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The cellular and molecular bases of
the sponge stem cell systems underlying
reproduction, homeostasis and regeneration
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ABSTRACT The evolution of multicellular organisms is generally thought (and seems likely) to
have been accompanied by the evolution of a stem cell system. Sponges, some of the early-evolved
metazoans, have totipotent/pluripotent stem cells.Thus, uncovering the cellular and molecular bases
of the sponge stem cells will not only be crucial for understanding the ancestral gene repertoire of
animal stem cells, but will also give us clues to understanding the evolution of molecular mecha-
nisms for maintaining multipotency (pluripotency) and differentiation ability during animal evolu-
tion. Sponges (Porifera) are a large phylum that includes an enormous number of species, whose
cellular compositions and life cycles show striking variations. In the last decade, methodologies for
molecular studies and sequencing resources have dramatically advanced and made it possible to
clearly define stem cells in sponges in cellular and molecular terms. In this review, together with
recent studies of sponges in various classes, the following issues will be discussed: i) recent findings
that revealed that the previously proposed model that “archeocytes and choanocytes are the two
types of stem cells” originally based on work in demosponges can be applied as a unified view of
the stem cell system in sponges that have various cellular organizations, ii) the fact that sponge
cells are more plastic than previously thought, as shown by recent studies of sponge regeneration
both from dissociated cells and upon injury, and iii) the importance of transdifferentiation in sponge

stem cell systems and regeneration.
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Cellular organization of four classes of sponges

Since different sponge species show wide variations of cel-
lular composition and life cycle, in order to understand stem
cells in sponges, one has to organize their knowledge in ways
that depend on the model system(s) of sponge(s) used for study,
including considerations such as i) the class of sponges to which
the specimens studied belong, ii) whether the specimens are
adult, or embryonic, or juvenile sponges, and whether they have
developed through sexual or asexual reproduction, and iii) whether
normal developmental processes or processes that occur during
regeneration are examined.

Sponges (Porifera) are divided into four classes: Demospongiae,
to which more than 90% of sponge species belong, Hexactinellida
(Glass sponges), Calcarea, and Homoscleromorpha. The body
of a sponge is supported by either the inorganic skeleton (mainly
composed of mineralized silica (SiO,.nH,0) in demosponges,

hexactinellids and homoscleromorphs), or calcium carbonate
(CaCo,) in calcareous sponges (Uriz, 2006). In some demosponges
and homoscleromorphs, the body is supported by collagen fibrils
inthe inner body space (mesohyl). Modern molecular phylogenetic
studies have suggested that demosponges and hexactinellids are
sister clades, as are calcareous sponges and homoscleromorphs
(Fig. 1A)(Philippe et al., 2009).

Sponges do not have germline stem cells; instead, gametes
are produced from two types of somatic stem cells: archeocytes
(amoeboid cells in the inner body space) and/or choanocytes (see
details in “Archeocytes” and “Choanocytes” sections, respectively
(reviewed in Leys and Ereskovsky, 2006; Ereskovsky, 2010). In
demosponges, oocytes are generally derived from archeocytes,
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and sperm from choanocytes. In hexactinellids, oocytes are derived
from archeocyte-like cells. In calcareous sponges (which do not
have archeocytes) and homoscleromorphs (classically thought
not to have archeocytes), both oocytes and sperm are derived
from choanocytes. Thus, these two types of cells (archeocytes
and choanocytes) have totipotency, at least during sexual repro-
duction. In vertebrates, “totipotent” and “pluripotent” stem cells
are generally distinguished as “stem cells that can give rise to all
types of cells, including extra-embryonic cells” and “stem cells
that can give rise to any cell type except extra-embryonic cells”,

respectively (Mitalipov and Wolf, 2009). In this review, “totipotent”
and “pluripotent” stem cells in invertebrates, including sponges,
are used to designate “cells that can generate all types of cells”
and “cells that can generate multiple types of cells” respectively.

Recent progress in defining and understanding the cellular sys-
tem of stem cells in each sponge class has led to the realization
that the cellular organization of each class of sponges is key to
understanding the stem cell systems both in the various classes of
sponge as well as in sponges overall. As filter feeders, all classes
of sponges have well-developed aquiferous systems constituted
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by several types of inner epithelial cells (reviewed in (Ereskovsky,
2010; Simpson, 1984). They are endopinacocytes (endodermal
epithelial cells) and choanocytes (water-flow-generating food
entrapping cells) forming “chambers” in syconoid, sylleibid and
leuconoid-type sponges, or “a continuous layer lining a single cavity”
in asconoid-type sponges (Fig.1B). Several types of specialized
cells are located in the junction between the endopinacoderm and
choanocyte chamber. The term “choanoderm”is used to designate
a continuous layer lining a single cavity in asconoid-type sponges,
andto designate tissues composed solely of choanocytes lining the
choanocyte chambers in syconoid, sylleibid, and leuconoid-type
sponges. Choanocyte chambers and choanodermin asconoid-type
sponges are the digestive organ of sponges (Ereskovsky, 2010).

The cellular organization of the inner-body space (mesohyl) dif-
fers depending on the class of sponge (Fig.1 C-E). Demosponges
have well-developed mesohyl containing various types of cells,
which are traditionally defined mostly based on the cell morphology
(FIg.1C) (reviewed in Ereskovsky, 2010; Simpson, 1984). These
types of cellsinclude types such as archeocytes (which are thought
to be totipotent stem cells), several types of collagen-expressing
cells, and spicule-producing cells (sclerocytes). In addition, based
on gene expression analyses, there seemed to be more types of
cells that could not be distinguished based on their cell morphol-
ogy in earlier studies (Nakayama et al., 2015; Funayama et al.,
2005b). The body of hexactinellids consists largely of a single
syncytial tissue, but cells including archeocyte-like cells are re-
ported to reside in the mesohyl (Leys et al., 2007). Homosclero-
morphs and calcareous sponges have fewer types of cells in the
mesohyl compared to demosponges. Homoscleromorphs have
two types of vacuolar cells in a thin layer of their mesohyl (Fig.
1D). Calcareous sponges have sclerocytes, and rarely amoeboid
cells, in their mesohyl (FIg.1E) (reviewed in Adamska et al., 2011;
Adamska, 2016). Neither of these classes of sponge has cells that
possess archeocyte cell morphology. Thus, all of the types of cells
in calcareous sponges and homoscleromorphs have traditionally
been thought to be produced from choanocytes (Simpson, 1984).
Accordingly it has been suggested that choanocytes play roles as
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stem cells in these two classes of sponges. It should be noted that
a recent study of gene expression suggested that vacuolar cells
type 2 in homoscleromorphs might have multipotency (see details
in the section “Ancestral gene repertoire of animal stem cells”).

