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Abstract

Thyroid hormones are crucial regulators of metamorphosis and development in bilaterians, particularly in chordate
deuterostomes. Recent evidence suggests a role for thyroid hormone signaling, principally via 3,5,3”,5 Tetraiodo-
L-thyronine (T4), in the regulation of metamorphosis, programmed cell death and skeletogenesis in echinoids (sea

urchins and sand dollars) and sea stars. Here, we test whether TH signaling in skeletogenesis is a shared trait of Echino-
zoa (Echinoida and Holothouroida) and Asterozoa (Ophiourida and Asteroida). We demonstrate dramatic acceleration
of skeletogenesis after TH treatment in three classes of echinoderms: sea urchins, sea stars, and brittle stars (echinoids,
asteroids, and ophiuroids). Fluorescently labeled thyroid hormone analogues reveal thyroid hormone binding to cells
proximal to regions of skeletogenesis in the gut and juvenile rudiment. We also identify, for the first time, a potential
source of thyroxine during gastrulation in sea urchin embryos. Thyroxine-positive cells are present in tip of the arch-
enteron. In addition, we detect thyroid hormone binding to the cell membrane and nucleus during metamorphic
development in echinoderms. Immunohistochemistry of phosphorylated MAPK in the presence and absence of TH-
binding inhibitors suggests that THs may act via phosphorylation of MAPK (ERK1/2) to accelerate initiation of skel-
etogenesis in the three echinoderm groups. Together, these results indicate that TH regulation of mesenchyme cell
activity via integrin-mediated MAPK signaling may be a conserved mechanism for the regulation of skeletogenesis

in echinoderm development. In addition, TH action via a nuclear thyroid hormone receptor may regulate metamor-
phic development. Our findings shed light on potentially ancient pathways of thyroid hormone activity in echinoids,

ophiuroids, and asteroids, or on a signaling system that has been repeatedly co-opted to coordinate metamorphic

development in bilaterians.

Introduction

Thyroid hormones (THs) regulate metamorphosis, skel-
etogenesis, and diverse physiological/developmental sys-
tems in chordate deuterostomes. Evidence also suggests a
role for TH signaling in non-chordate bilaterians [11, 15,
29, 44, 47, 90, 91, 103, 106]. Thyroxine (T4) is the most
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abundant TH analogue in nature. Many non-bilaterians
use THs and other iodinated tyrosine derivatives as struc-
tural elements or to scavenge free radicals (reviewed in
[103]). T4 is the typical first step in TH synthesis [29, 30,
82, 87, 94, 103], a biochemical process predating metazo-
ans [42, 82, 103]. Therefore, the use of THs as a signaling
agent to regulate development and metamorphosis can
be considered a derived trait of some metazoans.
L-Triiodothyronine (T3), a metabolite of T4 and
active hormone in vertebrates, has been shown to regu-
late development and metamorphosis [8], with T4 act-
ing synergistically via binding to an integrin membrane
receptor [22, 25]. In contrast, T4 has roughly ten-fold
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greater efficacy than T3 on regulation of development,
settlement, and metamorphosis in some non-chordates,
including sea urchins and molluscs [15, 49, 103, 106].

There are three major categories of mechanism by
which thyroid hormone signal transduction occurs: (1)
genomic signaling, defined as TH signaling via a nuclear
hormone receptor bound to the genome [7, 103], (2)
extra-nuclear actions of a nuclear hormone receptor [25,
105] and (3) integrin-mediated MAPK phosphorylation
cascade [25, 103]. The specific mechanisms governing
TH actions in non-chordates remain largely unknown,
despite new insights from echinoderms, mollusks, and
cnidarians. Two main TH receptors, the nuclear thyroid
hormone receptor (THR) and RGD-binding integrins, are
common to all bilaterians and all metazoans, respectively
[103, 105]. In vertebrates, RGD competition with T4 at
integrin aVB3 is well established [3, 17, 18, 24, 26, 50,
61, 63]. It has been previously established in sea urchins
that RGD peptide is a competitive ligand at a membrane
receptor [104]. T4 has been shown to accelerate meta-
morphic development in echinoderms and molluscs [10,
15, 36, 43, 44, 46, 53, 54, 91]. Evidence suggests that these
mechanisms may rely on the nuclear hormone receptor-
mediated pathway [49, 106] and that THR may regulate
apoptosis and skeletogenesis in sea urchins [106, 113]. In
addition, embryonic and larval sea urchin skeletogenesis
may be regulated by the TH-integrin-mediated pathway
[104].

Taylor and Heyland [103] suggested that sea urchin
skeletogenesis is regulated by thyroid hormones via a
non-genomic integrin-mediated MAPK cascade trig-
gered by direct TH binding to skeletogenic mesenchyme
cells. In addition, Wynen et al. [113] demonstrated a role
for THs regulating apoptosis in metamorphic develop-
ment. Thyroid hormones have been shown to be syn-
thesized by sea urchin embryos and larvae [15, 44].
Uptake mechanisms have been previously characterized
[74] and involve peroxidase-facilitated diffusion cou-
pled with iodination of tyrosines in sea urchins. How-
ever, the source of THs and the location of TH receptors
are unclear, and it is unknown if TH signaling and its
involvement in skeletogenesis is limited to S. purpuratus
larvae, or if it can be generalized to other sea urchins and
echinoderms.

Indirect-developing echinoderms are characterized
by a biphasic life cycle with a planktonic phase followed
by settlement to the benthos and metamorphosis. Sea
urchin, brittle star, and sea star development to settle-
ment involves the production of juvenile structures in
the pre-settlement larva, including skeletal elements
(e.g., skeletal plates, spines, test, and tube-foot rings in
sea urchins). The actions of thyroid hormones on skel-
etogenesis in sea urchins have been of particular interest,
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as sea urchin larval skeletogenesis is a thoroughly studied
model system [93]. In particular, the gene regulatory net-
work (and transcription factors regulating skeletogenesis)
has been characterized (e.g., [23, 65, 68, 72, 85]).

In this manuscript, we distinguish between adult and
larval skeletogenesis. Adult skeletogenesis begins dur-
ing metamorphic development in sea urchins, sea stars,
and brittle stars. We contrast this with larval skeletogen-
esis which is a feature of sea urchins and brittle stars, and
begins during embryogenesis with additional skeletogen-
esis during larval development as plutei develop addi-
tional pairs of larval arms. In sea urchins, some minor
differences in the gene regulatory network governing
larval and adult skeletogenesis have been described [37]
with adult skeletogenic cells not appearing to arise from
the PMC cell lineage, but rather possibly from second-
ary mesenchyme cells (SMCs; [114]). As well, some lar-
val skeletogenic cells post-embryonic development derive
from SMC populations [114] (Fig. 1).

The development of adult skeleton in a coelom or
rudiment adjacent to the gut appears to be an ancient
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Fig. 1 Hypotheses about the evolution of skeletogenesis

across echinoderm taxa with a possible ancestral function

of non-genomic thyroid hormone signaling. Recent evidence
suggests a single origin of larval skeletogenesis followed by loss

in Asteroids (sea stars; [32]), although independent origins

of larval skeletogenesis in Ophiuroids (brittle stars) and Echinoids/
Holothuroids (sea urchins/sea cucumbers) have also been proposed
[12,28, 70]. We test the hypothesis that THs, predominantly T4,
regulate skeletogenesis in Ophiuroids, Echinoids, and Asteroids,

as a result of evolutionarily ancient regulation of skeletogenesis

by THs. We suggest that TH regulation was co-opted to regulate
larval skeletogenesis when the gene regulatory apparatus allowing
for skeletogenesis in adults became expressed and co-opted

by the larval stage of some echinoderms
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and conserved component of echinoderm development
[51, 75] and is considered a shared characteristic of all
extant echinoderms. In contrast, larval skeletogenesis is
likely a synapomorphy of holothuroids (sea cucumbers),
echinoids (sea urchins), and ophiuroids (brittle stars)
[32]. Crinoids (sea lilies) and asteroids (sea stars) do not
feature larval skeletogenesis [93]. Here, we use “adult
skeletogenesis” to refer to the development of skeletal ele-
ments slated to be incorporated into the juvenile echino-
derm, post-settlement (Fig. 2). This skeletal development
begins prior to settlement, during metamorphic devel-
opment when skeleton is deposited by a population of
mesenchyme cells with a distinct but similar gene regu-
latory network to the primary mesenchyme cells (PMCs)
responsible for larval skeleton [37, 93, 114]. For instance,
sea urchins develop spines, portions of the adult test, and
skeletal rings supporting the tube feet [41]. Much of this
development occurs in the juvenile rudiment, a structure
adjacent to the larval gut which contains most tissues of
the developing juvenile echinoderm. Similarly, the larval
ophiuroid, asteroid, and holothuroid produce extensive
skeleton prior to metamorphosis, mainly in the juvenile
rudiment. In Crinoids, an outgroup to the other extant
echinoderms, the skeletonized stalk develops from a coe-
lom adjacent to the gut, while the calyx (analogous to the
echinoid test), begins developing from extra-coelomic
spicules.

In many echinoids and ophiuroids, larval skeleton sup-
ports the larval arms, important structures for feeding
and defense. During embryonic development, either dur-
ing gastrulation or immediately following gastrulation,
these echinoids and ophiuroids develop larval skeleton
from a population of mesenchyme cells separate from the
adult/late mesenchymal cells. In holothuroids and ophi-
uroids, these cells derive from the tip of the archenteron
or adjacent coeloms. In echinoids, the PMCs arise from
small micromeres at the vegetal pole. From there, the
cells migrate to the ventrolateral cluster and form the
larval arms in echinoids and ophiuroids. The GRN gov-
erning skeletogenesis in these cells is distinct, although it
shares a reliance on expression of alx1 and etsl, two key
transcription factors in the skeletogenic GRN. Asteroid
mesenchymal cells do not express alx1l until expansion
of the coeloms prior to rudiment development, likely
accounting for the potential loss of skeletogenesis in lar-
val asteroids [59]. Larval skeletogenesis in ophiuroids,
echinoids, and holothuroids is a result of a similar GRN
to the adult skeletogenic GRN being expressed early in
development by mesenchyme cells arising during gastru-
lation [37].

