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Abstract

Members of the earipranching metazoan phylum of Cnidaria are wetlognized as a sister
group to bilaterians making them an ideal candidate to study the evolutiorthef
eumetazoan nervous systerbegarto unravel the neurogenesis transcriptional network in
Hydractiniaby generating transgenic reporter animals expressing fluorescent proteins under
the control of neurogenesiselated genes, and Riwilreporter line that marks stem cells.

By generating thse lines, ivasable to trace neuronal cells and their precursors to study
their fate in regeneration. Tracing of individual differentiated neurons showed that the
injured nervous system is 4@stablished byde novo neurogenesis rather than by
migration/proliferation of existing neurons. Usijwil,SoxB2and Rfamidereporter lines, |

was able to apply fluorescencactivated cell sorting (FACS) tmrt cells along the
neurogenesis pathway for subsequent RNA sequencing. In addition, these lines where
further analyzed usingmagingflow cytometry by focusing on the level of the transgene
expression and morphology of the cells. Working with our animal model, is a novel
opportunity to shed light on neural lineage specification markers as well as understanding

how commitment of cells to a certain lineage is established.

In addition, the role of SoxB genes during embryonic development seems to be more
complexthan originally thoughtSoxBXknockdown affead many lineages as it is expressed

in stem cells, whereaSoxBZnockdown affeatd specifically the neuronal lineage as it is
expressed in neural progenitor cells with a preference to distinct neuronal subtypes. Along
with overexpression studiessoxBlseems to act in a similar manner with the mammalian
Sox2as it is required for cell® remain in a pluripotent state. These data provide an insight

into a potentially conserved role of SoxB genes between bilaterians and cnidarians.
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1.1 The Phylum Cnidaria

The early-branching metazoan phylumCnidaria is a wellsupported sister group to
bilaterians andcomprised by the commonly known sea anemormegf-forming and soft
corals, jellyfishthe freshwaterHydra and marine hydroids(Figure 1.1). This diversgroup
is the oldest eumetazoan phylum andontains over 411,000 described species,
predominantly living in marine environmentand along with the phyla Ctenophora,
Placozoaand Poriferaare considered athe early diverginghbasal animals Hejnolet al.,

2009 Picket al., 2010 Zapateet al., 2015).

Thephylum Cnidaria is divided into two major clades: Medusozoa and Anth(Bodgeet
al., 1995). The Anthozoa contains the Hexacoralia (e.g. sea anermondesony coralsand
Octocoralia (e.g. soft coralgorgonians, sea peh€lades The Medusozoalade is much
more diverselt is divided into foursubgroups including some3,700 described species:
Hydrozoahydromedusae, hydroids, siphonophore€ubozodbox jellies) Scyphozoétrue
jellyfish)and Stawozoa(stalked jellyfishjCartwrightet al., 2007 Dalyet al., 2007; Apataet
al., 2015).
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Fgure 11. Simplified phylogenetic relations between the cnidargau-clades and Bilateria.

All midariansare diploblastic organism#)ey develop from only two embryonic germ layers,
ectoderm and endoderm, and lack a mesoderm. Postembryonic cnidarians hady aalb
consisting of two epithelial layers, an outpidermisandinner gastrodermisseparated by

an extracellular matrix known asesoglegSalviniPlawen, 1978)The adult epithelial layers
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are not direct descendants of the two embryonic germ layatdeast in some cnidarians
(Gaharet al., 2016; Steinmetet al., 2017).The body plas of cnidariansare diverse as well

as theirlife cyclesand morphologes. Cnidarianare often characterizedsax & A Y LJn&sé
due to presumed simplicithased on lack of knowledge of their biologinidariansare
morphologically simpler than most bilaterians, but their complexity is probably
underestimated.They are describeds having radial symmetrput only a subset of the
phylumQ speciesexhibits ths trait. Depending on the clade amdividual speciesvithin the
phylum, some have bilateral symmetiyr directional asymmetryHyman, 1940; Manuel
2009).

Despite their body plan differences, cnidagamve a single openingn one side ofthe
animalwhich acts both as mouth and anasd generally isurrounded bytentaclesbearing
nematocytes Technau and Steele, 2011¥lembers ofthe Cnidariaexhibit a variety otell
types found inall animals such as epithelial cells, sensory and gamiglnerve cellsgland
cells,and muscle celld he shared characteristit all cnidarians is the presence opaylum
definingintracellular struture calledthe cnidae with the most diverse and universal cnidae
being the nematocysts (also called stimgstructures) Nematocgtsare extrusive organelles
mostly used for predation and defense, as well as for adhe&iprexcreting a mixture of
toxic substances located in the nematocyst capsutadstein, 1981 Tardent and Holstein,
1982).

(nidarian specieslisplay two mairlife cyclepatternsand considerable variation is present
within these modesMost cnidarians areapableof sexualreproductionand, in some cases,
they can also asexually reproduce througidding and/or colony formatiofColling 2002).

The life cycle of medusozosis rather complex athey can reproduce both sexually and

asexuallhby an altenation between an asexual polyp and a flaéng sexuamedusastage

although variations with this rule are commomthozoan® NBLINR RdzOG A2y A &

asexual, but they lack a medusa stage altogeffiechnauvand Steele, 2011)'he medusa
stage is believed tdhave been lost and gained multiple times in differemelgesof
Medusozoaand for that reasortertain medusozoans do not exhibit the medusa stdie
Hydractinia In this case, themedusa stage is reduced and renmmaitached to the polyp

serving agijonads(Plickertet al., 2012).
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1.2 Maincnidarian model systems
Cnidarians have been utilizédr many decades nowo study key aspects evolutionary

biology,from nervous system evolutioto the formationof germ layersto symbiosis.

Wellstudied cnidarians includg species fronboth the Arthozoa and Hydrozoa clades, such
as Nematostella vectensisand Acropora spp, and Hydra spp. and Hydractinia spp.,
respectively.N. vectensis one of themost commonly useanidarianmodels is the first
member of its phylum whosgenome hadeen sequence@Putnamet al., 2007) It exhibits
a typicalanthozoan life cycle from embryo to larva taadult polyps(Fritzenwanker and
Technau, 2002) Due toits ease of maintenance and cultyrand thegreat experimental
accessibility N. vectensishas been greatly utibed asa developmentalmodel system
(Genikhovicltand Technau, 20Q90n the other handAcroporac a major contributor to the
Australian Great Barrier Ree€ can provide insightsnto the diversification within the
anthozoan cladgand is useful for the study dhe formation of calcifiedskeletors and
intracellular symbiosisboth being essential for the formation of coral re€hinzatcet al.,
2011;Ballet al., 20(®).

Within the hydrozoan clade, the freshwater polifydrahas been the major playefor
centuries and classicaktudies regarding asexual budding, regeneration tisglie grafting
experiments hae been first describedby the Swiss scholafrembleyback inthe 1700s
(Trembley 1744;Glauberet al., 201Q. Hydracan reproduce bdt asexually byudding of
new polypsand sexually bgheddinggametes Its polyps are dioecious (separate sexas)
hermaphroditic depending on the species and/or straimkich makes it an excellent
candidate to studyembryogenesis and gametogenedidiller et al., 200Q Technauwet al.,
2003. For many years, transgenesis was not feadiokhis animal or indeed in any other
cnidarian a lack thatimpededthe understandig of biologicalmechanisms and processes.
Afterlongterm efforts, the first stable transgenic reporter line was reporter in 2006t{ieb

et al., 2006)and since then many studies have been published describantracking ofcell
fate, manipulation of genes by overexpression/knockdows well as sorting of cells for
downstream applicationsJ(lianoet al., 2014;Khalturin et al., 2007;Siebertet al., 2008;
Hemmrichet al., 2012;NishimiyaFujisawaand Kobayashi, 20)2

Both Hydractnia species; Hydractinia echinat and Hydractinia symbiolongicarpushave
been established modeldor versatile applications such as developmental biology,
allorecognition, reproductiorand environmental studies foover a century As a typical

hydrozoan representativeilydractiniag like Hydrac offers a unique opportunity to study
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neurogenesis, axial patterningggeneration,and stem cell biologyFranket al., 200). A
more detailed description oHydractiniaas an animal modeloflows in the next section

(section 1.3)
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1.3 Hydractiniaas a model organism

Hydractnia, a colonial marine hydroidan be described as a great representative of the
Cnidaria phylum and an excellent animal model to study celldavelopmental biology, as

its utility let to the assembly of the very first concepts and terms in biology, including the

charactersation of stemand germcells (Weismann, 1883).

More than 30Hydractiniaspecies have beettescribedo date with twoNorth Atlantic ones
¢ the EuropeanHydractinia echinataand the AmericarH. Symbiolongicarpug being
intensively utilsed to studyallorecognition stem cels, and developmentdiiology(Franket
al., 2001).The closely related speci®odocorya carnea(previously known ablydractinia
carned has been of special interest as its life cycle includes a medusa Btzdmcorynads
also used asraanimal model for regeneratiostudiesthroughtrans and dedifferentiation

(Schuchert, 2011).

In its nature habitat,Hydractiniainhabits the shells of hermit crabs with each adult colony
having four main types of polyps: feeding (gastrozooids) and sexual (gonozooids) gadlyps
the less frequent ones dactylozooids and tentaculozofdanket al., 200J). In Hydractinia
colonies, the sexes are always separated and geneticdiermined (icotra M.,

unpublished data)

What makedHydractiniaan attractive model fostudying fundamental questions in the field
of evolutionary and developmental biologyits eag culturein laboratory settingand broad
techniquetoolbox currently availablelt is cultivable in the lab and dhe life stages are
accessible for manipation: from zygote taadult feeding andsexual polypgPlickertet al.,
2012) Since the generation of stalfieansgenic liness feasiblgKiinzekt al., 201L0), cellfate
studiescan provide insights into how cetemmit to certain lineages as well eir fate in
both embryogenesis and regeneratiocontexts (Bradshawet al., 2015) In addition,
molecular tools are available father misexpression studies including RNA interference
(Millane et al., 201% Fliciet al., 2017), shorthairpin RNA interfiience (DuBucet al., 2020;
this thesis) morpholino injectiongKanska and Frank, 2013nRNA and plasmidjections
for over- and ectopic expressiorstudies (Duffy et al, 201Q. CRISPR/CasBediated
mutagenesigprotocols arealso availabldor this anima model(Gahanret al., 2017;Sanders
et al., 2018. Flow cytometric analyshsas beerrecentlymadeavailable along with sorting of
distinct cell populationsn order to start understandng the transcriptional regulatry

network of certaincelllineageqDuBucet al., 2020; this thesis).
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In addition tol & R NJ © fhdny tedhifical benefits, this animal model also offers an
advantage as a model system from a biological point of view. It can be used in comparative
studies as its genome encodes radiomologous to vertebrate genes than other classical
animal models such &s. elegansnd Drosophila(Kortschak et al., 2001; SeR#ed et al.,

2010; Technau and Steele, 2011), indicating a conserved gene inventory of all major signaling

pathways used ianimal developmerdl control.

Moreover, Hydractinia as a clonal animal, does not sequester a germ line during
embryogenesis (DuBuwt al.,, 2020). Instead, adult stem cells contribute to both somatic
tissues and gametes continuously. This property makes this animal an attractive model
system to study germ cell specification and the evolution of bilaterian sequestered germ
lines.Also, the &ct thatHydractinia like all cnidarians, are diploplastic animals meaning that
they have only endoderm and ectoderm, makes is an ideal candidate to study the evolution

of mesoderm layer evolutionary origin.

These few examples showcase the valuydractiniaas an excellent animal model to study

evolutionary and developmental biology.
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1.4 Life cycle

Hydrozoan cnidarians have a complex life cycle with daminantlife stages: polyp and
medusa. IrHydractiniathe medusa stage rsidimentary reducedo sessile gonophoreghe
sexes are separateshd both sexeselea® gametesdaily intothe water in a lighinduced
spawningact Krauset al., 2014). Fobwingfertilization, thezygotesdevelopwithin 2-3 days
into aplanula larvahat can be induced tsnetamorphoses to primary polygsthis process
usually take®neday.Primary polypsire thefoundersof new colomesandsecondary polyps
are then generatedby buddingfrom interconnected stolonsgastrovascular tubgs(Fig.
1.2A), and within 23 months, the colony will be sexually mature and ready to spawn. Each
colony is either female or male both sexes are not present within the same colony (Fig.
1.2B-D). The stolonal tissuecovered by a chitinous peridernis responsible forthe
distributionand exchange afiutrients andcells between polyps of the same coloay well
asfor defensepurposesn order to avoid fusion of two colonies that do not share the same
allorecognition allelethroughactiverejection¢ a process thatesemblegissue rejection in

organ transplantatior{fShenk, 1991; Powdt al., 2007 Nicotraet al., 2009.
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Figurel.2. (A)Life cycle oHydractiniaand morphology of the (B) feeling polyp, (C) female sexual polyp, and (D)
male sexual polyfHydractinia reproduceslonally and sexually daily. Sexual reproduction involves many stages
beginning with multiple cleavage stages followed by the establishma#nfully developed larva. Upon
metamorphosis induction, the larva will rearrange its body plan resulting into a primary polyp. Within a few
months, this primary polyp will asexually reproduce to generate a sexually mature colony, including either female

or male sexual polyps.

