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The skeletogenic gene regulatory network (GRN) of sea urchins and other echinoderms is one
of the most intensively studied transcriptional networks in any developing organism. As such, it
serves as a preeminent model of GRN architecture and evolution. This review summarizes our
current understanding of this developmental network. We describe in detail the most compre-
hensive model of the skeletogenic GRN, one developed for the euechinoid sea urchin Strongylo-
centrotus purpuratus, including its initial deployment by maternal inputs, its elaboration and
stabilization through regulatory gene interactions, and its control of downstream effector genes
that directly drive skeletal morphogenesis. We highlight recent comparative studies that have
leveraged the euechinoid GRN model to examine the evolution of skeletogenic programs in
diverse echinoderms, studies that have revealed both conserved and divergent features of ske-
letogenesis within the phylum. Last, we summarize the major insights that have emerged from
analysis of the structure and evolution of the echinoderm skeletogenic GRN and identify key,
unresolved questions as a guide for future work.
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1 | INTRODUCTION

The process by which a single cell gives rise to a multicellular organism
is encoded in the genome (Peter & Davidson, 2015). A central chal-
lenge of biology is to explain how information contained in the geno-
mic sequence (which is inherently one-dimensional in nature) is read
out during embryogenesis, ultimately producing the three-dimensional
anatomy characteristic of an organism. It is well-established that
although all cells in the embryo contain the same genome, they pro-
gressively acquire distinct properties by expressing different subsets
of genes. Differential gene expression involves diverse regulatory
mechanisms, but during metazoan development, transcriptional regu-
lation plays a pivotal role (Andrey & Mundlos, 2017; Spitz & Furlong,
2012). Any comprehensive model of development must explain how
distinct domains of differential gene transcription arise in the early
embryo, how they become progressively refined, and how they con-

trol embryo anatomy.

development, echinoderm, evolution, gene regulatory network, morphogenesis, primary

mesenchyme, sea urchin, skeletogenesis, transcriptional network

Gene regulatory networks (GRNs) have emerged as a valuable
tool for studying the genetic control and evolution of development
(Ettensohn, 2013; Levine & Davidson, 2005; Peter & Davidson, 2015).
At their core, GRNs represent interactions among regulatory genes
(i.e., genes that encode transcription factors). The sum total of these
interactions determines the regulatory state of a cell, which can be
thought of as the ensemble of functional transcription factors present
in the cell at a given time (Peter, 2017). GRNs are typically repre-
sented as wiring diagrams that describe functional interactions (which
can be direct or indirect) among regulatory genes (Figure 1). Any single
representation cannot capture the dynamic nature of developmental
GRNs but a series of embryonic stage-specific diagrams can do so to a
first approximation. Because cell-cell signals play a critically important
role in regulating embryonic cell fates and because they act to modu-
late cell regulatory states, genes associated with cell-cell signaling
(i.e., genes encoding ligands, receptors, and signal transduction com-

ponents) are also sometimes incorporated into GRNs. The acquisition
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of cell identities during development can be interpreted as the deploy-
ment of distinct GRNs in different cells or territories of the early
embryo (Figure 2).

The final readout of development is anatomy; therefore, regula-
tory networks have much greater explanatory power if they can be
linked to effector genes that control the cellular processes that shape
embryonic tissues (Ettensohn, 2013; Lyons, Kaltenbach, & McClay,
2012). The cell-level properties that directly drive tissue morphogene-
sis (e.g., cell adhesion, shape, motility, proliferation, etc.) are regulated
by effector genes that are controlled by the same transcriptional net-
works that specify cell identity. Therefore, the most comprehensive
GRN models include linkages between regulatory genes and down-
stream genes that perform such morphogenetic functions. By means
of such linkages, GRNs provide a logical framework for understanding
how morphology is encoded in the genome; that is, for explaining the
connection between genotype and (morphological) phenotype.

The insight that developmental anatomy is controlled by GRNs
provides a conceptual basis for examining changes in genome
sequence that underlie the evolution of morphology. Comparative
studies of GRN architecture across organisms can reveal conserved

features, providing evidence of ancient regulatory systems or of

homologous structures, as well as novel network circuitry that has
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FIGURE 1 A hypothetical developmental gene regulatory network
(GRN). GRNSs are typically depicted using circuit diagrams like the one
shown here. Because GRNs are dynamic, such diagrams are either
snapshots of network topology at a single developmental stage or
time-averaged views (as here). In this simplified GRN, localized
maternal inputs activate early regulatory (transcription factor-
encoding) genes (regulatory genes A and B), which activate the
expression of late regulatory genes (regulatory genes C-E). Positive
and negative interactions among the regulatory genes in the network
are depicted by arrows and bars, respectively. The sum total of these
gene interactions determines the suite of transcription factors present
in a cell at any particular stage of development (the cell “regulatory
state”) and ultimately specifies the cellular phenotype. One of the
consequences of the cell regulatory state is the activation of non-
transcription factor-encoding (“effector”) genes that carry out cell
type-specific developmental functions. These include signaling genes,
which play critically important roles in developmental processes, and
genes that regulate morphogenetic cell behaviors. Sets of effector
genes often share regulatory controls (effector gene sets 1 and 2).
Bent arrows projecting from each gene symbol indicate transcription

Territory 1

Territory 3

FIGURE 2 Establishment of cell identities via the deployment of
distinct GRNs in territories of the early embryo. The early embryo can
be thought of as comprising several multicellular territories (colored
blue, gold, and red in this diagram). A different gene regulatory
program (i.e., a distinct GRN) is deployed in each territory (colored
arrows and circuit diagrams), endowing the constituent cells with a
distinct identity

arisen during the independent evolution of animal taxa (Rebeiz,
Patel, & Hinman, 2015; Rebeiz and Tsiantis, 2017). By comparing the
structure of GRNs in appropriate developmental model systems that
span a range of evolutionary distances, it is possible to reconstruct
the evolutionary changes in the genome that have led to the appear-
ance of new embryonic cell types, new embryonic structures, and new
morphologies.

Sea urchins and other echinoderms are well-suited to gene regu-
latory network analysis, and detailed GRNs have been constructed for
many territories of the early embryo (Arnone, Andrikou, & Annunziata,
2016; Ben-Tabou de-Leon & Davidson, 2009; Ettensohn, 2009; Mar-
tik, Lyons, & McClay, 2016; Peter & Davidson, 2015; Smith, 2008).
Among these, the GRN that underlies the development of the embry-
onic skeleton is among the most comprehensive and, arguably, the
most illuminating with respect to the evolution of development.
Below, we first briefly introduce the process of skeleton formation in
sea urchin embryos. Second, we examine in detail the architecture of
the GRN that operates in embryonic skeletogenic cells. Last, we dis-
cuss recent studies that have leveraged this network to examine the
evolution of skeletogenesis within echinoderms.

2 | SKELETOGENESIS IN SEA URCHINS

All adult echinoderms have an endoskeleton composed of calcite, a
crystalline form of calcium carbonate. The most prominent calcified
structures of the adult are the test, spines, and structures associated
with Aristotle's lantern—the feeding apparatus of the animal (Stock,
2014; Veis, 2011). In most sea urchins (and in most echinoderms), the
adult form arises through maximal, indirect development; that is,
through the metamorphosis of a free-swimming, feeding larva that
has a morphology radically different from that of the adult. Indirect

development is wusually considered to be ancestral within
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echinoderms, and is certainly ancestral among modern echinoids,
although direct development has arisen independently many times
(Emlet, 1985; Raff, 1987; Smith, 1997).

For those echinoderms that produce a larval skeleton, including
sea urchins, the skeleton establishes the angular shape of the larva
and influences its swimming, orientation, and feeding (Hart & Strath-
mann, 1994; Pennington & Strathmann, 1990; Strathmann, 1971;
Strathmann & Grunbaum, 2006). The elongated arms of the larva are
supported by skeletal rods and decorated with ciliated cells that move
food toward the mouth. Echinoderm larvae that have relatively long
arms remove algae from the seawater more rapidly than larvae with
short arms (Strathmann, 1971). In addition, sea urchin larvae regulate
skeletal growth in response to food availability; they form relatively
short arms when food is abundant and longer arms when food is
scarce (Boidron-Metairon, 1988; Hart & Strathmann, 1994; Miner,
2007). When food is abundant, dopamine-based signaling slows the
growth of skeletal rods that support the larval arms (Adams, Sewell,
Angerer, & Angerer, 2011).

In euechinoid sea urchins (the largest subclass), the embryonic
founder cells of the skeletogenic lineage arise at the 32-cell stage,
when four large micromeres form at the vegetal pole of the embryo
(Figure 3). These cells undergo several additional mitotic divisions and
their descendants are transiently incorporated into the epithelial wall
of the blastula. Later in development, the 32-64 large micromere
descendants undergo a spectacular sequence of morphogenetic
behaviors (see reviews by Ettensohn, Guss, Hodor, & Malinda, 1997;
Wilt & Ettensohn, 2007; Ettensohn, 2013; Mclintyre, Lyons, Martik, &
McClay, 2014). At the mesenchyme blastula stage, these cells undergo
an epithelial-to-mesenchymal transition (EMT) and ingress into the
blastocoel, after which they are referred to as primary mesenchyme
cells (PMCs). During gastrulation, PMCs extend filopodia and migrate
along a thin basal lamina that lines the blastocoel wall. Their migration
is guided by ectoderm-derived cues that direct the cells to adopt a
ring-like pattern near the equator of the embryo, within which two
ventrolateral clusters of PMCs form. As the PMCs migrate, their filo-
podia fuse, creating a pseudopodial cable that joins the cells in a sin-
gle, syncytial network. The calcite-based rods that form the skeleton
are secreted within this pseudopodial cable, beginning with the depo-
sition of a small, triradiate spicule rudiment in each ventrolateral PMC
cluster at the mid-gastrula stage. The three radii of each spicule rudi-
ment subsequently elongate and branch in a stereotypical manner
(Guss & Ettensohn, 1997; Okazaki, 1975a), eventually producing the
elaborate endoskeleton of the early pluteus larva. When the larva
begins to feed, it has two pairs of elongated arms—the anterolateral
and postoral arms.