There are two hypotheses of the origin of larval skel-
etogenesis; the first posits a single origin of adult
skeletogenesis followed by multiple origins of larval
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skeletogenesis and convergent evolution of larval skel-
eton. This is owing to the phylogenetic placement of
ophiuroids (which produce larval skeleton) as sister
group to asteroids (which do not), as well as dissimilari-
ties in the ophiuroid and echinoid larval GRN. The sec-
ond hypothesis suggests that regardless of the sometimes
contentious phylogenetic placement of ophiuroids [9, 84,
86, 107], a single origin of larval skeletogenesis is more
likely [32], followed by a potential secondary loss of larval
skeleton in asteroidea. Echinoderm skeletogenic GRNs
share specific characteristics, such as a conserved role
for alx1, etsl, and vegfr, suggesting that differences in
echinoid larval skeletogenesis and cell specification may
be derived traits [28, 32, 70]. Both hypotheses indicate
that adult skeletogenesis arose first, with a single origin.
Given the shared origin of larval and adult skeletogenesis
in echinoderms, and thyroid hormone regulation of lar-
val and adult skeletogenesis in sea urchins [104, 106], we
predict that TH regulation of skeletogenesis would be a
shared feature of both larval and adult skeletogenesis in
echinoids, ophiuroids, and asteroids.

In this study, we seek to answer the question of whether
thyroid hormones accelerate early and late skeletogen-
esis in two distantly related Echinoderms: the sea star P.
ochraceus, and the brittle star O. aculeata, as well as to
confirm previous results showing that thyroid hormones
accelerate initiation of skeletogenesis in echinoids. We
show that THs are capable of accelerating skeletogenesis
in three classes of echinoderms, sea urchins, sea stars,
and brittle stars (echinoids, asteroids, and ophiuroids).
THs bind to cells proximal to sites of skeletogenesis and
induce MAPK phosphorylation and skeletogenesis. These
processes can be fully or partially inhibited by a competi-
tive ligand of RGD-binding integrins, and by an inhibitor
of MAPK activity. We discuss our findings in the context
of the origin and evolution of TH regulation and the evo-
lution of skeletogenesis in echinoderms.

Methods

Animal care

Ophiopholis aculeata were collected in Cobscook Bay,
Maine, and shipped to Williamsburg, VA to be spawned
(2020-2021). Embryos were shipped overnight on ice
to the University of Guelph (ON, Canada) as fertilized
eggs in the case of experiments on gastrulae, or 6 days
post-fertilization (dpf) in the case of the late-larval
experiments. On arrival, ophiuroid larvae were trans-
ferred to 2 L beakers at a density of 0.5-1 larva/mL.
The cultures were cleaned manually and had the water
replaced with filtered (0.2 pum) and UV-treated fresh
artificial seawater (Instant Ocean) three times weekly.
At the same time, cultures were fed Rhodomonas salina
(UTEX LB 2763) at a density of 2000 cells/mL and
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Fig. 2 Larval and juvenile skeletogenesis in sea star, sea urchin, and brittle star larvae. Larval skeleton is depicted in red, while juvenile skeleton

is depicted in green. A Sea star gastrula (Pisaster ochraceus). No skeleton is present. B Sea star brachiolaria (P 0.). Adult skeleton develops

in the somatocoel/rudiment. C Close-up of sea star rudiment (P 0.) skeletogenesis begins with small spicules, developing into the plates

of the juvenile test. D Sea urchin gastrula (Strongylocentrotus purpuratus). Skeletogenesis begins with spicules at the ventrolateral clusters. These
spicules will elongate and form the post-oral and anterolateral larval arms. E Sea urchin pluteus larva (S. p.). Juvenile skeletogenesis typically

begins with the genital plate adjacent to the gut and tube feet/juvenile spines in the rudiment. F Close-up of sea urchin rudiment (S. p.) Tube

feet and spines in the rudiment are among the first skeletal structures formed. G Brittle star gastrula (Ophiopholis aculeata) Skeletogenesis

begins with spicules at the ventrolateral clusters. These spicules will elongate and form the post-oral and anterolateral larval arms. H Brittle star
ophiopluteus (0. a.) Adult skeletogenesis begins adjacent to the gut with the formation of terminal and radial plates. I Close-up of ophiopluteus (O.
a.) gut and hydrocoel. ar: archenteron, hc: hydrocoel, sc: somatocoel, rud: rudiment, mg: midgut, op: oral plate, mp: madreporitic plate, la: larval arm,
js:juvenile spine, gp: genital plate, tf: tube foot, tp: terminal plate, rp: radial plate
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Dunaliella tertiolecta (UTEX LB 999) at 3000 cells/
mL. Gastrulae were collected for skeletogenesis assays
at 2—3 dpf. Late pluteus larvae were collected for skel-
etogenesis assays at 27 dpf.

We collected Adult Pisaster ochraceus by hand during
low tide at Friday Harbor, Washington (2019) and main-
tained them in seawater tables under flow-through sea-
water conditions [45]. After spawning and fertilization,
hatched embryos were transferred to 2 L jars at a density
of 1 larva per 2 mL. The cultures were cleaned manu-
ally and had the water replaced with fresh seawater three
times weekly. At the same time, cultures were fed Rho-
domonas sp. at a density of 3000 cells/mL and Dunaliella
sp. at 4000 cells/mL. Gastrulae were collected after 48 h
at 11-13 °C and staged to ensure they were at early gas-
trulation (after ingression of primary mesenchyme cells
and invagination of the blastopore, but before ingression
of secondary mesenchyme cells and archenteron contact
with the animal pole; see [71] for review of gastrulation).
Early bipinnaria were collected after 12 dpf, after coe-
lomic pouch elongation. Late bipinnaria were collected
at 22 dpf, just before formation of the brachiolaria arm
buds.

Adult urchins (Strongylocentrotus purpuratus) were
shipped from Monterey, CA (2019-2023), where they
were collected by diving and subsequently kept in tanks
of artificial seawater at the Hagen Aqualab (Univer-
sity of Guelph, ON). The adults were fed a diet of kelp
(Macrocystis pyrifera, and Kombu spp.) every 2-3 days.
Temperature was maintained at 14°C and salinity at 31
ppt). Urchins were spawned by injecting 0.5-1.5 mL of
0.5 M KCl in distilled water, depending on the size of
the urchin. Sperm was collected dry by pipetting sperm
directly from the gonopores. Females were inverted over
a beaker of filtered artificial seawater (0.2 pm—FASW)
to collect eggs. After spawning, eggs were washed twice
with FASW. Diluted sperm (approx. 1:100) was titrated
into the beaker of eggs until fertilization success reached
at least 90%. Fertilized eggs were washed once more with
FASW to remove excess sperm and allowed to develop
at 12 °C in a 2 L beaker until hatching. After 48 h at
12-14 °C, hatched embryos were transferred to 2 L beak-
ers at a density of 1 larva/mL. Sea urchin larval cultures
were maintained at 14 °C with salinity at 31-33 g/L and
larval density was gradually reduced on a weekly basis to
an eventual density of approximately 250 larvae per liter.
Cultures were stirred constantly using a paddle system
previously described by Strathmann [100] and kept on a
12:12 light cycle. The cultures were cleaned manually and
had the water replaced three times weekly. At the same
time, cultures were fed Rhodomonas salina at a density
of 3000 cells/mL and Dunaliella tertiolecta at 4000 cells/
mL.

Page 5 of 26

Dendraster excentricus (sand dollars) were collected
from Crescent Beach, East Sound, Orcas Island (WA,
USA) in 2019. D. excentricus were spawned by inject-
ing 0.2-1.0 mL of 0.5 M KCl in distilled water, depend-
ing on the size of the animal. Sperm was collected dry by
pipetting sperm directly from the gonopores. Females
were inverted over a beaker of natural seawater to col-
lect eggs. After spawning, eggs collected by pipette and
distributed in a monolayer in a 500 mL beaker of seawa-
ter. Diluted sperm (approx. 1:100) was titrated into the
beaker of eggs until fertilization success reached at least
90%. Fertilized eggs were washed once with seawater to
remove excess sperm and allowed to develop at 11-13 °C
in a 500 mL beaker until hatching. After 20 h at 14 °C,
hatched embryos were transferred to 2 L jars at a density
of 1 larva/mL. Gastrulae were collected shortly thereafter
and staged to ensure they were at early gastrulation.

Hormone preparation

Thyroid hormones (rT3, T4, T3) were prepared as
described in Ref. [104] (dissolved in filtered artificial
seawater with 1% DMSO at a working concentration of
10~ M). PD98059 (inhibitor of MAPK ERK1/2 phos-
phorylation by MEKI1, Sigma-Aldrich P215) and RGD
peptide (inhibitor of integrin RGD-binding pocket;
Sigma-Aldrich A8052) were also used, and similarly
diluted in filtered artificial seawater to a working con-
centration of 107> M. Hormones and inhibitors were
diluted from the working stock, and larvae were exposed
to a final concentration of 10”7 M rT3, T4, T3, or RGD
peptide, or to 5x10™> M PD98059. Although UO126
has been previously used to inhibit MEK in sea urchins
(e.g., [34]), we used PD98059 because it has previously
been used to inhibit the TH-integrin signaling pathway
(e.g., [52, 104]). U0126 is an inhibitor of MEK1/2, while
PD98059 selectively inhibits MEK1. As PD98059 was
successful in inhibiting TH acceleration of skeletogen-
esis, it is likely the optimal choice as PD98059 would
avoid some additional effects on MEK2, which may be
less involved in the integrin signaling pathway. Concen-
trations were chosen based on optimal concentrations in
Taylor and Heyland [104].

Skeletogenesis assays

Skeletogenic assays were conducted as described in
Taylor and Heyland [102, 104]. We scored the presence
of skeletal spicules in repeated measures of individu-
ally isolated live larvae and determined the proportion
of individuals which had developed skeleton (hourly for
gastrulae, daily for late-stage larvae). Presence of skeletal
spicules was confirmed with polarized light microscopy.
Experiments were considered complete when at least one
group asymptotically reached skeletogenesis (over 95%
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of at least one group achieved skeletogenesis), typically
over the course of 4 h for gastrulae, or 3-5 days for late-
stage larvae (S.p. gast.: 4 h, S.p. larvae:, Po. gast.: 72 h, Po.
larvae: 120 h, D.e. gast.: 4 h, O.a.: gast: 5 h, O.a. larvae:
96 h). Schematic of methodology can be found in Figure
S5 (BC). Larvae were kept at a density of 1 larva/mL in
individual wells (24 well plate, 1 mL/well). Larvae were
placed on a slide for observation and skeletal structures
were detected by polarized light microscopy on a com-
pound microscope with inserted polarizing filter. Echi-
noderm skeletons are composed of a single birefringent
crystal and polarized light microscopy is extremely suit-
able for detection of even initial skeletal spicules. In the
case of gastrulae, skeleton was detected and scored at the
ventrolateral clusters. In the case of late-stage larvae, the
presence of adult skeleton developing in and around the
rudiment was scored. Any skeleton which was not part of
the larval arms was considered to be adult skeleton [41].