One ofthe most intriguingfeaturesof nearly all cnidariang the ability to metamorphas
Metamorphosisderives from the Greek word> ¥ _'h"> . (metamérphosis) which
describes the transition from onmorphe (> ~ ° ). td another, in this case, from larval to
adult tissue During this processhe planula larvagupon thereceival ofappropriateinternal
and externaktimulation,cancompletely rearrangeits tissuearchitectureand give rise to a
different structure from the originabne,the primary polyplt has been previously described
that this process is dependexh the presence abacteria which providéhe external signals
required Mdller, 1973;Mdller et al., 197§. This bacterial inducestimulatesGLWamidé
sensory neurons located at the aboral end of the larva and causescthation of a signal
transduction cascadend ultimately the release ofhe neuropeptide GLWamide Ths
neuropeptide diffuses posteriorly andicts as éhormone andtriggers and synchrosgs
metamorphosis in the entire larva by acting as the internal sigfishimichet al., 198; Leitz
1998).

It has beenwell documentedby Seipp and colleagues (2002010 that apoptosis has a
fundamental role during the process of metamorphobiseliminating cellsthat are no
longer neeed (larval posterior end and anterior calpgfore reaching a distinct turning point
which isfollowed by a subsequent development aflult feaures. Distinct neuronal
subtypes such as GLWamidand RFamideexpressing neuronsare subject toapoptosis
during metamorphosisind hkence,a de novoestablishment of the adult nervous system is

required byproliferation andcommitmentof stem cells tole neural lineage.
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1.5 Body plan and callar composition

The body plan ofHydractiniais rather simple The adult polyp is composedf two
myoepithelial layers; gastrodermis and epidermiswith severalother cell typegositioned
in the interstitial spaces These includastem cellsneurons,nematocytes and gland cells
(Figure 1.3 (Plickertet al., 2012) Even though the nervous systemtdydractiniahas been
consideredelatively simpldor many yearsrecent evidencencludingthe study byFliciand
colleagues(2017) and this thesisuggest a much more anatomically complex systém

detailed description of the structure and composition of the nervous system follows in the

section 16.
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7 A Radial muscle cell
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Figure 1.3Schematic representation ¢dydractiniabody plan in the adulstage Polyps are composed by two
epithelial layers separated by an extracellular malike layer, named mesoglea. In the epidermal layer,
proliferative cells such as stem celledils), mmatoblasts and neuroblasts are located in the interstitial spaces.

In this layer, other cell types are found such as neuronal cells, nematocytes and mucous cells. In the gastrodermal

layer, gland cells are found as well as muscle cells.
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One of themaincharacteristic features dfydrozoans is the presenceapopulation of stem

cells residingorimarily in the interstitial spaceginterstitial cells; icells)of the epidermal

epithelial layerAs a populationcellsremain pluripotent throughoutthe @ I Yy A & ¥@a f A ¥ S
constantly express genes whose bilaterian homologuesvateknownfor their involvement

in both stem and germ cell biologBradshawet al., 2015;Plickertet al., 2012;Franket al.,

2009 Gaharet al., 201§. Up until now there has beemo clear distinction between stem

and germ cells as classitarkers for either populationlike Vasa Nanosland PI1Q are

expressed in both subsefKiinzekt al.,, 201Q. Recently, DuBucet al. (2020) demonstrated

that transcription factor AP2 acts as a molecular switch to commit adult stem eediis))j to

the germ cell fate.

So far, icells have only beefound in hydrozoans antlydraand Hydractiniaare the two
genera in which moshvestigations have been madBdde, 1996; Bosadt al., 2010; David,
2012 Weismann, 1883¥iiller et al., 2004; Kinzekt al, 2010; Millanest al., 2011; Bradshaw
et al, 2015. In the adultHydrapolyp, there are three distinctell lineages responsible for
its homeostatianaintenance- epidermal epithelial, gastrodermal epithelial, and interstitial
lineage. The two epithelial lineagealthough not classical stem cgll being already
differentiated epitheliamuscle cells, preserve the sedfnewal capacityand can be
descrbed as mitotic unipotent stem cells (David, 2012). On the other hand, the interstitial
stem cell lineage contains continuously proliferative multipotent stestis, whichprovide
an inexhaustible source for the replacementdifother cell types, includggerm cells (David
and Murphy, 1977; Bosch and David, 1987, Betel., 1987; Nishimiydujisawa and
Kobayashi, 2012).

In Hydractinia by contrast,epithelial cells do proliferate but are probably derived at least
partly from icells that alsaive riseto all other somatic cells angerm cells (Duffet al,
2010;Mdller et al., 20094. During embryogenesiscellsfirst arisein the gastrodermis and
upon metamorphosis they migrate to the epidermis (Emma McMaR6i8. In the adult
polyp, they are foud in a bandike zone in the lower half of the body column primarily in
the epidermis and upon wound healing or head regeneration they are able to migrate to the
injury site and form a blastema in order to-establish the missing tissue. On the other hand
i-cells in stolonal tissue are more ubiquitously distributed (Bradshetwal, 2015).
Hydractiniai-cells express a variety of markers depending on thepapulation in question.

For instance, genes likeiwi andVasa(Bradshawet al.,, 2015; Rebschest al., 2008)are

expressed incells responsible fagelf-renewal and stem cell maintenance wherééanos?2
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is implicated in the neural lineage commitmeitanska and Frank, 2018Jowever, since
severalicelldefined genes are expressdy multiple distinct suipopulations, comparable

to the planarian neoblastd/@nWolfswinkelet al., 2014; Adler and Sanchez Alvarado, 2015),
the need for more definitive molecular markers for variou®ll subsets are highly needed
as well as markersf populations further down the commitment path to start understanding

how the stem cells iHydractiniabehave and define multiple lineages.
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1.6 BEvolution of the nervous system

Even thoughmany aspects regarding the developmenttbé nervous system have been
intensively studiedn the past decadedts evolutionary origins are stitlot well understood
Restricted phylogenetic representation and studies based mostly on standard model
organisms contributed to the lack of a viable theory regarding the ancestral development of

the nervous system.

The positioning o€nidariansas a sister group to Bilatanmakes them an ideal candidate to
study the evolution of eumetazoan nervous system and to reconstruct the
cnidarian/bilaterian ancestor (Hejnet al., 2009; Piclet al., 2010) However, the origin of
the nervous system is a controversial topic. Whiledanians have nerve nets, neeurons
have been found iplacozoans and spongeghe closestoutgroup to cnidariarbilaterian
ancestor(Galliotet al., 2009; Galliot and Quiquand, 2011; Marlow and Arendt, 2014; Moroz
et al., 2014) However, a recent studymothe placozodrichoplaxshowed that these animals
do expresElav(DuBucet al.,, 2019), which is a broad neuronal marker in the sea anemone
Nematostella(Marlow et al., 2009; Kelavat al., 2015) This, however, neither confirm nor

rejecting the existene of neuroral populations in these animals.

Regardless of that, it is well accepted that bilaterian and cnidarian nervous systems are
homologous. Based on that, many questions can be addressed regarding the structure and
molecular determinants of the neous systems. For example, how patterning and cell

commitment is facilitated, how the nervous system is organized, and what genes and

pathways are involved in such processes.

In most animals, neural progenitors arise within the context of the epitheti@mderm layer,

once internalization of embryonic cells destined to produce the inner organs is established.
In cnidarians, endodermal cells also acquire the potential to form neural(bilsanishiet

al., 2012) Neurogenesif bilateriansis followed ly the separation of neural cells from the
epithelialectoderm and then by migration, proliferation and differentiation (Hartenstein and

Stollewerk, 2015).

The neurogenic potential can be spread out over the entire ectoderm which results in the
formation of a more generalized neurogenic ectoderm (nerve plefosnd in Cnidarians),

whereas when the potential is restricted to a specific region (neuroectodearNS is

formed (Richards and Rentzsch, 201MEural precursors can directly differentiate as

neurons or3 A @S NA acBlH A3 SaalBFISYAG2NE 6KAOK OFYy R
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renewal and a second daughter cell that is committed to neural rdifféation) (Noctoret
al.,, 2004; Kowalczykt al., 2009). Then, neural progenitors can either be internalizied
ingression, invagination or delamination, or remain integrated within the neuroepithelium

surface(Fig. 1.4)
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Figure 14. Schematicepresentation of the basic steps in neurogenesis. Cells first acquire neurogenic potential
(A), then neural progenitorwill pattern themselves in various ways (B), proliferate (C), and migrate (D). Figure
adapted from Hartenstein and Stollewef2015. Neurogenesis begins when ectodermal cells (also endodermal
cells in cnidarians) acquire the neurogenic potential. Following, neural progenitors or precursors arise within the
particular domain (neurogenic ectoderm or endoderm) and pattern themselves sttichy or invariant
depending on the animal. Afterwards, neural progenitor cells will either directly differentiate to neurons or give
rise to proliferating neural progenitors which in turn they can asymmetricallyreeffw. Finally, neural
progenitorswill either remain integrated within the neuroepithelium or internalise by delamination, ingression,

or invagination (Hartenstein and Stollewerk, 2015).

Cnidarians do not present a central nervous system (CNS) like bilaterians. Instead, they have
structurallya muchsimpler system, yet with a considerable degree of functional complexity.
The nerve net is composed by sensory and ganglionic neurons whoseepses are
interspersed among the epithelial cells of beghidermis and gastroderm{diffused nervous
system). Several cnidarian species present some degree of regionalization of the neural
structure (Watanabet al., 2009). For instance, regionalizaticem be characteristically seen

in the medusozoans which incorporate an dysaring sensory system. All the
aforementioned cell types are derived from stem cell populations lodged in interstitial spaces
of epithelia, and hence named interstitial celledlls).l-cells do not only give rise to sensory
neurons, nematocytes and ganglion cells, but also give rise to germline cells and multiple

secretory cell types (Khalturit al., 2007).
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For instanceHydra a freshwater polyp and a typical example of theictural simplicity of

this animal family, haat least three neuronal cell typesensory and ganglionic neurons, and
nematocytes. The later one exhibits mechanosensory functions with a great level of
complexity, underlying the usefulness of this Phylum understanding fundamental

processes in a less complex environment (Datial., 2008).

As mentioned above, the cnidarian nervous system has a basiepithelial nerve plexus form;
neurons and their processes form part of the epithelium as they are lodatddeen the

apical junction®f the epithelium and the basement membrane (Hartenstein and Stollewerk,
2015). However, some members of this family present condensed esuatitd neuronal cell
bodies to form circular or linear tracts; features seen in bifate animals (Koizungt al.,

2004).

Cnidarian nervous systems are highly peptidergic. Classical neurotransmitters that have been
long studied in higher eukaryotes are also involved in cnidarian neurotransmis&ss (
Simon and Pierobon, 20D7In brief, neurotransmission is the process by which
neurotransmitters (signaling moleculesncluding peptides) are released by a neuron and
bind and activate receptors from another neuron (Takahashi and Takeda, 2015).
Neuropeptides are derived from nerve cells alagige from as short as three amino acids
(Nillni et al., 1996 to as long as 70 amino acid&iman, 1992, whereas neuropeptide
receptors belong primarily to the family of G protetoupled receptors Rujisawa and

Hayakawa, 201)2

To date, three major neuropeptide families have been well characterized in cnidarians:

FMRFamiddike peptides (FLPs), GLWamides, and PRXamide peptides.

