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Abstract: Multipotent interstitial stem cells in the freshwater polyp Hydra define
one of the best-studied pre-bilaterian adult cell lineages. Most of them represent a
population of small, fast-cycling cells that give rise to three somatic differentiation
products (neurons, nematocytes, and gland cells) under conditions of continuous
asexual growth and reproduction, and they also form the gametes when sexual
reproduction is initiated. Few proliferate with a longer cell cycle. Interstitial stem
cells in Hydra and other marine hydrozoans have been studied intensively using
sophisticated cellular and molecular methods over several decades. Here, we
discuss the properties of interstitial stem cells in Hydra and the known feedback
control mechanisms maintaining tissue homeostasis and spatial distribution of
interstitial cells along the polyp’s major body axis. We summarize the current state
of knowledge about molecular regulation of self-renewal and somatic differentiation
and put particular emphasis on those molecular factors that have been shown to
affect decision making using methods of functional interference.

1. Introduction

Interstitial cells (ICs) were discovered in the late 19th century by August
Weismann and described as putative migratory germline precursor cells in several
colonial marine hydrozoans, laying a basis for his theory of the germline published
nearly ten years later (Weismann 1883). Labeling techniques and tissue manipulations
revealed the lineage relationships and cellular dynamics of the various types of ICs
in hydrozoans, especially in the freshwater polyp Hydra (Tardent 1954; Miiller 1967;
for review also see David et al. 1987; Bode 1996; Plickert et al. 2012). These studies
showed that all ICs belong to a single adult stem cell lineage with three somatic cell
types—neurons, nematocytes (stinging cells), gland cells—as well as the two types
of gametes as differentiation products (Figure 1A).

Classic studies using Hydra as a model determined the probabilities for
self-renewal and for differentiation into the different somatic interstitial cell types,
and they precisely defined cell cycle and differentiation times (Campbell and David
1974; David and Gierer 1974; Schmidt and David 1986). Thus, there is a detailed
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quantitative understanding of IC lineage dynamics. More recently, omics approaches,
transgenic Hydra polyps and genetic up- and down-regulation have provided
an advanced understanding of the diversity and plasticity of sub-populations
of cells within the IC lineage (Siebert et al. 2008, 2019; Chapman et al. 2010;
Hemmrich et al. 2012; Buzgariu et al. 2015). An unexpected, modified model for
nerve and gland cell differentiation arose from single-cell transcriptome analysis
in Hydra, suggesting that these two differentiated cell types arise from a common
precursor (Figure 1B; Siebert et al. 2019). Altogether, Hydra interstitial stem cells
(ISCs), often referred to as “i-cells” in Hydra and other hydrozoans, and their
differentiation products represent probably the best-studied pre-bilaterian adult
stem cell system, and a number of comprehensive reviews have discussed its various
features (Bosch 2008; Watanabe et al. 2009; Bosch et al. 2010; Hobmayer et al. 2012;
David 2012; Nishimiya-Fujisawa and Kobayashi 2012). Here, after addressing
major ISC properties in Hydra, we summarize the current state of knowledge
about known molecular factors acting in lineage decision making in its asexual
reproduction mode, and we focus on those factors shown to be active in functional
interference assays. More detailed information about expression, putative function
and functional validation of these factors is listed in Table 1. Table 1 also includes
some regulators proposed to act in IC decision making on the basis of their cell
type-specific gene expression.

Table 1. Selected molecular factors acting in the Hydra interstitial cell lineage based
on available functional interference data and/or cell type-specific gene expression.

