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The Hedgehog (Hh) signaling pathway is essential for patterning many structures in vertebrates including
the nervous system, chordamesoderm, limb and endodermal organs. In the sea urchin, a basal deuterostome,
Hh signaling is shown to participate in organizing the mesoderm. At gastrulation the Hh ligand is expressed
by the endoderm downstream of the Brachyury and FoxA transcription factors in the endomesoderm gene
regulatory network. The co-receptors Patched (Ptc) and Smoothened (Smo) are expressed by the
neighboring skeletogenic and non-skeletogenic mesoderm. Perturbations of Hh, Ptc and Smo cause embryos
to develop with skeletal defects and inappropriate non-skeletogenic mesoderm patterning, although initial
specification of mesoderm occurs without detectable abnormalities. Perturbations of the pathway caused late
defects in skeletogenesis and in the non-skeletogenic mesoderm, including altered numbers of pigment and
blastocoelar cells, randomized left–right asymmetry of coelomic pouches, and disorganized circumesopha-
geal muscle causing an inability to swallow. Together the data support the requirement of Hh signaling in
patterning each of the mesoderm subtypes in the sea urchin embryo.

© 2009 Elsevier Inc. All rights reserved.
Introduction
The Hedgehog (Hh) signaling pathway was discovered in Droso-
phila and since then has been found to direct developmental processes
throughout the animal kingdom including Nematostella (Matus et al.,
2007), sea urchin (Walton et al., 2006), leech (Kang et al., 2003),
amphioxus (Shimeld, 1999), zebrafish (Krauss et al., 1993), Xenopus
(Roelink et al., 1994), chick (Riddle et al., 1993), mouse (Echelard et al.,
1993), and human (Chang et al., 1994). Strikingly, the only animal
model system lacking the complete pathway to date is Caenorhabditis
elegans (Aspock et al., 1999; Kuwabara et al., 2000). The pathway is
composed of many components but four molecules central to the
pathway are the Hh ligand, its receptor Ptc, co-receptor Smo, and the
downstream transcription factor Cubitous interruptus (Ci or Gli in
vertebrates, henceforth referred to as Gli). As a simplified sequence of
Hh signal transduction, in the absence of the Hh ligand, the Ptc
receptor inhibits the activity of Smo thus allowing the Gli transcrip-
tion factor to be proteolytically cleaved to a shortened form that
represses transcription. When Hh binds to Ptc, the inhibition of Ptc on
Smo is alleviated. Smo activity then leads to the stabilization of the
long form of the Gli transcription factor, which then activates
transcription of target genes (details of the pathway, including other
transducing components, are reviewed in (Huangfu and Anderson,
2006; Ingham and McMahon, 2001; Lum and Beachy, 2004).

In the sea urchin, through a survey of the Strongylocentrotus
purpuratus genome, single homologous genes were identified for each
y).

l rights reserved.
of the main Hedgehog pathway components (Walton et al., 2006).
Each of the four major genes in the pathway was cloned in Lyte-
chinus variegatus and their spatial and temporal expression analyzed.
In L. variegatus (Lv) Hh is expressed in the endoderm while Ptc and
Smo are expressed in the neighboring mesoderm, a theme that is
similar to expression of these components in other phyla (Walton et al.,
2006; and this study). These expression profiles obviously suggest a
role for paracrine Hh signaling from the endoderm to the mesoderm.
This paper reports tests of that hypothesis.

In the sea urchin, embryonic mesoderm is subdivided into the
skeletal mesoderm produced by the primary mesenchyme cells
(PMCs) and the non-skeletal mesoderm (NSM). The founder cells of
the skeletal mesoderm arise precociously as micromeres from the
unequal fourth cleavage at the vegetal pole of the embryo. These cells
ingress into the blastocoel, and as PMCs, form a ring around the
archenteron with two concentrations of cells forming at the sites
where skeletogenesis initiates. Patterning information for skeletogen-
esis is delivered from the overlying ectoderm (Armstrong et al., 1993;
Armstrong and McClay, 1994; Duloquin et al., 2007; Peterson and
McClay, 2003), and from the endoderm (Benink et al., 1997; Croce
et al., 2006).

Non-skeletogenic mesenchyme cells (NSM) arise later at around
8th–9th cleavage as a result of a subdivision of endomesoderm into
endoderm and NSM. The NSM later differentiates into to four different
cell types: pigment cells (Calestani et al., 2003), blastocoelar cells
(Hibino et al., 2006b; Rast et al., 2006), coelomic pouches, the left one
of which eventually forms the rudiment of the adult embryo
(Davidson et al., 1998; Gustafson and Wolpert, 1963), and muscle
cells that surround the foregut of the larva and organize peristaltic
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contractions equivalent to swallowing (Burke and Alvarez, 1988;
Wessel et al., 1990; Beach et al., 1999; Venuti et al., 1993,1991).

Here, we show that in the sea urchin L. variegatus, Hh in the
endoderm signals to both of the adjacent mesodermal lineages and
influences patterning of the structures derived from those tissues.
Perturbations of Hh signaling causes skeletal defects reflecting an
influence on the PMCs, as well as causing alterations in pigment and
blastocoelar cell numbers, randomization of left/right coelomic
pouches, and disorganization of muscles, thereby affecting each of
the mesodermal cell types. Thus, Hh signaling in the sea urchin, as in
other organisms, plays an important role in subdividing and dictating
pattern in mesodermal structures.

Materials and methods

Animals and drug inhibitions

L. variegatus adults were obtained from Florida (Sea Life, Tavernier,
FL), or from the Duke University Marine Laboratory. The Hh pathway
was inhibited with Cyclopamine Biomol, Plymouth Meeting, PA Cat#
GR-334. Embryos were added to SW containing Cyclopamine. A range
of concentrations were tested and it was determined that 6.25 μMwas
the most effective dose based on optimal phenotypes seen with other
inhibitors of the Hh pathway.