Archeocytes

Nearly all sponge stem cell biology based on classical descrip-
tions in which cell behaviors are inferred based on detailed ultra-
structural analysis. Archeocytes of demosponges are totipotent
somatic stem cells, as shown by earlier ultrastructural studies
(reviewed in (Ereskovsky, 2010; Simpson, 1984) and more recent
studies (described below). To date, only studies using freshwater
demosponge, Ephydatia fluviatilis, revealed archeocytes’ direct
differentiation into multiple types of cells through characterizing
gene expression pattern and profiles (Funayama et al., 2010, Oka-
moto, 2012, Funayama 2010, 2013). In this section, i) general cell
morphological features of archeocytes, ii) studies of archeocytes
in freshwater demosponges that were enabled by establishing
sequence resources and methodologies, iii) the possible extension
to all sponge species of the model that archeocytes and choano-
cytes constitute the stem cell system of demosponges, and iv)
the ancestral gene repertoire of animal stem cells as revealed by
comparative transcriptome analysis, will be discussed.

Cell morphology features of archeocytes

In most species, archeocytes are defined by their morphological
features. Thus, here “archeocytes” is used to designate cells with
archeocytes’ morphological features (Fig. 2): large in size com-
pared to other cells, containing a large nucleus with a single large
nucleolus (Fig. 2 A,B,E, magenta-bordered white arrowheads),
mitotically active (Fig. 2C), motile, and containing numerous vitel-
line platelets during the early developmental stages of gemmule
hatching (Funayama, 2010; Simpson, 1984). In contrast to most
stem cells in other organisms, which generally stay in a particular
niche, archeocytes are highly motile cells in the mesohyl, and thus
it is unusually difficult to trace archeocytes’ differentiation and self-

Fig. 2. Archeocytes, which are
identified by their morphology or
specific expression of EflpiwiA and
EfIMusashiA in E. fluviatilis. (A)
Archeocyte in mesohyl of a 7-day-old
juvenile sponge hatched from a gem-
mule. Note that the archeocyte has a large nucleus containing a single
large nucleolus (magenta-bordered white arrowhead). As archeocytes are
active in phagocytosis, they contain many phagosomes (black arrows).
(B) EfIPiwiA mRNA (magenta) of a 7-day-old juvenile sponge. Nuclei are
stained with Hoechst 33342. (C) Proliferative ability of archeocytes is clearly
shown by the BrdU incorporation of archeocytes expressing EfIPiwiA
mANA (white arrowheads). (D) Archeocyte-specific mRNA expression
of EflMusashiA of a 7-day-old juvenile sponge. (E) EfIMusashiA protein is
predominantly localized in the nucleus (black-bordered white arrowhead)
and a small fraction of the protein is localized in the cytoplasm.
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renewal. In addition, the morphology of archeocytes seems to be
variable in single sponge individual, probably because of archeo-
cytes’ phagocytic activity. Thus, to elucidate the stem cell system
of sponges and the molecular bases of stem cells, it was crucial
to identify cell types, especially archeocytes and choanocytes, in
terms of expressed genes.

Definition of archeocytes according to their gene expression

Using gemmule hatching of a freshwater demosponge, E. flu-
viatilis, pioneering studies to identify archeocytes was achieved.
The success in identifying archeocytes and their differentiation
by monitoring their gene expression was a breakthrough for
understanding the molecular mechanisms of sponge stem cell
biology (Funayama et al., 2010). Gemmule hatching is one type of
asexual reproduction of sponges, and is mostly used in freshwater
sponges. Itis the development of a fully functional juvenile sponge
from solely a group of thousands of archeocytes that are originally
packed inside a small particle of collagenous coat (gemmule coat).
Gemmule hatching of several species (mostly Ephydatia fluviatilis,
Ephydatia muelleri and Spongilla lacustris) has been one of the
well-studied model systems for the cell biology of demosponges
(Simpson, 1984). Gemmule hatching is a highly ordered process.
In brief, “resting archeocytes in the gemmule” (thesocytes) exit
from the resting state and become “archeocytes”, and then these
archeocytes migrate out from the gemmule coat, proliferate and
differentiate to form a functional juvenile sponge around the gem-
mule coat (reviewed in Funayama, 2010; Simpson, 1984). Since
alltypes of cells constructing the sponge body are derived from the
archeocytes originally packed inside the gemmule coat, gemmule
hatching is an excellent system for investigating the sponge stem
cell system and its regulatory mechanisms during the development
of fully functional juvenile sponges.

In the last 15 years, dramatic advances in cell identification
and isolation techniques and sequence resources have been
achieved in sponges. One of the pioneering studies was done
using gemmule hatching of E. fluviatilis, and its investigation was
made possible by the establishment of methods for high-resolution
whole-mount in situ hybridization (WISH), which can detect mRNA
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expression in single cells (Funayama et al., 2005a; Mohri et al.,
2008),immunohistochemistry (Okamoto etal.,2012), FACS sorting
of choanocytes and archeocytes by ingenious methods of specific
fluorescentlabeling of each type of cell (Alié etal., 2015; Funayama
et al., 2005a), EST sequencing, and transcriptome and proteome
analysis (Alié et al., 2015; Funayama et al., 2005a). Archeocytes
were identified based on the specific mMRNA expression of certain
genes (EflpiwiA, EflpiwiB and EflMusashiA) in the cells with ar-
cheocyte morphology and on other specific features of the cells,
namely, the abilities to directly differentiate into multiple types of
cells, and to proliferate (likely by symmetric cell division) (Fig. 2
B-E) (Funayama et al., 2010; Okamoto et al., 2012). For use in
tracing the differentiation of archeocytes and identifying types of
differentiated cells, a number of lineage-specific genes of various
cell types were identified. Such as for choanocytes (Funayama
et al., 2005a), sclerocytes (spicule-producing cells) (Funayama
et al., 2005b; Mohri et al., 2008) and cells thought to act in innate
immunity Funayama et al., 2005b). More recently, lineage-specific
genes were identified for basopinacocytes, spicule-transport cells
and collagen-expressing cells in the mesohyl (Nakayama etal., and
Takagi and Funayama, manuscripts in preparation) together with
some yet-unidentified cells (Funayama, unpublished). Similarly,
advances in sequence resources have been achieved for archeo-
cytes and choanocytes (Alié et al., 2015; Funayama, 2013), (see
details in section “Ancestral gene repertoire of animal stem cells”).