Although cells of the large micromere-PMC lineage construct the
entire embryonic (prefeeding) skeleton, many additional skeletal ele-
ments (the dorsal arch, posterodorsal rods, and preoral rods) arise
after the larva begins to feed, and other mesodermal cells participate
in the formation of these structures (Yajima, 2007). Eventually, the
feeding larva undergoes metamorphosis, a major transformation dur-
ing which the juvenile sea urchin emerges from a primordium known
as the echinus rudiment. During this process, most larval structures
(including most larval skeletal elements) are lost. During the late feed-

ing stage, some future adult skeletal elements (e.g., certain genital and

C
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terminal plates that will be incorporated into the test on the aboral
side of the animal) grow from the proximal tips of larval rods (Emlet,
1985; Gosselin & Jangoux, 1998). Most adult skeletal structures, how-
ever, arise de novo within the echinus rudiment and are produced by
fusogenic, mesenchymal cells of unknown lineage (Kniprath, 1974;
Markel, Roeser, Mackenstedt, & Klostermann, 1986).

3 | THE PMC GENE REGULATORY
NETWORK OF SEA URCHINS

3.1 | Cell-autonomous activation by maternal factors

Embryological studies, primarily involving micromere transplantation
and recombination experiments, originally showed that the skeleto-
genic lineage is autonomously specified during early cleavage (see ref-
erences in Ettensohn et al., 1997). Furthermore, when micromeres are
isolated from 16-cell stage embryos and cultured in unsupplemented
sea water, they divide, become motile, fuse, and sometimes produce
small calcareous granules, although these never elongate (Hodor &
Ettensohn, 1998; Okazaki, 1975b). There has been no large-scale
analysis of the gene expression program of isolated micromeres cul-
tured under these conditions, but at least some biomineralization
genes are activated cell-autonomously (Page & Benson, 1992),
strongly suggesting that essential, early regulatory genes are as well.
The deployment of the PMC GRN in the micromere lineage is
entrained by the molecular polarity of the unfertilized egg (Figure 4).
The signaling protein, Dishevelled (Dsh), becomes concentrated in
puncta in the vegetal cortex of the egg during oogenesis (Peng & Wik-
ramanayake, 2013; Weitzel et al., 2004). Dsh localization requires N-
terminal motifs that have been shown in other cell types to mediate
homo-oligomerization, suggesting that the puncta in the oocyte are
superassemblies of Dsh protein (Bienz, 2014; Leonard & Ettensohn,
2007). Misexpression studies have shown that Dsh is not only con-
centrated in the vegetal cortex but is also locally activated there, by
mechanisms that remain poorly understood (Peng & Wikramanayake,
2013; Weitzel et al., 2004). Vegetally localized/activated Dsh is parti-
tioned predominantly into the micromeres during cleavage, where it
stabilizes and promotes the nuclear accumulation of maternal
B-catenin (Ettensohn, 2006; Logan, Miller, Ferkowicz, & McClay,
1999; Weitzel et al., 2004; Wikramanayake, Huang, & Klein, 1998).
Another maternal protein, Otx(x), exhibits a polarized distribution
in the early embryo. Several different mRNAs and proteins are pro-
duced from the single sea urchin otx gene by means of alternative pro-
moter usage and alternative splicing. The single, early isoform, Otx(a),
is present maternally as both mRNA and protein, both of which are
found in all cells of the early embryo (Li, Chuang, Mao, Angerer, &
Klein, 1997). At the 16-cell stage, however, the Otx(x) protein
becomes transiently concentrated selectively in the nuclei of micro-
meres (Chuang, Wikramanayake, Mao, Li, & Klein, 1996). The mecha-
nism of this micromere-specific protein localization is unknown,
although Otx(a) binds to a-actinin and it has been suggested that the
micromeres are relatively devoid of actin-based cortical cytoskeleton,

freeing Otx(a) to enter the nucleus.
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FIGURE 3 Skeletogenesis in euechinoids. Images a-e show living embryos (L. variegatus) viewed with differential interference contrast optics.
Cells of the micromere-large micromere-PMC lineage are pseudo-colored red. (a) 16-cell stage. (b) Blastula. (c) Mesenchyme blastula. (d) Early
gastrula. (e) Late gastrula. Major PMC morphogenetic behaviors characteristic of specific developmental stages are also illustrated. (f) PMC
lineage. Each of the four micromeres divides unequally, giving rise to a large and small micromere. Each large micromere divides 3 times to
produce 8 PMCs (in some species there is one additional round of division). (g) Living, pre-feeding pluteus larva (L. variegatus) viewed with
partially crossed polarizers. Skeletal rods (arrow) appear bright due to their birefringence. (h) Biomineralized endoskeleton of a prefeeding pluteus

larva (Dendraster excentricus), with all cellular material removed

In the micromeres, p-catenin interacts with maternal TCF (Huang
et al., 2000; Vonica, Weng, Gumbiner, & Venuti, 2000) to activate a
variety of molecular targets. In concert with maternal Blimp1 protein,
B-catenin activates wnt8, a gene which encodes a secreted signaling
ligand, in the micromere territory by the end of fifth cleavage
(Minokawa, Wikramanayake, & Davidson, 2005; Smith, Theodoris, &
Davidson, 2007; Wikramanayake et al., 2004). Studies using C59, a
global inhibitor of Wnt protein secretion, argue against the possibility
that secreted Wnt8 acts in an autocrine fashion to reinforce -catenin
nuclearization in the micromere territory (Cui et al., 2014). Maternal
Otx(a) acts with B-catenin/TCF to drive the zygotic expression of
blimp1 during the sixth cleavage (Smith et al., 2007). Later, accumula-
tion of Blimp1 in the micromeres leads to transcriptional autorepres-
sion and a decrease in the expression of both blimp1 and wnt8 in the
micromeres. These various gene regulatory processes may play little
or no role in the specification and morphogenesis of the large

micromere-PMC lineage, but they contribute to a wave of dynamic

signaling events in the vegetal region of the embryo, originating from
the micromere territory, that regulates the development of nonskele-
togenic mesoderm and endoderm (Materna & Davidson, 2012;
Smith & Davidson, 2008).

Beta-catenin also interacts with maternal TCF and Otx(x) to acti-
vate the zygotic transcription of pmar1/micro1 (Nishimura et al., 2004;
Oliveri, Carrick, & Davidson, 2002) specifically in the micromeres at
the end of the fourth cleavage. Pmar1, a paired class homeodomain-
containing protein, is both necessary and sufficient for the specifica-
tion of skeletogenic cells (Kitamura, Nishimura, Kubotera, Higuchi, &
Yamaguchi, 2002; Nishimura et al., 2004; Oliveri et al., 2002; Oliveri,
Davidson, & McClay, 2003; Yamazaki et al., 2005). Pmar1 functions as
a repressor (Oliveri et al., 2002; Yamazaki, Ki, Kokubo, & Yamaguchi,
2009) and indirectly activates the expression of skeletogenic genes, at
least in part by blocking the expression of a second repressor, hesC, a
member of the HES (Hairy-Enhancer-of-Split) family (Revilla-i
Domingo, Oliveri, & Davidson, 2007). hesC mRNA is present
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FIGURE 4 Activation of the PMC GRN in euechinoids (S. purpuratus).
Maternal factors are localized at the vegetal pole, including the
maternal protein Dishevelled, which stabilizes p-catenin in the
micromeres. B-catenin and maternal Otx(«) activate pmar1, a pivotal
initiator of skeletogenic specification. One function of Pmar1l is to
repress hesC in the large micromere lineage (indicated by the
parentheses surrounding “hesC”), a transient function later assumed
by Blimp1. In non-PMC lineages, hesC acts to repress PMC regulatory
genes. Transcriptional repression of hesC does not account for the
early activation of alx1, however, which may involve hesC-
independent functions of Pmar1 (blue question mark) or other
unidentified, localized activators (LocA) (see section 3.1 for details).
Both Alx1 and Ets1 play pivotal roles in PMC specification and
provide positive inputs into many downstream regulatory and effector
genes. Delta and Wnt8 are signaling molecules produced by the
micromere lineage. Several regulatory genes in the PMC GRN are
activated ectopically throughout the embryo following Pmarl
overexpression or HesC knockdown, pointing to ubiquitous activators
(UbA). Times shown in parentheses (hours postfertilization, or hpf) are
approximate times of gene activation based on quantitative, high-
resolution NanoString time course data (Rafig and Ettensohn,
unpublished observations). Arrows and bars show positive and
negative regulatory inputs, respectively. See sections 3.1 and 3.2 for
references. Notes: (a) the input from zygotic Ets1 into alx1 occurs
several hours after alx1 activation

ubiquitously in the early embryo but is cleared from the micromere
territory by the early blastula stage. Overexpression of Pmar1 results
in a global decrease in hesC expression while knockdown of HesC
results in an expanded region of expression of delta (Revilla-i Domingo
et al., 2007), which encodes a signaling molecule ordinarily restricted
to the micromere territory during early development (Sweet, Gehr-
ing, & Ettensohn, 2002). In addition, cis-regulatory analyses of alx1
(Damle & Davidson, 2011), tbr (Wahl, Hahn, Gora, Davidson, & Oliveri,
2009), and delta (Smith & Davidson, 2008) have identified putative
binding sites for HesC that are required for the repression of these
genes in cells other than the skeletogenic lineage, thereby establishing
a direct repressive linkage between HesC and these skeletogenic
genes. Together, this evidence supports the view that a pmar1/hesC
“double-negative gate” controls the expression of skeletogenic genes
specifically in the micromere lineage; that is, when the expression of
pmarl is activated in the micromeres, hesC is repressed, thereby
allowing the activation of skeletogenic genes. The ectopic activation
of skeletogenic genes in nonmicromere lineages following experimen-
tal perturbation of the pmar1/hesC double-negative system presum-

ably involves the activity of ubiquitous activators, but these proteins

WiLEY [

have not been identified. Furthermore, in the large micromere-PMC
lineage, the double-repression system must work in concert with as
yet-unidentified activators that drive the expression of early regula-
tory genes. Therefore, characterization of the maternally provisioned
activators that provide inputs into the first layer of zygotic regulatory
genes in the PMC GRN will be very important to extend the current
model of the network.

