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Abstract

1.

The micromeres of the sea urchin embryo are distinct from other blastomeres. After they arise
through an asymmetric cell division at the 8- to 16-cell stage, micromeres immediately function
as organizers. They also commit themselves to specific cell fates such as larval skeletogenic
cells and primordial germ cells, while other blastomeres remain plastic and uncommitted at

the 16-cell stage. In the phylum Echinodermata, only the sea urchin (class Echinoidea) embryo
forms micromeres that serve as apparent organizers during early embryogenesis. Therefore, it is
considered that micromeres are the derived features and that modification(s) of the developmental
system allowed evolutionary introduction of this unique cell lineage. In this chapter, we
summarize the both historic and recent observations that demonstrate unique properties of
micromeres and discuss how this lineage of micromeres may have arisen during echinoderm
evolution.

Introduction

The sea urchin embryo has served as a model system in the field of embryology for over a
century. In particular, the micromere, a cell type formed at the 16-cell stage in the embryo
continues to draw the attention of many scientists because of its unique cell geometry,

cell fate, function, and molecular properties. The micromere lineage arises through the first
apparent asymmetric and unequal cell division at the 16-cell stage. This cell division is
horizontal and produces unequal sized daughter cells, resulting in four macromeres and four
micromeres in the vegetal hemisphere. Micromeres are positioned slightly tacked inward

at the vegetal pole because of the oblique orientation of the spindle during asymmetric

cell division, while animal blastomeres divide equally and vertically (Fig. 1A). Micromeres
undergo another horizontal yet oblique unequal cell division at the 32-cell stage to form
large and small micromeres that are also tacked toward the vegetal pole. These two lineages
autonomously result in two specific cell fates: the large micromere develops to a singular
fate of skeletogenic cells (Okazaki, 1975), and the small micromere gives rise to primordial
germ cells (PGCs) (Yajima & Wessel, 2011a, 2012). The other embryonic blastomeres,

on the other hand, do not become fully committed to specific cell fates during early
embryogenesis.
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Micromeres are unique in their function. They are capable of signaling to adjacent,
macromere-derived cells and induce the site of invagination. Therefore, micromeres are
considered to be major organizers in the sea urchin embryo (Boveri, 1901; Horstadius,

1928; Ransick & Davidson, 1993, 1995). This historical discovery was initially made around
the time when Spemann’s organizer was discovered in the amphibian embryo (Spemann

& Mangold, 1924). This calls extra attention to micromeres, which show similar inductive
capability in the embryo of the sea urchin, an invertebrate animal. It is not yet entirely

clear; however, if/lhow the mechanism of organizers’ functions is evolutionarily conserved or
distinct between sea urchins and amphibians or among distantly related organisms.

Micromeres also show unique structural and chemical properties, such as denuded cortical
membrane structure and an increased level of calcium (Dale, Yazaki and Tosti, 1997; Dan,
Endo, & Uemura, 1983; Yazaki, 2001; Yazaki, Abe, Santella, & Koyama, 2004). However,
the physiological significance of these specialized properties is yet to be determined.

Lastly, micromeres are distinct at the molecular level. They selectively accumulate a variety
of transcription-, translation- and signaling factors (e.g., defta, wnt8, pmarl, and vasa)

by largely unknown mechanisms that promote development of each lineage (Angerer &
Angerer, 2003; Cui, Siriwon, Li, Davidson, & Peter, 2014; Juliano et al., 2006; Materna &
Davidson, 2012; Oliveri, Carrick, & Davidson, 2002; Swartz et al., 2014; Voronina et al.,
2008; Wikramanayake et al., 2004; Yajima & Wessel, 2011b). For example, Vasa protein,

a conserved germline marker, is present in all blastomeres until the 8-cell stage, and then
becomes specifically enriched into micromeres at the onset of micromere formation and
further into the small micromere lineage during the successive unequal cleavage (Voronina
etal., 2008; Yajima & Wessel, 2011b). Importantly, when embryos are treated with SDS

at the 8- to 16-cell stage, which randomizes axes of cell division and results in equal-

sized daughter cells, the resultant embryos often fail in gastrulation (Tanaka, 1976) and
Vasa is no longer asymmetric at the vegetal pole (Poon, Fries, Wessel, & Yajima, 2019).
Therefore, unequal cell division appears to be important for micromere’s proper function as
an organizer as well as for establishment of its molecular properties.

Collectively, micromere formation at the 16-cell stage appears to be an important event for
embryogenesis of the sea urchin, yet the mechanism that makes micromeres so distinct from
other cell types through a single asymmetric cell division is largely unknown. Further,

in the phylum Echinodermata, micromere formation or early asymmetric cell division

is seen only in sea urchins (class Echinoidea). The formation of micromeres is thus
considered to be a derived feature among echinoderms, which appear to have also evolved
organizer-dependent development specifically in the echinoid lineage. Asymmetric cell
division during embryogenesis is critical for diversifying early cell fates in many organisms,
and evolutionary changes in this process could impact the entire developmental program.
Therefore, micromeres of the sea urchin have been an ideal model to study a fundamental
biological question of how a new cell type emerges in the developmental program during
evolution. Although many questions are yet to be answered, in this chapter, we summarize
both historical and recent findings in relation to development of the micromere lineage in the
sea urchin embryo.
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2. Micromere formation in the sea urchin embryo

2.1 Early development of the sea urchin embryo

Upon fertilization, the sea urchin embryo divides symmetrically and yields both
morphologically and molecularly equal blastomeres at the 4-cell stage through two

vertical cell divisions (Fig. 1A). The embryo then undergoes the first asymmetric cell
division through a horizontal cell division to produce an 8-cell stage embryo, which is
morphologically symmetrical but has molecularly distinct vegetal and animal blastomeres.
These first three cleavage patterns are highly similar among other echinoderms, yet the
fourth cleavage is both morphologically and molecularly asymmetric and unique to the
class Echinoidea (sea urchins) that includes euechinoid sea urchins (modern sea urchins),
cidaroid sea urchins (pencil urchins) and sand dollars. In modern sea urchins and sand
dollars, the four blastomeres in the animal hemisphere undergo symmetric and vertical

cell divisions to generate eight intermediate size blastomeres (mesomeres), while the four
vegetal blastomeres undergo asymmetric and horizontal cell division to yield four large and
four small daughter cells (macromeres and micromeres, respectively). Micromeres undergo
another asymmetric cell division at the fifth cleavage to form large and small micromeres,
each of which gives rise exclusively to primary mesenchyme cells (PMCs)/skeletogenic cells
and the germline, respectively.

