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Abstract

The broblast growth factor receptor (FGFR) signaling pathway is essential during eumetazoan development.
It regulates key aspects of cellular physiology such as proliferation, di erentiation, and migration during pat-
terning and morphogenesis.Hydra, a simple freshwater polyp at the base of eumetazoan evolution, provides an
ideal model to investigate FGFR signaling on the basis of its astonishing regenerative capability and constantly
active patterning processes in the adult animal. Two FGFRs (FGFRa and FGFRb) have been identi ed in this
polyp, as well as one truncated FGFR. In addition, ve potential ligands (Hv-FGF-a, Hv-FGF-b, Hv-FGF-c,
Hv-FGF-e, and Hv-FGF-f) are known.

FGFRa has an essential function during asexual reproduction oHydra for detachment of the vegetative bud
and according to unpublished pilot experiments, it might have additional functions in cell migration and dif-
ferentiation. Migration of i-cells is prevented upon local or systemic inhibition of FGFR signaling and siRNA
mediated knockdown ofhv-fgf-c reduces the number of neurons and increases the number of I-cells.

The function of the ve potential ligands is currently unknown, but they show each a specic transcription
pattern during in situ hybridization. On the basis of their di erential transcription and siRNA knockdown
experiments, Hydra FGFR signaling might selectively guide already committed interstitial cells and/or provide
di erentiation signals. To con rm this model, it is important to gain more conclusive evidence than manip-
ulations on the pharmacological and RNA levels can provide. To gain further insights into the functions of
FGFR signaling in Hydra, the aim of this project was the expression and puri cation of recombinant Hydra
FGF proteins to investigate their e ects on cell migration and di erentiation in functional bioassays in vivo.
This study reports the di culty of expressing soluble Hydra FGFs in prokaryotic cells, whereas denatured pro-
tein was puri ed from inclusion bodies. However, refolding the denatured proteins to their native, functional
conformation did not produce su cient yields. Expression of Hydra FGFs in mammalian HEK293T cells is
much more promising since they have the ability to add eukaryotic post-translational modi cations that might
be integral to protein function.

Further hints as to the function of Hv-FGF-c were investigated through RNAI mediated knockdown, suggesting
a possible involvement of Hv-FGF-c for proper spacing of battery cells during cell migration in the tentacles.
The knockdown resulted in tentacles with extended battery nodules containing an irregular pattern of nemato-
cytes.

In addition, ten novel, predicted Hydra FGFs were identi ed and rst insights into potential functions given
through analysis of their transcription. Each of the ten new Hv-FGFs shows a speci c transcription pattern.
However, more data is needed to complete the picture.

FGFR signaling in Hydra remains an exciting eld. This study provides the basis for further investigations into
the function of the ligands and towards functional bioassays with recombinant proteins.



Zusammenfassung

Wahrend der Entwicklung der Eumetazoa ist der Fibroblasten-Wachstumsfaktor-Rezeptor (FGFR) Signalweg
von entscheidender Bedeutung. Er reguliert wichtige Aspekte der Zellphysiologie wie Proliferation, Di eren-
zierung und Migration im Rahmen von Musterbildungsprozessen und Morphogenese Hydra, ein einfacher
S wasserpolyp an der Basis der Eumatazoen-Evolution, ist durch sein beeindruckendes Regenerationsvernogen
und der auch im adulten Tier konstant aktiven Musterbildungsprozesse ein ideales Modell zur Untersuchung des
FGFR Signalwegs. Zwei FGFR (FGFRa und FGFRb) wurden in Hydra identi ziert, sowie auch ein bslicher
Rezeptor. Zudem sind tinf potentielle Liganden (Hv-FGF-a, Hv-FGF-b, Hv-FGF-c, Hv-FGF-e und Hv-FGF-f)
bekannt.

FGFRa ubt eine essentielle Funktion wahrend der Knospenabbsung bei der asexuellen Reproduktion von
Hydra aus. Unvep entlichten Pilotexperimenten zufolge hat der Rezeptor wahrend der Zellmigration und -

di erenzierung wonoglich weitere Funktionen. Die Migration von interstitiellen Zellen ist durch die lokale oder
systemische Inhibition des FGFR Signalwegs gesbrt und siRNA-vermittelter knockdownvon hv-fgf-c reduziert
die Anzahl von Neuronen und ertoht die Anzahl von interstitiellen Zellen.

Die Funktion der finf potentiellen Liganden ist bisher unbekannt, jedoch zeigen sie in derin situ Hybri-
disierung je ein spezi sches Transkriptionsmuster. Basierend auf dieser di erenziellen Transkription und der
siRNA knockdown Experimente, lonnte der FGFR Signalweg selektiv bereits zur terminalen Di erenzierung
festgelegte interstitielle Zellen wahrend ihrer Migration leiten und/oder als Di erenzierungssignal fungieren. Um
dieses Modell zu beshtigen sind Experimente rotig, die aufschlussreichere Hinweise liefern als das pharmakolo-
gische Manipulationen oder Strungen auf dem RNA-Level vernogen. Das Ziel des vorliegenden Projekts war
es,Hydra FGF Proteine rekombinant zu exprimieren, um deren E ekt auf die Zelldi erenzierung und -migration

in funktionellen Bioassaysin vivo zu untersuchen und weitere Einblicke in die Funktion des FGFR Signalwegs
zu erhalten.

