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Programmed cell death (PCD) has been identified as a key process in the metamorphic
transition of indirectly developing organisms such as frogs and insects. Many marine
invertebrate species with indirect development and biphasic life cycles face the
challenge of completing the metamorphic transition of the larval body into a juvenile
when they settle into the benthic habitat. Some key characteristics stand out during
this transition in comparison to frogs and insects: (1) the transition is often remarkably
fast and (2) the larval body is largely abandoned and few structures transition into
the juvenile stage. In sea urchins, a group with a drastic and fast metamorphosis,
development and destruction of the larval body is regulated by endocrine signals. Here
we provide a brief review of the basic regulatory mechanisms of PCD in animals. We
then narrow our discussion to metamorphosis with a specific emphasis on sea urchins
with indirect life histories and discuss the function of thyroid hormones and histamine in
larval development, metamorphosis and settlement of the sea urchin Strongylocentrotus
purpuratus. We were able to annotate the large majority of PCD related genes in the sea
urchin S. purpuratus and ongoing studies on sea urchin metamorphosis will shed light
on the regulatory architecture underlying this dramatic life history transition. While we
find overwhelming evidence for hormonal regulation of PCD in animals, especially in the
context of metamorphosis, the mechanisms in many marine invertebrate groups with
indirect life histories requires more work. Hence, we propose that studies of PCD in
animals requires functional studies in whole organisms rather than isolated cells. We
predict that future work, targeting a broader array of organisms will not only help to
reveal important new functions of PCD but provide a fundamentally new perspective on
its use in a diversity of taxonomic, developmental, and ecological contexts.

Keywords: apoptosis, metamorphosis, PCD, hormones, settlement, life history, evolution

REVIEW OF CELL DEATH MECHANISMS

Cell death, whether active (apoptosis) or passive (necrosis), effectively results in the removal of
cells from organisms and therefore stands in contrast to cell proliferation which results from cell
division. Apoptosis and other forms of programmed cell death (PCD) occur in response to internal
(cellular environment) signals and external environment cues, including stressors, and involve a
broad array of now well established molecular and cellular responses, ultimately packaging the
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cellular material for removal (Kerr et al., 1972; Green and
Fitzgerald, 2016). PCD plays an extremely important role in
development and the molecular and genetic processes are
tightly regulated. Still, many diseases have been shown to
emerge due to dysregulation of cell suicide mechanisms and
it is therefore assumed that over evolutionary time multiple
complementary and redundant regulatory mechanisms have
emerged in organisms. Furthermore, many of these processes
and pathways also perform other functions in development and
physiology (Amiesen, 2002).

Traditionally three upstream apoptotic pathways and
one downstream apoptotic pathway are distinguished in the
literature, however their functions are deeply intertwined
(Figure 1). The extrinsic pathway involves death receptors of
the tumor necrosis factor (TNF) receptor gene superfamily.
Extracellular cell death signals trigger the binding of homologous
trimeric ligands such as FasLG to death effector domain
(DED)-containing receptors like Fas to activate the extrinsic
pathway (Figure 1; Fulda and Debatin, 2006; Elmore, 2007).
These complexes then bind to cytoplasmic adaptor proteins
like FADD. After binding the ligands either FADD or TRADD
with the assistance of RIPK1 and FADD associate with
procaspase-8 to form the death-inducing signaling complex
(DISC). DISC is responsible for the activation of CASP8
which then cleaves CASP3 to start the execution pathway
(Elmore, 2007).

The intrinsic signaling pathway initiates apoptosis through
non-receptor mediated stimuli, acting either directly on pro-
apoptotic targets upstream of the pro-apoptotic B-cell lymphoma
2 (Bcl-2) family, or within the cell by inhibiting anti-apoptosis
targets (Figure 1). This signaling pathway is triggered by
environmental stressors such as radiation, toxins, hypoxia, viral
infections, and others. The intrinsic pathway is often also
referred to as the mitochondrial pathway due to the role that
the permeabilization of the mitochondrial outer membrane
plays in the activation of CASP9. It responds to intracellular
signals produced by non-receptor mediated stimuli. These
lead to the activation of Bcl-2 family members such as the
Bcl-2 effector proteins BAX and BAK1 (Figure 1), which
in turn are responsible for mitochondrial outer membrane
permeabilization (Degterev and Yuan, 2008; Kalkavan and Green,
2018). Mitochondrial outer membrane permeabilization can be
prevented by anti-apoptotic members of the Bcl-2 family like
Bcl-2 and BCL2L1 (Elmore, 2007; reviewed in Daniel et al.,
2003). For apoptosis to proceed, anti-apoptotic members must
be blocked by proteins such as BAG1 and Bik-like killer protein
(BLK) (Figure 1 and Table 1; Hegde et al., 1998; Gotz et al,
2005; Degterev and Yuan, 2008). Upon mitochondrial outer
membrane permeabilization completion, several proteins are
released from the outer mitochondrial membrane (ie., cycs,
HtrA2, DIABLO, AIFMI, and DFFB). One of the proteins
released is cycs which forms the apoptosome with APAF1
and procaspase-9. Apoptosome formation is blocked by AVEN
which binds BCL2L1 and APAF1 to prevent activation of
procaspase-9 by the apoptosome. If the apoptosome can form,
procaspase-9 is cleaved turning into activated CASP9, which
can then trigger the execution pathway (Figure 1). Even once

the apoptosome has cleaved CASP9 there are still a few ways
the execution phase can be blocked. Inhibitor of apoptosis
proteins (IAPs) can bind CASP9, CASP3, and CASP7 in order
to prevent the start of the execution pathway (Obexer and
Ausserlechner, 2014). Prior to this, DIABLO and HtrA2 can
inhibit IAPs and encourage apoptosis (Figure 1; Du et al,
2000; Suzuki et al., 2001; Elmore, 2007). After IAPs have bound
to caspases, BCL10 can cause dissociation of those caspases
(Yui et al., 2001). The protein AIFM1, which is released from
the outer mitochondrial membrane plays a role triggering
DNA fragmentation (Elmore, 2007). Despite being independent
processes, the extrinsic and intrinsic pathways share many of
the same molecules and a molecule from one pathway has the
potential to influence the other.