The mos extensively studied among all classes (Anthozoa, Cubozoa, Scyphozoa and
Hydrozoa) is theFLP family (Grimmelikhuijzenet al., 1991; Andersoret al, 2004,
Grimmelikhuijzeret al., 1985).The FMRFamide peptide is composed of four amino acid
residues withGterminal amidation and it was first isolated from the cerebral ganglion of the
clam Macrocallista nimbosa(Price and Greenberg, 197.74977H. FLPs are further
subdivided into two groups: FMRFamiddated peptides (FaRPs) which contaitelminal
extengons of the @erminal FMRFamide or FLRFamide code sequeneese(and
Greenberg, 1980 and FLPs which include all peptides with the RFamide sequence only (18).
InHydraandHydractinigpolyps,FMRFamideoositive neurons can be found in te@idermis

around the mouth opening, whereas RFamjalasitive ganglion cells are located at the head
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region, peduclgin Hydrg and tentacles (Grimmelikhuijzeat al., 1985; Grimmelikhuijzeet
al., 1991; Koizunst al., 1992).

Another NP family, th&LWamides, has been demonstrated to be expressed in cnidarians,
especially irHydraand Hydractinia(Schmichet al., 1998).GLWamides have characteristic
structural features in their Nand Gterminal regions.For instance, most ahe peptides
belonging to this family share a GLWamide motif at theier@ini (Takahashi and Takeda,
2015).

The third class of neuropeptides in cnidarians has been studied in a much less extend
compared to the other two families. PRXamide peptides generally divided in three
subgroups: Pheromone biosynthesis activating neuropeptitR=inget al., 1989, small
cardioactive neuropeptidesMorris et al., 1982 Lloydet al.,1987), and antheRPamide and
related peptides Carstenseret al., 1993. So farPRXpeptides have only been identified in
Hydra magnipapillatgdf Hym355; Takahashget al., 200Q and inAnthopleura elegantissma
(Antho-RPamideCarstenseret al., 1992) and both of them share homology with members

of the last group (anthdRPamide and rated peptides).

Generally, FLPs have various roles in muscle contraction, feeding, sensory activity,
metamorphosisand larval movement. On the other hand, GLWamides have roles in planula
migration, oocyte maturation and spawning, as well as in metamorphosis and in muscle
contraction. Hym-355 which belongs to the PRXamide peptide family enhances neuronal
differentiation, along with muscle contraction, oocyte maturation and spawning (Takahashi
and Takeda, 2015).

Both G_LWamide and FMRFamidepositive neurons seem to play a significant role in the
regulation of metamorphosis induction as they directly receive environmexukas Muller,

1969). The two NP families are also involved in the regulation of the creeping behavior of
planula towards a light source. Phototaxis was suppressguomoted by the exogenously

administration of RFamide or LWamide pep8despectively Katsukureaet al., 2004).

Neurosecretory cells in vertebrates form a distinct population of nerve cells and release NPs
anywhere along the cell body and neest as well as at the synapses, whereas in the
cnidarian nervous system the distribution of syniaptesicles is limited at the synapses
(Hartenstein, 2006; Westfall, 1987). Furthermore, synaptic connections in cnidarians can be
established betweemganglionicneurons and between sensory and epithelial muscular cells

(Westfall, 1973; Kinnamon and Wedkfd 982). Hence, the synapsestricted secretion of
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NPs may serve as a directed signal transmissither than a generalized undirected

neurosecretion.

The regulation of neural differentiation and cell type specification by neurogenic
transcription facbrs seems to be conserved between Bilateria and Cnidaria, but the
molecular nature of the neural inducers in theidariarsis still not specified. For instance,

the bone morphogenetic protein (BMP) signaling is involved in the triggering of regionalized
neurogenesis in Bilateria (Levine and Brivanlou, 2007). Recent studiedNesiragostelladid

show asymmetric expression BMP2/4and its antagonisChordinaround the blastopore

lip at the gastrula stage, whereas in bilaterigdBordinantagonizes Bmp awity on the

opposite side of the dorsalentral axis (Rentzsat al., 2006).

Transcriptional regulators are essential for guiding cells to a specific identity3 Sox
transcription factors are central in neurodevelopment. Their presence or absence
determinres whether a neural precursor cell will sedhew or differentiate into a specialized

cell. Furthermore, they maintain the neuroectoderm in a proliferative state as they provide
neurogenic potential but at the same time inhibit neural differentiation €8&001; Elkouris

et al., 2011). More specific, the expression of SoxB factors is under the control of various
signaling pathways, notably the BMP/BMP antagonist and the Wnt pathways (Miatseki
al., 1998; Niehrs, 2010). In mammals, 20 Sox proteins have been identified and classified into
groups (Sox/oxH) based on the degree of amino acid identity within the HMG (high
mobility group}box (Reiprich and Wegner, 2015) ciidarians, specifically iinthozoa and
Hydrozoa, an almost complete set of homologous genes that have critical roles in bilaterian
neurodevelopment (neurogenesis, neuronal specification and network formation) has been
described. Among them are the proneural basic helix loop hetti i) factors, SoxB genes,
zincfinger protein genes, and neuron specific RNA binding proteins (RBPs) (Watdiabe
2009).

The fact that Cnidaria possess an almost complete set of such genes implicated in bilaterian
neurodevelopmentwith a relatively morphological simple nervous systemmakes this
phylumidealto study cellular and developmental processes that establish and maintain a
nervous systemln Hydractinia nervous system development and cell commitment to the

neural fate has not been fully crecterised.
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1.7 SoxBamily of transcription factors
As briefly mentioned in the previous section, the Sox family of transcription factors (TFs) are

versatile regulators of stem and progenitor cell fate with a central role in neurodevelopment.

Studies dcused on this superfamily began with the discovery of the mammalian testis
determining factorSry(Gubbayet al., 1990; Sinclaiet al., 1990). They identifiethe protein
domain, now callechigh-mobility-group (HMG)which binds DNA in a sequenspecific
manner andbased on the amino acid similarit) 560%) to this domain of Sry, other Sox
proteins were identifiedln total, 20 Sox genes have been identified in humans and mice
(Scheperst al.,, 2002). Sox proteins sharirg80% similarityn the HMG domain are divided
into differentsubgroupsSoxAH (Wegner, 2010).

Members from the sam&oxgroup share biochemicakroperties and overlapping functions
whereas Sox TFs from different groups have distinct biological functions despite the same
protein consensus motif. Sox factors can achieve target gene selectivity through differential
affinity for distinct flanking segnces next to consens@oxsites through postranslational
modifications, homeor heterodimerization among Sox proteins, or through interaction with

other cofactors (Wegner, 2010).

Sox TFs are well recognizednaaster regulators in many developmehtnd physiological
processes by facilitating cdiipe specific genetic programs both in stem and progenitor cells
as well as in highly specialized cell types (Kamachi and Kondoh, R@h3bpers of the Sox
TF family are conserved along the animal king@big. 1.5), and @freat interest is the group
B of the Sox family as they regulate neural progenitors from early developnerthey are

implicated in nervous system development (Sarkar and Hochedlinger, 2013).
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Figure 15. Phylogenetic analysis @« HMG domainsimage adapted fronFlici et al (2017). 12 Soxike
sequences were identified in Hydractinia. Eight of these sequences belonged to groups B, C, E and F, whereas the
remaining four sequences were unstable in their placement on the tree falling either at the base of the tree (not

in known groups)or within group B. Species are abbreviated as following: Awippora millepora Aqu,
Amphimedon queenslandic®fl, Branchiostoma floridaeCel,Caenorhabditis elegan<in, Ciona intestinalis
Che,Clytia hemisphaericeDme,Drosophila melanogasteEmu, Ephydatia muelleriHec,Hydractinia echinata

Hma, Hydra magnipapillata Hsa,Homo sapiensLgi, Lottia gigantea Mle, Mnemiopsis leidyi Mmu, Mus
musculus Nve, Nematostella vectensidpi, Pleurobrachia pileysSci,Sycon ciliatumSpu,Strongylocenbtus

purpuratus Tad,Trichoplax adhaerens
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VertebrateSoxB TFs are subdivided into two subgroupexB1Sox1, Sox2, Soxa)d SoxB2
(Sox14, Sox21) with roles in sedfiewal and pluripotency maintenance (Sarkar and
Hochedlinger, 2013), and in neuifferentiation, respectively (Graharat al., 2003). The

effect of Sox2 on setenewal and differentiation of embryonic stem cells (ESCs) is highly
dosagedependent suggesting that its expression needs tarbequilibrium with other ce
factors in order to maintain a pluripotency state (Kogipal., 2008). Based on numerous
studies, Sox2 acts in a cooperation with other TFs that are also dseag#ive, ach as
Nanog and Oct4, in order to maintain regulatory netwadsponsible for selfenewal while
repressing differentiation programs in ESBgyeret al., 2005; Cheret al., 2008; Kinet al.,
2008;0rkin and Hochedlinger, 201 For instance, Sox2 and@ closely collaborate to each
other to efficiently bind to DNA and recruit other cofactors for gene activafimmjokaet

al., 2002 Masuiet al, 2003.hy (KS 20KSNJ KI yRZ {2E ¢ca Oty
function. For example, Sox17 (SoxF @lantagonizes Sox2 function by repressing target
genes and this action is partly accomplished by démpdgaNanog from silenced Nanog/Sox2
targets resulting in their transcriptional activation (Niaketral., 2010).Sox2 also has a role

in ectoderm develpment bydeterminingearly neural lineage specification in the embryo.
This regulation of cell fate commitment by Sox2 is achieved by antagonizing other factors
such as Thx6 which is a regulator of presomitic mesoderm development (Takeinaltp
2011).

Based on the above examples and many more additional studies, it is well recognized that
Sox2 determines cell fate by antagonizing directly or indirectly TFs of alternative lineages in
a highly cell type and developmental stage specific manner. Anotherpmgamhow Sox2
biases cells multipotent optic cup progenitors towards a neurogenic fate by antagonizing
Pax6. Wheisox2wvas ablated, these cells were biased towards a-nearogenic epithelium

fate (Paxeédriven fate), supporting this notion (Matsushiretal., 2011).

Apart from its role during embryogenesis, SdsZalso a key regulator of centrand
peripheral nervous system (CNSPN$ development by controlling proliferation and
differentiation of neural stem celi@evny and Nicolis, 201ox2expression overlaps with
that of the other two SoxB1 TFs, nam8&lgxland Sox3in the CNSand PN$Bylundet al.,
2003) It has also been reported th&ox2expressiond not only important in maintaining
stem cells and progenitors, but also for the diffetiation of neuronal subsets such as
GABAergic neurons in cortex and olfactory bulb (Cavakdral, 2008). Defining the

mechanisms by which the same TFs regulate both neural progenitor maintenance and cell
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differentiation within the same lineage wijifovide insights into the molecular mechanisms

responsible for such various outcomes

However, not only members of the SoxB1 family are responsible for stem and progenitor cell
maintenance. Most Sox TFs are expressed in various types of stem and progdtstor ce
tissues. For example, Sox9 (SoxE) is expressed in stem and progenitor cells in the adult
intestine, exocrine pancreas and liver under both homeostatic and injury conditions
(Furuyameet al., 2011).Another example from the SoxF group, Sox17 is reduior fetal

and neonatal hematopoietic stem cell maintenance but it is dispensable in adult

hematopoiesis (Kimst al., 2007).

Like in many other Sox factorSpx2expression is positively or negatively regulated by
different extracellular and intracellular modulators in adult and pluripotent stem cells. Major
signaling pathways control Sox2 TF expression levels during embryonic development, tissue
homeostasis andegeneration in a contexdlependent manner. For instance, Wnt signaling
positively regulatessox2expression in the endodermal progenitors of the developing taste
buds derived from progenitor cells of the pharyngeal endodercgusing their
differentiationin the expense of keratinocytes (Okubbal.,, 2006).0n the other handSox2
upregulation by Fgf signaling on calvarian osteoblast progenitors leads to Wnt signaling
inhibition as Sox2 is physically associated with {ostiznin (Mansukhamet al., 2005).
Furthermore, Sox2 itself can modulate these signals by directly activating or reprksging

regulators of such major pathways.

Furthermore, activation of Sox2 by extracellular signaling is followed by intracellular
interactions with other core pluripotency factors, cell cycle regulators, miRIdAg,
activating and repressive chromatin regulators to control gene expression whitthinin
balances selfenewal and/or differentiation in pluripotent cells (Sarkar and Hochedlinger,
2013).

