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Abstract
In organisms with exclusively sexual reproduction, primary germ cells become
segregated during embryogenesis, and only germ cells are responsible for the
reproduction. However, embryonic germline segregation is not universal in animal
kingdom. In animals with asexual reproduction, the line of pluripotent stem cells is
maintained continuously throughout the life of an individual or a colony, giving rise to
germ cells and all the types (or a wide spectrum) of somatic cells and so providing a cell
source for gametogenesis, asexual reproduction and regeneration. Examples of the
gametogenic pluri/multipotent stem cells include sponge archaeocytes, cnidarian
interstitial cells, planarian neoblasts, ascidian hemoblasts and stem cells of colonial
rhizocephalans.
Pluripotent gametogenic stem cells share the evolutionarily conserved features of
their morphological and functional organization with germline cells. Pluripotent cells as
well as germline cells can be identified by the presence of granular/fibrillar material
named nuage or germ granules as a key organelle and a cytoplasmic marker of
gametogenic cells across the animal kingdom. Over the years we discovered and studied
the colonial organization in Peltogaster reticulatus and Thylacoplethus isaevae, members
of the Crustaceans (Rhizocephala). We also indentified vasa-like protein expression as a
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cytoplasmic marker in the gametogenic stem cells of colonial Polyascus polygenea and
Peltogasterella gracilis. It is believed that germ granules act as a cytoplasmic RNA depot
of the germ line cells and are actively involved in RNA processing, silencing and
degradation. Germ granules contain products of evolutionary conserved genes, including
proteins, mRNAs, and noncoding RNAs. We also previously reviewed the
macromolecular machinery and network, as well as the molecular signature, of the
gametogenic cell across Metazoa, including a set of homologue proteins for Vasa,
Piwi/Aubergine, Nanos, Tudor, Pumilio and others. In many species, ranging from
sponges and cnidarians to flatworms, annelids, some crustaceans, and chordates,
primordial germ cells and pluri/multipotent stem cells are characterized by the expression
of a similar overlapping set of genes operating in both gametogenic stem cells types. This
conservation led to the hypothesis that germline and pluripotent stem cells share a
common gene regulatory program underlying pluripotency and gametogenic potentiality.
These cells appear to actively repress differentiation programs and maintain
developmental potency through transcriptional and mitotic quiescence. The evolutionary
conserved gametogenic program involves vasa/pl10, piwi/auberdine, nanos, tudor, some
other genes and signaling ways. Pluripotent gametogenic cells are also similar in their
potential and their molecular signature to mammalian embryonic stem cells. Recent data
indicate the broad and partially overlapping spectrum of gene expression in embryonic
stem, germline, and pluri/multipotent stem cells, in particular, the possible inducibility of
germline cells de novo without continuous expression of molecular markers of the germ
line.
In the review, we consider some common principles in the sub-cellular and
molecular machinery maintaining gametogenic potentiality in germ and gametogenic
pluripotent cells in comparative and evolutionary aspects. We postulate evolutionary
conserved molecular mechanisms underlying gametogenic potentiality and pluripotency
and suppose that pluripotent stem cells, germline cells and embryonic stem cells share a
basic molecular machinery as a core regulatory gene networks overlapping to a large
extent, which operates in a similar manner across Metazoa, from sponges to chordates,
and might be recruited by other tissue-specific networks ensuring self-preservation as a
defense mechanism against apoptosis, cell differentiation and aging.

Introduction
Germ cells, which transmit genetic information from generation to generation, occupy a
unique position in animal reproduction, development, and evolution (Goel et al., 2008; EwenCampen et al., 2010; Wu et al., 2011). In sexually reproducing animals, only germ cells are
responsible for both reproduction of the individual and genetic continuity of the species
(Extavour, 2008; Ewen-Campen et al., 2010). Germ cells are the only specialized cell type
capable of generating a new whole organism in animals; the everlasting germline cycle
continues from one generation to the next; thus the germline cells are potentially immortal
(Cinalli et al., 2008).
August Weismann (1883) for the first time observed the emergence of germ cells from
undifferentiated stem cells (Stammzellen), which retained the properties of embryonic cells as
the precursors of primordial germ cells (Ur-Keimzellen) in the course of his detailed study of
colonial hydroids. These results provided the basis for the theory of the germ plasm
(Keimplasma), the immortal germ line transmitted from generation to generation with the
continuity of the germline way (Keimbahn) (Weismann, 1892, 1893; see also Bosch, 2009;
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Frank et al., 2009). Weismann (1883, 1893) did not associate the concept of a germ cell line
with the early segregation of this line: he observed that germ cells in hydroids differentiate
not during embryonic development, but much later, in generations formed by budding
(Knospen-generationen: Weismann, 1883, p. 279). The idea of early germ cell segregation
and of the continuity of these cells in the sequence of generations was first of all formulated
by Nussbaum (1880), who believed that interstitial cells of Hydra maintain the germline way.
It is known now that the interstitial cells of hydroids, stem cells continuously undergoing the
mitotic cycle, produce both germ cells and some types of somatic cells (see Bode, 1996;
Bosch, 2008; Frank et al., 2009). Thus, hydroids, with their late specification of germline
cells, differentiating from the interstitial cells during the entire lifespan and producing also
somatic derivates, paradoxically became the main object of the studies that resulted in the
emergence of the idea of early segregation of the totipotent germ cell line from somatic cells
(Nussbaum, 1880), as well as “germ plasm” theory (Weismann, 1883, 1892, 1893).
By now Weismann’s term “germ plasm”, which originally denoted the genetic material
of the nucleus, is reconsidered and understood metaphorically: according to modern views,
germ plasm is regarded as a cytoplasmic marker, a key organelle of germline cells structured
in the form of germinal granules or more dispersed material, “nuage” (Matova, Cooley, 2001;
Seydoux, Braun, 2006; Strome, Lehman, 2007). Weismann supposed that germ cells preserve
all the factors of inheritance, whereas each somatic cell loses, in the course of differentiation,
part of the germ plasm and of the initial potential of the egg (Weissman, 1892, 1893), and
Weismann’s concept has been criticized in the light of modern biological data (see, e.g.,
Extavour, 2008; Bosch, 2009; Frank et al., 2009).
Now it is known that in many animals, pluripotent stem cells give rise to both germ and
somatic derivates and it is believed that specification of germline cells activates a molecular
mechanism, preserving their potential during differentiation (see Isaeva et al., 2004, 2008,
2009; Shukalyuk et al., 2005, 2007; Extavour, 2008; Bosch, 2009; Frank et al., 2009; EwenCampen et al., 2010; Isaeva, 2011; Rebscher et al., 2012; Shukalyuk, Isaeva, 2012). In this
review, we reveal some common principles in the sub-cellular and molecular machinery
maintaining pluripotency and gametogenic potentiality in germ and gametogenic pluripotent
cells. We suppose that evolutionary conserved molecular mechanisms underlie gametogenic
potentiality and pluripotency in metazoan germline, embryonic stem and other pluripotent
stem cells.

Germ Cell Segregation in Embryogenesis
In sexually reproducing metazoans, germline stem cells (GSCs) initiating from
primordial germ cells (PGCs) give rise to a continual supply of germ cells and contribute
genetically to subsequent generations, so their correct specification during embryonic
development is critical for reproductive success and species survival (Extavour, 2008; EwenCampen et al., 2010; Juliano et al., 2010; Rebscher et al., 2012). In organisms with
exclusively sexual reproduction, primary germ cells become segregated during
embryogenesis. Two basic types of molecular mechanisms are responsible for germ-cell
specification defined as preformation, or mosaic developmental mode (early specification of
PGCs by means of asymmetric distribution of maternal cytoplasmic determinants) and
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epigenesis, or regulative mode, i.e. later specification of germ lineage cells by inductive
signals by the surrounding tissue (Extavour, Akam, 2003; Travis, 2007; Extavour, 2008;
Frank et al., 2009; Gustafson, Wessel, 2010; Juliano et al., 2010; Rebscher et al., 2012). For
example, in preformation, in both classical model organisms Drosophila and Caenorhabditis
elegans, germ cells specified very early by maternal cytoplasmatic determinants, stored in the
egg and allocated during cleavage to one or few daughter cells (Extavour, Akam, 2003; Frank
et al., 2009). In epigenesis, specification of germline cells occurs later in the development, by
inductive signals as in annelid Platynereis (Rebscher et al., 2007), in parasitic barnacles
(Shukalyuk et al. 2005, 2007), and the mouse embryo (see Extavour, Akam, 2003; Extavour,
2008; Frank et al., 2009). Recently, Srouji and Extavour (2011) refer to former
“preformation” as “inheritance mode”, and former “epigenesis” as “inductive mode”. Both in
preformation and epigenesis, a population of primordial germ cells is established during
embryogenesis by molecular signaling and induction of crucial germline-related molecular
cascades. In both cases this molecular cascade is quite similar, with the only difference being
that the initial signaling is provided by macromolecular complexes which were accumulated
in the egg (preformation) or the same type of signaling was provided by surrounding tissue
(epigenesis). The cascade of molecular changes stimulates PGCs to migrate into the
developing gonad and become GSCs (Juliano et al., 2010).
Epigenesis is currently considered to constitute the ancestral mechanism, used by
Urbilateria to specify the germ line, while preformation might have arisen in evolution several
times independently and evolved convergently during the bilaterian radiation (Johnson et al.,
2003; Extavour, 2008; Rebscher et al., 2012).
Following egg and sperm fusing, the resulting zygote is totipotent and able to give rise to
all cell types of the animal. GSCs are unipotent cells normally producing only oocytes or
spermatozoa (Juliano et al., 2010). However, germline cells potentially are multipotent or
pluripotent, capable of differentiating into somatic lineages in vitro or in vivo and causing
various germline based embryonic tumorogenesis. In fact, mouse PGCs create teratomas
when injected into adult mice and chimeric organisms after injection into blastocysts; isolated
human or mouse PGCs can be converted to pluripotent stem cells (see Juliano et al., 2010).
The trans differentiation of germ cells into muscle, neurons and intestinal cells can be seen in
the mutant Caenorhabditis elegans (Ciosk et al., 2006).