RNA extraction and cloning

RNA was extracted from whole embryos at various stages of
development with Trizol reagent (Invitrogen Cat# 15596-026)
followed by chloroform extraction, precipitation, ethanol washes
and resuspension in nuclease free water. Hh, Ptc, and Smo
sequencing primers were designed within highly conserved regions
of the predicted genes based on the S. purpuratus (Sp) genome
sequence. PCR amplification (proofreading polymerase, Advantage2
(ClonTech Cat# 639206)) used a cDNA template that had been
reverse transcribed from L. variegatus (Lv) RNA. The RNA was
extracted from embryos between late gastrula and 3-day pluteus
stages. PCR products were cloned intopGEMT Easy vector (Cat#
A1360) and sequenced. Using the Lv sequence obtained in this way,
nested primers for Rapid Amplification of cDNA Ends (RACE) were
designed. 5′ and 3′ RACE cDNA was prepared from RNA extracted
from late gastrula and 3-day-old embryos using the Ambion First
Choice RLM-RACE kit (Cat#1700). Products were again cloned into
pGEMT Easy vector and sequenced with ABI prism Big Dye
Termination using M13 forward and M13 reverse primers. Assembly
of the various RACE and PCR products was performed in Sequencher
4.5 and new primers were designed to amplify the full-length
sequence of the genes by PCR with Advantage 2. These products
were cloned into pGEMT Easy vector to use as templates for
preparation of RNA whole mount in situ hybridization probes. Full-
length sequences for LvHh, LvPtc and LvSmo can be found at:
AF059606, DQ916038, and DQ915163 respectively.

Full-length Hhwas cloned as described above and cloned into pCS2
vector using primers to add ClaI and XbaI sites during the PCR
amplification with Pfu polymerase of the full-length sequence
(primers were: 5′-ccatcgatatggttcatgcggacatgg-3′ and 5′-gttctaga-
caacctatacatcaaagcctgggtatag-3′). Following restriction enzyme
digest, the PCR product was ligated into pCS2 and amplified in XL-1
Blue E. coli electrocompetent cells. Purification of the plasmid DNA
was performed using the Qiagen miniprep kit and the clone's
sequence was confirmed by sequencing. Larger preparations of
plasmid DNA then amplified from frozen bacterial stocks and purified
by Qiagen midiprep kit. Full-length Hh in pCS2 was linearized with
NotI restriction enzyme and used as a template to prepare mRNA for
injection using the Ambion Sp6 mMESSAGE mMACHINE High Yield
Capped RNA Transcription Kit (cat# 1340). RNA was diluted with
Rhodamine dextran in 40% glycerol and injected at a concentration of
0.58 pg/pl.

Mutagenesis to produce Activated Smoothened (ActSmo)

Full-length LvSmo was cloned as described above and cloned into
pCS2 vector using primers to add ClaI and XhoI restriction sites during
the PCR amplification of the full-length sequence (primers were: 5′-
cccatcgatggtgcaatggatggattactgggttcaaag-3′ and 5′-ggactcgagtcatatg-
tacattacagcataaaacaaggcctgaaattgaaagttgcc-3′). Following restriction
enzyme digestion, the PCR product was ligated to pCS2 and amplified
in XL-1 Blue E. coli electrocompetent cells. Purification of the plasmid
DNAwas performed using the Qiagen miniprep kit. Sequencing of the
plasmid confirmed the sequence, which was then used as a template
for in vitro mutagenesis to prepare the Activated Smo (ActSmo) clone.
ActSmo is the result of a single base-pairmutation of G toT resulting in
an amino acid change of W to L consistent with the mouse Smo
activating mutation of W539L (SmoA1) described in Taipale et al.
(2000). Mutagenesis was performed by PCR amplification with Pfu
using overlapping primers bearing the base-pair change to amplify the
entire plasmid. The primers used for mutagenesis were: 5′-gcatcg-
ccatgagtatgttggtctggacccccgcaac-3′ and 5′-gttgcgggggtccagaccaaca-
tactcatggcgatgc-3′. Following mutagenesis the PCR products were
digested with DpnI to remove the wild type Smomethylated template
DNA used in the PCR reaction. The remaining PCR-generated activated
Smo plasmid containing the single base-pair change was then
electroporated into XL-1 Blue E. coli for amplification, purification
and sequencing. Sequencing confirmed the single base-pair mutation
resulting in activated Smo (ActSmo). mRNA was prepared from
ActSmo in the pCS2 vector by linearization with NotI and transcribed
using the Ambion Sp6 mMESSAGE mMACHINE High Yield Capped
RNA Transcription Kit (cat# 1340).

Injection of morpholinos and RNA

Morpholino antisense oligonucleotides (MASOs) were designed to
bind near the start sites of the mRNA sequence to block translation.
Two non-overlapping MASOs were designed and tested for Ptc: 5′-
caggtactgcccaacgctccatatc-3′ and 5′-gatacataggtttcctgccacagtc-3′. The
Hh MASOs were 5′-ctttaccatgtccgcatgaaccatg-3′and 5′-ctggtaaaagcat-
gaggcgatccat-3′, and LvSmo was 5′-tttgaacccagtaatccatccattg-3′.
MASOs were obtained from Gene Tools, Philomath, OR. The MASOs
were diluted with Rhodamine dextran in 40% glycerol and injected at
concentrations between 0.06 mM and 0.75 mMwith delivery of about
1 pl per egg.

A number of controls gave us confidence that the MASOs targeted
specific molecules in the Hh pathway. First, MASOs that should inhibit
activation of the pathway (Hh MASO, Smo MASO) had the same
inhibitory effect, and that effect matched the phenotype of an
independent test of Hh pathway inhibition using cyclopamine (and
jervine, data not reported). MASOs that should activate the pathway
by knocking down Ptc (two non-overlapping MASOs) both gave the
same phenotype and two independent activators of the pathway
matched those phenotypes: Hh over-expression and expression of
activated Smo. Further, control MASOs at higher concentrations in
each experiment had no abnormal phenotype, and MASOs to proteins
not associated with the Hh pathway gave distinct phenotypes. In each
case the phenotypic effect was dose dependent. Full-length Hh and
Activated Smo mRNA were prepared as described above and diluted
with Rhodamine dextran in 40% glycerol for injection at the 1 cell
stage.

