carried out according to the manufacturer’s
protocol (RNeasy; Qiagen). All samples were processed in
concert. cDNA was synthesized for the entire sample (iScript;
Bio-Rad). Approximately one embryo per reaction was assayed
in triplicate by QPCR (SYBR Green; Life Technologies). Primer
sequences to amplify QPCR products in this study are presented
in Table S1.

WMISH. Digoxigenin (DIG)- or fluorescein (FLU)-labeled RNA
probes were prepared by cloning purified PCR product (0.7-1.2 kb
in length) into PGEM-T vector (Promega). All plasmids were
sequenced to confirm insert and orientation. Primer sequences
used to amplify PCR product used for this study are presented in
Table S2. Antisense RNA probe was synthesized with T7 or SP6
RNA polymerase (Roche) and purified by column chromatog-
raphy (RNeasy; Qiagen). For fixation, embryos were fixed on ice
in paraformaldehyde (PFA)-maleic acid buffer (MAB) fixa-
tion buffer [4% (wt/vol) PFA, 32.5% (vol/vol) MFSW, 32.5 mM
maleic acid (pH 7),162.5 mM NacCl], left overnight (o/n) at 4 °C,
and brought into hybridization buffer (HyB: 50% formamide, 5x
Denhardt’s, 5x SSC, 1 mg/mL yeast tRNA, 100 mM NaCl, 0.1%
Tween-20, and 50 pg/mL Heparin) by the following series: 10%,
25%, 50%, 75%, and 100%. Fixed embryos were washed twice in
and also stored in HyB at —20 °C. For WMISH, a modifed
version of a standard protocol (43) was used. Briefly, fixed em-
bryos were incubated in HyB at 63 °C for 1 h. DIG- or FLU-
labeled probes were added to a final concentration of 0.5-1 ng/uL
and incubated o/n at 63 °C. Posthybridization washes were the
following: HyB for 15 min, 50:50 HyB/2x SSC for 15 min, 2X
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SSC for 20 min, 0.2x SSC for 20 min, 0.1x SSC for 30-60 min.
Embryos were washed 3x in Tris-buffered saline with Tween-20
(TBST) and blocked at 1/t in blocking buffer 1 [80% TBST, 10%
sheep serum, 1 mg/mL bovine serum albumin (BSA)] for 30 min,
and subsequently blocking buffer 2 (89% TBST, 10% sheep se-
rum, 0.1 mg/mL BSA) for 30 min. Anti-DIG or -FLU fab frag-
ments (Roche) was added to a final concentration of 0.25 pg/mL,
incubated for 1 h at r/t, and removed by washing 6x in TBST.
Probes were detected by washing 2x in alkaline phosphatase
(AP) Buffer and 1x in AP Buffer with 10% dimethylformamide
and nitro blue tetrazolium (NBT)/5-chloro-4-bromo-3-indolyl
phosphate (BCIP). Staining was halted with TBST/EDTA. Em-
bryos were stored in 70% glycerol until imaging.

Microinjection of MASOs, Constructs, and RNA. Unfertilized eggs of
Et were prepared essentially as described (44). MASOs were
synthesized by Gene Tools (Philomath), and their sequences are
provided in Table S3. All MASO injection solutions were 1 mM,
and each fertilized egg received ~10 pL of injection solution.
Embryos for WMISH or QPCR were collected and processed
as described above. Dominant-negative Cadherin RNA—which
blocks B-catenin nuclearization at the vegetal pole, as described
(38)—was injected at a concentration of 1,000 ng/uL. For visu-
alization of early, asymmetric nuclearization of p-catenin, RNA
encoding a fused p-catenin:GFP product was synthesized by us-
ing SP6 mMessage Machine RNA polymerase (Life Technolo-
gies) and injected at a concentration of 3 pg/uL. For microinjection
of the 2.59-kb sp-pmarl minimal reporter construct from ref. 34,
~1,500 molecules of reporter construct were injected per embryo,
and injected embryos were scored at 26 h postfertilization (hpf).

Treatment with €59 Inhibitor. The concentration of the porcupine
inhibitor C59 (C7641-2s; Cellagen Technology) at which to
expose embryos of Ef was established by dose-response. Shortly
after fertilization, embryos were assigned to four treatment
groups of the inhibitor: 0.3, 0.9, 3, and 9 pM. Phenotypes for
these groups were assessed under a dissecting microscope.
Based on these observations, experiments were carried out at
1.5 pM. Embryos were added to the C59-containing MFSW
shortly after they were fertilized, cultured in the medium at
22 °C until the desired time, and processed for QPCR analysis
as described above.
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Fig. S1.

Time course of mRNA expression of Sp double-negative gate genes in this study. The left ordinate shows the estimated number of transcripts per

embryo as determined by QPCR for delta, ets1, hesC, and tbrain. The right ordinate (shown in red) is estimated transcripts per embryo for alx7 only. The x axis
shows the time points in development assayed, starting at fertilized egg (0 hpf) and ending when skeletogenic mesenchyme ingresses at early gastrula stage
(30 hpf). A protocol for estimating the number of transcripts per embryo is described in S/ Materials and Methods.
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Fig. S2. Spatial expression of delta, hesC, and tbrain at early gastrula stage in Et. Delta is observed in a few mesodermal cells at this stage and begins to be
expressed in a scattered pattern in the ectoderm. HesC is expressed in the nonskeletogenic mesoderm and endoderm, is absent from the ecto-endodermal
boundary, and is expressed in a diffuse, nonspecific pattern in the ectoderm. Thrain expression is seen throughout the mesoderm and here can be seen in the

ingressing spicule precursor cells at the tip of the archenteron.

Table S1. Sequences of primer sets for QPCR detection

Gene QPCR forward primer QPCR reverse primer
Alx1 ATCCGGGTATGAAATGCCCA TTCTGCAGATGCGGAGCATA
Delta ~ AAATGTAACGTGCCGTGTGAGCCA  TACAGCTCACATTGGTCGCACCT
Ets1 TGAGTCATCACCGAACTCGAACCA  GGTGTCCGTCAAACGTGTCAAA
FoxQ2  TACGCCTATCCTTCCACCATC GTGAAGGCAGCGACGAATATG
HesC ACGTCGAGCAAGAATCAACG CACTCGACTGGGTCTGTAATTCCT
Thrain ~ ATTCTCCAAGGTAGTGGGCTGCAT  GATGCGAGGTTGGTACTTGTGCAT

Table S2. Sequences of WMISH primer sets used in this study

Gene WMISH forward primer WMISH reverse primer
Alx1 TGAAATGCCCATAGCTCCACGA ATGCCCATGACTGAACTGTGCT
Delta ACGGTGATACTAATCCTTCACTGG  AGACAGGTGTACCCGTCAGC

Ets1 AATGAGGTTGGACGAGTGCTGTCA  GTCCGTCAAACGTGTCAAAGGGT
HesC ACGCAAACGTCGAGCAAGAATC GCCACATTTGTTTGGCAGCTGTTG
Tbrain  TGTTCCCTCAACTGGTCTTCAAGC  CATAGCGCCCTCTTGTGATAGGAT

Table S3. Sequences of MASO antisense oligonucleotides in this

study

Gene MASO sequence Interferes with
Alx1 AGTATTTCATCGTCTCCACCTTTTC Splicing
Delta ATAACATATAGCACGCCGAGAAGGC Translation
HesC AATCACAAGGTAAGACGAGGATGGT Translation
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