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Cell signaling molecules in hydra: insights into evolutionarily

ancient functions of signaling pathways

SURENDRA GHASKADBI*
Developmental Biology Group, MACS-Agharkar Research Institute, Pune, India

ABSTRACT Hydra, a Cnidarian believed to have been evolved about 60 million years ago, has been a
favorite model for developmental biologists since AbrahamTrembley introduced it in 1744. However,
the modern renaissance in research on hydra was initiated by Alfred Gierer when he established
a hydra laboratory at the Max Plank Institute in Géttingen in the late 1960s. Several signaling
mechanisms that regulate development and pattern formation in vertebrates, including humans,
have been found in hydra.These include Wnt, BMP, VEGF, FGF, Notch, and RTK signaling pathways.
We have been using hydra to understand the evolution of cell signaling for the past several years.
In this article, | will summarize the work on cell signaling pathways in hydra with emphasis on our
own work. We have identified and characterized, for the first time, the hydra homologs of the BMP
inhibitors Noggin and Gremlin, the vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF) and several receptor tyrosine kinases (RTKs). Our work, along with that of others,
clearly demonstrates that these pathways arose early in evolution to carry out functions that were
often quite different from their functions in more complex animals. Apart from providing insights
into morphogenesis and pattern formation in adult, budding and regenerating hydra, these find-
ings bring out the utility of hydra as a model system to study evolutionarily ancient, in contrast to
recently acquired, functions of various biological molecules.
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Introduction

Cell-cell signaling

Evolution and survival of multicellular organisms depend on
the close coordination between their constituent cells, and any
coordinative activity of cells requires effective communication
amongst themselves. Cells communicate with their near and dis-
tant neighbors or with cells located far away from them through
various means. While cell-cell communication remains crucial
throughout the life of an organism, it is particularly important, and
spectacular, during developmentand pattern formation. During early
embryonic development, the chemical communication between
cells is predominantly of autocrine or paracrine nature; endocrine
signaling mechanisms begin to operate much later. Construction
of a metazoan body plan involves a large number of cellular inter-
actions, such as, cell adhesion, cell migration, cell differentiation
and cell death, over a fairly long period of time. In spite of this,
a relatively small number of signaling pathways, namely, TGF-b,
Whnt, Hedgehog, Notch, JAK/STAT, receptor tyrosine kinase (RTK),
and nuclear hormone pathways, are sufficient for this purpose
(Gerhart 1999; Reinhardt et al., 2004; De Robertis 2008; Babonis

and Martindale 2017). These pathways operate in almost all the
multicellular animals studied till date.

Why hydra?

Hydra is a basal metazoan that belongs to phylum Cnidaria, to
which corals and jelly fish also belong. Itis a fresh water diploblast
with a simple but organized body plan (Bosch 2008). The body is
cylindrical with an oral-aboral axis and radial symmetry. The oral
end consists of amouth-like opening called hypostome surrounded
by 6-8 tentacles (the number can vary within and across species)
that help the animal sense and capture its prey. The aboral end
has a ‘foot’ that helps the animal to attach to the substratum. Some
species exhibit a stalk-like structure called peduncle just above
the foot. The remaining part is called body column (Bode 2003).
Hydra is made up of about 20-25 different cell types. It consists
of three distinct stem cell lineages; the ectodermal epithelial stem
cells, the endodermal epithelial stem cells and the interstitial or |
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cells. Thefirsttwo give rise to ectodermal and endodermal epithelial
cells while the third, the | cells, are truly multipotent since they can
give rise to neurons, nematocytes, gland and mucous cells as well
as sperm and ova, when required (Bode 1996, 2009). The | cells
and their precursors reside in the ectoderm of the upper two third
of the body column. The ectodermal and endodermal stem cells
self-renew in about 3-4 days while the | cells recycle much faster,
in about 1.5 days. Hydra exhibits peculiar cell dynamics in that
the body cells are continuously replaced by new cells which are
the differentiated progeny of the stem cells. Consequently, cellular
processes such as cell proliferation, cell adhesion, cell migration,
cell differentiation and cell death are always active in adult hydra
polyps; itis therefore often referred to as everlasting embryo (Mar-
tinez and Bridge 2012). Hydra thus provides the unique opportunity
to study several different embryonic phenomenain an adult organ-
ism. Further, hydra does not exhibit organismal senescence and
is therefore considered to be potentially immortal (Martinez 1998).