Specification of the micromere lineage occurs autonomously even /n vitro (Okazaki, 1975;
Yajima & Wessel, 2012), while other blastomeres (mesomeres and macromeres) remain
unspecified and undergo conditional specification in response to inductive signals from
micromeres. Under normal conditions, mesomeres and macromeres give rise to ectoderm
and endomesoderm, respectively. However, when extra micromeres are transplanted to an
ectopic position such as the animal pole, secondary gut formation occurs at that site (Fig.
1B) (Boveri, 1901; Horstadius, 1928; Ransick & Davidson, 1993). This classical experiment
demonstrates that micromeres have an inductive capability and are capable of changing the
fate of adjacent cells to become endomesoderm. When micromeres are removed at the 16-
cell stage, on the other hand, the resultant embryo often undergoes a severe developmental
delay and gastrulation failure in S. purpuratus (Ransick & Davidson, 1995). Of note, in H.
pulcherrimus, another sea urchin species, micromere-removal appears to cause only modest
developmental delay, while randomizing left-right polarity in larvae (Kitazawa & Amemiya,
2007). Therefore, the level of micromere’s essentiality for gastrulation may vary for species
and its signaling function appears to be dispensable through compensatory mechanisms that
are not yet well identified (Voronina et al., 2008; Yajima & Wessel, 2015). Nonetheless, it is
a consistent observation in multiple sea urchin species that micromeres provide an important
role as organizers in normal development.

While signaling to adjacent blastomeres, micromeres commit themselves to specific fates
at the 16-cell stage. Under normal development, one of the micromere descendants, the
large micromere, gives rise to PMCs, which ingress into the blastocoel prior to gastrulation
and form the skeleton of the larva. Another micromere descendant, the small micromere,
invaginates together with secondary mesenchyme cells (SMCs) at the tip of archenteron
during gastrulation and contributes to coelomic pouches that give rise to the adult rudiment.
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In addition to this unique location of small micromeres, based on the experimental outcomes
of their molecular profiling and lineage tracing, small micromere descendants are proposed
to contribute to the next generation as a germline (Yajima & Wessel, 2012).

2.2 Evolutionary introduction of micromeres during echinoid diversification

Echinoderms are deuterostomes and close relatives of chordates. Among echinoderms,
only sea urchin embryos undergo asymmetric cell division at the 16-cell stage and form
micromeres. Micromeres of the sea urchin are known to serve as an organizing center

at the vegetal pole of the embryo, while other echinoderm embryos such as sea star
embryos do not undergo asymmetric cell division or form an apparent signaling center
during early embryogenesis. The sea star embryo lacks micromeres as well as PMCs

and does not form a larval skeleton; therefore, it appears to completely lack the large
micromere lineage. Furthermore, after fifth cleavage, small micromeres of the sea urchin
start accumulating markers for primordial germ cells (PGCs) (e.g., vasa, nanos, piwi)
(Juliano et al., 2006; Juliano, Yajima, & Wessel, 2010; Rodriguez et al., 2005; Voronina

et al., 2008; Yajima & Wessel, 2011a, 2011b, 2012, 2015). In contrast, the sea star embryo
enriches such germline markers in the tissue called posterior enterocoel (PE) only after the
larval stage (Fresques, Zazueta-Novoa, Reich, & Wessel, 2013; Juliano & Wessel, 2009).
These observations suggest that the evolutionary introduction of micromeres allowed early
establishment of two unique cell lineages, the larval skeleton and the germline, in the sea
urchin. Of note, the brittle star, another echinoderm, forms larval skeleton without forming
micromeres. Transcriptomic analyses of the brittle star embryos, however, suggest that larval
skeletogenesis likely evolved independently in two classes of echinoderms, sea urchins and
brittle stars, potentially by co-opting each of the adult skeletogenic programs that are present
in all echinoderms (Dylus, Czarkwiani, Blowes, Elphick, & Okiveri, 2018). Therefore, it
is considered that brittle stars have acquired larval skeleton through a mechanism different
from micromeres in the process of evolution, yet its exact mechanism remains unknown.

The pencil urchin, cidaroid sea urchin, is considered to be an ancestral type of the sea urchin
and diverged around 252 million-years ago (Bottjer, Davidson, Peterson, & Cameron, 2006).
Therefore, the pencil urchin is an evolutionary intermediate between the sea star and the

sea urchin, and indeed demonstrates an intermediate type of development: the embryo forms
0-4 micromere-like cells of variable sizes. Importantly, a classic cell lineage experiment
demonstrates that these micromeres of the pencil urchin contribute to the larval skeleton

as do micromeres of the sea urchin (Wray & McClay, 1988). These observations support

the contention that the micromere lineage is a derived trait of euechinoids. Further studies
are awaited to determine if these micromere-like cells of the pencil urchin embryo have
inductive capability; this would shed light on when the functional properties of micromeres
were acquired during the evolutionary transition to modern sea urchins.