Other observations challenge the view that hesC repression is suf-
ficient to fully account for the earliest deployment of the PMC GRN.
It has been shown in two different species that at the time when alx1
and delta are first activated specifically in the large micromere terri-
tory, levels of hesC mRNA are uniform across the embryo; that is,
selective clearing of hesC mRNA from the large micromere territory
does not occur until later in development (Sharma & Ettensohn,
2010). Thus, the initial spatial restriction of alx1 and delta transcription
cannot be explained solely by the localized transcriptional repression
of hesC and additional mechanisms must be involved. It is possible
that at early cleavage stages, HesC activity is inhibited specifically in
the micromere territory by posttranscriptional mechanisms, that
Pmarl can act through a repressor distinct from HesC, or that
Pmarl-independent mechanisms are at work. One caveat regarding
the published experimental data showing that hesC binding sites are
required to restrict the expression of alx1 and delta is that the spatial
expression patterns of the relevant transcriptional reporters have
been analyzed only at relatively late developmental stages, not at the
initial stages of large micromere-specific gene expression (Damle &
Davidson, 2011; Smith & Davidson, 2008). Another issue is that sev-
eral early genes in the PMC do not appear to be highly sensitive to
HesC-mediated repression. A structure-function analysis of Pmarl
identified one mutant construct (N-HD-A-C) that downregulated hesC
mRNA levels throughout the embryo and resulted in an expansion of
delta expression but did not significantly expand the expression of
alx1, tbr, or ets1 (Yamazaki et al., 2009). More recently, Yamazaki and
Minokawa (2016) have revisited the effects of HesC morpholino
knockdown using two different sea urchin species (Hemicentrotus pul-
cherrimus and Scaphechinus mirabilis). They observed that, while mis-
expression of Pmar1 efficiently converted all cells to PMC-like fate as
previously reported, morpholino-based HesC knockdowns had much
more modest consequences, with effects on gene expression that var-
ied among genes (e.g., the expression domains of alx1 and tbr were
only slightly expanded when assayed at the mid-blastula and late-
blastula stages). These various findings argue strongly that, while the
localized transcriptional repression of hesC plays a significant role in
restricting the domain of expression of skeletogenic genes, other
mechanisms are responsible for the initial deployment of the PMC
GRN specifically in the large micromere-PMC lineage.

The early specification of micromeres is dependent upon unequal
cell division (Langelan & Whiteley, 1985; Sharma & Ettensohn, 2010).
The cell division that produces micromeres is a consequence of the
displacement of the nuclei of the four vegetal blastomeres of the
8-cell stage embryo toward the vegetal pole prior to nuclear envelope
breakdown and the close association of one pole of the mitotic spin-
dles with the vegetal cortex (Dan & Tanaka, 1990; Holy & Schatten,
1991; Schroeder, 1987). These events rely on maternally derived

components of G-protein signaling (Voronina & Wessel, 2006).
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Pharmacological agents have been used to inhibit the vegetal posi-
tioning of the mitotic spindles, thereby equalizing cleavage and pro-
ducing embryos that lack micromeres (Tanaka, 1976; Langelan &
Whiteley, 1985; see also Kominami & Takaichi, 1998). Equally cleaving
embryos show a striking reduction in the development of the skele-
ton. Sharma and Ettensohn (2010) showed that the zygotic expression
of two early markers, alx1 and delta, but not that of pmarl, was
reduced in such embryos. This suggests that unequal cleavage is not
required to concentrate sufficient Dsh or -catenin to activate pmar1,
but may be required in order to concentrate sufficient Pmarl
(or other proteins) to activate downstream targets such as alx1.

Each micromere undergoes an additional round of unequal cell
division at the fifth cleavage, thereby producing one large daughter
cell (large micromere) and one small daughter cell (small micromere).
The four large micromeres are the founder cells of the PMC lineage;
they undergo an additional 3 or 4 rounds of cell division, depending
upon the species, and give rise exclusively to skeletogenic PMCs. The
small micromeres, in contrast, contribute to the germ line (Yajima &
Wessel, 2011). The skeletogenic program is deployed in the large, but
not the small, daughter cells of the micromeres, despite the presence
of pmarl mRNA in both cells. This is likely due to a global repression
of gene expression in the small micromeres which involves both tran-
scriptional and translational mechanisms (Oulhen, Swartz, Laird, Mas-
caro, & Wessel, 2017; Swartz et al., 2014).

3.2 | AIx1 and Ets1: key early transcription factors

Alx1 and Ets1 play pivotal roles in PMC specification and morphogen-
esis. The alx1 gene, which encodes a homeodomain protein, is the first
regulatory gene activated specifically in the large micromere-PMC lin-
eage and its expression is restricted to this lineage throughout
embryogenesis (Ettensohn, lllies, Oliveri, & De Jong, 2003). In Strongy-
locentrotus purpuratus, alx1 is activated in the four large micromeres in
the first cell cycle after these cells are born. Knockdown of alx1
diverts large micromere progeny into non-PMC fates and entirely
blocks skeletogenesis, while overexpression of alx1 converts macro-
mere descendants to a skeletogenic fate (Ettensohn et al., 2003;
Ettensohn, Kitazawa, Cheers, Leonard, & Sharma, 2007). RNA-seq
analysis of Alx1 morphants has shown that this transcription factor
provides positive inputs into almost half of the ~400 genes differen-
tially expressed by PMCs (and an even larger fraction of the highly
expressed genes in this set), pointing to the pivotal role of Alx1 in
establishing PMC identity (Rafig, Cheers, & Ettensohn, 2012; Rafiq,
Shashikant, McManus, & Ettensohn, 2014). Targets of Alx1 include
several regulatory genes expressed selectively in PMCs (e.g., alx4, fos,
nk7, and foxB); therefore, the extent to which Alx1 controls PMC
effector genes indirectly via its effects on the expression of intermedi-
ary transcription factors remains unclear. Alx1 also appears to func-
tion as an auto-regulator, promoting a rise in alx1 expression when
present at low levels but functioning as an auto-repressor at high con-
centrations (Damle & Davidson, 2011; Ettensohn et al., 2003).

One of the functions of Alx1 is to repress the deployment of
alternative transcriptional programs in the large micromere territory.
Ordinarily, this territory is surrounded by prospective nonskeletogenic

mesoderm (prospective pigment and blastocoelar cells) (Ruffins &

Ettensohn, 1996). The domain of expression of pigment cell markers,
including the key regulatory gene gcm, expands into the large micro-
mere territory in Alx1 morphants (Oliveri, Tu, & Davidson, 2008). In
addition, gene expression profiling of Alx1 morphants reveals
increases in the levels of expression of several regulatory genes asso-
ciated with blastocoelar cell specification, suggesting that this tran-
scriptional program is also ectopically expressed in the large
micromere territory, although this has not been confirmed by WMISH
analysis (Rafiq et al., 2014).

Damle and Davidson (2011) have argued that zygotically
expressed Ets1, expressed selectively in the large micromere-PMC lin-
eage as a consequence of the pmarl/hesC double-negative gate, is
the primary activator of alx1 expression in the large micromere line-
age. As noted above, the role of HesC-mediated repression in alx1
activation is unclear, as alx1 is expressed specifically in the large
micromere territory before there is any local depletion of hesC mRNA
in that region (Sharma & Ettensohn, 2010). Moreover, while there is
no doubt that Etsl provides important positive inputs into alx1 at
postcleavage stages (Damle & Davidson, 2011; Ettensohn et al., 2003;
Oliveri et al., 2008), the hypothesis that zygotic Ets1 is responsible for
the initial activation of alx1 in the large micromere lineage is inconsis-
tent with several lines of experimental evidence. First, a dominant
negative form of Etsl that effectively blocks alx1 expression at late
developmental stages has no effect on the initial accumulation of alx1
mRNA in the large micromere territory (Sharma & Ettensohn, 2010).
Second, immunostaining studies in two different species show that
Ets1 protein does not accumulate in the nuclei of large micromere
descendants until the blastula stage, several hours after alx1 is first
expressed (Sharma & Ettensohn, 2010; Yajima et al., 2010). Third, mis-
expression of Ets1 throughout the embryo fails to induce the ectopic
expression of alx1, although it converts many cells to a migratory
(mesenchymal) phenotype (Koga et al., 2010; Kurokawa et al., 1999;
Rottinger, Besnardeau, & Lepage, 2004; Sharma & Ettensohn, 2010).
Last, high-resolution Nanostring studies of alx1 and ets1 expression
using intron-specific probes show that zygotic expression of ets1 fol-
lows, rather than precedes, that of alx1 and therefore zygotic Ets1
protein is not present when alx1 is first activated (Rafig and Etten-
sohn, unpublished observations). These findings indicate that zygoti-
cally produced Ets1 is required for the maintenance, but not for the
activation, of alx1 expression. The mechanisms that underlie the
lineage-specific transcription of alx1, a critically important regulatory
gene in the PMC GRN, remain to be elucidated.

The ets1 gene, one of several ETS family genes in sea urchins, is
expressed maternally as well as zygotically. Both ets1 mRNA and Ets1
protein are maternally supplied and distributed uniformly throughout
the early embryo (Kurokawa et al., 1999; Rizzo, Fernandez-Serra,
Squarzoni, Archimandritis, & Arnone, 2004; Yajima et al, 2010).
Zygotic transcription begins during late cleavage and is restricted to
the skeletogenic lineage until the late mesenchyme blastula stage,
when ets1 is also expressed in presumptive blastocoelar cells (Flynn
et al., 2011; Kurokawa et al., 1999; Yajima et al., 2010). The role of
maternally derived Etsl is unclear, as only the zygotic protein is
detected in cell nuclei (Sharma & Ettensohn, 2010; Yajima et al,,
2010). Knockdown of Ets1 or forced expression of a dominant nega-

tive form of the protein blocks PMC specification and skeletogenesis
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(Kurokawa et al., 1999; Oliveri et al., 2008; Sharma & Ettensohn,
2010). As noted above, overexpression of ets1 transforms most cells
of the embryo into mesenchymal cells. Ets1, like Alx1, provides posi-
tive inputs into a large fraction of PMC effector genes (Rafiq et al.,
2012; Rafiqg et al., 2014). Some of these inputs are likely to be direct,
based on the identification of essential, consensus ETS-binding sites
in the cis-regulatory control regions of several PMC effector gene
(Amore & Davidson, 2006; Yajima et al., 2010; Yamasu & Wilt, 1999),
although several other ETS family proteins are also expressed by
PMCs (Rizzo et al., 2006; Zhu et al., 2001) that might bind to these
sequences. Ets1 also controls the expression of numerous regulatory
genes (including alx1, alx4, dri, erg, fos, foxB, foxO, mef2, nk7, and
smad2/3) and may therefore regulate downstream effectors by indi-
rect mechanisms (Oliveri et al., 2008; Rafiqg et al., 2014).