Hydra is believed to have diverged from anthozoans about 60
million years ago (Martinez et al., 2010). In spite of its evolutionarily
ancient origin, several genes and proteins in hydra exhibit close
homology with their counterparts in vertebrates, including humans
(Hobmayer et al., 2000; Galliot and Schmid 2002; Chandramore
et al., 2010; Barve et al., 2013a, b). For example, hydra noggin
mMRNA, on injection in early Xenopus embryo, results in duplication
of the dorsoventral axis (Chandramore et al., 2010); this clearly
demonstrates that the noggin gene and its protein product are not
only structurally but also functionally conserved in vertebrates (for
details see section 3.3). Based on many such findings, it appears
that the so-called genetic toolkit required to build multicellular
organisms with extraordinary complexity already existed over 60
million years ago. This makes hydra a very powerful model system
in evolutionary developmental (evo-devo) biology.

Our hydra journey

Our own interest in using hydra to answer some of the ques-
tions in developmental biology began with the discovery that the
Wnt pathway is present and active in hydra (Hobmayer et al.,
2000). In this study, it was elegantly shown that hydra possesses
the Wnt pathway with several of the Wnt pathway players exhibit-
ing close structural and functional homology with their vertebrate
counterparts. The study revealed that hydra Wnt may be important
during head formation. Until that time, it was generally believed
that many signaling pathway may have evolved much later in
evolution (in more complex metazoans) but the hydra Wnt paper
offered a fresh line of thought. Until this time, our laboratory used
chick and frog embryos to understand aspects of mesoderm and
neural induction. However, for multiple reasons, probably unique
to Indian conditions, the non-availability of good quality frog and
chick embryos was becoming a serious impediment in our work.
The three things, discovery of Wnt pathway in hydra, our previous
experience of using hydra (Ghaskadbi and Mulherkar 1984) and the
non-availability of good vertebrate embryos for experimentation,
prompted us to turn to hydra. One of the interests in the lab at that
time was how neuraltissueisinduced, and we reasoned that hydra,
whichis one of the firstorganisms to possess an organized nervous
system, may be a useful model system to address this issue. We
brought our first hydra polyp from botanical garden of Department
of Botany, Savitribai Phule Pune University and started a culture
in the year 2000, the progeny of that polyp are still maintained in

TABLE 1

SIGNALING PATHWAYS IN HYDRA

Signaling pathway References

Canonical Wnt/B catenin signaling

Proposed function

B catenin Axis formation Hobmayer et al., 2000
Formation of head organizer Broun et al., 2005
- Hobmayer et al., 1996
Dickkopf Antagonism of Wnt pathway (?) Augustin et al., 2006

Noncanonical and ca-
nonical Wnt signaling

Early bud evagination Philipp et al., 2009

FGF signaling

Kringelchen (HVFGFR)  Bud detachment Sudhop et al., 2004

FGF Interstitial cell maintenance (?) Krishnapati & Ghaskadbi 2013
Morphogenesis, cell differentiation (?) Lange et al., 2014

BMP pathway

BMP5-8b Tentacle formation, patterning of aboral Reinhardt et al., 2004
end of body axis

Chordin Organizer formation Rentzsch et al., 2007

Noggin Organizer formation (?) Chandramore et al., 2010

Gremlin ? Krishnapati et al., pending

VEGF pathway

VEGF Bottger et al., 2006

Stem cell maintenance, tube formation Krishnapati & Ghaskadbi 2013
and/or branching (?)
Receptor tyrosine kinases (RTKs)

Budding, gametogenesis (?) Miller & Steele 2000

Reddy et al., 2011

Lemon

RTKs (genome-wide
Screen)

Notch signaling Interstitial cell differentiation (?) Késbauer et al., 2007

Boundary formation during budding Minder et al., 2010
Head regeneration, tentacle patterning Munder et al., 2013

Watanabe et al., 2014
Steele et al., 1996
Benedict et al., 2019

Nodal signaling Determination of biradial asymmetry
Insulin signaling Growth and patterning

Insulin signaling (togeth- Body size control (through Wnt and
er with temperature) TGF- B signaling pathways)

the laboratory, along with several other strains. As it turned out,
instead of finding out how neural induction takes place in hydra,
our work led to discovery of some molecules from hydra that are
homologous to players that are part of cell-cell signaling repertoire
of vertebrates. In this article, | will first briefly mention the various
signaling pathways discovered in hydra so far and then review our
studies on Noggin and Gremlin, inhibitors of bone morphogenetic
protein (BMP) signaling pathway, the vascular endothelial growth
factor (VEGF), RTKs and fibroblast growth factor (FGF) from hydra.