The third, and least well-known pathway is the
perforin/granzyme pathway which induces apoptosis through
proteins secreted into the cell by Cytotoxic T-lymphocytes.
This pathway is initiated when cytotoxic t-lymphocytes detect
tumor or virus-infected cells and begin to secrete perforin
in order to trigger pore-formation in the plasma membrane
(Figure 1). Next, GZMA and GZMB are secreted into the
cell where they begin to cleave other proteins. GZMA cleaves
the 270-420 kDa endoplasmic reticulum-associated complex
(SET complex) and GZMB begins cleaving CASP10 and
DFFA. Once the SET complex is cleaved, NMEI is released
and begins to cleave DNA (Elmore, 2007). CASP10 then
triggers the execution pathway by cleaving CASP3 and DFEFB is
released from DFFA. There is also a significant overlap between
the perforin/granzyme pathway and the intrinsic and extrinsic
pathways due to the ability of GZMB to cleave proteins associated
with mitochondrial permeability.

Finally, all three of these pathways meet up at the execution
pathway which is activated with the cleavage of CASP3 and
is responsible for the dismantling of the cell. When CASP3
is cleaved it begins to activate endonucleases and proteases in
the cytoplasm that then degrade the nucleus and cytoskeleton
(Coleman et al., 2001; Andrade et al., 2010). The other two
effector caspases, CASP7, and CASP6 play a very similar role and
can be activated by initiator caspases or CASP3. An important
part of the execution pathway that requires more information
is the role that cleavage of certain proteins such as PARP1 and
SPTANI play int his process. Currently it is thought that cleavage
of PARPI and SPTAN1 may help facilitate cellular disassembly
(Oliver et al., 1998; Williams et al., 2003).

Autophagic cell death (autophagic type II cell death)
may serve as an alternate regulated mechanism of killing
cells when apoptosis is blocked (Fuchs and Steller, 2011).
It can be characterized by the cytoplasmic vacuolization,
autophagosome formation and clearance of material via the
lysosome. Autophagy (macroautophagy) fulfills an important
function in cell metabolism as it blocks the buildup of toxic
protein aggregates. It may also drive other forms of cell
death, block anti-apoptotic factors, and play a role in ensuring
proper engulfment of dead cells to minimize inflammation.
Furthermore, it may also be involved in dying cells switching
between different forms of cell death (Doherty and Baehrecke,
2018). Autophagic cell death and autophagy both serve as a
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FIGURE 1 | Summary of four major programmed cell death (PCD) pathways discussed in the text. Selected cell organelles are marked in dark gray. Proteins involved
in the extrinsic pathway are blue. Proteins involved in the intrinsic pathway are purple. Proteins involved in the granzyme/perforin pathway are indicated in yellow. All
three pathways converge at the execution pathway which is colored brown. Major inhibitory proteins are filled in white with a ring colored according to the pathway
they are primarily involved in. Major complexes such as the Apoptosome and DISC are underlined. The intrinsic pathway is activated by intracellular apoptotic signals
that either suppress anti-apoptotic proteins or increase pro-apoptotic proteins. This leads to the activation of pro-apoptotic BCL-2 family proteins such as BAK1 and
BAX which triggers the mitochondrial aspect of the pathway by increasing the permeability of the outer mitochondrial membrane (OMM). The granzyme/perforin
pathway is activated by the detection of tumor/virus-infected cells by cytotoxic t-cells. These cells secrete perforin which creates pores in the plasma membrane into
which GZMA and GZMB can be secreted. The extrinsic pathway is activated by extracellular cell death signals that trigger the binding of homologous trimeric ligands
like FasLG to DED-containing receptors such as Fas. Next Cytoplasmic adaptor proteins like FADD are recruited to the complex, along with procaspase-8. Together
these proteins form the DISC. All three pathways meet at the execution pathway which is responsible for triggering chromatin condensation and nuclear
fragmentation, as well as cell shrinkage. This shrinking leads to membrane blebbing (M.B) and sequestration of the organelles prior to the formation of the apoptotic
bodies (A.B). The A.B are then phagocytosed and the chromatin fragments and organelles within them are degraded or incorporated into other cells. Protein
superscripts indicate sea urchin (S. purpuratus) orthologous genes from echinobase. A, DIABLO (LOC574919); B, Cycs (LOC575421); C, HtrA2 (LOC115918650);

(LOC115917937); K, AVEN (LOC762362); L, FasLG (LOC582167); M, Fas (LOC58

D, IAP (LOC581540); E, APAF1 (LOC591503); F, CASP9 (LOC1156924698); G, AIFM1 (LOC578253); H, BCL2L1 (LOC100890351); I, BAX (LOC586236); J, BAK1

(LOC115918952); R, CASP6 (LOC584221); S, CASP7 (LOC580916); T, SPTANT (LOC580822); U, PARP1 (LOC752216).

6563); N, FADD (LOC587131); O, CASP8 (LOC585496); P, CASP3

good reminder that PCD is a highly regulated, conserved, and
important process for development and homeostasis.