Sox gene familgnembers exert key roles during developmeand beyondFig. 1.7andany
developmental disorderarisingdue to SOX mutations are refed to as SOXopathies, just

as RASopathies which are due to mutations in components of the Ras/MAPK pathway
(Angelozzi and Lefebvre, 2019; Tagnal,, 2018).To date, SOXopathies have oblgen
related tohalf of the Sox gene family (10 out of 2Most SOXpdties are rare developmental
disordersand the mutations underlining them are generatlg novg heterozygous and

inactivating (loss of function) revealing gene haploinsufficiency (Angelozzi and Lefebvre,
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2019). These mutations are predominantly found i tBNAbinding domain HMG box
which mediates DNA binding, nuclear trafficking, profeintein interactions and other
crucial functions (Gubbagt al, 1990; Sinclairet al, 1990) and result in various

developmental defects.

To date, most of the SOXopah reported are regarding distin@RYmutations. This is
probably becaus&RYs a master determinant of sex determination and is presaranly

one copy, thus it has no otheo$\ gene to share its function with. Most mutations identified

in this genecause XY sex reversal and since its only functional domain is the HMG domain,
most of the alterations are foundithin these residuesBertaet al., 1990; Berkovitzt al.,

1992; Harleet al., 2003.

Furthermore, SOX2heterozygous losef-function mutatims were reported to cause
developmental delay, learning difficulties and a range of craniofacial and genital disorders
(Kelberman and Dattani, 2007; Slavotinek, 2018)addition,SOX2omozygous deletion in
mice resulted in early embryogenesis death twéilure to form pluripotent epiblastZzhang

and Cui, 2014 Another example of the vital importance of these genes is the SoxF group.
Members of this groupSox7, Sox17, So¥l8ncode transcriptional activators central to
several developmental processsach as calidgenesis, vasculogenesis, and angiogenesis
(Lillyet al., 2017; Francoist al., 2010; Seguiert al., 2008; Langet al., 2014; Pennisit al.,

2000. Mutations identified in these genes resulted a range of developmental
abnormalities such as hypotrichogjgnphedematelangiectasia syndrome and congenital

anomalies of the kidney and urinary trattrthum et al., 2003; Gimellet al., 201Q.

Apatt from germline SOX mutations (SOXopathies), dysregulations of SOX genes have been
also involvedin at least one tumor typeGrimmet al., 2019. Since Sox factors are key
regulators of cell fate, increased or decreased activities of these genes candrastie
changes in cell stemness, survival, proliferation and differentiation. Their dysregulation can

occur at any level: genetic, epigenetic, transcriptional, translational andtpmslational.

In additionto vertebrates, Sox TFs have beegll studied in bilaterian invertebrates (Bowles
et al, 2000). Based on phylogenetic analysispsophilahas two SoxHke proteins:
SoxNeuro (SoxBike) and Dichaete (SoxHiRe), and both proteins are involved in the
regulation of neurodevelopment with a paatiredundancy in their function (Buesctledral.,
2002; Ferrercet al., 2014).
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However, Sox genes are conserved throughout the animal kingawhsurprisingly diverse

in nonbilaterian animal lineages such as ctenophores, sponges, placozoans and caeidarian
(Schnitzleret al., 2014) Soxlike genesare present in the unicellular choanoflagellate
Monosiga brevicolligKinget al., 2008) suggesting that the origin of Sox proteins predates
multicellularity. However, studies based on phylogenetic analyses support the hypothesis
that true Sox genearose at the base of the animals and that four major Sox groups BB, C,
and F) were dlly diversified in ctenophores as shown in Fig (Schnitzleret al., 2014;
Larrouxet al., 2006; Fortunatet al., 2012; Jagest al., 2006; Jagest al., 2008; Hejnoét al.,

2009; Dunret al., 2008; Ryart al., 2013. Based on the findings presentbg Schnitzler and
colleagues (2014), not true Sox genes are the ones whose sequences always clustered
outside the Sox gene family with outgroup sequendéids evolutionanhypothesis suggests

that Sox TFs diversified early and remained relatively sthintrighout animal evolution.
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Figure 16. Evolutionary history of Sox transcription factor family. Image obtained from Scheitzkr2014.Sox
genes are diverse in ndrilaterian animal lineages such as ctenophores, sponges, placozoans and cnidarians.
True Sox genes arose at the base of the animals, wheread&&8aenes are present even earlier, at unicellular

organisms such as Choanofldgtl. In addition, SoxF group seemed to be lost in Porifera and Placozoa.
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In cnidarians, Sox genes have been identifiedeveral animalicludingHydractiniaspp.
(Fliciet al., 2017) Nematostella vectensi®Richards and Rentzsch, 2014, 2015; Wébers
al., 2014) Clytia hemishpaeric@ageret al., 2011),Hydra magnipapillatdChapmaret al.,
2010; Jageet al., 2006), andAcropora millepordShinzatcet al., 2008).So far, the functional

roles of SoxB TFs were only studietiydractiniaand Nematostella

The first evidences for the existence of dedicated neural progenitor cells (MMBIESfo

strictly generate multiple neural cells types outside the Bilatedae fromthe anthozoan
cnidarianNematostella(Richards and Rentzsch, 2014). Based on this study, the three major
neuronal types in cnidarians, namely sensory and ganglionic neurons and nematocytes, are
derived fromNvSoxB(2&xpressing cells, but it is usar whether NPCs are a homor
heterogeneous NPC population. One possibility is that sensory and ganglionic neurons are
derived from a subpopulation divSoxB(2gxpressing cells and nematocytes from another
one as, at least on the molecular and morphatad level, these neuronal populations differ
from each other¢ sensory/ganglionic neurons vs nematocytes (Marletval., 2009;
Nakanishet al., 2012).

In addition, these NPGhsplayedasymmetric cell cycle behavior suggesting differential self
renewaland/or adaptation of distinct fates withiNlvSoxB(2)lineages. These observations

are in line with mammalian androsophilastudies in which changes in the length of cell cycle
phases denote changes in the future trajectories of these NFP@lakashet al., 1995
Calegarkt al., 2005;Bowmanet al., 2008;Bayraktaret al., 2019. Moreover, the absolute
numbers ofNvSoxB(2)ells in the ectoderm did not change from blastula to planula stages.
This observation favors a scenario in whitvSoxB(2promotes and/or stabilizes NPC fate.
This is in line with previous studies describing the neural potential of ectodermal cells by
characterizing the expression of other Sox genes, na@i8oxB(), NvSox®nd NvSox3
(Magieet al.,, 2005).Furthermore, a study from the same group (Richards and Rentzsch,
2015) also demonstrated that Notch signaling, a key regulatoy & dzNJ- f LINE IS YA
maintenance,regulates NPCs in Nematostella along withSoxB(2yia parallel and yet
interacting mechanisms. In brief, Notch signaling regulates neurogenesis by maintaining
NPCs in an undifferentiated state. It does so by inducing the expression ofbhikdtotthe

Hes family which in turn act as repressors of proneural bHLH genes (Beztrand2002).

Unlike Nematostella neurogenesis in hydrozoans likdydra and Hydractinia, is of
endodermal origin (Martin, 1988; Jaget al., 2011; Kanska and Frank, 20Gaharet al.,
2016). Based on a phylogenetic analysisSoikHMG domains (Fligt al., 2017), 12 Sehke
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sequences were identified iHydractinia Eight of these sequences betmd to groups B, C,

E and F, whereas the remaining four sequences were unstable in their placement on the tree
falling either at the base of the tree (not in known groups) or within group B. Unlike the
subgrouping of SoxB genes/ertebrates into SoxB1 drSoxB2 subgroupllydractiniaSoxB

genes failed to further resolve their subgrouping within this cluster.

Hydractiniahas three SoxB genes, nam@&pxB1 SoxB2and SoxB3 and all of them are
SELINBa&aSR (KNRdzAK2dzi GKS lyfpdused dsodBarfdsokB8d ¢ K S
and the data were in the line the scenario in whi®txB4s expressed in NP@ad SoxB3n

postmitotic cells committed to become neurons/nematocytes. This suggests a similar mode

of action during neurogenesis between anthozoans and hydrozoans (Richards and Rentzsch,
2014, 2015)In addition, this study also showed th&bxB2and SoxB3positively regulate
neurogenesis during development, tissue homeostaal regeneration with these two

genesbeingin part functionally redundant.

Despite the extensive work done @oxB2and SoxB3n Hydractinia little is known about

the third member of SoxB familyBoxB1 SinceSoxB2and SoxB3seem to be expressed
sequentialy based on their functionsvith the former expressed in NPCs and the latter in
differentiating/differentiated neurons and nematocytes,dan be hypothesized th&oxB1
acts upstream of these two and has a conserved role with mammabag The majority of

the work presented in this thesis will try to further elucidate the roles of these three SoxB
genes duringmbryonic neurdevelopment ad adult nervous systemegeneration and test

the hypothesis regarding their sequential expression.
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1.8 Evolution of animal regeneration

Regenerationin simple terms, is thaentical or largely similaiestoration of any lost body
part and canoccur at multiple levels; cellulde.g. regrowth of severed nerve axotissue
(e.g. growth of epidermis covering a woundjgan(e.g. liver and lensktructure(e.g. limb
regeneration in salamanderand wholebody regeneratior(e.g. cnidarians and gharians)
(Fig. 17). Many fundamental questions regarding this fascinabr@nchof developmental
biology remainunexplored or partially answered. One of the oldest questions about
regeneration is whether this property is an ancestral characteristic tha general trait
amonganimalsor whether it is a set of specific adaptations acquireaénain taxan order

to face different circumstanceddowever, some phenomena complicate even more the
SP2tdziA2y I NE KAalG2NER 27 SEISNVENRYE2¢dAia YAREE
independently.The main reason for the slow advancement of this field was the inability to
carry out genetic studies in species with various regeneration potentiafpbtiately with

the advancemenbf methodologies anaxpansion of the genetic toolbox, such studie

becomingfeasible nowadays.

Biological

level Examples Pre-amputation Post-amputation Regenerate
c Whole body Regeneration from a — -
o small body fragment
+  Structure Limb, fin, tail, head, % - #
© tentacle, siphon, :
. arm, stalk ’
o Internal organ  Heart, liver, lens —>
c
@ _ o RS B3
- Tissue Epidermis, gut —

lining
)
o Cell Axon, muscle fiber H — Q"‘
. TRENDS in Ecology & Evolution

Figure 17. Regeneration occurs at multiple levels: whbledy, structure, internal organ, tissue, and cell

regeneration. Image adapted from Bely and Nyb@@D9).

During regeneration many processes are employed such as rearrangement@figtiag
tissues, use foadult somatic cells, and trastifferentiation or dedifferentiation of cells.
Many processes can be used within the same animal and different modes are often

employed in closely related taxa (Sanchez Alvarado and Tsonis,E2@d8havet al., 2015.
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Regeneration was originally classified by T. H. Morgan into two major groups. Animals that
achieve regeneration through morphallaxisa mechanism involving no or limited cell
proliferation, where new structures are formed by remodeling existing tisslibeother
regeneration mode is known apimorphosis¢ a mechanism involving cell proliferation
(Morgan, 1901)The processes of morphallaxis and epimorphosis are not mutually exclusive
with various taxa often using both to #stablish missing tissues (Sanztdvarado, 2000
Bradshawet al., 2015)

Regeneration through epimorphosis can be further divided into two groups: blastemal and
non-blastemal regeneration. During the former, specialized structures (regeneration
blastema) can be formed within hours orydapost amputation. It is composed an outer

layer which covers the wound site, and a second cell population that proliferate and
accumulate beneath the first layésanchez Alvarado and Tsonis, 2006). For example, during
regeneration, planarians go thugh both morphallaxis and epimorphosis. They first close
the wound by cells already present in the injury site and the second population of cells reside
within the blastema are derived from migration and proliferation of neoblggifuripotent

stem cellfReddien and Sanchez Alvarado, 2004; Guedelhoefer and Sanchez Alvarajlo, 2012
Nonblastemd epimorphic regeneration occurs through translifferentiation, de
differentiation, and proliferation of already existing stem cells present in the injured tissue
(Joplinget al., 2011; Tanaka and Reddien, 201Yis phenomenon is observed during retina

and lens regeneration in newt€éllet al., 2005).