Diese Arbeit stellt die Schwierigkeiten dar, die die Expression von bslichenHydra FGFs in einem prokary-
otischen System mit sich bringt, wahrend die Gewinnung von denaturiertem Protein ausinclusion bodies dur-
chaus noglich war. Jedoch war die Ruckfaltung der Proteine in ihre native, funktionelle Konformation mit
Schwierigkeiten verbunden und erbrachte keine ausreichende Ausbeute. Die Expression ddydra FGFs aus
Sugerzellen (HEK293T) war vielversprechender, vor allem da in diesen Zellen eukaryotische post-translationelle
Modi kationen integriert werden, die essentiell fir die Proteinfunktion sein lonnten.

Weitere Hinweise auf die Funktion von Hv-FGF-c werden durch RNAIi-vermittelten knockdownuntersucht, die
darauf hindeuten, dass Hv-FGF-c noglicherweise fir die richtige Verteilung der Batteriezellen wahrend der
Zellmigration in den Tentakeln verantwortlich ist. Der Knockdown fihrte zu Tentakeln mit ausgedehnten Bat-
teriekrotchen, die ein unregelma iges Muster von Nematocyten enthalten.

Zudem wurden zehn neue, potentielleHydra FGFs identi ziert und erste Hinweise auf nogliche Funktionen
durch Analyse der Transkription erbracht. Jedoch werden weitere Daten berotigt, um ein vollsandiges Bild zu
erhalten.

Der FGFR Signalweg in Hydra bleibt ein spannendes Forschungsfeld. Die vorliegende Arbeit begundet das
Fundament tir die weitergehende Erforschung der Funktion der FGF Liganden durch funktionelle Bioassays
mit rekombinanten Proteinen.
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1 Introduction

1.1 The phylum Cnidaria

Hydra vulgaris is a freshwater polyp and a member of the phylum Cnidaria. This diverse group of animals
includes corals, hydroids, medusae, sea anemones, and sea fans, many of which are encountered in marine en-
vironments.

Both molecular and fossil data indicate that cnidarians may have been present for as long as 700 million years
(Van lten et al., 2013; Park et al., 2012; Park et al., 2011). A eeting glance at this ancient phylum provides

one with the impression of simple animals; inconspicuous, sessile polyps and pelagic medusa that drift passively
in the currents.

The Cnidaria represent a sister group to the Bilateria (Technau & Steele, 2012; Collins et al., 2006; Collins,
2002). Traditionally, they have been distinguished from Bilateria based on three morphological criteria: body
axes, symmetry, and germ layers.

The cnidarian body is de ned by a single oral-aboral axis, it is often described as radial symmetric, and it
consists of only two germ layers, de ning the members of this group as diploblastic (Technau & Steele, 2012).
Cnidarians lack centralized nervous systems and, with few exceptions, complex organs. Yet, their apparent
simplicity is misleading.

Body axis development in Bilateria is regulated by Hox genes, Wingless/Int-1 (Wnt), bone morphogenetic pro-
teins (BMPs), as well as Nodal signaling. The formation of the anterior-posterior axis is regulated by Hox genes
(Wellik, 2009) and Whnt signaling (Hikasa & Sokol, 2013), and the dorsal-ventral axis forms under the in uence
of BMPs (Yan & Wang, 2021). Nodal signaling is involved in the formation of the left-right axis (Schier, 2003).
Most of the vertebrate Wnt gene subfamilies are present in Cnidaria (Lengfeld et al., 2009; Kusserow et al.,
2005; Hobmayer et al., 2000), where they are involved in the patterning of the oral-aboral axis as well as regen-
eration (Broun et al., 2005; Guder et al., 2006). Moreover, BMPs and other members of the Tgf- superfamily
were found in medusozoan as well as anthozoan species (Watanabe et al., 2014, Morsdorf et al., 2024). In the
anthozoan Nematostella vectensiBMP signaling regulates patterning of the directive axis that is perpendicular
to the oral-aboral axis (Morsdorf et al., 2024). Cnidarians feature Hox as well as ParaHox genes (Bode, 2001,
Gauchat et al., 2000; Finnerty & Martindale, 1999). In Hydra, Hox genes are involved in axial patterning of
the oral-aboral axis (Bode, 2001). Furthermore, Nodal signaling is present (Watanabe et al., 2014) and the
Nodal-related geneNdr functions in Hydra in setting up an axial asymmetry along the oral-aboral axis during
early bud formation (Holstein, 2022).