In situ analysis

Probes were prepared as described in Walton et al. (2006). The Hh
probe was extended to include 5′ and 3′ UTR regions to provide a



Fig. 1. Whole mount RNA in situ hybridization of Hh (A–F), Ptc (G–I) and Smo (J–L). In
(A) and (B, ventral view), Hh expression is first detected at mid to late mesenchyme
blastula stages as a single ring of cells in the endoderm. By early gastrula (C) the ring
expands to a ring two–three cells wide, and during gastrulation (D, E) Hh expression is
detected throughout the gut but not in the NSM at the tip of the archenteron. In pluteus
larvae Hh expression spans the entire gut to the boundary of the coelomic pouches seen
budding off the side of the foregut in (F). Ptc is first observed localized to the NSM at the
beginning of gastrulation (G). At late gastrulation Ptc is still seen in the NSM and a new
site in the PMCs surrounding the base of the archenteron (H). At the pluteus stage Ptc is
expressed in the two coelomic pouches (I). Smo is first localized to the NSM at the
beginning of gastrulation (J). At the end of gastrulation Smo is observed in the NSM at
the tip of the archenteron (K), throughout the PMCs surrounding the NSM, and perhaps
at a low level in the hindgut, though most of the staining observed in is in out-of-focus
PMCs. At the pluteus larva stage Smo is observed in coelomic pouches (L).
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longer template for the in situ probe. For this clone, the primers were:
5′-cagggtcgctcaaactgtcg-3′ and 5′-catgaatgccttgtcatagagc-3′. Plasmids
were electroporated into XL-1 Blue E. coli for amplification and then
purified with Qiagen miniprep and midiprep kits. Plasmids were
sequenced to verify their identity and orient direction of the clone.
Following linearization, 4 μg of plasmid was used as a template for
transcription of digoxigenin labeled RNA probes as described in
Lepage andGache (1990). Hhwas linearizedwithNcoI and transcribed
with Sp6, Ptc was linearized with SpeI and transcribed with T7, and
Smo was linearized with ClaI and transcribed with Sp6. The Delta
probe was prepared as in Sweet et al. (2002). The clone sequences of
GCM and AA29 in pGEMT Easy vector are available at: bankit1040888
and bankit1040906. The GCM and AA29 clones were linearized with
NcoI and NdeI and transcribed with Sp6 and T7 RNA polymerases
respectively. Partial clones for SoxE and Scl were amplified by PCR
from cDNA using primers designed from the S. purpuratus sequences
and ligated into pGEMT Easy vector and sequences. Those clones can
be found at: Scl bankit1038583, SoxE bankit1040875, SoxE and Scl
were linearized with SpeI and digoxigenin labeled probes were
transcribed with T7.

Fixation and hybridization

Embryos were fixed in 4% PFA/ASW containing 10mM EPPS for 1 h
at room temperature, rinsed briefly with ASWand stored in methanol
at −20 °C. Stored embryos were rehydrated and prehybridized with
50% formamide, 25% 20× SSC pH 5.0, 0.001% of 50 mg/ml heparin,
0.001% of 50 mg/ml yeast tRNA, and 0.002% of 50% Tween20 for 1 h at
65 °C.1 ng/μl of RNA probes labeled with digoxigeninwere hybridized
overnight at 65 °C (or 40 °C for pluteus stages of embryos). Following
hybridization with the RNA probe, embryos were washed through
hybridization solution, 2× SSCT, 1× SSCT and 0.1× SSCT at 65 °C.
Washed embryos were then blocked for 1 h at room temperature in
0.5% BSA/2% heat-inactivated goat serum in 1X TBST. Antidigoxigenin
antibody was incubated at 1:2000 in blocking solution for 2 h at room
temperature. Embryos were then washed 5 times with 1× TBST and
color reactions were performed with NBT/BCIP for a few hours at
room temperature or overnight at 4 °C.

Antibody staining

Embryos were fixed in ice-cold methanol for several minutes and
rinsedwith 1× PBST. Following fixation embryoswere blocked in PBST
plus 4%normal goat serum(NGS) for 1 h at room temperature and then
incubated in primary antibody diluted in 4% NGS overnight at 4 °C.
Dilutions for antibodies were: 1:750 for myosin (Wessel et al., 1990),
1:50 for 1e11 (Burke et al., 2006) and 1:200 for 1d5 (McClay et al.,
1983), 1:200 for NSM-2 (Sweet et al., 1999) and rabbit anti-serotonin
antibody (Sigma). After the primary antibody incubation, embryos
were washed 4 times with 1× PBST and incubated in secondary
antibody diluted at 1:200 in 4% NGS for 1 h at room temperature. A
Zeiss 410 or 510 confocal microscope was used to image the antibody
staining at 40× magnification. Figures were compiled from stacks of
the images with the Zeiss confocal software.

Feeding beads

Twenty embryos were added to 1 ml of ASW. One drop of a stock
solution of 100 ml ASW containing 50 μl of 10 μm polystyrene beads
(Polysciences, Inc Warrington, PA cat# 17136) was added to the
culture and embryos were allowed to feed on the beads for 30 min.
After 30 min embryos were imaged and their ability, or lack thereof,
to ingest beads was recorded. Movies imaged feeding embryos. 2000
images were captured continuously on a Zeiss Axio Imager widefield
fluorescence microscope at 40× and 20× magnification for 5 min for
both controls and Ptc MASO-injected embryos. Stacks were made
into movies compressed into 1 min and 12 s using Metamorph 7.1
software.

Embryo recombination experiments

Eggs were fertilized in ASWwith PABA and injected at the one cell
stage with either Ptc MASO (1 pl of 0.75 mM MASO diluted with
Rhodamine dextran and FITC in 40% glycerol) or with 1 pl of FITC in
40% glycerol. Embryos were transferred to calcium free seawater and
animal and vegetal halves were microsurgically separated between
the 32 and 60 cell stages and reciprocally recombined. Following
recombination the chimeras were transferred to ASWand cultured for
two days before being fed beads and immunostained (as above).

Results

The Hh ligand is transcribed in endoderm while the Ptc and Smo
co-receptors are transcribed in the mesoderm

Sea urchin Hh, Ptc and Smo were identified during the annotation
of the S. purpuratus (Sp) genome (Walton et al., 2006). Northern
analysis and quantitative PCR data showed that Hh is expressed
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zygotically with accumulation beginning just prior to mesenchyme
blastula stage and continuing throughout gastrulation (Walton et al.,
2006). Preliminary in situ hybridization analyses revealed that Hh is
expressed in the endoderm. Quantitative PCR of Ptc and Smo indicated
that these co-receptors are expressed prior to gastrulation, but in situ
analysis first detects localized Ptc and Smo in the non-skeletogenic
mesoderm (NSM) and later in the primary mesenchyme cells (PMCs)
(Walton et al., 2006). A more detailed in situ analysis shown in Fig. 1
corroborates and extends those earlier observations. Hh is expressed
in the endoderm beginning just prior to invagination of the arch-
enteron as a single torus of cells surrounding the future blastopore
(Fig. 1B). Hh expression expands and persists in the gut to the pluteus
stage (Fig. 1F), and is not expressed in the non-skeletogenic
mesoderm at the tip of the archenteron (Figs. 1C–F). Ptc and Smo
are first localized by in situ in the NSM and in PMCs (Figs. 1G, J) at the
beginning of gastrulation. At the end of gastrulation Ptc and Smo are
observed in the NSM at the tip of the archenteron, in PMCs
surrounding the archenteron, and possibly in a region of the hindgut
at the boundary between endoderm and ectoderm, though most of
that vegetal staining seen in Figs. 1H and K is attributable to PMCs. In
the pluteus larva Ptc and Smo become confined to the coelomic
pouches and muscle, including circumesophageal muscle (Figs. 1I, L).