Signaling pathways discovered so far in hydra

The various signaling pathways discovered in hydra are listed
in Table 1. We have identified noggin, VEGF, several RTKs and
FGF from hydra. This work will be reviewed in the following sec-
tions. Characterization of gremlin from hydra that we recently
identified is still going on at structural and functional levels; these
results will not be covered here. Also, as in any other multicellular
organism, signaling pathways do not function in isolation in hydra.
The interactions between different signaling pathways will not be
covered in this article. Further, though a mention of all the signal-
ing pathway molecules in hydra reported till date will be made at
some point or the other, only work from my own laboratory will be
discussed in detail.



The bone morphogenetic protein (BMP) pathway

Hydra BMP

BMP signaling pathway happens to be a key regulator of several
developmental events. BMPs belong to the TGFb family of growth
factors. They participate in the patterning of the mesoderm in ver-
tebrate embryo. Hydra, however, is diploblastic, lacking mesoderm.
It was therefore interesting to find out if hydra possesses BMP
molecules and for what purpose. An orthologue of BMP5-8 was
found in hydra (Reinhardt ef al., 2004). Hydra smad (Hysmad), a
molecule important in BMP signaling had already been reported
from hydra (Hobmayer et al., 2001). Hysmad5-8 was found to be
expressed at the base of tentacles in the adult polyp and at the
points of origin of tentacles during bud formation and regenera-
tion of head. It was concluded that Hysmad5-8 participates in the
initiation and maintenance of tentacles (Reinhardt et al., 2004).

Neural induction and dorsalization in Xenopus embryo

One ofthe most critical features of regulation of the BMP signaling
pathway in vertebrates is the involvement of a number of secreted
BMP antagonists, such as, chordin, noggin, follistatin and gremlin,
which bind to BMP ligands, inhibiting them from binding to their
own receptors; this leads to inhibition of BMP signaling. Selective
inhibition of BMP signaling is crucial for several biological processes
during embryonic development, morphogenesis, organogenesis
and tissue maintenance. One of the most crucial developmental
events that results from BMP inhibition in the early amphibian
embryo is neural induction. The respecification of part of the ecto-
derm to become neural ectoderm is brought about by the influence
of Spemann’s Organizer on the overlying ectoderm (Nieuwkoop
1952, 1985). By using an elegant experimental approach it was
demonstrated that the influences from the Organizer are of an
inhibitory nature (Hawley et al., 1995). These workers created and
used dominant negative versions of Xenopus BMP4 and BMP7 and
after employing a multitude of controls, demonstrated that neural
induction results due to inhibition of BMP signaling in a subset of
ectodermal cells. In other words, ectodermal cells with persisting
BMP signaling cannot take the neural pathway. An intense search
for a ‘neural inducer’ was going on for decades, since, arguably,
induction of the nervous system is one of the most crucial events
in early development of animals. Findings of Hawley et al. (1995)
narrowed down the search to molecules of the Spemann Organizer.
Three neuralinducers were identified in the early 1990s, all of which
indeed turned out to be inhibitors of BMP. The first in the list was
noggin (Smith and Harland 1992; Lamb et al., 1993) followed by
chordin (Sasai etal., 1994, 1995) and follistatin (Hemmati-Brivanlou
et al., 1994). Out of these, the first two, noggin and chordin also
act as dorsalizing factors. Interestingly, it has been shown that
there exists some redundancy of function between noggin, chordin
and follistatin (Khokha et al., 2005; Dal-Pra et al., 2006). The first
indication that BMP inhibitors may be present in hydra came from
our own studies in 2001 (Chatterjee et al., 2001; Meinhardt 2004).