3. Unique properties of the micromere

3.1 Structural and chemical properties of the micromere

It has been reported that the micromere has a unique membrane composition. Transmission
electron microcopy reveals that its plasma membrane is smooth and lacks cortical pigment
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granules. This is distinct from the other blastomeres, which have microvilli and pigment
granules (Dale, Yazaki and Tosti, 1997; Dan, 1954). Furthermore, in the animal blastomere,
a row of vesicles covers the cell surface, while the future micromere region of the

vegetal blastomere lacks such vesicles (Dan et al., 1983). These observations suggest that
micromeres may have different cellular signaling capability through its unique membrane,
yet no direct functional study has been conducted to prove this point so far.

Several studies, however, support the view that micromeres have a unique intracellular
signaling capability. For example, it has been reported that micromeres show a unique
calcium ion elevation upon their formation. The calcium ion is an intracellular messenger
in eukaryotic cells and plays critical roles in various cellular events including cell
differentiation, proliferation and apoptosis across organisms (Berridge, Lipp, & Bootman,
2000). In the sea urchin embryo, it has been observed that intracellular calcium ion
concentration elevates in the future micromere region during the fourth cell division (Yazaki,
2001; Yazaki et al., 2004). Subsequently, calcium oscillation occurs for about 10min,
resulting in an increased concentration of the intracellular calcium ion in micromeres upon
completion of cytokinesis (Yazaki et al., 2004). This calcium oscillation is proposed to be
triggered by calcium influx caused by the activation of stretch-dependent calcium channels,
followed by the release of calcium ions from the endoplasmic reticulum (Yazaki et al.,
2004; Yazaki, Tosti, & Dale, 1995). These observations suggest a potential role of calcium
oscillation in micromere formation and/or signaling.

Although the detailed functional significance of calcium elevation in micromeres has yet

to be identified, in other organisms, it is known that phospholipase C (PLC) hydrolyses
phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma membrane to produce 1,2-
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 subsequently induces

the endoplasmic reticulum to release calcium ions. Calcium ions and DAG then activate
conventional protein kinase C (cPKC), which mediates a wide range of biological functions
such as cell shape regulation, proliferation and apoptosis. Therefore, in the sea urchin
embryo, it has been proposed that a similar mechanism may be involved in calcium

ion elevation in micromeres, and which may activate cPKC and controls a number of
downstream events unique to micromeres. Supporting this idea, it has been reported that
cPKC plays a critical role in embryonic axis formation of the sea urchin embryo (Yazaki et
al., 2014). cPKC activator increases both nuclear and cytoplasmic localization of p-catenin
in vegetal blastomeres, while depleting the nuclear p-catenin signal in animal blastomeres,
enhancing the animal-vegetal (AV) gradient of B-catenin expression (Yazaki et al., 2014). A
similar phenotype is caused by LiCl, a classically known vegetalizing agent (Livingston &
Wilt, 1992). On the other hand, cPKC inhibitor induces nuclear localization of B-catenin in
all blastomeres, diminishing the AV gradient in the embryo (Yazaki et al., 2014).

It is not yet identified how cPKC functions in the AV axis formation, but its inhibitor
appears to alter a distribution of actin filaments by shifting their location from the plasma
membrane to the cytoplasm. This suggests cPKC’s potential role in cytoskeletal control.
Similar to cPKC inhibitor, GdCls, an inhibitor for stretch-activated ion channels, also
suppresses calcium ion influx in micromeres and delays gastrulation (Yazaki et al., 2004,
2014). Taken together, Yazaki et al. hypothesizes that calcium ion influx may be mediated
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by membrane-stretch activity of cPKC in micromeres and that cPKC may be not only a
downstream but also an upstream factor of calcium ion dynamics, contributing to calcium
homeostasis in the cell. It is, however, not yet directly tested if calcium ion influx actually
activates cPKC in micromeres nor if cPKC indeed stretches the membrane and controls
calcium ion dynamics in the cell. Additionally, it will be important to identify in the
future if/how the activated cPKC signaling leads to what downstream pathways to control
micromere signaling and AV axis formation. These remaining questions may be addressed
by visualizing and manipulating dynamics of cPKC signaling, calcium ion influx, and
[B-catenin nuclear localization specifically in micromeres in the future.

3.2 Specification of the micromere lineage

Micromeres are committed to two specific cell fates at the 16-cell stage. Through another
asymmetric cell division at the 16-32-cell stage, micromeres autonomously accumulate
and segregate cell fate determinants important for skeletogenic and germline specification
into large and small micromeres, respectively. In 1975, Okazaki reported this unique
feature of micromeres at the first time by observing isolated micromeres in a culture

dish. She observed that even under /n vitro culture conditions, micromeres give rise to
PMCs, and these PMCs migrate and form a larval skeleton through much the same process
as endogenous PMCs in the embryo. In this isolated culture condition, micromeres still
undergo asymmetric cell division on time to form large and small micromeres. Small
micromeres then asymmetrically enrich Vasa, a germline marker, during this asymmetric
cell division in an autonomous manner (Yajima & Wessel, 2012). In addition, these isolated
small micromeres in a dish activate another germline marker, nanos, and rarely undergo cell
division and remain quiescent, all of which are typical traits of PGCs. On the contrary, large
micromeres undergo up to five cell divisions from day 3 to 5 after fertilization, which is
also a typical trait of PMCs (Yajima & Wessel, 2012). These observations further suggest
that the micromere lineage is autonomously specified by the 16-cell stage, yet the detailed
mechanism that drives this autonomous process still remains largely unknown.