Cnidarians exhibit external radial symmetry, yet some groups show internal asymmetries and bilaterality (Tech-
nau & Steele, 2012; Boero et al., 2005). Martindale et al. (2002) even argue that cnidarians more often display
bi-radial or bilateral symmetry than true radial symmetry.

The body plan of larvae and polyps comprises two epithelial cell layers, but Jelly sh form a third tissue layer,
the entocodon. It seperates from the ectoderm early during medusa development and is distinct from ectoderm
and endoderm by a thin mesoglea. Studies indicate that the entocodon shares similarities at the molecular level
with the formation of mesoderm in higher Eumetazoa (Seipel & Schmid, 2005; Ball et al., 2004). However,
entocodon and bilaterian mesoderm are likely not homologous (Collins et al., 2006).

It follows from the above that cnidarians possess the molecular toolkit that is necessary to establish a triploblas-
tic, bilateral body (Boero et al., 2007; Matus et al., 2006; Seipel & Schmid, 2005; Finnerty, 2003; Spring et al.,
2002; Boero et al., 1998). They feature a rich genetic and molecular make up (Steele et al., 2011; Ball et al.,
2004), as well as complex life cycles and diverse sexual systems.

In Hydra, sequential hermaphroditism can be found while many marine hydrozoans, scyphozoans, and cubo-
zoans feature metagenesis: they switch between asexual polyps and sexual medusa generations (for a review see
Siebert & Juliano, 2017). Within these metagenic life cycles, any stage can be reduced or completely eliminated,
resulting in a broad diversity of cnidarian life cycles (Boero et al., 1997).

Polyps generally display di use nerve nets without morphologically separated sensory or motor processing cen-
ters. However, the nervous systems that can be found in jelly sh are more sophisticated (Garm et al., 2007b).
Moreover, jelly sh incorporate complex sense organs like statocysts, ocelli, and rhopalia (Garm et al., 2007a;
Parkefelt & Ekstom, 2009), as well as lens-eyes in the jelly sh Cladonema radiatum (Weber, 1981).

Therefore, cnidarians prove that a morphologically simple body does not necessarily result from a lack of genetic
complexity. Their early emergence and phylogenetic position, their remarkable diversity, and their wealth of
genetic tools described above, make them fascinating model organisms that o er possibilities for research to
obtain insights into early animal evolution.



1.2 Hydra as a model organism

Hydra has a long history as a subject of scienti ¢ interest. The polyps have rst been investigated in detail in the
18" century by Abraham Trembley, who has observed their behavior and asexual reproduction during feeding
and starvation, and has proven their remarkable regenerative abilities through careful experiments (Trembley
1744).

Their phylogenetic position as a member of Cnidaria, their ability for rapid asexual reproduction, their extraor-
dinary regenerative capacity, as well as their morphological simplicity, o er great potential as an experimental
framework to uncover fundamental principles of animal development such as cell di erentiation (Khalturin et

al., 2007), cell-cell communication (Moros et al., 2021), stemness (Bosch, 2009; Bode, 1996), and apoptosis (Lasi
et al., 2010), as well as pattern formation (Meinhardt, 2012), body axis formation (Bode, 2009), epigenetic reg-
ulation (Cazet et al., 2023), and nervous system evolution (Klimovich & Bosch, 2018).

Their stem cell system is not without reason the best studied within the Cnidaria, both at the cellular and
molecular levels (Holstein, 2023). It is responsible for their lack of senescence, makirdydra a fascinating
model organism for studies concerned with regeneration (Bode, 2003; Holstein et al., 2003; Bosch, 2007) and

aging (Schaible et al. 2014).

1.3 Hydra vulgaris { a morphologically simple cnidarian

In contrast to many other cnidarians, Hydra is not found in marine environments, but in freshwater. It has a
simple body plan (Fig. 1 A, Glauber et al., 2010). The head region with hypostome is surrounded by a ring
of tentacles. In the center of the hypostome opens the mouth. The aboral end is formed by the foot region
with peduncle and basal disc. In between head and foot lies the gastric region. The body is cylindrical and
formed by two epithelial single-cell layers, the ectoderm and the endoderm, separated by an acellular matrix
called mesoglea (Martnez & Bridge, 2012).

Hydra displays a simple life cycle (Fig. 2, Siebert & Juliano, 2017). The life cycles of medusozoan cnidarians
are usually characterized by both a polyp and a medusa generation. Polyps give rise to medusa through asexual
reproduction, and medusa reproduce sexually. Anthozoan cnidarians lack a medusa stage.

This is true for Hydra as well, the solitary freshwater polyp lacks both a planula larva and a medusa stage and
is an exception among the medusozoa. Strategies of sexual reproduction vary between di erent specid$ydra
vulgaris strain AEP is characterized by sequential hermaphroditism (Fig. 2 B); fertilization and embryogenesis

give rise directly to new polyps (Siebert & Juliano, 2017).
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Figure 1: The Hydra body and its tissue movements. (A) Longitudinal cross-section of Hydra. The

body regions and the two tissue layers are indicated. Protrusions from the body column are eralier and later
stages of bud development. The arrows indicate the directions of tissue displacement (Bode, 2003). (B) General
pattern of tissue movement in Hydra. Data based on movements of tissue markers. The approximate time for

a marker to move along the path shown is by the arrows (Campbell, 1967b).