The earliest studies documenting extensive regeneration potential are dated more than 200
years ago on the frestater solitary polypHydra vulgari®y Abraham Trembley (Lenhoff and
Lenhoff, 1986). Since theHydrahas beerconsidered as one of the classical models to study
regeneration. Hydra employs a combination of morphallaxis and epimorphosis to
regenerate (Céraet al., 2009) and it has been shown that any fragment that holds at least
a few hundred epithelial cells can regenerate intaubi-§ize animal, as epithelial cells are
considered as stem celldowever, epimorphic regeneration in Hydra is incomptatee not

all cell types are regeneratednother interesting property ofydrais its unique ability to
reform a whole animal by aggregation of dissociated c@8isreret al., 1972; Galliot and
Schmid, 2002; Holsteist al., 2003; Bode, 2009This pheamenon could lead to a more-n

depth understanding of the molecular basisdaf novoorganizer formation.

Another interesting side of regeneration is whether it should be treated as a distinct

evolutionary phenomenon or associated with other developmental modes such as
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embryogenesis, asexual reproduction, and growth. Studies suggest that regeneration can
only be initiated by an unpredictable injurieaving a wounded multicellular stump, and it
also involves regeneratiespecific features such as regeneratigpecific gene expression
(Brockes and Kumar, 2008; Lengfad al., 2009. Also, regeneration has a upie
phylogenetic distribution unlike other developmental phenomena such as asexual
reproduction and embryogenesis. It occurs anlg subset of animals unlike embryogenesis
which is ubiquitous, and regeneration can be lost in asexually reproducing gespge

their close evolutionary links (Bely and Wray, 2001; Lengfiedd, 2009).

A recent study from Warnest al (2019) suggests regeneration is a partial redeployment of
the embryonic gene networkising the anthozoan cnidariaNematostella vectensiBy
employing thisuniqgue wholebody regeneration animal model, they showed that the
regenerative program partially reuses elements from the embryonic gene network at the
transcriptomic level. They also identified regeneration specific modules drivimhglacel
events unique to regeneration. This is the first study regarding cnidarian regeneration that
shows this overlap in gene networks between embryonic and regenerative states. In order
to start understanding this exciting side of regeneration and anguetamental questions,
further studies from various clades thiahve,or not regenerative capacities are needed for

comparisons.

Nematostellaalso serves an excellent comparative system for regeneration. Following
bisection through the orahboral axis, bth halves of this animal can fully regenerate into
normal polyps Reitzelet al., 2007; Trevinet al., 2011; Bosst et al., 2013. UnlikeHydra

this anthozoan does not appear to haveslls, andherefore cell proliferation is required in
order to conplete the regenerative processPéssamaneck and Martindale, 2012
Interestingly, wound healingctsas initiator of regeneration where the onseftproliferation
serves as a transition between wound healing and a regenerative respbDugi¢et al.,
2014)

Hydractiniaoffers a great comparative system for regenerative studieslls are located in

the lower part of the body column and upon decapitation, they are able to migrate to the
injury site in order to form a blastema and regenerate the missing head region, like
planarians (Gahaet al., 2016;Reddien and Sanchez Alvara@0604. Bradshavet al. (2015)
demonstrated that decapitation was followed by a wound healing proaés®ut requiring

any cell proliferation. Instead;cells started migrating to the injury site within the firs64

hours post decapitation from the bgdcolumn and proliferated during migration and locally
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to form a blastema. Full restablishment of the missing head region was done withg 2
days post decapitation (Fig.8). Unlike oral injury, aboral wound closure did not resulted in
a blastema formaon but instead polyps transformed into stolonal tissue and then budded

new polyps. This suggests that distinct mechanisms govern oral and aboral regeneration in
Hydractinia
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Figure 18. Overview of lead regeneration irHydractinia Image adopted from Gahaet al. (2016. Head
regeneration is a short process that lasts two to three days. Upon decapitation, wound closure is completed
within a few hours, which in turn is followed by the migration-célls to the injury site. Migratg icells will form

a blastema which is able to provide cells to theegtablishment of the missing head region.

The mechanisms governing animal regeneration can be spspessfic but also tissue
specific within a single species. With the developief transgenesis and other tools in
Hydractinig a new window of opportunitiesecomesavailable to studyn vivocell migration
during development and regeneration. These studies will facilitate the understanding of cell

dynamics during injury/decapitain and further contribute to the general picture of the

evolution of animal regeneration.

Page |37



1.9 Project aims

Hydractiniaand all the members of the phylum Cnidaria are recognized as sister group to
bilaterians and one of theextant, Eumetazoa exhibiting nervous system. This makes
cnidarians excellent candidates to study the evolution of the nervous syStkengeneral
objective of my PhD project was to study cell fate commitment during nervous system
establishment in both embryogenssand regeneration contextgith an emphasis on SoxB

genes

To start understanding how the nervous system is formed and arranged in this animal, my
first aim was to determine the compositioand structureof the nervous system with
previously established amkers both in embryonic and adult stage$his indepth
characterisation was lackingrfHydractinia whereador other cnidarians such a$ydraand
Nematostella this analysishas already been doneBy having such characterisation in
another cnidarian, mre comparative studies regarding the evolution of the nervous system

would be feasible in the feature.

Since my general objective was to study embryogenesis with an emphasis on SoxB genes, |
aimed to identify their roles during embryonic neurogeness well as during nervous
system regenerationA previous study regarding this family of genes was performed in
Hydractiniabut the focus was mostly oBoxB2and SoxB3with a greater emphasis in the

adult neurogenesisas positive regulators of this procedsor that reason, | wanted to
understand the contribution of all three SoxB genes primarily in embryonic neurogesesis

well asthe role ofSoxBlin adult neurogenesis.

Furthermore, | was interested tevealthe transcriptional profile along the neurohlineage

by utilizing transgenic reporter animals. For that, | wanted to find a reliable and reproducible
technique to achieve that ainSince flow cytometry was an incredible way to achieve my
goal, I wanted to establish this essential techniquBlydractiniaand utilize it to identify the

transcriptional profile of certain cell populations along the neuronal lineage.
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In more detail, he specific aims of my project were:

1. Determine the composition dflydractinianervous syem:
a. Duringembryogenesis
b. In adult stages
2. The roles of SoxB transcription factors in development and regeneration:
a. Spatialand temporalexpression of SoxB genes
b. Cell fate commitmentluring nervous system regeneration
c. Rolesof SoxB genes during development
d. Roleof SoxB in adult stage
3. Transcriptional profilinglong theneural lineage
a. Decipher distinct cell populations based on flow cytometric profiling

b. Explore gene expression patterns in different stages of the neural lineage
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Chapter 2: Materials and Methods

2.1 Animal care
2.1.1 Culture and metamorphosis
2.1.2 Microinjection
2.1.3 Polyp manipulation
2.2 Generation of SoxB1/B2/B3 transgenic reporter animals
2.2.1 Plasmid design overview
2.2.2S0xB1::tdTomato::SoxBEporter line
2.2.3S0xB2::GFP::SoxB&porter line
2.2.4S0xB3::mScarlet::SoxB8porter line
2.2.5 PCR and gel DNA extraction
2.2.6 Restriction digesbased cloning
2.2.7 Bacterial production, transformation and culture
2.2.8 Plasmid extraction
2.2.9 Genomic DNA extraction and RNA extraction for cDNA synthesis
2.3 Cellular staining
2.3.1 Immunofluorescence (IF) staining
2.3.2 Nematocyte staining
2.3.3 EdU staining of cycling cells
2.41n situhybridization
2.4.1 SoxB coding sequences cloning
2.4.2 RNA probe synthesis (for FISH)
2.4.3 Double FISH protocol (for FISH)
2.4.4 FISH buffers and solutions (for FISH)
2.4.5 DNA probe synthesis (for SABER FISH)

2.4.6 SABER FISH protbco
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2.4.7 Buffers and solutions (for SABER FISH)
2.5 Gain and loss of function approaches
2.5.1 Shorthairpin RNA interference
2.5.2 RNA interference
2.5.3 Overexpression constructs
2.6 Invivo imaging
2.7 Flow cytometric techniques
2.7.1 Tissue dissociation
2.7.2 Flow cytometry
2.7.3 Imaging flow cytometry
2.7.4 Fluorescencactivated cell sorting (FACS) and RNA extraction
2.7.5 Cell cycle analysis
2.8 Protein detection by Western blotting
2.8.1 Protein extraction
2.8.2 Gel preparation and gel transfer
2.8.3 Coomassie staining
2.8.4 Antibody staining
2.9 Antibody production
2.9.1 Protein expression, induction and extraction
2.9.2 Soluble Vs insoluble protein esgssion

2.9.3 Antibody production
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2.1 Animal care

2.1.1 Culture and metamorphosis

For the purposes of the present study, the marine hydididiractinia symbiolongicarpus

was used as an animal model. In the wild,symbiolongicarpuis found on thenermit crab

shell and under laboratory conditions, stable clones were grown on glass microscope slides
and cultured at 222'C in artificial seawater under a 14:10 light:dark cycle regime. They were
fed four times a week with freshly hatché&dtemianaupli and once a week with oysters

(pureed when fresh and then stored frozen in aliquots).

Spawning takes place approximately one and a half hours after light induction by the release
of gametes(sperm and oocytes) in a water column. Once collected, the ensbcam be
stored in 4C for up to 4 hours to halt their development and provide a wider timeframe for

injections.

Once the embryo reaches the planula larval stage, metamorphosis is be induced-dby a 3
hours incubation in 1:5 580mM CsCIl:ASW. Once metamonpipdarvae fully retract, they
are place in the desired substrate to settle and form a new colony. Thewank8ow s also

applied for microinjected embryos (transgenesis).

2.1.2 Microinjection

For plasmid or shRNAi injections, the embryos vpbaeed in a 35mm petri dish with a 180
plankton net attached. Generally, plasmids were injected-&t&>l concentration eluted in
nucleasefree water. For shRNAI injection concentrations see sectionl@jéction needles
were prepared from glass calpities with filament (Narishige; GD using a pulling machine.

For shRNAI injections, fluorescent Dextran was mixed to 1:20 ratio in order to select the
injected embryos. For all the types of injections, 400 mM KCI was mixed with the injectable

product o 1:5 ratio.

2.1.3 Polyp manipulation

In order to remove sexual or feeding polyps from the colony, the whole slide was placed in
4% MgCl (prepared in 1:1 ASW:di) for 1015min. For regeneration experiments,
individual polyps were decapitated by a transverse cut right below the tentacle base and

further used for various experiments.
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2.2 Generation of SoxB1/B2/B3 transgenic reporter animals

2.2.1 Plasmid desigaverview

For the generation of SoxB1/B2/B3 reporter lines, tdTomato, GFP and mScarlet fluorescent

LINEGSAYyEa 6SNB SELINB&ASR dzy RS aldmenssipfithe thfe& p Q
genes respectively (Fig. 2.1). All the primers designed and used can be found in Appendix A

and sequences used in Appendix B.

A A~ o~

5Genomic Region 3(Genomic Region

5QGenomic Regio GFP 3(Genomic Regiolf

C N~ o~

5QGenomic Regio 3QGenomic Region

Figure 2.1Schematic of SoxB1 (A), SoxB2 (B) and SoxB3 (C) plasmid constructs for the generation of transgenic

reporter lines. Numbers indicate the primers used (Appendix A).

2.2.2 SoxB1l::tdTomato::SoxB1 reporter line

Gibson assemblipased cloning was utilized t@gerate this construct. Forward and reverse

PCR primers were designed with-2B8bp overhangs on both the backbone and the
Ftd2NBaOSyid LINRGSAY (2 YIFIGOK GKS pQ YR o0Q
genomic regions dflydractinia SoxBdoding quence were cloned without any overhangs.

The assembly was carried out in two phases. First, the promoter, tdTomato and terminator
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were assembled by using 100ng from each fragment, 2x Gibson master mix (NEBuilder HiFi
DNA Assembly Master Mix; E2621) andleasefree water to a final reaction volume of 2D

The reaction mixture was then incubated for one hour alG0The resulted fragment was

used as a PCR template to confirm the assembly. Upon confirmation, the cassette was used
in the second phase inhich it was mixed with the cloned backbone containing the overhangs
along with 2x Gibson master mix and nuclefree water and incubated at 3G for one hour

as well. Correct assembly was confirmed by both PCR and sequencing. The resulted plasmid
was trarsformed into chemically competent bacteria as describedsection 2.2.7 and

plasmid is extracted as described in section 2.2.8.