Proposed model of a stem cell system consisting of
archeocytes and choanocytes, and its possible extension
to all sponge species

In addition to archeocytes having been identified as multipotent
stem cells in demosponges based on monitoring of their gene
expression, the possible totipotency (pluripotency) of choanocytes
is also suggested. During the ordinary differentiation process of
archeocytes into various cell types, EflpiwiA and EfipiwiB (from
here ondenoted as EfipiwiA/B) expression eventually ceases while
lineage-specific gene expressionisinduced (Fig. 3A-C). Incontrast,
EflpiwiA/B mRNA expression is exceptionally maintained in cho-
anocytes (Fig. 3 D,E) (Funayama et al., 2010). Early ultrastructural

C sclerocyte differentiation
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Fig.3.Continuous expression
of EfIPiwiA mRNA in mature
choanocytes forming cham-
bers suggests the possible
pluripotency of choanocytes.
(A,B) Gene expression transi-
tion during the process of
sclerocyte differentiation and
spicule production. Magenta,
EfIPiwiA; green, EflSilicatein-M1 (sclerocyte-lineage-specific gene);
blue, nuclei were detected using Hoechst 3334. (A) An archeocyte
committed to the sclerocyte lineage coexpresses EfIPiwiA (magenta-
bordered arrowhead) and EflSilicatein-M1. (B) Spicule-containing
sclerocytes express only EflSilicatein-M1, not EfIPiwiA mRNA (white
arrowheads). (C) Schematic drawing of the gene transition during
differentiation of archeocytes to sclerocytes. (D) EfIPiwiA mRNA is
detected in all choanocytes in mature-sized chambers in functional
juvenile sponges. (E) Schematic drawing of the gene expression during
archeocyte differentiation to the choanocyte lineage. Modified from
Funayama et al., Evo. Devo. 2010 12: 275-287.
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studies also showed that the choanocyte in demosponges has
cellular plasticity, or possibly totipotency (pluripotency), in certain
conditions as described below. Those earlier studies included
studies showing that: a) choanocytes transform into pinacocytes
(reviewed in Simpson, 1984), b) choanocytes undergo EMT (epithe-
lial mesenchymal transition) to become archeocyte-like amoeboid
cells upon disruption of sponge tissue and subsequent remodeling
(Diaz, 1977) and asexual reproduction (Connes et al., 1974), and
c) choanocytes produce gametes (Ereskovsky, 2010; reveiwed in
Leys and Ereskovsky, 2006; Riesgo and Maldonado, 2009). In ad-
dition, a precise recent study in a marine demosponge, Halisarca
dujardini, using EM (electron microscopy) and EdU incorporation
experiments also showed that choanocytes undergo EMT and
transdifferentiate (de-differentiate and re-differentiate) to another
type of epithelial cells (exopinacocytes) during regeneration after
injury. It was shown that choanocytes, archeocytes and rarely
endopinacocytes were the three main sources of exopinacocytes
that covered a wound (Borisenko et al., 2015). The importance
of transdifferentiation in sponges will be discussed in detail in the
section “Transdifferentiation”. Based on these earlier histological
studies indicating the totipotency (pluripotency) of archeocytes and
choanocytes, and the specific expression of EfIPiwiA/B in archeo-
cytes and choanocytes in juvenile of E. fluviatilis, we proposed a
model that the stem cell system of demosponges is constructed
with two types of cells, archeocytes and choanocytes (Fig. 4) (Fu-
nayama et al., 2010). The fact that archeocytes and choanocytes
share certain numbers of genes that are known to have roles in
maintaining pluri or multiporency was further revealed by our cell-
type specific transcriptomic analysis (Alie et al., 2015).

We further suggested that the possible model of stem cell system
we proposed for demosponges could be extended to all classes of
sponges, and thatwhich type of cells (archeocytes or choanocytes)
mainly acts as stem cells depends on the different cell organization
of each class of sponges. In demosponges, archeocytes generally
act as stem cells, whereas choanocytes are likely to exert their
totipotency (pluripotency) in particular circumstances, such as re-
production and regeneration, as described above (additional recent
studies are discussed in the section “Regeneration”). In hexactinel-
lids, clusters of archeocyte-like cells in mesohyl are considered
very likely to be pluripotent cells that produce other types of cells

ﬁ choanocyte choanocyte chamber
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Fig. 4. Possible model of the stem cell system in
demosponges. Archeocytes are active stem cells that
differentiate into various types of cells (including sclero-
cytes, spicule-transport cells, cells that presumably act
in innate immunity, and choanocytes) and also undergo
self-renewal. In sexual reproduction, gametes are derived
from archeocytes and/or choanocytes. Choanocytes
transform into archeocytes under specific circumstances.
In most species of demosponges investigated thus far,
oocytes are derived from archeocytes and sperm are
derived from choanocytes. Archeocytes have a special
form when they are in the resting state inside a gemmule
coat (thesocytes) of freshwater sponges. Modified from
Funayama et al., Evo. Devo. 2010 12: 275-287.

(Leys etal.,2007). In calcareous sponges and homoscleromorphs,
which do not have archeocytes, choanocytes are most likely be
the totipotent (pluripotent) stem cells, since they are known to act
as the source of other types of cells (see details in “Choanocytes,
possible totipotent (pluripotent) stem cells in calcareous sponges
and homoscleromorphs®).

Ancestral gene repertoire of animal stem cells

About a decade ago was a time of excitement when it started
to be revealed that genes that had been originally identified as be-
ing expressed in germline cells in Drosophila (namely, piwi, vasa,
and nanos) are expressed specifically in pluripotent somatic stem
cells that have the ability to give rise to germ cells in some highly
regenerative animals (hydra, hydractinia and flatworms) (hydra:
Juliano et al., 2014; reviewed in Bosch, 2009; Bosch et al., 2010;
Juliano and Wessel, 2010; David, 2012; Hobmayer et al., 2012;
Nishimiya-Fujisawa and Kobayashi, 2012, hydractinia: Rebscher
etal., 2008, reviewed in Plickert et al., 2012, flatworms: Shibata et
al., 1999; Wagner et al., 2012; reviewed in Gehrke and Srivastava,
2016; Shibata et al., 2010; Shibata et al., 2012; Solana, 2013) The
finding of EflpiwiA/B expression in archeocytes and choanocytes
(see above) then revealed that that notion could be applied to
an earlier-emerging metazoan, sponge. Based largely on those
findings together with their own findings that homologues of piwi,
vasa and nanos are expressed in multipotent precursors and
germ cells in sea urchin embryo, Julliano and Wessel proposed
the likely existence of a highly conserved germline multipotency
program (GMP) that operates in both multipotent cells and germ
cells (Juliano et al., 2010; Juliano and Wessel, 2010).