Fluorescent microscopy

Fluorescently labeled thyroxine (RHT4) was synthesized
as described in Taylor and Heyland [104] and used to
determine T4-binding locations. RHT4 is a fluorescently
labeled TH analog which has been validated as binding to
TH receptors (e.g., [13, 14, 102]). RHT4 was prepared at
a stock concentration of 10~ M and diluted in PBS to a
final concentration of 10°® M for staining fixed samples.
M8159 (antibody for phosphorylated ERK1/2; mouse
monoclonal, Sigma-Aldrich M8159; e.g., [88]) was used
to quantify MAPK (ERK1/2) phosphorylation (1:250).
Hoechst 33342 (working stock 1 mg/mL, final concentra-
tion 5 pg/mL) was used to stain and identify nuclei. Thy-
roid hormones were diluted in filtered artificial seawater
with DMSO (5:95 DMSO: FASW) to a working stock
concentration of 10~ M before being diluted to a final
concentration of 10”7 M in exposure conditions.

Larvae or gastrulae were exposed to 100 nM T4,
500 uM PD98059, 100 nM RGD peptide, 100 nM rT3,
100 nM RGD+100 nM T4 or a vehicle control (FASW
with 0.0005% DMSO) for 90 min. Subsequently, they
were fixed in 2% formaldehyde for 10 min at room tem-
perature and washed with methanol and placed for
5 min in a — 20 °C freezer. Samples were washed 3 X with
phosphate-buffered saline with 0.1% Tween-20 (PBST; 5
min between washes) at room temperature and blocked
with 1% Goat Serum in PBST for 60 min. Samples were
exposed to primary MAPK antibody (M8159 1:250) for
12 h overnight at 4 °C. They were then washed 5Xin
PBST (5 min between washes) and exposed to secondary
antibody for 4 h (1:1000). This was followed by 7 X washes
in PBS (5 min between washes). Finally, samples were
exposed to a mixture of Hoechst 33342 (5 pg/mL) and
RHT4 (10~° M) in PBS for 15 min, followed by 3 x washes
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in PBS and were then mounted for imaging in DABCO/
glycerol (see similar protocol in [113]). As the previously
reported magnitude of TH effects on MAPK phospho-
rylation was over threefold increase in intensity [104],
a sample size of 4—6 confocal images was predicted to
be sufficient statistical power to test the effect of T4 on
MAPK phosphorylation. Schematic of methodology can
be found in Figure S5 (A).

For identifying thyroxine in sea urchin gastrulae, we
used a monoclonal antibody against thyroxine (Fisher
Scientific, ab30833), using immunohistochemistry (IHC)
following procedures previously described in mouse
embryos. Embryonic stages (41 h and 48.5 hpf) were fixed
in 4% paraformaldehyde in artificial seawater (red sea
salt) for 12 min at room temperature and washed three
times in 1 X PBS (ph: 7). Embryos were then processed in
PBST (1xPBS with Triton-X100 at 0.3%) through three
washes at 5 min each and then added to blocking agent
(1% goat serum in 1xPBST). Primary antibody was pre-
pared at a final concentration of 1:800 in blocking agent
and embryos were incubated overnight at 4C. Nega-
tive controls were prepared using thyroxine (SIGMA)
in DMSO at 1072 M concentration and mixed 1:1 with
monoclonal antibody, incubated at room temperature for
72 h. After five washes in block solution, embryos were
exposed to secondary antibody (Alex-Fluor, mouse-anti
goat, Fisher Scientific, A-11005) at 1:800 dilution over-
night at 4 C. After 5 brief washes in PBS, embryos were
mounted in DABCO (SIGMA D27802) with Hoechst
(1:800) on slides and imaged. Imaging was conducted
on a Nikon Ti2 inverted microscope. Images were pro-
cessed using deconvolution software NIS-Elements (3D
automatic; Wide-field Modalit; NA: 1.2; RI: 1.330. Z pro-
jections and dynamic contrast was adjusted using NIS
elements.

Statistical analysis

MAPK phosphorylation was quantified by automatic cell
counting in the Hoechst 33342 channel, followed by a
measurement of fluorescent intensity of each individual
cell in a radius around each nucleus (see S1 for details
and S5 for Image] script). Intensity was normalized to
the Hoechst 33342 signal to account for attenuation (Fig-
ure S1). Fluorescent intensity of the top 5% of cells was
compared between experimental groups and the control
by one-way ANOVA followed by Tukey’s post hoc test.
In addition, primary mesenchyme cells and secondary
mesenchyme cells were identified in sea urchin gastru-
lae, and fluorescence quantified, normalized to Hoechst
33342 signal intensity. PMCs and SMCs were identi-
fied primarily by their location and morphology, each
being distinctive and identifiable (mesenchymal cells
arranged in a syncytial ring at the vegetal pole, or clusters
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of mesenchyme cells at the animal pole respectively).
In brittle star ophioplutei, we identified and quantified
fluorescence intensity in the ciliated band, hydrocoel,
midgut, posterior coelom/somatocoel, and presumptive
skeletogenic mesenchyme cells along the skeletal rods.
Intensities and means are reported asz+standard error.
Colocalization of Hoechst nuclear stain, MAPK phos-
phorylation, and T4-binding locations in juvenile rudi-
ments and midgut in late-stage larvae was measured with
Pearson’s Coefficient using JACoP (v2.0; [6]).

For the skeletogenic assays, experimental groups were
compared with binary logistic regression of skeletal pres-
ence (binomial) and time (hours or days) contrasted to
the control group. In addition, spicule proportion over
time was transformed to a rate of skeletogenesis (spic-
ules/hour or spicules/day) and compared to the control
with one-way ANOVA followed by Tukey’s post hoc.
Proportions and means are reported as + standard error.

Results
Thyroid hormone effects on skeletogenesis
Thyroid hormone exposure (T4, T3) accelerated initia-
tion of skeletogenesis in a sea urchin (Strongylocentrotus
purpuratus), a brittle star (Ophiopholis aculeata), and
a sea star (Pisaster Ochraceus) (Fig. 3), as well as a sand
dollar (Dendraster excentricus; Figure S1 and as previ-
ously shown in Ref. [41]). However, we did not observe
induction of skeletogenesis in TH-exposed groups of
Pisaster ochraceus (sea star) gastrulae (n=20, ANOVA
not possible as no groups produced skeleton; p=1.00).
TH exposure, including T4 and T3, accelerated onset of
juvenile skeletogenesis (n=6, F (7,40)=36.25, p<0.001)
in sea star bipinnaria. Sea star bipinnaria exposed to
both THs and PD9809 or RGD peptide displayed a lower
level of skeletogenesis than groups exposed to THs alone
(Tukey’s HSD, p<0.001).

THs, including T4 and T3, accelerated initiation
of skeletogenesis in O. aculeata gastrulae (n=20, F

(See figure on next page.)
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(7152) =12.45; p<0.001; Tukey’s HSD, T4: 95% CI [1.75-
fold, 2.69-fold], T3: 95% CI [1.08-fold, 2.03-fold]). Groups
exposed to both THs and an inhibitor (RGD peptide
(RGD) or PD98059 (PD)) displayed a lower level of skel-
etogenesis than groups exposed to THs alone (Tukey’s
HSD, p<0.001). In O. aculeata larvae, THs (T4) acceler-
ated juvenile skeletogenesis (n=12, F (3,44)=24.22; Tuk-
ey’s HSD p<0.001). The rate of skeletogenesis was lower
in T4+ PD98059 than in T4-exposed groups (p=0.0163).
The effect of RGD peptide on skeletogenesis was not
tested in late-stage O. aculeata.

In all cases, T4 at 10~” M had a stronger effect on initia-
tion of skeletogenesis than T3 at 10~ M (1.22-fold [S.p.
8-armed pluteus] to 3.71-fold [S.p. gastrula], x=2.31-
fold). This difference was statistically significant in all
cases except late-stage S. purpuratus (8-armed pluteus
stage; Tukey’s HSD, alpha=0.05). Gastrulae exposed to
T4 showed rapid skeletogenesis (<5 h; Fig. 3M) in the
ventrolateral clusters (Fig. 3A, B, E, F) in sea urchin and
brittle stars, but not sea stars (Fig. 3 L, J). This acceleration
of skeletogenesis occurred over the course of 5 h obser-
vation, shifting the onset of skeletogenesis forward by
1.05 h (+0.07 h) in S. purpuratus (sea urchin) gastrulae
and 1.12 h (£0.13 h) in O. aculeata gastrulae. This repre-
sents a significant increase in the rate of skeletogenesis in
T4-exposed gastrulae (S. purpuratus: 3.13-fold, + 0.26; O.
aculeata: 2.22-fold, +0.31).

THs accelerated skeletogenesis in older larvae of
all three classes of Echinoderms (sea urchin, sea star,
and brittle star; Fig. 3N). Sea urchin larvae displayed
increased skeletogenesis in the developing rudiment, as
well as extra-rudiment skeleton such as juvenile spines
and genital plates. Over the course of 7 days of observa-
tion, T4-exposed larvae developed skeleton in the juve-
nile rudiment 2.78 days in advance of the control group
(1.70-fold increased rate, + 0.14) and had an average rudi-
ment skeletal development stage of 8.4 compared to the
control group at 0.7 (staging scheme from [41]).