2.2.3S0xB2::GFP::SoxB&porter line

This construct was generated by restriction digessed cloning. First, primers were
designed to clone the genomic regions upstream and downstreardyofractinia SoxB2

coding sequence. Thetubulin::GFPi:-tubulinwas used as a template for the generation of

this reporter construct and primers with overhanging restriction sites where designed to

Oft 2y S 2dzil 620K GKS LINRBY2GSNI YR GKS GSNXAYI
was inserted in the consict (SoxB2GFP:i -tubulin) and after confirmation of the insertion,

0KS o0Q 3ISy2YAO NBIAZ2Yy ¢l & NEBLX I OSR |a ¢S
(SoxB2::GFRBoxB2 by restriction digesbased cloningsee section 2.2.6).The plasmid was

then transformel into chemically competent bacter{aee section 2.2.7 and 2.2.8).

2.2.4 SoxB3::mScarlet::SoxB3 reporter line

The SoxB3 reporter line was generated by Gibson assdmaSkd cloning. Like SoxBl

reporter line, PCR primers were designed to clone both tipstream and downstream

genomic regions dflydractinia SoxB&ding sequence without any overhangs. The construct

was originally designed to contain GFP and for reasons mentioned later, GFP was replaced by
mScarlet. Primers were also designed with3®®p overhangs on both the backbone and GFP

G2 Ftlyl GKS pQ YR 0Q 3ISy2YAO NBIAZ2Y FNI IY!
assembly strategy was followed (see section 2.2.2). In order to replace GFP with mScarlet,
primers were designed with overhaimg restriction sitesfor both the vector and the

fluorescent protein. The resulted fragments were ligated (see section 2.2.6) and the resulted

vector was transformed into chemically competent bacteria (see section 2.2.7 and 2.2.8).
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2.2.5 PCR and gBINA extraction

Two main approaches were used for PCR purposes: Phusiotridality DNA Polymerase

(Thermo Fisher Scientific; F530), and MyTaq DNA Polymerase (BioLi@2&é1B1Q Phusion

approach was used for all cloning PCRs and Mytaqg approach rfarsithgert confirmation

t/wa Fa LISN YIydzFlI OGdzZNBEQa 3IFdzA RSt AySaod !ff t/
BP1356) for 2520min at 100V and visualized using the FluorChem FC2 Imager. Gel DNA
extraction of the desired bands was carried out by gsitucleospin Gel and PCR clerkit

I a LISNJ Y ydzF I O dzNB NI:Bageli y406DNIWO THe2eluted BNAI OK S N

concentration and purity was measured by NanoDrop spectrophotometer.

2.2.6 Restriction digesbased cloning

After successful PCR agdl DNA extraction, the desired fragments (backbone and inserts)
were digested with the appropriate restriction enzymes by using 100ng of the backbone
fragment and either equimolar or 3x molar excess of the insert fragment along witt>0.5

of each restgtion enzyme, and 10x reaction buffer and nuclefiee water to a final
reaction volume of 281. The reaction mixtures were placed at d@7vater bath for one hour
followed by a 20min heat inactivation phase af80The reaction mixtures were then pldce

in room temperature (RT) to gradually cool down. Ligation was then carried out by adding
0.7>1 T4 DNA ligase 58l (Thermo Fisher Scientific; EL0011) and>21®x T4 DNA ligase
buffer. The ligation could be achieved by either a 60min incubation at R¥eonight (ON)

at 4'C.

2.2.7 Bacterial production, transformation and culture

Chemically competent XL1 Bl&scherichia colE. colj bacteria must be first made along
with LB broth and agar without antibiotics and autoclaved. Once alhtaterials needed
were prepared, bacteria taken from the stock sample were mixed with LB broth, spread on
agar plates and incubated ON at'87 The following day, individual colonies were selected
and grown without any antibiotics in 5ml of broth ON at'@along with the necessary
controls. The 5ml bacterial culture was then inoculated in 300ml of LB broth and allowed to
grow at a 37C incubator for ~8hours until an OD600 of 0.3540 is reached. Once the
optical density was at the desired level, the needias aliquoted in 50ml prehilled tubes

and centrifuged for 10min at 3500RPM aiC4 The supernatant was then discarded, and
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pellets were resuspended in 5ml of pehilled sterilefiltered 0.1M CaGland left on ice for
10min. Bacterial resuspensions wecentrifuged again at 3500RPM for 10min &C4and
resuspended in 1ml of prehilled sterilefiltered 14% glycerol / 0.1M CaCIChemically
competent bacteria were then aliquoted into prdilled 1.5ml tubes and stored at &D for

future use.

Chemicallycompetent XL1 Blue bacterial transformation was achieved by adding either the
ligation mixture (from section 2.2.4) or 5d@0Mhg of plasmid into 581 of bacteria. The tubes
containing the mixture were transferred to a #@2water bath for 90seconds andeth were
immediately placed on ice for 5min. LB broth was then added to a final volume of 200
incubated at 37C at least for 30min for the bacteria to recover. LB agar plates containing the
appropriate antibiotic (carbenicillin 16@/ml - working conentration) were prewarmed

and once the bacteria had recovered, were spread onto the plates and incubatedO8Y.

The resulted colonies were individually selected and grown ON % &Y 5ml LB broth
containing antibiotics along with necessary contrdls exclude the possibility of

contamination. The following day, plasmids were extracted as described in section 2.2.6.

2.2.8 Plasmid extraction

Plasmid extraction was performed either for smatllargescale culture volumes. Before any
plasmid extradbn approach, 508 bacterial culture was taken and stored-80'C for future

use (mixed with 90% glycerol, 1:1). For the sis@dle colony culture (5ml), the GenElute
Plasmid Miniprep kit was used (Sigtnd RNA OKT t [ bopnodo | & iondSNJ YI yd
For largescale cultures (300ml), an-lrouse protocol was used. Bacterial suspension was
aliquoted in 50ml tubes and centrifuged at 7000RPM for 10min'@t Zhe resulting pellets

were resuspended in 10ml resuspension buffer (25mM-HIG$ pH8, 10mMglucose, 10mM

EDTA pHS8; solution needed to be autoclaved) by a gentle mixing. Then, 20ml lysis buffer
(0.2M NaOH, 1%SDS) were added and tubes are gently inverted several times to ensure
solutions were well mixed and left for 5min at RT before adding Iteutralization buffer

(3M CHCQK, 11.5% v/v glacial acetic acid). Solutions were further mixed by gentle inversion
and then left on ice for 5min before centrifuged at full speed (RPM) for 15miriGat The
resulted supernatant was filter by placing 125nfitrer paper (Fisher; FB59028haped into

a cone onto a 50ml tube and 0.6 volumes of 100% isopropanol was added and mixed to the

collected flow through before being placed for 20min2®'C (it can also be placed-&0'C
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ON). Next, the suspensions weazentrifuged at 7500RPM for 15min al@and the resulted
pellets were washed once with 10ml 75% ethanol (at this point the pellets are combined in
one tube) before being centrifuged one more time at 7500RPM for 15mifGitBhe pellet

was thenresuspended in 1ml nucleageee water with RNase mix [RNase mixl RNaseA
(ThermaoFisher Scientific; ENO531>I1RNase T1ThermcFisher Scientific; EN0541)] and
incubated at 37C for one hour. Afterwards, SDS and NaCl were added to the mixture at 1%
and 0.5M final concentrations respectively along witd Proteinase K (25mg/ml stock) for

one hour at 55C and then the samples were ready for phenol:chloroform plasmid extraction.

Based on a standard phenol:chloroform extraction protocol, one volume efgthenol
(SigmaAldrich; P4557) and chloroform (Sigildrich; C2432) were added to the mixture

and mixed vigorously before being centrifuged at maximum speed (RPM) for 3min at RT.
Next, the upper aqueous layer was collected, and equal volume of chloraf@sradded,
followed by centrifugation at maximum speed (RPM) for 3min at RT. Again, the upper
agueous layer was collected, and plasmid precipitation was achieved by adding 2.5 volumes
of 100% ethanol and 1/¥0volume 5M KCI followed by a maximespeed cetrifugation at

RT. The resulted pellet was washed once or twice with 1ml 75% ethanol and let to air dry

before resuspending in 200>] nucleaseree water (depends on the desired concentration).

Plasmid microinjections and embryo maintenance were pertmras described in sections

2.1.1and 2.1.2.

2.2.9 Genomic DNA extraction, and RNA extraction for cDNA synthesis

For genomic DNA extraction, ~2800 polyps were used. Once the ASW was completely
removed, the tissue was macerated and lysed by addingl2800DNA lysis buffer (100mM

Tris HCI pH8, 50mM EDTA, 1% SDS) and by using a plastic pestle (cleaned with bleach, ethanol
and diHO prior use). An additional 88Dof DNA lysis buffer was added and maceration was
continued until there were no visible clurapNext, 2| of each RNaseA and RNase T1 were
added and incubated at 3T for one hour, followed by the addition ofI8of Proteinase K

(stock: 25mg/ml) and incubated for an additionaBhours at 50C. The genomic DNA was

then extracted using a standandhenol:chloroform extraction protocol as described in

section 2.2.8 with the replacement of KCI with 11tfie volume of 5M NacCl.
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2.3 Cellular Staining

2.3.1 Immunofluorescence (IF) staining

Polyps or larvae were first relaxed and cut as described itioBe2.1.3 prior fixation. For
standard IF staining, the tissue was fixed in 4% PFA in PBS for 60min at RT or'ON at 4
followed by three washes of 10min each with PBS with 0.3% TrtOAXPBSTX). For storage,

the tissue was dehydrated by incubation irtiieasing concentrations of ethanol diluted in
PBSTx and stored i@0'C (25%, 50%, 75% and 100%; 5min each wash). Tissue was then
slowly rehydrated by washing in decreasing concentrations of ethanol followed by three
washes of 10min each with PBSTx. Tiesue was then blocked for one hour in %A in
PBSTx and primary antibodies were added ON'@t(Zable 2.2). The following day, tissue
was washed three times 10min each with PBSTx and blocked again for 15min with 5% serum
in BSA/PBSTx (goat serum unledgcated otherwise). Secondary antibodies (Table 2.3) were
added based on thbostof the primary antibodies in 5% serum in BSA/PBSTx for one hour in
RT and then the tissue was washed three times 10min each with PBSTx. Nuclear staining was
then carried ait with Hoechst 33258 (use: 1 in 2000; stock: 20mg/ml; Sigidech; B2883)

for 15min at RT followed by three washes 10min each with PBSTx. Tissue was then mounted
in Fluoroshield (Sigmaldrich; F6182) on glass microscopic slides (Fisher Scientific;
11562203).

To increase tissue permeability, after fixation the tissue could be washed in increasing
concentrations of methanol followed by two washes with 100% acetone. Then, decreasing
concentrations of methanol were carried out followed by 8tandard IF protocol described

above.

Table 2.2List of primary antibodies used.

Primary Antibody Host Species Source Dilution
Anti-Piwil Rabbit In house 1:2000
Anti-Piwi2 Guinea pig In house 1:500
Anti-acetylated Mouse SigmaAldrich; T7451 1:1000
tubulin

Anti-RFamide Rabbit Gunther Plickert 1:1000
Anti-GLWamide Rabbit Thomas Leitz 1:1000
Anti-Ncoll Rabbit Suat Ozbek 1:500
Anti-centrin2 Rabbit Ciaran Morrison 1:500

Page |48



Anti-Ncol3 Guinea pig Suat Ozbek 1:500
Anti-GFP Rabbit Santa Cruz; 8334 1:1000
Anti-RFP Rat Chromotek; 5F8 1:1000
Table 2.3List of secondary antibodies used.
Secondary Antibody Host Species Source Dilution
Anti-rabbit AF488 Goat Abcam; ab150077 1:500
Anti-rabbit AF594 Goat Abcam;ab150080 1:500
Anti-rabbit AF647 Goat Abcam; ab150079 1:500
Anti-mouse AF488 Goat Abcam; ab150113 1:500
Anti-mouse AF594 Goat Abcam; ab150116 1:500
Anti-mouse AF647  Goat Abcam; ab150115 1:500
Anti-rat AF594 Goat Abcam; ab150160 1:500
Anti-rat AF647 Goat Abcam; ab150159 1:500
Anti-guinea pig AF59: Goat Abcam; ab150188 1:500

Table 2.4.List of antibodies used for western blotting.