Perturbations of the Hedgehog pathway affect patterning of
the mesoderm

Perturbations of Hh pathway members addressed the function of
the Hh signaling pathway during development. We expected that if
one Hh pathway member gave a particular phenotype, similar
perturbations of other pathway members should show a very similar
phenotype. To test that prediction Hh signaling was increased by three
treatments: 1) knockdown of the Hh receptor Ptc with a Ptc MASO (2
Fig. 2. Activation of the Hh pathway. The Hh pathway was activated by three treatments, inje
injection of RNA construct that produced constitutively activated Smo (C, F, H), or over-exp
controls (A), but development caught up and at 48 h the phenotype was mild with an incre
gastrulation at 0.63 pg/pl with ca. 1 pl injected per egg. However, at 48 h there were
circumesophageal musculature (H), relative to controls at 48 h (D, G). At 48 h, embryos ex
different MASOs from non-overlapping regions gave identical pheno-
types), thereby allowing Smo to actively signal; 2) expression of a
constitutively activated form of Smo (ActSmo); or 3) over-expression
of full-length Hh. Similar results were obtained with each treatment
as described in detail below. Alternatively, the pathway was inhibited
by four treatments: 1) Hh, and 2) Smowere separately knocked down
with morpholinos; 3) the pathway was inhibited using the drug
cyclopamine; or 4) Ptc was over-expressed. In each case these
perturbations affected patterning of PMCs and NSM subtypes. The
perturbations that activated the pathway tended to be similar to one
another, and the perturbations that knocked down the pathway were
similar to one another as well. Manipulation of the Hh pathway had no
detectable impact on specification or patterning of ectoderm and
little, if any, impact on endoderm development. These results are
detailed below.

Perturbations that activated the Hh pathway
Ptc MASO-injected, constitutively activated Smo-expressing, and

Hh over-expressing embryos developed normally compared to
controls until gastrulation based on phenotype and on QPCR analysis
of transcription factors known to participate in germ layer specifica-
tion (data not shown). This was somewhat surprising given that
earlier QPCR measurements indicated that some Hh pathway
members were expressed at significant levels early in cleavage.
Apparently the lack of Hh prior to gastrulation and perhaps of other
pathwaymembers prevents the full pathway from functioning prior to
Hh synthesis.

Normally PMCs ingress at 10 h and the embryo arrives at the
pluteus larval stage by about 22 h. At 0.75 mM the Ptc MASO-injected
embryos were delayed in gastrulation (Fig. 2B). Gastrulation was
completed with a delay and a skeleton formed in those embryos,
however the skeletonwas abnormally patterned inmost embryos, and
ction of a Ptc MASO which blocked Ptc activity thereby allowing Smo to be active (B, E),
ression of Hh (I). At 18 h, the Ptc MASO (0.75 mM) delayed gastrulation (B) relative to
ased number of pigment cells (E), relative to controls (D). Activated Smo did not delay
an excess number of pigment cells (F), an abnormal skeletal pattern and abnormal
pressing extra Hh (ca. 1 pl at 0.58 pg/pl) displayed an abnormal skeleton (I).



Fig. 3. Inhibition of the Hh pathway. The Hedgehog pathway was blocked by four
different treatments. In (B and D) an Hh MASO (60 μM) caused skeletal (B) and
circumesophageal muscle abnormalities (B, D) relative to controls (A, C). Treatment
with Cyclopamine (6.25 μM) truncated skeletal development and reduced the number
of pigment cells (F) relative to controls at 48 h (E). A Smo MASO (375 μM) caused a
truncated skeleton and reduced pigmentation (H) relative to controls at 22 h (G). Over-
expression of Ptc (0.5 pg/pl) caused an abnormal skeleton to develop (I, J). In (A–D and
I, J), the skeleton is stained with an antibody to MSP130 (green). In (A–D)
circumesophageal muscle is stained with anti-myosin (red). In (I, J) the midgut and
hindgut is stained with an endoderm marker (red).
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there were extra pigment cells observed. Since Ptc receptors are not
detected in the endoderm the delay could either be due to an effect of
Ptc on the NSM's role in initiating invagination (Beane et al., 2006;
Croce et al., 2006), or the delay could be a simple consequence of a
generalized developmental delay sometimes seen with morpholinos.

Expression of a constitutively activated form of Smo (ActSmo)
affected PMC and NSM patterning as well. ActSmo was created by a
single base-pair mutation changing G to T resulting in an amino acid
change of W519L, similar to human Activated Smo (Taipale et al.,
2000; Xie et al., 1998). ActSmo, produced phenotypes similar to the
loss of Ptc expression (Figs. 2C, F, H), though, unless higher levels of
ActSmo RNA were injected, there was no delay in gastrulation (Fig.
2C). At 0.63 pg/pl ActSmo-expressing embryos had excess pigment
cells (Fig. 2F). The ActSmo-injected embryos superficially appeared
normal by the pluteus larva stage, however they often displayed an
increased number of pigment cells (Figs. 2K, L). Quantification of
NSMs with over-expression of ActSmo was determined by immunos-
taining with the SMC-2 antibody that marks NSM cells in 2-day-old
plutei. Using this approach an average increase of 17% NSMs in the
blastocoel (p=0.0049) was observed. In a separate count, pigment
cells were increased by an average of 21.8% in ActSmo-injected
embryos (p=0.0001). Finally, ActSmo caused abnormal skeletal
patterning and abnormal circumesophageal muscle patterning (Fig.
2H). Muscle mis-patterning is examined in greater detail below.