The more usual mode of reproduction, however, is asexual budding (Fig. 2 A). Buds form in the gastric region
and stay on the parent until they are fully formed polyps and detach thereafter as completely independent

animals (Otto & Campbell, 1977).
Otto & Campbell (1977) categorized the ten stages of the budding process itlydra as follows: In stage 1



the ectoderm thickens in the region of the future bud. In stage 2, ectoderm and endoderm protrude from the
parent. In stage 3 the ectodermal cells shorten apico-basally and both ectoderm and endoderm form a low
mound. In stage 4 the bud has elongated slightly and a tiny protrusion occurs at the distal end. In stage 5, the
bud has a bulbous shape and is distended with uid, its longitudinal extension exceeds the lateral one. In stage
6, tentacles begin to emerge. In stage 7, the tentacles elongate and the base of the bud is slightly constricted.
In stage 8, the base of the bud constricts more. In stage 9, the bud forms a basal disc and in stage 10, the bud
still remains on the parent (Otto & Campbell, 1977). In stage 10 before detachment, the bud is still connected
to the parent by a thin tissue bridge. Endoderm and mesoglea are closed sheets at this point, in contrast to the
ectoderm, which remains connected until complete detachment (Sudhop et al., 2004).
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Figure 2: Asexual and sexual reproduction of Hydra vulgaris . (A) Stages of development during asexual
mode of reproduction via budding. Numbers depict bud stages; c: contracted; e: elongated; d: distended with
uid, (Otto & Campbell, 1977). (B) Sexual mode of reproduction via sequential hermaphroditism; pp: primary
polyp; et: egg theca; modi ed after Siebert & Juliano (2017).

Hydra features three somatic stem cell lineages: an ectodermal and an endodermal lineage of epithelial cells, as
well as a multipotent interstitial stem cell lineage, located in between the epithelial cells of the gastric region,
called the interstitium (Holstein, 2023).

Hydras three stem cell lineages constantly create new cells, causing continuous tissue dynamics of cell renewal
within the body column and cell loss at the tips of the tentacles, the hypostome, and the basal disc. Both
ecto- and endodermal epithelial stem cells give rise to new ecto- and endodermal epitheliomuscle cells of the
gastric region, respectively, as well as to terminally di erentiated cells in the basal disc and tentacles. In the
transition zone at the base of the tentacles, ectodermal epitheliomuscle cells terminally di erentiate into battery
cells. Battery cells host neurons and cnidocytes, which di erentiate from interstitial stem cells (I-cells), just
like secretory cells and gametes (Martnez & Bridge, 2012).

The cnidocyte is the characteristic cell type for all members of the phylum Cnidaria and serves prey capture.

It synthesizes a complex cellular product, the cnidocyst. Upon stimulation, the cell undergoes exocytosis and
releases the cnidocyst within three milliseconds. The cnidocyst discharge is one of the fastest cellular processes
in nature (Holstein & Tardent, 1984).

1.4 Cell migration is an essential process in Hydra

The cells of the three stem cell linages (ectodermal, endodermal, and interstitial) are constantly dividing irHy-
dra’s body column (in contrast to the terminally di erentiated cells of the tentacles and foot that are arrested

in G2 of the cell cycle), creating a continuous supply of new cells. Despite this dynamic of constant cell renewal,
the animal maintains its size mainly by the growth of asexual buds, as well as cell loss at the body extremities
(Glauber et al., 2010).

Ecto- and endodermal tissue formed by the epitheliomuscle cells is displaced passively towards the termini and
into buds (Campbell, 1974), but some ofHydra’s cells, the interstitiall stem cell derivates (i-cells), neuroblasts
(Teragawa & Bode, 1995) and nematoblasts (Campbell, 1974), migrate actively towards their destinations in
the head and foot regions.



Particularly for nematocytes, there is a high demand for continuous supply within the battery cells of the tenta-
cles, since nematocysts are depleted during feeding and the remaining nematocyte body is phagocytosed (Lyon
et al., 1982). Nematoblasts and neurons descent from I-cells that become committed in the body column and
start to migrate as i-cells. Migration of nhematoblasts begins with nearly-mature nematoblasts in the gastric
region, just as the synchronously developing hematoblast nests disaggregate. The nematoblasts then migrate
independently into the tentacles (Campbell, 1974). Campbell (1974) observed that the migrating nematocytes
do not touch the mesoglea, but instead migrate along the upper surface of the myoneme processes of the ep-
itheliomuscle cells.