Antibody Host Species Source Dilution
Goat antirat IgG H&L (HRP) Goat Abcam; ab205720 1:1000
Goatanti-rabbit IgG H&L (HRP)  Goat Abcam; ab205718 1:1000
Goat antiguinea pig 1I9G H&L (HR Goat Abcam; ab97155 1:1000

2.3.2 Nematocyte capsule stainirlgy FITGcoupled lectin

Tissue (polyps or larvae) was prepared and cut as described in sedtiBrprior fixation. All

the steps described below were done on the shaker and in RT unless otherwise stated.

Fixation was carried out by incubating the tissue in-TB& 1030min. Following, the tissue

was washed three times for 5 min each with TBShd blocked for one hour with 2% BSA in

TBS Three more washes of 5min each were carried out with TBS, and then lectin was added

in a 15g/ml final concentration diluted in TBE Lectin incubation was for one hour and

samples were protected from light. Then, three more washes of 5min each with TBS were
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carried out, and Hoechst (1.1000) was added for 30min. Samples were washed agaiegfor thr
times before mounting them in Fluoromount. Mounted samples were left overnightGitd
cure before imaging. Samples could be imaged only witlird&ys after curing and could be

stored in 4C¢ not 20'C.

TBS (final concentration®£0mM TrisHCI, 10mM NaCl, 1mM CagilmM MgGJ, adjust pH
to 7.2 and fill up to 1000ml with dH20.

TBST: add 0.5% Triton (final concentration)

2.3.3 EdU staining of cycling cells
For the EdU staining, a ClidkedU Alexa Fluor 488 Imaging kit was used (Invitrogen; €1033
YR Fff (GKS azfdziaAzya oSNB LINBLI NBR | O02NRAY

Adult polyps (intact or decapitated) were prepared as described in section 2.1.3. Prior
fixation, the polyps were incubated in EdU solution for 30min or more depending on the
experiment (stock concentration 10mM>ilEdU/1mI ASW)washed three times in ASW and
incubated in MgGlbefore fixation. Polyps are then fixed in 4%PFA in PBS for one hour at RT
and washed once with 3% BSA in PBSTx for 30min. Next, two washes with ERSExned

out (1*'wash: one hour; 2 wash: 30min), followed by two washes with 3% BSA in PBSTx for
5min each. The tissue was then incubated in &lickocktail for 30min (~160 per 100
polyps; protect from light) followed by three washes386 BSA iRBSTx for 20min each. At
this stage, polyps could be mounted for imaging or continue to IF protocol for additional

staining (see section 2.3.1).

Briefly, the ClickT cocktail was prepared by mixinge8@x ClickT reaction buffer4>l CuS@
0.24>| AF88 azide, and 2l reaction buffer additive (total volume ~18I).
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2.41n situhybridization

2.4.1 SoxB coding sequences cloning

In order to start synthesizing the probes, the whole coding sequences all three SoxB genes

were cloned from gDNA @DNA (section 2.2.9) and inserted into a pGEMasy Vector
{@aGSY L O6tNRBYSAFIT ! Mmocnd I OO0O2NRAY3 G2

1.5>1 of the coding sequence template (~100rRl/wvas mixed with 0.8 pGEM vector along
with 0.5>| T4 DM ligase and 238 2xrapid ligation buffer, and incubated ON d€4followed

Yy dzf

by normal bacterial transformation and plasmid extraction (see section 2.2.7 and 2.2.8). The

plasmids were then sequenced to identify the orientation of the coding sequence \ilidin

plasmid as the pGEM vector contains both SP6 and T7 sites.

2.4.2 RNA probe synthesis (for FISH)

The coding sequences of the three SoxB genes and Piwil were first amplified by PCR (see

section 2.2.5) from their vectors using generic SP6 and T7 wifAppendix A) and then used

as DNA templates for transcription. For the synthesis of SP6 probes, the HiScribe SP6 RNA
Synthesis kit (NEB; E2070) is used and for T7 probes the HiScribe T7 High Yield RNA Synthesis

kit (NEB; E2040) with a few modificatiohkE Y

GKS Y ydzFl Ol dzZNB N &

Table 2.5Detailed description on how to make either SP6/T7 Fluorescein/Digoxigenin probes for FISH.

Ay al

FOR DIGOXIGENIN PROBES

(T7 OR SP6)

ATP

GTP

CTP

UTP

Digoxigeninl1-UTP

(Roche; 11209256910)

DNA template

SP6 or T7 polymerase mix

SP6 or T7 reaction buffi
(10x)

2.5>| (5mM final conc.)
2.5>| (5mM final conc.)
2.5>| (5mM final conc.)

2.5>1 (5mM final conc.)

3.75>]
X>[(05> 30
2.5>

H®p >

RNase inhibitor (RiboLockO n ®p >

(ThermaFisher Scientific; E00381)
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Nucleasefree HO X>l
FOR FLUORESCEIN PROBES | Fluorescein RNA labelling n 2.5>|
10X

(T7 OR SP6)
(Roche; 11685619910)

DNA template X>| (0.5> 30
SP6 or T7 polymerase mix 2.5>l

SP6 or T7 reaction buff H ®p >
(10x)

RNase inhibitor (RiboLock0 n ®p >
(ThermaFisher Scientific; EO0381)

Nucleasgree HO x>l

Once the probes were made, a formaldehyde denature gel is made in order to check their
quality. The 1.5% gel wasepared by dissolving 0.75g agarose in 36ml DEPC water and
adding 5ml 10X MOPS and 9ml deionized formaldehyde (Sigma; F8875). The RNA samples
and RiboRuler RNA ladder (Thermo Fisher Scientific; SM1821) were mixed 1:1 with 2x RNA
gel loading dye (Thermosfier Scientific; R0641), heated for 10min al@@nd then placed

on ice for 2min. Once the gel had set, the samples/ladder were loaded and ran3@nh

at 100V and visualized using FluorChem FC2 Imager.

2.4.3 Double FISH protocol

Tissugembryos, larvae, feeding and sexual polyps) were cut and prepared as in section 2.1.3
prior fixation. All the reagents and buffers used from this point onwards were ice cold before
use. The animals were first fixed for 90seconds ircald 0.2% glutarakehyde (stock: 25%,
SigmaAldrich; G5882) in 4% PFA (stock: 16%, Alfa Aesar; 43368) in filtered ASW and then in
4% PFA in PEB1% Tween (PTW) for one hour d€4ollowed by three quick washes with
PTW. Both fixation steps were carried out in glass p&hes and all the podtxation steps

in Eppendorf tubes. Podixation washes (5min each) were done in increasing concentrations

of methanol in PTW (2x 25%MeOH, 2x 50%MeOH, 1x 75%MeOH, 3x 100%MeOH) and then
the samples were either stored for future use aontinued with the procedure. Next, the
tissue was permeabilized by washes in increasing concentrations of methanol in acetone and

rehydrated with washes in decreasing concentrations of methanol in PTW.
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The next steps were done with reagents and buffefRT. Following rehydration of the tissue,
three PTW quick washes were done to remove any residual methanol and then the activity
of PFA was quenched by two washes 5min each with glycine (2mg/ml; Fisher Scientific;
BP3811)) in PTW followed by three PTVéshes. By this stage, the tissue was distributed in

24-well tissue culture plateaccording to the needs.

Once the tissue was allocated in the culture plate, it washptaridized by adding praeated
hybridization buffer ONsection 2.4.4) and then hybdized for two days in prbeated
hybridization buffer containing the desired probes (¥} The hybridization temperature
depends on the probe with the range being-66'C.

Following, all the poshybridization washes were done at hybridization temperature. First,
the tissue was washed twice with a simpler version of the hybridization buffer (section 2.4.4)
for 10min and 40min. Then, washes for 30min were carried out in dsrg concentrations

of hybridization buffer in 2x SSC (see section000) followed by three washes of 15min each in
2x SSC.

At this point, all the washes/incubation steps were moved from hybridization temperature
to RT. Quick washes in decreasing conceiunatof 0.2x SSC in PTW were done followed by
five quick washes in PTW. Once the gogbridization washes were done, the endogenous
peroxidase activity was quenched by incubating the tissue in 3% hydrogen peroxide (Fisher;
H/1800/15) in PTW for one hout RT protected from light followed by three washes of PTW

for 10min each. The tissue was then incubated with the first antibody-@iGiPOD, 1:1000;
Roche 11207733910) in 1% blocking buffer (Roche; 11096176001) in maleic acid buffer
(section 2.4.4PN at4"C followed by three washes of 10min each with PTW.

The developing process of the first antibody was done preferably with Rhodamine in
developing buffer (section 2.4.4) with three incubations of one hour each at RT followed by

an ON incubation a'C.

The next day, at least five PTW washes were carried out, or until the tissue has no residual
Rhodamine or Fluorescein, and then the tissue was either prepared for mounting or a second
antibody incubation. If the tissue was prepared with a single probead thien stained with

the nuclear marker Hoechst (1:2000) in PTW for 15min and washed and mounted in 100mM
TrispH8 in 50% TDE (Sigma; 166782).

In the case of a double FISH, after the ON incubation with the developing buffer, the tissue

was washed thoroughlwith PTW and then washed once for 10min with 0.1M glycine pH2
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followed by three quick PTW washes. The tissue was then shortly blocked with 1% blocking
buffer in maleic acid buffer and incubated with the second antibody {@trescein POD,
1:1000, Rock; 11426346910) in 1% blocking buffer in maleic acid b@iférat 4C followed

by three washes of 10min each with PTW.

The developing, posieveloping washes, nuclear staining and mounting were done the same
way as described above but instead of Rhodamkiaorescein was used. After the post
developing washes but before TDE washes and mounting, the tissue could be quickly washed
with increasing concentrations of methanol in PBS and then with decreasing concentrations

of the same solutions to remove backgnd staining.

2.4.4 Buffers and solutions (for FISH)

All the solutions and buffers were made with DEPC water.

DEPC wate500>| DEPC (Sigma; D5758) in 1L MiliQ water. Mixed well and left ONGit 37

Autoclaved the next day.
10X PBS in DEPEBOg N&I, 2g KCI, 14.4g MPQ, 2.4g KEPQ (per 1000ml)
20X SSC in DEPOH 75.3g NaCl, 88.2g b@HsO; (per 1000ml)

Hybridization buffer (per 40mI20Oml formamide (Sigmaldrich; F9037), 10ml 20x SSC pH4,
100>l heparin (20mg/mlSigmaAldrich; H3398 100> Tween20 $igmaAldrich; P1378 2ml

20% SDSS{gmaAldrich; L377), 100> salmon sperm DNAS{gmaAldrich; D162§ 40mg
blocking buffer powder, % dextran sulfate (Alfa Aesar; J70796), fill to 40ml with DEPC water

and heat to help dissolve.

G{ AYLX SNE K&oNARAT 20mAf@mngamidedZB0/mI 200 S6A.JHNSG, AW Y 0 Y
Tween20, 2ml 20% SOBC>l heparin (20mg/ml), fill to 40ml with DEPC water

1X Maleic acid buffer (per 500m§:91g Maleic acid (Sigr#ddrich; M0375), 4.38g NacCl
(SigmaAldrich; S7653) and adjust the pH to 7.5 by adding NaOH pellets (Fisher; S/4920/53).

Rhodamine/Fluoresceirepared as described in Wolenskial., Nat Probc, 2013

Developing buffer2% dextran sulfate in PTW, 0.001%@}11:100 Rhodamine or Fluorescein,
1:200 lodophenol (100mg/ml in 100% ethanol). Always add fresbO,, H

Rhodamine/Fluorescein and lodophenol.
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2.4.5 DNA probe synthesis (for SABER FISH)
Beforestarting to make the probes, all the reagents and tubes were placed on metal tube

holders on ice to keep them ice cold.

bSEGET GKS a2tA3l2 LR2té gl & YIRS o6& YAEAYST
10>M) to have a final volume of 20 Forexample, if 15 oligos were used per probe, then
0.67>l from each oligo was used to have a total volume ofl 18fter making the oligo pool,

in a separate PCR tubex®f the desired hairpin was added and left on ice until needed.