The Raf/MEK/ERK (MAPK) pathway plays a critical role in the
ingression of PMCs into the blastocoel at the mesenchyme blastula
stage, and this is effect is mediated by Etsl. Ets1 contains a single
consensus site for phosphorylation by the MAP kinase, ERK, as well
as a predicted ERK docking site (Rottinger et al., 2004). ERK is tran-
siently activated in presumptive PMCs just prior to ingression, and
PMCs fail to ingress in embryos treated with the MEK inhibitor
U0126, although gastrulation occurs normally otherwise (Fernandez-
Serra, Consales, Livigni, & Arnone, 2004; Rottinger et al., 2004).
MAPK signaling is also required for PMC specification, as MEK inhibi-
tion downregulates the expression of several skeletogenic regulatory
genes (Rottinger et al., 2004). These include alx1 and tbr, which
require MEK signaling to maintain (but not to activate) their expres-
sion (Sharma & Ettensohn, 2010). Surprisingly, the MAPK pathway is
activated cell autonomously in the large micromere-lineage (Rottinger
et al., 2004). This pathway appears to act entirely via the phosphoryla-
tion of Ets1, a conclusion consistent with the finding that almost 34 of
all PMC effector genes affected by U1026 are also affected by Etsl
knockdown (Rafiqg et al., 2014; Rottinger et al., 2004). Alx1 also con-
tains a predicted MAP kinase phosphoryation site; however, this site
is not required for the embryonic function of Alx1 (Khor and Etten-
sohn, 2017).

3.3 | The progression and stabilization of PMC
specification

Many other regulatory genes are expressed selectively in the large
micromere-PMC lineage. These include alx4, dri, erg, fos, jun, foxB,
foxN2/3, foxO, hex, mitf, nfkbil1L, nk7, nurrl, smad1/5/8, smad2/3, tbr,
tel, and tgif (Barsi, Tu, & Davidson, 2014; Fuchikami et al., 2002; Oli-
veri et al., 2008; Rafiq et al., 2012, 2014; Rizzo et al., 2006; Zhu et al.,
2001). In most cases (with nk7 being one exception), these genes are
also expressed zygotically in other embryonic territories or show ubiqg-
uitous, maternal expression. All are activated in the PMC lineage by
the late blastula stage, prior to overt PMC morphogenesis, although
their precise temporal patterns of expression vary (Materna, Nam, &
Davidson, 2010).

The best characterized of these genes is tbr. In sea urchins, mater-
nal stockpiles of tbr RNA and protein are distributed to all cells of the
early embryo, but zygotic transcription is entirely restricted to PMCs
(Croce, Lhomond, Lozano, & Gache, 2001; Fuchikami et al., 2002). Tbr

C
fe)

protein is predominantly cytoplasmic until the blastula stage, when it
becomes concentrated in the nuclei of presumptive PMCs (Fuchikami
et al., 2002). In this regard, Tbr protein resembles Ets1; that is, in both
cases the cytoplasmic localization of the ubiquitous, maternal protein
suggests that this form may not regulate transcription. Zygotic tbr
expression is dependent upon p-catenin (Fuchikami et al., 2002) and
tbr is activated ectopically in response to pmarl misexpression or per-
turbation of HesC function (Oliveri et al., 2002; Wahl et al., 2009).
The early, positive drivers of tbr expression in the large micromere-
PMC lineage, however, are unknown. Late (postingression) regulation
by ETS family proteins (probably Ets1) via one CRM (the y[2] module)
of the tbr cis-regulatory apparatus has been demonstrated (Wahl
et al., 2011). Downstream, tbr is only weakly connected to the PMC
GRN. It provides inputs into a much smaller number of downstream
targets than either alx1 or ets1 (Oliveri et al., 2008; Rafiqg et al., 2012).
This is consistent with the finding that in tbr morphants, PMC migra-
tion, fusion, and patterning are not affected, although skeletogenesis
is perturbed (Fuchikami et al., 2002; Oliveri et al., 2008). As discussed
below, tbr was only recently co-opted into the PMC GRN of echinoids
(Gao & Davidson, 2008; Hinman, Nguyen, & Davidson, 2007), and the
limited connectivity of tbr may reflect the recent recruitment of this
gene into the network.

With respect to other PMC regulatory genes, overexpression of
pmarl or a form of cadherin that interferes with -catenin function
has shown that erg, foxN2/3, hex, tel, and tgif are all downstream of
B-catenin and pmarl (Oliveri et al., 2008; see also Rho & McClay,
2011, with respect to foxN2/3) while foxO, jun, and mitf show less pro-
nounced changes in expression. The other PMC regulatory genes
listed above have not been tested, but it seems likely that many are
also downstream of B-catenin and pmar1. Rafiq et al. (2014) used mor-
pholino knockdowns of Alx1 and Ets1 and RNA-seq gene expression
profiling at the mesenchyme blastula stage to show that Ets1 provides
positive inputs into most PMC regulatory genes (alx1, alx4, dri, fos,
foxB, foxO, mef2, nfkbil1L, nk7, and smad2/3), while Alx1 provides pos-
itive inputs into a subset of the Etsl-regulated genes (alx4, dri, fos,
foxB, nfkbilll, and nk7) and negatively regulates its own expression
(Ettensohn et al., 2003; Damle and Davidson (2011). There is some
evidence of a direct input from Ets1 into dri (Amore & Davidson,
2006), but it is unknown whether Ets1 regulates its other regulatory
gene targets directly, indirectly, or through a combination of both
mechanisms. These Alx1 knockdown data are entirely consistent with
those of Oliveri et al. (2008), who also identified inputs from Alx1 into
dri and foxB (alx4, cebpa, fos, and nk7 were not tested). On the other
hand, while there is substantial agreement in these two studies with
respect to regulatory genes that receive inputs from Ets1, there are
also differences. Most notably, Oliveri et al. (2008) reported signifi-
cant changes in the expression of erg, tgif, and hex following Etsl
knockdown, while Rafig and coworkers (Rafig et al., 2014) did not
detect such changes. It is not clear whether these differences are due
to different significance thresholds, slight differences in the develop-
mental stages used, or other factors.

Oliveri et al. (2008) carried out morpholino knockdowns of nine
of the regulatory genes expressed selectively in the large micromere-
PMC lineage. They found evidence of a variety of regulatory interac-

tions among these genes—primarily positive feedback loops that serve
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to enhance and maintain gene expression. One prominent example is
a set of mutual regulatory interactions among erg, hex, and tgif that
reinforces the expression of all three genes. Such feedback loops may
convert the transient expression of pmarl into a more stable regula-
tory state in the skeletogenic lineage and buffer against initial varia-
tion in the level of expression of these genes. As the genes involved in
these feedback loops are co-dependent, loss of expression of even
one gene severely affects the expression of all genes in the circuit,
and this has a catastrophic effect on the expression of downstream
genes. This probably imposes an evolutionary constraint on the net-
work, making rewiring of the circuit difficult without completely losing
its function (Peter & Davidson, 2015).

The possible role of the transcriptional repressor, snail, in the
PMC GRN is currently unsettled. Wu and McClay (2007), working
with Lytechinus variegatus, provided evidence that this regulatory gene
acts downstream of alx1 to regulate PMC ingression. On the other
hand, Oliveri et al. (2008) concluded that, in S. purpuratus, snail is irrel-
evant with respect to early PMC specification because it is expressed
at an extremely low level until gastrulation. One gene expression
study (Barsi et al., 2014) reported a substantial enrichment of Sp-sna
in PMCs at the mesenchyme blastula stage, as reported in
L. variegatus, while another did not (Rafig et al., 2014). In addition, the
latter study reported that levels of Sp-sna mRNA increased in Alx1
morphants, in contrast to the findings in L. variegatus. It remains
unclear whether the role of snail is different in the two species or
whether technical differences in these studies account for the appar-
ent variability.

From the above discussion, it is apparent that not all the possible
interactions among PMC regulatory genes have been explored, and
our understanding of the architecture of this layer of the PMC GRN is
undoubtedly incomplete. Nevertheless, it is very likely that all regula-
tory genes expressed selectively by PMCs have now been identified,
with the exception of Zn-finger genes, which have not been carefully
analyzed. In addition, due largely to the work of Oliveri et al. (2008),
many regulatory interactions among these genes are known. Our cur-
rent view of the interactions among PMC regulatory genes is shown

in Figure 5.

3.4 | Activation of skeletogenic effector genes

Historically, interest in the development of PMCs was spurred in no
small part by their spectacular morphogenetic behaviors, which
include EMT (ingression), directional cell migration, cell-cell fusion,
and biomineral deposition (see reviews by Ettensohn et al., 1997;
Wilt & Ettensohn, 2007; Mclintyre et al., 2014). With the elucidation
of the transcriptional network deployed by these cells, there is now
an opportunity to develop a comprehensive explanation for their
behaviors. More broadly, analysis of the PMC GRN provides a para-
digm for linking cell specification to morphogenesis (Ettensohn, 2013;
Lyons et al., 2012).

Genome-wide transcriptome profiling has identified several hun-
dred effector genes expressed selectively by PMCs (Barsi et al., 2014;
Rafig et al., 2014). The vast majority of these genes, even those asso-
ciated directly with biomineralization (see below) are expressed prior

to the first overt morphogenetic activity of PMCs (ingression) and

several hours before the onset of biomineral deposition, which begins
at the mid-gastrula stage. As noted above (section 3.2), Alx1 provides
positive inputs (direct or indirect) into almost half of the effector
genes differentially expressed by PMCs, and Ets1 regulates only a
slight smaller fraction (40%), pointing to the prominent roles of these
two transcription factors in driving PMC behaviors (Figure 6). More-
over, there is striking overlap between the targets of Alx1 and Ets1;
85% of Etsl targets are also regulated by Alx1, and 73% of all Alx1
targets are also regulated by Ets1. On the whole, more than a third of
all effector genes are co-regulated by these two transcription factors.
This fraction is even higher if one considers only the most highly
expressed effector genes; of the 100 most abundant, PMC-specific
mRNAs, almost 2/3 are positively regulated by both Etsl and Alx1,
including most of the effectors discussed in detail below. The effector
genes that are co-regulated by Ets1 and Alx1 show a characteristic
temporal pattern of expression; most are exclusively zygotically
expressed and exhibit a strong spike in expression between the late
blastula and mid-gastrula stages (Rafiq et al., 2014). The mechanism of
co-regulation appears to be a widespread feedforward circuit with the
structure: Etsl > Alx1, Etsl + Alx1 > effector gene. Etsl positively
regulates Alx1 (Ettensohn et al., 2003; Oliveri et al., 2008) and also
appears to have direct inputs into the effector genes cyclophilin,
msp130, msp103L, and sm30 (Amore & Davidson, 2006; Oliveri et al.,
2008; Yamasu & Wilt, 1999). Moreover, a recent genome-wide analy-
sis of chromatin accessibility in PMCs showed a substantial enrich-
ment of candidate Etsl and Alx1 binding sites in PMC enhancers,
suggesting that a feedforward circuit might regulate a large fraction of
effector genes (Shashikant, Khor, & Ettensohn, 2018).