While apoptosis and autophagic cell death are the most well-
known forms of programmed cell death, other types have recently
been observed and characterized like pyroptosis, ferroptosis
and oxeiptosis. Pyroptosis is a form of programmed necrosis
in response to a strong inflammatory response caused by
pathogenic infections (Hanson, 2016). Like apoptosis, pyroptosis
requires caspase activation however, the caspases involved
are completely different from those involved in apoptosis
which cleave the inflammatory proteins pro-IL-1f and pro-
IL-18 (Hanson, 2016). These pro-inflammatory cytokines then
burst from the dying cell (Hanson, 2016). While little is

known about the existence of pyroptosis outside of vertebrates,
there is some evidence of a pyroptosis induction pathway
in bivalves that is regulated by caspase-3 and gasdermin
E-like proteins (Vogeler et al., 2021). Ferroptosis is another
non-apoptotic form of programmed cell death which is
executed by excessive production of reactive oxygen species
(Hanson, 2016). Unlike pyroptosis which appears very apoptosis-
like, ferroptosis appears very necrosis-like but is still the
product of the activation of a unique pathway (Hanson,
2016). Ferroptosis is characterized by an overwhelming and
iron-dependent accumulation of lipid lethal ROS (Dixon
et al, 2012). Another type of non-apoptotic programmed
cell death is oxeiptosis which is triggered by oxidative stress
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(Holze et al., 2018). Oxeiptosis is caspase-independent and,
similar to ferroptosis, is activated by harmful amounts of ROS

(Holze et al., 2018).

Still, not all cell death unfolds via a regulated mechanism.
Necrosis is a passive, uncontrolled, toxic process that follows

an energy-independent mode of death. Necrosis often also
affects vast areas of cells where apoptosis usually affects
individual cells or small clusters of cells (Elmore, 2007). It
typically leads to organelle swelling, lysis, release of intracellular
contents, and inflammation (Doherty and Baehrecke, 2018).

TABLE 1 | Summary table listing proteins often involved in apoptosis and which pathway they are involved in, how they are referenced in the text, their LOC identification
in echinobase, and their primary function in apoptosis.

Pathway Name (Human ref) Reference in Echinobase Role
text LOC
Intrinsic Second mitochondrial activator of caspases/direct IAP binding DIABLO LOC574919 Inhibits IAP
protein with low Pl (DBLOH_HUMAN)
Cytochrome ¢ (CYC_HUMAN) cycs LOC575421 Binds APAF1 and
procaspase-9
High-temperature requirement (HTRA2_HUMAN) HtrA2 LOC115918650 Inhibits IAP
Inhibitor of apoptosis proteins (XIAP_HUMAN) IAP LOC581540 Binds casp-9, casp-3 and
casp-7
Apoptotic protease activating factor (APAF_HUMAN) APAFA1 LOC591503 Binds cycs and procaspase-9
Cysteinyl aspartic acid-protease-9 (CASP9_HUMAN) CASP9 LOC115924698 Cleaves CASP3
(Predicted)
Apoptosis inducing factor (AIFM1_HUMAN) AIFM1 LOC578253 Triggers DNA fragmentation
BCL2 like 1 (B2CL1_HUMAN) BCL2LA1 LOC100890351 Inhibits MOMP
BCL2 associated anathanogene (BAG1_HUMAN) BAG1 LOC579477 Interacts with anti-apoptotic
Bcl-2 family members
BCL2 associated X protein (BAX_HUMAN) BAX LOC586236 Triggers MOMP
BCL2 antagonist killer 1 (BAK_HUMAN) BAK1 LOC1156917937 Triggers MOMP
Bik-like killer protein (BLK_HUMAN) BLK SFK7 Prevents Bcl-2 and BCL2L1
from blocking apoptosome
formation
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 14-3-3 LOC581376 Phosphorylates and sequesters
activation protein (1433E_HUMAN) Bad
Cell death regulator Aven (AVEN_HUMAN) AVEN LOC762362 Binds BCL2L1 and APAF1 to
block activation of
procaspase-9
Oncogene Myc (MYC_HUMAN) Myc LOC373385 Plays a role in both
p53-dependent and
independent apoptosis
Extrinsic Tumor necrosis factor receptor 1 (TNR1A_HUMAN) TNFRSF1A LOC105446527 Binds ligands to recruit TRADD
Fas antigen ligand (TNFL6_HUMAN) FasLG LOC582167 Binds with Fas
Apoptosis-mediating surface antigen FAS (TNR6_HUMAN) Fas LOC586563 Binds with ligands to recruit
(Predicted) FADD
Apo3 Ligand (TNF12_HUMAN) TNFSF12 LOC100890814 Binds with TNFRSF25 to recruit
(Predicted) CAPs
Apo2 ligand (TNF10_HUMAN) TNFSF10 LOC100891737 Binds with either TNFRSF10A
or TNFRSF10B to CAPs
Fas-associated death domain (FADD_HUMAN) FADD LOC587131 Associates with CASP8 to form
the DISC
Receptor interacting protein (RIPK1_HUMAN) RIPK1 LOC105436416 Assists FADD in binding
TRADD to TNF/TNFRSF1A
Caspase-8 (CASP8_HUMAN) CASP8 LOC585496 Cleaves effector caspases
Granzyme Granzyme B (GRAB_HUMAN) GZMB bf (Predicted) Cleaves proteins leading to
activation of CASP10 and
CASP3 and release of DFFB
Caspase-10 (CASPA_HUMAN) CASP10 LOC587820 Cleaves CASP3
(Predicted)
Granzyme A (GRAA_HUMAN) GZMA LOC115929050 Cleaves SET complex to
release NME1
NME1 (NDKA_HUMAN) NME1 LOC594617 Causes DNA nicks

(Continued)
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TABLE 1 | Continued