Several studies, on the other hand, have characterized the molecular properties of
micromeres after their formation at 16-cell stage. A set of gene products accumulates in
this lineage after the 16-cell stage, further facilitating a lineage segregation of micromeres.
For example, B-catenin, a protein critical for micromere specification, is uniformly present
in the cytoplasm until the 8-cell stage (Miller & McClay, 1997; Yazaki et al., 2014). Yazaki
et al. (2014) reported that B-catenin initially translocates into the nucleus of macromeres at
the 16-cell stage and then into that of micromeres after the 32-cell stage. Another study,
however, did not observe this initial nuclear translocation of B-catenin in macromeres at
16-cell stage (Logan, Miller, Ferkowicz, & McClay, 1999). Although the reason for this
slight inconsistency is unclear, both studies report that nuclear translocation of B-catenin
takes place in large and small micromeres at the fifth cleavage division (Logan et al.,

1999; Yazaki et al., 2014). Nuclear p-catenin is known to play critical roles in the Wnt
signaling in a variety of cells and organisms. In the sea urchin embryo, nuclear B-catenin
facilitates zygotic wnt8 expression in micromeres, which contributes to gastrulation and
endomesoderm specification (Cui et al., 2014; Wikramanayake et al., 2004). Nuclear -
catenin is more stable in micromeres than in animal blastomeres due to the presence of
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Disheveled (Dsh). Dsh is a component of the Wnt signaling pathway and is maternally
localized to the vegetal cortex of the fertilized egg (Leonard & Ettensohn, 2007; Weitzel
et al., 2004). Overexpression of the DIX domain of Dsh, which acts as a dominant
negative, prevents g-catenin nuclear accumulation in the vegetal blastomeres, indicating
that Dsh contributes to the stability of p-catenin in the micromere lineage (Weitzel et al.,
2004). In animal blastomeres, on the other hand, p-catenin is phosphorylated by Glycogen
Synthase Kinase-3-p (GSKp) in the absence of Dsh, resulting in p-catenin degradation
through the ubiquitin-proteasome pathway (Emily-Fenouil, Ghiglione, Lhomond, Lepage, &
Gache, 1998; Weitzel et al., 2004). Nuclear B-catenin in the micromere lineage acts as a
transcription coactivator with TCF to facilitate downstream gene expression (Huang et al.,
2000; Vonica, Weng, Gumbiner, & Venuti, 2000). Therefore, the B-catenin/TCF complex
plays a central role in regulating the molecular and functional properties of micromere
descendants after the 16-cell stage.

Small micromeres arise at the fifth cleavage division. Based on their unique cellular
behavior and molecular properties, it is considered that the small micromeres constitute

the definitive PGC lineage. For example, small micromeres are slow in cell cycling due

to having a longer S phase, which is a conserved feature of PGCs. Indeed, they divide

only twice during early embryogenesis up to the late gastrula stage (Tanaka & Dan, 1990).
The molecular properties of small micromeres are also similar to those of PGCs in other
organisms. For example, germline markers such as Vasa, Nanos and Piwi that are conserved
across animals, are expressed in the small micromere lineage (Juliano et al., 2006, 2010;
Rodriguez et al., 2005; Voronina et al., 2008; Yajima & Wessel, 2012, 2015). Expression of
these molecules appears to occur autonomously in this lineage by yet unknown mechanisms.
Furthermore, adult sea urchins derived from small micromere-depleted embryos have
smaller gonads that lack gametes (Yajima & Wessel, 2011a). Based on these studies, small
micromeres are considered to contribute to the germline in the sea urchin, yet further lineage
tracing studies with genetically marked small micromeres will be useful to understand if
small micromeres contribute solely to the germline or both to the germline and somatic
structures of the adult sea urchin.

3.3 The gene regulatory network of micromeres

Gene regulatory networks (GRNSs) are especially well characterized in sea urchins (Davidson
et al., 2002). Network models are constructed through gene knockdowns using a morpholino
antisense oligonucleotide for each gene of interest followed by quantitative gene expression
profiling to identify changes in the expression levels of downstream genes. In the large
micromere GRN, the B-catenin/TCF pathway is a central element that regulates Notch
signaling, and which is critical for the inductive function of micromeres (Fig. 2). Maternally
deposited p-catenin/TCF activates pmar1 repressor, which blocks transcription of a target
gene hesC (Oliveri et al., 2002; Revilla-i-Domingo, Oliveri, & Davidson, 2007; Vonica et al.,
2000). Since HesC is a transcriptional repressor, it suppresses expression of downstream
factors. Therefore, this mechanism is called a double-negative gate and important for
micromere specification (Fig. 2B). The double-negative gate promotes expression of not
only skeletogenic regulators (e.g., alxZ, tbr, etsI) important for PMC specification, but

also expression of delta, a ligand of the Notch signaling needed for SMC specification
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(Fig. 2B) (Oliveri et al., 2002; Revilla-i-Domingo et al., 2007). At the blastula stage, the
closest endomesoderm cells to the large micromeres express a Notch receptor and receive
the Delta signal and differentiate into nonskeletogenic mesoderm, including pigment cells,
blastocoelar cells and muscle cells (Materna & Davidson, 2012; Sherwood & McClay, 1997;
Sherwood & McClay, 1999; Sweet, Hodor, & Ettensohn, 1999). Moreover, Delta from

the large micromeres activates small micromere specific foxY; which is considered to be
critical for multipotency of coelomic pouch cells, suggesting a possible role of the Notch
signaling for small micromere specification in addition to mesoderm specification (Materna
& Davidson, 2012; Materna, Swartz, & Smith, 2013; Song & Wessel, 2012).

A recent new technology, single cell RNA-seq, further expands our knowledge of sea urchin
GRNs (Foster, Oulhen, & Wessel, 2021; Massri et al., 2021; Perillo et al., 2020). With this
technology, Massri et al. were able to computationally track the progression of cell lineages
during embryogenesis and found that micromere descendants, i.e., the PMCs and germline,
molecularly diverge from the rest of cells in the embryo as early at the 32-cell stage, while
non-micromere cells remain molecularly in an intermediate state until the gastrula stage.
This finding further supports the contention that micromeres independently undergo early
cell differentiation.