PMC effector genes have diverse functions, but many of these
genes are associated directly with the secretion of the skeleton. The
biomineralized skeleton is composed primarily of calcite, within which
small amounts of secreted proteins are incorporated. Although these
secreted proteins make up less than 0.1% of the mass of the biomin-
eral, they play an important role in controlling its mechanical proper-
ties and growth (Wilt & Ettensohn, 2007). In the sea urchin, the most
abundant of these secreted proteins are the spicule matrix proteins, a
family of 17 closely related proteins, each of which contains a single
C-type lectin domain and a variable number of proline/glycine-rich
repeats (lllies et al., 2002; Livingston et al., 2006). One important func-
tion of spicule matrix proteins is to regulate the conversion of amor-
phous calcium carbonate (ACC), a precursor of calcite, to a crystalline
state (Gong et al., 2012). The genes that encode spicule matrix pro-
teins, like the members of most of the other families of biomineraliza-
tion gene discussed below, are clustered in the genome, strongly
suggesting that they expanded through gene duplication.

Members of the MSP130 family of cell-surface glycoproteins are
among the most highly expressed effector genes in PMCs. MSP130
proteins are also expressed selectively in biomineralizing tissues in
other marine phyla, pointing to a conserved role (Ettensohn, 2014;
Szab6 & Ferrier, 2015). The biochemical functions of MSP130 pro-
teins are not well understood, but these proteins regulate the internal-
ization of calcium, which appears to enter PMCs primarily via
endocytosis (see references in Wilt & Ettensohn, 2007; Ettensohn,
2014, Vidavsky et al., 2016; Killian & Wilt, 2017).
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FIGURE 5 Regulatory gene interactions (S. purpuratus). Tiers of regulatory genes are shown top-to-bottom in their approximate order of
activation. Genes in gray box represent regulatory genes expressed selectively by PMCs that currently have no regulatory linkages to any other
genes in the PMC GRN. Experimental evidence for the regulatory linkages shown comes primarily from Oliveri et al. (2008) and Rafiq et al. (2014),
with additional information from Wahl et al. (2009), Sharma and Ettensohn (2010), Damle and Davidson (2011), Rho and McClay (2011), and
Rafig et al. (2012). Notes: (a) MAPK signaling, activated autonomously in the PMC lineage by unknown mechanisms, is required for Ets1 function.
(b) Inputs from Ets1 and Tgif into alx1 occur several hours after alx1 activation. (c) the input from Ets1 into tbr occurs late (post-ingression). (d) the
input from Tbr into foxN2/3 is extrapolated from data for L. variegatus. (e) Inputs from hex and Tgif into foxO are evident at 24 hpf but not at

18 hpf. See Figure 1 for description of symbols
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FIGURE 6 Regulatory inputs into PMC effector genes (S. purpuratus). More than 400 effector genes are expressed selectively by PMCs (Rafiq

et al., 2014), of which only a small subset is shown here. The effector genes shown encode members of the P16 (p16, p16rell, and p1érel2) and
MSP130 families (msp130, msp130rel1, msp130rel2, and msp130rel3), matrix metalloproteases (mmp16, mtmmpb, mtmmpd, and mtmmpe), spicule
matrix proteins (sm20, sm21, sm27, sm29, sm49, sm50, and C-lectin), signaling receptors (tgfbr2 and vegfr-Ig10), an lIg-domain adhesion protein
(kirrelL), and several other proteins. A large number of effector genes are regulated positively by both Ets1 and Alx1 (Rafiq et al., 2014). Regulatory
inputs into msp130, sm27 (= pm27), sm50, vegfr-1310, frp, and cyp1 are from Oliveri et al. (2008) with additional information from Amore and
Davidson (2006). Additional tbr targets were identified by Rafiq et al. (2012). The developmental functions of several of these effectors are
discussed in section IID. For interactions among the regulatory genes shown here, see Figure 4
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Three type | transmembrane proteins specifically expressed by
PMCs, P16 (a member of a small family of related proteins), and P59A
and P58B, two proteins closely related to one another, are each
required for skeletal growth (Adomako-Ankomah & Ettensohn, 2011;
Cheers & Ettensohn, 2005). A PMC-specific, GPl-anchored carbonic
anhydrase may be involved in biomineral remodeling (Livingston et al.,
2006; Mitsunaga et al., 1986; Zito, Koop, Byrne, & Matranga, 2015).
Nonfibrillar collagens produced by PMCs provide an essential sub-
strate for the cells, although they do not appear to be a structural
component of the biomineral, as they are in vertebrates (Livingston
et al., 2006; Wessel, Etkin, & Benson, 1991). Otopetrin (otop2L),
expressed selectively by PMCs, is the ortholog of a vertebrate protein
essential for the development of otoliths/otoconia, extracellular cal-
cium carbonate-containing crystals that mediate vestibular mechano-
sensory function. PMCs also express a suite of matrix metalloprotease
genes, arranged in tandem on a single chromosome, which encode the
metalloprotease activities required for spiculogenesis in vivo and
in vitro (Ingersoll & Wilt, 1998; Roe, Park, Strittmatter, & Lennarz,
1989). Last, a PMC-specific Tgfbrtll receptor was recently shown to
be required for biomineral deposition (Sun & Ettensohn, 2017).

Biomineralization proteins regulate skeletal growth in complex
ways (Killian & Wilt, 2008). Moreover, heritable variation in the
expression of these proteins may play an important role in evolution-
ary changes in skeletal morphology. Garfield et al. (2013) analyzed
population-level variation in the expression of genes in the embryonic
skeletogenic GRN of S. purpuratus. They identified variability that was
attributable to parent-of-origin effects and that was associated with
variation in larval skeletal morphology. Moreover, they found that the
early GRN buffers this variation, while variation in skeletal morphol-
ogy is primarily attributable to differences in effector gene expression.

PMC effectors have also been identified that control morphoge-
netic processes other than biomineralization. After PMCs ingress, they
migrate directionally within the blastocoel by means of filopodia.
VEGF3, a signaling molecule secreted by specific regions of the over-
lying ectoderm, provides critically important guidance cues that are
recognized by a cognate, PMC-specific receptor, VEGFR-Ig10
(Adomako-Ankomah & Ettensohn, 2013; Duloquin, Lhomond, &
Gache, 2007). The role of VEGF3 in directing PMC migration can be
distinguished from its second important function, the local mainte-
nance within the PMC syncytium of the expression of genes required
for skeletal growth (section 3.5 below). At the same time that PMCs
are migrating directionally within the blastocoel in response to
VEGF3, their filopodia contact one another and fuse, leading to the
formation of a pseudopodial cable that links the cells in an extensive
syncytial network (see section 2). Kirrell, a PMC-specific member of
the Ig-domain superfamily of cell adhesion proteins, is required for
PMC filopodial contacts to result in cell-cell fusion (Ettensohn &
Dey, 2017).

In only three cases have the cis-regulatory elements that control
PMC effector genes been analyzed in detail. These studies have
focused on two spicule matrix genes, sm50 (Makabe, Kirchhamer, Brit-
ten, & Davidson, 1995; Otim, 2017) and sm30 (Akasaka et al., 1994;
Frudakis & Wilt, 1995; Yamasu & Wilt, 1999), and cyclophilin/cyp1
(Amore & Davidson, 2006). In general, these studies have provided

evidence of both positive and negative regulatory inputs and have

pointed to direct regulation by ETS family proteins. A more complete
understanding of the direct transcriptional inputs into PMC effector
genes would clearly be facilitated by the high-throughput identifica-
tion of CRMs that control the expression of these genes. Recently,
the genome-wide chromatin accessibility profile of PMCs has been
compared to that of other cells in the embryo and has led to the iden-
tification of hundreds of PMC CRMs (Shashikant et al., 2018). The
experimental and computational analysis of this large collection of
regulatory elements will undoubtedly reveal new features of GRN
architecture upstream of PMC effector genes and link the specifica-
tion layers of the network to PMC morphogenesis is a more robust

manner.

3.5 | A developmental shift in regulatory mode:
signal-dependent control

As described above (section 3.1), the skeletogenic lineage is autono-
mously specified through the activity of maternal factors. The cell-
autonomous phase of PMC specification produces prospective
skeleton-forming cells that, at least based upon qualitative WMISH
analysis, appear to be homogeneous with respect to their programs of
gene expression. After gastrulation begins, however, migratory PMCs
come under the influence of localized signals that emanate from the
adjacent embryonic ectoderm. The immediate effect of these signals
is to maintain high levels of effector gene expression in only those
PMCs (or, more properly, PMC cell bodies) nearest the source of the
signals, while expression declines elsewhere. As a consequence, by
the late gastrula stage, the PMC syncytium is a mosaic of distinct sub-
domains of gene expression. The localization of mRNAs within the
PMC syncytium is likely stabilized by their limited diffusion and results
in the nonuniform distribution of proteins encoded by these mRNAs
(Gross, Peterson, Wu, & McClay, 2003; Harkey, Klueg, Sheppard, &
Raff, 1995; Urry, Hamilton, Killian, & Wilt, 2000; Wilt, Killian, Hamil-
ton, & Croker, 2008). Significantly, regions of high PMC effector gene
expression are intimately associated with sites of active skeletogen-
esis; for example, most effector genes are expressed at high levels in
the ventrolateral PMC clusters where the two skeletal primordia form
and later in the clusters of PMCs associated with the growing tips of
skeletal rods that support the larval arms (Guss & Ettensohn, 1997;
Harkey, Whiteley, & Whiteley, 1992; Sun & Ettensohn, 2014). These
observations strongly suggest that the signal-dependent pattern of
gene expression within the PMC syncytium underlies the stereotypi-
cal pattern of skeletal rod growth.