Pathway Name (Human ref) Reference in Echinobase Role
text LOoC
Execution Cysteinyl aspartic acid-protease-3 (CASP3_HUMAN) CASP3 LOC115918952 Cleaves enzymes leading to
(Predicted) nuclear and cytoskeletal
degradation
Cysteinyl aspartic acid-protease-6 (CASP6_HUMAN) CASP6 LOC584221 Cleaves enzymes leading to
nuclear and cytoskeletal
degradation
Cysteinyl aspartic acid-protease-7 (CASP7_HUMAN) CASP7 LOC580916 Cleaves enzymes leading to
(Predicted) nuclear and cytoskeletal
degradation
Poly (ADP-ribose) polymerase (PARP1_HUMAN) PARPA LOC752216 Cleavage of PARP1 facilitates
cellular disassembly
Spectrin alpha chain (SPTN1_HUMAN) SPTAN1 LOC580822 Cleavage of SPTANT leads to

breakdown of the cellular
membrane and formation of the
apoptotic bodies

MOMPF, mitochondrial outer membrane permeabilization; CAPs, cytoplasmic adaptor proteins. Only proteins found in S. purpuratus are listed in this table. CD, programmed
cell death; DISC, death inducing signaling complex; Bcl-2, B-cell lymphoma 2; IAPs, Inhibitor of apoptosis proteins; THs, thyroid hormones; BH, Bcl-2 homology; CARD,

caspase recruitment domain.

Since necrosis can occur independently, sequentially, or
simultaneously to PCD it can be difficult to distinguish
these processes. Furthermore, there are forms of cell death
that share morphological features of both necrosis and
apoptosis called aponecrosis (Elmore, 2007). There is also
necroptosis, which functions as a unique signaling pathway
that is characterized by 2 major necroptotic death effector
complexes, caspase inactivity and a series of morphological
changes (Hanson, 2016). The necrosome and ripoptosome are
the two major necroptotic death effector complexes and are
induced by TNFR1 and toll like receptor 3 (TLR3) signaling
(Hanson, 2016). During this process the cell undergoes several
morphological and internal changes such as cellular rounding,
an increase in cytosolic calcium ions and reactive oxygen
species, depletion of ATP, intracellular acidification, cellular
swelling and finally plasma membrane rupture, and the release
of damage-associated molecular patterns (Hanson, 2016). Many
of the proteins important for necroptosis are found across
Deuterostomia however, it is unclear if the actual process of
necroptosis occurs in some of the non-vertebrate deuterostomes
(Dondelinger et al., 2016).

Traditionally, a large part of mechanistic understanding
of cell death originates from cell culture experiments and
less so from whole organism studies. Still, in recent years,
new data on cell death regulation and function has emerged
from a diversity of taxa and this data suggests that PCD
mechanisms are used in a range of morphological, physiological,
and developmental contexts. For example, animals with an
indirect life-history, characterized by a drastic morphological
and physiological transition (Tata, 1993; Balon, 1999; Bishop
et al,, 2006; Heyland and Moroz, 2006; Ishizuya-Oka et al.,
2010; Heyland et al., 2018; Tettamanti and Casartelli, 2019)
have been repeatedly shown to employ PCD for the removal
of cells and the transformation of the larval body plan into
a juvenile (Heyland and Moroz, 2006; Hodin et al., 2016;

Lutek et al, 2018). Here we integrate available mechanistic
information on PCD from whole organism studies with our
understanding of the regulatory mechanisms of metamorphosis
with an emphasis on endocrine regulation. We propose,
that the metamorphic transition in animals provides an
excellent model system to study the role of PCD in post-
embryonic development and therefore provide critical functional
background for PCD from an ecological, physiological, and
developmental perspective.

PCD IN METAMORPHIC DEVELOPMENT
AND ITS REGULATION BY HORMONES

The importance of PCD in development is exemplified during
the metamorphic transition of animals. This drastic and
often rapid change in morphology, physiology and ecology
of an organism is typically associated with substantial cellular
remodeling, differentiation, and the removal of cells and tissues.
Historically, frogs and insects have been extensively studied in
this context and a significant amount of information on PCD
regulation and functions exists in these groups (Tata, 1993;
Bishop et al., 2006; Heyland and Moroz, 2006; Ishizuya-Oka
et al., 2010; Heyland et al, 2018; Tettamanti and Casartelli,
2019). Even though metamorphosis evolved independently in
insects and vertebrates (Hadfield, 2000; Heyland and Moroz,
2006; Hodin, 2006; Heyland et al., 2018), similar, convergent
mechanisms are used in its regulation. Notably, hormones
have emerged as a key regulator of cell death and these
endocrine mechanisms continue to be investigated (Nakajima
et al., 2005; Heyland and Moroz, 2006; Mané-Padros et al.,
2010; Heyland et al, 2018). In contrast, marine invertebrate
species with indirect life histories undergo equally dramatic
transitions but the cellular and molecular processes (including
PCD) have received little attention, considering invertebrate
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diversity (but see Wray and Raff, 1990; Degnan, 2001; Davidson
and Swalla, 2002; Bishop and Brandhorst, 2003; Bishop and
Anderson, 2005; Heyland and Moroz, 2006; Hodin, 2006; Paris
etal., 2008, 2010; Nakayama-Ishimura et al., 2009; Heyland et al,,
2018; Wong et al., 2019). Here we briefly review the function of
PCD in metamorphosis and settlement among animals to create
a foundation for our discussion of PCD in sea urchin embryonic
and post-embryonic development in the next section.