Metazoans use stem cells for their development and tissue
homeostasis. Thus, one important question is, what is the gene
toolkit that was associated with the emergence of stem cells in a
common ancestor of metazoans? Together with extensive stud-
ies about the genes expressed in the pluripotent stem cells of
highly regenerative animals, especially cnidarians and flatworms
(Hemmrich etal.,2012; Solana etal.,2012), recent studies of sponge
stem cells opened a way to getting insight into the ancestral gene
repertoire of animal stem cells and its evolution (Alié et al., 2015)
The number of genes considered to be involved in GMP might
increase in the future based on further increases of our knowledge,
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but the originally proposed genes were: piwi, vasa, nanos, pumillio,
tudor, bruno, germ cell-less and maelstrom (Juliano et al., 2010).
Transcriptome analysis of flatworm neoblasts showed elevated
expression of RNA-binding proteins that act in maintenance of
stem—cell identity (Rouhana et al., 2010; reveiwed in Shibata et
al., 2012). In pluripotent stem cells of hydra (interstitial stem cells,
I cells), in addition to some of the GMP genes, it was revealed
a set of transcription factors whose expression is conserved in
later-evolved animals, including vertebrates (Boehm et al., 2012;
Hemmrich et al., 2012) in addition to some of the GMP genes.
We had to wait for the cell-type-specific transcriptome analysis of
sponge stem cells to learn whether there is also similar conserved
expression of such genes in sponges.

The successful isolation of archeocytes and choanocytes
of juvenile sponges of E. fluviatilis enabled by the invention of
methods to fluorescently label archeocytes (by staining of vitelline
platelets) and choanocytes (by feeding fluorescent beads) enabled
cell-type-specific transcriptome analysis of sponge cells for the
first time (Alié et al., 2015; Funayama et al., 2005a, respectively).
Transcriptome profiling of archeocytes and choanocytes made it
possible to trace shared molecular signatures of these cells with
those of flatworm and hydra stem cells (Alié et al., 2015). 180
genes (orthology groups) were thus revealed to be ancestral stem
cell genes shared by pluripotent (totipotent) somatic stem cells in
flatworms, hydra, and sponges (archeocytes). As expected, the
repertoire of 180 genes is strongly enriched in cell cycle, DNA rep-
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lication and DNA repair genes. Regulators of DNAtranscription are
underrepresented among the ancestral stem cell genes. In sharp
contrast, a wide range of RNA binding proteins were highlighted
as genes that are highly expressed in archeocytes as well as in-
cluded among ancestral stem cell genes. The expression of genes
encoding GMP proteins (piwi, vasa, bruno, pl-10, and of all of the
genes encoding Tudor domain, ddx6, and mago-nashi) and genes
encoding RNA helicase and proteins involved in mRNA splicing is
elevated in Ephydatia archeocytes (Fig. 5 A,B)(Alié et al., 2015).
GMP gene expression in totipotent (pluripotent) cells was further
confirmed by a recent study in the homoscleromorph O. loburalis:
mRNA expression of 11 GMP genes examined was analyzed in
various stages of the life cycle: embryogenesis, non-sexual adult
stage, and during spermatogenesis and oogenesis. Throughout
these stages, choanocytes and germline cells expressed most
of the 11 GMP genes examined, suggesting the pluripotency of
choanocytes in Homoscleromorpha (Fierro-Constain et al., 2017).

Unexpectedly and interestingly, it was revealed that orthologues
of several mammalian RNA binding proteins known to regulate
the balance between ES cell self-renewal and differentiation are
also highly expressed in E. fluviatilis archeocytes (25 out of 44
RNA binding proteins included in the ancestral stem cell genes).
Thus, the comparative transcriptome analysis suggest that post-
transcriptional regulators played a decisive role in the emergence
of stem cells (Fig. 5C) (Alié et al., 2015). Previous studies reveal-
ing that EflpiwiA/B and EflMusashiA are specifically expressed in

Ephydatia archeocytes also support this
notion (Funayama et al., 2010; Okamoto
etal., 2012).

How can we explain the fact that the
stem-cell specificity of so many RNA bind-
ing proteins has been conserved during
metazoan evolution? Considering the recent
understanding of fluctuating and oscilla-
tory gene expression is the stem-cell state
(Abranches et al., 2014; Furusawa and
Kaneko, 2012; Imayoshi and Kageyama,
2014) and the fact that these pluripotent
(totipotent) stem cells of demosponges,
hydra, planarian and ES cells actively pro-
liferate, post-transcriptional regulation might
be more advantageous than transcriptional
regulation. Taking these findings alltogether,
we proposed that the acquisition of stem
cells in the last common metazoan ances-
tor was essentially supported by the use
of eukaryotic RNA binding proteins as an
efficient tool to control the balance between
self-renewal and differentiation, and to or-

uPriSC toolkit

Cluster 6 (1,751)
“Other cells” genes

DDX4 (Vasa), DDX21, DDX24, DDX52, DDX54, DDX56, DX39B
EIFCL, ERALT, EXOS9, KRR1, LA, NOP56, NOP58, RBM19, RBM26
RPF1, RRP44, RS2, SF3B4, TRA2A, TRM2A, U2AF2, U3IP2, XPO1

chestrate precisely timed gene regulation
within coexisting lineages of multiple cell

Fig. 5. Transcriptomic signature of archeocytes and unlimited primordial stem cells (uPriSCs).
(A) Heat map of the 11,275 genes differentially expressed between archeocytes, choanocytes, and
other cells. (B) Venn diagram showing the 180 OrthoMCL groups overexpressed in representative

types (Alié et al., 2015).

Choanocytes

uPriSCs, the interstitial stem cells of Hydra vulgaris, the neoblasts of S. mediterranea (planarian),

and the archeocytes of juvenile sponges of E. fluviatilis. uPriSCs are adult stem cells that retain the
potential to produce both the germ-line and at least several somatic cell types. (C) Venn diagram
showing the 25 OrthoMCL groups corresponding to RBPs from mouse ESCs that belong to the
uPriSC repertoire. Modified from Alié et al., Proc. Natl. Acad. Sci. USA 2015 E7093-E7100.

Totipotency (pluripotency) of choano-
cytesin certain situations in demosponges,
andintwo other classes of sponges (calcare-
ous sponges and homoscleromorphs), was



strongly suggested by earlier precise histological studies. In this
section, i) general cell morphological features of choanocytes, ii)
earlier studies that suggested that choanocytes have the ability to
exert possible totipotency (pluripotency) by transforming into cells
that morphologically resemble archeocytes in demosponges in
certain conditions, and iii) studies that suggest that choanocytes
are the source of other types of cells in homoscleromorphs are
introduced.