Somatic Embryogenesis (Blastogenesis)
and Pluripotent Stem Cells
Embryonic germline segregation is not universal. In addition to the germline segregation
by preformation and epigenesis (Extavour, 2008; Extavour, Akam, 2003; Gustafson, Wessel,
2010), the third mode, somatic embryogenesis was recognized in asexually reproducing
animals, which have stem cells able to differentiate into germ and somatic cells (Buss, 1987,
1999; Blackstone, Jasker, 2003; Frank et al., 2009; Rinckevich et al., 2009; Rosner et al.,
2009; Gustafson, Wessel, 2010). Pluri/multi/totipotent stem cells of these animals provide a
cell source for gametogenesis, asexual reproduction and regeneration throughout the life of an
individual or a colony (Isaeva et al., 2008, 2009; Frank et al., 2009; Sköld et al., 2009; Juliano
et al., 2010; Isaeva, 2011; Rebscher et al., 2012; Shukalyuk, Isaeva, 2012).
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The term somatic embryogenesis was advanced by B.P. Tokin (1959) along with his
concept of the development of a whole organism from a group of somatic cells and now is
used without any reference to this author. In organisms with alternating sexual and asexual
(agamous) development, the organism developed from the zygote is naturally cloned, forming
numerous genetically identical individuals or modular units of a colony, and clonal
morphogenesis followed by the differentiation of gametes from stem cells is referred to as
“somatic embryogenesis” (Blackstone, Jasker, 2003; Rinkevich et al., 2009; Sköld et al.,
2009). However, morphogenesis in animal asexual reproduction does not completely
recapitulate embryogenesis (Isaeva, 2010), and the pluripotent stem cells are similar rather to
germline cells but not differentiated somatic cells (see below). Morphogenesis during asexual
reproduction in animals was named blastogenesis (Berrill, 1961; Ivanova-Kazas, 1996). Thus,
the term somatic embryogenesis is not completely correct, and the term blastogenesis (Berrill,
1961) seems preferable for the asexual reproduction in animal kingdom (Isaeva, 2010).
In animals with asexual reproduction, the germ lineage remains non-segregated even in
the adult organism, the gametes of which differentiate from stem cells and the line of
pluripotent stem cells is maintained continuously throughout the life of an individual or a
colony, being predecessors of germ cells and a wide spectrum of somatic cells (Buss, 1987;
Blackstone, Jasker, 2003; Isaeva et al., 2008; Rinkevich, 2009; Sköld et al., 2009; Isaeva,
2011; Shukalyuk, Isaeva, 2012). Stem cells having the potential to become both somatic and
primary germ cells and morphologically indistinguishable from the latter were defined as
“primary stem cells” (Sköld et al., 2009). These cells are stable undifferentiated cells that are
set aside and persist beyond the completion of embryogenesis; germ cells are continually
segregating from a self-renewing population of adult stem cells (Juliano et al., 2010). Such a
reproductive strategy is used in sponges, cnidarians, colonial parasitic barnacles, urochordates
and some other animals which have populations of adult multi-, pluri- or totipotent stem cells
that continually give rise to both germ and somatic cells. Examples of such gametogenic
pluripotent stem cells include sponge archaeocytes, cnidarian interstitial cells, planarian
neoblasts, ascidian hemoblasts and stem cells of colonial rhizocephalans (reviews: Isaeva et
al., 2008, 2009; Bosch, 2009; Frank et al., 2009; Rinkevich et al., 2009; Sköld et al., 2009;
Funayama, 2010; Funayama et al., 2010; Juliano et al., 2010; Isaeva, 2011; Srouji, Extavour,
2011; Shukalyuk, Isaeva, 2012).
So, in many studied cnidarians, germ cells differentiate from a pool of multi/totipotent
stem cells (Bosch, 2009; Frank et al., 2009). In Bryozoans, a modular colony develops from
buds containing stem cells (Bayer et al. 1994); these buds arise from a primordium
developing from a thickening in the ectodermal body wall, including also mesodermal cells
(Nielsen, 1971). Ascidians exhibit various ways of budding from different tissue (see Sköld et
al., 2009). Particularly, in Botryllus schlosseri, blood-borne stem cells are involved in
budding and can invade other colonies where they differentiate into many different kinds of
cells, including germ cells (Laird et al. 2005; Sköld et al., 2009). Alkaline phosphatase, a
marker for vertebrate embryonic stem cells, is expressed in developing buds and in some but
not all hematocytes, marking a pluripotent sub-population (Akhmadieva et al. 2007).
Among arthropods, many parasitic rhizocephalan crustaceans (Rhizocephala: Cirripedia:
Crustacea) have asexual reproduction, somatic embryogenesis by budding without separation
of blastozooids resulting in the emergence of colonial organization (Høeg, Lützen, 1995;
Høeg et al., 2005). We have found undifferentiated stem cells taking part in the
morphogenesis of the earliest buds and later migrating to the developing ovary as primary
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germ cells of the colonial rhizocephalans Peltogasterella gracilis (Isaeva et al., 2003;
Shukalyuk et al., 2005) and Polyascus polygenea (Isaeva et al., 2004; Shukalyuk et al., 2005,
2007).
The width of the potential spectrum of cellular differentiation varies among stem cells in
different animal taxa and, accordingly, stem cells are defined as totipotent, pluripotent,
multipotent, or oligopotent; this terminology is not unified and its usage is controversial (see
Isaeva, 2010, 2011). In most invertebrates, pluripotency equals totipotency due to the lack of
extra-embryonic tissues (Frank et al., 2009).
Pluripotency is defined as the capacity of a single cell to generate all cell lineages of the
developing and adult organism. In mammals, this is a property of a transient population of
unrestricted cells known as the epiblast (Silva et al., 2009; De Los Angeles et al., 2012). It
was proposed that two distinct states of pluripotency can be defined in the mammalian
embryo: naive (naïve) and primed. The naïve state is a ground one, a tabula rasa for
embryogenesis, which is present only transiently in the preimplantation epiblast, which forms
the embryo proper in vivo (Nichols, Smith, 2009; Han et al., 2011; De Los Angeles et al.,
2012). Naïve pluripotent stem cell lines are distinguished from primed cells by self-renewal in
response to LIF signaling and two active X chromosomes in female cells (De Los Angeles et
al., 2012). The term “primitive cells” is also used to denote both normal embryonic and adult
stem cells (Mac et al., 2011).
Thus, animals from various taxa segregate their germline after embryogenesis from
pluri/multipotent stem cells, giving rise to both PGCs and somatic derivates (Juliano et al.,
2010; Rebscher et al., 2012). In many animals, the self-renewing reserve of stem cells with
broad or unlimited morphogenetic potential maintains continuously throughout the lifespan of
an individual or a colony, being predecessors of germ cells and all the types (or a wide
spectrum) of somatic cells. Pluripotent gametogenic stem cells are a cellular source in the
realization of reproductive strategy including both sexual and asexual reproduction. These
data support the proposal made by Buss and Green (1985) that asexual proliferation by
budding (‘‘ramet production’’) requires the presence of an actively dividing multipotent cell
line capable of differentiating into somatic as well as germ cells (Bosch, 2009).

