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Abstract

The emergence of a specialized system for food digestion and nutrient absorption was a crucial innovation for multicellular
organisms. Digestive systems with different levels of complexity evolved in different animals, with the endoderm-derived one-
way gut of most bilaterians to be the prevailing and more specialized form. While the molecular events regulating the early phases
of embryonic tissue specification have been deeply investigated in animals occupying different phylogenetic positions, the
mechanisms underlying gut patterning and gut-associated structures differentiation are still mostly obscure. In this review, we
describe the main discoveries in gut and gut-associated structures development in echinoderm larvae (mainly for sea urchin and,
when available, for sea star) and compare them with existing information in vertebrates. An impressive degree of conservation
emerges when comparing the transcription factor toolkits recruited for gut cells and tissue differentiation in animals as diverse as

echinoderms and vertebrates, thus suggesting that their function emerged in the deuterostome ancestor.
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Introduction

Before the emergence of the gastrointestinal (GI) system, food
sources for unicellular and multicellular organisms were lim-
ited to small molecules that could be directly up-taken across
the cell membrane. In an aquatic environment like the sea,
where life evolved, the invention of a closed apparatus to
digest big food particles has represented a beneficial innova-
tion for multicellular organisms, likely fostering the evolution
of complex body structures.
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Three main forms of GI system with different levels of
complexity have evolved in eumetazoans (Schmidt-Rhaesa
2007): i) the digestive syncytium of some Acoela and ii) the
sac-shaped intestine of Cnidaria, Gnathostomulida, and
Platyhelminthes, provided with one opening to the external
environment for both food uptake and residue expulsion;
iii) the more complex and efficient one-way gut found in most
bilaterians and equipped with two openings, a mouth special-
ized for food uptake and an anus for expulsion of undigested
matter.

The GI system forms during embryonic development
through gastrulation, a complex morphogenetic process that,
in triploblast bilaterians, gives rise to three embryonic germ
layers (the ectoderm, the mesoderm, and the endoderm). The
word “gastrulation” literally means “formation of the gut”
(from the Greek, “gastrula” that means “belly”) as one of its
most evident morphological results is a primitive gut tube (the
“archenteron”), provided, in the case of one-way guts, with a
blastoporal opening and a mouth. Gastrulation has both com-
mon and specific features in the different animals (for a de-
tailed description refer to (Stern 2004)). For instance, differ-
ences in the fate of the blastoporal opening during gastrulation
have long been used as a criterion to classify animals in pro-
tostomes (in which the blastopore gives rise to the mouth and
the anus forms from a secondary opening) and deuterostomes
(in which the blastopore gives rise to the anus and the mouth
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forms from a secondary opening). A third condition,
amphistomy, described only in two species (Malakhov 1998;
Treadwell 1901), consists in the formation of both mouth and
anus from the blastopore, through the fusion of the central
margins of the blastoporal opening. This classification has
been confirmed through genome-based phylogenies but the
finding of deuterostomy in a number of protostomes has chal-
lenged it and still fuels debates about the ancestral condition of
the blastopore fate (Martin-Duran et al. 2016; Nielsen 2017,
2019; Nielsen et al. 2018).

At the end of gastrulation, the archenteron is a straight tube,
in which the undifferentiated foregut, midgut, and hindgut
territories will give rise to the highly specialized tissues and
organs of the adult gut. In particular, the foregut will give rise
to the most anterior structure of the gut, the pharynx/esopha-
gus, that is specialized in food uptake and it usually presents a
strong musculature allowing to hold and swallow food parti-
cles. Posterior to the pharynx is the stomach that develops
from the midgut cells and it is specialized in food digestion
through the secretion of digestive enzymes. Finally, the most
posterior structure, the intestine, forms from the hindgut and it
is responsible of completing digestion, up-taking nutrients,
and expelling undigested food through the anus.

In most bilaterians, the gut tube forms entirely from the
inner endoderm layer, while in some others, such as insects,
the foregut and the hindgut derive from ectodermal cells. The
early stages of gut development have been deeply described in
animals occupying different phylogenetic positions, revealing
conservation and divergence in these early events of the em-
bryonic development (Stainier 2002). On the contrary, less is
known about the molecular regulation of the gut A-P pattern-
ing and the formation of gut-associated structures such as
muscles and glands like pancreas and liver. Molecular studies
on gut patterning have been conducted in some protostomes
(i.e., the nematode Caenorabditis elegans, the arthropod
Drosophila melanogaster, the annelid Capitella teleta, and
the priapulid Priapulus caudatus (Boyle et al. 2014, Lengyel
and Iwaki 2002, Martin-Duran and Hejnol 2015, McGhee
2013)). However, differences in gut development modes and
paucity of functional data make comparisons between proto-
stomes and deuterostomes difficult and not always informa-
tive. Therefore, to ease comparisons in the developmental
modes of different GI structures in representative animals, in
this review, we focus on the development of cell and tissue
types in deuterostome one-way guts, referring primarily to
echinoderms (sea urchins and sea stars) and vertebrates, with
the most molecular data available.