How do these committed, di erentiating cells know where their destinations lie? Boehm & Bosch (2012) argue
that small, di usible molecules such as peptides might be involved, since it has already been shown that epithe-
lial cells a ect interstitial stem cell di erentiation by secreting epitheliopeptides inducing stem cell migration
(Takahashi et al., 2000; Bosch & Fujisawa, 2001).

1.5 Dynamics of the actin cytoskeleton controls active cell migration

The abiltiy of cells to migrate is fundamental for all Metazoa. Cell migration-mediated tissue organization
establishes the body plan and forms organs during embryonic development. Upon injury, even non-migratory
cells acquire motile behavior to be able to close wounds and rebuild tissues (Svitkina, 2018).

The general mechanism of active cell migration can be summarized as follows: (1) lopodia sense a motogenic
signal, (2) lamellipodia form and protrude, (3) the protrusions attach to the extracellular matrix, (4) forward
progress is generated by stress ber-mediated contraction of the cell, (5) the back of the cell detaches, and (6)
involved molecules are recycled (Lamalice et al., 2007).

The forces that are necessary for the above steps are generated by the actin cytoskeleton. Actin is an ubiquitous
component of the cytoplasma and can occur as monomers (G-actin) or laments (F-actin). Actin dynamics
such as initiation, extension, and dismantling are controlled by many regulatory proteins (Svitkina, 2018).
Within the cell, polymerizing actin laments are oriented with their barbed ends towards the plasma membrane,
their elongation pushes against it, wxtending it and generating the force for movement (Svitkina, 2018). For
cell migration, continuous remodeling of the actin cytoskeleton into lopodia, lamellipodia, and stress bers is
necessary (Lamalice et al., 2007).

Filopodia are thin, long protrusions at the leading edge of migrating cells. They act as sensors for the cell, their
tips are enriched with adhesion and signaling proteins. Individual actin laments span the entire length of the
lopodium (Svitkina, 2018).

Another critical structure for cell migration is the lamellipodium at the leading edge of the migrating cell.
Lamellipodia are at cellular protrusions. They can generate much greater forces than lopodia and propel the
migrating cell forward. Lamellipodia that contain a low density network of long, branched laments protrude
faster, but the laments are more prone to buckling, which results in ru ing and retraction of the lamellipodia.
Lamellipodia with a denser network of short laments are more stable, but they protrude more slowly (Svitkina,
2018).

The nal step in the forward movement of the migrating cell is the disassembly of adhesions at the rear and the
retraction of the trailing edge (Vicente-Manzanares et al., 2005). Interactions of myosin motor proteins with
actin laments generate contractile forces that retract the rear end of the migrating cell (Pollard & Cooper,
2009). Adhesions assemble and disassemble in response to extracellular cues and they regulate the cell’'s motility
(Vicente-Manzanares et al., 2005).

In general, adhesions form at the leading edge and disband at the back of the cell. However, adhesions are
also involved in the processes at the front of the cell. They either disassemble and donat components to newly-
forming adhesions in a process called adhesion turnover, or they grow into more mature, larger adhesions. The
mechanisms underlying the decision-making for an adhesion to mature or disassemble are largely unknown
(Vicente-Manzanares et al., 2005).

1.6 The FGFR signaling pathway is crucial for eumetazoan development

Fibroblast growth factor receptor (FGFR) signaling arose early in Eumetazoan evolution (Bertrand et al., 2013,
Rebscher et al., 2009, Sudhop et al., 2004) and is crucial for the development, homeostasis, and regeneration of
animals (e.g. Moura et al., 2011; Yamaguchi & Rossant, 1995).

The FGFR signaling pathway depends on FGF receptors, FGF ligands, as well as cofactors such as hep-
arin/heparansulfate (HS). In vertebrates, four FGFR are currently known. However, through alternative splic-

ing, the four genes result in seven distinct receptors each with di erent ligand binding properties for the 22
known FGFs (Ornitz & Itoh, 2022).

The 22 FGFs are organized into three groups (canonical FGFs, intracellular FGFs, and endocrine FGFs), as
well as seven subfamilies according to sequence homology and biological activity (Fig. 3). Members of the sub-



families FGF1, FGF4, FGF7, FGF8, and FGF9 require HS for binding and activation of the FGR, in contrast

to the endocrine FGFs that use Klotho or Klotho as cofactors and members of the FGF11 subfamily which
act intracellularly (Ornitz & Itoh, 2022).

The FGFRs feature an extracellular part with three immunoglobulin-like domains, a transmembrane region,
and two intracellular tyrosine kinase domains. Canonical FGFs bind to the extracellular immunoglobulin-like
domains facilitated by HS. After binding, two receptor molecules dimerize and transphosphorylate their in-
tracellular tyrosinkinase domains. The phosphorylation of adaptor proteins like FRS2 and SHP2 activates
intracellular signal transduction pathways such as RAS-MAPK, PI3K-AKT, PLC , and STAT (Ornitz & Itoh,
2022).