Multiple  ectoderm-derived cues regulate skeletogenesis
(reviewed by Adomako-Ankomah & Ettensohn, 2014; Mclintyre et al.,
2014). The best characterized of these is VEGF3, which, in addition to
its role in directing PMC migration, maintains the expression of many
biomineralization genes and enhances skeletal growth (Adomako-
Ankomah & Ettensohn, 2013; Duloquin et al., 2007; Sun & Ettensohn,
2014). At postgastrula stages, VEGF3 expression is tightly associated
with sites of active biomineral deposition, but only on the ventral
(oral) side of the embryo, where the skeletal primordia and the larval
arms form. A separate, unidentified signal acts on the opposite side of
the embryo to enhance effector gene expression in the scheitel, a

region of active biomineral deposition at the posterior tips of the body
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rods (Sun & Ettensohn, 2014). Recombinant sea urchin VEGF3
enhances the deposition of skeletal elements by cultured PMCs, dem-
onstrating that this protein affects the cells directly (Knapp, Wu,
Mobilia, & Joester, 2012). Remarkably, the direction and pattern of
skeletal rod branching are also sensitive to levels of VEGF3, suggest-
ing that local differences in vegf3 expression might regulate the ste-
reotypical pattern of skeletal rod branching observed in vivo. In the
embryo, VEGF3 signaling is facilitated by ventrally localized, sulfated
proteoglycans (Fujita et al., 2010; Piacentino et al., 2016). One of the
consequences of VEGF3 signaling is to maintain expression of the
cognate receptor, VEGFR-Ig10, in neighboring domains of the PMC
syncytium (Duloquin et al., 2007).

The mechanism by which signaling through VEGF3 and VEGFR-
1g10 impinges on the PMC GRN is poorly understood, but is of great
interest in light of the evolutionary conservation of this regulatory
mechanism (see section 4). Because many effector genes are sensitive
to VEGF/VEGFR signaling (Adomako-Ankomah & Ettensohn, 2013;
Sun & Ettensohn, 2014), one hypothesis is that this signaling pathway
impinges on a key regulatory gene in the PMC GRN; that is, one that
controls many downstream effectors. VEGF3 appears to act through
the ERK/MAPK pathway, as the effects of MEK inhibition on PMC
gene expression at late developmental stages mimic those of VEGFR
inhibition (Sun & Ettensohn, 2014). As discussed above (section 3.2),
Ets1 provides positive inputs into many PMC effector genes; more-
over, early in development this protein is directly activated by ERK
(Réttinger et al., 2004). Ets1 may therefore serve as a critically impor-
tant link between VEGF/VEGFR signaling and the expression of skele-
togenic genes, although this has not been tested directly.

Two other signaling pathways have been implicated in the control
of skeletal morphogenesis; TGF-B signaling and FGF signaling. The
possible regulation of PMC effector gene expression by these path-
ways has not been explored in detail, and it should be noted that both
pathways (and even VEGF signaling) could modulate skeletal growth
by transcription-independent mechanisms. A PMC-specific, Type Il
TGF-p receptor, encoded by tgfbrtll (a target of both Ets1 and Alx1), is
required for biomineral deposition and likely acts by binding TGF-$
sensu stricto (Sun & Ettensohn, 2017). Piacentino, Ramachandran, and
Bradham (2015) also found that TGF-f signaling regulates skeletal
development and showed that the formation of anterior skeletal ele-
ments is particularly sensitive to signaling through this pathway. A
PMC-specific FGF receptor, encoded by fgfr2, is also downstream of
Ets1 and Alx1 and is selectively expressed in regions of the PMC syn-
cytium associated with skeletal growth (Rafiq et al., 2014; Réttinger
et al., 2008). The likely ligand, FGFA, shows a dynamic pattern of
expression; it is expressed by the equatorial ectoderm cells and by all
PMCs at the early gastrula stage but becomes restricted to the gut
and to subdomains of the PMC syncytium associated with skeletal
growth at postgastrula stages (Adomako-Ankomah Adomako-Anko-
mah & Ettensohn, 2013; Réttinger et al., 2008). The role of FGF sig-
naling in PMC morphogenesis is somewhat unsettled and may differ
among sea urchin species (reviewed by Adomako-Ankomah & Etten-
sohn, 2014). Despite these unresolved issues, the general pattern that
emerges is the following: among those effectors that are activated in
the PMC lineage during the initial, cell-autonomous phase of GRN

deployment are signaling receptors that will play a pivotal role in

C
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regulating skeletal growth and patterning during the second, signal-
dependent phase. During and after gastrulation, localized ectodermal
cues maintain the transcriptional network selectively at sites of active
skeletal growth. This localized up-regulation of the GRN includes the
expression of the signaling receptors themselves, which reinforces
local variations in effector gene expression and skeletal growth within
the PMC syncytium.

4 | EVOLUTION OF THE SKELETOGENIC
GRN IN ECHINODERMS

4.1 | Echinoderm phylogeny

All extant deuterostomes are grouped into three phyla: Chordata,
Hemichordata and Echinodermata. Echinoderms and hemichordates,
collectively referred to as ambulacarians, diverged from one another
more than 500 million years ago (Erwin et al., 2011). Evolutionary rela-
tionships within the echinoderms have been well resolved through
numerous morphological and molecular phylogenetic analyses
(Cannon et al., 2014; Miller et al., 2017; Reich, Dunn, Akasaka, & Wes-
sel, 2015; Telford et al., 2014; Thuy & Stohr, 2016) (Figure 7). Echino-
derms are grouped into five classes: crinoids (sea lilies and feather
stars), asteroids (sea stars), ophiuroids (brittle stars), holothuroids (sea
cucumbers), and echinoids (sea urchins and sand dollars). Most extant
sea urchin species are members of the euechinoid subclass, while a
much smaller number belong to the cidaroid subclass.

Among indirect-developing species, the larvae of sea urchins and
brittle stars form an elaborate endoskeleton, holothuroid larvae form
a highly reduced skeleton, and asteroid and crinoid larvae lack any lar-
val endoskeleton. It should be noted that no crinoids with a feeding

larva have been described.

4.2 | Skeletogenesis in cidaroids

Cidaroids are extremely valuable for comparative studies as they rep-
resent the closest outgroup to the euechinoids. The morphology of
adult cidaroids has remained similar to that of the few sea urchin spe-
cies that survived the Permian-Triassic extinction (a major bottleneck
in echinoderm evolution), while euechinoid morphologies have diver-
sified greatly since that time. Cidaroid embryos form variable numbers
of micromeres and lack an early ingressing, skeletogenic mesenchyme
(Emlet, 1988; Schroeder, 1981; Wray & McClay, 1988; Yamazaki,
Kidachi, & Minokawa, 2012). Only after the archenteron has invagi-
nated to a considerable extent do mesenchyme cells, including skele-
togenic cells, delaminate from its tip. Micromeres give rise to at least
some of the skeletogenic mesenchyme (Wray & McClay, 1988),
although the precise relationship between the cleavage pattern of
vegetal blastomeres and the specification of skeletogenic cells has not
been analyzed in detail. Skeletogenic mesenchyme cells migrate direc-
tionally to form ventrolateral clusters and deposit a skeleton later in
development.

Recent studies using two different cidaroid species, Prionocidaris
baculosa (Yamazaki, Kidachi, Yamaguchi, & Minokawa, 2014) and
Eucidaris tribuloides (Erkenbrack & Davidson, 2015) have revealed
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FIGURE7 Echinoderm phylogeny. Asterozoan topology, the consensus view of relationships within echinoderms, is shown. Hemichordata is
included as the nearest outgroup. Branch lengths are not drawn to scale. Images of representative adult and larval morphologies are shown (not
all images correspond to the species listed as examples). Reprinted from Cary and Hinman (2017) Echinoderm development and evolution in the
post-genomic era. Dev Biol 427:203-211, with permission from Elsevier.Photo credits: Adult Euechinoidea and Cidaroid are © Ann Cutting,
Caltech; Holothuroidea is © Richard Ling/www.rling.com; Asteroidea is © Jerry Kirkhart, Los Osos, CA; Ophiuroidea is © Hans Hillewaert;
Crinoidea is © NOAA Okeanos explorer program, INDEX-SATAL 2010; and Hemichordata is © Moorea biocode / calphotos.berkeley.edu 4,444
4,444 0513 0997. Cidaroidea larval image is adapted from Bennett et al. (2012), all other whole (SEM) images of echinoderm and tornaria larvae
are © T. C. Lacalliand T. H. J. Gilmour (University of Saskatchewan n.d.)

both similarities and differences with respect to the euechinoid
program of skeletogenesis. Alx1 is activated early and specifically in
the micromere lineage (Yamazaki et al., 2014 and see Supporting
Information Figure S1 in Erkenbrack & Davidson, 2015), and experi-
mental knockdown shows the protein plays an essential role in skele-
togenesis. In cidaroids, as in euechinoids, alx1 expression is
dependent on the maternally driven, polarized stabilization of
B-catenin (Erkenbrack & Davidson, 2015) but the intervening regula-
tory steps are unknown. The ets1 gene is not expressed maternally
in cidaroids as it is in euechinoids, but ets1 is expressed zygotically
initially in the micromere lineage and later in nonskeletogenic mes-
enchyme, similar to the zygotic pattern of expression in euechinoids,
and ets1 appears to have a conserved function as a driver of genes
required for EMT and skeletogenesis. In E. tribuloides, Ets1 expres-
sion is extinguished in the micromere lineage prior to invagination,
but this does not appear to be the case in P. baculosa. Expression of
delta commences very early and is initially confined to the micromere

lineage, as in euechinoids. Thr is initially activated selectively in

micromeres but, in contrast to euechinoids, expression later expands
to nonskeletogenic mesoderm. Most strikingly, the double-negative
gate does not exist in either cidaroid species. In the presumptive ske-
letogenic cells, hesC is co-expressed with delta, ets1, and alx1, and
therefore does not appear to act as a repressor of these genes. To
date, an ortholog of pmarl has not been identified. The double-
negative gate arose more than 220 million years ago and is ubiqui-
tous among modern echinoids (Thompson et al., 2017; Yamazaki,
Furuzawa, & Yamaguchi, 2010; Yamazaki & Minokawa, 2015).
Although apparently absent from modern cidaroids, it has been diffi-
cult to establish whether the last common ancestor of all echinoids
(cidaroids + euechinoids) utilized this regulatory circuitry (Thompson
et al., 2017). The double-negative gate is absent from holothuroid
and asteroid embryos, supporting the view that it evolved specifi-
cally within the echinoid lineage (McCauley, Wright, Exner, Kita-
zawa, & Hinman, 2012; Thompson et al., 2017). In contrast to the
double-negative gate, the regulation of the skeletogenic pathway by

ectodermally derived VEGF appears to be conserved in cidaroids
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(Erkenbrack & Petsios, 2017; Gao et al., 2015). In addition, similari-
ties in the expression patterns of downstream components of the

network indicate that common regulatory mechanisms are at work.