3.4 Modification of the micromere GRNs during evolution

Using the sea urchin GRNSs as a foundation, an effort has been recently made to elucidate the
GRNs of other echinoderms. This comparative approach allows researchers to understand
how GRNSs have been modified or pre-served during species diversification. In the pencil
urchin, skeletogenic genes such as alxZ, tbrand etsI are expressed at different locations
and/or at different times than in sea urchins (Erkenbrack & Davidson, 2015). Although a/xZ
is expressed in the micromere lineage of the pencil urchin, the timing of its expression

is shifted to a later stage compared to that of the sea urchin. In contrast, #orand ets
expressions are expanded to non-skeletogenic mesoderm and not restricted in the micromere
lineage. Further, hesC, which is repressed in the micromeres of the euechinoid sea urchins,
is expressed in that those of the pencil urchin, which suggests the pencil urchin may not have
the double-negative gate controlled by pmar1 gene. In fact, pmarl gene was first reported

to be absent in both genome and transcriptome databases of the pencil urchin, E. tribuloides
(Erkenbrack & Davidson, 2015). Recently, in another pencil urchin 2 baculosa, pmarl-like
gene was identified to be present and lowly expressed in the vegetal region during early
embryogenesis, yet promoting endomesodermal specification in a AesC-independent manner
(YYamazaki et al., 2020). Based on these two independent studies, it appears that pmar gene
may be present but the double-negative gate is absent in the pencil urchins. This raises a
possibility that micromeres of the pencil urchin embryos may not have inductive capabilities
as organizers, yet which still needs to be experimentally tested in near future.

Similar to the pencil urchin, the sea star has a pmari-related gene, phb, and lacks the
double-negative gate (YYamazaki et al., 2020). In the sea star embryo, AesC and delta are
co-expressed at the vegetal pole until the mid-gastrula stage (Cary et al., 2020; Dylus

et al., 2016). Inhibition of Notch signaling in the sea star embryo appears to decrease
hesC expression and increase defta expression in the vegetal pole, suggesting a reciprocal
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relationship between Notch signaling and /esC expression (Cary et al., 2020). Notch
signaling is known to mediate a patterning process called lateral inhibition, whereby
signaling cells instruct adjacent cells to adopt a different fate than the instructing cell.
Therefore, Cary et al. have proposed that this reciprocal regulation of Notch and HesC
expression inhibits mesoderm cell differentiation, resulting in a gradual partitioning of
endomesoderm through lateral inhibition during gastrulation (Cary et al., 2020). In contrast,
at the blastula stage of the sea urchin embryo, suppression of hesCby pmarl unilaterally
activates the downstream Notch signaling in large micromere descendants, which induces
adjacent cells to differentiate into mesodermal SMCs in the sea urchin. Therefore, although
Notch signaling is conserved among echinoderms, the location and the timing of its function
appears to be modified during evolution. Based on these observations, it has been proposed
that acquisition of pmar1 function in hesC suppression facilitated formation of the B-catenin/
TCF-mediated double-negative gate, modifying the entire micromere GRNs to be unique to
the sea urchin. Although what facilitated a change of pmarI function in the sea urchin has
yet to be determined, a small modification of the GRNs may be sufficient to create a new
cell type such as micromeres. Further comparative GRNs study in various echinoderms and
other taxa will be important to identify key biological events and mechanisms that ultimately
contributes to speciation of animals.

4. Mechanism of micromere formation through asymmetric cell division

4.1 Conserved molecular mechanism of asymmetric cell division

Asymmetric cell division produces two daughter cells with different fates and is a primary
mechanism to generate cell diversity during development in a variety of organisms. The
fundamental steps and basic molecular mechanisms of asymmetric cell division appear to be
broadly conserved across organisms. Typically, the cell first sets up a polarity, enriches fate
determinants toward a specific subcellular region and orients the mitotic spindle along the
cell polarity axis (Betschinger & Knoblich, 2004). Of note, not all asymmetric cell division
creates daughter cells of different sizes but micromeres are formed through unequal cell
division. In the case of unequal cell division, polarity factors in the cell pull the spindle
toward one side, resulting in asymmetric positioning of the spindle and unequal cleavage. In
the sea urchin embryo, micromeres are formed through the following steps, (1) localization
of polarity factors at the vegetal cortex by the 8-cell stage, prior to micromere formation;
(2) asymmetrical positioning of the nucleus and spindle at the 8- to 16-cell stage, during
micromere formation; (3) enrichment of fate determinants, during micromere formation;
and (4) completion of unequal cell division followed by further expressions of micromere-
specific molecules after micromere formation.

At the molecular level, in various organisms, a set of conserved polarity factors such

as Partitioning-defective protein (Par) complex (Par3/Par6/aPKC), Activator of G-protein
(AGS), Ga and Nuclear Mitotic Apparatus (NUMA in mammal, Mud in Drosophila) control
cell polarity and spindle orientation and/or positioning (Fig. 3) (Ajduk & Zernicka-Goetz,
2016; Wavreil & Yajima, 2020). In the sea urchin, several G protein subunits and AGS are
expressed throughout embryonic development (Voronina & Wessel, 2004, 2006). A yeast
two-hybrid screen demonstrates that among the G protein subunits, only Ga.i partners with
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AGS (Moronina & Wessel, 2006). AGS/Ga.i localizes at the vegetal cortex from 4- to 8-cell
stage well before micromere formation in the embryo (Poon et al., 2019). AGS knockdown
appears to disturb nuclear translocation to the vegetal cortex and alter the spindle orientation
in vegetal blastomeres in the 8- to 16-cell embryo. This causes a failure of unequal cleavage
and of enrichment of cell fate determinants such as Vasa in resultant vegetal cells (Poon

et al., 2019). Indeed, AGS-knockdown causes gastrulation failure, suggesting a loss of the
micromere signaling in these knockdown embryos (Poon et al., 2019). Ga.i-knockdown, on
the other hand, causes effects similar to, but milder than AGS-knockdown, suggesting AGS
may be the major factor that controls micromere formation. Collectively, AGS appears to be
crucial not only for facilitating an unequal cell division but also for micromere function as
an organizer in the sea urchin embryo.