Fig. 3 Thyroid hormones accelerate initiation of skeletogenesis in sea urchins, sea stars, and brittle stars. Arrowheads (B) indicate skeletogenesis.
A Sea urchin gastrula in control conditions. B Sea urchin gastrula after T4 exposure for 20 h at 1077 M. Skeletogenesis is taking place

in the ventrolateral clusters. C Sea urchin pluteus gut and rudiment. Skeletogenesis is visible in the genital plate and as a small single spicule

in the rudiment. D Sea urchin pluteus gut and rudiment after T4 exposure for 5 days at 107" M. Skeletogenesis is dramatically accelerated

with multiple skeletal plates, juvenile spines, and tube-foot rings observed. E Ophiuroid gastrula at the beginning of skeletogenesis. F Ophiuroid
gastrula after T4 exposure for 24 h at 107 M. Skeletogenesis has been accelerated and the larval arms have begun to form. G Ophiuroid
ophiopluteus gut region. Somatocoel has not yet begun to form skeleton. H Ophiuroid ophiopluteus gut region after T4 exposure for 48 h

at 107/ M. Several skeleton spicules are visible. | Sea star early bipinnaria. No skeletogenesis is present. J Sea star early bipinnaria after T4
exposure during gastrulation for 3 days at 10~ M. No skeletogenesis is present. K Sea star late bipinnaria gut. No skeletogenesis is present. L

Sea star late bipinnaria gut after T4 exposure for 24 h at 107" M. T4 dramatically accelerates skeletogenesis adjacent to the gut. M Quantification
of skeletogenesis (mean spicule presence per hour) during gastrulation reveals that thyroxine (T4) accelerates skeletogenesis in sea urchin
(n=20) and ophiuroid gastrulae (n=24), but not sea star larvae (n=20; t-test, p < 0.05). Asterisk indicates significant difference from the control.
N Quantification of juvenile skeletogenesis (mean spicule presence per day) reveals that thyroxine (T4) accelerates skeletogenesis in sea urchin
(n=12), ophiuroid (n=12), and sea star late-stage larvae (n=30; t-test, p < 0.05). Asterisk indicates significant difference from the control
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Fig. 3 (Seelegend on previous page.)

T4 accelerated juvenile skeletogenesis of brittle star
ophioplutei (23 d) in the terminal and radial plates adja-
cent to the gut and somatocoel (Fig. 3H). T4 brought
forward the mean initiation of juvenile skeletogenesis
by 0.96 d, resulting in a 1.79-fold (+0.29) increase in the
rate of skeletogenesis relative to the control. At the end of
observation (27 days, 4 days post-exposure), every larva
had begun juvenile skeletogenesis.
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Juvenile Skeleton
Control

T4 drastically accelerated skeletogenesis of sea star
late bipinnaria/early brachiolaria larvae (24 days).
After 24 h of T4 exposure, P. ochraceus bipinnaria lar-
vae produced skeletal spicules (oral plates) adjacent to
the gut and somatocoel (Fig. 3L). By day 3, every sin-
gle T4-exposed larva had produced skeleton, including
oral and madreporitic plates, while not a single control
larva had begun skeletogenesis (Fig. 3K). At the end of
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observation (29 days, 5 days post-exposure), 5/30 (+2.7)  binomial logistic regression, n=12-40, p<0.05).

of control larvae had produced skeleton. This represents = Groups exposed to PD98059, an inhibitor of MAPK
a 4-day acceleration of skeletogenesis by T4, and a 22.6-  phosphorylation (ERK1/2), as well as T4, showed a

fold (+5.7) increase in the rate of skeletogenesis over the decrease in acceleration of initiation of skeletogen-

observed period. esis relative to the control. This effect was observed in
S. purpuratus and O. aculeata gastrulae (Fig. 4AC), as
Thyroid hormone signaling mechanisms well as during juvenile skeletogenesis in P ochraceus,

D. excentricus gastrulae exposed to both RGD peptide  S. purpuratus, and O. aculeata late-stage larvae (bino-
(a competitive inhibitor of the RGD-binding pocket mial logistic regression, n=12-40, p<0.05). However,
on RGD-binding integrins) and T4 showed less accel- PD98059 had little to no effect alone (Fig. 4D-F). P

eration of larval skeletogenesis relative to the control  ochraceus gastrulae did not produce skeleton either

than larvae exposed to T4 alone (Figure S4). This effect  with or without thyroid hormone exposure and as
was also observed in S. purpuratus (Fig. 4A), and O. such there were no differences in rate of skeletogenesis
aculeata gastrulae (Fig. 4C), as well as during juvenile between any P ochraceus gastrulae treatment groups
skeletogenesis in P. ochraceus late bipinnaria (Fig. 4E;  (Fig. 4B).

S. Purpuratus (Sea urchin) P. Ochraceus (Sea star) O. Aculeata (Brittle star)
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Fig. 4 Inhibitors of MAPK phosphorylation and integrin binding inhibit the effect of thyroid hormones on skeletogenesis in sea urchin, brittle star,
and sea star gastrulae and larvae. Larvae were exposed to the thyroid hormones, 13,73, and T4 (1 0~ M), RGD peptide (RGD; 10~ M) or PD98059
(PD; 5% 1077 M). A Sea urchin gastrulae. Thyroid hormones, including T4 and T3, accelerate initiation of skeletogenesis in sea urchin gastrulae
relative to the control (n=20, F (7152)=9.20; Tukey's HSD, p < 0.00001, T4: 95% CI [2.06-fold, 4.16-fold], T3: 95% CI [1.57-fold, 2.62-fold]). RGD peptide
and PD98059 inhibit the effects of T4 on skeletogenesis (Tukey's HSD, p <0.00001). Data reproduced from [106]. B Sea star gastrulae. THs were

not found to induce skeletogenesis in sea star gastrulae (n=20, ANOVA not possible, all groups identical; p=1.00). Sea star gastrulae do not contain
the cell type necessary for skeletogenesis. C Brittle star gastrulae. Thyroid hormones, including T4 and T3, accelerate initiation of skeletogenesis

in Brittle star gastrulae (n=20, F (7152)=12.45; p <0.00001; Tukey's HSD, T4: 95% CI [1.75-fold, 2.69-fold], T3: 95% CI [1.08-fold, 2.03-fold]). RGD
peptide (RGD) and PD98059 (PD) partially inhibit the effects of THs on skeletogenesis (Tukey’s HSD, p <0.0001). D Sea urchin pluteus larva. Thyroid
hormones accelerate juvenile skeletogenesis (=12, F (10,121)=20.88, p<0.00001), even in the presence of RGD peptide, or PDI8059 (p=0.0023,
0.019). A higher dosage of RGD peptide/PD98059 was previously found to inhibit skeletogenesis (Taylor 2021). Data reproduced from [106]. E

Sea star bipinnaria larva. Thyroid hormones accelerate, including T4 and T3, juvenile skeletogenesis (n=6, F (7,40)=36.25, p <0.00001). The effect
of thyroid hormones is inhibited by PD9809 and RGD peptide (Tukey's HSD, p <0.00001). F Ophiopluteus larva. Thyroid hormones (T4) accelerate
juvenile skeletogenesis (=12, F (3,44)=24.22; Tukey’s HSD p < 0.00001). This effect is partially inhibited by PD98059 (p=0.0163). The effect of RGD
peptide on skeletogenesis was not tested in late-stage O. aculeata. Asterisk indicates significant difference from the control
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T4-binding locations and colocalization with induced
MAPK phosphorylation

Thyroid hormone exposure increased MAPK phospho-
rylation in S. purpuratus gastrulae (n=4, p<0.05). RGD
peptide alone had no statistically significant effect on
MAPK phosphorylation, but did inhibit the effect of T4
(n=4, p<0.05). THs (T4) bound to PMCs in sea urchin
gastrulae (Fig. 5B), as well as to regions near the tip of the
developing archenteron. MAPK activation was seen most
strongly in secondary mesenchyme cells (neural precur-
sors) and the coelomic pouches (rudiment precursors),
as well as to a lesser degree in PMCs ingressing at the
vegetal pole. However, MAPK phosphorylation induced
by T4 exposure was primarily located in the PMCs
(p<0.01). Both MAPK activation and T4-binding loca-
tions appeared to be localized mainly to the cytoplasm
(Fig. 5) with limited binding to the nucleus/membrane,
contrasting with previously published results showing
primarily membrane binding. Typically, the site of MAPK
phosphorylation was colocalized with T4-binding sites
within the cell (Fig. 5C"'—~C”, D’’=D"”) in the PMCs,
and to a lesser degree, the SMCs, but not in the coelomic
pouches.

T4 did not significantly increase MAPK phospho-
rylation in P ochraceus gastrulae (t[8]=0.526, p=0.61;
Fig. 6E). RGD peptide decreased MAPK phosphorylation
(t[8]=2.80, p=0.023; Fig. 6E). No distinct T4-binding
sites were detected in either the control (Fig. 6A, C) or
T4-exposed larvae (Fig. 6B, D). MAPK phosphorylation
was most active in the developing coelomic pouches and
was asymmetrical in all samples (20/20).

T4 bound primarily to the midgut, hindgut, and soma-
tocoel in sea star bipinnaria (Fig. 7) and brachiolaria
(Fig. 8). T4-exposed larvae displayed higher levels of
MAPK phosphorylation in both bipinnaria and brachio-
laria (t(10)=3.42, p=0.007; Fig. 8B; P. ochraceus). In con-
trast, RGD peptide exposure resulted in a decrease in
MAPK phosphorylation as well as inducing whole-body
muscle contractions (Figure S2). Larvae exposed to both
RGD peptide and T4 displayed no statistically significant
difference in MAPK phosphorylation from the control
group (t(10)=1.31, p=0.218).

In bipinnaria, the region of strongest MAPK phos-
phorylation was the somatocoel (Fig. 7). T4 bound most
strongly to the membrane of gut cells, predominantly at
the cell—cell junctions, but also to the nucleus (Fig. 7C”).
MAPK phosphorylation in the gut was strongly colocal-
ized to cells which bind T4 (Fig. 7C”’). Few presump-
tive T4-binding sites were observed in the hydrocoel,
although the adjacent midgut did bind T4 (Fig. 7B).

We observed increased T4-binding sites in older sea
star brachiolaria (Fig. 8). Putative T4-binding cells in
the hindgut adjacent to the extending somatocoel were
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numerous and intensely fluorescent. Unlike in the bipin-
naria, we observed T4-binding sites in the hydrocoel. As
well, T4-binding sites were occasionally observed in the
membrane/cytoplasm but frequently colocalized well
with nuclear stains (Fig. 8D, E; 7(4) =0.715). Some MAPK
phosphorylation was observed, which corresponded to
T4-binding locations, primarily in the midgut and hind-
gut (Fig. 8C, E), but not the hydrocoel (Fig. 8D).