Increased Hh signaling caused similar abnormalities. Hh was over-
expressed by injection of Hh RNA at 0.58 pg/pl. Fig. 2I shows an
example of skeletal mis-patterning and an increased number of
pigment cells, again similar to what was seen with the other Hh
pathway members when the pathway was over-activated. Unless Hh
was vastly over-expressed (greater than 2 pg/pl) the only phenotypes
observed were alterations in mesodermally derived structures.

Perturbations that inhibited the Hh pathway
The four separate inhibitions of the Hh pathway resulted in similar

phenotypes, in each case complimentary to the results seen with
activation of the pathway. First, two different morpholinos were
tested to Hh. Figs. 3B and D show embryos that had been injected with
of Hh MASO2 at 0.06 mM. Those embryos had a truncated skeleton at
48 h relative to controls (Figs. 3B compared to A), and had mis-
patterned circumesophageal musculature (compare the red muscle in
Figs. 3B, D with controls in A,C). Treatment with the Hh inhibitor
cyclopamine caused a truncated skeleton and a reduced number of
pigment cells at 24 h (Fig. 3F), relative to controls at the same stage
(Fig. 3E), an observation made with cyclopamine in a previous set of
experiments (Egana and Ernst, 2004). The same suite of abnormalities
was observed with a morpholino to Smo (Smo MASO, 0.375 mM).
Bilateral skeletons formed but the patterning was abnormal (Fig. 3H)
and there was a reduced level of pigmentation observed. Develop-
ment was delayed as well as seen in the 22 h embryo shown in Fig. 3H,
but those embryos later caught up to the controls, except for
persistence of the mesodermal abnormalities. When the Hh co-
receptor Ptc was over-expressed at 0.5 pg/pl, it should have produced
an increased inhibition of Smo function. This apparently happened
since the resulting phenotypes were similar to other pathway
inhibitions that altered skeleton patterning (Figs. 3I, J) and reduced
pigmentation (data not shown). Thus, alteration of the Hh pathway
caused disruption in patterning of the skeleton, circumesophageal
muscle, and altered numbers of pigment cells, in each case
mesodermal derivatives.

Hh signaling begins just prior to gastrulation, after early mesodermal
specification is completed

Although an earlier study showed by QPCR that some members of
the Hh pathway are expressed prior to mesenchyme blastula stage
(Walton et al., 2006), expression of Hh itself doesn't begin until
mesenchyme blastula stage (Fig. 1), and none of the perturbations,
either positive or negative, suggested earlier disruptions in specifica-
tion, unless the disruptor was injected at very high levels, levels that
were likely to include non-specific or toxic effects. By QPCR we
examined a number of transcription factors known in early
specification events and found that none were affected by the
perturbations, positive or negative, as described above. Thus it was
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not likely that Hh signal transduction had a quantitative impact on
early PMC or NSM specification sequences. Though QPCR studies
failed to indicate a quantitative impact on early specification of
perturbed embryos, it was possible that the Hh pathway perturba-
tions had a spatial impact on specification. For this reason we
examined several known NSM markers that are present at mesench-
yme blastula stage, first to ask whether the perturbations had
Fig. 4. In situ analysis of non-skeletogenic mesodermmarkers at themesenchyme blastula sta
J–L, P–R) are shown. (A, D, G, J, M, P) control embryos; (B, E, H, K, N, Q) embryos injectedwith
AA29 is a marker for all non-skeletogenic cells; GCM is an early activator of NSM and necessa
NSM and necessary for blastocoelar cell specification. Both the Ptc MASO and Activated Smo
three NSM markers at the mesenchyme blastula stage.
significant impacts on early expression or position of expression of
gene regulatory network (GRN) members.

Hh signaling was perturbed by loss of Ptc (Ptc MASO), which
activates the pathway wherever Smo is expressed, by expression of
activated Smo (ActSmo mRNA), or by inhibition of Hh expression, and
the expression of NSM markers was assessed by whole mount in situ
hybridization (Figs. 4 and 5). AA29 is a marker for all NSM cells (Croce
ge. For each in situ imaged both a lateral view (A–C, G–I, M–O), and a vegetal view (D–F,
Ptc MASO (0.75mM); (C, F, I, L, O, R) embryos injectedwith Activated Smo (0.63 pg/pl).
ry for pigment cell specification; Scl, is a marker activated prior to mesenchyme stage in
had phenotypes at the pluteus stage but had no noticeable effect on expression of these



Fig. 5. Hedgehog knockdowns do not affect expression of endomesoderm GRN components at late gastrula stage. GCM normally is expressed in the aboral NSM and in pigment cells
at late gastrula (A). Embryos injected with Hh MASO at concentrations that affect late patterning nevertheless express GCM normally (B, C). PKS is a differentiation gene in the
pigment cell lineage and pigment cells invade ectoderm on the aboral side (D). Hh MASO knockdowns do not alter PKS expression nor the ectodermal invasion (E, F). AA29 stains a
number of NSM cells at late gastrula (G), and that staining pattern is not significantly altered in Hh MASO knockdowns (H, I). vv = ventral view.
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et al., 2003). In control embryos, the entire vegetal ring of NSM is
visible with stronger staining on the pigment cell (aboral) side of the
ring (Figs. 4A, D). Embryos injected with Ptc MASO or ActSmo express
AA29 at the mesenchyme blastula stage with no difference seen
between control and perturbed embryos (Figs. 4B, E and C, F). GCM is
a transcription factor necessary for pigment cell specification
(Calestani et al., 2003; Ransick et al., 2002) and is expressed in the
aboral half of the NSM ring by the mesenchyme blastula stage (Figs.
4G, J). This marker was expressed in both Ptc MASO and ActSmo
perturbed embryos in the same pattern as in controls (Figs. 4H, K and
I, L). Finally, Scl, which is highly expressed in blastocoelar cells (Hibino
et al., 2006b), again displayed a similar pattern of expression in
control and perturbed embryos (compare Figs. 4N, Q and O, R with
M, P). Thus perturbation of Hh pathway members does not appear to
alter distribution of NSM cells when examined at the mesenchyme
blastula stage. We then turned to later events in embryogenesis that
appeared to be altered by the perturbations.