Among non-chordate deuterostomes, echinoderms repre-
sent valuable model systems in developmental biology, cell
biology, and genetics, mostly for their external fertilization
and development and for the transparency of eggs and embry-
os that facilitate direct observations of developmental process-
es (Amone et al. 2015). Moreover, the echinoderm lineage
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diverged from chordates prior to the large-scale gene duplica-
tion events that occurred early during vertebrate evolution.
Finally, the recent advances of genomic and transcriptomic
analyses in several species (Cary et al. 2019; Kudtarkar and
Cameron 2017) and the successful incorporation of high-
throughput methods to analyze gene regulatory networks
(GRNs) including biochemical assays (e.g., ChIP-Seq,
DNase-Seq, and ATAC-Seq) (Lowe et al. 2017; Shashikant
et al. 2018) offer a unique opportunity to study structure and
evolution of the gene regulatory apparatus controlling embry-
onic development. Indeed, the most exhaustive characteriza-
tion of a GRN for any developmental system has been devel-
oped for the sea urchin embryo and it describes the molecular
events driving the specification of endomesodermal territories
in time and space (Croce et al. 2011; Croce and McClay 2010;
Davidson et al. 2002; Peter and Davidson 2010).

As indirect developers, echinoderms live a larval phase (the
pluteus in echinoids and the bipinnaria larva in asteroids) dur-
ing which they are equipped with a fully functional regional-
ized gut. Detailed molecular studies have partially reconstruct-
ed the main gene regulatory events driving the sea urchin
larval gut development, mostly in Strongylocentrotus
purpuratus, providing mechanistic explanations for the
antero-posterior patterning and for the specification and de-
velopment of associated gut structures such as gastrointestinal
muscles and pancreatic-like cells (Andrikou et al. 2013, 2015;
Annunziata and Armone 2014; Annunziata et al. 2014; Cole
et al. 2009; Perillo and Arnone 2014; Perillo et al. 2016,
2018). In addition, the discovery of pharyngeal neurons of
endodermal origin (Wei et al. 2011) and the recent finding of
endoderm-derived neuronal nitric oxide synthase (nNOS)-
positive cells controlling pyloric sphincter relaxation through
nitric oxide signaling, a mechanism known to regulate pyloric
sphincter opening in vertebrates (Yaguchi and Yaguchi 2019),
both contribute to highlight the potential of molecular inves-
tigations in echinoderm model system.

In this review, we describe the main discoveries in gut and
gut-associated structures development in echinoderms and
compare them with available information in vertebrates.
Understanding the properties of gut patterning and formation
of gut-associated structures in early branching deuterostomes,
like echinoderms, holds the key in revealing the mechanisms
driving cell type differentiation in more complex organisms
such as humans, and in understanding the evolution of GI cell

types.

Larval gut structure and patterning
in echinoderms

Most echinoderms are indirect developers and live part of their
biphasic life cycle as swimming larvae. Larvae feeding on
phytoplankton (planktotrophic larvae) are present in
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holothurioids (auricularia), asteroids (bipinnaria) ophiuroids
(ophiopluteus), and echinoids (echinopluteus), while crinoids
larvae do not have a functional gut (McEdward and Miner
2001). The echinoderm larval guts are formed of a muscular
esophagus, a large spherical stomach, and a tubular intestine
(see the sea urchin and sea star larvae in Fig. 1(a, b)). The
larval feeding behavior has been observed and described for
many echinoderms (Strathmann 1975). In synthesis, the cilia
of the ciliated band create a current that brings food particles
close to the mouth; food particles enter the mouth of the larvae
and are transported down the esophagus by ciliary beating and
peristaltic contractions of muscular fibers giving rise to the
bolus. The lower esophagus muscle fibers contract toward
the upper esophagus causing the opening of the cardiac
sphincter and allowing the passage of the bolus into the stom-
ach. Once in the stomach, food particles are agitated and dis-
persed by ciliary beating causing their breakup and allowing
nutrient uptake. The undigested material is then passed to the
intestine through the opening of the pyloric sphincter, when
present. Eventually, food residues are defecated through the
anus.

The functional specialization of the different larval gut re-
gions has been analyzed by ultrastructural studies in two sea
urchin species (Dendraster excentricus and Echinocardium
cordatum) and two brittle stars (Amphipholis kochii and
Ophiura sarsi) (Burke 1981; Gliznutsa and Dautov 2011;
Kungurtzeva and Dautov 2001; Nezlin and Yushin 1994). In
both analyzed sea urchin larvae, the esophagus is divided in
two regions, one upper part that is composed of columnar
densely ciliated cells and a lower part that is bulbous and it
is composed of cuboidal cells with few cilia. According to
(Burke 1981), the upper esophagus serves in collecting food
particles and transporting them to the lower esophagus, a re-
gion devoted to the temporary storage of algal cells during the
formation of the bolus, likely through the secreting mucus.
The stomach is composed of two to three ultrastructurally
distinct types of columnar and cuboidal epithelial cells. Two
cell types are described in D. excentricus: type I cells that are
distributed throughout the stomach, present numerous micro-
villi, and contain two types of vesicles (type A provided with
fine granular substance of medium electron density; type B
provided with coarse granules, myelin bodies, and
multivesicular bodies); type II cells that are restricted to the
anterior portion of the stomach, do not present villi, and con-
tain within their cytoplasm remnants of whole algal cells in
various stages of digestions, indicating that these cells are
devoted to phagocytosis and digestion. On the other hand,
Nezlin and Yushin 1994 describe three cell types in the stom-
ach of the E. cordatum pluteus: type I and II that are the most
abundant and both contain vesicles; type III that are scattered
in the stomach epithelium and contain both vesicles and resi-
dues of algal cells, indicating a phagocytosis function. Finally,
the intestine in D. excentricus resulted made of a squamous

epithelium containing numerous vesicles and a single cilium
per cell and presenting very little specialization, suggesting
that it functions primarily as a conductive tube for the elimi-
nation of undigested material. Conversely, the E. cordatum
intestine cells presented microvilli on the apical surface, to-
gether with vesicles of different sizes and remnants of algal
cells in the cytoplasm, indicating that these cells can phago-
cytize food and absorb and store nutrients.