Hydra noggin

Detection of noggin transcripts in hydra
We began our work by looking for signaling molecules in hydra
as one of our aims was to better understand the phenomenon of
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neuralinduction. Cnidarians were the firstorganisms to have evolved
an organized nervous system. We reasoned that hydra, being a
Cnidarian, might provide clues to how nervous systemis formed. We
started off by looking for presence of noggin in hydra. As discussed
earlier, noggin is one of the neural inducers in vertebrate embryos.
We looked for noggin transcripts in hydra by using heterologous
probes from Xenopus. To our delight, we could detect expression
of nogginin hydra by whole mount in situ hybridization (Chatterjee
et al., 2001). Further, the expression pattern turned out to be very
specific; noggin transcripts were localized to the hypostome, to
the base of tentacles and to the basal region in the adult polyp
(Fig. 1A). During budding, the preferred mode of reproduction in
hydra, the transcripts were detected in the center of the bud in very
early stages which subsequently became localized to the points
of emergence of tentacles (Fig. 1B). Another gene studied along
with noggin, goosecoid, exhibited a completely different pattern
of expression (Chatterjee et al., 2001). We surmised that noggin
may be involved in the differentiation of neurons as these reside
at sites (Muller 1996) where we detected noggin transcripts. This
work suggested that active transcription of genes important in
morphogenesis and pattern formation in a fully developed hydra
probably confers on it the remarkable ability to regenerate and be
immortal. In spite of the fact that we had used heterologous probes,
about which we were a bit uncomfortable then, the observations
turned out to be absolutely spot on in our subsequent studies (see

A

Fig.1. Noggin-like transcripts in hydra. (A) Noggin-like transcripts in the
hypostomal region (hp) and basal disc (bp) in an adult hydra. (B) Noggin-like
transcripts during budding. The bud on the left is youngestin developmental
age. Reproduced from Chatterjee and Ghaskadbi (2001) with permission
from Journal of Biosciences.
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Fig. 2. Comparative analysis of hydra Noggin protein structure. Protein
structures of Homo sapiens (A), Xenopus laevis (B), Nematostella
(C) and hydra (D). Noggins were deduced using Swiss Model program
based on homology modeling. In hydra Noggin, two helices are absent
(the regions are indicated by white arrows) as compared to other Noggin
proteins. Reproduced with permission from Chandramore et al. (2010)
from John Wiley and Sons.

later). This was, to our knowledge, the first report of existence of
a BMP inhibitor in hydra. The work was cited by Hans Meinhardt
(Meinhardt 2004), which was a great incentive for us to carry on.

Expression of noggin in the hypostome and basal disk was
interesting since these regions function as organizers and are
capable of inducing an axis on transplantation to a host hydra
(Browne 1909; Kadu et al., 2012; Gilbert and Barresi 2018). Our
results thus indicated that noggin is expressed in the hydra orga-
nizer, just like in the amphibian organizer.

Characterization of hydra noggin

It took us quite a while to establish a reasonably good hydra
laboratory at Agharkar Research Institute, Pune, India. There was
no other group in India working on hydra at that time (even today,
unfortunately, there are just a few). By this time, information on
hydra ESTs became easily available through the sequencing of
the hydra genome took a while (Chapman et al., 2010). By using a
combination of techniques in bioinformatics, molecular biology and
embryology, we could identify and to some extent characterize hydra
noggin (Chandramore etal., 2010). It showed significant homology
with its orthologues at the amino acid level. Several amino acid
residues conserved in vertebrates, including characteristic cysteine
residues of the noggin family, and the nine cysteine residues that
confer conformational rigidity to the long finger of human noggin
(Groppe et al., 2002), are present in hydra. Homology modeling
revealed significant similarities in the three-dimensional structure of
hydra noggin with those of humans, Xenopus and Nematostella, a
starlet sea anemone (Fig. 2). This was exciting discovery indeed!

Mere structural conservation of hydra noggin in vertebrates did
not necessarily mean, however, that it is functionally conserved
in more complex organisms. A favorite assay to address this
question is to express the hydra molecule in question in Xenopus

embryos and see if a phenotype is induced (for example, see
Hobmayer et al., 2000). We injected mRNA for hydra noggin in
early Xenopus embryos and observed axis duplication in 100%
of embryos. This confirmed the functional conservation of hydra
noggin in vertebrates (Chandramore et al., 2010). As mentioned
earlier, noggin acts as a dorsalizing factor in Xenopus embryos.
We designed experiments to find out if hydra noggin exerts a dor-
salizing effect in Xenopus embryos. It is known that exposure of
very early Xenopus embryos to ultraviolet (UV) radiation causes
ventralization (formation of ventral rather than dorsal structures:
De Robertis et al., 2000; Fang et al., 2000) and such embryos
can be rescued by over-expression of Xenopus noggin (Smith et
al., 1993). We performed this experiment using hydra noggin in
Xenopus embryos with appropriate controls and found that hydra
noggin can rescue Xenopus embryos from UV radiation-induced
dorsalization (Fig. 3). This was extremely interesting since hydra
does not possess adorsal-ventral axis, or for that matter an anterior
posterior axis (Meinhardt 2002). That hydra noggin brings about
its effects in Xenopus embryos by inhibiting the BMP pathway
was confirmed by using the animal cap assay (Chandramore et
al., 2010). The results clearly mean that whatever the function(s)
of noggin in hydra, its function as a dorsalizing factor is a recent
evolutionary acquisition.