Molecular Signature of Germline Cells
Many data suggest the evolutionary conservation of the morphological and functional
organization of the germline cells in all Metazoa (see Extavour, Akam M. 2003; Seydoux,
Braun, 2006; Extavour, 2008; Ewen-Campen et al., 2010). The morphology of germline cells
of all Metazoa studied is characterized by a high nuclear–cytoplasmic ratio, a relatively round
nucleus with diffuse chromatin, a distinct nucleolus, and a basophilic cytoplasm that includes
the so-called germ plasm (Houston, King, 2000; Matova, Cooley, 2001; Extavour, Akam,
2003; Kloc et al., 2004; Frank et al., 2009; Ewen-Campen et al., 2010). These features are
mainly “default” morphological characteristics of the undifferentiated state (Alié et al., 2011).
The cells of the germ line can be identified and retraced during development of an organism
owing to the availability of the germ plasm as cytoplasmic markers presented by granular or
fibrillar material not surrounded by a membrane. It is believed that such an organelle is acting
as a “RNA depot” in the cytoplasm and is actively involved in the RNA processing,
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selectively regulating transcripts by secondary modification, silencing and degradation. This
specific electron-dense material usually named “nuage” or “germ (germinal) granules” is a
key organelle of germline cells considered as a germline hallmark across the animal kingdom
(Brown et al, 2009; Eddy et al., 1975; Ikenishi, 1998; Lim, Kai, 2007; Mahowald, 2001;
Matova, Cooley, 2001). Many other terms were introduced to designate these structures in
different animals (see Mahowald, 1971, 2001; Beams, Kessel, 1974; Matova, Cooley, 2001;
Kloc et al., 2004; Seydoux, Braun, 2006; Lim, Kai, 2007; Strome, Lehnam, 2007; Isaeva et
al., 2008, 2009; Frank et al., 2009; Isaeva, 2010, 2011).
Germ plasm granules contain products of marker germline genes, including proteins,
mRNAs, noncoding RNAs, recognized as the molecular signature of germline cells.
Evolutionary conserved germ-cell-specific gene expression marks germline cells and
distinguishes them from somatic cells in all studied metazoans (Ewen-Camden et al., 2010;
Extavour, 2008; Leatherman, Jongens, 2003; Matova, Cooley, 2001; Seydoux, Braun, 2006;
Sroji, Extavour, 2011). During early development, the translational control of either
maternally loaded mRNAs or of previously transcribed zygotic mRNAs might be crucial for
controlling PGCs fate (see Juliano et al., 2010). RNA-binding proteins in germinal granules
are involved in mRNA localization, protection, and translation control. A feature of germ
cells that makes their development distinct from the soma is the prominent role played by
post-transcriptional controls of mRNA translation in the regulation of proliferation and
differentiation (Haag, 2009). Pluripotency in the germ line is maintained by total suppression
of mRNA transcription (Berekelya et al. 2005). Germ cells rely upon post-transcriptional
control of mRNA regulation by translational repression via various RNP complexes
(Seydoux, Braun, 2006), and this translational control is mediated by a number of widely
conserved, often germ line-specific proteins (Haag, 2009). Germ cells in Drosophila, C.
elegans and mouse undergo a period of global transcriptional quiescence after their
specification (Nakamura, Seydoux, 2008).
The molecular machinery and molecular signature of germline cell specification includes
a set of evolutionary conserved proteins such as Vasa, Piwi/Aubergine, Nanos, Tudor,
Pumilio, Staufen and some others whose homologues have been identified in all metazoans
studied (Extavour, Akam, 2003; Leatherman, Jongens, 2003; Kloc et al., 2004; Parvinen,
2005; Chuma et al., 2006; Lim, Kai, 2007; Extavour, 2008; Gustafson, Wessel, 2010; Flemr
et al., 2010; Pepling, 2010; Juliano et al., 2010; Srouji, Extavour, 2011). These proteins are
found in the germplasm or nuage at different stages and they determine germ cell fate.
Remarkably, their genes are evolutionary conservative in all studied metazoans (Ikenishi,
1998; Matova, Cooley, 2001; Mochizuki et al., 2001; Seydoux, Braun, 2006; Srouji,
Extavour, 2011). The set of genes, including vasa, nanos and piwi, appears to specify and
maintain PGCs; a high percentage of germline-expressed genes appears to be RNA-binding
proteins, indicating the crucial role of post-transcriptional control in this cell type. These cells
appear to actively repress differentiation programs and maintain developmental potency
through transcriptional and mitotic quiescence (Juliano et al., 2010). Products of the vasa- and
piwi-related genes are the most widely used molecular germline markers for Metazoa
(Extavour, Akam, 2003; Ewen-Camden et al., 2010; Gustafson, Wessel, 2010; Alié et al.,
2011). Genes related to vasa (vas) and other genes of the DEAD family (see Raz, 2000;
Extavour, Akam 2003; Sunanaga et al. 2006; Ewen-Campen et al., 2010; Shukalyuk, Isaeva,
2012) and to piwi/argonaute family (see Extavour, 2007; Funayama al., 2010; Ewen-Campen
et al., 2010) were found in a diverse range of eukaryotes from yeast to plants and animals –
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molecular and functional similarities of these genes were found across the kingdoms (see
Mochizuki et al., 2001; Watanabe et al. 2009; Funayama al., 2010).
The Vasa protein is a major conserved molecular germ cell marker for the metazoan germ
line and the most widely used one (see Castrillon et al., 2000; Raz, 2000; Extavour, Akam
2003; Sunanaga et al. 2006; Sköld et al., 2009; Ewen-Campen et al., 2010; Shukalyuk, Isaeva,
2012). Vasa proteins are ATP-dependent RNA helicases belonging to the DEAD box protein
family, which are generally involved in RNA metabolism and can mediate both RNA–RNA
and RNA–protein interactions (Raz, 2000; Rocak, Linder, 2004). It is likely that Vasa
regulates a broader suite of transcripts. The vasa (vas) locus was first identified in Drosophila;
Vasa protein localizes to cytoplasmic granules within pole plasm, and localization of the
mRNA, protein, or both to germ plasm and germ cells at some stage of development is a
universal characteristic of the vasa gene family (see Hay et al., 1988; Toyooka et al., 2000;
Ewen-Campen et al., 2010).
The evolutionarily conserved PIWI/Argonaute family of proteins is involved in the
specification and/or maintenance of germ cells (see Extavour, 2007; Ewen-Campen et al.,
2010; Gustafson, Wessel, 2010). Argonaute proteins form two clades. The PIWI clade
includes, in particular, Mili, Miwi1, and Miwi2 in mice, which are required for
retrotransposon silencing in the germline and normal progression through prophase I in male
meiosis. The second clade is comprised of the AGO proteins, of which there are four in
mammals (see Modzelewski et al., 2012). Silencing of transposable elements in the germ line
is the well-established role of PIWI-family proteins; this function is mediated through the
interaction of PIWI-family proteins and additional factors with a special class of small RNAs,
piRNA, that provide sequence specificity to a transcript-silencing complex (see EwenCampen et al., 2010; Huang et al., 2011; Watanabe et al., 2011; Modzelewski et al., 2012).
Piwi/Argonaute family members serve as epigenetic regulators of stem cells in many systems.
Piwi/Ago proteins are an animal germline-specific subclass, highly conserved across
eukaryotes, specifically expressed in germ cells and playing a key role in germ cell
maintenance and self-renewal, transposon silencing, and RNA silencing. These proteins are at
the core of the RNA-silencing machinery that uses small RNA molecules as guides to identify
homologous sequences in RNA or DNA. The small RNAs regulate genes at the
transcriptional or post transcriptional level affecting either the chromatin structure or mRNA
stability and mediating transcriptional gene silencing in germline maintenance (see
Gustafson, Wessel, 2010; Peters, Meister, 2007; Thomson, Lin, 2009; Watanabe et al. 2009,
2011; Sroji, Extavour, 2011; Modzelewski et al., 2012).
Piwi-interacting RNAs (piRNAs) are small RNAs of mostly 24–30 nucleotides in length
that are expressed in germ cells of animals and bound to the PIWI proteins, which represent a
subfamily of the Argonaute protein family (Watanabe et al., 2011). The PIWI-piRNA
complex, a germline-specific defense mechanism, represses retrotransposons in germ cells
and is generated via multiprotein complexes with distinct subcellular localization (Aravin et
al., 2009). One complex localizes to one type of an electron-dense structure known as nuage
and transiently associated with aggregated mitochondria in gametogenesis shortly before and
during meiosis; the other complex is nearby germinal cytoplasmic granules (see Huang et al.,
2011). It was shown recently that piRNA-associated germline nuage (intermitochondrial
cement) formation during mammalian spermatogenesis requires lipid signaling on the
mitochondrial surface, facilitated by mitochondrial phospholipase D (MitoPLD). The
Drosophila MitoPLD homolog Zucchini (Zuc) is required for piRNA generation; Zuc
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localizes to mitochondria and has MitoPLD-like activity (see Huang et al., 2011; Watanabe et
al, 2011). So mitochondrial-surface lipid signaling generated by MitoPLD/Zuc recruits or
activates nuage components critical for piRNA production and spermatogenesis; the data
suggest a link between mitochondrial dynamics and the germline ultrastructure necessary for
germline development (Huang et al., 2011). Thus, the evidence of the relationship between
piRNA localization in nuage/germinal granules material and mitochondrial involvement in
germline cell specification is found. We supposed earlier the participation of mitochondria in
the biogenesis of the germinal granules, nuage or other germplasm-related perinuclear bodies
considered as a specific cytoplasmic regulatory center, maintaining the cell pluripotency and
protecting germline cells from somatic fate (Isaeva et al., 2005, 2011; Isaeva, 2011;
Shukalyuk, Isaeva, 2012),
Nanos, which contains two CCHC zinc fingers, is a translational repressor that acts with
pumilio (see Extavour, 2007; Ewen-Campen et al., 2010). Orthologs of Nanos localize to
germ cells of nearly all animal taxa studied; the phylogenetically widespread expression of
these proteins in germ cells suggests that a germ line function of Nanos may have evolved
very early in animals (see Extavour, 2007; Ewen-Campen et al., 2010). Drosophila germ cells
that lack nanos undergo apoptosis, or if apoptosis is repressed, the germ cells are incorporated
into somatic tissues (Hayashi et al., 2004). This highlights the importance of nanos and of
mitotic quiescence in retaining the germ cell fate (Ewen-Campen et al., 2010). During
Drosophila germ cell development, nanos acts as a translational repressor of cyclin b, to
prevent premature divisions (Asaoka-Taguchi et al., 1999). Cell cycle lengthening is a
conserved feature of newly specified PGCs and is exhibited by the sea urchin small
micromeres (Tanaka, Dan, 1990). The nuclei of the Drosophila pole cells exhibit a prolonged
cell cycle (Su et al., 1998). This requires nanos-dependent translational repression of the
mitotic cyclin, cyclin B, which is present in the germ plasm but remains untranslated until just
before mitotic divisions resume in the pole cells (Kadyrova et al., 2007; see Juliano et al.,
2010). In Xenopus laevis, nanos and pumilio regulate cyclin B1 translation during oocyte
maturation, suggesting that the role of nanos as a repressor of cyclin b mRNA is conserved
(Nakahata et al., 2003). Pumilio, which has orthologs in organisms as diverse as yeast and
plants, has been shown to physically interact with Nanos proteins in flies, nematodes, frogs,
and humans, implying that this interaction is ancestral in bilaterians (see Ewen-Campen et al.,
2010; Juliano et al., 2010). Like vasa, nanos and pumilio were first discovered in Drosophila,
where all three genes play essential roles in abdominal patterning and germ cell survival
(Nüsslein-Volhard et al., 1987; Kobayashi et al., 1996).
Proteins containing the Tudor domains were found in organisms ranging from yeast to
humans; Tudor mutants do not maintain expression of germ granule components Oskar and
Vasa; they form abnormal germ granules; and they and fail to produce pole cells. Products of
vasa, nanos, pumilio, piwi, tudor are components of germplasm (germ granules or nuage
components); these genes are necessary but not sufficient for germ cell specification and
function (see Ewen-Campen et al., 2010).
Although molecular organization of germ plasm is evolutionarily conserved among
studied representatives of the animal kingdom some molecular components necessary for
germ cell specification evidently do not have universal distribution. For example, the gene
oskar is restricted to the Diptera (Drosophila), while bucky ball found in zebrafish is
restricted to vertebrates (Bontems et al., 2009; see Ewen-Campen et al., 2010).

10

Andrey Shukalyuk and Valeria Isaeva

In mammals, the core genes Oct4, Sox2, and Nanog regulate pluripotency and perform an
important role in regulating germ cell development (see Akamatsu et al., 2009; Nichols,
Smith, 2009; Western et al., 2010). Oct3/4, a POU-family transcription factor, is expressed in
the ovum prior to fertilization, and zygotic transcription from the late 2-cell stage results in
distribution to all cells during cleavage. In the late blastocyst, Oct4 protein can be detected in
cells of the epiblast. Expression of Oct3/4 becomes restricted to the germ cell lineage after
gastrulation (see Akamatsu et al., 2009; Nichols, Smith, 2009). Nanog is a transcription
factor, homeodomain-containing protein, a core element of the transcription network and
regulatory circuits underlying pluripotency and reprogramming. It is essential for early
embryonic development, a hallmark of pluripotent cells in vivo and in vitro, and the
developing germline cells of mammals and birds (see Chambers et al., 2003, 2007; Do,
Schöler, 2009; Silva et al., 2009). Nanog safeguards pluripotency and self-renewal of
germline cells, mediates germline development and prevents progression to commitment
(Chambers et al., 2007). As the blastocyst develops, Nanog becomes confined to the ICM and
then re-expressed in the epiblast (Chambers et al., 2003; Nichols, Smith, 2009). Nanog is not
expressed in mammalian somatic stem cells, and loss of Nanog is an early marker of
differentiation; however, expression persists in the primordial germ cells (see Chambers et al.,
2003, 2007; Do, Schöler, 2009; Nichols, Smith, 2009). Nanog mediates acquisition of both
embryonic and induced pluripotency; it is proposed that Nanog has a unique function in
creating the ground state and a secondary role in stabilizing self-renewal during diapause and
in ESCs (Silva et al., 2009). It is proposed that regulation of pluripotency in mammalian fetal
germ cells involves transcriptional repression and methylation of functional promoter
elements that regulate Nanog and Sox2 expression as well as post-transcriptional suppression
of Oct4 (Western et al., 2010). The methylation is presumably erased and the genes
reactivated during the rapid paternal demethylation that occurs at fertilization and during
early embryonic development (see Western et al., 2010).
Germline cells are relatively transcriptionally and mitotically quiescent during
embryogenesis, until the time that gametogenesis begins (Extavour, 2008). The transfer of
most of the control of gene expression to the cytoplasmic germ plasm is an important
evolutionary conservative acquisition, ensuring plasticity for the germ cell genome (Seydoux,
Braun, 2006).
Aside from transcriptional silencing, in some metazoan animals chromatin diminution in
somatic cells functions as a mechanism of germline gene regulation that specifically removes
a large number of genes involved in gametogenesis and early embryogenesis (see Wang et al.,
2012). Soma-specific elimination provides a unique mechanism of gene repression,
reminiscent of Weismann’s theory of the differentiation between germline and soma
(Weissmann, 1893). Chromatin diminution is the programmed elimination of specific DNA
sequences during development. Particularly, chromatin diminution in the nematode Ascaris
suum occurs during early cleavages and leads to the loss of germline genome sequences
resulting in the formation of a distinct genome in somatic cells, in which at least 685 genes
are eliminated (Wang et al., 2012).
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Molecular Signature of Pluripotent
Stem Cells
Weismann (1883) wrote about the indistinguishability of gametogentic cells and the
undifferentiated cells that retain the “germ plasm”; Rinkevich et al. (2009) also pointed the
unclearness of the boundaries between the two types of stem cells in those cases when the
germ line is segregated late in ontogeny or is not segregated at all. For example, germ cells
that arise from the interstitial cells of hydroids are initially distinguishable from them only by
a somewhat larger size (Thomas, Edvards, 1991). The fundamental identity,
indistinguishability, and likely evolutionary and ontogenetic relationship between primary
germ cells and totipotent (pluripotent) stem cells have been reported (Weissman, 2000;
Extavour, Akam, 2003; Travis, 2007; Extavour, 2008; Shukalyuk, Isaeva, 2012). Stem cells
of asexually reproducing animals termed “primary stem cells” can serve as the predecessors
of primordial germ cells; primary stem cells may be immortal (Sköld rt al., 2009). It was
supposed that primordial germ cells and pluri/totipotent stem cells are evolutionarily and
ontogenetically related (Weissman, 2000; Extavour, Akam, 2003; Travis, 2007). Pluripotent
stem cells as cell source for both blastogenesis and gametogenesis share the evolutionarily
conserved features of their morphological and functional organization with germline cells.
We believe that ontogenetically and evolutionarily related primary stem and primordial germ
cells potentially are able to accomplish a full program of development including
gametogenesis and blastogenesis in asexually reproducing animals (Isaeva, 2010, 2011;
Shukalyuk, Isaeva, 2012).
On the morphological and gene expression levels germ and stem cells are very similar
(Extavour, 2008). Morphological features of germ cells was also shown to be displayed by the
potentially gametogenic stem cells of asexually reproducing invertebrates (Isaeva et al., 2008;
Frank et al., 2009; Isaeva, 2011; Shukalyuk, Isaeva, 2012; Rinkevich et al., 2009; Sköld et al.,
2009). Pluripotent cells often display all of the morphological features commonly used to
identify germ cells, creating an inability to distinguish between germ cells and other types of
stem cells (Extavour, 2008; Shukalyuk, Isaeva, 2012). The electron-dense nuage material
invariably found in germ cells has also been found in stem cell lineages (see Eddy, 1975;
Extavour, 2008; Isaeva et al., 2008, 2011; Shukalyuk, Isaeva, 2012). Germ granules or nuage
in stem cells of asexually reproducing invertebrates have been observed in archaeocytes of
the sponge (Isaeva, Akhmadieva, 2011), in the interstitial cells of the hydra Pelmatohydra
robusta (Noda, Kanai, 1977) and colonial hydroids Ectopleura crocea and Obelia longissima
(Isaeva et al., 2011), in the planarian neoblasts (Coward, 1974; Hori, 1982; Hori, Kishida,
2003; Isaeva et al., 2005) and the stem cells of colonial rhizocephalan crustaceans (Shukalyuk
et al., 2005; Shukalyuk, Isaeva, 2012).
While the germ line and somatic organelles are not identical, there is some overlap in the
proteins and RNAs that they contain which suggest the functional analogies between RNA
processing organelles in germline cells, pluripotent stem cells and P granules in somatic cells
(Ewen-Campen et al., 2010; Shukalyuk, Isaeva, 2012).
The stem cells of asexually reproducing animals, like all stem cells, are characterized by
the ability to self-renew and are identified by markers of cellular reproduction, such as a
positive reaction to PCNA, telomerase activity, and incorporation of bromodeoxyuridine (see
Rinkevich et al., 2009; Sköld et al., 2009; Isaeva, 2011; Shukalyuk, Isaeva, 2012). The
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capacity of self-renewal in stem cells is partly reflected in that they may, in contrast to
differentiated cells, be immortal due to long telomeres and sustained telomerase activity, a
system highly conserved in the animal kingdom (see Sköld al., 2009). Pluripotent stem cells,
such as choanocytes in sponges, interstitial cells in cnidarians, neoblasts in planarians, or
epiblast cells in mice cells give rise to both PGCs and somatic derivates (Shibata et al., 1999;
Mochizuki et al., 2000; Ohinata et al., 2009; Funayama, 2010; Funayama et al., 2010;
Rebscher, 2012).