Factor (References) Cellular Hydra Genome Protein Expression Experimental
Function Model (Augustus) Pattern Validation
ISC self-renewal
HyGSK-3p signal
(Khalturin et al. 2007; trans?iuc tion Sc4wPfr_488.g29970.t1 IsC Smi: alsterpaullone
Broun et al. 2005)
Hyp-Catenin signal transgenesis, Smi:
(Gee et al. 2010; Hartl gna ScawPfr_975.57262.t1 1SC genests, Smi:
et al. 2019) transduction alsterpaullone
(Siebgz'ifsl;m 9 unknown Sc4wPfr_559.g509.t1 ISC scRNAseq
FoxO transcription . .
(Boehm et al. 2012) factor Sc4wPfr_909.g33493.t2 ISC RNAI, transgenesis
HyMycl
(Ambrosone etal. — transcription g 4 p 73 61157141 1sC RNAI, smi: 10058-F4
2012; Hartl et al. 2010, factor CHWHIL_758 ’ 1, ST
2019)
HyMyc2 transcription
(Hartl et al. 2014, pu Sc4wPfr_850.1.g5732.t1 1SC WISH
2019) factor
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Table 1. Cont.

Factor (References) Cellular Hydra Genome Protein Expression Experimental
Function Model (Augustus) Pattern Validation
(]uliI;Ir}lf(‘;vértIe_iIlngl ,  RNAbinding ScdwPfr_597.2.514333.1, IsC transeencsis
Teefy et al 2'020) ! protein Sc4wPfr_661.g19809.t1 8
Nerve cell differentiation
Cnash transcription ISC, sensory
(Grens et al. 1995) factor ScdwPfr_147.88607.t1 neurons WISH
Myb transcription neuronal
(Siebert et al. 2019) factor ScawPfr_423.g13448.t1 progenitor cells scRNAseq
HvSoxC transcription neuronal
(Siebert et al. 2019) factor ScawPfr_351.g11299.t1 progenitor cells scRNAseq
Myc3 transcription neuronal
(Siebert et al. 2019) factor ScawPfr_199.28684.t1 progenitor cells scRNAseq
Cnox2 transcription
(Miljkovic-Licina et al. fac toP; Sc4wPfr_165.g10051.t1 apical neurons RNAi
2007)
Head activator . . :
(Fenger et al. 1994) signal peptide - - peptide treatment
Hym-355 . peptide treatment,
(Takahashi et al. 2000) neuropeptide Sc4wPfr_635.g14708.t1 neurons WISH
Hym33H . peptide treatment,
(Takahashi et al. 1997) neuropeptide  Sc4wPfr_59.2.¢12471.t1 neurons WISH
NDA-1 transgenic
Augustin et al. 2017;  neuropeptide Sc4wPfr_824.¢11313.t1 neurons overexpression and
8 pep 8 P
Siebert et al. 2019) knock-down
prdl-a transcription nerve cell
(Miljkovic-Licina et al. SCHIPHON  geawPfr_1080.g15226.t1 erve ce”s WISH
2007) factor (ectoderm)
prdl-b transcription nematocyte,
Miljkovic-Licina et al. P ScdwPfr_372.827997.t1 i WISH
) &
2007) factor nerve cells
msh transcription nerve cells
(Miljkovic-Licina et al. P Sc4wPfr_87.g16557.t1 v WISH
2007) factor (ectoderm)
COUP-TF transcription nerve cell
iljkovic-Licina et al. c4wPfr_17.g15881.t
(Miljkovie-L 1 P Sc4wPfr_17.g15881.t1 S WISH
2007) factor nematocytes
Nematocyte differentiation
HyZic transcription  Sc4wPfr_252.1.g15359.t1 ii%f;gg::i:;‘g BrdU. WISH
(Lindgens et al. 2004) factor Sc4wPfr_237.2.¢16165.t1 (2-8) !
signal
HvNotch . early nematoblast .
(Kasbauer et al. 2007) Harr;iigglron ScawPfr_326.g15645.t1 differentiation BrdU, smi: DAPT

GSK-3f3
(Khalturin et al. 2007)

phospho-kinase

Sc4wPfr_488.g29970.t1

early nematoblast
differentiation

Smi: alsterpaullone

203



Table 1. Cont.