In late-stage ophiuroid larvae (eight-armed ophioplu-
teus), T4 bound to the gut, somatocoel, and presump-
tive skeletogenic mesenchyme in posterolateral arms
(Fig. 9A, B, F). In the posterolateral arms, we detected
T4-binding sites predominantly in mesenchymal cells
adhering to the skeletal rod (Fig. 9C, F). Most skeleton-
adhering T4-binding cells displayed increased MAPK
phosphorylation in response to T4 exposure. T4 signifi-
cantly increased MAPK phosphorylation in presumptive
skeletogenic cells in the posterolateral arms of O. acu-
leata ophioplutei (t(6) =2.594, p=0.041; Fig. 9G). T4 did
not increase phosphorylation in the hydrocoel (Fig. 9D)
or ciliated band. As well, we detected a trend towards
increased MAPK phosphorylation in the somatocoel/
posterior coelom which was not statistically significant
(Fig. 9E, G, p>0.05). The effect of T4 on total MAPK
phosphorylation is potentially inhibited by RGD peptide
with a mean decrease of 17% MAPK phosphorylation
fluorescent intensity, although this difference was not sta-
tistically significant (t(6) =1.08, p=0.320).

We imaged larvae with a variety of hydrocoel develop-
mental stages, from the beginning of metamorphic devel-
opment until the point at which the hydrocoel begins to
wrap around the gut. A representative T4-exposed larva
at the relatively advanced 5-lobed stage is depicted in
Fig. 9B, E. No larvae examined displayed a high degree of
T4-binding in the hydrocoel. In contrast, the somatocoel
of most larvae presented with presumptive T4-binding
sites, and T4-exposed samples showed a greater intensity
of MAPK phosphorylation in the somatocoel, colocalized
with T4-binding sites (Fig. 9F; 1(6) =0.748).

In sea urchin (S. purpuratus) eight-armed pluteus
larvae (rudiment soft tissue stages v-vii; [41]), RHT4
bound and fluoresced to gut cells, indicating potential
T4-binding sites (as in the other echinoderms we exam-
ined). In addition, T4 bound to the rudiment, primarily
to the rapidly developing layer most distal to the gut. In
T4-exposed larvae, MAPK phosphorylation was induced
in the gut and rudiment, strongly colocalized with puta-
tive T4-binding sites (¥(6)=0.862). A close examination
of binding sites in the T4-exposed larvae showed T4
binding in both the nucleus and cell membrane (Fig. 10B).
Nuclear binding was primarily observed in the rudiment
(r(6)=0.847), compared to the gut (¥(6)=0.459). This
is in contrast with S. purpuratus gastrulae and control
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Fig.5 Putative MAPK-P and T4-binding site distribution in Strongylocentrotus purpuratus gastrulae. Gastrulae were exposed for 90 min prior

to fixation. Gastrulae were stained with Hoechst 33342 (blue; nuclei), rhodamine-conjugated T4 (red; T4-binding sites), and an antibody

for phosphorylated MAPK (green, P-MAPK). Fluorescent debris exterior to gastrula was removed. A T4 increases MAPK intensity in S. p. larvae (n=4,
p <0.05; significant differences exist between cell types with no shared letter). This effect may be partially inhibited by RGD peptide (p <0.05). The
increase in MAPK phosphorylation is present in PMCs, but not SMCs or the coelomic pouch (n=4, p <0.05). Both SMCs and the coelomic pouch
presented with a high degree of MAPK phosphorylation in both the T4-exposed and control groups. B Maximum intensity projection of confocal
fluorescent image of S. p. gastrula. C-C” Focal slice of gastrula showing primary mesenchyme cells (PMCs) and lower archenteron. Arrowheads
(») PMCs. PMCs display greater T4 binding and MAPK phosphorylation than surrounding cells. Ventrolateral clusters have formed (vic). D-D” Focal
slice of gastrula showing tip of the archenteron and developing coelomic pouches, as well as secondary mesenchyme cells (SMCs). Arrowheads
(») identify SMCs. SMCs and the coelomic pouches display greater MAPK phosphorylation than surrounding cells. T4 binding is slightly elevated
in regions near the tip of the archenteron and small protein clusters in SMCs. c: Coelomic pouch, ar: Archenteron (gut), pmc: primary mesenchyme
cells, smc: secondary mesenchyme cells, vic: ventrolateral cluster
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late-stage plutei which both showed binding primarily in
the cytoplasm with potential membrane/nuclear binding
(Fig. 5B-D).

We found that sea star gut displayed highly asym-
metrical putative T4-binding locations, with increased
quantity and intensity of binding sites in the midgut and
foregut closer to the somatocoel (Fig. 11). We observed
possible T4-binding sites predominantly in the basal cell
membrane of gut epithelia, as well as the membrane of
gut-adjacent mesenchyme cells. Many of these cells also
display binding in the nucleus, albeit to a lesser degree
(r=0.566). There are more T4-binding cells adjacent to
the somatocoel and the intensity of T4-binding appears
to be higher adjacent to the somatocoel. In T4-exposed
larvae, these locations colocalize approximately with
increased MAPK phosphorylation in the gut, and to a
lesser degree, the somatocoel and mesenchyme cells
adhering to the gut/somatocoel boundary (t(10)=3.5%4,
p=0.0049; Fig. 10B) relative to control larvae (Fig. 11A).
RGD peptide prevents the effect of T4 on MAPK
phosphorylation (t(10)=3.16, p=0.010), but poten-
tially increases the number of T4-binding locations we
observed (p=0.023; Fig. 11C).

T4 presence in sea urchin gastrulae

We identified a cluster of cells at the tip of the develop-
ing archenteron containing thyroxine, based on IHC
(Fig. 12). Negative controls did not show any specific
staining in that area. The cells are thyroxine positive
before embryonic skeleton formation and are present
until gastrulation is completed and the mouth is formed.

Discussion

We found that THs (T4 and T3) accelerated skeletogen-
esis in larvae of distantly related echinoderm groups
(sea stars, brittle stars, and sea urchins), suggesting
a conserved regulatory mechanism of skeletogenic
mesenchyme by THs. T4 bound to cells near sites of
skeletogenic activity and increased MAPK phospho-
rylation. Both the acceleration of skeletogenesis and
the MAPK phosphorylation was inhibited by RGD pep-
tide (a competitive inhibitor of RGD-binding integrins),
as well as PD98059 (an inhibitor of MAPK [ERK1/2]

(See figure on next page.)
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phosphorylation) in all species. These results provide
further evidence for a role of non-genomic TH signal-
ing (signaling which does not proceed via the canonical
nuclear hormone receptor mechanism) via an integrin
membrane receptor-mediated MAPK cascade and sug-
gests a conserved regulatory mechanism between these
groups. However, PD98059 had no significant on skele-
togenesis alone, with the exception of O. aculeata larvae,
suggesting that either the concentration of PD98059 was
insufficient, that PD98059 failed to sufficiently inhibit
MAPK phosphorylation, or that MAPK signaling may be
less important for skeletogenesis than expected.

On a subcellular level, THs bind to the cytoplasm,
membrane, and nucleus in echinoderms. We found
nuclear binding to be more prominent in older echino-
derm larvae, especially in P ochraceus brachiolaria mid-
gut and S. purpuratus rudiment nuclei, as well as in D.
excentricus gastrulae. This coincides with evidence sug-
gesting genomic transcriptional regulation is much more
prominent in sea urchin eight-armed plutei relative to
gastrulae [106] and reports that TH levels rise in older
larvae as they develop to metamorphosis [15]. THs accel-
erate sea urchin rudiment development [15, 44, 104],
suggesting that the rudiment may be a primary site of
genomic TH signaling and regulation of metamorphosis.

We found that sea star bipinnaria showed the greatest
acceleration of skeletogenesis by thyroid hormones in
the late-larval stages, with THs inducing skeletogenesis
weeks in advance of typical development (e.g., [83]). This
might be attributed to the early presence of coelomic
mesenchyme adjacent to the gut, relative to S. purpuratus
and O. aculeata, where late mesenchymal cells responsi-
ble for skeletogenesis do not arise until rudiment forma-
tion [37].

Asymmetric binding of thyroid hormones to gut cells is
common to sea urchins, sea stars, and brittle stars. This
may reflect the asymmetric development of adult struc-
tures in pre-metamorphic echinoderms. A greater quan-
tity and intensity of the putative binding sites in the gut
wall nearest the somatocoel suggests a potential shared
mechanism of signaling from the gut wall to develop-
ing adult structures in the early rudiment. TH exposure
resulted in acceleration of skeletogenesis in the rudiment,

Fig. 6 MAPK-P and T4-binding site distribution in Pisaster ochraceus gastrulae. Gastrulae were exposed for 90 min prior to fixation. Gastrulae were
stained with Hoechst 33342 (blue; nuclei), rhodamine-conjugated T4 (red; T4-binding sites), and an antibody for phosphorylated MAPK (green,
P-MAPK). A Maximum intensity projection of confocal fluorescent image of control Po. gastrula. B Maximum intensity projection of confocal
fluorescent image of gastrula exposed to T4 for 90 min. C-C’ Focal slice of control gastrula showing tip of the archenteron and developing coelomic
pouches. D-D’ Focal slice of T4-exposed gastrula showing tip of the archenteron and developing coelomic pouches. MAPK phosphorylation
patterns are similar to the control gastrula. Few to no T4-binding sites were observed in any early P ochraceus gastrulae. E T4 did not significantly
increase MAPK phosphorylation in Po. gastrulae relative to the control. RGD peptide decreased MAPK phosphorylation relative to the control (n=5,
p <0.05). Asterisk indicates significant difference from the control. c: Coelomic pouch, ar: Archenteron (gut)



Taylor et al. EvoDevo (2024) 15:10 Page 13 of 26

Sea star

o =
ok W

Intensity

T4 —

©
9]
N
©
S
—
o
2

Control I

RGD+T4 M

A  Control 3.m

Fig. 6 (Seelegend on previous page.)



Taylor et al. EvoDevo (2024) 15:10

Sea star

Page 14 of 26

(bipinnaria). Larvae were exposed for 90 min prior to fixation. Bipinnaria

was stained with Hoechst 33342 (blue; nuclei), rhodamine-conjugated T4 (red; T4-binding sites), and an antibody for phosphorylated MAPK (green,
P-MAPK). A Maximum intensity projection of confocal fluorescent image of Po. bipinnaria. B-B”* Focal slice of midgut wall. C-C”” Focal slice

showing ventral view of midgut wall

a process blocked by inhibitors of TH binding to RGD-
binding integrins. This provides preliminary evidence
that TH signaling via a membrane integrin receptor in
gut and rudiment cells may regulate skeletogenesis in
adjacent mesenchyme.