Fig. 5 shows markers and transcription factors in the known
endomesoderm GRN at late gastrulation, after the Hh pathway
becomes active (assuming that it becomes active shortly after Hh is
first transcribed at latemesenchyme blastula stage). GCM continues to
be expressed in the NSM at the tip of the archenteron and in pigment
cells that have invaded the ectoderm (Fig. 5A), and that pattern is not
altered in the Hh morpholino knockdowns (Figs. 5B, C). PKS is a
differentiation gene in the pigment cell pathway that is downstream
of GCM in the endomesoderm GRN. Its expression and pattern of
expression in the aboral ectoderm are also very similar in the Hh
knockdowns (Figs. 5E, F), relative to control embryos (Fig. 5D). Finally,
AA29 is also expressed in an unaltered pattern in the Hh knockdowns
relative to controls (Figs. 5H, I compared to G). There may be a
decrease in message level for the experimentals relative to controls
but was not consistently seen in trials.

Hh signaling randomizes left/right coelomic pouch asymmetry, but does
not affect ectodermal left/right asymmetry

Coelomic pouches and the circumesophageal muscle are NSM
derivatives that appear after gastrulation. Although the mechanisms
by which these structures diversify from other NSM tissues are not
known, Duboc et al. (2005) showed that Nodal is important for
differentially patterning the right and left coelomic pouches. Down-
stream of Nodal, soxE normally is expressed in the left coelomic pouch
(Figs. 6A, A′). We asked if altered Hh signaling interfered with the
expression and/or patterning of soxE in the coelomic pouch. ActSmo
was injected into eggs, and plutei were later examined for soxE
expression by situ hybridization. Figs. 6A2, A2⁎ show that soxE was
expressed in ActSmo-injected larvae as in controls and the expression
was limited to one side of the coelomic pouch at the early pluteus
stage (Fig. 6). Strikingly, however, in ActSmo-injected plutei soxE
expression was randomized so that it was on the left side in 57.7% of
larvae (Figs. 6A2, A2⁎) and on the right side in 42.3% of larvae (Figs.
6A3, A3⁎) (n=45), while control larvae soxE expressionwas localized
to the left coelomic pouch in 100% of the plutei examined (n=56).
Thus, altered Hh signaling modified the late patterning of coelomic
pouches, an NSM derivative.

The left–right asymmetric patterning of the coelomic pouch
mesoderm is driven by the asymmetric distribution of Nodal in the
ectoderm (Duboc et al., 2005). Thus, it was possible the Hh
perturbation somehow altered Nodal signaling. Accordingly, ActSmo
RNA-injected embryos were examined for Nodal expression by in situ



Fig. 6. Increased Hh signaling randomizes left–right asymmetry of the coelomic pouch expression of soxE, but not the ectodermal asymmetry of Nodal expression. RNA in situ
hybridizationwith the normally left coelomic pouch marker, soxE (A), and the right-side ectodermal marker, nodal (B) were examined at the pluteus larval stage. Images of larvae in
(A1–A3) are focused on the soxE positive cells and (B1, B2) are focused on the nodal expressing cells. (A1⁎–A3⁎) are the same larvae as in (A1–A3) and (B1 and B2) are the same
larvae as in (B1⁎ and B2⁎), but the focus is on the anal arms to provide orientation of the markers within the larvae. A1–A1⁎ is a control larva hybridized with soxE. A2–A2⁎ is a larva
with normal left sided expression of soxE. A3–A3⁎ is a larva with right-sided expression of soxE. B1–B1⁎ is a control larva, while B2, B2⁎ is a larva injected with ActSmo mRNA that
have been and probed with nodal.
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hybridization. Nodal in controls was expressed by ectoderm on the
right side in 96.7% of the embryos (Figs. 6B1, B1⁎) (n−31), and
embryos expressing ActSmo expressed Nodal correctly on the right
side in 85.7% of all embryos examined (Figs. 6B2, B2⁎) (n−28). We
conclude that while ectodermal Nodal expression was not rando-
mized by increased Hh signaling, the gene regulatory networks in
the right and left coelomic pouches were influenced by altered Hh
signaling.

Increased Hh signaling mis-patterns muscle and alters muscle behavior

After Hh pathway perturbations larvae formed but did not grow. A
closer look suggested that perturbed larvae thus treated could not
feed normally. Under Nomarski optics the gut of Ptc MASO or
ActSmo-injected larvae did not execute normal movements, suggest-
ing that muscles were affected. This prompted us to ask whether the
Hh-perturbed embryos were capable of swallowing. Control larvae or
larvae injected with Ptc MASO or ActSmo were fed 10 μm polystyrene
beads for 30 min. The control larvae swallowed continuously and
their midguts were filled with polystyrene beads after 30 min (Figs.
7A, A′). In contrast, larvae with increased Hh signaling swallowed few
beads, if any, during the same period of time (Figs. 7B, B′ and C, C′), or
even after an hour (data not shown). The perturbed larvae had
mouths and the beads were brought into the mouth area by
movement of the ciliary band feeding mechanism (Fig. 7B), but the
beads were not swallowed. Perturbed larvae moved the pharynx and
gut, showing the presence of some muscle contraction, but the
contractions failed to generate a coordinated peristaltic movement as
seen in control embryos.

To detail muscle pattern changes, an anti-myosin antibody was
used to stain the circumesophageal muscle of the embryo (Fig. 8).
Muscle fiberswere disarrayed in PtcMASO-injected embryos (Fig. 8C),
and ActSmo-injected embryos (Fig. 8D) relative to controls (Fig. 8B),
as first seen when Hh was knocked down in earlier experiments (see
Fig. 3D). These alterations in muscle patterning included a decrease in
muscle area and a decrease in the number of fibers, although the
fibers remaining appeared thicker than controls. Measurements of the
muscle dimensions revealed that the Ptc MASO-injected embryos had
a 32% reduction in muscle area on the ventral side as compared to
control embryos. The dorsal side and diameter of the musculature



Fig. 7. Test of swallowing and peristalsis. The ability to swallow was examined by
feeding latex beads for 1 h to 2-day-old larvae. Control larvae have midguts filled with
swallowed beads (A1 and A1′). Ptc MASO-injected larvae (0.75 mM) (A2 and A2′), and
ActSmo injected larvae (0.63 pg/pl) (A3 and A3′) fail to swallow the beads. Red arrows
show midguts with very few beads in larvae with increased Hh signaling. Black arrows
show that mouths do form in those larvae. White arrow indicates that beads enter the
mouth of those embryos but those entering beads fail to be swallowed.