Factor (References) Cellular Hydra Genome Protein Expression Experimental
Function Model (Augustus) Pattern Validation
Cnash transcription nematoblast
(Grens et al. 1995) factor Sc4wPfr_147.g8607.t1 differentiation WISH
’ (8 and 16 cells)
HyEED co-expressed iceneti
with HyEZH2 er}; gguelafof Scd4wPfr_804.g24124.t1  nematoblast—ISC transgenesis
(Khalturin et al. 2007)
Mycl L .
mbrosone et al. c4wPir_73. .t nematoblast—! .
Amb | transcription g per 73.611571.41 blast—ISC RNAi,
2012) factor smi: 10058-F4
Dkk3 secreted wnt differentiating
(Fedders et al. 2004) modulator ScawPfr 259 g33632.t1 nematocytes WISH
Gland cell differentiation
Myb transcription precursor gland
(Siebert et al. 2019) factor ScawPfr_839.g4024.t1 cells scRNAseq
Dkk1/2/4 A-C secreted wnt endodermal
(Augustin et al. 2006; modulator Scd4wPfr_134_g20117.t1 gland cells in WISH
Guder et al. 2006) gastric region
Gametogenesis
signal
(Kasbi‘:;];ti a7y tramsduction  SchwPfr_326.g15645.11 oocyte smi-DAPT
’ receptor
Cnvasl and Cnvas2 .
o germ-line Sc4wPfr_861.g31120.t1 S
(M"C};loz(‘]lll;l etal. factor ScawPfr 2009.519353.41  8ermline—ISC WISH
Cnnosl and Cnnos2 .
N germ-line ScawPfr_366.g23802.t1 S
(Mocglg&)l;l etal factor ScwPfr_169.g29161.¢1  Sermiine—ISC WISH
Hywi s
(Juliano et al. 2014; RN;—:tlerilimg ScdwPfr_597.2.g14333.t1 germline—ISC immunocytochemistry
Teefy et al. 2020)
__ Pumilio RNA-binding ScdwPfr_112.1.g5130.t1 body column scRNAse
(Siebert et al. 2019) protein & y !
HyEED epigenetic
Genikhovich et al. Pig Sc4wPfr_6.g19136.t1 spermatogonia WISH
8 P 8
2006) regulator
HyMyc2 transcription spermatogenesis,
(Hartl et al. 2014) factor ScdwPfr_850.1.85732.t1 oogenesis WISH
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Figure 1. Schematics of the Hydra interstitial stem cell (ISC) lineage. (A) In the
classic model, an ISC gives rise to somatic nerve cells (nv), gland cells (gl), and
nematocytes (nc). ISCs also form sperm- and egg-restricted stem cells (ssc, esc),
which can differentiate mature sperm cells (sp) and eggs during sexual reproduction.
Nematocyte differentiation starts with the formation of nematoblast (nb) nests,
which differentiate mature nematocytes after going through terminal mitosis.
The committed precursor (pr) for nerve cell differentiation has a limited capacity for
proliferation. (B) Results from single-cell transcriptome analysis suggest a modified
model, in which nerve and gland cells derive from a common precursor (pr), whose
capacity for proliferation is yet not clear. Source: Graphic by authors.
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2. Interstitial Stem Cell (ISC) Properties in Hydra