FGFs are related by core sequence conservation and structure. The secreted FGFs are found in most of the
tissues of eumetazoan animals and perform important functions during embryonic development and organogen-
esis, where they regulate for example cell migration and di erentiation, as well as homeostasis and regeneration
in the adult body (Ornitz & Itoh, 2015; Muha & Muller, 2013).
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Figure 3: Phylogenetic analysis shows the organization of the 22 Fgf genes into three functional

groups and seven subfamilies.  Modi ed after Ornitz & Itoh, 2022.

FGFs provide signaling mechanisms for the speci cation of mesodermal, endodermal, and ectodermal deriva-
tives as well as the formation of these germ layers during gastrulation. These signaling mechanisms that direct
cell migration are conserved in vertebrates and insects (Muha & Muller, 2013).

In Drosophila, FGFs have a function in guiding mesoderm cells to spread along the ectoderm (Muha & Muller,
2013). In zebra sh, FGF signaling contributes to the formation of the mesoderm during embryonic develop-
ment (for a review, see Cooper & Schlopp, 2024. IrXenopus FGFs act during regeneration (Yokoyama et
al., 2001) and the application offgf4 to amputated chicken limbs induces the early stages of limb regeneration
(Kostakopoulou et al., 1996).

Since FGFR signaling is involved in a multitude of developmental processes, it is not surprising that defects in
the system cause major problems for the aicted organism.

1.7 FGFs as chemoattractive factors in cell migration

Vertebrate FGFs are known to act as chemotactic factors. Human FGF2 (bFGF) acts as a chemoattractant for
endothelial cells during angiogenesis (Lamalice et al., 2007).



Grant et al. (1992) describe a positive e ect of FGF2 on the migration of human corneal endothelial cells. In the
presence of FGF2, the number of migrating cells was 3.2 fold higher than in the positive control. Chemotaxis
of endothelial cells toward FGF2 was also reported by Shono et al. (2001).

Vales et al. (1990) found that FGF1 promotes cell migration of NBT-II cells during epithelium to mesenchyme
transition. Haddad et al. (2011) found that FGF1 and FGF2 promote neutrophil chemotaxis through FGFR2
activation.

In zebra sh, enhanced di usion of FGF, and in turn, decreased FGF signaling results in failure of collective
migration of later line primording cells (Venero Galanternik et al., 2015) and Harding & Nechiporuk elucidated
the role of FGF signaling in apical constriction during formation of the posterior lateral line primordium.

Bae et al. (2012) introduced a model in which FGFs ful Il two functions in the context of early development
in Drosophila. In this model, FGFs acts as chemoattractive factors during mesoderm cell migration at low
concentrations and as a di erentiation signal at high concentrations. Boehm & Bosch (2012) argue that i-cell
migration in Hydra relies on small, di usible molecules such as peptides. Considering the model of Bae et al.
(2012), FGFs appear as promising candidates to function in the guidance of i-cells inlydra.

1.8 FGFR signaling in  Hydra

Despite their early emergence and basal phylogenetic position, the Cnidaria feature many molecular signaling
pathways that are crucial for the development of all eumetazoan animals. Such signaling pathways include
Wnt/ -catenin and noncanonical Wnt signaling (Hobmayer et al., 2000; Philipp et al., 2009), as well as Notch
signaling (Munder et al., 2013; Kasbauer et al., 2007) and tyrosine kinase signaling (Steele et al., 1999).

The FGFR signaling pathway is present in Hydra. Two FGFRs ((FGFRa (Sudhop et al., 2004) and FGFRb
(Rudolf et al., 2013, Suryawanshi et al., 2020)) have been identi ed in this polyp, as well as one truncated
FGFR. In addition, ve potential ligands (Hv-FGF-a, Hv-FGF-b, Hv-FGF-c, Hv-FGF-e, and Hv-FGF-f, Lange

et al., 2014) are known.

Sudhop et al., 2004 showed that FGFRa is critical for bud detachment during asexual reproduction irHydra,
and rst hints as to potential functions of the ve Hydra FGFs have been investigated throughin situ hy-
bridization (Lange et al., 2014, Lange, 2016, dissertation) and RNA interference (Reichart, 2020, dissertation).
Phylogenetic analysis shows that Hv-FGF-b, Hv-FGF-c, and Hv-FGF-e likely belong to the subfamily FGF1/2
and Hv-FGF-a likely belongs to the subfamily FGF11/12/13/14 (Lange, 2016, dissertation).

The N-terminal signal peptide predicted in Hv-FGF-f and its assignment to the paracrine FGF8/17

/18/24 subfamily indicates that it is likely a secreted molecule and might be di usible as are the other members
of this subfamily. Hv-FGF-f is a promising candidate molecule to either direct cell movement, to generate the
signal for terminal di erentiation, or to control cell shape changes coupled to structure formation (Lange et al.,
2014).