Hydra chordin

Along with noggin, chordin plays an important role in many de-
velopmental processes (for review, see Bier and De Robertis 2015).
An important paper (Rentzsch et al., 2007) reported chordin-like
gene (HyChdl) from hydra which exhibits close structural similar-
ity with other chordins and is capable of inhibiting BMP signaling
in zebrafish embryos. HyChdl was upregulated during several
patterning events, such as budding, regeneration and reaggrega-
tion. The overall findings of this study showed that HyChdl plays
an important role in the formation of the head organizer in hydra.
This study once again showed the evolutionarily ancient role of
BMP antagonists.

Hydra gremlin

We have recently identified and partially characterized gremlin
from hydra, which seems to be structurally conserved up to humans
(Krishnapati L.S. et al., unpublished). The expression pattern of
gremlin in hydra and elucidation of its function is in progress.

Vascular endothelial growth factor (VEGF)

As a part of our continued effort to identify signaling pathways in
hydra, we decided to look for the existence of vascular endothelial
growth factor (VEGF) in hydra. Though VEGF in hydra was first
detected in a genetic screen for signal peptides in hydra (Béttger
et al., 2006), characterization of hydra VEGF had remained to
be done. VEGF is a member of the platelet derived growth factor
(PDGF) family and plays an important signaling role in formation
of vascular systemin the developing embryo (vasculogenesis) and
formation of new blood vessels (angiogenesis). Though initially
isolated as an endothelial-specific growth factor, several cells of
non-endothelial origin, such as, Schwann cells, astrocytes, nerve
cells, and neural stem cells secrete VEGF. VEGF has been impli-
cated in neuronal growth in vitro and in vivo (Jin et al., 2002; Ruiz
de Almodovar et al., 2009). What further prompted us to look for



VEGF in hydra was that its Cnidarian relative jelly fish Podocoryne
carnea possesses homologues of VEGF and vascular endothelial
growth factor receptor (VEGFR). Hydra lacks blood and blood
vessels, which are of mesodermal origin. Moreover, in an earlier
study (Reddy etal.,2011), we had detected homologues of VEGFR
in hydra (for details see section 6). We therefore decided to find
out if VEGF exists in hydra and if it does, what could be its role.

We detected putative gene model for VEGF in Hydra magnipapil-
lata genome browser (Krishnapati and Ghaskadbi 2013). In silico
analysis revealed that it contains the characteristic PDGF domain.
We cloned VEGF from Hydra vulgaris Ind Pune and studied its
expression pattern by whole mount in situ hybridization and semi-
quantitative RT-PCR. VEGF was found to be expressed in the body
column and the tentacles with very high expression in the lower
one third of the body column. Transverse sections of these polyps
showed that VEGF was expressed more in the endoderm than the
ectoderm; this was confirmed using semi-quantitative RT-PCR in
separated ectodermal and endodermal tissue (Fig 4). To further
substantiate this observation, we used a mutant hydra, sf-1 hydra
(Sugiyama and Fujisawa 1978), which loses its nematocytes when
transferred to the higher temperature of 28°C from the normal
temperature of 18°C at which it is maintained. Hydra maintained
at 28°C showed higher levels of VEGF as they did not contain
nematocytes, which reside exclusively in the ectoderm (fig. 5).

In order to find out the function of VEGF in hydra, we treated
non-budding and budding polyps as well as head and foot pieces

Y
UV+Hynog 100 pg

P -
UV+XInog 5 pg

; UV+XInog 10 pg
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of bisected hydra with SU5416 (Semaxanib) which inhibits VEGF
signaling by specifically inhibiting VEGF receptor tyrosine kinase
2 (KDR/FIk-1). While non-budding polyps did not respond to the
treatment, except for occasional blebbing at tentacles, the pro-
cesses of budding and head regeneration were affected adversely.
Elongation of buds was irreversibly inhibited while formation of
tentacles was inhibited in the foot piece which was in the process
of regenerating a head. Interestingly, regeneration of foot in the
head piece was not affected by inhibition of VEGF signaling. The
results clearly indicated that VEGF signaling plays an important
role on tube formation/ branching of structures in hydra similar to
its role during vasculogenesis and angiogenesis. The role of VEGF
in branching and tube formation, thus, seems to be evolutionarily
quite ancient.