Based on these two available descriptions, secreting cells
and cells devoted to phagocytosis and digestion have been
found either in restricted regions of the stomach or in the entire
stomach epithelium and in the intestine, making the identifi-
cation of specific domains of cellular specialization in the sea
urchin larval gut difficult. More ultrastructural data combined
with molecular data are needed to define specific cell types
and compare the gut structure in different echinoderm species.

The gut of ophiuroid larvae presents a similar morphology
to the sea urchin larvae one. The esophagus is composed of a
single type of cells that are columnar and present one cilium
each and it is made of two parts, one bulbus and one tubular,
resembling the echinoid larval esophagus. The stomach is
composed of three cell types: type I and type II that are co-
lumnar cells provided with a single cilium, compose most of
the stomach epithelium, and differ only in the electron density
of the cytoplasm, with type I being more electron-dark; type
III cells are very rare, they are found in the “dome” and “bot-
tom” of the stomach and present a well-developed
endoplasmatic reticulum and large vacuoles. The intestine cu-
boidal epithelium is composed of two cell types, similar to cell
type I and II of the stomach, but presenting shorter and less
abundant microvilli. The intestine structure of the
ophiopluteus provides evidence that the process of nutrient
absorption continues in the intestine like in E. cordatum
(Nezlin and Yushin 1994).

Despite the differences highlighted by ultrastructural anal-
ysis, the echinoderm larval gut is composed of cells with
highly specialized morphology and function, and studies in
the sea urchin and sea star embryos have revealed that gut cell
identity is achieved through complex molecular events during
embryogenesis. Moreover, some of the transcription factors
(TFs) expressed in the different gut compartments of the sea
urchin larval gut show similar expression domains in the
vertebrate gut domains (for a detailed description see
Annunziata et al. 2014). These TFs have fundamental roles
in the formation and patterning of the sea urchin and verte-
brate gut and gut-associated structures. Data about TFs ex-
pression and function in the sea star larval gut are limited but
highlight conservation in the recruitment of the sea urchin
and vertebrate gut TFs suggesting that these genes have sim-
ilar functions in the sea star gut patterning. In Fig. 1(c), we
show the expression domains of TFs critical for gut differen-
tiation such as FoxA, GataE, Xlox, Cdx, and Hox11/13b in the
sea urchin, sea star, and mouse guts. Interestingly, these TFs
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Fig. 1 Gut patterning in echinoderms and vertebrates. Differential
interference contrast (DIC) microscopy images of the sea urchin
S. purpuratus (a) and the sea star P. miniata (b) larval guts in lateral view.
(c) Cartoons showing the expression patterns of TFs involved in gut
patterning in the sea urchin, sea star, and mouse embryonic guts. a, anus;
cs, cardiac sphincter; e, esophagus; i, intestine; m, mouth; ps, pyloric
sphincter; s, stomach; asterisks indicate absence of pyloric sphincter in
the sea star gut. References for the expression domains for the sea urchin
are: FoxA (Oliveri et al. 2006); GataE (Lee and Davidson 2004); Xlox and
Cdx (Arnone et al. 2006; Cole et al. 2009); and Hox11/13b (Arenas-Mena

present very similar expression domains: FoxA is expressed
in the entire gut in all three animals, although in sea stars and
sea urchins, its expression in the presumptive stomach of the
larva is significantly lower than that of the most posterior and
anterior regions of the archenteron; GataFE is stomach specific
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Hox11/13b

Hox11/13b

et al. 2006); for the sea star, FoxA (Hinman et al. 2003); GataE (Hinman
and Davidson 2007); Xlox and Cdx (Annunziata et al. 2013); and Hox11/
13b (this work); for the mouse: FoxA (Besnard et al. 2004); Gata4/5/6
(Ayanbule et al. 2011); Xlox (Pdx) and Cdx (Zorn and Wells 2009); and
Hox11/13b (Hoxa/d13) (Zom and Wells 2009). (d-e””) Projections of
merged confocal stacks of double fluorescent in situ hybridization of
P. miniata early gastrula embryos in ventral view (d, d’, d”, d*”) and
lateral view (e, €, €”, €’”’) showing co-expression of Cdx (magenta) and
Hox11/13b (cyan) genes. Nuclei are stained blue with 4',6-diamidino-2-
phenylindole (DAPI)

in the two echinoderms and expressed in all gut compart-
ments in the mouse; Xlox is confined to the stomach-
intestine boundary in all three animals and it is expressed in
the pancreas of the mouse; Cdx is expressed in the intestine
and anal cells of all three animals; Hox11/13b is expressed in
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the very posterior cells of the gut and in the anal cells of sea
urchin, sea star, and mouse guts. Interestingly, the expression
of these genes is also conserved in the embryonic gut of some
protostomes (Boyle and Seaver 2010; de Rosa et al. 2005;
Frobius and Seaver 2006; Hui et al. 2009; Kulakova et al.
2008; Lengyel and Iwaki 2002; Martin-Duran and Hejnol
2015; McGhee 2013).