Figure 1. Unique similarity of distribution of germline related material in: (i) the asexually reproducing
Rhizocephalans and facultative polyembryony in mouse, and (ii) the sexual reproduction of mammalian
(mouse) and colonial arthropods (Rhizocephala). All cells contain germ granules near the nucleus in
cytoplasm (red) and germ cell markers are distributed across the cell cytoplasm (yellow).

A high level of alkaline phosphatase activity serves as a classic marker of embryonic
stem cells and primary germ cells of mammals and other vertebrates. A method for the
identification of mammalian embryonic stem cells was successfully applied to reveal the stem
cells of invertebrates; the high activity of alkaline phosphatase proved to be a cytochemical
marker of invertebrate stem cells (Isaeva et al., 2003; Laird et al., 2005; Shukalyuk et al.,
2005; Akhmadieva et al., 2007; Rinkevich et al., 2009; Sköld et al., 2009; Isaeva et al., 2011;
Shukalyuk, Isaeva, 2012). Pluripotent stem cells in various invertebrates with asexual
reproduction as well as cells of the germ lineage display the expression of conserved genes
related to vasa, piwi and others which function in the specification and maintenance of both
cell types across different metazoan phyla (Agata et al., 2006; Gustafson, Wessel, 2010;
Juliano, Wessel, 2010; Rinkevich et al., 2009; Sköld et al., 2009; Juliano et al., 2010; Srouji,
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Extavour, 2011; Wu et al., 2011). Besides the default characteristics of undifferentiated cells,
these stem cells contain electron-dense perinuclear germ granules and express germline
marker genes demonstrating that pluripotent stem cells display all of the morphological and
functional features commonly used to identify germ cells.
Molecular signature of pluripotent stem cells includes the same set of genes, which
specify and maintain PGCs. In many species, ranging from sponges, and cnidarians, to
flatworms, annelids, some crustaceans, sea urchins, and tunicates, primordial germ cells
(PGCs) and pluri/multipotent stem cells are characterized by the expression of a similar
overlapping set of genes, including vasa, nanos, piwi, and pl10 operating in both gametogenic
stem cells types (Shibata et al., 1999; Mochizuki et al., 2000, 2001; Rebscher et al., 2007,
2012; Isaeva et al., 2008; Voronina et al., 2008; Frank et al., 2009; Gustafson, Wessel, 2009;
Rinkevich et al., 2009; Sköld et al., 2009; Juliano et al., 2010; Alie et al., 2011; Isaeva, 2011;
Shukalyuk, Isaeva, 2012). This conservation implies the existence of an underlying germline
multipotency program in these cell types that has conserved function in maintaining
multi/pluripotency and led to the hypothesis that PGCs and stem cells are not only closely
related, but also share a common gene regulatory module, the “germline multipotency
program” (Ewen-Campen et al., 2010; Juliano et al., 2010). The transcriptional and mitotic
quiescence in both germ cells and pluripotent stem cells may serve to protect their DNA. In
addition, piwi, another gene found in these cell types, contributes to protecting germ cell
DNA, in conjunction with a class of small RNAs called piRNAs, by repressing transposons in
these immortal cell types (O’Donnell, Boeke, 2007). Recent evidence in mice also indicates a
role for vasa in transposon suppression by participating in piRNA biogenesis (KuramochiMiyagawa et al., 2010). The role of the germline multipotency program may be to protect the
DNA, which will contribute to future generations (Juliano et al., 2010).
In the sponge Ephydatia fluviatilis, two piwi orthologs are specifically expressed in
totipotent stem cells, archeocytes and choancytes (Funayama et al., 2010). Cnidarian stem
cells selectively express vasa, nanos, piwi (Denker et al., 2008; Rebscher et al., 2008; Bosch,
2009; see also Juliano et al., 2010). Besides, Wnt and Notch pathways are involved in the
control of stem cell behavior in Hydra, similar key signaling pathways appear to orchestrate
stem cell behavior throughout the animal kingdom from Hydra to man (Bosch, 2009).
It is known an extraordinary ability to regenerate in flatworms owing to a population of
pluripotent adult stem cells called neoblasts that gives rise to somatic cells and germ cells.
The neoblasts in flatworms express homologues of genes vasa, piwi, tudor, pumilio and
bruno (Shibata et al., 1999; Reddien et al., 2005; Salvetti et al., 2005; Guo et al., 2006; Pfister
et al., 2008; De Mulder et al., 2009a, b; Solana et al., 2009; Rouhana et al., 2010; MartínDuran et al., 2012).
In the oligochaete Enchytraeus japonensis (Annelida) reproducing both sexually and
asexually expression of two vasa-related genes is revealed; both genes were expressed in
germline stem cells and germ cells in gonads, while expression of only one gene was detected
in neoblasts (Yoshida-Noro, Tochinai, 2010; Sugio et al., 2008). In E. japonensis, Ej-piwi is
expressed in the developing gonads; during the asexual phase Ej-piwi is expressed in cells
distributed throughout the body (Takodoro et al., 2002). Thus, pluripotent stem cells of
various asexually reproducing animals share vasa, piwi, and some other germline marker gene
expression.
In echinoderms and chordates, asexual reproduction and regeneration often involve more
than one cell type that dedifferentiates into a more uncommitted state (Sköld et al., 2009). The
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solution of cell dedifferentiation problem in asexual reproduction and regeneration requires
special markers. The high plasticity of the development and fate of cells in colonial animals
appears sufficiently justified (Frank et al., 2009; Rinkevich et al., 2009; Sköld et al., 2009).
For example, mature medusa of the hydrozoan Turritopsis nutricula is able to transform
into a polyp through dedifferentiation of fully differentiated cells (Piraino et al., 1996).