Fibroblast growth factor (FGF)

FGF signaling is important in a large number of biological
processes throughout the life of an organism. It is also one of
the most crucial signaling pathways during morphogenesis and
pattern formation. Its role in mesoderm and neural induction and
development has been well documented in frog and chick embryo
(for reviews, see Smith 1989; Ghaskadbi 1996). In view of hydra
possessing several of the most important signaling pathways, we
decided to search for FGF signaling in hydra. In the early 2000s,
Kringelchen, a receptor tyrosine kinase similar to FGFR tyrosine
kinase, was implicated in detachment of bud in hydra
(Sudhop et al., 2004). However, whether hydra pos-
sesses FGF remained an open question. Another
Cnidarian, the starlet sea anemone Nematostella
vectensis, has both FGF and FGFR homologues
that play a role in gastrulation and neural induction
(Matus et al., 2007). We identified a putative gene
for FGF from Hydra magnipapillatagenome browser,
cloned a partial CDS of FGF from Hydra vulgaris
Ind-Pune and followed this up with its bioinformatics
and expression pattern analyses (Krishnapati and
Ghaskadbi 2013). FGF is expressed in the body
column with higher expression in the budding region,
and predominantly in the ectoderm, unlike VEGF
which was more in the endoderm (Fig. 4). Removal
of nematocytes in sf-1 hydra after a heat shock (by
maintaining them at 28°C rather than at the normal
18°C temperature) reduced the expression of FGF
(Fig. 5). We surmise that FGF is present in interstitial
cells, the multipotent stem cell lineage in hydra and
may be importantin maintenance of their stemness. A
subsequent study reported several FGFs from hydra
(Lange et al.,, 2014). Based on extensive tissue-
specific expression analysis by whole mount in situ

Fig. 3. Hydra noggin rescues Xenopus embryos from
UV-induced ventralization. (A) Uninjected embryos. (B)
UV-irradiated embryos. (C) 50 pg hydra Noggin mRNA in-
jected into UV-irradiated embryos. (D) 100 pg hydra Noggin
mRNA injected, as in (C). (E) 5 pg Xenopus Noggin mRNA
injected as in (C). (F) 10 pg Xenopus Noggin mRNA injected
as in (C). Reproduced with permission from Chandramore
et al. (2010) from John Wiley and Sons.
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Fig. 4. Tissue specific expression of
VEGF and FGF in hydra. Endodermal

expression of VEGF and expression of
FGF in both tissue layers is observed

by RT-PCR. Clean separation of ectoderm
(Ec) and endoderm (En) was confirmed

by the expression of Hy042 and Dlp1

in ectodermal and endodermal tissues
respectively. Histogram represents the

relative abundance of transcripts ofHy042,
DIp1, VEGF and FGF in ectoderm and en-
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hybridization of many FGFs and functional analysis of a few of
them, a model for their possible function was proposed according
to which FGFs are believed to be involved in cell migration and
morphogenesis in hydra.

Receptor tyrosine kinases (RTKs)

RTK signaling is one of the seven major signaling pathways in
animals (Gerhart 1999), which regulate proliferation, differentiation,
migration, metabolism and survival of cells (van der Geer et al.,
1994). Importance of RTKs in morphogenesis and pattern forma-
tion in Cnidarians was underlined by work on hydra (Sudhop et al.,
2004) and Nematostella (Matus et al., 2007). Using bioinformatics
approach, we found a total of 15 RTKSs, 10 of which were identified
for the first time (Table 2). These include homologues of receptor
kinases involved in a wide variety of signaling pathways, such as,
insulin receptorkinase (HTK7), ephrinreceptors (HyEph1, HyEph2
and HyEph3), FGF receptor (Kringelchen), muscle specific kinase
MuSK), receptor tyrosine kinase-like orphan receptor (ROR),
discoidin domain receptor (DDR) tyrosine kinase and Wnt inhibi-
tory receptor tyrosine kinase (RyK). A mere glance at the variety
of receptor kinases is sufficient to appreciate the complexity of
signaling that already existed in hydra. A detailed bioinformatics
and phylogenetic analyses of the data brought out some significant