Another possibility is that THs in the gut are binding
to membrane transporters. Exogenous TH uptake has
been proposed for echinoderms [29, 42, 74], and gut
wall transporters would be a crucial element in exog-
enous hormone uptake [73]. The transporter hypothesis
would partially explain why THs bind to some non-mes-
enchymal cells. These leave us with several explanatory
hypotheses for this phenomenon: either THs are binding
to transporters in the gut, or to receptors in the gut trig-
gering release of a secondary signal (likely endocrine or
neural, e.g., VEGF or serotonergic neuronal signaling).

The arrangement of sea urchin hydrocoel and soma-
tocoel is also unique within echinoderms. Sea urchin
hydrocoel is layered on the somatocoel, while in most
echinoderms, the hydrocoel and somatocoel develop in
distinct regions adjacent to the gut, with the hydrocoel
developing proximal to the mouth region and the soma-
tocoel developing closer to the midgut. In sea urchins,

both somatocoel and hydrocoel develop adjacent to the
midgut [98, 111]. This rearrangement of developing tis-
sues in sea urchins may be related to the early skeletal
development in the hydrocoel and the presence of TH-
binding sites and acceleration of development of sea
urchin hydrocoel by THs.

Sea urchin hydrocoel forms skeleton during rudiment
development, but sea star and brittle star hydrocoel does
not. Similarly, THs bind to sea urchin hydrocoel, particu-
larly to the tips of the developing tube feet where skel-
eton will form. T4 shows little to no binding to sea star
and brittle star hydrocoel. This suggests a possible link
between TH receptor expression in sea urchin rudiment
hydrocoel and TH regulation of skeletogenesis in sea
urchin rudiment, which may be a synapomorphy of sea
urchins relative to other echinoderms. In addition, T4
activates skeletogenesis in P ochraceus before the coe-
lomic sacs have wrapped around the gut, implying the
source of skeletogenic cells is either migratory mesenchy-
mal cells or gut cells, rather than the coelomic sac which
will eventually form the hydrocoel.

Cocurullo et al. [16] provided circumstantial evidence
based on transcriptional data that in sea urchin pluteus
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Fig. 8 MAPK and T4-binding site distribution in Pisaster ochraceus larva (brachiolaria) (A) Maximum intensity projection of a Pisaster ochraceus larva
(brachiolaria) which has just begun rudiment development. Larvae were exposed for 90 min prior to fixation. B T4 increased MAPK phosphorylation
in Po. late bipinnaria/early brachiolaria relative to the control (=6, p <0.05). RGD peptide decreased MAPK phosphorylation relative to the control
(n=6,p<0.05). C Single slice of MAPK phosphorylation in midgut. C” Single slice of T4-binding locations in midgut. D Coelom adjacent to gut. D
MAPK phosphorylation in gut and coelom. D” T4-binding locations in gut. Coelom shows little T4-binding. E Nuclear stain of hindgut. E” MAPK

phosphorylation in hindgut. E” T4-binding locations in hindgut. Asterisk indicates significant difference from the control. hc: hydrocoel, gut:
midgut, i: intestine leading to anus, sc: somatocoel
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larvae, THs may be synthesized in the gut and neurons
proximal to the gut (putative TH synthesis enzymes colo-
calized with typical gut and neuronal markers). They
found expression of peroxidasin and deiodinase (both are
potentially involved in TH synthesis), putative TH trans-
porters, and both THR and integrin membrane receptor
in early pluteus larvae. We found that the putative TH
synthesis enzymes were regulated by THs in pre-meta-
morphic sea urchin larvae [106]. This corresponds well
with previous models in which THs were both exoge-
nously and endogenously sourced, consumed as part of a
typical algal diet and synthesized by iodinating dityrosine
residues [29, 42]. In both cases, THs would be sourced
proximal to the gut. Given the lack of a circulatory sys-
tem and hypothalamic—pituitary—thyroid axis, we pre-
dicted that TH-binding sites in Echinoderm larvae might
also be gut-proximal. As the juvenile rudiment is adjacent
to the gut in species of Echinoderm which produce one,
this would provide a plausible explanation for thyroid
hormone regulation of development to metamorphosis,
and settlement.

Evolution of skeletogenic gene regulation in echinoderms
While the gene regulatory network (GRN) underlying
adult skeletogenesis is an apparent apomorphy shared
by extant echinoderms, larval skeletogenesis is likely a
synapomorphy of sea stars, brittle stars, and sea urchins
(Fig. 1, [93]). A possible model for the evolution of echi-
noderm larval skeletogenesis is of a single transfer of the
adult GRN to early larval echinoderm development, fol-
lowed by a secondary loss of larval skeleton in sea stars,
and partial loss in sea cucumbers [32]. Alternatively,
multiple origins of skeletogenesis in Echinodermata have
been proposed and this hypothesis remains under inves-
tigation [12, 28, 70].

MAPK phosphorylation of Etsl is responsible for the
majority of MAPK effects in skeletogenic sea urchin mes-
enchyme [93], and a MAPK cascade phosphorylating
Etsl is necessary for skeletogenesis in sea urchin larvae

(See figure on next page.)
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[34, 56, 85, 88]. During skeletogenesis, MAPK phospho-
rylates Etsl, leading to activation and increased tran-
scription of alxl, followed by expression and activation
of skeletogenic products. For echinoderm skeletogenesis
to occur, three elements are necessary: (1) a source of
MAPK/ERK signal activation, (2) Ets1 phosphorylation,
(3) alx1 expression. Ancestrally, ets1 likely specified both
adult skeleton and larval mesoderm in echinoderms [60].
Previously, T4 has been found to upregulate ets! in sea
urchin gastrulae (qQPCR; [104]), as well as a complement
of other skeletogenesis-related genes (RNA-seq; Taylor &
Heyland, 2023). However, it is still unclear whether TH
acceleration of skeletogenesis acts primarily via phospho-
rylation or upregulation of key transcription factors or
downstream effector genes.

Our results from this study confirm previous work on
MAPK activation via THs in sea urchins [104] and pro-
vide new evidence for this mechanism in sea stars, and
brittle stars. These findings support the hypothesis that
an integrin receptor binding THs and capable of MAPK
signal transduction is a common feature of echinoderm
skeletogenic mesenchyme. Recent work further supports
this hypothesis, as T4 and to a lesser extent T3 bind to
membrane fractions of sea urchin embryos [106]. How-
ever, limited efficacy of PD98059 in blocking skeletogene-
sis at some stages suggests that MAPK signaling may not
be entirely necessary for skeletogenesis, only sufficient.
Alternatively, an increased concentration of PD98059 as
was used in Taylor and Heyland [104] may have inhibited
skeletogenesis more fully.

We additionally found that RGD peptide inhibited the
action of THs. A putative RGD-binding integrin which
is a likely candidate for TH binding (Integrin aPBG) has
been reported to have high expression in sea urchin gas-
trula PMC:s, the skeletogenic cells during early sea urchin
development [16, 69, 101] and also the cells in which we
find the greatest influence of T4 on MAPK phosphoryla-
tion. In ophioplutei, mesenchymal cells adhered to the
skeleton also showed a MAPK phosphorylation response

Fig. 9 Thyroid hormones bind and increase MAPK phosphorylation in the somatocoel and in presumptive skeletogenic mesenchyme

in the larval arms in O. aculeata. Larvae were exposed for 90 min prior to fixation. A, B Maximum intensity projection of Ophiopholis aculeata larvae
(ophiopluteus) after T4 exposure. Larva A is in the early stages of metamorphic development (Stage 0 per our scheme). Larva B is in Stage 2,
possessing a five-lobed hydrocoel. C-C”” Single focal slice revealing T4-binding locations and MAPK phosphorylation in a larval arm. Arrowheads

"y

(») indicate presumptive skeletogenic mesenchyme. D-D

Single focal slice showing 5-lobed hydrocoel. Arrowheads () indicate hydrocoel

lobes. Little to no T4 binding is detected in the hydrocoel and hydrocoel MAPK phosphorylation does not differ from control larvae. E-E”” Single
focal slice showing somatocoel adjacent to the gut. Regions of increased T4 binding and MAPK phosphorylation are indicated with arrowheads
(»). T4-binding cells, indicated with arrowheads (), do not present with greatly increased MAPK phosphorylation. he: hydrocoel, gut: midgut, sc:
somatocoel, la: larval arm. F T4 binds primarily to the midgut and presumptive skeletogenic mesenchyme cells in ophiuroid larvae (n=4, p <0.05,
significant differences exist between cell types with no shared letter). We observed little binding in the ciliated bands and epithelial tissues,

with some observed binding in the hydrocoel and posterior coelom/somatocoel. G T4 increases MAPK intensity in O. a. larvae (n=4, p<0.05). This

effect may be partially inhibited by RGD peptide (n=4, p>0.05)
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Sea urchin

Fig. 10 T4 binds to gut and rudiment in S. purpuratus larvae. Exposure to T4 increases MAPK phosphorylation in the midgut and rudiment. Larvae
were exposed for 90 min prior to fixation. Larvae were stained with Hoechst 33342 (blue; nuclei), rhodamine-conjugated T4 (red; T4-binding sites),
and an antibody for phosphorylated MAPK (green, P-MAPK). Exposure to T4 and RGD peptide increases binding locations for T4 in the midgut.

A Control larva. Demonstrates binding sites for T4 in the gut and rudiment cytoplasm/membrane. Arrowhead () indicates an example

of a T4-binding site in gut. Arrow indicates T4 binding in rudiment. A” T4-binding locations in control larva. A”” MAPK phosphorylation locations
in control larva. Overall MAPK phosphorylation is low and primarily limited to the growth regions at the tip of the rudiment and some gut cells. B
T4-exposed larva. B’ T4-binding locations in gut and rudiment. Arrowhead (P) indicates an example of a T4-binding site in gut. Arrow indicates
T4 binding in rudiment. B”” MAPK phosphorylation in gut and rudiment. Arrow (=) indicates region of greatest phosphorylation in rudiment,

at the tips of the developing lobes

to TH exposure, suggesting that ophiuroid skeletogenic
mesenchyme may also be expressing a TH/RGD-binding
integrin.

At the concentration we used, RGD alone has no
detectable effects on skeletogenesis. If RGD was affect-
ing skeletogenesis by altering PMC adhesion, we would
expect to see a decrease in spicule deposition rate of
RGD-exposed larvae. We have not seen this, either in this
manuscript, or in previous work [102, 104]. While this
evidence suggests an inhibitory effect of RGD peptide
on TH binding and activity, RGD peptides may also have
additional signaling effects. For instance, we observed
RGD inducing whole-body muscular contractions in sea
star larvae. As well, we saw a small, but statistically sig-
nificant effect of RGD peptide on MAPK levels in sea star
larvae, and previous work showed an effect of extremely
high concentrations of RGD peptide (10 uM) on initia-
tion of skeletogenesis in previous work [104].