Frog tadpoles develop specific structures during the
metamorphic transition that allow them to live a semi-
aquatic life in the adult stage. This transformation impacts most
physiological and morphological systems (Figure 2). Apoptosis
has been studied in some detail during frog tail resorption, the
rewiring of the nervous system, the digestive system, and gill
remodeling (Ishizuya-Oka et al., 2010). As tadpoles transition to
live on land, the aquatic tail of the tadpole is no longer required
and rapidly disintegrates. The process of tail resorption is tightly
regulated and can be roughly divided into three stages. First, the
dorsal fins are resorbed, then the muscle fibers are fragmented
and finally the notochord lamella is dissolved (Das et al., 2002;
Brown et al., 2005). In addition to these morphological changes,
there are several important cellular events that make up this
process. In response to THs, tail muscle cells up-regulate and
activate CASP3 and a high level of pro-apoptotic BAX expression
in the tail during its resorption has been described in Xenopus
laevis (Das et al., 2002, 2006). This is supported by the fact
that overexpression of the anti-apoptotic Bcl-2 in tail muscle
inhibits TH-induced cell death. Similarly, downstream of BAX,
pro-apoptotic CASP9 is also upregulated in the brain, intestine
and tail during metamorphic climax (Das et al., 2006). Still, the
tadpole tail is not the only structure that is removed or modified
by apoptosis. The gills also degenerate almost completely, and the
intestine and pancreas are drastically remodeled to accommodate
the change in diet from the herbivorous tadpole stage to the
carnivorous adult stage (Sun et al., 2014). A similar remodeling
must occur in the organs of the immune system like the spleen as
the larval immune system is not equipped to defend against the
same pathogens as an adult frog immune system (Ishizuya-Oka
et al, 2010). Just like the tail resorption, regulation of these
processes is under the control of thyroid hormones (THs)
(Ishizuya-Oka et al., 2010). The thyroid hormones T3 and T4 are
secreted by the developing tadpole’s thyroid gland and, in the case
of T4, is converted to T3 by type I and II deiodinases in the target
tissue. TH actions are mediated via thyroid hormone receptors, a
type of nuclear hormone receptor that is necessary for mediating
the metamorphic effects of TH in tadpoles. In frogs two thyroid
hormone receptors have been identified and characterized, Thra
and Thrb (Ishizuya-Oka et al., 2010; Faunes and Larrain, 2016).
Apoptosis in larval tissue is primarily mediated by Thrb
(Ishizuya-Oka et al., 2010). While it was previously thought
that TH was both necessary and sufficient for metamorphosis,
recent research has indicated that steroid hormones such as
glucocorticoids may play an important role in the progression of
tail resorption as well (Sachs and Buccholz, 2019).

In insects, proliferation and apoptosis are tightly linked
during the pupal stage, where many steps of differentiation
occur (Eroglu and Derry, 2016). Apoptosis contributes to the

patterning and development of almost all adult structures in the
imaginal disks of the larva (Figure 2; Fuchs and Steller, 2011).
Furthermore, epithelial cells in the larval skin and the abdominal
region are removed through apoptosis and are replaced by
proliferating and migrating neuroblasts — stem cell-like founder
cells (Parasathy and Palli, 2008; Ninov and Martin-Blanco, 2009).
In Drosophila, group apoptosis is observed in the posterior wing
imaginal discs, haltere and leg discs (Eroglu and Derry, 2016).
Group apoptosis occurs as dying cells emulate signals that are
partially sufficient in stimulating apoptosis in their neighbors.
Additionally, overexpression of both the anti-apoptotic Cdk5a
and pro-apoptotic hid genes can trigger neighboring cells into
undergoing apoptosis. This coordinated apoptosis likely plays an
important role in regulating proper tissue growth and preventing
group crowding during metamorphosis (Eroglu and Derry, 2016;
Kawamoto et al., 2016). The insect steroid hormone ecdysone
plays a fundamental role in the regulation of development, being
responsible for cell proliferation during larval molts and the
pupal transition. Specifically, ecdysone activates transcriptional
cascades that lead to the expression of Reaper, Hid Grim (RHG)
genes and active caspases in insects. Conversely, in adult neurons,
ecdysone acts as a pro-survival factor (Fuchs and Steller, 2011).
In many marine invertebrate groups, the drastic transition
from the planktonic larva a free living benthic juvenile body
that occurs during settlement involves PCD (Leise et al., 2004;
Gifondorwa and Leise, 2006; Hadfield, 2011; Heyland et al,
2011, 2018; Lutek et al., 2018; Hadfield et al, 2021). In
indirectly developing mollusks, metamorphosis, and settlement
is characterized by substantial tissue remodeling. For example,
veliger larvae of bivalves, scaphopods and gastropods lose their
velar lobes during this process and build the adult ganglionic
nervous system (Vogeler et al., 2021). Meanwhile, the central
component of the larval nervous system, the apical organ,
degenerates likely through apoptosis (Kiss, 2010; Heyland et al.,
2011). Cell death within this organ has been shown to be
initiated by the neurotransmitter serotonin and inhibited by
nitric oxide (NO) (Bishop and Brandhorst, 2001; Kiss, 2010).
In fact, using nitric oxide to inhibit apoptosis in some mollusc
species may inhibit metamorphosis itself in competent larvae
(Gifondorwa and Leise, 2006). At the molecular level, similarities
exist between the apoptotic networks of mollusks and vertebrates
(Kiss, 2010; Heyland et al., 2011; Romero et al., 2011, 2015). Like
vertebrates, mollusks use both intrinsic and extrinsic apoptotic
mechanisms and the presence of perforin in several bivalves may
suggest the existence of a perforin/granzyme apoptotic pathway
as well (Romero et al, 2015). These pathways also include
caspases that are homologous to vertebrate caspases such as,
CASP1, CASP2, CASP3, CASP6, CASP8, and a combination
caspase-3/7 (Vogeler et al.,, 2021). Another similarity between
vertebrate and mollusk apoptotic networks is the common
convergence of the execution pathway, as initiated by the
cleavage of CASP3 (Romero et al, 2015). While apoptosis
has not received much attention in invertebrates, there is
evidence that it plays an important role in the development
of many different species of marine invertebrates. In the
hydrozoan Hydractinia echinate PCD activity in the larval
nervous system has been described (Seipp et al, 2010). In
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FIGURE 2 | Three representative examples of animals with indirect life histories and metamorphic transitions. Red color indicates major areas of PCD during
development. Note that only major areas of PCD are depicted in these diagrams and many more have been identified. (A) Indirectly developing frog. The
metamorphic transition of frogs impacts most physiological and morphological systems. While PCD occurs during embryogenesis (E — gastrulation and early