Cell morphological features of choanocytes

Sponges are filter-feeding organisms, and consequently one of
their most important types of cells is the flagellated choanocyte.
Choanocytes have a single flagellum, which is surrounded by a
laterally connecting microvillous collar. Choanocytes form cham-
bers that are one of the prominent structures of the sponge body
(Figs. 1,6). Choanocytes construct the choanoderm (in asconoid
or syconoid-type sponges) or face inward to form chambers that
are connected to the canal system (in sylleibid-, or leuconoid-
type sponges) (Fig. 1B). Choanocytes forming chambers along
the canals generate unidirectional water currents by moving their
flagella, ingest nutrients from the incurrent, and then pass these
nutrients to other cells via vesicles.

The proliferative ability of choanocytes was clearly shown by
histological analyses and EdU or BrdU incorporation studies.
Choanocytes proliferate for maintaining chambers in adult sponges
(Borisenko etal., 2015; Ereskovsky, 2010; Ereskovsky etal., 2015;
De Goeij et al., 2009; reviewed in Ereskovsky, 2010;Simpson,
1984). Additionally, it was also revealed that presumably immature
choanocytes proliferate within a cluster of choanocytes during the
process of chamber formation in gemmule hatching (Funayama
et al., 2005a; Tanaka and Watanabe, 1984; Weissenfels, 1981)
and also during metamorphosis of larvae (Sogabe et al., 2016).

It should be noted that choanocytes have also garnered at-
tention from the point of view of the evolution of multicellular

Fig. 6. Choanocytes of demosponges.
(A-C) Abundance of spherical choanocyte
chambers. Choanocyte chambers of juvenile
sponges (E. fluviatilis) hatched from gem-
mules were visualized by fluorescence of the
beads fed to the sponges (A,B) or the ink fed
to them(C). At higher magnification, individual
choanocyte chambers can be seen to be con-
structed from clustered structures contain-
ing green fluorescent beads. Aggregates of
ingested fluorescent beads indicate individual
choanocyte-forming spherical chambers (B).
(D) Scanning electron microscopic image of
choanocytes forming a chamber (courtesy of
Dr. Yoshiki Masuda). Flagellum (white arrow),
microvillus collar (magenta arrowhead). (E)
Schematic drawing shows that choanocytes
of sponges and the choanoflagellate (a pro-
tist) share morphological features: a single
flagellum (black) and microvilli (magenta)
surrounding the flagellum like a collar. Note
that the collar of choanocytes is generally
cylindrical because the microvilli are laterally
connected. Nucleus is shown in green. (A, B)
are taken from Funayama et al., 2005a Dev.
Growth. Differ. 47:243-253.
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animals, because of their general morphological similarity to
choanoflagellates. Several species of choanoflagellates form
colonies, and the protists situated closest to metazoans in mo-
lecular phylogenetic trees (King, 2004; King and Carroll, 2001;
Li et al., 2008; Suga et al., 2008). Both sponge choanocytes and
choanoflagellates have a flagellum and microvilli surrounding this
flagellum in a collar-like ring. It was revealed that sponges have
conserved homologs of most vertebrate microvillar genes (Pefia
et al., 2016). Some researchers have called attention to the fact
that the similarity between these two collar-flagellum systems
could be either evolutionarily maintained or convergent, based
on detailed structural analysis showing several differences in the
two collar-flagellum systems (Mah et al., 2014). Actually, there
are other protists that form colonies, such as capsaspora (Suga
et al., 2013) and the proposed model that the urmetazoan was
something like a conglomerate of choanoflagellates-like cells is
one of the possible models. At least, choanocytes possess some
of the fundamental features of unicellular organisms, namely, the
abilities to proliferate and to take up nutrients, Thus, comparison
between the cell-type-specific transcriptome of choanocytes and
the genomes of choanoflagellates might give us some clues for
understanding the evolution of metazoans.

Choanocytes, possible totipotent (pluripotent) stem cells in
calcareous sponges and homoscleromorphs

Studies using a homoscleromorph marine sponge, Oscallera
lobularis

The body of homoscleromorph sponges consists of two epithelial
layers, exopinacoderm and endopinacoderm + choanoderm, with
a thin mesohyl layer that includes two types of vacuolar cells (type
1 and type 2, FIg.1D). So far as | know, until recently, choanocytes
were thought to be the source of other types of cells in homosclero-
morphs based solely onthe factthat both female and male gametes

Choanocytes of sponges Choanoflagellate
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are derived from choanocytes (reviewed in Ereskovsky, 2010)).
Recently, a study showing that GMP genes (piwi, argonaute, vasa,
nanos, pl10, tudor, pumillo, boule) are expressed in choanocytes
of adult O. loburalis during gametogenesis, regeneration after
injury, and budding (asexual reproduction) strongly indicated the
multipotency of choanocytes in these sponges (Fierro-Constain
et al., 2017). In addition, a recent precise ultrastructural analysis
showed that choanocytes transform at least into ciliated exopina-
cocytes in the wound upon regeneration after injury (Ereskovsky
et al., 2015); this will be further discussed in “ Regeneration”). In
addition to choanocytes, vacuolar cells type 2s have also been
suggested to have multipotency based on their expression of most
of the GMP genes (except for one of two piwi genes (piwiA)). The
authors of that study suggested that these cells are archeocyte-
like cells (Fierro-Constain et al., 2017). It should be noted that the
authors carefully avoided describing choanocytes or vacuolar cells
type 2 (archeocyte-like cells) as stem cells, since the capacity of
self-renewal of these two types of cells in O. lobularis had not been
proved yet. Since sequence resource (transcriptome) and other
advanced tools have now been established in O. lobularis, we can
expect that the stem cell system and its molecular machineries in
Homoscleromorpha will be clarified in the near future.

Studies using a calcareous sponge

Nowadays, it is accepted that both female and male gametes
are derived from choanocytes in Calcareous sponges, an issue
that was resolved after having been controversial for a long time
(Gallissian and Vacelet, 1990; Lanna and Klautau, 2010, reviewed
in Ereskovsky, 2010). By ultrastructural analysis, the cell plasticity
of choanocytes was shown as choanocytes transdifferentiate into
exopinacocytes during the regeneration of a part of body in the adult
sponge (Ereskovsky et al., 2017). Although it is strongly implied
that choanocytes might be the source of the other types of cells,
the question of which cells are stem cells and their cellular and
molecular bases in calcareous sponges are still open questions
to be answered. Among calcareous sponges, Sycon ciliatum will
be a powerful model system for stem cell biology, since sequence
resources are abundant, covering the maturation of oocytes, fer-
tilization, embryogenesis, swimming larvae, and the three parts
of non-reproductive adults (top, middle and bottom of the body)
(Adamska, 2016; Fortunato et al., 2016; Leininger et al., 2014). In
addition, techniques of molecular biology have established in this
sponge, and many types of cells can be identified by their gene
expression profiles (Fortunato et al., 2012; Fortunato et al., 2016;
Leininger et al., 2014; Voigt et al., 2014; reviewed in Adamska
et al., 2011; Adamska, 2016). Furthermore, because Sycon has
a vase-like shape with a clear body axis, and the body plan and
the mRNA expression of developmental regulatory genes have
been extensively studied in S. ciliatum, this would be an excellent
model system to explore the cellular and molecular mechanisms
of regeneration after amputation, i.e., how the lost part could be
regenerated, in studies like those that have advanced our under-
standing of regeneration mechanisms in planarian or hydra. Such
studies are indeed underway (Adamska and Ereskovsky, personal
communication).