2.1. ISC Self-Renewal and Stochastic Decision Making

ISCs represent small, undifferentiated cells appearing as single cells or cell
pairs and exhibiting a large nuclear—cytoplasmic ratio, a de-condensed chromatin
with conspicuous nucleoli, a poly-ribosome- and mitochondria-rich cytoplasm,
and multiple chromatoid bodies (nuage) associated with the nuclear membrane
and mitochondria or isolated within the cytoplasm without connections to other
organelles (Figure 2; Hobmayer et al. 2012). In vivo stem cell cloning experiments
using IC-free host tissue demonstrated the multipotency of Hydra ISCs and their
capacity to differentiate into somatic cells and gametes (David and Murphy 1977;
Bosch and David 1987; Nishimiya-Fujisawa and Sugiyama 1993). ISCs reside in
the ectodermal epithelial layer throughout the gastric region. In intact, asexually
growing polyps, ISCs continuously grow in contiguous patches and migrate only
small distances at most (Bosch and David 1990; Boehm and Bosch 2012). Nearly all
ISCs are fast-cycling cells with a cell cycle length of 18-30 h (Campbell and David
1974) and a probability for self-renewal (Ps) of around 0.6 (David and Gierer 1974).
Notably, after keeping clonal lab strains under conditions of fast and indefinite
growth over decades, ISCs do not show any sign of cellular senescence, indicating
that they have evolved mechanisms counteracting the known limits to expanded
stem cell division such as telomere reduction, mitochondrial dysfunction, DNA
damage, etc. (Sun et al. 2020; Tomczyk et al. 2020). There is also a tiny population of
slower cycling ISCs showing an expanded cell cycle length of several days, which can
be activated to proliferate faster by regeneration signals (Govindasamy et al. 2014).
Finally, tracking of Dil vitally labelled ISCs revealed the full capacity for decision
making, in which both daughter cells of a stem cell can remain stem cells or become
differentiation precursors, or in which asymmetric division yields one stem cell
and one differentiation precursor (David 2012). This type of flexible decision
making involves communication of ISCs with their environment and rather complex
processing of incoming short- and long-range signals.
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Figure 2. Ultrastructure of a Hydra interstitial stem cell (ISC). (A) ISC (green)
positioned apically to the basal epithelial muscle fibers and the underlying mesoglea
(yellow). Representative organelles of ISCs are depicted at higher magnification:
(B) nuclear membrane with a nuclear pore, de-condensed chromatin and part of
the nucleolus (n); (C) Golgi apparatus (g) and mitochondrium (m); (D) chromatoid
body/nuage (nu) associated with mitochondria (m); (E) abundant ribosomes and

chain-like poly-ribosomes in the cytoplasm. Bars: 1000 nm in (A), 500 nm in (B-D),
250 nm in (E). Source: Graphic by authors.

2.2. A Putative ISC Niche

Hydra ISCs reside in the interstitial spaces between ectodermal epithelial
cells usually at the basal level of the epidermal layer close to the muscle fibers.
The microenvironment of stem cells (the “niche”) is commonly regarded as an
important regulatory entity for stem cell decision making and for providing
structural, trophic and physiological support. Thus, these interstitial spaces represent
distinct niches for ISCs. They may create a communication space for maintaining the
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multipotent stem cell state or for becoming a committed precursor cell. However,
none of the signals used to communicate has yet been isolated and characterized
by now. Light and electron microscopic images reveal the direct contact of ISCs
over almost their entire membrane surfaces with the membranes of surrounding
epithelial cells (Figure 2). There has been speculation that classic cadherin, as in
bilaterian stem cell niches, is involved in ISC—niche interactions (Bosch et al. 2010).
The Hydra genome indeed encodes one large classic cadherin protein (Chapman
et al. 2010), and this gene is transcriptionally activated in ectodermal epithelial cells
and ISCs (Hydra single-cell transcriptome data available at the Broad Institute Single
Cell Portal; Hobmayer lab, unpublished data). Functional analysis is required to
validate this view. Furthermore, direct contact between ISCs and the mesoglea,
Hydra’s extracellular matrix, has been discussed (Bosch et al. 2010), but also here a
more detailed analysis using advanced imaging and molecular methods is needed to
validate this idea.