The data obtained from in situ hybridization (Lange et al., 2014, Lange, 2016, dissertation) and RNA inter-
ference (Reichart, 2020, dissertation), as well as unpublished pilot experiments, indicate thaHydra FGFR
signaling might contribute to other processes beside bud detachment like cell migration and/or di erentiation
in Hydra. To shed light on this hypothesis, investigation of the function of FGF proteins in vivo would be of
great value to elucidate their potential roles during cell migration as well as di erentiation.

1.9 Post-translational modi cations are important for FGF function and activity

FGF proteins are modi ed post translation and there is evidence for vertebrate FGFs to require complex post-
translational modi cations for their biological function.

FGF23 protein is known to be modi ed in two ways: a cleavage of 24 N-terminal amino acids that seem to be a
signal peptide, as well as O-linked glycosylation. It is likely that both of these modi cations a ect the activity

of FGF23 (Fukumoto, 2005).

Burgess et al. (1991) showed that the high molecular weight form of FGF2 contains three positions of methylated
arginines and argue that this methylation may be an important post-translational modi cation responsible for
directing the nuclear translocation of the high molecular weight form of FGF2.

FGF4 is N-linked glycosylated. Bellosta et al. (1993) proved that unglycosylated FGF4 was targeted by cleavage
into two peptides that appeared to be more biologically active and had higher heparin binding a nity than the
native FGF4.

FGF6 seems to be modi ed through several N-glycosylations and possibly O-glycosylation. Asada et al. (2009)
found that in the absence of N-glycosylation, FGF6 mitogenicity was substantially diminished in human vascular
endothelial cells, so N-glycosylation appears to be essential for determining FGF6 mitogenicity.

Hsu et al. (1998) also reported an e ect of glycosylation on the mitogenicity of an FGF, in this case, FGF7.
They performed N-glycanase and O-glycanase digestion on FGF7 and found thereafter a slight reduction in the
mitogenic activity.



1.10 HEK293 cell line as a system for protein expression

The Human Embryonic Kidney (HEK) 293 cell line was established by transforming human embryonic kidney
cells with sheared adenovirus type 5 DNA (Graham et al., 1977). These cells grow in monolayers and Graham
et al. (1977) described them as exhibiting a typical adeno-transformed cell phenotype that varied signi cantly
in cell size.

A study from Shaw et al. (2002) showed that Ad-transformed HEK298 lines are in fact related to neuronal
cells. They showed that HEK293 express signi cant amounts of proteins from the major neuro lament. The
pattern seen in the Ad-transformed HEK cell lines is similar to that of a typical early di erentiating neuron or
neuronal stem cell. Therefore, HEK293 are not typical kidney cells. Shaw et al. (2002) hypothesize that the
sheared adenovirus type 5 DNA preferentially transform rare neuronal linage cells in human kidney cultures.
Since HEK293 cells are of human origin, they produce proteins with complex post-translational modi cations
(PTMs), including glycosylation, in contrast to E. coli, that do not perform the same complex PTMs as eukary-
otes. Mammalian cell expression systems are favored for the production of large, complex proteins requiring
post-translational modi cation for their biological activity. HEK293 is probably the most widely used cell line

to express research grade recombinant proteins (Durocher & Butler, 2009).

The relative simplicity of transfection as well as relatively high protein yields make HEK293 a suitable choice
for scmall scale expression of recombinant proteins (Abaandou et al 2021).

Aim of the project

The aim of this study was the investigation of the function of the four already known canonicalHydra vulgaris
AEP FGFs (Hv-FGF-b, Hv-FGF-c, Hv-FGF-e, and Hv-FGF-f, Lange et al., 2014). Unpublished pilot experi-
ments using the FGFR inhibitor SU5402 and FGF siRNA had already shown an e ect of the FGFR signaling
pathway in Hydra on cell migration (Baumert, 2015, examination paper; Rittershaus, 2016, bachelor thesis)
and cell di erentiation (Kneifert, 2020, master thesis). For more conclusive evidence as well as to gain insights
into the individual functions of each FGF, it was the intention to produce biologically functional, recombinant
protein as material for functional bioassays to elucidate the function of Hv-FGF-b, Hv-FGF-c, Hv-FGF-e, and
Hv-FGF-f.



2 Results

Escherichia coli is a standard system for the expression of high amounts of recombinant protein. It has many
advantages such as rapid growth, inexpensive media, and the availability of many cloning vectors (Baneyx,
1999). To successfully express a recombinant protein i&. coli, it is crucial to know about the proteins physical
characteristics to choose the right expression conditions. The following section recapitulates the bioinformatic
analyses of the ve already knownHydra FGFs (Lange et al., 2014) as well as of ten new, potential FGFs which
| identi ed at a much later stage of this study from new EST datasets.

2.1 Bioinformatics
2.1.1 Search for and identi cation of Hydra vulgaris AEP FGF cDNAs

The amino acid sequences of the core domains of the ve knowhlydra vulgaris AEP FGFs (Hv-FGF-a, Hv-
FGF-b, Hv-FGF-c, Hv-FGF-e, and Hv-FGF-f, Lange et al., 2014) were used for protein BLAST. Signi cant
hits were examined for the presence of the characteristic FGF core domain using SMART (http://smart.embl-
heidelberg.de/) and InterPro (https://www.ebi.ac.uk/interpro/).