Expression of RGD-binding proteins is crucial for epi-
thelial-mesenchyme transition in echinoderms [40, 55],
vertebrates [31, 66, 77], and non-bilaterians [67], and may
predate multicellular life [20]. RGD-binding of integrins

to an extracellular matrix allows for selective adhesion,
detection of the ECM, and signal transduction, which
may have contributed to the evolution of multicellular-
ity. Sponges and corals—some of the earliest branch-
ing metazoans—utilize iodinated tyrosine residues in
the construction of the skeletal matrix, which in some
sponges and corals is composed of up to 10-26% iodine
(dry weight), predominantly in the form of iodinated
scleroproteins [38, 87]. The greatest fraction of the iodi-
nated tyrosine is in the form of T2 and T4 [78, 87] with
exposure to T4 increasing the skeletal deposition rate in
corals [57, 78]. It is, therefore, conceivable that thyroid
hormones served as a structural element of early meta-
zoan ECM. It is not clear whether T4 in corals has a
regulatory effect, or if increased skeletal deposition rate
as a result of T4 exposure is a consequence of increased
material availability. In contrast, the primary active form
of THs in vertebrates, T3, has not been detected in non-
bilaterians [87, 102]. We speculate that the capability of
RGD-binding integrins to bind T4 and other iodinated
tyrosine compounds may have an ancient origin in non-
bilaterians (discussed in [103]), though the mechanism
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Fig. 11 RGD inhibits the effect of T4 in Pisaster ochraceus larvae. T4 binds to gut and somatocoel in P, o. larvae. Larvae were exposed for 90 min

prior to fixation. Exposure to T4 increases MAPK phosphorylation in the midgut and somatocoel. Larvae were stained with Hoechst 33342 (blue;
nuclei), rhodamine-conjugated T4 (red; T4-binding sites), and an antibody for phosphorylated MAPK (green, P-MAPK). Exposure to T4 and RGD
peptide increases binding locations for T4 in the midgut. Arrowheads () indicate T4 binding or MAPK phosphorylation in the gut wall. Arrows
indicate T4 binding or MAPK phosphorylation outside the gut wall. A-A”” Control larva, from left to right: Combined image, T4-binding sites,

MAPK phosphorylation. T4-binding locations are visible in and adjacent to the gut. B-B”” T4-exposed larva, from left to right: Combined image,
T4-binding sites, MAPK phosphorylation. T4-binding locations are visible in and adjacent to the gut, especially adjacent to the somatocoel. Regions
of increased MAPK phosphorylation correspond roughly with T4-binding sites. C-C”” RGD and T4-exposed larva, from left to right: Combined
image, T4-binding sites, MAPK phosphorylation. T4-binding sites are present in the gut wall, but effects of T4 on MAPK phosphorylation are reduced.
There is an increase of T4-binding sites in RGD-exposed larvae. s: Somatocoel. Gut: midgut

of action and function of T4 in non-bilaterians remains
unknown.

Echinoderms possess a single THR gene, orthologous
to THRp, and while binding of THs to the echinoderm
THR has not been demonstrated, we have previously
shown that T4 can regulate gene expression of genes
proximal to TH response elements in the genome [106].
Furthermore, T4 can bind to nuclear extract from echi-
noid cells [92]. Our results here show TH binding to the
nucleus in sea star and sea urchin gut and rudiment. We

only observed this binding in late-stage larvae, corrobo-
rating our previous hypothesis that T4 regulation of gene
expression via THR is a late-larval phenomenon in sea
urchins [106]. In this study, T4 exposure resulted in an
increase of TH-binding locations, an effect which was
not inhibited by RGD peptide in sea urchin, ophiuroids
and sea star larvae. Autoregulation of the THR is a clas-
sic sign of canonical TH signaling via a nuclear receptor,
an effect which we also detected in Taylor et al. [106].
Since RGD is not known to bind to the nuclear hormone
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Fig. 12 Immunohistochemistry using a monoclonal thyroxine antibody reveals localization of thyroxine positive cells at the tip of the developing
archenteron and mouth. A Maximum Z-projection of gastrulating sea urchin embryo 40 hpf, showing thyroxine positive cells at the tip

of the archenteron, A’ representative optical section in DIC showing some of the cells stained, A" negative control with pre-absorbed thyroxine
antibody of stage-matched embryo shows no staining. B Maximum Z-projection of gastrulating sea urchin embryo 48.5 hpf, showing thyroxine
positive cells at the tip of the archenteron and mouth. B’ representative optical section in DIC showing some of the cells stained, B” negative
control with pre-absorbed thyroxine antibody of stage-matched embryo shows no staining. Scale bar: 10 um. Pmc: Primary mesenchyme cells, bp:

blastopore, a: archenteron, arrow points to positive staining

receptor, this suggests that expression of TH-binding
locations may be under control of a non-integrin mecha-
nism, such as via autoregulation by the THR, providing
evidence for canonical TH signaling activity in all three
classes of Echinoderm we examined.

The commonality of binding locations and the evidence
that THs may regulate metamorphic development in
echinoids [15, 44, 91] and sea stars [54] suggests a poten-
tial role for THR in regulating echinoderm metamor-
phosis. However, unpublished data mentioned by Holzer
et al. [48] suggests that T4, among other TH compounds,
may not bind to sea star isolated THR, and these authors
hypothesized that THR may be functioning while unli-
ganded. In addition, it appears that retinoic acid signal-
ing via the retinoic acid receptor (RAR) instead may be
a mechanism for nuclear hormone receptor-regulated
metamorphosis of sea stars, as in crinoids [115, 116]. Evi-
dence for genomic regulation of development by THs by
binding to a THR is strong in sea urchins and tenuous
for sea stars and brittle stars. Future research will have to
test this hypothesis further by analyzing transcriptomic
response to THs (as in [106]), ideally with a ChIP assay or
binding kinetics to confirm TH binding to THR.

Thyroid hormone signaling has been repeatedly co-
opted to regulate developmental processes. Not only do
THs work via multiple independently evolved mecha-
nisms [25], THs regulate developmental processes
which also evolved independently. For example, THs
appear to regulate skeletogenesis in both echinoderms
and chordates—but echinoderm skeletogenesis is a
novelty of the phylum and distinct in both regulatory
mechanisms and material components from chordate
skeletogenesis [2, 64, 76, 85]. THs additionally regulate
metamorphic development or settlement in molluscs,
annelids, echinoderms, and chordates [11, 15, 36, 44,
47, 49, 53, 58, 79, 80, 91], a process which may or may
not share a single origin. As well, THs regulate diverse
other developmental systems, including neurogenesis,
vasculogenesis, metabolism, and myogenesis [7, 25].
THR actions rely on RXR, a transcription factor which
is already implicated in a large number of transcrip-
tional regulatory events [33] and creates a signaling
complex with THR in at least insects and vertebrates.
The genomic TH mechanism has the ability to activate
and regulate numerous genes [106, 109] and RXR is
ubiquitously expressed [33, 108], meaning coexpression
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of THR and TH availability are the main regulators of
cell responsiveness to THs via the genomic pathway.
Synthesis and metabolism of THs is common to most
metazoans, with most animals having the ability to syn-
thesize thyroxine and other THs [103]. Nuclear hor-
mone receptor heterodimers with RXR as a component
are implicated in control of development and meta-
morphosis in metazoans [39, 62], including cnidarians
which do not possess a THR [35]. These features com-
bined create a readily evolvable system of TH gene
regulation. Similarly, non-genomic signaling acts via
integrin activation of MAPK, a ubiquitous pathway
which can be triggered by a commonly expressed class
of proteins: RGD-binding integrins [3, 17, 25, 102, 104].
Receptiveness to integrin-mediated signaling can easily
evolve in multiple cell types, relying only on proxim-
ity to a source of THs and expression of a TH-binding
integrin making TH signaling a versatile system in both
development and evolution. In a cell containing both
signaling pathways, we speculate that external THs
would first activate the integrin signaling pathway, trig-
gering rapid phosphorylation and activation of proteins
(including the nuclear THR) before being transported
to the cytoplasm/nucleus and binding to the nuclear
THR to regulate gene transcription.

Thyroid hormone regulation of skeletogenic mesen-
chyme appears to be a common mechanism in echino-
derms, including conserved expression of an integrin
receptive to T4 which can trigger a MAPK cascade, and
a conserved requirement for a MAPK cascade phospho-
rylating Etsl and initiating skeletogenesis via Alx1 [21,
37, 59, 70, 88]. Skeletogenesis is an essential component
of metamorphic development and acceleration of skel-
etogenesis may play a role in regulation of metamor-
phosis, particularly in echinoid larvae [41, 81, 104, 112].
TH levels in sea urchins rise prior to metamorphosis
[15], contributing to the control of developmental tim-
ing of metamorphosis and settlement. The acceleration
of skeletogenesis by THs represents an extremely evolv-
able mechanism, as THs would already be present in and
proximal to the rudiment, and skeletogenic mesenchyme
would already be sensitive to MAPK phosphorylation.
MAPK regulation of skeletogenic activity seems to be
present in all echinoderms. The only necessary element
would be expression of a TH-binding integrin to trig-
ger or enhance MAPK signaling. TH regulation of skel-
etogenesis appears to exist in sea urchins, sea stars, and
brittle stars. Alternatively, the inverse could apply: TH
regulation of metamorphosis would be extremely evolva-
ble in the case that THs are already synthesized or trans-
ported to the rudiment to control skeletogenesis. THs
accelerate both larval and adult skeletogenesis in larval
brittle stars and sea urchins (and adult skeletogenesis in
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sea star larvae). It seems increasingly likely that TH regu-
lation of echinoderm skeletogenesis is at least as ancient
as the divergence of Echinozoa and Asterozoa.