2.3. Known Feedback Regulation through Signaling from Beyond the Niche

Two aspects of continuously growing asexual mass cultures of Hydra clearly
suggest that ISC behavior must be under tight control of complex feedback signaling
and global patterning mechanisms. First, ICs exhibit a defined distribution pattern
along the polyp’s major head—foot body axis. ISCs are restricted to the gastric
region, and they do not occur in the differentiated head and foot areas. This was
first demonstrated by David and Plotnick (1980) by analyzing the axial origin
of self-renewing and clone-forming interstitial cells in host aggregates. Later, it
was confirmed using ISC-specific antibody staining and stable transgenic polyps
expressing GFP in ISCs (David et al. 1987; Wittlieb et al. 2006). The boundaries to
the head and foot areas of differentiation are sharp, raising the question of how
such sharp boundaries are maintained under conditions where the entire tissue
is constantly growing and cells are permanently changing positions. Positional
information provided by the primary axial patterning system was suggested to shift
ISC decision making from self-renewal to differentiation at the gastric region-head
and gastric region-foot boundaries (Bosch 2008). Wnt/beta-Catenin signaling plays
a central role in the Hydra head organizer, the polyp’s major signaling center
for axial patterning and setting up positional information (Hobmayer et al. 2000;
Broun et al. 2005). Furthermore, accumulating evidence as discussed below in more
detail shows the effects of beta-Catenin on ISC maintenance, as well as on nerve and
nematocyte differentiation.

Second, asexual polyp growth strictly follows the rules of homeostasis. All cell
types maintain their numbers relative to each other. During permanent tissue growth,
they increase in numbers at the same pace, despite the fact that cell cycle lengths and
differentiation times of the various cell types differ substantially. Since cell death
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plays no role in asexually growing polyps, survival and the production of new cells by
proliferation and differentiation are the main players, and they require permanent cell
communication throughout the entire body column. By experimentally manipulating
the density of selected cell types, feedback mechanisms coming from beyond
the ISC niche were uncovered. ISC self-renewal reacts to the ISC density in the
surrounding gastric tissue. Low density causes an increase in the probability for
self-renewal, and high density a decrease (Bode et al. 1976; David and MacWilliams
1978; Sproull and David 1979; Fujisawa 1992). This feedback mechanism seems to be
strain-specific, since ISCs do not respond to host ISC densities in tests using donor
and host cells from different Hydra strains (David et al. 1991). Transplantation studies
introducing ISCs into host tissue with variable nerve cell densities demonstrated that
the nerve cell density positively affects ISC proliferation (Heimfeld and Bode 1985;
Bosch et al. 1991). Finally, Boehm and Bosch (2012) demonstrated that non-migratory
ISCs are stimulated to migrate towards gastric tissue devoid of ISCs. They proposed
two alternative models explaining the observed migration patterns. Either attractive
signals from empty niches may activate and direct ISC migration over some
distance, or gastric tissue holding normal ISC densities may constantly emit signals
suppressing ISC migration. None of the proposed signals discussed above has been
identified by now. In summary, our understanding of the molecular nature of the
described feedback mechanisms is only at its very beginning.

3. Molecular Factors Acting in Somatic IC Decision Making in Hydra

3.1. ISC Maintenance/Self-Renewal Factors

According to the current paradigm, adult stem cell maintenance and the
maintenance of pluri- or multi-potency is a result of the action of a distinct set
of molecular factors, mostly stem cell-specific transcription factors. Among these
factors, Oct4, Sox2, Kfl4, and c-Myc have become famous for inducing pluripotency
in mammalian somatic cells (Takahashi and Yamanaka 2006). Based on this, they
have been prime candidates in searches for stemness factors in other animals.
However, there is little evidence that they play such a role across the animal kingdom.
The Hydra genome does not encode homologs of oct4 and kif4 genes. Genes of related
sub-families are encoded in the Hydra genome, but the closest relatives to oct4 and kif4
sub-families are not expressed in ISCs. Likewise, paralogs of the sox gene family are
encoded. However, while several of them are expressed in the interstitial cell lineage,
none of them is clearly and specifically activated in ISCs (Siebert et al. 2019). Taken
together, these results suggest that different animal lineages have evolved different
molecular signatures to maintain adult stem cells. A strong candidate factor for ISC
maintenance in Hydra and some bilaterians including vertebrates is the transcription
factor fork head box O, FoxO (Figure 3; Table 1). Overactivation of FoxO in normal
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polyps increased ISC proliferation (Boehm et al. 2012). It also activated expression of
vasa and piwi, two known stem cell genes (see below), in ISCs and in differentiating
nematocytes.