What recruits AGS/Ga.i to the vegetal cortex prior to micromere formation has yet to

be determined, but asymmetric cell division often starts from cell polarization mediated

by the Inscuteable (Insc) and Par complex in embryogenesis of other organisms (Ajduk

& Zernicka-Goetz, 2016; Henrique & Schweisguth, 2003). For example, in Drosophila
embryonic neuroblast, Insc recruits AGS-family protein Pins to the apical pole to bind Gai,
and further connects Pins/Ga.i to the Bazooka (Par3 homolog) through Insc (Schaefer,
Shevchenko, Shevchenko, & Knoblich, 2000; Schober, Schaefer, & Knoblich, 1999;
Wodarz, Ramrath, Kuchinke, & Knust, 1999; Yu, Morin, Cai, Yang, & Chia, 2000). In
mammalian stem cells, LGN (mammalian AGS ortholog) is reported to interact with Par3
via Insc to control asymmetric cell division and cell fate in the similar manner to Drosophila
neuroblast cells (Culurgioni et al., 2018; Izaki, Kamakura, Kohjima, & Sumimoto, 2006;
Williams, Ratliff, Postiglione, Knoblich, & Fuchs, 2014; Zhu et al., 2011). Based on these
observations, the Par complex appears to play a role in enriching AGS/Ga.i localization

at the subcortical region through Insc, and which contributes to cell fate regulation of the
daughter cells.

In the sea urchin embryo, Par6 and its partner Cdc42, a member of the Rho family of small
GTPases, localize to the cortex to outline the entire embryo as early as the 2-cell stage
(Alford, Ng, & Burgess, 2009; Moorhouse, Gudejko, McDougall, & Burgess, 2015; Pruliéere,
Cosson, Chevalier, Sardet, & Chenevert, 2011; Shiomi & Yamaguchi, 2008). Embryos

that lack Cdc42 activity by knockdown or inhibitor treatment fail in PMC migration

and alignment, and overall skeletogenesis (Sepulveda-Ramirez, Toledo-Jacobo, Henson,

& Shuster, 2018). Similarly, down-regulation of Par6 causes defects in skeletogenesis in
resultant embryos (Shiomi, Yamazaki, Kagawa, Kiyomoto, & Yamaguchi, 2012). These
observations suggest that Cdc42 and Par6 are important for skeletogenesis that is controlled
by PMCs, the large micromere progeny after blastula stage. However, it is yet to be tested

if Cdc42 and Par6 are also involved in micromere formation at the 8- to 16-cell stage.
Furthermore, aPKC, another conserved polarity factor that is known to work with Cdc42 and
Par6, is also expressed during embryogenesis of the sea urchin. Two reports differ, however,
in their conclusions regarding the expression pattern of aPKC. One report suggests that
aPKC outlines the entire cortex but is excluded from the vegetal cortex at the 16- to 64-cell
stage (Pruliére et al., 2011). Another report suggests that aPKC outlines the entire cortex
including the vegetal cortex and that an inhibitor of aPKC has no impact on micromere
formation (Moorhouse et al., 2015). Overall, these observations are all still too preliminary
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to allow solid conclusions. Direct functional studies are needed to determine if/how these
conserved polarity factors such as Par6, Cdc42 and aPKC are involved in cell polarity
establishment during micromere formation.

Once cell polarity is established, the spindle becomes positioned and oriented along this
polarity axis in the cell, which generates spindle pulling force and leads to cytokinesis.
When this cell polarity is asymmetric, that causes asymmetric spindle position and/or
orientation, resulting in asymmetric cell division. In Drosophila and mammals, it is known
that microtubule motor proteins such as dynein and kinesin control spindle orientation

and microtubule-pulling force via interaction with AGS. The linker region of AGS is
phosphorylated during early M-phase, and which facilitates binding of the membrane-
associated Discs large (DIg). This further recruits kinesin to attach astral microtubule to

the cortex (Asaba, Hanada, Takeuchi, & Chishti, 2003; Bellaiche et al., 2001; Hanada, Lin,
Tibaldi, Reinherz, & Chishti, 2000; Johnston, Hirono, Prehoda, & Dog, 2009; Mauser &
Prehoda, 2012; Siegrist & Doe, 2005; Yamada, Hanada, & Chishti, 2007). Subsequently,
during late mitosis, Mud (in Drosophila) or NuMA (in mammal) forms a complex with
AGS and pulls the spindle through dynein toward the cortex (Culurgioni, Alfieri, Pendolino,
Laddomada, & Mapelli, 2011; Izumi, Ohta, Hisata, Raabe, & Matsuzaki, 2006; Johnston

et al., 2009; Mauser & Prehoda, 2012; Siller, Cabernard, & Doe, 2006; Takayanagi et al.,
2019; Zhu et al., 2011). In the sea urchin embryo, immunoprecipitation experiments show
that AGS/Gai interacts with NUMA and dynein as well as other fate determinants such

as Vasa (Poon et al., 2019), suggesting that a similar mechanism of AGS-NuMA-Dynein-
dependent spindle orientation and microtubule pulling may be employed in micromere
formation. Furthermore, the phosphorylation site of the AGS linker region appears to be also
conserved in sea urchin AGS, but its functional involvement in kinesin dynamics is yet to be
determined. Further studies are required to reveal how similar the mechanism of asymmetric
cell division used in micromere formation is to the other model systems that have been used
to study asymmetric cell division.