Regeneration of sponges

Sponges have remarkable regenerative ability enabling them

to recover upon loss or disruption of a certain fraction of their
body. Experimental regeneration of explants (in which the explants
adhere to a new substrate), transection of whole animals, and
tissue ablation have been studied since the 1960s (reviewed in
Simpson 1984). Furthermore, sponges’ dissociated cells have
the ability to adhere to each other (re-aggregate) to form a new
individual. This latter ability is particularly well known from the
studies of Wilson carried out more than 100 years ago (Wilson,
1907). Regeneration of both modes, i.e., recovery after injury
and after dissociation into single cells, had been investigated in
earlier studies. In the past couple of years, new light has been
shed on the regeneration of sponges as a result of several ultra-
structural studies that aimed to revisit the cellular mechanisms
underlying these phenomena using advanced EM. Regeneration
after injury has thus been studied in a demosponge (Borisenko et
al., 2015) and in a homoscleromorph (Ereskovsky et al., 2015),
and regeneration from dissociated cells has also been studied
in various demosponge species and a calcarea spices (Lavrov
and Kosevich, 2016, Eerkes-Medrano et al., 2015).

What types of cells participate in the regeneration as sources
of newly formed tissue or body parts is an important issue (re-
viewed in Elliott er al., 2013; King and Newmark, 2012; Tanaka
and Reddien, 2011). Studies in organisms that have regenerative
ability (for example, hydra, flatworm, and salamander) showed
that the source of cells for regeneration is i) totipotent/pluripotent
cells, or ii) transdifferentiation of some types of cells, or iii) divi-
sion of terminally differentiated cells (Brockes, 1997; King and
Newmark, 2012; Tanaka and Reddien, 2011; Weissman et al.,
2001). In this section, the importance of transdifferentiation (with
and without EMT) and the plasticity of sponge cells, which is even
greater than previously thought, will be discussed, together with
an introduction of the classical observational studies.

Transdifferentiation

The term “transdifferentiation” was firstintroduced to describe a
switch in cell differentiation that occurs in the development of the
silk moth (Selman and Kafatos, 1974). Then, Okada (1976) and
Eguchi (1979) used “transdifferentiation” to denote the switching
of pigment cells to lens cells of newt, which was clearly demon-
strated using in vitro cell cultures. In his book Transdifferentia-
tion, Okada (1991) used the term “transdifferentiation” to denote
flexibility in cell differentiation or a possible reprogramming of
already differentiated cells based on his group’s studies of newt
lens regeneration. It is impressive that his view of this phenom-
enon fits surprisingly closely to our current understanding of the
differential plasticity of cells based on genome reprogramming.
The transdifferentiation process often includes cell division, but
not in all cases, as T.S. Okada noted.

Regeneration after injury

Earlier histological studies done in the 1960’s and 1970’s de-
scribed observations showing that several types of cells (pinaco-
cytes, choanocytes etc.) transform into mesohyl cells (reviewed in
Simpson, 1984). Recently, several studies have strongly claimed
the importance of transdifferentiation during regeneration upon
disruption of sponge tissue and subsequent remodeling in a de-
mosponge (Halisarca dujardini), ahomoscleromorph (O. lobularis),
and a calcareous sponge (Leucosolenia complicata) (Borisenko
et al., 2015; Ereskovsky et al., 2015, Ereskovsky et al., 2017,



respectively). In adult H. dujardini, exopinacoderm is regener-
ated mainly from choanocytes and archeocytes, and rarely from
endopinacocytes. It was clearly shown that choanocytes undergo
EMT and migrate toward a wound. Archeocytes together with
the mesenchymal cells which were originated from choanocytes
form an undifferentiated cell gathering beneath the wound (which
the authors described as a blastema-like structure). They then
regenerates new exopinacoderm by MET (mesenchymal epithelial
transition). Thus, the authors claimed that transdifferentiation is
the driving force of regeneration in this sponge. The fact that
actively proliferating choanocytes seemed to be the main source
of regenerated exopinacoderm in this demosponge species (Hal-
isarca dujardini) supports the proposed model of the sponge stem
cell system (described above in this review) and the proposed
scenario in which the type of cells (archeocytes or choanocytes)
that acts as the main source of totipotent (pluripotent) stem cells
depends on the cellular organization of sponges. Additionally, it
was indicated that the density of archeocytes and choanocytes,
and their activity (probably related to their proliferative ability)
might be one of the features that determine whether they act as
stem cells (Borisenko et al., 2015).

In contrast, in an adult homoscleromorph (O. lobularis) and
in an adult calcareous sponge (L. complicata), regeneration is
epithelial-cell driven. None of the below phenomenon, EMT,
local proliferation, local dedifferentiation and formation of a
blastema-like structure could be found. Instead, three epithelial
tissues contribute to the regenerated exopinacoderm: i) exopi-
nacoderm surrounding the wound surface, ii) endopinacoderm
from peripheral canals, and iii) and endopinacoderm facing the
wound (Ereskovsky et al., 2015). Thus, in Homoscleromorpha,
regeneration seemed to depend entirely on the transdiffer-
entiation ability (differential plasticity) of epithelial cells and
remodeling of the remaining tissue. This might be because the
body of O. lobularis and L. complicata is mainly constructed
from two epithelia.