Ten new, potential Hydra vulgaris AEP FGFs were identi ed, each featuring the FGF core domain according
to both SMART and InterPro. Their NCBI sequence IDs and Hydra AEP Genome Project Portal sequence IDs
are listed in Tab. 14 (supplement section 7.1.1). For amino acid and nucleotide sequences of all knowtydra
vulgaris AEP FGFs see supplement sections 7.1.2 and 7.1.3, respectively.

2.1.2 Bioinformatic analysis of ve known and ten novel potential Hydra FGFs

To learn about the Hydra FGFs physical properties, bioinformatic analyses were performed using Expasy
ProtParam (https://web.expasy.org/protparam/).

According to Diaz et al. (2000), the most important factors a ecting the correct folding of a protein, and as
such its solubility and the overall success of expression, are the proteins isoelectric point (pl), its molecular
weight (in kDa), charge average, hydrophilicity, and aliphatic index.

The Hydra FGFs were identi ed as hydrophilic proteins with grand average of hydropathicity (GRAVY) between
-0.252 and -0.66 (Tab. 1). They were further determined to be alkaline proteins due to the relative amount
of negatively and positively charged residues, with positively charged residues predominating (Tab. 1). The
theoretical pl was estimated to be between 8.1 and 10.0 (Tab. 1).

To investigate the likelihood for the presence of signal peptides, SignalP 6.0 (https://services.healthte
ch.dtu.dk/services/SignalP-6.0/) was used (Tab. 1). The presence of a signal peptide is very likely (93 - 99.9
%) for ve FGFs (Hv-FGF-e, Hv-FGF-f, Hv-FGF-h, Hv-FGF-I, and Hv-FGF-m). In another four of them (Hv-
FGF-c, Hv-FGF-g, Hv-FGF-i, and Hv-FGF-p) the likelihood for the presence of a signal sequence is between
54 % and 69 %. For Hv-FGF-j and Hv-FGF-n, its presence is questionable (31 and 29 %, respectively), while
four FGFs (Hv-FGF-a, Hv-FGF-b, Hv-FGF-k, and Hv-FGF-0) lack an identifyable signal sequence according
to SignalP 6.0.



Table 1: Physical Features of Hydra FGFs. pl: Isoelectric point; GRAVY: Grand Average of Hydro-
pathicity; kDa: kilodaltons.

Fibroblast Molecular Positively Negatively Theoretical GRAVY Signal peptide
growth weight charged charged pl likelihood
factor [kDa] residues residues

Hv-FGF-a 18.6 21 19 8.3 -0.391 0
Hv-FGF-b 22.7 31 16 9.8 -0.469 0.0265
Hv-FGF-c 25.9 31 24 9.1 -0.661 0.5359
Hv-FGF-e 25.6 31 15 10.0 -0.410 0.9351
Hv-FGF-f 32.7 43 31 9.5 -0.640 0.9986
Hv-FGF-g 27.2 36 24 9.5 -0.412 0.5854
Hv-FGF-h 27.4 38 26 9.6 -0.556 0.9995
Hv-FGF-i 24.0 27 15 9.6 -0.267 0.5317
Hv-FGF-j 24.4 28 20 9.3 -0.252 0.3061
Hv-FGF-k 26.8 31 29 8.1 -0.652 0
Hv-FGF-I 26.6 41 24 10.0 -0.58 0.9996
Hv-FGF-m 24.4 34 18 9.9 -0.311 0.9997
Hv-FGF-n 21.9 30 23 9.1 -0.490 0.2876
Hv-FGF-0 28.2 34 27 9.0 -0.382 0
Hv-FGF-p 27.0 39 19 9.9 -0.536 0.6943

2.1.3 Hydra vulgaris AEP FGF protein models show the conserved FGF core structure for new,
potential FGFs

The Hydra FGF protein structures were modelled and visualized as part of the veri cation of the proteins as
members of the FGF family. Models of theHydra FGFs as well as FGF-1 and FGF-2 fromHomo sapienswere
calculated using Expasy SwissModel (https://swissmodel.expasy.org/).



Figure 4: Protein models and amino acid sequence alignment of known Hydra vulgaris AEP  FGFs
as well as FGF-1 and FGF-2 from Homo sapiens . (A) Protein structures calculated using Expasy Swiss-
Model (https://swissmodel.expasy.org/); (B) Amino acid sequence alignment calculated by ClustalX. Amino
acids highlighted in red indicate N-terminal region of signal peptide, amino acids highlighted in orange indicate
center hydrophobic region of signal peptide, amino acids highlighted in yellow indicate C-terminal region of
signal peptide. Blue frames show regions of antiparallel -strands according to Mohammadi et al. (2005)
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