self-renewal nerve cell
differentiation
FoxO Head activator

cAMP Hym33H Cnox2 }

| L.
M \\7{_!)‘

B- Catenln — T
B- Catenln Hym355 7

| EREEEE
~
A\ 4

-Catenin

nematoblast
proliferation

nematocyte
differentiation

Figure 3. Schematic of the known molecular regulators of self-renewal and
differentiation in the Hydra interstitial cell lineage. Positive and negative regulators
are depicted in green and red, respectively. The precise time of action of these
factors along a differentiation trajectory is in most cases unknown. Thus, the
depicted position does not necessarily represent the precise sequence of events.
Source: Graphic by authors.

Among the four myc gene homologs identified in Hydra, a structural and
biochemical characterization showed HyMycl and HyMyc2 to share high similarities
with c-Myc from vertebrates (Hartl et al. 2010, 2014). RNA interference suggested an
initially unexpected role of hymycl to decrease ISC self-renewal (Figure 3; Table 1;
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Ambrosone et al. 2012). The hymycl promoter turned out to be a target of repression
by Wnt/-Catenin signaling (Hartl et al. 2019). Furthermore, transgenic animals
overexpressing nuclear 3-Catenin show an increase in ISC density, which indicates an
overall stimulating effect of Wnt/3-Catenin signaling on ISC self-renewal possibly
by a double-negative cascade via HyMycl (Figure 3; Table 1; Hartl et al. 2019).
The precise function of HyMyc2 in ISC maintenance is not clear at the present.
The hymyc2 gene is expressed in all proliferating cells in Hydra, including ectodermal
and endodermal epithelial cells as well as gamete precursor cells, and its mRNA is a
maternal contribution to early embryos (Hartl et al. 2014). Furthermore, the hymyc2
exon/intron structure and the encoded amino acid sequence are slightly more similar
to vertebrate c-myc than hymycl. Thus, we proposed that hymyc2 represents the
functional Hydra homolog of vertebrate c-myc with a corresponding active role in cell
cycle regulation and stem cell self-renewal (Hartl et al. 2014). Functional interference
experiments to test this view are ongoing in our lab.

There are putative ISC stemness factors proposed primarily based on gene
expression data. The so-called germline-specific genes nanos, vasa and piwi are
strongly expressed in male- and female-restricted stem cells in Hydra, but also in
multi-potent ISCs (Table 1; Mochizuki et al. 2000, 2001; Juliano et al. 2014; for
review see Nishimiya-Fujisawa and Kobayashi 2012). Activation of these genes
in somatic adult stem cells was observed in other sexually and asexually reproducing
taxa such as Porifera, various other Cnidaria, Platyhelminthes, and Echinodermata,
indicating that there is no clear soma-germline boundary in these species and that
these genes contribute to maintaining adult stem cell multipotency (for review
see Juliano and Wessel 2010). A recent in-depth Hydra single-cell transcriptome
analysis identified only a single marker gene expressed specifically in the putative
multipotent ISCs (Siebert et al. 2019). This new factor, Hy-icelll, has no homolog in
the DNA data bases, and its function in ISCs is unknown at the present. Notably,
single-cell transcriptomics failed to identify a specific set of ISC stemness factors
(Siebert et al. 2019). Hence, it was argued that ISCs are largely defined by the absence
of activity of cell type-specific differentiation genes. How this lack of differentiation
activity is maintained is not known, but an understanding of its underlying molecular
regulation will be essential to understand the potency and longevity of Hydra
stem cells.