Expression of Germline Marker Genes
Beyond Gametogenic Stem Cells
During embryonic development, clusters of specific genes usually express in a specific
sequence. However, transient ectopic “germline” gene expression is possible. Many germ
plasm components are expressed and required not only in primordial germ cells but also
during gametogenesis (see Extavour et al., 2005; Extavour, 2008).
Expression of germline marker genes beyond gametogenic stem cells is observed during
cell differentiation in Hydra magnipapillata: pl10 mRNA is expressed not only in
undifferentiated stem cells (multipotent interstitial stem cells and germline cells) but also in
differentiating somatic cells of the interstitial cell lineage and the ectodermal epithelial cells
in the body column; however, none of the vasa/PL10 genes were expressed in fully
differentiated somatic cells in Hydra (Mochizuki et al., 2001). In the sea anemone
Nematostella vectensis, transcripts of vasa- and nanos-related genes are present not only in
presumptive germline cells but also in many somatic domains in the embryo, in the larva,
these transcripts accumulate in two patches of cells (Extavour et al., 2005). Authors suggest
that these cells are PGCs because gametes are found in the mesenteries of the adult; however,
the possibility remains that these cells are precursors to multipotent stem cells that give rise to
both somatic and germ cells in the adult. Analyses of the piwi-related gene during
embryogenesis and medusa formation in the hydrozoan Podocoryne carnea have shown this
gene expression in somatic stem cells as well as the germ line cells (Seipel et al., 2004). The
jellyfish Podocoryne carnea exhibits a low level of piwi expression in all somatic cells, and
this expression increases upon transdifferentiation, thus implicating piwi function in
reprogramming (Seipel et al., 2004). Derivatives of the interstitial cell lineage exhibit a
remarkable plasticity in terms of their differentiation capacity, and that, beside stem cellbased mechanisms, transdifferentiation is involved in normal development and maintenance
of cell type complexity in hydroids (Bosch, 2009).
During embryogenesis of the planaria Schmidtea polychroa, Tudor-related protein is
expressed in differentiating cells rather than neoblasts (Solana et al., 2009).
In the larvae of polychaete annelid Platynereis dumerilii, piwi-, vasa-, PL10- and nanosrelated genes are expressed altogether at the mesodermal posterior growth zone in highly
proliferative stem cells providing the somatic mesoderm and the germ line; vasa-like gene
expression was revealed in the germ line as well as in multiple somatic tissues, including the
mesodermal bands, brain, foregut, and posterior growth zone (Rebscher et al., 2007). Finally,
vasa, nanos and piwi expression is retained in the newly specified germ cells, and lost in other
differentiated tissues (Rebscher et al., 2007). However, while PGCs and the cells of the
mesodermal posterior growth zone in P. dumerilii are indistinguishable in morphology and
both express the germline markers vasa, nanos, and piwi, a distinct cluster of PGCs is
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detectable forming independently from the stem cells of the mesodermal growth zone prior to
gastrulation (Rebscher et al., 2012). In the developing polychaete Capitella sp. (Capitella
teleta) during larval, and juveniles stages, vasa and nanos orthologues are expressed
transiently in multiple somatic tissues as well as in germline; expression of these genes
revealed overlapping but not identical patterns; expression is observed also in the presumptive
brain, mesodermal bands, and developing foregut (Dill, Seaver, 2008). Giani and co-workers
(2011) shown that in Capitella teleta piwi orthologs Ct-piwi1 and Ct-piwi2 are expressed
throughout the life cycle in a dynamic pattern that includes both somatic and germline cells
during embryonic and larval development, gradually becoming restricted to putative
primordial germ cells (PGCs) and the posterior growth zone. In juveniles, Ct-piwi1 is
expressed in the presumptive gonads, and in reproductive adults, it is detected in gonads and
the posterior growth zone. Ct-piwi1 is expressed in regenerating tissue, and once segments
differentiate, it becomes most prominent in the posterior growth zone and immature oocytes
in regenerating ovaries (Giani et al., 2011). So, in C. teleta, vasa, nanos and piwi orthologs
are all expressed in very similar patterns to one another in both the germline and posterior
growth zone, likely in multipotent stem cells (Giani et al., 2011). In both C. teleta and the P.
dumerilii, piwi is detected in PGCs and the posterior growth zone in larval and juvenile stages
(Rebscher et al., 2007; Giani et al., 2011). During embryonic development of the oligochaete
annelid Tubifex tubifex, transient vasa homologue expression was observed in cells in
nongenital segments, and gradually becomes restricted (Oyama, Shimizu, 2007). Possibly, T.
tubifex generates supernumerary presumptive PGCs during embryogenesis whose number is
variable among embryos (Oyama, Shimizu, 2007).
These observations indicate the presence of a compensatory mechanism to produce PGCs
from somatic stem cells in the absence of the original germ cells (Giani et al., 2011).
Although there are clear species-specific differences in reproductive anatomy and
morphogenesis, it appears that in annelids there is conservation of piwi expression in the
primordial germ cells, developing gametes, and posterior growth zone (Giani et al., 2011).
In the gastropod mollusk Haliotis asinina, spatial and temporal expression of Vasa and
Nanos have largely overlapping, but not identical during embryonic and larval development;
by the trochophore stage, both HasVasa and HasNanos are expressed in the mesodermal
bands of the larva (Kranz et al., 2010). These authors hypothesized that HasVasa is expressed
in a population of undifferentiated multipotent cells, from which the PGCs are segregated
later during development in Haliotis asinina.
In sea urchins, Vasa, Nanos, and Piwi are expressed in descendants of the small
micromeres and subsequently become restricted to the coelomic pouches, from which the
entire adult rudiment will form, suggesting that these conserved molecular factors are
involved in the formation of multipotent progenitor cells that contribute to the generation of
the adult body, including both somatic and germ cells (Juliano et al., 2010; Voronina et al.,
2008). Following removal of vasa-expressing micromeres in the embryo of the sea urchin
Strongylocentrotus purpuratus, an accumulation of Vasa protein is induced in other cells that
presumably give rise to functional PGCs (Voronina et al., 2008) resulting in cell fate
transitions (Juliano et al., 2006, 2010). Juliano and co-workers (2010) hypothesized that the
small micromeres are embryonic multipotent progenitor cells and the germline is later
segregated from these cells in the late larva or developing juvenile.
Among chordates, in the colonial ascidian Botryllus schlosseri, Pl10, piwi and Oct4
orthologues are highly expressed in differentiating soma cells (Rosner et al., 2009). In the
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amphioxus Branchiostoma floridae, Vasa and Nanos, in addition to the early localization of
their maternal transcripts in the primordial germ cells, are also expressed zygotically in the
tail bud, which is the posterior growth zone of amphioxus cells, thus also function in highly
proliferating somatic stem cells (Wu et al., 2011). During normal development in the ascidian
Ciona intestinalis, germ cells in the tailbud of the tadpole stage are absorbed during
metamorphosis and persist as PGCs in the young juvenile; however, upon removal of the
larval tail prior to metamorphosis, PGCs from another source appear in the gonad rudiment at
a later stage (see Nakamura, Seydoux, 2008; Giani et al., 2011; Rebscher et al., 2012).
Giani and co-workers (2011) proposed that under normal circumstances in studied
animals, PGCs are segregated from somatic tissues during early development and are
responsible for generating all gametes. In altered conditions, such as during regeneration or
when PGCs are experimentally removed, multipotent stem cells in somatic tissue may
compensate and produce gametes.
A two-step model of germ cell specification was proposed as an ancestral mechanism
involving co-specification of germ cells and stem cells: setting aside a population of
undifferentiated pluripotent stem cells, which is excluded from somatic differentiation and
has the potential to form both somatic and germ cells, from which the primary stem cells are
segregated later (Rebscher et al., 2007).
Expression of germline marker genes beyond gametogenic stem cells was observed in
Drosophila, with piwi expression in the somatic cells of the ovary (Cox et al., 1998). Human
CD34+ hematopoetic stem cells are piwi positive, and lose piwi as they differentiate (Sharma
et al., 2001).
In humans, widespread synthesis of NANOG and POU5F1 at pharyngula stages was
observed (Thomas et al., 2008). Expression remains high in central and peripheral nervous
systems but decreases dramatically in most other somatic tissues. Somatic cells from the
pharyngula-stage embryo, such as these human neural crest cells, may have a closer ground
state to a pluripotent phenotype than do adult somatic cells, with their very low frequency of
inducibility (Thomas et al., 2008).

Germline Marker Gene Expression
in Neural Development
The primitive murine neural stem cells (NSCs) have the ability to differentiate to nonneural tissues and transition into definitive NSC between embryonic day 7.5 and 8.5 in vivo,
accompanied by a decrease in non-neural competency (Akamatsu et al., 2009). In mice
lacking germ cell nuclear factor (GCNF) coding a transcriptional repressor of Oct4,
generation of definitive NSCs was dramatically suppressed, accompanied by a sustained
expression of Oct4 in the early neuroectoderm. Knockdown of Oct4 in GCNF deficient neural
stem cells rescued these cells while overexpression of Oct4 blocked the differentiation of
primitive NSCs to definitive NSCs (Akamatsu et al., 2009). These results suggest that
primitive NSCs develop into definitive NSCs by means of GCNF induced suppression of
Oct4, and the suppression of Oct4 by GCNF is important for restriction of the non-neural
competency in the early neural stem cell lineage (Akamatsu et al., 2009). Thus, the authors
demonstrated novel roles for Oct4 and GCNF in vertebrate somatic cells.
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Mouse embryos lacking GCNF die at embryonic day 10.5 with abnormal development
accompanied by a sustained Oct4 expression in the developing neuroectoderm, while in
normal development, the expression of Oct4 in the developing early neuroectoderm is
suppressed and restricted (see Akamatsu et al., 2009).
The primitive NSCs are dependent on leukemia inhibitory factor (LIF) and are similar to
the primitive NSCs from embryonic stem cells; it has been proposed that neural fate
specification from mouse ESCs is a default choice (Tropere et al., 2001).
Some proteins classically related to germ line development have been recently found to
be involved in neuronal function and development. In the planaria Schmidtea polychroa,
Tudor-related protein is expressed, beyond germline cells and neoblasts, in the central
nervous system (Solana et al., 2009). pumilio and bruno planarian homologues are expressed
similarly in neoblasts and in the central neural system, in perinuclear particles surrounding the
nuclei of neurons (Salvetti et al., 2005; Guo et al., 2006). nanos and pumilio are involved in
neuronal excitability, dendrite morphogenesis, and long-term memory in D. melanogaster
(see Muraro et al., 2008; Solana et al., 2009).

Neural Crest Stem Cells
In vertebrates, neural crest stem cells represent a striking stem cell population. The neural
crest cells (NCCs) are considered to be multipotent (Teng, Labosky, 2006; Thomas et al.,
2008; Minoux, Rijli, 2010) or pluripotent cells (Trainor et al., 2003; Le Douarin et al., 2004;
Thomas et al., 2008). NCCs are a migratory cell population that originates from the neural
crest and migrates to different regions of the embryo, giving rise to diverse cell types (Trainor
et al., 2003; Le Douarin et al., 2004; Thomas et al., 2008; Minoux, Rijli, 2010). Following
induction, NCCs delaminate and migrate to different regions of the embryo, where they
differentiate into a broad range of cell types, including peripheral and enteric neurons, glia,
melanocytes, endocrine cells and smooth muscle. Rostral cranial NCCs extensively contribute
to the frontonasal skeleton and the membranous bones of the skull, whereas more posterior
cranial NCCs fill the pharyngeal arches, where they form the jaw, middle ear, hyoid and
thyroid cartilages. In the cranial region, NCCs contribute to most of the cartilage and bone of
the skull, cephalic tendons, dermis, meninges, vascular smooth muscle and adipocytes; such
locations as the enteric ganglia, the dorsal root ganglia, the hair follicle, the tooth and even
the bone marrow appear to be later niches for the maintenance of persistent, oligopotent avian
and rodent neural crest-derived stem cells (Teng, Labosky, 2006; Thomas et al., 2008;
Minoux, Rijli, 2010). The pluripotentiality and multiple roles of the neural crest cells and its
derivatives co-exist with a striking level of plasticity of the neural crest cells both during
development and even after the derived structures have fully differentiated (Le Douarin et al.,
2004).
Multipotent, proliferative human neural crest cells (hNCCs) were derived from the
pharyngula stage and self-renewing hNCC lines were maintained (Thomas et al., 2008). It
was found that the global hNCC molecular profile is highly similar to that of pluripotent
embryonic stem cells. The pluripotency markers NANOG, POU5F1 (Oct3/4) and SOX2 are
also expressed by hNCC, and a small subset of transcripts can unambiguously identify hNCC
among other cell types. The hNCC molecular profile is thus both unique and globally
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characteristic of uncommitted stem cells (Thomas et al. 2008). Somatic cells from the
pharyngula-stage embryo, such as these hNCC, may have a state close to a pluripotent
phenotype. Pou5f1 (Oct3/4), best known for its expression by the murine germ-cell lineage
and derived cell lines, is also expressed by both embryonic ectoderm and neuroepithelium
(Thomas et al., 2008). The simultaneous transcription of SOX2, NANOG and POU5F1 is not
sufficient to confer ES identity, since all three are found in the hNCC lines. Thus, the shared
transcriptional signature between hNCC and human embryonic stem cells was startling
(Thomas et al., 2008).