4.2 Evolutionary introduction of the micromere through modifications of the AGS protein

AGS appears to be a key regulator of micromere formation, which is unique to the sea
urchin embryo. Importantly, introduction of sea urchin AGS into the sea star embryo leads to
formation of micromere-like cells, while non-functional version of sea urchin AGS does not
appear to induce such cells (Poon et al., 2019). This suggests that sea urchin AGS but not
sea star AGS may have an ability to induce micromere-like cells in the embryo. Based on
these observations, Poon et al. have proposed that sea urchin AGS protein has been modified
during the process of evolution and has obtained a distinct function necessary for formation
of a new cell type, the micromere. In this initial study, however, overexpression of sea star
AGS was not performed, which is critical to directly compare functional differences of sea
urchin and sea star AGS in micromere formation.

AGS protein is consisted of two major functional domains: the N-terminal tetratricopeptide
repeats (TPR) motifs and the C-terminal G-protein regulatory (GoLoco) motifs. AGS in
general stays in a closed form via intermolecular binding between the TPR and GolLoco
motifs. AGS switches to the open state when Ga binds to GoLoco motifs and disrupts the
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TPR-GoLoco interaction, thereby allowing the TPR motifs to associate with other proteins
necessary for asymmetric cell division (Du & Macara, 2004; Johnston et al., 2009; Nipper,
Siller, Smith, Doe, & Prehoda, 2007; Pan et al., 2013). The number of TPR and GoLoco
motifs appears to vary across taxa, even within the same phylum (Waldron & Yajima,
2020). In echinoderms, the N-terminal TPR motifs are rather similar in actual sequence
among various echinoderm AGS proteins, and their evolutionary modifications and/or roles
in micromere formation are yet to be determined. In contrast, the C-terminal AGS sequence
are highly varied among echinoderms. For example, echinoids, including sand dollars and
sea urchins, possess three to four GoLoco motifs, while the sea star possesses only two
GoLoco matifs (Fig. 4). Importantly, sea urchin AGS that lacks the first GoLoco motif

fails to induce formation of micromere-like cells in the sea star embryo (Poon et al., 2019),
suggesting the first GoLoco motif is required for micromere formation. Based on these
observations, it is proposed that addition of an extra GoLoco motif in the sea urchin AGS
protein has facilitated an asymmetric cell division at the 8- to 16-cell stage, which ultimately
contributed to formation of micromeres in the modern sea urchin. Futher experiments such
as introducing chimeric sea star AGS that is inserted with the first GoLoco motif of the sea
urchin into the sea star embryo may be helpful to test this hypothesis in the future.

In addition to the TPR and GoLoco motifs, studies in other organisms suggest the functional
importance of a linker region that connects the TPR and GoLoco motifs of AGS. In
Drosophila S2 cells, the Pins linker domain is phosphorylated by Aurora kinase A, which
causes Dlg and kinesin to associate with the microtubule, controlling the spindle orientation
(Johnston et al., 2009). In MDCK cells, the same linker domain is phosphorylated by aPKC,
which removes the sub-cellular localization of AGS from the cortex, thus controlling spindle
orientation (Hao et al., 2010). However, a possible functional contribution of the AGS linker
domain is yet to be tested in echinoderms. The molecular dissection of sea urchin AGS will
be useful to fully understand the mechanism of AGS-mediated micromere formation in the
sea urchin embryo.

5. Unique transcriptional and translational activity of the micromere and

its descendants

5.1 Unique activity of the small micromere

Transcriptional and translational activities become broadly suppressed in small micromeres
after their formation at fifth cleavage. It appears that only maternally deposited factors
function to maintain the pluripotency nature of PGCs in this lineage (Oulhen, Swartz,
Laird, Mascaro, & Wessel, 2017; Swartz et al., 2014). Maternal transcripts are ubiquitously
expressed in eggs and early embryos of the sea urchin, yet their major turn-over occurs
during the blastula-to-gastrula stage in all cells except the small micromere lineage (Swartz
et al., 2014). At this maternal to zygotic transition, CNOT, a CCR4-related deadenylase, is
responsible for degrading maternal mMRNAs in the cells. In the small micromere lineage,
however, RNA-binding protein Nanos is present and degrades cnot6 mRNA, resulting in
the protection of maternal transcripts in this lineage. Indeed, mis-localization of CNOT6 in
the small micromeres compromises the stable expression of germline factors such as Vasa
(Swartz et al., 2014). These findings suggest that specification of the small micromere
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lineage may be largely dependent on the maternal factors. This further supports the
contention that micromere descendants undergo autonomous specification in culture (Yajima
& Wessel, 2012).

Although it is not yet well understood in the sea urchin, Nanos may also contribute to the
unusually long cell cycle of small micromeres (Tanaka & Dan, 1990). Nanos is known to
target cyclinB and suppresses its expression in the germline of several organisms such as
Drosophila and Xenopus (Kadyrova, Habara, Lee, & Wharton, 2007; Lai, Zhou, Luo, Fox,
& King, 2011). Therefore, Nanos may also contribute to suppression of cell cycle regulators
in small micromeres of the sea urchin, although this needs to be experimentally tested in

the future. Overall, these observations illustrate that unique mechanisms of transcriptional
and translational regulation operate in the small micromere lineage. Further studies that
identify the targets and the mechanism of Nanos and other germline factors will be helpful
to understand the developmental process of this unique lineage.