4.3 | Skeletogenesis in holothuroids

The embryos of sea cucumbers, the closest living relatives of sea
urchins, do not produce micromeres during early cleavage. Neverthe-
less, skeletogenic mesenchyme cells ingress from the vegetal plate
prior to invagination, migrate directionally, and construct a highly
reduced embryonic skeleton consisting of a small spicule located in
the posterior region of the embryo (Koga et al., 2010). McCauley
et al. (2012) examined the expression of several mesodermal regula-
tory genes in Parastichopus parvimensis and found that orthologs of
ets1, erg, foxN2/3, tbr, and tgif are all expressed in the presumptive
mesodermal territory in the central region of the vegetal plate at the
blastula stage. Strikingly, alx1 is initially expressed in just four cells
(presumably the founder cells of the skeletogenic lineage) within this
territory, and knockdown of alx1 confirms that this gene is essential
for skeletogenesis. The early ingression of the skeletogenic mesen-
chyme in P. parvimensis, also seen in all euechinoids, suggests that this
may have been a developmental character of the common ancestor of
sea urchins and sea cucumbers, a hypothesis which implies that the
delayed ingression of skeletogenic cells in cidaroids is derived.
Whether a highly simplified embryonic skeleton was ancestral to sea
urchins + sea cucumbers or whether there has been a reduction of
the skeleton in the holothuroid lineage is not possible to discern. At
present, the mechanisms that underlie the activation of the skeleto-
genic network and the expression of downstream skeletal effector
genes in holothuroids remain largely unexplored although, as noted

above, the double-negative gate appears not to operate in this taxon.

4.4 | Skeletogenesis in ophiuroids

Like sea cucumbers, brittle stars do not form micromeres at the vege-
tal pole during early development, yet skeletogenic mesenchyme cells
ingress early in development, before the archenteron begins to invagi-
nate. As in euechinoids, these cells are numerous and form an exten-
sive larval skeleton that is initiated at two ventrolateral sites. A recent
analysis of the Amphiura filiformis skeletogenic GRN has revealed sev-
eral differences compared to the S. purpuratus PMC GRN, most nota-
bly with respect to the activation of the network (Dylus et al., 2016).
The spatio-temporal expression of the likely ortholog of pmarl in
A. filiformis (Afi-pplx1) is similar to that Sp-pmar1, but Afi-PpIx1 lacks
eh1 motifs that are required for the repressive function of Sp-pmar1.
Moreover, Afi-pplx1 is co-expressed with Afi-hesC and therefore is
unlikely to repress this gene. Similarly, co-expression of Afi-hesC with
Afi-tbr, Afi-ets1/2 and Afi-delta suggests that repressive functions of
hesC observed in sea urchins are not conserved in brittle stars. As
gene knockdown studies have not been carried out in A. filiformis, it
remains possible that Afi-pplx1 regulates the brittle star skeletogenic
GRN, but by mechanisms that are independent of hesC. In addition to
its distinct mechanism of activation, the brittle star skeletogenic GRN
differs from that of euechinoids with respect to downstream regula-

tory gene interactions. For example, hex, erg and tgif, genes that are
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thought to engage in an interlocking regulatory loop in sea urchins,
exhibit a reversed order of activation in A. filiformis, suggesting differ-
ences in their activating inputs. Furthermore, the expression patterns
of Afi-foxB and Afi-dri do not support a potential role for these genes
in skeletogenesis in brittle star embryos.

4.5 | Skeletogenesis in asteroids

Sea star embryos lack micromeres, skeletogenic mesenchyme, and
embryonic skeletal elements. Numerous nonskeletogenic mesen-
chyme cells migrate into the blastocoel but only after archenteron
invagination is complete. Orthologs of several genes associated with
mesoderm specification in sea urchins (including genes expressed by,
but not restricted to, the skeletogenic mesoderm) are also expressed
by the prospective mesoderm of sea stars (Hinman et al., 2007,
McCauley, Weideman, & Hinman, 2010). Hex, ets1, tbr, erg, tgif, and
foxN2/3 orthologs are first expressed in the central vegetal plate (pro-
spective mesoderm) of sea star blastulae and then in distinct endoder-
mal and mesodermal territories by the mid-gastrula stage. The
mesodermal territory is likely established by a recursively wired circuit
consisting of erg, hex, and tgif, activated by tbr. The regulatory interac-
tions between erg, hex, and tgif consist primarily of positive feedback
loops that serve to ensure stable and robust expression of these
genes. This subcircuit is conserved in sea stars and sea urchins as part
of an ancient, mesoderm-specification network, although sea star
embryos lack skeletogenic mesoderm. This conclusion is supported by
the expression patterns of erg, hex, and tgif in cidaroids, which are
consistent with the view that this subcircuit also has a broad, meso-
dermal function in that clade (Erkenbrack et al., 2016). Significantly,
alx1 is expressed only at extremely low levels during embryonic devel-
opment in sea stars, but is robustly expressed in skeletogenic centers
of the adult rudiment (Gao & Davidson, 2008; Koga et al., 2016).
Remarkably, forced expression of sea urchin alx1 in sea star embryos
stimulates the expression of several biomineralization-related genes
that are also regulated positively by alx1 in sea urchins, including p19,
p16, carbonic anhydrase (canl), and lamG/egff2 (Koga et al., 2016).
These findings are consistent with the view that heterochronic
changes in alx1 expression played an important role in the evolution-

ary origin of the larval skeleton, as discussed below.

4.6 | Skeletogenesis in crinoids

Adult crinoids, like all adult echinoderms, have an extensive endoskel-
eton. Embryonic development has been described in detail in rela-
tively few species, and in all these cases the embryo gives rise to a
nonfeeding larva that lacks skeletal elements. To date, there have
been no studies of the gene regulatory basis of skeletogenesis in

crinoids.

4.7 | Insights from comparative GRN studies

Given what we know about the structure and deployment of the ske-
letogenic network in various echinoderm clades, we can begin to con-
sider how skeletogenesis has evolved within the phylum (for recent
reviews, see Koga, Morino, & Wada, 2014, Cary & Hinman, 2017).
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Insights that are emerging from this experimental model have impor-
tant implications for our broader understanding of the evolution of

developmental programs.

4.7.1 | Co-option of an ancestral, adult program of
skeletogenesis

The presence of a calcite-based endoskeleton in all adult echinoderms
strongly suggests that this was a trait of their last common ancestor.
This conclusion is supported by the recent demonstration of wide-
spread, calcified biomineralized elements within (or beneath) the epi-
dermis of adult hemichordates (Cameron & Bishop, 2012), the nearest
outgroup to echinoderms. Although a calcitic endoskeleton is common
to all adult echinoderms, embryonic skeletal elements are not found in
all taxa. They are missing in the most basal group, crinoids (although,
as noted above, no maximally indirect developing crinoids have been
described) and in hemichordates, suggesting that the embryonic skele-
ton is an evolutionary novelty within echinoderms.

It has been widely hypothesized that the embryonic skeleton of
sea urchins arose via co-option of the adult skeletogenic program
(Gao & Davidson, 2008). According to this model, there has been a
shift in the deployment of the ancestral GRN from the skeletogenic
cells of the adult sea urchin to the micromeres of the early embryo.
This would not only have required a heterochronic change but also
shift in the lineage of cells that deploy the network, as micromeres do
not contribute to adult skeletogenic structures, while macromere-
derived mesenchyme cells do (Yajima, 2007). The co-option model is
consistent with numerous similarities in the programs of gene expres-
sion in the skeletogenic cells of embryos and adults, including the
expression of several key regulatory genes (e.g., alx1, ets1, and hex)
and many effector genes (Gao et al., 2005; & Davidson, 2008; Mann,
Poustka, & Mann, 2008a, Mann, Poustka, and Mann, 2008b; Mann,
Wilt, & Poustka, 2010; Czarkwiani, Dylus, & Oliveri, 2013; Koga et al.,
2016). Whether such a co-option occurred in a single evolutionary
step, or perhaps two (first from the adult to postfeeding larval skeleto-
genic cells, then to the micromeres of the cleavage stage embryo), is

unknown.

4.7.2 | Possible examples of developmental drift

Despite the many similarities, there are also several differences in
gene usage between the adult and embryonic skeletogenic programs
in sea urchins. With respect to effector genes, for example, distinct
members of the sm30 gene family are expressed in embryos and
adults (Livingston et al., 2006). With respect to regulatory genes, Gao
and Davidson (2008) did not detect expression of tbr, tel, foxO, or foxB
in adult skeletogenic centers, at least at the stages examined, although
all these genes are components of the embryonic GRN. Thus,
although most key elements of the skeletogenic network are con-
served, there are subtle differences as well. These differences may be
examples of what has been called “developmental systems drift,” a
term that has been put forward to describe stochastic evolutionary
changes in homologous developmental pathways that do not result in
major phenotypic changes (True & Haag, 2001; see also Halfon,
2017). Developmental systems drift may also contribute to taxon-

specific differences in the embryonic skeletogenic GRN. For example,

foxB, tbr, and dri, are components of the skeletogenic GRN in sea
urchins but not in brittle stars (Czarkwiani et al., 2013; Dylus et al.,
2016). Notably, in sea urchins all three of these regulatory genes pro-
vide inputs into relatively few effector genes compared with the cardi-
nal regulators, ets1 and alx1. Other evidence supports the view that
tbr has undergone substantial evolutionary modifications with respect
to its network connectivity (Hinman et al., 2007). Variations in regula-
tory gene usage such as these likely reveal peripheral features of the
echinoderm skeletogenic GRN that are not tightly constrained and

therefore subject to drift.

4.7.3 | Possible convergent evolution of larval skeletons

The formation of an extensive embryonic endoskeleton in two well-
separated taxa, ophiuroids and echinoids, affords an opportunity to
explore what appears to be an example of the convergent evolution
of a complex structure. It is important to note that the alternative sce-
nario, that is, that the embryonic skeleton arose only once and was
lost secondarily in sea stars (and reduced in sea cucumbers) cannot be
rigorously excluded (Morino et al,, 2012; Morino, Koga, & Wada,
2016). Nevertheless, evidence that the initial deployment of the skele-
togenic network in brittle stars is not associated unequal cell division,
a process critical to PMC specification in echinoids (Sharma & Etten-
sohn, 2010), or with the double-negative gate (Dylus et al., 2016) sug-
gests that the adult skeletogenic program may have been co-opted
separately in the two taxa. To further clarify this issue, it will be of
considerable interest to elucidate the inputs into early skeletogenic
regulatory genes (such as alx1) in brittle stars. As noted above, there is
strong evidence that the double-negative gate alone is insufficient to
account for the activation of alx1 in sea urchins (Sharma & Ettensohn,
2010), and further work may uncover common regulatory mechanisms

in these two taxa.