Embryonic Stem Cells
Embryonic stem cells (ESCs) are derived from the inner cell mass of the developing
embryo. Mammalian ESCs are considered to be a standard cell culture model for studying
pluripotency (Do, Schöler, 2009). We compared our data on invertebrate pluripotent stem
cells with the information on the molecular signature of pluripotent ESCs (Isaeva et al., 2003;
Shukalyuk, 2009; Shukalyuk, Stanford, 2008; Shukalyuk et al., 2005; Shukalyuk, Isaeva,
2012), taking into consideration that mammalian ESCs in vitro are in some sense artifacts of
tissue culture (Zwaka, Thomson, 2005; Shostak, 2006).
ES cells, derived from pre-implantation embryo, and embryonic germ (EG) cells, derived
from embryonic precursors of gametes, primordial germ cells (PGCs), can differentiate into
any cell type in the body (Eguizabal et a., 2009). The expression of Pou5f1 (also known as
Oct3/4), a POU and homeobox transcription factor, is essential for maintaining the
pluripotential phenotype; Oct3/4, Sox2, and NANOG are hallmarks of mouse and human ES
cells (see Goel et al., 2008; Yu, Thomson, 2008). Nanog are key regulators of pluripotency;
the presence of Nanog is considered a key hallmark of pluripotent cells in vivo and in vitro:
primitive germ cells, mammalian ES, EG and also embryonal carcinoma cells (see Chambers
et al. 2003, 2007; Goel et al., 2008; Yu, Thomson, 2008; Western et al., 2010). However, the
simultaneous transcription of SOX2, NANOG and POU5F1 (Oct3/4) is not sufficient to
confer ES identity, since all three were found in the hNCC lines (Thomas et al., 2008).
Induced pluripotent stem cell (iPSC) technology, i.e. reprogramming somatic cells into
pluripotent cells that closely resemble embryonic stem cells (ESCs) by introduction of
defined transcription factors (TFs), holds great potential in biomedical research and
regenerative medicine (see Zhu et al., 2010). The standard method of generating iPSCs
involves the coexpression of four defined Yamanaka (Oct4–Sox2–Klf4–c-Myc) or Thomson
(Oct4–Sox2–Nanog–Lin28) factors to convert somatic cells into pluripotent stem cells (see
Kelley, Lin, 2012). For example, mammalian germ cells grown in culture and treated with
fibroblast growth factor (FGF) and leukemia inhibitory factor (LIF) can be induced to become
pluripotent EG cells, which are very similar in differentiation potential to ES cells derived
from the inner cell mass of the blastocyst. Mouse PGCs acquire the morphological and
cytological characteristics of ESC when cultured in the presence of three growth factors
(Matsui et al., 1992). iPSCs can be created from adult somatic cells by introducing the
combinations of several transcription factors, e.g., Oct3/4, Sox2, Klf4, and Myc (see Hayashi
et al., 2012). Using these four factors, direct reprogramming of fibroblasts is possible
resulting in presumably either a naive or a primed pluripotent state (Han et al., 2011). Several
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small molecules modulating mitochondrial oxidation and glycolytic metabolism also showed
effects on reprogramming: i.e., compounds that promote glycolytic metabolism enhance
reprogramming (see Zhu et al., 2010).
Recently a novel mechanism of somatic cell reprogramming (SCR) was proposed that is
controlled by a single microRNA, miR-302, instead of proteins (Kelley, Lin, 2012). Mature
miR-302 localized to the cytoplasm is the most abundant miRNA found in human ESCs and
iPSCs, but its expression is absent in differentiated cells. The total targets of miR-302 include
over 600 cellular genes, many of which are involved in differentiation and developmental
signaling. miR-302 has two parallel functions that occur simultaneously: reprogramming and
tumor suppression. It was found that miR-302 is capable of reprogramming human cancer
cells into a normal ESC-like state (see Kelley, Lin, 2012). During the first step of SCR, miR302 forces global demethylation and histone modification; after global demethylation, many
genes are accessible to transcription machinery, allowing the expression of ESC-specific
transcription factors including Oct4–Sox2–Nanog–Lin28. The interaction between miR-302
and Oct4–Sox2–Nanog/Klf4 may result in a stable iPSC state suitable for stem cell selfrenewal without the problem of either tumor formation or early senescence (Kelley, Lin,
2012).
Pluripotent stem cells of epiblast cells in mice can give rise to both PGCs and somatic
derivates (Ohinata et al., 2009). EC cells, ES cells, and EG cells were also capable of
reverting the differentiated state of somatic cells to that of pluripotent stem cells (Yu,
Thomson, 2008). EG, ES and embryonal carcinoma (EC) cells may all have their closest in
vivo equivalent not in ICM cells but rather in germ cells (Zwaka, Thomson, 2005). ES cells
have the capacity to differentiate into PGCs in vitro. Reprogramming into germ cells from
somatic cells is a way to obtain germ cells. Development of human germ cells from in vivo
and in vitro cultured ESCs/iPSCs is possible (Hayashi et al., 2012). Human germ cells
(hEGCs), which can maintain their self-renewal and pluripotency in vitro, express alkaline
phosphatase (AP), OCT4, SOX2, NANOG as the markers of pluripotent stem cells.
The data on reprogramming of ESCs and some other stem cells into germ cells provide
support for our view that embryonic stem cells, germline cells and some pluri/multipotent cell
types share a basic molecular machinery underlying pluripotency and gametogenic
potentiality.

Gene Regulatory Networks Underlying
Gametogenic Potential and Pluripotency
The metazoan development program may be imagined as translation regulatory cascades
(Davidson, 2006 Peter, Davidson, 2011). Although some gene regulatory network (GRN)
subcircuits are quite ancient, other aspects are highly flexible and thus, in any given genome,
more recent (Peter, Davidson, 2011). The specific GRN to maintain the conserved germline
program has been conserved during metazoan evolution. Genes vasa/pl10, piwi/auberdine,
nanos, tudor, pumilio, and staufen, representing the core of the germline program, show
striking evolutionary conservation (Alié et al., 2011; Chuma et al., 2006; Ewen-Camden et
al., 2010; Watanabe et al., 2009; Extavour, 2008; Gustafson, Wessel, 2010; Leatherman,
Jongens, 2003; Parvinen, 2005; Western et al., 2010; Sroji, Extavour, 2011). This gene
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network consists of gene modules whose interactions are highly stable and highly
evolutionary conserved, operating in similar ways both in different organisms, and in
different places and/or times during the development of an animal organism. Conserved germ
cell-specific RNA networks repress transcriptional programs for somatic differentiation and
promote germ cell maintenance (Cinalli et al., 2008).
Common “stemness” genes include the cumulative expressions of Piwi, Vasa, Nanos and
PCNA within invertebrate and vertebrate stem cells (Rinkevich et al., 2009). RNA silencing
of genes is also important for stem cell maintenance for many organisms and the highly
conserved Piwi protein that is part of the silencing machinery is expressed in the neoblast
stem cells of planarians (Reddien et al. 2005; Sköld et al., 2009).
Interactions between vasa and other germline genes have suggested a complex network
of positive and negative regulation at multiple levels, including transcription, translation, and
post-translational modification, epigenetic control of chromatin architecture mediated gene
regulation crucial for the role in development (Cinalli et al., 2008; Ewen-Camden et al.,
2010). The post-transcriptional regulation of vasa potentially is realized by protein stability,
and nanos-dependent cell fate via repression of the cell cycle and apoptosis (Juliano et al.,
2010). Homologous genes often interact physically with the same conserved molecular
partners across the metazoans. Piwi physically interacts with Vasa; in mice, Piwi homologues
Miwi and Miwi2 form a complex with Mvh/Ddx4, the mouse vasa homologue (Vagin et al.,
2009). Both Nanos and Pumilio proteins bind each other, and can conditionally recruit
additional protein factors to regulate target RNAs; in both flies and worms, binding of Nanos
and Pumilio orthologs to target RNAs correlates with translational repression; Nanos is also
implicated in the maintenance of a specific “chromatin architecture” that is associated with
general transcriptional repression (see Ewen-Campen et al., 2010). One Oskar protein has
been shown to directly interact with Staufen and Vasa proteins (see Ewen-Campen et al.,
2010). The data suggest a connection between the interacting networks of proteins and RNAs
in germ granules (Ewen-Campen et al., 2010). While many genes with critical roles in the
germ line have been characterized with respect to expression pattern and genetic interactions,
it is the molecular interactions of the relevant gene products that are ultimately responsible for
germ cell differentiation. Ewen-Campen et al. (2010) suggested a preliminary molecular
definition of an ancestral ‘‘pluripotency module’’ that could have been modified during
metazoan evolution to become specific to the germ line.
Many genes involved in germ cell specification are conserved across evolution; these
molecules often also interact biochemically in similar ways in phylogenetically distant
animals. The Nanos/Pumilio complex, the Tudor domain/PIWI family interaction, and the
Tudor/spliceosome component association may therefore represent evolutionarily ancient
interactions. Moreover, some of these molecules, and in some cases their molecular roles, are
conserved not just in germ cells but are also found in pluripotent cells of many types, and in
RNA-processing bodies of somatic cells (Ewen-Campen et al., 2010). The conserved protein–
protein and protein–RNA interactions described above could represent components of an
ancestral pluripotency module, which would have likely contained Tudor domain protein,
PIWI family members, and a DEAD box helicase. In early multicellular animals where a
pluripotent stem cell population produced gametes, those stem cells that entered into
gametogenesis would have tailored this module by the addition of unique germ cell genes,
such as nanos, vasa, and Aub/Ago3. With the advent of dedicated germ cells in metazoans,
this specialized germ line module would have come under the control of cytoplasmic
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inheritance or inductive mechanisms that operated exclusively in the germ line, preventing
somatic cells (including somatic stem cells) from producing gametes (Ewen-Campen et al.,
2010 Juliano et al., 2010; Rebscher et al., 2012).
The vertebrate embryonic stem cells seem to be maintained by complex regulatory
networks including the transcription factors oct3/4, sox2, NANOG and such classic markers
as presence of alkaline phosphatase and telomerase (see Thomas et al., 2008; Yu, Thomson,
2008; Western et al., 2010; Shukalyuk, Isaeva, 2012). The machinery controlling pluripotency
is repressed as male and female germ cells exit the cell cycle, and the data support the
conclusion that repression of this core machinery is a robust and early event involved in the
differentiation of the germ cell lineage (Western et al., 2012).
One of the predicted consequences of modularity in development is that modules
themselves can remain highly conserved throughout evolution, while their upstream effectors
and downstream targets can evolve independently. The mechanisms that localize germ line
determinants to germ cells appear to be relatively flexible not only on an evolutionary time
scale, but also even within developing individuals. Such apparent flexibility in the spatial and
temporal deployment of multiple functional germ line factors further supports the notion that
such factors may operate as an interacting module, capable of being induced by a variety of
upstream signals. The entire suite of genes is linked together biochemically. Many of the
powerful GRNs that have been constructed to model aspects of somatic differentiation rely
largely on transcriptional regulation (see, e.g., Davidson, 2006). However, most of the
molecules for which functional biochemical data are available appear to be involved in
translational regulation and protein–protein interactions, suggesting that post-transcriptional
gene regulation is particularly crucial in the germ line (see Cinalli et al., 2008). Several other
recently discovered mechanisms of gene regulation play a critical, albeit not yet well-defined,
role in the germ line. These include piRNA-mediated transposon silencing, RNP formation to
repress translation, and chromatin architecture mediated gene regulation. Building GRNs is
necessary to create a framework for understanding the molecular network of the germ line
(Ewen-Campen et al., 2010).
It was hypothesized that PGCs and stem cells are not only closely related, but also share a
common gene regulatory module, the “germline multipotency program” (Ewen-Campen et
al., 2010; Schwager, Extavour, 2010; Juliano et al., 2010; Rebscher et al., 2012). Independent
and/or alternate functions for such germline multipotency program genes as piwi and nanos
do not preclude them from acting together in a conserved program in multipotent and
germline cells. Rather, they may have been independently co-opted by other cells types with
similar requirements as multipotent progenitors and germ cells, such as mitotic quiescence
and protection from transposons (Juliano et al., 2010).
The expression of piwi homologues in both the germline and regions of dividing cells in
the posterior growth zone provides a molecular link between germline stem cells and
pluripotent somatic stem cells in C. teleta (Giani et al., 2011). The similarity in expression of
piwi to the expression patterns previously observed for vasa and nanos homologues in C.
teleta (Dill, Seaver, 2008; Giani et al., 2011) suggests that this core set of stem cell regulators
has retained an ancestral role in somatic and germline stem cell production. Such a dual role
may reflect an ancestral metazoan feature in which there was a close link between somatic
and germline stem cells, and contrasts with the segregation of the germline in animals such as
D. melanogaster (see Giani et al., 2011).
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ES cells maintain self-renewal and pluripotency because of a self-organizing network of
transcription factors and intracellular pathways activated by extracellular signalling that
together prevent their differentiation and promote their proliferation, and because of
epigenetic processes that maintain the chromatin in a plastic differentiation status (De Felici
et al., 2009).
Genetic networks and molecular pathways are involved in the numerous cell-to-cell
interactions during neural crest cell migration, homing and differentiation (Le Douarin et al.,
2004). Thomas et al. (2008) set out to identify molecular networks that were activated in an
early human neural crest cell (hNCC) population before they dispersed to their final sites of
differentiation. Most genes that are commonly used to characterize NCC in animal studies are
expressed by hNCC as well; however, more than 4000 additional Unigene clusters were
present only in the human cells. While cross species comparisons showed extensive overlap
between human, mouse and avian NCC transcriptomes, some molecular cascades are only
active in the human cells, correlating with phenotypic differences. Furthermore, the hNCC
transcriptional profile was highly evocative of the molecular signature of human embryonic
stem (hES) cells, including but not restricted to the expression of the transcription factors
SOX2, NANOG and POU5F1. So cluster and pathway analyses of whole transcriptomes
show similarity between hNCC and embryonic stem cells; hNCC express many genes
considered to play essential roles in the maintenance of multi-/pluripotency: NANOG,
POU5F1 (OCT3/4) and SOX2 (Thomas et al. 2008).
The key element of evolutionary novelty would have been the appearance of genetic
regulatory circuitry that underlies the development of “set-aside cell” populations (see
below). These cells must be dissociated from the mechanisms that assign immediate terminal
fates to all the other cells of the embryo; and they must be endowed with new growth and cell
division control systems (Cameron et al., 1998). Davidson and colleagues (1995) proposed
that genetic regulatory programs including the homeotic complex in embryogenesis produced
in evolution unspecified "set-aside cells" and hierarchical regulatory programs that initially
define regions of morphogenetic space in terms of domains of transcription factor expression.