Critically, the hypothesis that endogenous hormone
synthesis is responsible for regulation of skeletogenesis in
larval and adult echinoderms is still mostly untested. Pre-
vious work with inhibitors of endogenous TH synthesis
demonstrated that endogenous TH synthesis is relevant
for development in sea urchins [4, 15, 43, 44, 89]. TH
mechanisms in echinoid metamorphic development may
involve peroxidase-facilitated diffusion or transport [43,
74]. For the first time, we showed thyroxine presence in
specific sea urchin embryonic cells. We identified several
thyroxine positive cells at the tip of the developing arch-
enteron and sea urchin gastrulae. These cells are located
in the region of the pharyngeal endoderm and are located
in proximity to endoderm derived neurons previously
described [110]. While similar in origin to endostyle-
derived cells in urochordates and cephalochordates, the
cell lineage giving rise to these cells will require further
investigation. Coinciding with our results, gene expres-
sion of putative TH synthesis genes has also been shown
in gastrulae [16], particularly in gut-proximal neurons
and gut cells.

In addition, responsiveness to THs in echinoderm gas-
trulae may be a consequence of a shared GRN in gas-
trulae, larvae, and adults, and not a trait which is active
under normal physiological conditions. Future work
should focus on inhibition of TH synthesis and attempt
to determine which effects of THs, if any, are derived
from endogenous hormone synthesis versus exogenous
hormone sources (as in the vitamone hypothesis; [29]),
as well as the source of thyroid hormones in Echinoderm
embryos and larvae.

Skeletal loss/reduction in sea stars and sea cucumbers

In the case of a single larval origin of skeletogenesis,
there is currently no satisfactory explanation for the loss
of skeleton in sea star larvae. Sea cucumbers and sea
stars have likely undergone an independent loss of larval
skeleton in comparison to sea urchins and brittle stars.
The reduction in sea cucumber larval skeleton might be
attributed to the same evolutionary process as the reduc-
tion in adult skeleton, given that they share a GRN [70,
118], and expression of biomineralization-related genes is
greatly reduced in the adult [97, 118]. It is possible that
the adult skeleton of sea stars has also been reduced, as
they possess less skeleton (dry weight) than either sea
urchins or brittle stars [27]. The adult skeleton is highly
reduced in sea cucumbers, some crinoids, and some
extinct echinoderms [95-97, 117]. In contrast with sea
star larvae, sea cucumbers still initiate larval skeletogen-
esis and have larval skeletogenic mesenchyme. It is likely
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that the sea cucumber larval skeleton was reduced from
an ancestral state, given the close relation to sea urchins
and brittle stars, both of which have extensive larval skel-
etons. It has been suggested that sea cucumber adult
skeletal reduction is an example of paedomorphosis [19,
95]; however, it is not clear whether reduction in larval
or adult skeletogenesis came first, or if due to the shared
regulatory mechanism, the reduction was simultane-
ous. The secondary reduction in sea cucumber skeleton
appears to be a likely result of modification or loss of
transcription factors in the skeletogenic mesenchyme,
possibly related to the reduction in adult skeleton. This
contrasts with reduced sea star skeleton which relies on
non-expression of the skeletogenic transcription fac-
tors until metamorphic development. For this reason,
we hypothesize that sea cucumber larvae may still be
responsive to thyroid hormone exposure and predict that
they might undergo accelerated or expanded skeletogen-
esis after TH exposure. This could be tested in future
experiments and would shed light on both sea star and
sea cucumber skeletogenesis, as well as the differing evo-
lutionary trajectories that led to reduction/loss of larval
skeletogenesis in both lineages.

Sea star larvae do not express alx1 and are, therefore,
incapable of producing skeleton until metamorphic
development when coelom-derived mesenchyme likely
becomes primed for skeletogenesis by expressing alx1
and other skeletogenic regulatory genes [59]. In contrast,
sea cucumbers retain expression of alxi, but have lost
expression of downstream secondary transcription fac-
tors in the skeletal mesenchyme [70]. This explains why
sea star gastrulae were unresponsive to THs in our exper-
iments: Alx1 is not present to be phosphorylated, and
therefore, no skeleton can be formed [59]. The full com-
plement of skeletogenic regulator genes is present and
functional in sea stars, but not expressed in larval cells
until the production of skeleton in the rudiment prior to
metamorphosis. This may represent a secondary loss of
the previously evolved heterochronic activation of the
skeletogenesis program during larval gastrulation [93].

Thyroid hormone regulation of developmental timing

Regulation of developmental timing is critically impor-
tant in the case of both larval and juvenile skeletogenesis.
Larval skeleton in sea urchins and brittle stars supports
the larval arms which act as both feeding structures and
a defense against predation [5, 99]. Skeletogenesis must
begin soon after hatching, as the larvae prepare to feed.
In late-stage larvae, development to metamorphosis and
juvenile skeletogenesis are essential steps to prepare for
life on the benthos. P ochraceus can produce skeleton
weeks before metamorphosis [83]. S. purpuratus devel-
ops skeletal elements 5-7 days prior to metamorphosis,
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and O. aculeata produces skeleton only 1 or 2 days before
metamorphosis. These represent differing strategies of
resource investment in juvenile structures during the lar-
val feeding stage. Control of resource allocation towards
metamorphic development must be carefully balanced
with larval growth [99]. For instance, in sea urchins, THs
increase skeletogenesis in the juvenile rudiment while
shortening the larval arms [1, 15, 44, 113]. Similarly, THs
may allow for control of resource investment in both brit-
tle star and sea star larvae. One potential source of THs is
exogenous [29, 42], implying that food availability might
modulate late-larval development.

P, ochraceus is also notable for spending a longer than
typical time developing juvenile structures as a brachio-
laria larva [83]. The early responsiveness of P. ochraceus
skeletogenesis to THs may relate to the need for temporal
control of the extended development to metamorphosis.
In contrast, O. aculeata develops few skeletal structures
prior to a rapid metamorphosis and was only responsive
to TH acceleration of juvenile skeletogenesis several days
before a typical metamorphosis would occur.

We did not examine any direct-developing echino-
derms (echinoderms which develop directly from egg to
adult without a feeding larval stage). Echinoderm eggs
are maternally provisioned with THs [15] and TH regu-
lation of metamorphic development is sufficient to allow
an obligate feeding species with an indirect development
to act as a facultative feeding larva and metamorphose
without the need for food [44], albeit with a much smaller
juvenile size. Based on the potentially shared mecha-
nisms and role of THs in sea stars and brittle stars, we
predict that the same phenomenon might be observed in
non-echinoid echinoderms.

Conclusions

Thyroid hormones, principally thyroxine, accelerate
initiation of skeletogenesis in sea urchins, sea stars,
and brittle star larvae. THs also accelerate initiation
of skeletogenesis in brittle star and sea urchin gastru-
lae, but do not induce ectopic skeletogenesis in sea star
gastrulae (which normally do not produce skeleton).
Thyroid hormones bind to cells proximal to regions of
skeletogenesis, primarily in the gut and rudiment, and
stimulate MAPK phosphorylation. We found puta-
tive T4-binding sites in the nucleus, cytoplasm, and
membrane, depending on the larval stage and echi-
noderm, with nuclear binding being most prominent
in sea urchin gastrulae, as well as the gut/rudiment of
late-stage sea urchin, brittle star, and sea star larvae.
RGD peptide, an inhibitor of the RGD-binding pocket
in RGD-binding integrins, inhibits the effect of thyroid
hormones in all three echinoderm classes examined.
PD98059, an inhibitor of MAPK signaling, prevents the
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effect of THs on skeletogenesis, especially in sea star
larvae, but had little effect alone at the concentration
used. Thyroid hormones may act non-genomically, via a
membrane integrin receptor-mediated MAPK cascade
in sea stars, brittle stars, and sea urchins. TH regula-
tion of mesenchyme cell activity may be an ancient
mechanism to control timing of development, includ-
ing skeletogenesis. TH regulation of skeletogenesis in
late mesenchyme cells prior to metamorphosis may
have been co-opted to regulate larval skeletogenesis in
sea urchins and brittle stars.
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Additional file 1: Figure S1. MAPK quantification methods. (A) MAPK
phosphorylation was quantified by automatic cell counting in the Hoe-
chst 33342 channel (1; Hoechst), followed by thresholding (2; Hoechst),
identification of nuclei locations (3; Hoechst), pruning nuclei which were
more centered on another stack slice (4; Hoechst), and measurement

of fluorescent intensity of each individual cell in a radius around each
nucleus (5 [RHT4], 6 [MAPK-P) (see file S1. for ImageJ script). (B) Intensity
was normalized to the Hoechst 33342 signal to account for attenuation.

Additional file 2: Figure S2. RGD effects on muscle contraction in Pisaster
ochraceus. RGD peptide induced repeated whole-body muscle contrac-
tions in R ochraceus bipinnaria. This effect was observed to a lesser degree
in brachiolaria.

Additional file 3: Figure S3. MAPK and T4-binding site distribution in Den-
draster excentricus gastrula exposed to T4. Gastrula was exposed to 107 M
T4 for 90 minutes. Gastrula was stained with Hoechst 33342 (blue; nuclei),
rhodamine-conjugated T4 (red; T4-binding sites), and an antibody for
phosphorylated MAPK (green, P-MAPK). Both T4-binding sites and MAPK
activation are ubiquitous during early gastrulation. (A) Maximum intensity
projection of confocal fluorescent image of D.e. gastrula, 30 hours post-
fertilization. (B) Close-up side view of lateral ectoderm. (C) Close-up of
extracellular matrix and basal membrane near ventrolateral cluster (vic).
T4 binds clearly to the nucleus-proximal membrane. (D) Nucleus and
cytoplasm of cells near ventrolateral cluster. T4 shows strong nuclear and
perinuclear binding.

Additional file 4: Figure S4. Ectopic skeleton and accelerated skeletogen-
esis in Dendraster excentricus. (A) Whole-larva view of skeleton. Additional
skeleton was observed in the larval arms and posterior end. (B) Ectopic
arm skeleton formed duplicate parallel larval arms, connected with a
“window-like” network. (C) Ectopic skeleton at the posterior end formed a
network reminiscent of late-larval development, similar to a juvenile plate.
Curled arrow indicates that this is a posterior view of the same larva. (D)
Larvae were exposed to the thyroid hormones, rT3,T3,and T4 (107 M),
RGD peptide (RGD; 10”7 M) or PD98059 (PD; 5x10” M). Thyroid hormones,
including T4 and T3, accelerate initiation of skeletogenesis in. RGD peptide
and PD98059 inhibit the effects of THs on skeletogenesis (t-test, p < 0.05).

Additional file 5: Figure S5. Hormone exposure methods (A) Schematic
diagram of fluorescence microscopy methodology. (B) Schematic diagram
of late-larval exposure methodology. (C) Schematic diagram of gastrula
exposure methodology.
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