cleavage stages) most work has identified the mechanisms of PCD during tail (t) regression, gill () and brain (b) remodeling, and the restructuring of many other
organ systems. (B) Holometabolous insect. PCD occurs throughout holometabolous development, including the larval epidermis, neuroblasts (nb), imaginal disks
(id), salivary gland (sg), midgut (mg), mushroom bodies, and gonads (g). The pupal stage (P) is a time of active tissue remodeling and patterning that is strongly
associated with PCD. (C) Indirectly developing sea urchin. PCD has been identified throughout sea urchin development, including the embryo (E) and the larval (L)
tissues. During settlement, many larval structures such as the arms (la), the ciliated band and parts of the stomach (st) degenerate, a process that has been shown
to involve PCD. A, adult; E, embryo; J, juvenile; L, larva; P, pupa; PL, pre-metamorphic larva; ag, apical ganglion; b, brain; e, eyes; g, gills; g, gonads; id, imaginal
disks; la, larval arms; mg, midgut; mgc, midline glial cells; nb, neurblasts; sg, salivary gland; st, stomach; t, tail.

ascidians, a marine basal chordate, apoptosis has been identified
during the transition of the larval (tadpole) body to the
juvenile (Karaiskou etal., 2015). Apoptosis acts as a primary
driver of tissue remodeling in the larvae of the cnidarian
Clytia hemisphaerica (Krasovec et al.,, 2021). Furthermore, an
expansion of the caspase complement has been described in
the ascidian Ciona intestinalis in comparison to closely related
species and this expansion may be in part driven by tail regression
in the tadpole (Weill et al., 2005).

PCD IN SEA URCHIN DEVELOPMENT
AND METAMORPHOSIS

Programmed cell death has also been studied in the development
of several sea urchin species. As in other animal groups,
PCD functions in oocyte development, embryonic development,
and metamorphosis. Understanding the function of PCD in
the developmental context of a whole animal will help to
understand the relationships between PCD, hormones and
metamorphosis. Here we briefly summarize this work to elucidate

PCD function in the life cycle of sea urchins and then provide
an up-to-date annotation of PCD related genes from the sea
urchin S. purpuratus with insights into their potential functions
in PCD regulation.

Sea urchins possess a functional apoptosis machinery that
can act even during the development and maturation of oocytes
and early embryos (Voronina and Wessel, 2001). Although
PCD in actively dividing cells is widely described because of
its role in tissue development, experimental evidence suggests
that apoptosis occurs in cells that are not actively dividing
but still metabolically active — often called quiescent cells
(Voronina and Wessel, 2001). This means that not only is
the apoptotic machinery present in germ cells, but it is
functional as well (Voronina and Wessel, 2001). Still the
function of apoptosis and other forms of programmed cell
death in early embryonic development remain largely unclear.
Similar to other, more studied organisms such as Caenorhabditis
elegans, Drosophila melanogaster, Danio rerio, cleavage stages
are mostly characterized by necrotic and pathological cell
death rather than regulated apoptosis and it is not until
gastrulation that a marked increase of apoptosis has been
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observed (Thurber and Epel, 2007; Galasso et al., 2019).
Abundant experimental evidence shows that cell death can
also be induced in early sea urchin development via cytotoxic
treatments, pollutants, and UV radiation (Lesser et al., 2003;
Chiarelli et al., 2011). During sea urchin gastrulation apoptosis
appears to be a necessary component of normal development,
as pharmacological induction of apoptosis or the inhibition
of caspases results in deformed larvae and reduced survival
in Stronglyocentrotus purpuratus (Thurber and Epel, 2007;
Heyland pers. obs.). Galasso et al. (2019) found that many
death genes are differentially expressed during this important
developmental process and that apoptosis and autophagy during
gastrulation are likely involved in cavity formation and the
removal of inner ectodermal cells. Intriguingly, induction of
apoptosis in gastrulation can result in significant acceleration
of larval development of the surviving embryos compared
to controls (Thurber and Epel, 2007). In larval development,
PCD, specifically apoptosis, play a prominent role in sculpting
tissues in the arms and the ciliary band and a function of
apoptosis has been proposed in the adaptive phenotypic plastic
response of larval arm and ciliary band length to microalgae
concentration in the environment (Thurber and Epel, 2007;
Agnello and Roccheri, 2010).

Data from a broad range of animals suggests a prominent
role of PCD in the process of metamorphosis as summarized
above and links between PCD and sea urchin metamorphosis
and settlement have been studied in several species [reviewed
in Heyland and Moroz (2006)]. As in other marine invertebrate
species, sea urchins with an indirect life history undergo a drastic
ecological, developmental, and physiological transition between
the larval and juvenile stage. Settlement, the transition from
the planktonic to the benthic environment can be preceded by
major morphological or developmental changes but does not
have to. In fact, some species, such as cnidarian, ascidian, and
echinoderm species complete a large portion of morphological
changes during or after settlement (Rodriguez et al., 1993;
Heyland and Hodin, 2014; Krasovec et al., 2021). In sea urchins, a
hallmark of settlement is the larval arm retraction and subsequent
transition from a bilateral to a pentaradial organism. During this
process cell death, proliferation, migration, and differentiation
occur in a relatively short period of time (Cameron et al., 1989;
Heyland and Moroz, 2006; Hodin, 2006; Lutek et al., 2018).
Other changes, such as the formation of the juvenile mouth
and nervous system develop on a much longer time scale,
taking typically days to week to fully form (Thet et al., 2004;
Emlet, 2010; Fadl et al.,, 2017, 2019). Apoptotic cells have been
identified in the arms and ciliary bands of metamorphically
competent larvae (the developmental stage preceding settlement)
as well as in juveniles (Roccheri et al., 2002; Lutek et al., 2018).
Moreover, specific signaling molecules have been implicated
in the induction of PCD in sea urchin metamorphosis and
settlement. Glutamine and some of its derivatives, compounds
that have been shown to accelerate metamorphic development,
can induce apoptosis in the larval epithelium in the sea urchin
Hemicentrotus pulcherrimus (Sato et al., 2006). Furthermore,
recent research shows that histamine has a dual function in larval
development of the sea urchin S. purpuratus. While it aids in the