3.1.1. Nerve Cell Differentiation

Hydra exhibits a rather simple nervous system with distinct sub-clusters building
three non-overlapping networks (Dupre and Yuste 2017; Siebert et al. 2019). ISC
commitment for neuronal differentiation occurs in the late S-phase in the gastric
region (Venugopal and David 1981). Committed nerve precursors then either migrate
towards the head and foot areas or stay in the gastric region in order to support the
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growing neuronal network along the body column and the replacement of neurons
lost at the terminal ends. Nerve precursors mostly undergo one terminal mitosis
to yield two differentiated neurons; very few undergo one or two more divisions
to yield four or eight neurons (Heimfeld and Bode 1985; Hager and David 1997;
Technau and Holstein 1996).

Several studies revealed an unexpected action of small peptide signaling in
nerve cell differentiation (Figure 3; Table 1). Intact polyps treated with either purified
or synthetic Head Activator peptide (pEPPGGSKVILF) showed a significantly
increased number of nerve cells throughout the body column (Holstein et al. 1986).
This effect can be mimicked by cAMP, indicating that cAMP acts as second messenger
in this cascade (Fenger et al. 1994). The gene encoding the Head Activator peptide
sequence has yet not been found in the Hydra genome. Its origin thus remains
elusive. Two other small peptides regulate neurogenesis in Hydra. Hym-355, a
neuropeptide secreted along the entire body column (FPQSFLPRGa), enhances
nerve cell differentiation in the early commitment phase, and treatment with
this peptide leads to substantially higher numbers of nerve cells in the polyp
(Takahashi et al. 2000). The epitheliopeptide Hym-33H (AALPW) counteracts nerve
cell differentiation most likely also acting on early precursors (Takahashi et al. 1997).

Khalturin et al. (2007) showed that the differentiation of Hym-355-positive
neurons is stimulated in Hydra treated with the 3-Catenin-stabilizing small molecule
Alsterpaullone. Wnt/3-Catenin signaling is also strongly elevated in transgenic
polyps, in which a 3-Catenin-GFP fusion protein is driven by the actinl promoter.
The density of neurons in the body column of these transgenic polyps is more
than twice as high as in controls (Hobmayer lab, unpublished data), clearly
supporting the view that Wnt/ 3-Catenin signaling stimulates neurogenesis in Hydra
(Figure 3; Table 1). Neurogenesis in the head of Hydra polyps is suppressed by the
knock-down of the transcription factor Cnox-2, as shown by using RNA interference
(Figure 3; Table 1). In addition, qPCR-data indicated that cnox-2 is an upstream
regulator of the nerve cell marker genes pradi-a, gsc, RFamide-B and hyCOUP-TF
(Miljkovic-Licina et al. 2007). Single-cell transcriptomics demonstrated that a few
other transcription factors are specifically expressed in neuronal progenitor cells
(HvSoxC) and in the population of precursors common to nerve and gland cell
differentiation (Myb and Myc3; Table 1; Siebert et al. 2019).

3.1.2. Gland Cell Differentiation

Endodermal gland cells are differentiation products of ISCs, but they retain a
capacity for proliferation in their differentiated state. Thus, very few gland cells are
produced anew, while most of them reproduce by cell division (Schmidt and David
1986). Gland cells actually represent a set of different sub-populations distributed
along the body column (Siebert et al. 2019), and they have been shown to change their
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phenotype by trans-differentiation when they change their axial position following
global tissue movement (Siebert et al. 2008). Gland cell differentiation is not well
studied in terms of regulatory molecular factors. As described above, gland cells
seem to share a common precursor with differentiating neurons based on specific
activation of myb and myc3 genes (Table 1; Siebert et al. 2019).

3.1.3. Nematocyte Differentiation

ISCs committed for nematocyte differentiation undergo two to four steps of
proliferation, resulting in cell nests of proliferating nematoblasts with a nest size of
4s to 16s. Nematoblast nests then undergo terminal mitosis and thereby form nests of
differentiating nematocytes with a nest size of 8s to 32s (David and Challoner 1974).
During the differentiation phase, every nest cell builds a fully functional nematocyte
capsule. Upon completion of this process, nests break up, and individual and fully
mature nematocytes start to migrate. Finally, nematocytes are taken up and mounted
at the apical membrane in ectodermal epithelial cells, mostly in ectodermal battery
cell complexes in the tentacles.