5.2 Hypothesis: Asymmetric segregation of a translational regulator Vasa and its
possible involvement in micromere specification

In the sea urchin embryo, protein synthesis occurs throughout the cell cycle including
M-phase (Gross & Fry, 1966). Furthermore, a subset of mMRNAS, polyribosomes and
polyA-binding proteins is enriched on the mitotic apparatus (Hamill, Davis, Drawbridge,
& Suprenant, 1994; Suprenant, 1993). Based on these observations, it has been hypothesized
that localized translation on the mitotic apparatus may occur and contribute to mitotic
regulation during early embryogenesis of several organisms (Waldron & Yajima, 2020).
Indeed, more recent studies in the Xenopus embryo or lysates prepared from the embryo
suggest that translation of cyclinB on the mitotic apparatus is required for proper cell cycle
progression (Groisman et al., 2000). Although it is yet to be proven if such a process
operates during sea urchin embryogenesis, this mechanism could explain the rapid lineage
segregation of the micromere lineage through an asymmetric cell division.

A DEAD-box RNA helicase, Vasa, is one potential candidate that may mediate a process
of localized translation on the mitotic apparatus. Vasa is known to be associated with the
spindle during M-phase and becomes enriched into micromeres through an asymmetric
cell division at the 8- to 16-cell stage (Yajima & Wessel, 2011b). Vasa is also required

for the translation of cell cycle regulators such as cyclinB and retinoblastomal during sea
urchin development (Fernandez-Nicolas, Xu, & Yajima, 2019; Yajima & Wessel, 2015),
pointing to its function as a translational regulator. Although the detailed mechanism of Vasa
function in sea urchin embryogenesis is still largely unknown, its localization mechanism
to the micromere has been partly revealed. Gustavus (Gus), an ECS-type E3 ubiquitin
ligase, is proposed to have dual functions and control Vasa enrichment in micromeres: Gus
degrades Vasa in nonmicromere cells yet protects it in micromeres, resulting in increased
Vasa enrichment in the micromere lineage (Gustafson, Yajima, Juliano, & Wessel, 2011).
The functional significance of this Vasa enrichment in the micromere is not yet clear.

Vasa may be passively segregated into the PGC precursor cells through asymmetric cell
divisions. Or, one may also speculate that Vasa is needed for its immediate function on

the mitotic apparatus during micromere formation. For example, Vasa may directly target
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mRNAs responsible for asymmetric cell division. In Drosophila neuroblasts, Abstrakt,
another DEAD-box helicase, is known to directly bind and translate /7sc mRNA that is
apically localized in the cell (Irion et al., 2004; Knirr, Breuer, Paululat, & Renkawitz-Pohl,
1997). During Drosophila oogenesis, Vasa is required for proper localization of bcbh, osk
and grk mRNAs that are important for establishing embryonic polarity and for piRNA
pathway regulation (Tomancak, Guichet, Zavorszky, & Ephrussi, 1998) in germ cells (Xiol
et al., 2014). These observations suggest a potential role of Vasa in controlling localization,
translation and/or degradation of mMRNAs important for asymmetric cell division or cell
fate specification. Future studies that identify Vasa’s target mRNAs and its function on the
mitotic apparatus during asymmetric cell division will be essential to determine its possible
role in micromere formation.

6. Conclusions and perspectives

Micromeres display distinctive molecular features compared to the rest of the blastomeres

in the sea urchin embryo. These features include an elevation of calcium levels, the

presence of a unique GRNs circuit, and distinct spatial and temporal regulation of cell

fate determinants. Besides the topics mentioned above, other elements may further make
this lineage unique. For example, mitochondrial activity and pH are reported to be reduced
in small micromere descendants (Oulhen et al., 2017). Reduction of mitochondria activity
could change the metabolism from oxidative phosphorylation to glycolytic regulation, which
may induce acidification of the cytoplasm. Although a number of unique properties of the
micromere and its descendants has been reported, if/how each of these elements cross-talks
to form this unique lineage remains largely unknown. Therefore, future studies could include
investigating the functional interactions between these unique properties of the micromere,
which will provide a comprehensive view of how this unique lineage is regulated.

The evolutionary introduction of asymmetric cell division into the early developmental
program of the sea urchin have allowed formation of a new cell type, the micromere.

It appears that modifications of AGS at least in part contributed to introduction of the
micromere. However, what modifications of AGS triggered formation of the micromere is
yet to be known. Further, it has not been tested if other polarity factors associated with AGS
have also undergone evolutionary modifications to contribute to formation of the micromere.
Further molecular dissection of AGS and its partner proteins both in the sea urchin embryo
and in other echinoderm embryos will be critical to understand the mechanism and the
evolutionary process of micromere formation in the sea urchin.
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Fig. 1.

(A?) Summary of early development of the sea urchin embryo. Small micromeres or large
micromeres and their corresponding descendants are indicated in red or blue, respectively.
PMC; primary mesenchyme cell, SMC; secondary mesenchyme cells. (B) Transplantation
of extra micromeres to the animal cap at the 16-cell stage induces the secondary gut. Host
micromeres or transplanted micromeres and their descendants are indicated in red or blue,
respectively.
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(A) Sea urchin embryo drawing at the early blastula stage. The large micromere lineage
(blue) signals to adjacent endomesoderm (green) and small micromere (red) to specify SMC
and PGC, respectively. (B) The GRNs model in the large micromere to regulate PMC
specification and organize fates of neighbor cells through the Notch signaling.
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Molecular mechanism of asymmetric cell division in Drosophila neuroblast.
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Fig. 4.

SRCICIE

Predicted C-terminal GoLoco motifs of each AGS protein among echinoderms based on
NCBI blast search results (Poon et al., 2019). Conserved GolLoco motifs are highlighted
in yellow. Less conserved or partial motifs are colored in light yellow. Micromeres are

indicated in red.
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