—

doderm. ** shows statistical significance,
p < 0.001. Reproduced with permission of
UPV/EHU Press from Krishnapati, L.-S. and
Ghaskadbi, S. (2013). Identification and
characterization of VEGF and FGF from
hydra. Int. J. Dev. Biol. 57: 877-886 (doi:
10.1387/ijdb. 130077sg).

information about evolution of RTKs and its implications for the
evolution of metazoans themselves. For example, a comparison
with RTKSs in sponges (phylum Porifera) showed that hydra (phy-
lum Cnidaria) contain many more RTKs. It may be pointed out
that unlike the poriferans, cnidarians have an organized body.
One may infer that RTKs probably played a significant role in this
transition during evolution. The findings showed that most of the
subfamilies of RTKs evolved before the diploblast-triploblast split.
It will be interesting to study how these very RTKs are employed
and regulated to build more and more complex metazoan bodies.
A study published soon after, reported four ephrin receptors and
three ephrin class B ligands (Tischer et al., 2013). Importantly,
the expression of the receptors and their ligands was found to
be complementary by in situ hybridization. It was proposed that
these signaling molecules play an important role in epithelial cell
migration and tissue boundaries.

As mentioned earlier, this review focuses on work carried out
in my laboratory. Detailed discussion on signaling pathway mol-
ecules in hydra reported by other laboratories (please see Table
1) is outside the scope of the present review article. This includes
structural and/or functional characterization of players in canoni-
cal and noncanonical Wnt (Hobmayer et al., 1996; Hobmayer et
al., 2000; Broun et al., 2005; Augustin et al., 2006; Philipp et al.,
2009), BMP (Reinhardt et al., 2004; Rentzsch et al., 2007), FGF

Fig. 5. Expression analysis of VEGF and FGF
in sf-1 hydra. RT-PCR results show significant

up-regulation of VEGFand down-regulation of

FGF in sf-1 hydra. The loss of multipotent stem
cells is evident from decreased expression of

Cnnos1. Histogram represents relative abundance
of transcripts of VEGF, FGF and Cnnos1 in sf-1
hydra maintained at 18°C and 28°C. ** shows
corresponding statistical significance, p < 0.001.
Reproduced with permission of UPV/EHU Press
from Krishnapati, L. S. and Ghaskadbi, S. (2013).
Identification and characterization of VEGF and
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FGF from hydra. Int. J. Dev. Biol. 57: 877-886
(doi: 10.1387/ijdb.130077s9).
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TABLE 2
PREDICTED AND KNOWN RTKs IN HYDRA
Domain Proposed
Peptide No Contig location Homologous gene E-value organization Reported RTK names
Contig38051:50217..12169 insulin-like growth factor 1 receptor _
Hma1.132331 (- strand) [Gallus gallus] 1e-137 L, Fu, L, FN3 [2], TM, TyK HTK7 HTK7
Contig38570:40247..13892 fibroblast growth factor receptor 3 isoform 2 precursor ¥ > A
Hma1.111331 (- strand) [Homo sapiens] 1e-92 IG, TM [?], TyK Kringelchen HyFGR
Contig38800:100449..95314 fibroblast growth factor receptor 1 g
Hma1.109257 (- strand) [Bos taurus] 4e-38 IG[3], TM, TyK HylG1
Hma1.117099 Contig39071:63965..55113 N ;
Hma1.117098 (- strand) lSJtr;%-BQ CG33519-PC, isoform C [Drosophila melanoga- 4628 1GI2], T™ [7], Tyk HylG2
Hma1.115640 q i
Hmai.115641 805”::222)7 33:12578.88348 |t hroto-oncogene [Gallus gallus] 3e-47 1G, T™, TyK HTK32 HTK32
- - FGFR [Branchiostoma belcheri] 1e-37 EGF[5], TM, TyK HTK30 HTK30
Hma0.51632 Contig38716:99808..109204 vascular endothelial growth factor receptor [Podocoryne .
Hma1.133499 (+ strand) carnea) 4e-150 IG[5], TM, TyK HylG3
Contig39302:30843..0
Hma1.124710 (-strand ) vascular endothelial growth factor receptor [Podocoryne _
Hmai.126334  Contig36702:87346-69472 cameal 4e-117 SP,IG[4], TM, TyK HTKS4 HTKS4
(-strand)
Hma1.134245 Contig39007:39509..102966 vascular endothelial growth factor receptor [Podocoryne _ HTK156 (only Tyk
Hma1.126639 (+ strand) carneal) 2e-131 SP 1G[4], TM, TyK domain) Hyla4
Hmai.122109 8"2::223?04:21687"46055 Embryo Brain Kinase [Mus musculus] 16-90 FN3, TM, TyK, SAM HyEph1
Hmai.108443 202::2223707835"63036 ephada [Danio reria] 56-80 Ephrin_lbd, FN3, TM, TyK, SAM HyEph2
Hmad.109586 g";‘t‘r'ggg)%sj 46306.212650 £y \oceptor A [Gallus gallus] 5e-131  Ephrin_lbd, FN3, TM, TyK, SAM HyEph3
Contig34224:25519..47282 - . "
Hma1.100423 discoidin domain receptor family, member 2 [Rattus . - PTK66(only TK
Hma1.129666 (+ strand) norvegicus). 9e-80 Discoidin, TM, TyK domain) HyDDR
Contig37852:116464..98609 il
Hma1.132063 I stragnd) . o muscle, skeletal, receptor tyrosine kinase, 5e-64 SP, Fz, TM, TyK HyMuSK
isoform CRA_b [Mus musculus]
Contig37394:49950..44194 . q > HTK orphan
Hma1.131548 (- strand) Ror1 [Mus musculus] 3e-44 IG, Fz, Kringle [2], TM [?], TyK receptor HyROR
hydra_sm.11813 Contig37331:71783..99524
hydra_sm.11814  (+ strand) receptor-like tyrosine kinase(Ryk) [Mus musculus] 2e-76 Wi, TM[?/], TyK HyRyK
Hmat.132874  CONfig38400:128539. 125171 b7 o\ iiain (Mus musculus] 2e-45 1GI3],T™, TyK HTK90 HyHTK90