Besides the expression domains, functional data avail-
able in sea urchin and in mouse highlighted similar func-
tions for some of these TFs, an example being the two
ParaHox, Xlox and Cdx. In the sea urchin embryo, Xlox
is required for the activation of Cdx in the most posterior
cells of the developing gut, for pyloric sphincter forma-
tion and stomach cells differentiation, while Cdx acts
through a Wntl0 signaling event to clear Xlox and mid-
gut markers from the intestinal cells, eventually causing
the separation between stomach and intestine fates
(Annunziata et al. 2014; Cole et al. 2009). Interestingly,
Xlox and Cdx murine homologs (Pdx1 and Cdx2, respec-
tively) also show similar expression and function in the
mouse embryonic gut. Indeed, Pdx1 plays a crucial role
in pancreas development and in the maintenance of [3-
cells function (Monaghan et al. 1993; Stoffers et al.
1997) and in pyloric sphincter morphogenesis (Offield
et al. 1996). On the other hand, Cdx2 knockout in mouse
endoderm results in the loss of intestinal identity with a
posterior to anterior gut transformation, leading to ectopic
expression of anterior gut markers in the intestine (Gao
et al. 2009).

The conservation of Xlox and Cdx expression do-
mains in the sea star Patiria miniata larva with Xlox
confined to the stomach-intestine boundary and Cdx
expressed in the hindgut and anal cells, despite the ab-
sence of the pyloric sphincter in the sea star, suggests
that the two ParaHox have a conserved function in the
bipinnaria gut regionalization. However, functional data
are needed to prove this hypothesis.

One intriguing difference in gut gene expression patterns in
sea urchin and sea star embryos is the biphasic expression of
the sea star Cdx. In S. purpuratus, Cdx expression starts at late
gastrula and requires, among other inputs, Xlox and Hox11/
13b regulatory inputs. In P. miniata, a first activation of Cdx
expression occurs in a ring of cells surrounding the blastopore
of the early gastrula embryos (Annunziata et al. 2013) where
Hox11/13b is also expressed (Fig. 1(c, d)). This early expres-
sion of Cdx represents a common feature between sea star,
mouse, and other Chordates. Indeed, the first embryonic ter-
ritory of expression for Cdx2 in murine embryos is the poste-
rior primitive streak where this gene is involved in axial elon-
gation (Chawengsaksophak et al. 2004). In Xenopus
tropicalis, the three orthologs Cadl, Cad?2, and Cad3 are first
expressed in the early gastrula around the blastopore and later
in the posterior embryo, including the gut (Reece-Hoyes et al.

2002); finally, in the amphioxus Branchiostoma floridae, the
first expression of Cdx is detected in a ring of cells surround-
ing the blastopore opening (Osborne et al. 2009).
Interestingly, Cdx early activation in the blastopore region
has been found also in protostomes such as insects (Lengyel
and Iwaki 2002) and priapulids (Martin-Duran and Hejnol
2015). The striking conservation of the early expression of
Cdx genes suggests an ancestral role for these TFs in the early
stages of gut development in bilaterians that appears to be lost
in the sea urchin embryo.

Another interesting difference concerns the expression of
the Brachyury (Bra) gene. Bra is expressed around the blas-
topore throughout bilateria, where, in most cases, it co-
expresses with Cdx, FoxA, and Wnt genes (Lengyel and
Iwaki 2002). However, after gastrulation, Bra is expressed in
the hindgut in ecdysozoans, echinoderms, and hemichordates
and in the notochord in cephalochordates and vertebrates
(Herrmann and Kispert 1994; Holland et al. 1995; Peterson,
etal. 1999a, b; Shoguchi et al. 1999; Tagawa et al. 1998), both
tissues undergoing morphogenesis resulting in axial elonga-
tion. It has been indeed proposed that Brachyury ancestral
function was in the early morphogenetic movements of inter-
nalization and cell rearrangement (Holland 2000; McGhee
2000; Wu and Lengyel 1998), rather than in specific tissue
differentiation, as also supported by the block in gastrulation
in sea urchin after Brachyury perturbation (Gross and McClay
2001; Rast et al. 2002).

Pancreas and pancreatic cells in metazoans

Animals have specialized cell types devoted to the production
of digestive enzymes and hormones, which are needed to
breakdown food particles and balance energy resources, re-
spectively. In mammals, both food digestion and glucose level
are controlled by pancreas, a specialized organ composed of
two tissues: the exocrine pancreas, which contains the diges-
tive enzyme-producing acinar cells, and the endocrine pancre-
as. The endocrine cells are clustered together in islets and
embedded in the exocrine tissue.