Fig. 9. Patterning of serotonergic and non-serotonergic neurons throughout the larvae
shown by confocal projections of fluorescent nerve markers. Anti-serotonin (green)
shows a normal pattern of serotonergic neurons in both control (A) and Ptc MASO-
injected embryos (B). Anti-Synaptotagmin B shows all neurons in red in control
embryos (A) and in Ptc MASO-injected embryos (B) and in green in (C, D). Myosin
antibody staining in red (C, D) shows a normal pattern of circumesophageal muscle in
the pharynx (C) and an abnormal pattern in the Ptc MASO-injected embryos (D).
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was less affected. Therefore, muscle fibers were mis-patterned and
reduced in area when Hh signaling was perturbed.

In the sea urchin, neurons project to themuscle and the underlying
endoderm (Nakajima et al., 2004), to regulate among other properties,
the peristaltic movement of swallowing. To ask if neural elements
were included in the Hh pathway disruptions we first examined the
organization of the nerves innervating the gut muscle. The antibody
marker 1e11 stains the general nervemarker Synaptotagmin (Burke et
al., 2006), and an antibody to Serotonin stains serotonergic neurons in
the sea urchin (Yaguchi et al., 2006). Both serotonergic and non-
serotonergic neurons were present and properly localized in Ptc
MASO-injected larvae when compared to control larvae (Figs. 9A
versus B). In addition, 1e11 staining revealed nerves throughout the
oral hood and arms and these were well organized and very similar to
Fig. 8. Myosin antibody staining shows circumesophageal muscle organization in 48 h
control embryos (A, A′, B). In 48 h embryos injected with Ptc MASO (0.75 mM) (C), and
in 48 h embryos expressing ActSmo (0.63 pg/pl) (D), the circumesophageal muscle is
patterned abnormally compared to the control. Images are captured by DIC (A),
fluorescence microscopy (A′), and by confocal microscopy (B–D).
controls (Figs. 9C and D). The nerves around the gut were also present
and located directly beneath the muscle fibers so the organization of
the circumesophageal nerves in perturbed embryos appeared iden-
tical to those in control larvae. Thus, the pattern of the neural circuitry
did not appear to be affected by Hh pathway perturbations.

Even though the neural circuitry appeared normal anatomically, it
was possible that neural function was altered by Hh perturbations.
This was addressed in recombination studies. The animal half of the
embryo gives rise to the ectoderm of the embryo from which the
neurons are derived (Yaguchi et al., 2006). The vegetal half gives rise
to mesoderm, and endoderm (Davidson et al., 1998; Logan and
McClay, 1997), from which the muscles originate. Reciprocal trans-
plantation experiments recombined animal and vegetal halves from
control-injected and Ptc MASO-injected embryos (Fig. 10). Abnormal
muscle patterning and behavior occurred only when the vegetal half
of the recombinant was perturbed (Figs. 10C, E), as there was no effect
when Ptc MASO was present in the animal half (Figs. 10B, D).
Therefore, Hh signaling is required in the vegetal half of the embryo
(from which the muscles are derived) for proper peristaltic move-
ments and those movements were unaffected when the perturbation
was restricted to the animal half (where nerves are produced). This
experiment also revealed another aspect of pattern disruption in the
embryo. Earlier it was noted that skeletal patterning was disrupted by
Hh pathway perturbations (Figs. 2 and 3). Previous work had shown
that patterning information for skeletogenesis is provided by the
ectoderm (Armstrong et al., 1993; Armstrong and McClay, 1994;
Hardin et al., 1992). The chimera experiments revealed skeletal
defects in embryos only when the vegetal half of the embryo
contained perturbed Hh pathway components. When the perturba-
tion was in the animal half of the recombinants there were no
observable skeletogenic defects. Thus the Hh pathway appears to
operate only on mesodermal structures, and not by way of the
ectoderm, which provides patterning input for skeletogenesis,
coelomic pouch patterning, and neurogenesis.

Discussion

In the sea urchin embryo Hh signaling functions as a paracrine
signal with Hh expressed in the endoderm and its receptors Ptc and
Smo, expressed largely, if not exclusively, in themesoderm, both in the



Fig. 10. Reciprocal transplantation of animal and vegetal halves from control and Ptc
MASO-injected embryos (0.75 mM). (A) shows a diagram of the experiment. A control
animal half (green) is placed on a red Ptc MASO-injected vegetal half, and reciprocally, a
red Ptc-MASO-injected animal half is placed on a green control vegetal half. 48 h
embryos inwhich the Ptc MASO was in the animal half (B, D) and reciprocally, in which
the Ptc MASOwas in the vegetal half (C, E). The fluorescent lineage tracers are shown in
(B, C), and (D, E) show the circumesophageal muscle of the embryo immediately above
them as seen by confocal microscopy. When the Ptc MASO is in the vegetal half the
muscle patterning is abnormal (E), while if the Ptc MASO is in the animal half the
muscle pattern is normal (D).
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NSM and PMCs. Perturbation of Hh signaling, up or down, results in
altered numbers and/or abnormal patterning of mesodermally
derived tissues, both skeletogenic and non-skeletogenic. The number
of pigment cells was increased with activation of the pathway and
decreased with inhibition of the pathway suggesting a role for the
pathway in subdividing the NSM territory. Increased Hh signaling
randomized the left–right asymmetry of the coelomic pouches,
disorganized circumesophageal muscles leading to an inability of
the larva to swallow, and disrupted normal skeletal patterning. In each
case early specification of the affected cells seemed to be normal but
the PMC and NSM structures were mis-patterned after the Hh
pathway was activated at the beginning of gastrulation. Thus Hh
signaling is involved, not in early specification, but in later patterning
of tissues derived from mesoderm in the sea urchin embryo.

Hh signaling, a paracrine versus autocrine signal in sea urchin?

Hh is known to act as not only a paracrine signal, but as an
autocrine signal as well. Examples of this are observed in both heart
development and tooth development in mouse (Goddeeris et al.,
2007; Wu et al., 2003). In our experiments Ptc and Smo were not
detected in endodermwith the possible exception of a low level in the
late hindgut near the ectoderm–endoderm boundary. Hh, by contrast,
was observed only in the endoderm. When the Hh pathway was
perturbed we often observed a delayed invagination of the arch-
enteron (e.g. altered Ptc expression in Fig. 2). Since the NSM leads the
process of invagination, and since perturbations of that morphoge-
netic process are mediated initially through the NSM (Beane et al.,
2006; Croce et al., 2006), it is most likely that the Hh perturbations
affecting gastrulation acted exclusively through the NSM. Mesoder-
mal feedback to the endoderm following the response to Hh signal is
also a possibility that cannot be ruled out. In patterning of the chick
intestinal tract, for example, bidirectional signals emanate from the
endoderm and mesoderm to pattern the reciprocal tissue (Kedinger
et al., 1998; Li et al., 2007). Absence of one affects the other. In the
mouse intestine Shh is expressed in the endodermal epithelium and
Ptc1 is expressed in the neighboring mesoderm; alterations in Hh
signaling produce mesodermal expansion and mis-patterning which
then secondarily affects endodermal epithelial formation (Madison et
al., 2005).