Regeneration of whole sponge body from dissociated cells

Two issues about sponge regeneration from dissociated cells
should be noted. First, the process is not just like an assembly of
LEGO blocks (cells) that originally constructed a toy house (the
sponge body) breaking down into individual blocks, and then
the blocks getting reassembled into their original places in the
house. Rather, dissociated cells seem to de-differentiate and re-
differentiate during regeneration, probably accompanied by the
differentiation of stem cells. Thus, itis likely that transdifferentiation
occurs as if a type of assembled LEGO blocks are disassembled,
then lose their original form, and become transformed into other
type of LEGO block. Second, as pointed out by Eerkes-Medrano
et al., (2014), complementation by some other cells seems to
be required. Using juvenile sponges hatched from gemmules
of E. fluviatilis, it was clearly shown that without archeocyte cell
fractions, dissociated cells could form cell aggregates, but could
not regenerate into functional individuals (De Sutter and Van de
Vyver, 1977). Recently systematic ultrastructural analysis of re-
generation from the dissociated cells of adults of seven sponge
species (a species of calcareous sponge, and six species of
demosponges covering a range of taxa) was performed. In con-
trast to the previous widely held notion, it was clearly shown that
the ability to regenerate their body from dissociated cells varied
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among the species (Eerkes-Medrano and Leys, 2006). Actually,
two out of the seven species (Spongilla lacustris and Haliclona
cf. permollis) could develop functional individuals from the dis-
sociated cells. The other species remained as aggregates, or as
a cell mass attached to the substratum, but could not become
organized into tissue(s). Supporting the notion of different abili-
ties of regeneration from dissociated cells, it was also recently
reported that even among the same genus, this ability varies.
One of three species of Haliclona could reconstitute a functional
body, but the others only could form cell aggregates (primorphs)
(Lavrov and Kosevich, 2016). Eerkes-Medrano et al., defined
steps of the regeneration process and formalized the following
4 steps (the author described as checkpoints) after dissociated
cells formed aggregates: i) sorting of cells and removal of debris,
ii) adhesion of aggregates to the substrate and cell differentia-
tion, iii) organization of cells into tissues, and iv) regionalization
of tissues (Eerkes-Medrano et al., 2015).

What causes the difference of regenerative ability to construct
an individual from dissociated cells is still an open question. The
density of archeocytes and of cells that have ability to transdif-
ferentiate (most likely choanocytes) suggested to be important,
since the species with a high density of choanocyte chambers and
low density of spicules and collagen were able to regenerate new
individuals (Eerkes-Medrano et al., 2015). Studies using juvenile
hatched from gemmules of E. fluviatilis showed that a certain
number of archeocytes seem to be needed to form functional
individuals from dissociated cells (Van de Vyver and Buscema,
1981; reviewed in Simpson, 1984). Additionally, transdifferentiation
of choanocytes into exopinacocytes during the process of regen-
eration from dissociated cells was clearly shown by ultrastructural
study using a demosponge, Lubomirska baicalensis (Ereskovsky
et al., 2016). Interestingly, Eerkes-Medrano et al., introduced a
new view, namely, that the activity of these stem cells, and the
capacity of transdifferentiation of other types of cells might differ
depending of the adaptive traits of each species. For examples,
adaptation to the freshwater habitat where the temperature and/
or turbidity fluctuate or seasonally changes, or the capacity of
asexual reproduction. It should also be pointed out that these
features of stem cells and their density might also differ depending
on such factors as whether sponges are in a reproductive state
or non-reproductive state, whether they are adult or juveniles,
and whether there are growing parts of the body or not.

Transdifferentiation during metamorphosis of sponge larvae
Transdifferentiation accompanied with EMT or MET during
metamorphosis of sponge larvae has been shown by cell lineage-
tracing using both precise ultrastructural studies (Leys and De-
gnan, 2002) and live cell labeling of fluorescent dye (Nakanishi et
al.,2014; Sogabe et al.,2016). The fully differentiated ciliated outer
epithelial cells simultaneously underwent EMT and internalized to
become de-differentiated amoeboid cells. De-differentiation was
clearly shown by the fact that those amoeboid cells contained
axonemes of former cilia, and they retained the fluorescent dye.
Those amoeboid cells are archeocyte-like cells. Since they have
archeocytes-like cell morphology, rather large nucleus containing
large nucleolus, and at least re-differentiate into choanocytes
forming chambers (by undergo MET) in the metamorphosing
sponges and juvenile sponges after metamorphosis (Leys and
Degnan, 2002; Nakanishi et al., 2014; Sogabe et al., 2016).
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Summary: current view of sponge stem cell system
and regeneration

Acomprehensive overview of studies of the stem cell system in
sponges in various situations, including regeneration, resulted in
three important issues becoming apparent. i) The proposed model
that two types of cells, archeocytes and choanocytes, constitute
the stem cell system of demosponges seemed to be extendable
to the general stem cell system of sponges (including members of
all of the four classes), ii) Transdifferentiation seemed to be a key
for understanding the cellular systems underlying the regenera-
tion, and possibly, development and homeostasis of sponges. iii)
The importance of EMT for achieving multipotency or pluripotency
(totipotency) was also highlighted. In this section, these issues

(mesohyle cells) (Fig. 7). The fact that hexactinellids have cells
with typical archeocyte morphology in the mesohyl suggests that
this type of cell might act as stem cells. It should be noted that the
body of hexactinellids consists largely of syncytial tissue. Thus, we
will have to wait for further studies to learn whether archeocyte-
like cells are a source of other type of cells (such as sclerocytes)
and syncytial tissue.

Importance of transdifferentiation in sponge stem cell system

It is intriguing that the transdifferentiation of epithelial cells
(choanocytes and endopinacocytes) to other types of epithe-
lial cells (either exopinacocytes or endopinacocytes) was clearly
demonstrated to be the driving force of regeneration upon injury in
demosponges (Borisenko et al., 2015) a homoscleromorph (Eres-

will be discussed.

Archeocytes and choanocytes may constitute the stem cell

system in all four classes of sponges

A generalized possible model of the stem
cell system in sponges seems to be that two
types of cells, archeocytes and choanocytes,
construct a stem cell system, a model that was
originally proposed in demosponges. Which type
of cells mainly acts as stem cells seems likely
to depend on the cellular organization of each
class of sponges (Fig. 7). This stem cell type
selection might differ even in the same species,
since the cellular organization differs among
the various stages of the life cycle of sponges
(such as larva, juvenile sponge, and adult), and
depending on the season.

Now we have some evidence that supports the
notion that choanocytes are the source of other
types of cells (stem cells) in Homoscleromorpha
and calcareous sponges. In ahomoscleromorph
(O. lobularis), choanocytes transdifferentiate
into exopinacocytes without undergoing EMT.
The pluripotency (totipotency) of choanocytes
is strongly suggested by their expression of
multiple GMP genes throughout the sponge’s
life cycle. Interestingly, it was also suggested
that vacuolar cells type 2 may be pluripotent
based ontheir expression of a set of GMP genes.
Thus, the possible stem cell system scenario of
Homoscleromorpha is that choanocytes act as
the main stem cells, and vacuolar cells type 2s
(possible archeocytes) might have some role as
stem cells (Fig. 7). To obtain a clearer view of the
stem cell system in homoscleromorphs, further
studies, including studies of the self-renewal of
choanocytes, will be needed.