Non-mammalian vertebrates have a primitive pancreas-like
organ: in the hagfish, endocrine cells are clustered together but
are not embedded within the exocrine tissue (Ostberg et al.
1976; Youson and Al-Mahrouki 1999); in teleosts, endocrine
cells are closely associated into a distinct islet-like tissue, but
they are not intermingled with the exocrine pancreas like in
mammals (Falkmer et al. 1985; Youson and Al-Mahrouki
1999; Youson et al. 2006; Yui and Fujita 1986). Based on
the data available on vertebrate pancreatic cells, it seems that
the endocrine cells formed an islet-like tissue first, and only
after this first event, the exocrine tissue folded and budded out
of the gut lumen to associate with the islets to form a distinct
organ (the pancreas). In Fig. 2, a reconstruction of the
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Fig. 2 Evolution of pancreatic cells in deuterostomes. The cartoons show
simplified models displaying localization of pancreatic exocrine cells
(magenta) and endocrine cells (green). The only echinoderm with avail-
able information on pancreatic cells is the sea urchin larva. In the sea
urchin larva, exocrine cells are clustered in the upper stomach (s) in a
belt-like domain, while endocrine cells producing ILP1 (an insulin-like
peptide) are localized close to the exocrine cells and in the intestine (i) in a
feeding-dependent fashion. In cephalochordates and urochordates, endo-
crine and exocrine cells are scattered in the gut lumen and do not show
any aggregation. Exocrine cells are localized in the stomach in tunicates

evolutionary history of deuterostome pancreatic cell types
based on morphological features (for vertebrates), and similar
gene expression (for all other animals) is shown. It is worth
mentioning here that, wherever identified as a proper organ,
the pancreas arises from within a Pdx/Xlox positive domain.

Interestingly, cells with exocrine and endocrine functions
do not have a defined localization in the gut of non-bilaterian
animals (Goldberg 2002; Lemaitre and Miguel-Aliaga 2013;
Lentz 1966; Wu and Brown 2006). Studies on
cephalochordates and tunicates showed that endocrine and
exocrine cells do not exhibit any gut specialization and mem-
bers of the insulin family are produced by gut cells (He et al.
2018; Lecroisey et al. 2015; Olinski et al. 2006; Reinecke and
Collet 1998). The only evidence of exocrine cells clustered in
a well-defined endodermal domain comes from an early-
branched deuterostome, the sea urchin. Work from our lab
showed that cells expressing exocrine markers such as diges-
tive enzymes are clustered in a belt-like structure of the sea
urchin larval stomach. In close proximity to the exocrine cells,
there are also endocrine cells expressing an insulin-like pep-
tide. Based on these observations, one hypothesis is that the
endocrine and exocrine pancreatic cells were restricted to a
precise gut area in the deuterostome ancestor, and that
cephalochordates and urochordates lost this trait. This distri-
bution of pancreatic exocrine-like and endocrine-like cells in
non-vertebrate deuterostomes raises more questions. What
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[ Endocrine cells
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only. In the cyclostome hagfish, endocrine cells bud out of the gut to form
the first islets containing insulin-producing cells mainly. In gnathostomes,
the islets contain all of the pancreatic endocrine hormones, and the exo-
crine pancreas folds and branches out of the pancreatic duct. In mammals,
the endocrine tissue is represented by the islets of Langerhans (green
ovals in the figure) imbedded in the acinar cells (represented as light
magenta background). Data for this figure come from Al-Mahrouki and
Youson 1999; Falkmer et al. 1985; Lecroisey et al. 2015; Olinski et al.
2006; Perillo et al. 2016; Slack 1995; Youson and Al-Mahrouki 1999; and
Youson et al. 2006

drove the localization of the exocrine and endocrine cells in
the same region of the gut? What is the minimal toolkit of
genes and signaling pathways that specified gut cells to a
pancreatic fate? How are food intake and energy storage bal-
anced in animals without a pancreas? Is there a conserved
gene regulatory module that defines pancreatic cells?

Pancreatic-like exocrine cells in the sea urchin

Three main factors define pancreatic exocrine cells in verte-
brates: the production of digestive enzymes, the expression of
the basic helix-loop-helix transcriptional factor Ptfla (pancre-
atic transcription factor 1) that promotes exocrine cells differ-
entiation and maintenance, and cell specification through
Notch signaling. Digestive enzymes have been isolated from
adult sea urchin, sea star, and sea cucumbers (Hernandez-
Samano et al. 2017; Sun et al. 2015; Trenzado et al. 2012;
Wang and Hiebert 2001; Williams 1975; Winter and Neurath
1970). The sea urchin larva also produces several digestive
enzymes like (3-glucanase, «x-amylase (Vacquier 1971a, b;
Vacquier et al. 1971), carboxypeptidases, and lipases (Perillo
et al. 2016). The most extensive description of digestive cells
has been provided in the sea urchin S. purpuratus larva
(Perillo et al. 2016), while information on other echinoderm
larvae is scarce. In the sea urchin, cells producing digestive
enzymes are clustered in the larval upper stomach in a belt-
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like domain and digestive enzyme gene expression signifi-
cantly increases during feeding. These same cells of the upper
stomach also express the orthologs of vertebrate TFs that de-
fine the exocrine pancreas fate. In the mammalian pancreas,
Hnfla activates the transcription of P¢f7a in pancreatic precur-
sors (Haumaitre et al. 2005), and in turns Ptfla controls exo-
crine cell maturation and regulates digestive enzymes produc-
tion (Krapp et al. 1998; Petrucco et al. 1990). In vertebrates,
Ptfla activity alone is required to keep the exocrine cell fate,
and Ptfla low levels promote the expression of endocrine
genes and the reprogramming of exocrine to endocrine fate
(Hesselson et al. 2011). Similarly, Hnf1 controls Ptfla endo-
dermal expression in the differentiating sea urchin gut, and
Ptfla induces the expression of genes coding for digestive
enzymes, such as Cpa2L, Amy3, and Pnlp2/5 (carboxypepti-
dase, amylase, and lipase respectively) (Perillo et al. 2016).
Ptfla binds to an extended bipartite DNA sequence in the
promoter of mammalian pancreatic digestive enzyme genes
(Masui et al. 2007). This sequence consists of an E-box and
a TC-box spaced one or two helical DNA-turns apart. Based
on the homology with mammalian binding sequences, puta-
tive Ptfla binding sites were found on the promoters of the sea
urchin digestive enzymes. Luciferase essays have also showed
that the sea urchin Ptfla is able to bind its mammalian partner
proteins to activate transcription of the rat chymotrypsinogen
elements (Perillo et al. 2016). This evidence suggests that the
sea urchin Ptfla acts like its mammalian ortholog to control
exocrine cells differentiation and activate digestive enzyme
production.