It may seem odd that the entire endoderm expresses Hh since its
signal seems to function only in the adjacent mesodermal territories,
however this is not unprecedented. In vertebrates Shh is produced
throughout the gut yet there is regional reception of the Shh signal by
mesoderm cells, presumably by mesoderm cells that are differentially
receptive, relative to other mesoderm cells (Roberts et al., 1998). Also,
in Drosophilawings Hh is expressed in the entire posterior half of the
wing imaginal disc, yet the Hh signaling occurs only at the anterior–
posterior boundary where Ptc is expressed most highly (Tabata and
Kornberg,1994). In the sea urchin, Hh is expressed along the entire gut
from the beginning of gastrulation until the pluteus larval stage. Hh is
expressed in the foregut directly adjacent to the budding coelomic
pouches and circumesophageal muscle, and in the hindgut, adjacent
to the PMCs, which also appear to rely on Hh signaling for components
of their patterning. Mesodermal expression of Ptc and Smo persists
until at pluteus stage when their expression becomes restricted to
NSM cells surrounding the esophagus, areas where the coelomic
pouches and the circumesophageal muscles are patterned. Thus, Hh
signaling appears to continue from endoderm to mesoderm over a
long span of developmental time. Currently the temporal details of
that signaling are unknown, other than they occur later than the
timeframe covered by the current endomesoderm GRN (Davidson et
al., 2002).

Hh signaling and its relationship to Nodal signaling and
left–right asymmetry

In indirect-developing species of sea urchins the left coelomic
pouch becomes the rudiment of the adult sea urchin at metamor-
phosis. Although the detailed mechanism for establishing this
asymmetrical assignment is not understood, recent studies have
greatly advanced our knowledge by identifying Nodal as an essential
signal for the process (Hibino et al., 2006a; (Duboc et al., 2005). That
asymmetrical assignment is quite robust as demonstrated by experi-
ments with halved L. variegatus embryos. Each half embryo was able
to regulate and replace correctly the missing sides up until the
mesenchyme blastula stage (McCain and McClay, 1994). In two other
indirect-developing species of sea urchin, a series of surgical excisions
of embryo portions showed that the right-side ectoderm and/or
coelomic pouch mesoderm conveys a signal to the left side to direct
rudiment development there (Aihara and Amemiya, 2001). Nodal was
identified as a right-side signal; its expression on the right side of the
ectoderm is essential for defining the left–right asymmetry of the
coelomic pouch and restricting rudiment formation to the left side
(Duboc et al., 2005). Since perturbation of Hh signaling randomized
placement of left–right markers in the coelomic pouches and did not
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affect the normal right-side expression of Nodal in ectoderm, the Hh
pathway must disturb aspects downstream of the reception of the
Nodal signal in the coelomic pouches.

Hh plays multiple roles in supplying patterning information for
mesoderm development

It is not unusual for Hh to have multiple roles governing patterning
in a single embryo. In vertebrates Shh patterns limb buds, the floor
plate of the neural tube, and subdivision of endodermal organs, just to
mention a few roles. Thus it should come as no surprise that Hh has
multiple roles in the sea urchin. Ptc and Smo are in PMC ventrolateral
clusters where skeletogenesis begins. Perturbations of Ptc, Smo, or Hh
cause skeletal mis-patterning. Other reports previously suggested
endodermal involvement in skeletal patterning without knowing the
pathway (Benink et al., 1997; Croce et al., 2006). This report
demonstrates one such endodermal signal that signals to PMCs, but
whether it is the only endoderm-to-PMC signal is unknown. Other
recent reports have shown that VEGF and FGF signals from the
ectoderm are important for skeletal patterning (Duloquin et al., 2007;
Rottinger et al., 2008). The addition of Hh signaling to the patterning
of the larval skeleton thus adds to the complexity of the signals
involved. The separate role for each of these signals in establishing the
easel-shaped skeleton remains to be determined.

Hh pathway perturbations affected the number of pigment and
blastocoelar cells. The expansion of pigment and blastocoelar cells
with increased Hh pathway signaling, though statistically well
supported, is modest and could come at the expense of endoderm
and/or the remaining two NSM subtypes, coelomic pouch andmuscle.
We were unable to find significant changes in endoderm cell numbers
though we cannot rule out the loss of a few cells per embryo. From
previous experiments we know that the NSM is capable of replacing
endoderm, and that endoderm is capable of regulating to replace NSM
(McClay and Logan, 1996). It is possible that the Hh pathway is
involved in establishing or maintaining those later identities.
Augmented Hh signaling has been shown to enhance proliferation
and survival in a variety of tumors and tissues including themesoderm
(Ahlgren et al., 2002; Cayuso et al., 2006; Feng et al., 2006; Hallahan et
al., 2004; Hutchin et al., 2005; Kruger et al., 2001; Morton et al., 2007;
Yu et al., 2002; Zhang et al., 2001), so the modified numbers of cells
resulting from Hh perturbations is not unprecedented.

Expression of Hh is dependent upon FoxA and Brachyury; loss of
FoxA through MASO knockdown in S. purpuratus and L. variegatus
results in a loss of Hh mRNA (Oliveri et al., 2006), and later,
abnormal patterning. Likewise, increased Hh signaling results in
alterations in mesodermal patterning. Together these results suggest
a model in which the endodermally derived FoxA repressor inhibits a
negative regulator of Hh expression, thus leading to transcription of
Hh. The Hh signal is secreted and acts in a paracrine fashion to
pattern structures derived in the mesoderm. As yet the endomeso-
derm gene regulatory network is well understood only until the
beginning of gastrulation. As such, at least there is information that
connects initial expression of Hh to that network model. To under-
stand later events of morphogenesis, differentiation of cell types and
patterning, it is necessary to extend the endomesoderm GRN to later
stages, and the Hh pathway will be an important component of that
extension.
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