attainment of metamorphic competence, it also keeps larvae in
that state by inhibiting the settlement process (Lutek et al., 2018).
The latter process is, at least in part, the result of the inhibition of
apoptosis in the larval arms by histamine signaling via the sea
urchin histamine receptor (Lutek et al., 2018). Histamine may
interact with TH signaling, a hormone that can be endogenously
synthesized (Heyland et al., 2006b,a; Miller and Heyland, 2009,
2013) or derived from unicellular algae that echinoid larvae
feed on (van Bergeijk et al., 2013) and that has been shown to
regulate development, including metamorphic development in
sea urchins and sand dollars (Heyland and Hodin, 2004; Heyland
et al., 2004). Recent evidence from the sea urchin S. purpuratus
also suggests that THs may signal via integrins in addition to their
nuclear hormone receptor pathway (Taylor and Heyland, 2018).
A distinct characteristic of the effect TH signaling in sea urchin
and sand dollar larvae is the acceleration of juvenile structures
while reducing the length of larval arms (Heyland and Hodin,
2004). It is the ladder effect of THs that is in part the result of
PCD (Wynen and Heyland, 2021).

APOPTOTIC GENES IN THE SEA
URCHIN (S. purpuratus)

Due to the important role apoptosis plays in development and
homeostasis, the apoptotic toolkit may become complex and
contain many redundancies within specific lineages. As far as
metazoans are concerned, there have been many documented
cases of gene losses and expansion (Zmasek and Godzik, 2013;
Romero et al.,, 2015; Green and Fitzgerald, 2016). This makes
it difficult to provide a comprehensive overview of apoptosis
in specific groups for which little functional data is available.
Keeping this in mind, we used an earlier PCD annotation of the
sea urchin genome as a starting point (Robertson et al., 2006) and
further annotated the sea urchin apoptotic tool kit (sea urchin
genome assembly and annotation v. 5.0).

As outlined above, the intrinsic pathway responds to
intracellular signals produced by non-receptor mediated stimuli
that leads to the activation of Bcl-2 family members. One type
of non-receptor mediated stimuli that leads to intracellular
signaling is exposure to ultraviolet radiation. As discussed earlier,
DNA damage caused by radiation can lead to the activation
of the gene p53 (Lesser et al., 2003). The protein p53 leads
to a downregulation of anti-apoptotic Bcl-2 proteins which
can lead to apoptosis (Bourgarel-Rey et al., 2009). The Bcl-
2 family may also be responsible for the absence of early
developmental apoptosis in sea urchins (Thurber and Epel, 2007).
Bcl-2 members that were identified in the sea urchin genome
included Bcl-2, BAX, BAK1, BAGI1, BLK, and BCL10 (Table 1).
In sea urchins, orthologs for both BAX and BAKI1 have been
identified (Table 1) and similarly to vertebrates, these proteins
share a Bcl-2 homology 3 (BH3) motif at the N-terminus of
the Bcl-2 domain (Robertson et al., 2006). While the function
of a protein or domain can only be conclusively determined
by experimental work, examining the presence or absence of
specific domains or comparing their structure to known proteins
can still provide a good foundation to generate hypotheses and
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predictions about their role. The Bcl-2 family of proteins has a
few characteristic domains that, while difficult to presume their
function, at least allow for possible identification. These include
the BH1, BH2, BH3, and BH4 domains (Moroy et al., 2009).
The BH3 domain is a particularly well-known part of the Bcl-2
protein family and has been identified as a mediator of cell death
(Moroy et al., 2009). The BH3 domain appears in pro-apoptotic
proteins such as BAX, BAD and BIK (Moroy et al., 2009). Another
class of pro-apoptotic Bcl-2 family members called the BH3-
only proteins bind with anti-apoptotic proteins like Bcl-2 and
BCL2L1 through the BH3 domain in order to suppress their
anti-apoptotic activity (Moroy et al., 2009). The BH domains are
important for facilitating interactions between the Bcl-2 protein
family members (Gurudutta et al., 2005; Aouacheria et al., 2013).