Another characteristic of pancreatic cell development
is that Notch signaling balances exocrine cells fate by
repressing exocrine cells differentiation in gut cells
(Esni et al. 2004; Hald et al. 2003; Murtaugh et al.
2003). This role is conserved in sea urchins, where
Notch signaling blocks the differentiation toward an exo-
crine fate by repressing Ptfla expression in cells close to
the belt-like exocrine domain. All the above findings in-
dicate that the minimal toolkit necessary to define pan-
creatic exocrine cells is present in an early-branched deu-
terostome. Based on available results, the essential gene
regulatory program that specifies for exocrine cells is
established in the sea urchin gut (Fig. 2; for or a summa-
ry of the above described gene interactions see also the
GRN reported in Fig. 4(B)). In both mouse and zebrafish,
Ptfla promotes acinar cell maturation while Notch signal-
ing represses acinar cell differentiation. Ptfla controls the
expression of Mistl and of the digestive enzymes to
maintain the acinar phenotype. All the above similarities
between vertebrate and sea urchin GRNs, together with
the evidence that the exocrine cells are restricted to the
sea urchin larva upper stomach, suggest that the cluster-
ing of the exocrine pancreas predates the emergence of
the pancreas as a discrete organ.

Pancreatic endocrine-like cells and insulin peptides
in the sea urchin

Pancreatic endocrine 3-cells produce the hormone insulin that
balances nutrient metabolism, organism growth, and cell sur-
vival. To date, members of the insulin family in echinoderms
have been found in the Lytechinus variegatus and
S. purpuratus genomes, but not in other echinoderms. The
S. purpuratus genome has two members of the insulin family,
ILP1 and ILP2 (insulin-like peptides 1 and 2) (Burke et al.
2006). Ilp1 gene structure is similar to the proto-insulin ances-
tor, while /lp2 is divergent. llp] is always expressed by a
group of cells in the larva upper stomach, while the protein
localization is feeding dependent. When food is available,
ILP1 protein is localized in a group of cells in the stomach
and in few intestine cells. When food is scarce, both ILP1 gene
and protein expression increase drastically in the intestine
cells (Perillo and Arnone 2014). ILP1 protein is very similar
to pig insulin at the protein sequence level. For instance, ILP1
antigen is also recognized by a pig anti-insulin Ab (Perillo and
Arnone 2014), and porcine insulin stimulates larval growth by
modulating collagens and histones gene expression (de Pablo
et al. 1988).

The ILP1+ cells in the stomach are localized in close prox-
imity to the exocrine cells. This localization suggests that exo-
crine and endocrine cells became restricted to the same gut
region for the first time in the echinoderm lineage. A still
unanswered question is what is the gene regulatory module
of the endodermal ILP1+ cells. So far, pancreatic endocrine
transcriptional factors known to activate a pancreatic endo-
crine program have been found in sea urchin neurons only.
In the gastrula, apical plate and ciliary band neuronal precur-
sors defined by SoxC (Garner et al. 2016) also express Ptfla
and Xlox (Perillo et al. 2018; Wood et al. 2018). In the larva,
Xlox expression is restricted to the lateral ganglia that also
express Is/ (Perillo et al. 2018), the vertebrate ortholog of
which is expressed in developing pancreatic endocrine cells
and brain (Thor et al. 1991). Considering that pancreatic en-
docrine cells and neurons share remarkably similar features
(Alpert et al. 1988; Le Douarin 1988; Pearse and Polak 1971),
it has been proposed by several authors that the pancreatic
cells co-opted a neuronal gene program (Arntfield and van
der Kooy 2011; Eberhard 2013). Remarkably, a shared origin
for endocrine and neuronal cells is supported by the observa-
tion that the endocrine adrenomedullary cells that originate
from the neural crest can be transformed into neurons when
exposed to nerve growth factor in vivo and in vitro (Aloe and
Levi-Montalcini 1979; Forander et al. 2001; Ogawa et al.
1984). The evidence that a gene program that predates the
pancreas as a discrete organ is present in subsets of sea urchin
neurons suggests that gut cells co-opted a pre-existing pancre-
atic program from an ancestral neuron of a deuterostome an-
cestor (Perillo et al. 2018).
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Comparison of muscle structures involved
in digestive systems