Considering the cellular organization of calcar-
eous sponges, itis likely that these sponges might
use a choanocyte-main stem cell system. It is
tempting to speculate thatamoeboid cells, which
arerelatively rare cells that reside in the mesohyl
of calcareous sponges, might be archeocyte-like
cells, or that de-differentiated choanocytes pro-
duce other types of cells, especially sclerocytes

kovsky et al., 2015), and a calcareous sponge (Ereskovsky et al.,
2017), and also the driving force of regeneration from dissociated
sponge cells (Eerkes-Medrano et al., 2015; Lavrov and Kosevich,
2016). These observations were also in line with the findings of

differentiation transdifferentiation

archeocyte choanocyte
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Fig. 7. Generalized possible model of stem cell system in sponges. Possible model of stem
cell system that consists of archeocytes and choanocytes is extended to all (at least three)
classes of sponges. In Demospongiae, the archeocyte is a main actor for producing all types of
cells, including oocytes (but not sperm). In special circumstances, choanocytes undergo EMT
to transform into archeocytes or de-differentiate, then re-differentiate into at least exopinaco-
derm. In Homoscleromorpha and Calcarea, the choanocyte is thought to be the main actor for
producing other types of cells. Both sperm and oocytes are produced from choanocytes. During
regeneration upon injury, choanocytes transdifferentiate into exopinacocytes (in Homosclero-
morpha) or endopinacocytes (in Calcarea) without EMT. In Homoscleromorpha, vacuolar cells
type 2 are suggested to possibly possess pluripotency, based on the expression of a set of
GMP genes, and thus they might have the ability to produce other types of cells under special
circumstances. In Calcarea, amoeboid cells that are rarely found in the mesohyl can possibly
be de-differentiated choanocytes (equivalent to archeocytes transformed from choanocytes in
demosponges).



earlier studies (reveiwed in Simpson, 1984). Transdifferentiation of
choanocytes also occursinthe production of spermindemosponges
(Diaz and Connes, 1980; Riesgo et al., 2007), in the production of
sperm or oocytes in homoscleromorphs (E Gaino et al., 1986; E.
Gaino et al., 1986), and in calcareous sponges (Lanna and Klau-
tau, 2010; reviewed in Ereskovsky, 2010; Leys and Ereskovsky,
2006). Whether transdifferentiation occurs only in these specific
circumstances, or generally in various life processes of sponges,
that is, during metamorphosis of embryos, gemmule hatching,
growth, and homeostasis, is one of the important questions still to
be addressed for understanding the stem cell system in sponges.

Interestingly, transdifferentiation has only been reported to oc-
cur in epithelial cells so far. One of the reasons for this might be
because the relevant studies were histological analyses performed
by light microscopy and EM, using which choanocytes can be clearly
distinguished due to their specialized cell morphology (a flagella
and microvillus collar). Considering the following issues, it is pos-
sible to speculate that epithelial cells of sponges might have cell
plasticity to transdifferentiate into other types of epithelial cells: i)
Epithelia are connected and thus different types of epithelial cells
often adhere and sit next to each other, ii) When exopinacoderm of
aspongetouches a substrate, itbecomes adherentto the substrate
(in this situation, exopinacocytes might differentiate into basopi-
nacocytes), iii) The remodeling of sponge tissues probably occurs
constantly during both development and tissue regression. Many
earlier studies described the disorganization and reorganization
(remodeling) of sponge tissues, especially of the aquiferous system,
and the remodeling was thought to be related to a) maximizing the
efficiency of the aquiferous system, b) reestablishing canals and
water pumping after sexual reproduction, during which the canal
system becomes greatly reduced, and c) body growth (reviewed in
Simpson 1984). Although the cellular and molecular mechanisms
of those remodeling events remain unknown, it can be speculated
that transdifferentiation is involved in epithelial tissue remodeling.

Importance of epithelial-mesenchymal transition (EMT) as a
regulatory mechanism to exert totipotency (pluripotency) or
plasticity of choanocytes

EMT is an ordered process in which epithelial cells receive some
paracrine signals and accordingly lose those epithelial features
(the deconstruction of cell-cell junctions and apico-basal polarity
of cells), secrete proteases to destroy extracellular matrix, and
then become mesenchymal cells (Lamouille et al., 2014). Since
interactions among neighboring cells have important roles in
maintaining the epithelial cell state, EMT not only results in cells
physically leaving the epithelium, but also releases epithelial cells
from the constraint to remain so and enables them to have a dif-
ferentidentity as mesenchymal cells. Thus, EMT can be described
as a process that dramatically changes cell features.

It seemed likely that this knowledge could be extended to cho-
anocytes of sponges. It was well known that choanocytes undergo
EMT to produce sperm in demosponges, and to produce sperm
and oocytes in homoscleromorphs and calcareous sponges. Thus,
EMT could be suggested to have important roles in controlling
pluripotency (totipotency). Additionally, it was recently revealed that
during regeneration upon injury of a demosponge, choanocytes
undergo EMT to de-differentiate (retract flagella and microvillus
collar) and become mesenchymal cells (They then re-differentiate
into exopinacocytes through MET) (Borisenko et al., 2015). Since
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transdifferentiation of choanocytes into exopinacoderm was the
main focus in that study, it is still possible that choanocytes also
transdifferentiate into types of cells other than exopinacocytes.
EMT and MET are also revealed by cell lineage/fate/tracing ex-
periments using labeling of ciliated outer epithelial cells of larvae
during and after the metamorphosis of larvae (Leys and Degnan
2002, Nakanishi et al., 2014, Sogabe et al., 2016). Taken together,
the above considerations indicate that EMT of choanocytes seems
to be a general mechanism for exerting choanocytes’ pluripotency
(totipotency) or at least cell plasticity. Thus, elucidating the molecu-
lar and cellular mechanisms of EMT and its regulation will give us
clues for further understanding the stem cell system in sponges.
Furthermore, comparing those mechanisms with those of other
animals will not only reveal the ancestral mechanisms of EMT, but
will also give us clues about the molecular bases of the origin of
stem cells and the origin of mesenchymal cells. One of the widely
accepted scenarios of the evolution of multicellular organisms is:
the ancestral metazoan (urmetazoan) was like a conglomerate of
ciliated cells, as are several extant species of choanoflagellate that
form colonies without cells inside their body. Then, mesenchymal
cells should have evolved via EMT. Thus, itis tempting to speculate
that the ancestral stem cells were sponge’s choanocyte-like epi-
thelial cells, and then choanocyte-like stem cells somehow gained
the ability to undergo EMT to become archeocyte-like multipotent
stem cells or to directly produce mesenchymal cells in the inner
body space, and that led to the evolution of multicellular organisms
with mesenchymal cells.
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