4.7.4 | Layering of cell specification pathways

A unique feature of modern-day euechinoid development is the pre-
cocious specification of the large micromeres, the founder cells of the
PMC lineage. The specification of these cells relies, in part, on con-
served gene networks that play a more general role in mesoderm
specification in all echinoderms and even outside the phylum. One
such mechanism is the vegetal targeting and activation of Dishevelled,
which underlies the accumulation of nuclear p-catenin in the vegetal-
most blastomeres of the cleavage stage embryo (Ettensohn, 2006). In
all echinoderms that have been studied (and in other phyla) this axial
patterning system is linked to the activation of regulatory genes that
play a conserved role in the early specification of mesoderm and
endoderm. This mechanism can therefore be viewed as part of a basal
mesoderm specification network which likely includes the regulatory
genes ets1, hex, erg, tgif, and foxN2/3, as well as the signaling gene
delta. These genes are expressed in the vegetal plate of every echino-
derm that has been studied, including sea stars, which lack a skeleto-
genic mesenchyme (see discussion and references in McCauley et al.,
2012 and Dylus et al., 2016). Some part of this pan-mesodermal speci-
fication network probably also specifies a general “mesenchymal”
(i.e., migratory) state. Evidence of such a pan-mesenchymal state

comes also from the many similarities in the programs of gene
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expression of PMCs and migratory, nonskeletogenic mesenchyme in
euechinoid sea urchins (Ettensohn et al., 2007; Rafiq et al., 2012) and
from the highly conserved role of ets1 and MAPK signaling in the
ingression of both skeletogenic and nonskeletogenic mesenchyme
among echinoderms (Kurokawa et al., 1999; Réttinger et al., 2004;
Fernandez-Serra et al., 2004; Koga et al., 2010).

Layered onto this basal “mesoderm” or “mesenchymal” specifica-
tion pathway are additional gene regulatory mechanisms that are
unique to the large micromere-PMC lineage and endow these cells
with the distinctive cell behaviors and biosynthetic activities associ-
ated with skeletogenesis. As discussed above, micromere specification
is dependent upon the unequal cell division that results from the dis-
placement of the nuclei of the four vegetal blastomeres of the 8-cell
stage embryo toward the vegetal pole. One critically important conse-
quence of this unequal cell division may be to concentrate Pmar1 or
other regulatory factors at sufficiently high levels in the micromeres
to activate early regulatory genes such as alxl. The evolution of
unequal cleavage in euechinoids must have involved the redistribution
of cortical protein complexes that regulate spindle positioning. How
this might have occurred in concert with changes in transcriptional
regulatory processes (e.g., the invention of Pmarl and its function in
PMC specification) is an intriguing, open question.

4.7.5 | AlIx1 as a pivotal regulator of skeletogenesis and a
model of transcription factor evolution

Recent studies have highlighted the pivotal role of alx1 as a primary
driver of skeletogenic specification in all echinoderms. In all clades
that form embryonic skeletons—euchinoids (including non-
camarodont species; see Yamazaki & Minokawa, 2015), cidaroids,
holothuroids, and ophiuroids—alx1 is expressed only by the skeleto-
genic lineage and is activated early in the specification process, prior
to ingression. In all three clades in which functional studies have been
performed (euechinoids, cidaroids, and holothuroids), alx1 has been
shown to play an essential role in skeletogenic specification
(Erkenbrack & Davidson, 2015; Ettensohn et al., 2003; McCauley
et al,, 2012). As noted above, in euechinoids, alx1 has positive inputs
into almost half of all genes selectively expressed by PMCs, highlight-
ing its role as a primary determinant of PMC identity. Moreover, even
in sea stars, which lack an embryonic skeleton entirely, alx1 is
expressed selectively in the skeletogenic centers of the adult rudiment
(Gao & Davidson, 2008: Koga et al., 2016). These observations estab-
lish alx1 as a pivotal component of the skeletogenic network.

The alx1 gene arose early in echinoderm evolution via a gene
duplication event and Alx1 secondarily acquired the robust, skeleto-
genic function that it currently exhibits in all echinoderms (Khor &
Ettensohn, 2017; Koga et al., 2016). Recent work has shown that the
acquisition of this new regulatory function was associated with the
exonization of a short (41 amino acid) motif located between the
homeodomain of Alx1 and its C-terminus (Khor & Ettensohn, 2017).
Remarkably, experimental insertion of this motif is sufficient to confer
robust skeletogenic function on Alx4, the paralogue of Alx1. Thus,
Alx1 provides a particularly striking example of a specific evolutionary
change in transcription factor sequence that has led to a major shift in
developmental function (see Lynch & Wagner, 2008). Another tran-
scription factor in the PMC GRN, Tbr, has also undergone significant

C
fe)

protein sequence changes, as evidenced by subtly different DNA
binding preferences of the sea star and sea urchin orthologs both
in vivo and in vitro (Cary, Cheatle Jarvela, Francolini, & Hinman, 2017;
Cheatle-Jarvela et al., 2014).

4.7.6 | Rapid evolution of effector genes

A final insight from comparative studies on the skeletogenic GRN is
that effector genes evolve more rapidly than core regulatory machin-
ery. Thus, although a core set of transcription factors has been impli-
cated in skeletogenesis across the phylum, recent transcriptomic and
proteomic  studies have revealed surprising variation in
biomineralization-related effector genes, such as those of the
MSP130 and spicule matrix protein families, and point to recent,
lineage-specific expansions (Dylus, Czarkwiani, Blowes, Elphick, & Oli-
veri, 2018; Flores & Livingston, 2017; Seaver & Livingston, 2015).
Indeed, effector gene duplication appears to have been rampant dur-
ing the evolution of echinoderm biomineralization (Adomako-
Ankomah & Ettensohn, 2011; Ettensohn, 2014; Ettensohn & Dey,
2017; Livingston et al., 2006; Rafig et al., 2012; Rafiq et al., 2014).
The flexibility in activation mechanisms described earlier, and the
rapid evolution of effector genes, generally support the view that the
periphery of a developmental GRN is less constrained than its regula-

tory core (see also Davidson & Erwin, 2006; Dylus et al., 2018).

5 | FUTURE DIRECTIONS

5.1 | The PMC GRN of euechinoids

The skeletogenic GRN of euechinoid embryos is highly detailed and
serves as a model of GRN architecture and as a gold-standard for
comparisons with other taxa. Even in the case of this well-developed
GRN, however, important questions remain unanswered. Progress on
the following fronts will enhance the value of the euechinoid skeleto-
genic network as a general model of GRN architecture and, at the

same time, increase its utility for evolutionary studies:

1. The mechanism by which the GRN is initially deployed in the large
micromeres is not fully understood; for example, questions remain
concerning the role of HesC-mediated repression, the precise
function of unequal cell division, the identity of the postulated
ubiquitous transcription factors that activate early regulatory
genes, and the mechanism by which the MAPK pathway is acti-
vated cell-autonomously in the PMC lineage.

2. Recent transcriptome profiling studies have led to the identifica-
tion of additional transcription factors expressed selectively by
PMCs (e.g., Nk7, Alx4, Mitf, and others), but these have not yet
been integrated into the network.

3. An overarching issue is that, although much of the circuitry of the
network has been revealed, in the vast majority of cases it is not
known whether regulatory interactions are direct or indirect.
Additional experimental dissection of PMC CRMs, by a variety of
approaches, will clarify the fine structure of the network. In addi-
tion, temporal changes in the architecture of the GRN are poorly

understood, mostly because conditional knockdowns of
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regulatory genes at late developmental stages, which might reveal
developmental changes in network circuitry, have not been car-
ried out.

4. The mechanisms by which ectoderm-derived signals such as
VEGF impinge on the network are unknown, as are the mecha-
nisms by which the skeletogenic network is activated in nonmi-
cromere lineages after larval feeding commences (these may
prove to be related mechanisms).

5. Undoubtedly, many critically important effector genes, and their
precise roles in PMC behavior and skeletal morphogenesis, have

yet to be uncovered.

5.2 | Comparative studies

Comparative studies of the skeletogenic GRN in echinoderms will
continue to provide important new insights concerning the gene regu-
latory programs that underlie embryonic development and morpho-
logical evolution. Because the skeletogenic network appears to have
been transferred to different developmental addresses in a modular
fashion, it follows that some of the most pressing questions concern
evolutionary modifications to the mechanisms that activate the

network:

1. For those taxa that lack micromeres yet form an early ingressing,
skeletogenic mesenchyme (brittle stars and sea cucumbers), a cen-
tral challenge is to elucidate the mechanisms that underlie the
early, lineage-specific activation of alx1.

2. With respect to cidaroid sea urchins, it will be important to deter-
mine whether the variable, unequal cell division of vegetal blasto-
meres bears any causal relationship to skeletogenic specification.
The late ingression of skeletogenic mesenchyme during cidaroid
embryogenesis is also of interest; this may be a consequence of a
delayed activation of the network, or there may be other regula-
tory mechanisms at work that slow the progression of the net-
work once deployed.

3. The mechanisms that control the activation of the skeletogenic
GRN in the adult rudiment of any echinoderm are entirely
unknown, but presumably reflect the most ancient regulatory
mechanisms.

4. Striking evolutionary changes in the timing of the activation of
the skeletogenic GRN have been documented in direct developing
euechinoids (Israel et al., 2016; Parks, Parr, Chin, Leaf, & Raff,
1988), but the mechanisms are not well-understood.

5. A different question concerns the extent to which the control of
skeletogenesis by VEGF and VEGFR-Ig10 is strictly conserved in
all developmental contexts throughout the phylum, and the
intriguing, related problem of how evolutionary changes in the
developmental expression of VEGF and other signaling ligands in
the ectoderm occurred in parallel with changes in the develop-
mental expression of the cognate receptors (see Morino et al.,
2012, 2016).

6. Further analysis of skeletogenesis in hemichordates, the closest
outgroup to the echinoderms, will be valuable in highlighting pos-

sible features of the ancestral program in echinoderms.
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