Wnt/3-catenin signaling may have two modes of action in this pathway
(Figure 3; Table 1). First, the total number of nests of proliferating nematoblasts
in the body column of a polyp is strongly reduced upon nuclear activation of
-catenin in Alsterpaullone-treated and in (-catenin transgenic polyps (Figure 3;
Khalturin et al. 2007); Hobmayer lab, unpublished data). Second, post-mitotic
differentiation of nematocytes seems to be strongly enhanced by Wnt/3-catenin
signaling based on the observation that differentiating nests expressing the
marker gene nb035 disappear, whereas mature nematocytes expressing the
marker gene nb031 strongly increase in numbers upon Alsterpaullone treatment
(Khalturin et al. 2007). In addition, Myc1 seems to be involved. The down-regulation
of mycl mRNAs by RNA interference resulted in an increase in nests of proliferating
nematoblasts and in an increased ratio of mature nematocytes/battery cells in the
tentacles (Figure 3; Table 1; Ambrosone et al. 2012). Equivalent results were obtained
after treatment of Hydra polyps with the c-Myc-specific small-molecule inhibitor
10058-F4 (Ambrosone et al. 2012).

Finally, Notch signaling has been reported to promote nematocyte differentiation
in the early post-mitotic phase possibly by acting in nematoblast nests shortly before
terminal mitosis (Figure 3; Table 1). This was shown using the small-molecule
inhibitor DAPT, which inhibits gamma-secretase and therefore prevents downstream
Notch signaling. Treating Hydra polyps with DAPT inhibited the expression of
the nematocyte marker genes nb031 and nb035, strongly reduced the numbers of
nematocyte nests with small vacuoles, and it forced differentiating nematocytes to
undergo programmed cell death (Kadsbauer et al. 2007; Khalturin et al. 2007).
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4. Conclusions

Deciphering the molecular regulation of decision making in the Hydra IC lineage
is at its beginning. A detailed single-cell transcriptomic atlas and advanced methods
for stable transgenesis and genetic knock-down join the available molecular tool kit,
including a genome annotated at the chromosome level. A large set of sophisticated
methods allows the analysis of Hydra ISCs and their lineage products at the cellular
level. Due to its simple body plan, all this can be carried out in vivo in fully intact
polyps. Furthermore, ISC behavior is also studied in related marine hydrozoans such
as Hydractinia and Clytia. The action of the germline factors Nanos, Vasa and Piwi, as
well as Myc function, may be conserved. However, there are unexpected differences
among the hydrozoan polyp models. Polynem, a POU domain transcription factor
more closely related to vertebrate Oct4 than any Hydra Pou transcription factor
seems to keep cells undifferentiated in Hydractinia and is able to induce neoplasia
when overactivated (Millane et al. 2011). While AP2 is a core activator for germ
cell formation in Hydractinia and higher animals (DuBuc et al. 2020), single-cell
transcriptome data do not support this role in Hydra. Clytia Sox proteins, in contrast
to those in Hydra, seem to affect the balance between self-renewing stem cells and
cells undergoing differentiation (Jager et al. 2011). Thus, there is obvious within-class
diversity in the action of stem cell and differentiation factors among different
hydrozoans, and each lineage may have evolved a stemness regulation adapted
to its specific life cycle needs.

What are the imminent questions to be resolved? It is clear that we do
not understand most of the key issues well enough. How is stemness and the
non-differentiation state of ISCs in Hydra and other hydrozoan polyps defined
at the molecular level? What are the molecular signals acting in direct niche
interactions? How do long-range feedback mechanisms work? Finally, what roles do
post-translational modifiers play, and which types of epigenetic mechanisms affect
stem cell maintenance and differentiation? Isolating these regulatory factors will
clearly contribute to a more general understanding of adult stem cell dynamics and
decision making in the common ancestor of Bilateria, and more generally to the
evolutionary ancestry of cellular plasticity, regeneration, and ageing.
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