The proteins involved in the formation of the apoptosome,
cycs, APAF1, and CASP9, are well-represented in sea urchins.
While four predictions for APAF1-like proteins exist in the sea
urchin genome, two are nearly identical and generally regarded
as paralogs (Robertson et al., 2006) and one APAF1 -like protein
lacks the N-terminal caspase recruitment domain (CARD) found
in humans, flies and nematodes, and instead possessing a death
domain (Robertson et al., 2006). The final APAF1 -like protein is
very similar in architecture to human APAF1 (Table 1; Robertson
etal., 2006). The CARD domain of APAF1 is important due to its
interaction with the CARD domain of CASP9 (Wang et al., 2017).
As mentioned previously, formation of the apoptosome can be
blocked by AVEN which uses the BH1 domain of BCL2L1 to bind
itand APAFI to prevent activation of CASP9 by the apoptosome;
all of which we found orthologs for (Table 1; Chau et al,
2000; Elmore, 2007). Should the apoptosome form, then CASP9
is activated (Elmore, 2007). The CASP9 family underwent an
echinoderm-specific expansion which resulted in several CASP9-
like proteins (Robertson et al, 2006; Agnello and Roccheri,
2010). When analyzed by Robertson et al. (2006) four CASP9-
like proteins were reported and only one featured a recognizable
CARD domain (LOC594735). In the updated genome, we were
able to annotate three proteins that are similar to CASP9 that
have a complete CARD domain (LOC586121, LOC115924698,
and LOC584219) and one protein that is very similar in sequence
to CASP9 and has an incomplete CARD domain (LOC586121).
Furthermore, the protein that Robertson et al. (2006) originally
identified, does not appear to have a CARD domain or show as
much similarity to human CASP9 as the proteins reported above.
The CARD domain is important for binding of procaspase-9 to
APAFI1 and may play a role in stabilizing interactions within
the core of CASP9 (Huber et al., 2018). Since this domain is
so important, it may help to identify the function of CASP9-
like proteins. This function can be blocked however, when the
baculoviral IAP repeat 3 (BIR3) domain of XIAP binds with
CASP9 in order to prevent the start of the execution pathway
(Shiozaki et al., 2003). This action can be blocked by DIABLO
which competes with CASP9 for binding of the BIR3 domain
(Gao et al., 2007). Additionally, binding of DIABLO with the
BIR2 domain of XIAP can antagonize inhibition of CASP3 by
XIAP (Gao et al., 2007). HtrA2 is able to inhibit XIAP in a similar
way (Figure 1; Verhagen et al., 2002; Elmore, 2007; Obexer
and Ausserlechner, 2014). The protein AIFM1, which is released
from the outer mitochondrial membrane plays a role triggering

DNA fragmentation and was also found upon analysis (Table 1;
Elmore, 2007).

We found fewer orthologous proteins in the extrinsic
complement than in the intrinsic pathway. Specifically, we were
unable to find a clear ortholog of TNE, even though we found an
ortholog for its receptor TNFRSF1A (Table 1). There are a few
couplings that are well known in this pathway: TNF/TNFRSFIA,
FasLG/Fas, TNFSF12/TNFRSF25, TNFSF10/TNFRSF104A, and
TNFSF10/TNFRSF10B (Elmore, 2007). We were able to identify
possible orthologs of FasLG, Fas, TNFSF12 and TNFSF10
however, we were unable to find clear orthologs for TNFRSF25,
TNFRSF10A, and TNFRSF10B (Table 1). Interestingly, there
seems to be similarity between TNFRSF10A, TNFRSF10B and
S. purpuratus TNFR16 (LOC586563). While this similarity is
relatively low, it may provide valuable insight into the extrinsic
pathway of sea urchins and the absence of so many extrinsic
receptors. Of the proteins that are involved in recruiting
procaspase-8 to the DISC, possible orthologs for FADD and RIP
were identified but not TRADD (Table 1). Like the CASP9-like
protein family, there seems to have been some expansion of the
CASP8 family in the sea urchin genome (Robertson et al., 2006;
Agnello and Roccheri, 2010). Upon analysis, Robertson et al.
(2006) found five caspase-like-proteins, two of which contained
clear linkages to DEDs, similar to human CASP8. Of these two
proteins, only one has a complete caspase domain and therefore
is a strong candidate for a human CASP8 ortholog (Table 1;
Robertson et al., 2006).

The granzyme/perforin pathway contains fewer proteins
than the intrinsic and extrinsic pathway but still seems to be
well represented in the sea urchin genome (Table 1). In the
perforin/granzyme pathway, sea urchin orthologs for GZMA,
GZMB, CASP10, and NME1 were identified (Table 1).

All three of these pathways converge at the execution pathway
which is also well represented in the sea urchin genome, likely
due to the important role caspases play in this part of apoptosis
(Table 1). One of the biggest differences between mammals and
sea urchins seems to be the lack of clear distinction between
CASP3 and CASP7 (Robertson et al., 2006). Due to this fact, it
is difficult to conclusively identify separate orthologs for these
caspases and the LOCs represented in the table may indicate
paralogs of one gene (Table 1). We have been able to identify
orthologs for CASP6, PARP1 and SPTANI1 (Table 1).

CONCLUSION

As others have pointed out, endocrine mechanisms are
intricately linked to the mechanisms underlying metamorphic
transitions in animals and PCD is one important output
of these mechanisms (Nakajima et al, 2005; Heyland and
Moroz, 2006; Mané-Padrés et al., 2010; Heyland et al., 2018).
In addition to frogs and flies, for which many of these
mechanisms have been studied in detail, our analysis also
revealed that PCD is an intricate part of metamorphosis
and settlement of many marine invertebrate groups with
indirect life histories. Specifically, the target of PCD in
these groups is the larval nervous system and feeding and
digestive structures such as the ciliated band and larval arms.
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Studies into the molecular and cellular mechanisms underlying
these processes require further research. While the annotation of
PCD related genes in target species can be difficult due to species
specific expansions and diversification, it is a valuable exercise
and can help shed light on the ecological and environmental
factors driving these processes (Lespinet et al., 2002). For
example, caspases in sea urchins have undergone such expansions
and may play a role in important developmental processes
such as metamorphosis and settlement by removing larval
tissue. Although necessary to switch between environments,
metamorphosis, and settlement can be rapid and resource intense
processes and elucidating the putative function of caspases in
these processes may help shed light onto the environmental
conditions driving the expansion of the caspase family in sea
urchins. Finally, the role of endocrine mechanisms in the
regulation of metamorphosis and settlement as well as PCD
may be significantly more wide-spread and future studies should
explore this link in more details in marine invertebrate phyla.
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