Germ and Stem Cells in Evolution
The true innovation and a crucial step in animal evolution was the generation of a
gametogenic lineage with the loss of gametogenic potential from the majority of cells of the
organism (Extavour, 2008; Ewen-Campen et al., 2010; Wu et al., 2011). Sequestration of a
dedicated germ line early in development makes it possible to develop from only one cell an
organism composed of millions. In order to effectively confer the advantage of protection
from somatic mutation, such a lineage might show reduction of mitotic activity (since more
rounds of DNA replication give more opportunity for mutation through copy error), reduced
transcriptional activity (because genes may be more subject to mutation when actively
transcribed) and reduced transposable element mobility (see Extavour, 2008). In fact, germ
cells are typically mitotically quiescent from the time of their specification during
embryogenesis, until the time that gametogenesis begins; they are relatively transcriptionally
quiescent during most of embryonic development; RNA-mediated silencing of transposable
elements has recently been documented in the germ lines (see Extavour, 2008). Urbilateria

Molecular Signature and Sub-cellular Machinery ...

23

can be assumed to have possessed at least a majority of truly somatic cells, so its reproductive
success depended on the successful specification and protection throughout development of a
germ line (Extavour, 2008).
It was supposed that the germ line originally evolved from primary stem cells and that the
properties of these cells are retained in at least some forms of agametic cloning (Blackstone,
Jasker 2003; Agata et al., 2006; Sköld et al., 2003). The data strongly suggest that epigenetic
establishment of the germ line was present in Urbilateria (Extavour, 2008). Sponges,
cnidarians and acoel flatworms use very similar strategies to obtain gametogenic cells. They
all contain a population of pluripotent stem cells (sponge archaeocytes, cnidarian interstitial
cells and acoel neoblasts) that can give rise to both somatic cell types and gametes (Extavour,
2008). Urbilateria was unlikely to have had all of its gametogenic cells clustered together in
one region, but rather might have had them scattered throughout the body. Evidence from
modern molecular and functional comparisons between stem cells and germ cells suggests
that Urbilateria’s germ cells were a subpopulation of pluripotent stem cells (Extavour, 2008).
Thus, Extavour proposed that PGCs have their closest evolutionary equivalent in the
pluripotent stem cells that are found in extant non-bilateria and basal bilaterians, and that
almost certainly existed in Urbilateria.
A number of major adaptations in animals have been mediated by alteration of germ cells
and their immediate derivatives, the gametes (Haag, 2009). Extavour (2008) supposed that
Urbilateria used epigenesis to specify the germ line, but preformation as cell-autonomous
specification mechanism evolved convergently several times during the bilaterian radiation.
In preformation, germ-cell-specific gene products persist through completion of oogenesis in
the zygotic cytoplasm, mutations arising in the germ line that affected oocyte cytoskeletal
dynamics or mRNA or protein localization of germ cell molecules could allow persistence
and/or localization of these molecules in mature oocytes. Changes in the expression timing
(heterochrony) and ooplasmic localization (heterotopy) of germ-cell differentiation genes led
to early embryonic cytoplasmic inheritance of germ-cell determinants that was both heritable
and independent of somatic epigenetic signaling later in embryonic development, resulting in
convergent evolution of preformation (Extavour, 2008).
Recently, piwi and vasa genes have been proposed to be ancestrally associated with stem
cell character (“stemness”), rather than solely with germline stem cells (Alié et al., 2011;
Giani et al., 2011). It is likely that piwi genes, and associated stem cell co-regulators, became
restricted to the germline in some taxa during the course of evolution.
Juliano et al. (2010) propose the existence of a highly conserved germline multipotency
program that operates in both multipotent cells and germ cells. In many animals, germline
segregates from the soma after embryogenesis, similar to the sea urchin. Furthermore, in these
cases the germline multipotency program appears to operate in the multipotent progenitor
cells, thus allowing for functional comparisons across diverse animal taxa (Juliano et al.,
2010). These authors considered two mutually exclusive hypotheses considering postembryonic germline segregation as ancestral or derived. The first model proposes that postembryonic germline segregation from a multipotent precursor is ancestral, an idea that has
been supported by several investigators (Agata et al., 2006; Extavour, 2007; Funayama, 2010;
Rebscher et al., 2007; Ewen-Camden et al., 2010). This model argues that the
protostome/deuterostome urbilaterian ancestor segregated its germline through a pluripotent
or multipotent stem cell (Agata et al., 2006; Extavour, 2007; Funayama, 2010). Juliano et al.
(2010) offered a similar model with the additional proposal that the urbilaterian germ cell
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multipotent progenitor was controlled by the germline multipotency program and that
dedicated germ cells were segregated post-embryonically. Early segregation of the germline,
which is then kept in a quiescent state, allows increased protection from mutations associated
with DNA replication and/or additional morphogenetic freedom in subsequent development
(Juliano et al, 2010). According to the second model, the urbilaterian segregated its germline
by specifying PGCs during embryogenesis using the germline multipotency program; the
evolution of multipotent progenitor cells may have occurred relatively recently and were
independent acquisitions, for example, during the transition from direct to indirect
development in sea urchins with co-optation of the germline multipotency program. Perhaps,
the small micromere lineage co-opted the germline multipotency program from the germline
cells of the adult (Juliano et al., 2010).

Set-aside Cells and Neural Crest Stem Cells as
Evolutionary Innovations
E. Davidson and colleagues have developed the “set-aside cells” hypothesis (Davidson et
al., 1995; Peterson et al., 1997; Cameron et al., 1998; Jenner, 2000; Collins, Valentine, 2001;
Raff, 2008). It was proposed that set-aside cells exist in larvae of protostomes and
deuterostomes, and the adult arises from these set-aside cells. The cells were called "set-aside
cells," because they are held out from the early embryonic specification and are
developmentally set aside from the embryo-larva differentiation process (Davidson et al.,
1995; Peterson et al., 1997). These cells have an essentially unlimited division capacity, and
they produce new populations of cells that give rise to the adult body plan in animals with
indirect development while most of the larval cells have a dead-end fate. So many adult
organs are not derived from cells within larval organs, but from pluripotent cells sequestered,
set aside during larval life as primordia from which adult structures form, such as imaginal
discs of insects (Collins, Valentine, 2001).
For example, the juvenile sea urchin emerges at metamorphosis from the adult rudiment,
which is formed by set-aside cells; thus, the juvenile sea urchin develops from embryonic
multipotent cells (Juliano et al., 2010). The small micromeres of the sea urchin
Strongylocentrotus purpuratus selectively accumulate vasa, nanos and piwi mRNA (Juliano
et al., 2006). Descendent of the small micromeres remain relatively quiescent through
embryogenesis being set aside for constructing the adult rudiment and then integrating into
the larval coelomic pouches where the adult rudiment forms. Once the small micromere
descendent are incorporated into the coelomic pouches, they begin to proliferate, which is
uncharacteristic of quiescent embryonic PGCs (Juliano et al., 2010).
The “set-aside cells” hypothesis was presented as an explanation of the causal events
underlying the "Cambrian explosion" and thus the divergence of large animal body plans with
appearance of many recent animal phyla (Davidson et al., 1995; Peterson et al., 1997;
Cameron et al., 1998). It was postulated that the latest common ancestor of bilaterians had a
larval stage similar to what is found in modern indirectly developing marine organisms. In
terms of the genetic regulatory circuitry, this type of embryonic process is much simpler than
those by which the adult body plans of most metazoan phyla develop and is considered as the
original form of embryonic development (Davidson et al., 1995). This idea is rooted in the
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hypothesis that early metazoans were similar to modern larvae, and that the bilaterian adult
stage evolved by the innovation of set-aside cells, distinct from the larval cells (Raff, 2008).
Thus, the evolution of adult stages through the acquisition of «set-aside» stem cell
populations is supposed (Raff, Raff, 2009). Organs and systems of adult animals with indirect
development arise from «set-aside» stem cells such as annelid teloblasts or imaginal discs of
insects.
In the larvae of colonial rhizocephalan barnacles, groups of undifferentiated cells are
visible, including a posterior cluster and other stem cells (Korn et al., 2004; Shulaluk et al.,
2005) We suggest that the larvae have a system of set-aside stem cells, which are able, during
larval development and in parasitic organism after metamorphosis, to differentiate as somatic
cells, or germline cells, or to maintain self-renewal as pluripotent stem cells.
Fuchs and co-workers studied (Fuchs et al., 2011) the spatial expression of 13
developmental genes in the larval stage of the gymnolaemate bryozoan Bugula neritina.
Bryozoan larvae exhibit blastemic tissues that contribute to build the adult during
morphogenesis. The results suggested that the larval blastemas in Bugula are pre-patterned
according to their future fate in the adult and challenge a view that metazoan larvae share
homologous undifferentiated “set-aside cells” (Fuchs et al., 2011).
In vertebrates, an important developmental and evolutionary morphogenetic reserve is the
pluripotent stem cell population of the neural crest. They provided a cell source for an
increase in organism size and the initiation of a new morphospace (Jenner, 2008). The
emergence of a specialized population of migratory neural crest stem cells in a chordate
ancestor is regarded as a fundamental event and a key innovation in the evolution of
vertebrates (Trainor et al., 2003; Le Douarin et al., 2004). Hall (2000) considered the neural
crest as the fourth germ layer in vertebrates. Proliferation, migration and differentiation of
neural crest cells are critical for the formation of vertebrate embryos, especially the head.
Cells of the neural crest and epidermal placodes give rise to skeletal elements and the nerve
ganglia of a “new head” in vertebrates (Northcutt, Gans, 1983), a unique evolutionary
invention that facilitated the evolution of highly specialized sensory organs and the skull
(Kuratani, Schilling, 2008). The acquisition of the NCC by protochordate ancestors is
considered to be a turning point in the evolution of vertebrates (Trainor et al., 2003; Le
Douarin et al., 2004). The evolution of the neural crest cells could be reconsidered in terms of
the acquisition of new cell properties such as delamination, migration and also
pluri/multipotency, which were key innovations that contributed to craniofacial development.
It seems clear that alterations of the ancestral gene expression program in NCC were
important for craniofacial evolution in vertebrates (Trainor et al., 2003).
In most metazoans, stable undifferentiated cells are set aside and persist beyond the
completion of embryogenesis (Juliano et al., 2010). Primordial germ cells are definitively
programmed to become PGCs and set aside for future use in the adult animal (Frank et al.,
2009). Shostak (2008) proposed that mammalian adult stem cells resemble the blastomeres of
planktonic and benthic organisms with small eggs and may have evolved in mature organisms
as an adaptation to the growth and maintenance of tissues similarly to set-aside cells.
Generally, we can regard all metazoan stem cells as “set-aside cells”, reserve cells.
Thus, the molecular signatures and functional potential of germ cells and pluripotent stem
cells suggest a shared evolutionary origin for these cell types and an ancestral pluripotency
network including members of Vasa-like and Piwi-like class proteins, which are conserved
components of both germ and stem cells across the metazoans (Alié et al., 2011; Ewen-
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Campen et al. 2010; Gustafson, Wessel, 2010; Sroji, Extavour, 2011). Based on the literature
and our own data analysis, we support the idea that this regulatory gene network is not
restricted to the germline cells but is expressed in stem cells that are capable of producing
both somatic and germinal derivatives.
The comparative study of germline cells and set-aside stem cells in different tissues,
organs and organisms of various metazoan taxa and analysis of evolutionary changes as
natural experiments can contribute to the advance of cell engineering.