The fundamental ability of animals to ingest and trans-
port food along their digestive tract is based on the alter-
nating waves of gastrointestinal muscle contraction and
relaxation. Echinoderm embryos are characterized from
two different types of gastrointestinal muscles, the
circumesophagael muscles that contract in order the food
to be ingested (Fig. 3(a, ¢)), and the myoepithelial cells,
which compartmentalize the digestive tract in distinct do-
mains with different digestive functions and defecation
(Fig. 3(b, d)). The circumesophagael muscles are
mesodermally derived (Andrikou et al. 2013; Burke and
Alvarez 1988; Cameron and Davidson 1991; Chia 1977;
Crawford and Martin 1998; Crawford and Chia 1978;
Gliznutsa and Dautov 2011; Gustafson and Wolpert
1967; Ishimoda-Takagi et al. 1984; Wessel et al. 1990);
they appear to be of the smooth muscle type as they are
mononucleated and have few dense bodies and a long
term contraction-relaxation periodicity and the organiza-
tion of thick and thin filaments lacks a periodic structure
(Burke 1981; Gliznutsa and Dautov 2011; Kaneko et al.
2009; Kungurtzeva and Dautov 2001). In the case of sea
urchins and ophiuroids, these muscles also share striated
muscle morphological properties since their dense bodies
are periodically aligned across the width of the filamen-
tous region that resembles indistinct Z-lines (Burke 1981;
Kungurtzeva and Dautov 2001). The myoepithelial cells
arise from the endoderm and form three sphincters; two
of them (pyloric and anal) morphologically resemble
smooth muscles, while the third one (cardiac) has striated
muscle features (Burke 1981). Not all echinoderm larvae
possess three sphincters. The digestive tract of sea urchin
(Figs. 1 and 3(b)) and ophiuroid pluteus larvae is com-
posed from cardiac, pyloric, and anal sphincters, while
the bipinnaria larvae of sea stars does not have the pylo-
ric sphincter (Figs. 1 and 3(d)).

The most extensive description of muscle development has
been conducted in the sea urchin S. purpuratus (Andrikou
et al. 2013; Burke and Alvarez 1988). The first pair of myo-
blasts is formed at late gastrula stage (45-50hpf), when one or
two mesodermal cells at the oral side of the tip of the archen-
teron, express Myosin heavy chain (Mhc). These cells are part
of the coelomic sacs, which at this developmental stage are
seen as a single vesicle that pinches off from the tip of the
archenteron. At the same time, the future cardiac and anal
sphincters start to be formed. As the embryo develops, more
cells are adopting the myoblast fate without being clear
whether this is due to a proliferation event or to de novo
specification. Later on, at prism stage (55-60hpf), morphoge-
netic movements start to take place. The paired flap-like coe-
lomic sacs start to extend laterally and two rows of myoblast
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cells form that surround the stomodeum. At early pluteus
stage (65—70 hpf), the connection between the two coelomic
pouches closes and processes of the myoblasts from each
pouch extend toward the midline of the esophagus. No direct
contact between the myoblasts and the esophageal epithelial
cells takes place. In each coelomic sac, an average of 7-8
myoblasts and another mean of 7-9 other than myoblasts is
seen. At late pluteus stage (72-96 hpf), processes of the myo-
blasts fuse from both sides to form the muscle bands that
encircle the esophagus (Fig. 3(b)). Finally, ventrolateral pro-
cesses extend from branches of muscle cells situated at the
posterior end of the coelomic pouches. The pyloric sphincter
is formed and the first synchronized contractions of the gas-
trointestinal musculature occur.

In sea stars, the esophagael muscle cells of the bipinnaria
larvae are derived from the coeloms in a similar manner to the
sea urchin larvae (Crawford and Martin 1998). At late gastrula
stage (3 dpf), mesenchyme cells start to migrate from the
expanded coelomic tip of the archenteron toward the esopha-
gus. Few hours later (4 dpf), the coelomic sacs have almost
completely separated from the tip of the archenteron and the
myoblasts extend fine filopodia from one end of the cell. By
day 5, the presumptive esophageal muscle cells cover one
third of the surface of the esophagus with their single process-
es. Over the next 24 h, the myoblasts start to elongate and by
day 7, and they consist of two elongated processes that encir-
cle the esophagus. The boundaries of adjacent cells are sepa-
rated from their neighbors, with little overlap or contact be-
tween them. Branches of muscle fibers run in the longitudinal
axis of the esophagus and form lateral processes. At this stage,
12—-13 rings of esophageal myofilaments are observed (Fig.
3(d)) and the first contractions are taking place.