(- strand)

Peptide code: Predicted peptide number given in Hydra magnipapillata genome; Contig location: Location of the peptide in Contigs present in hydra genome; Homologous gene: Selected homologous
gene of BLASTP results; Names of the domains: L, ligand binding; Fu, Furin; Fn3, Fibronectin Ill; TM, Transmembrane; TyK, Tyrosine Kinase; IG, Immunoglobin; EGF, Epidermal Growth Factor; SP, Signal
peptide; Ephrin_Ibd, Ephrin ligand binding; Fz, Frizzled; Wi, Wnt inhibitory. Shading is used to differentiate subfamilies. Reproduced from Reddy et al., (2011) with permission from Journal of Biosciences.

(Sudhop et al., 2004; Lange et al., 2014), and Notch and Nodal
pathways (Késbauer et al., 2007; Munder et al., 2010; Minder et
al., 2013; Watanabe et al., 2014).

Summary and conclusions

Hydra is an evolutionarily ancient organism, believed to have
evolved over 60 million years ago. In spite of its early origin, it
displays a definite body plan, an organized nervous system and
three distinct stem cell populations. Because of its spectacular
regenerative ability and lack of organismal senescence, hydra
has been an attractive model for biologists. Over the past couple
of decades, studies on regeneration and pattern formation in
hydra have received a huge impetus because of the identification
of almost all the major cell signaling pathways in it (Babonis and
Martindale 2017). The different signaling players from hydra usually
show a close homology with those in more complex organisms
including humans. Many signaling molecules from hydra produce
phenotypes when expressed in vertebrate embryos, demonstrat-
ing their functional conservation from hydra to vertebrates. While
hydra provides important clues on evolution of cell signaling in

animals, the model system has some serious shortcomings. Due
to its peculiar cellular dynamics, amongst other things, it is difficult
to induce heritable mutations in hydra. Even the siRNAtechnology
is yet to be perfected in this system. Further, for some reason, it
has not been possible to establish cell lines from hydra. One hopes
that at least some of these problems will be overcome in the near
future, making hydra a more versatile model system in Evo-devo
of not only cell signaling but also tissue regeneration and aging.
Finally, deciphering functions of signaling molecules in hydra and
comparing them with their functions in more complex organisms
including humans will give us insights into their ancestral versus
newly acquired functions, throwing light on evolution itself.
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