Conclusion
The data reviewed suggest the existence of an evolutionary conserved basis of
pluripotency and “stemness” of germline and pluri/multipotent stem cells. Pluripotent
gametogenic stem cells and germline cells share many morphological features and rely on the
activity of related genes; their evolutionary and ontogenetic relationship has been proposed
(Extavour, 2008; Extavour, Akam, 2003; Rebscher et al., 2007; Sköld et al., 2009; Strouji,
Extavour, 2011; Wu et al., 2011; Isaeva, 2011; Shukalyuk, Isaeva, 2012). Since
pluri/multipotent stem cells produce germline cells, they might be considered part of the
germline (Mochizuki et al., 2001); such “primary” stem cells contributing to the germ line
may be immortal, in contrast to somatic tissues (Weismann, 1893; Sköld et al., 2009). A
common origin of germ cells and of somatic stem cells has been proposed, which may
constitute the ancestral mode of germ cell specification in Metazoa (Rebscher et al., 2007).
Germline stem cells and gametogenic pluripotent stem cells also share a common gene
regulation module, the germline multipotency program (Ewen-Campen et al., 2010; Juliano et
al., 2010). Even though not everyone shares such a view, focusing on gametogenesis, where
the cell indisputably undergoes specification and specialization, we, however, put forth the
point of view that germline progenitors must be recognized as pluripotent/multipotent
gametogenic stem cells across Metazoa. The evolutionary conserved germline program
involves vasa/pl10, piwi/auberdine, nanos, tudor, some other genes and signaling ways (Alié
et al., 2011; Chuma et al., 2006; Ewen-Camden et al., 2010; Watanabe et al., 2009; Extavour,
2008; Gustafson, Wessel, 2010; Leatherman, Jongens, 2003; Parvinen, 2005; Sroji, Extavour,
2011). This molecular machinery is common for all studied metazoan representatives, from
sponges to chordates, and operates at cellular, sub-cellular and molecular levels. In the
studied asexually reproducing representatives of Porifera, Cnidaria, Platyhelminthes,
Arthropoda and Chordata, stem cells serve as the predecessors of germ and somatic cells and
are similar to cells of the germ lineage, displaying evolutionarily conserved features of the
morphofunctional organization typical also for cells of the germ line (Ewen-Campen et al.
2010; Extavour, 2008; Funayama et al., 2010; Gustafson, Wessel, 2010; Isaeva et al., 2003,
2008, 2009; Rinkevich et al., 2009; Sköld et al., 2009; Shukalyuk et al., 2005, 2007; Sroji,
Extavour, 2011).
The data collected in many animals demonstrate that genes traditionally classified as
“germline genes” have a broad role in establishing and maintaining multipotency. An ancient
association of “germline genes” with stemness (Watanabe et al. 2009) and “an ancestral gene
fingerprint of stemness” (Alié et al. 2011) have been proposed. Since all animals have a
common ancestor in single cell organisms it is possible to identify common principles in the
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regulatory mechanisms for the transcriptional and epigenetic machinery (Watanabe et al.
2009), in germline cells or beyond the germ line (Gustafson, Wessel, 2010). All animals
possess pluripotent gametogenic stem cells in different ontogenetic periods: as a transient
state in early cleavage until segregation of germ line (preformation), as a longer state during
embryogenesis (epigenesis), or as a continuous state during the entire life of asexually
reproducing organisms. Pluripotent stem cells have the capacity to move away from
pluripotency towards a special, restricted stem cell identity as germ cells (Sroji, Extavour,
2011) or to restricted identities as somatic multipotent stem cells, oligopotent stem cells and
so on.
Recent data indicate the broad and partially overlapping spectrum of gene expression in
embryonic stem, germline, and pluri/multipotent stem cells, in particular, the possible
inducibility of germline cells de novo without continuous expression of molecular markers of
the germ line. The data also show a transient molecular signature typical of the germline in
broad somatic stem pools during embryogenesis. Embryonic stem, germline and pluripotent
stem cells of various metazoans share the expression piwi, vasa-related and other germline
marker genes. Pluripotent gametogenic cells are similar in their potential and their molecular
signature to mammalian embryonic stem cells, although the latter are artificial cell systems
cultured in vitro. Multipotent neural crest cells use much the same transcriptional machinery
as embryonic stem cells to delay differentiation (Thomas et al., 2008).
It is likely that there is a continuum between embryonic PGC and pluri/multipotent stem
cells (Juliano er al., 2010; Shukalyuk, Isaeva, 2012). Such a continuum ranges from
pluripotent gametogenic stem cells to germline cells and up to multipotent somatic stem cells
lacking gametogenic potential. We suppose mainly common and partially overlapping
molecular signatures in pluri/multipotent stem cells of a wide range of animals from sponges
to chordates. A core regulatory gene network of pluripotent gametogenic stem cells, germline
cells and multipotent stem cells evidently overlap to a large extent including also some
specific distinctions and fluctuations of key gene expression. Genes of the molecular
machinery of stem cells appeared to be interconnected in related pathways that are involved
in post-transcriptional regulation and epigenetic modification, acting in a coordinated manner,
as part of a complex network of signal cascades that are known to regulate the balance
between cell death and survival (Rossi et al., 2007). It is possible a functional diversification
of paralogues of vasa, piwi and other marker “germline” genes fulfilling different functions in
germ and other stem cells. In the animal kingdom, vasa-like genes are present in numbers
from one to four (Shibata et al., 1999; Rebscher et al., 2007; Extavour et al., 2005; Pfister et
al., 2008). In mammals, four Argonaute subfamily members have been shown to be involved
in the miRNA pathway (Parvinen, 2005; Kotaja et al., 2006). A secondary evolutionary cooptation of germline regulatory gene network to other systems of stem cells was also possible.
Germ granules, chromatoid bodies, nuage, P-bodies, RNP granules and so on are the
physical embodiment of overlapping but not identical gene networks. Such organelles
concentrate the activity factors normally present in all cells, but especially active in germline
cells because of their intensive reliance on post-transcriptional controls of gene expression
(Snee, Macdonald, 2004). Basic germ-plasm machinery may exist as discrete granules or
bodies, large complexes as Balbiani bodies, dispersed nuage, small particles (for example, Pbodies) or submicroscopic RNP aggregates. In somatic cells, P-granules fulfill functions from
RNA localization and decay to translational activation and repression (Anderson, Kedersha,
2006; Seydoux, Braun, 2006). It seems to us that similar networks in mammalians overlapped
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with the macromolecular frame of the germinal granules emerging earlier in germline cell
evolution.
It is very important for embryonic, germ and pluripotent stem cells as well as for long
living neural precursors and neurons to have protection against apoptosis; neuronal precursors
evolutionarily obtained unique machinery, which allows them to continue their differentiation
but keep their immortality over the lifespan of the individual. It is known that in zebrafish,
loss of piwi-related gene function results in a progressive loss of germ cells due to apoptosis
during larval development (Houwing et al., 2007). In mouse homozygotes that have a vasa
homologue gene (Mvh/Ddx4) with restricted expression, premeiotic germ cells cease
differentiation and undergo apoptotic death (Tanaka et al., 2000).
The notion that asexual reproduction is common only among the lower but not the higher
animals remains a widely accepted dogma (see, e.g., Blackstone, Jasker, 2003). In some
reviews (Blackstone, Jasker, 2003; Sköld et al., 2009) and in modern textbooks, crustaceans,
like all other arthropods and the entire Ecdysozoa clade, are considered non-colonial and
incapable of cloning, though in many rhizocephalan barnacles (Crustacea: Cirripedia:
Rhizocephala) asexual reproduction and resulting colonial organization are described (see
Høeg, Lützen, 1995; Glenner et al., 2003; Shukalyuk, Isaeva, 2012; Isaeva et al., 2012). In
colonial ascidians, members of the phylum Chordata, stem cells giving rise to the germ and
somatic cell lineages were found (Pancer et al., 1995; Weissman, 2000; Laird et al., 2005;
Sunanaga et al., 2006; Akhmadieva et al., 2007; Rinkevich et al., 2009). These data on the
asexual reproduction in some arthropods and chordates contradict the dogma that asexual
reproduction is common exclusively among the lower animals (Isaeva, 2010, 2011). The
statement that vertebrates are incapable of natural cloning (Blackstone, Jasker, 2003) is
disproved by the long known facts about facultative polyembryony in mammals, which has
become obligate in some armadillo species, e.g. in Dasypus novemcinctus (see Loughry et al.,
1998). Polyembryony, the development of a whole embryo from one of the early blastomeres,
i.e. asexual reproduction at an early embryonic stage, is known in members of different taxa
in six phyla of animals (Craig et al., 1997; Sköld et al., 2009). For instance, among insects,
polyembryony has been long described in some parasitoid members of Hymenoptera and
Strepsiptera (Hagan, 1951). The term “somatic embryogenesis” (Buss, 1987; Blackstone,
Jasker, 2003) suggests that stem cells, which ensure the asexual reproduction, are recognized
as somatic ones; pluripotent stem cells in animals with asexual reproduction are often referred
as somatic (Blackstone, Jasker, 2003; Extavour, Akam, 2003; Extavour, 2008; Rinkevich,
2009; Sköld et al., 2009; Funayama et al., 2010). However, pluriponent gametogenic stem
cells of asexually reproducing invertebrates, like primary germ cells, do not belong to any
germ layer, differentiated tissue, and population of specialized somatic cells or their
uni/oligopotent stem cells (Isaeva, 2010, 2011). Such pluripotent stem cells are dispersed in
the organism, do not display contact inhibition of cell reproduction and movement and are
similar to primary germ cells in their ability to perform amoeboid movements and large-scale
migrations within the organism, directed to the localities of asexual reproduction and
regeneration or to the gonads, respectively (Isaeva et al., 2008, 2009; Rinkevich et al., 2009;
Sköld et al., 2009). We believe that the evolutionarily and ontogenetically related cells of
early embryos, pluripotent gametogenic stem cells and germline cells belonging to cell
populations capable of realizing the entire developmental program, including gametogenesis
(and, potentially, subsequent embryogenesis) are not identical to somatic cells (see Fig. 1)
(Isaeva, 2011; Isaeva, Shukalyuk, 2012).
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It has been suggested that the adult pluri- or totipotent stem cell systems like those found
in many invertebrates have evolved as components of clonal asexual reproduction (Agata et
al. 2006; Sköld et al., 2009). The lack of somatic stem cells in such adult metazoans as
nematodes, rotifers, gastrotrichs and insects correlates with their very limited regenerative
capacity and absence of agametic cloning. It was proposed that the colonial strategy is
derived from sexual ancestors and appears independently in different branches of animals
(Blackstone, Jasker 2003; Sköld et al., 2009). The ability to reproduce by cloning is reflected
in an extensive regenerative capacity and it is clear that the widespread distribution of asexual
reproduction as well as the many different modes of clonality within phyla reflect high levels
of cell and tissue plasticity (Sköld et al., 2009).
We postulate that pluripotent stem cells, germline cells and some other cell types share a
basic molecular machinery as a core regulatory gene networks overlapping to a large extent,
which operates in a similar manner across Metazoa and might be recruited by other tissuespecific networks ensuring self-preservation as a defense mechanism against apoptosis, cell
differentiation and aging.
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