The molecular interplay that governs esophageal muscle
development has been described in the sea urchin species
S. purpuratus (Andrikou et al. 2015) and shares impressive
similarities not only with vertebrates but also with tunicates,
flies, and nematodes (Andrikou and Arnone 2015; Ciglar and
Furlong 2009). Naive, FoxY-expressing secondary mesen-
chyme cells, located at the oral lateral side of the vegetal plate,
receive an inductive FGF signal from the oral ectoderm at the
onset of gastrulation, which triggers the expression of a set of
myogenic transcriptional regulators required for the proper
esophageal muscle formation. This set of genes includes,
among others, three more Fox factors—FoxC, FoxF, and
FoxLI1—, Myocardin, Twist, SoxE, Schratchx, Six1/2, Thx6,
and Myod?2. All these TFs are highly interconnected and oc-
cupy different hierarchical levels of the myogenic GRN.
FoxC, SoxE, SchratchX, and Six1/2 start to be expressed at
the early/mid gastrula stage and provide positive inputs to
their downstream targets FoxF and FoxLlI, and negative in-
puts to genes belonging to different mesodermal GRNs, such
as Scl, Dachs, Pitx2, and Not. At the end of the myogenic
GRN stand, the differentiation drivers Myod2 and Thx6 which
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Fig. 3 Gastrointestinal
musculature in echinoderm
larvae. DIC sequential images
during esophageal muscle
contraction (a-a’, c-¢’) and
immunohistochemistry of
gastrointestinal muscles in sea
urchin pluteus larva (b) and sea
star bipinnaria larva (d). Black
arrowheads indicate the position
of the esophageal contraction.
Fluorescent images are projec-
tions of merged confocal stacks.
Esophageal muscles and
myoepithelial cells (sphincters)
are stained with anti-MHC anti-
body in (b) and phalloidin in (d).
Sphincters are indicated with
white arrows. Cilia and nervous
system are stained green with
acetylated tubulin. Nuclei are
stained blue with DAPI. Anterior
is to the top. as, anal sphincter; cs,
cardiac sphincter; e, esophagus; i,
intestine; m, mouth; ps, pyloric
sphincter; s, stomach

pluteus

bipinnaria

start to be expressed at the late gastrula stage and will in turn
activate the muscle differentiation battery (e.g., Mhc)
(Fig. 4(c)).

Remarkably, the GRN responsible for sphincter formation
in sea urchins differs from the one driving esophageal muscu-
lature development. For instance, the formation of the cardiac
sphincter is not driven by a FGF signal. Embryos, in which

FGF is inhibited, are still able to form the cardiac sphincter
while the esophageal muscle is absent (Andrikou et al. 2015).
Moreover, FoxY, FoxC, FoxF, FoxL1, Six1/2, Tbx6, and
MyoD2 morphants retain their cardiac sphincter in most of
the cases observed (Andrikou et al. 2015). This indicates that
the cardiac sphincter is not a byproduct of the esophageal
muscle formation, but it is governed by a distinct, still
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Fig. 4 View from the genome of three GRNs operating in the
gastrointestinal tract of the sea urchin larva. A summary of the main
regulatory gene interactions occurring in all nuclei (view from the
genome) during specification/differentiation of the posterior gut (a), the

unknown, endodermal GRN. Moreover, a different tran-
scriptional network controls the pyloric sphincter forma-
tion (Fig. 1). A key gene of this GRN is Xlox. Xlox
morphants have a malformed gut, which miss the pyloric
sphincter—and lack, in the presumptive pyloric sphincter
region, the expression of Mhc—and show a reduced diges-
tive capacity with stomach terminal differentiation genes
and digestive enzymes being severely downregulated
(Annunziata and Arnone 2014; Cole et al. 2009).
However, in these embryos, the cardiac sphincter and the
esophageal muscle formation remain unaffected suggesting
that these three different types of muscle are orchestrated
by diverse GRNSs. Interestingly, in sea star larvae, although
the spatial expression of Xlox is conserved with the one in
sea urchins (Annunziata et al. 2013), the pyloric sphincter
is absent (Fig. 1). Given the fact that the role of this tran-
scription factor is conserved in vertebrates, where the loss
of the orthologous gene Pdx/ also causes a disrupted py-
loric sphincter (Offield et al. 1996), it is likely that the
function of Xlox in controlling the pyloric sphincter forma-
tion has been lost in sea stars. More studies are needed to
reveal whether the regulatory landscapes of sphincter de-
velopment share similarities or not between echinoderms
and vertebrates.

Conclusions

The development of a functional gastrointestinal system re-
quires a series of coordinated cellular and molecular events that
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exocrine pancreatic-like cell type (b) and the esophageal muscles (c) is
reported. The diagrams are generated using the Biotapestry software
(www.biotapestry.org)

will result in the formation of a number of specialized cell types.
The reconstruction of these molecular events driving cell type
specification in the echinoderm and vertebrate gut and gut-
associated structures revealed sub-specialization of the TFs in-
volved. One example is the molecular toolkit recruited for the
antero-posterior patterning of the gut: the combinatorial activa-
tion of TFs in specific cells along the gut defines the identity of
gut compartments. Another interesting example is the compact
gene regulatory module that controls exocrine pancreas devel-
opment and function. Finally, the two different types of gastro-
intestinal muscle cells, esophageal, and myoepithelial sphinc-
ters characterized not only from different embryological origins
but also different underlying GRNs.

Overall, the regulatory landscape of gut development and
compartmentalization is highly conserved among animals, sug-
gesting a deep homology within deuterostomes and likely also
within Bilateria. On the other hand, the high level of sub-
specialization so far observed in sea urchin larvae, even at the
gene regulatory network level, might offer an instrument to
understand the evolution of gastrointestinal cell types and to
dissect the mechanisms driving cell type differentiation in more
complex systems such as the human gut. This could eventually
be instrumental to identify causes of gut malformations and
dysfunctions and, ultimately, even improve transplantation op-
portunities through organoid generation.
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