The master mix was theprepared as follow and placed in the tube with the exact order as

written here:

1. 10>l -10X ThermoPol buffer (or 10X PBS)
2. n n >nucleasefree HO

3. M >100mM MgS®

4. 5> -dNTP mix (A, T, C only; 6mM each)
5. ma>M>a [/ fSFyD

6

M >-Bst LFpolymerase

The above master mix (80 was added to the PCR tube already containing the hairpid (90

total). The tubes were then placed in a PCR machine and the following program was used:

Heat cycler to 37TC

Pause the program and insert the tubes contagnthe master mix + hairpin
Incubate for 15min a87'C

Pause the program, add the oligo pool and mix well

Incubate for 4 hours 87'C

Heat to 80C for 20min

Cool down to 4C

N o g s~ w P

Once the PCR reaction was done, the Monarch PCR & DNAupléan(NEB #T103D%/as

dzZaSR G2 StdziS GKS LINRPo6Sa FOO2NRAYy3I (2 YI ydzFl

to measure the singlstranded DNA amount.

2.4.6 SABER FISH protocol
Tissue was fix and dehydrated the same way like in the normal fluoresdansiu

hybridisation described in section 2.4.3. Samples were then bleached by incubating in 1%
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HO; diluted in 100% MeOH (ice cold) for 45 min (RT / on the rocker), followedgjcR

washes with iceeold 100% MeOH. Then, tissues were permeabillsedjuick washing in
decreasing and then increasing concentrations of methanol diluted in acetone (1x 75%
MeOH, 1x 50% MeOH, 2x 25% MeOH, 1x 50% MeOH, 1x 75% MeOH, 1x 100% MeOH),
followed by rehydration with quick washes in decreasing concentrations of methanol in PTW
(1x 75% MeOH, 1x 50% MeOH, 1x 25% MeOH).

The next steps are done with reagents and buffers in RT. Following rehydration of the tissue,
three PTW quick washes are done ton@ve any residual methanol and then the activity of
PFA is quenched by two washes 5min each with glycine (2mg/ml; Fisher Scientific1BP381
in PTW followed by three PTW washes. By this stage, the tissue is distributedé@t fdsue

culture platesaccording to the needs.

Samples were then washed once for 5 min in Triethanolamine pH8 (TEA), followed by another
wash in TEA pH8 with the addition ofl®f acetic anhydrite. Acetic anhydrite would form a
drop-like appearance in the well and so the samplese left on the rocker until the drop

was dissolved. Another wash with TEA followed but this tinrd @R acidic anhydrite were

added and placed on the rocker until drop was dissolved. A few washes with PTW followed.

Samples were then placed in Whyb lrf{prewarmed at 430) and incubated at 4€ for

10 min. Whyb buffer was then replaced with Hyb1 buffer fmamed at43'C) and placed

in a43'C incubator overnight (praybridisation). The next day, probes were {reated to

60'C in Hybe buffer and ondéyb1 buffer was removed, probes in Hybe buffer were added.
Probes were added at a concentration eigl120>| (e.g. 9&| hybe buffer, &l of 200ng#l of

probe 1, 5| of 200ng#! of probe 2, and 14 diHO).Since Hyb1 buffer was very viscous, in
order to remove it without losing any samples, it was quickly diluted with Whyb. Tissue was

then incubated with the probes for two days48'C.

All the following steps were done at hybe temperature and all the rety&ere prewarmed
(43'0). Probes were removed and replaced with Whyb buffer for 10 min. Probes could be re
used up to three times. Then, two washes with Whyb buffer for 30 min each were done,
followed by a 10 min wash with 50% Whyb buffer in 2x SSCTavniore washes with 2X

SSCTw were followed for 10 min each.

The steps followed were performed at %7. 2x SSCTw was replaced with PTW (two quick
washes), and samples were then transferred in &3ihcubator. Once the samples were

warmed up to 37C, Hyb2/luor solution was added and samples were incubated for one hour
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at 37'C. Hyb2/fluor solution was also pvearmed at 37C before it was added to the samples

(e.g.96>| Hyb2 buffer, 2.4l fluor oligo 1, 2.4l fluor oligo 2, and 194 diHO).

Afterthay, Hyb2/fluor solution was replaced with prearmed Whyb?2 for a 10 min incubation

at 37'C followed by two washes of 5 min each with PTW. Nuclear staining was then
performed in RT by diluting Hoechst in PTW (1:2000) and incubating the samplestfor 45
min at RT. Samples were then quickly washed twice with PTW and mounted in 97% TDE.

Samples were imaged within 4 days.

2.4.7 Buffers and solutions (for SABER FISH)

All solutions were made using diblinstead of DEPC water.
Whyb(wash hyb buffex. 2XSSC pH7, 1% Tween20, 40% formamide, fill up wi®.diH

Hyb1(pre-hybridisation): 2XSSC pH7, 1% Tween20, 40% formamide, 10% Dextran sulfate, fill
up with dibO.

Hyde buffer20ml formamide, 10ml 20x SSC pH4,30&parin (20mg/ml, 108l Tween?20,
2ml 20% SDS, 180salmon sperm DNA, 40mg blocking buffer powder, 1% dextran sulfate,
fill to 40ml withdiH.O and heat to help dissolve.

Hyb2(for fluorescence detection): 1X PBS, 0.2% Tween20, 10% Dextran sulfate, fill up with
diH:0.

Whyb2 1XPBS, 0.1% Tween20, 30% formamide, fill up withQliH

2X SSCTWX SSC pH7, 0.1% Tween20

2.5 Gain and loss of function approaches

2.5.1 Shorthairpin RNA interference

For shorthairpin RNA interference experiments, primers were designed to clone unigse s

of the three SoxB genes (Appendix A). Stock primers (100mM) containing a T7 site were
directly used and incubated at &8 for 2min and then left in RT for 10min to anneal; &

each primer were used and mixed withcleasefree water to a final rea@n volume of 26.
Following, T7 transcription was carried out by using the total reaction volume from the

previous step (28l) as a DNA template along with 3|%f each NTP (ATP, GTP, UTP, CTP;
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100mM stock concentration),> of 10x reaction buffer an8>l of T7 RNA polymerase mix
(HiScribe T7 High Yield RNA Synthesis kit, NEB; E2040). The mixture was then incubated ON
at 37'C. The next day, the products were DNase treated for one hour'& ®ith 40| of

DNase solution ¢(d DNasel in 38 RDD bufferQiagen RNAsfree DNase set; 79254) and

RNA was isolated by using QuRKA MiniPrep kit (Zymo Research; R1054) following
YIydzZFl OG0 dzZNENRA AyaidNHzOGAz2yad ¢KS St dziSR whb!
was checked by running a formaldehyde dematgel (section 2.4.2). Embryos were injected

at a concentration of 250 ngl for all three SoxB genes, and for Piwil/Piwi2.

2.5.2 Overexpression constructs

Plasmid construct for SoxB1 ectopic expression was designed as illustrated in Fig. 2.2.

Notl Sacl

GFP | i tubulinagd——

Figure 2.2Construct design for ovaxpressingsoxBlin RFamide context.

Primers withoverhang restriction sites and a linker on the forward primer only were designed
for the coding sequence to be amplified from the plasmid generated in section 2.4.1.
Following, this fragment was inserted by restriction digest (see section 2.2.6) to adalre
digested Piwil:AP2::P2A::Piwil plasmid (AP2 was digested out) and the
Linker::SoxB1::P2A::GFP cassette was digested out from the plasmid in order to be ligated

into RFamide plasmid.

Once the insertion was confirmed by both sequencing and PCR, tmeighass transformed
into bacteria, followed by bacterial culture and plasmid extraction as described in sections

2.2.7and 2.2.8.

2.6Invivoimaging
Polyps from transgenic colonies were isolated and decapitated (see section 2.1.3). Next, they
were transferred carefully in 35mm imaging dishes with a glass bottom (Ibidi; D 263) and

0.5% lowmelt agarose in filtered ASW was placed drop by drop on individual polyps in order
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to secure them as closer to the bottom of the dish as possible. Once the polypseatded,
low-melt agarose was poured in the dish in order to cover the whole bottom and once it was
polymerized, an Andor spinning disc confocal microscope was used to generatiapisee

movies. Data were then analysed using ImageJ/Fiji software (lhia§gi version).
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2.7 Flow cytometric techniques

2.7.1 Tissue dissociation

Adult polyps were cut from their colonies as described in section 2.1.3 and placed in 0.5%
pronase (Sigméldrich; 10165921001) in filtered ASW (@flyps/200-) for 23 hours with
constant rocking in RT. Every 30 min a gentle mixing was given to accelerate the process.
Once the tissue was fully dissociated, the reaction was stopped by adding BSA at a final
concentration of 0.1%. Following, the calspension was passed through a 60filter to

remove any residual clumps. By this point, cell suspensions were transferred to FACS tubes
(Sarstedt; 55.1578) (Fig. 2.3).

Incubate at RT for
21/2-3 hours

gentle pipetting
avery 30

SRS 05 pronsseinFsw

Hoechst 1pg/ml
Incubate at 18°C for 20° 100pm filter

f
Flow Cytometry .
Imaging Flow Cytometry — —oifjsm e
FACS '

Figure 2.3Schematic representation of tissdessociation procedure for flow cytometric analysis. For details see

section 2.7.1
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2.7.2 Flow Cytometry

After tissue dissociation, cells were stained with>T & 1mg/ml Hoechst33342 per 260cell
suspension(37.5>g/ml; SigmaAldrich 14533) for 20 miat 18C andanalysed usinddD
FACSCanto Il (Bect@ickinson Biosciences). The gating of distinct cell populations was
performed using the BD FACSDWsoftware (BectorDickinson Biosciences) based on the
transgene (GFP) and Hoechst expression levels of the cells. Wild type cells were always used
as a control and to set the gates. The resulted data were analysed using FlowJo V10 software
(FlowJo). Forhe measurement of GFP and Hoechst fluorescence levels, the blue (488nm)
and violet (405nm) excitation lasers were used with 530/30nm and 450/50nm optical filters

respectively.

2.7.3 Imaging Flow Cytometry

To determine the morphological nature of the getlpulations identified by flow cytometry,

the ImageStrearniMark Il imaging flow cytometer (Amnis) was utilized. Cells were prepared
as described in sections 2.7.1 and 2.7.2. The gating was performed using the™NSIRE

software and data were analysed usihg IDEAY software (Amnis).

2.7.4 Fluorescencactivated cell sorting and RNA extraction

A hundred polyps from each reporter line (x3 clones) were dissociated as described in section

2.7.1 and stained with a nuclear marker as in section 2.7.2. Theveete gated based on

their GFP and Hoechst fluorescent intensity using the BD FACSDiva software and sorted on a

BD FACSAria Il flow cytometer (Beeiokinson Biosciences) using a 00 nozzle size.

Cells were sorted directly into 5ml tubes containi®@0 >l Trizol for subsequent RNA

extraction using the Direezo™ RNA MiniPrep kit (Zymo Research R2050) based on
YIFydzZFlF OGdzNBNRE AyOiGNHzOGA2yad 9EGNI OStta &SN
To avoid applying more stress to the cellg #heath fluid of the instrument was replaced by

filtered sea water.

2.7.5 Cell cycle analysis
For cell cycle analysis, cells were prepared as described in section 2.7.1 and nuclear staining
was performed as stated in section 2.7.2. The only thing¢hahged was the way the data

were analysed. Detailed analysis can be found in section 5.5.
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2.8 Protein detection by Western blotting

2.8.1 Protein extraction

Prior to protein extraction, polyps were starved for two days. For a good yield of protein, 3
5mgof tissue were homogenized by adding 10% w/v of RIPA buffer (150mM NacCl, 0.1% Triton
X100, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris HCI pH8)rdeDpprdtease
inhibitor cocktail (Roche; 11873580001) at a final concentration of 1X was added feggh ev
time. Once the tissue was fully homogenized with a pestle, the samples were left on ice for
30min and then centrifuged at 1000g for 10min €4 The protein concentration was then
measured by using the Pierce BCA Protein Assay kit (Thermo FisheifiSciz8R27)
FOO2NRAY3A (2 YIydzZFl OGdz2NENRa AyadNHzOGAZ2YyaAD

tube and either stored a80'C or used straight away.

Sample preparation for gel loading was achieved by boiling them for 5min'@tia®x PG
loading buffer (100mM Tris HCI pH6.4, 4% SDS, 0.01%bromophenol blue, 20% glycerol).

2.8.2 Gel preparation and protein transfer

Both SDS getsseparating and stackingwere made as outline below (Tables 2.6, 2.7, 2.8):

Separating gel (12% or 15#épending on the protein size):

Table 2.6Detailed recipe for 12% separating gel.

12% gel 5ml 10ml 15ml 20m| 25ml 30ml
RI i h 1.7ml 3.3ml 5ml 6.6ml 8.3ml 9.9ml
30% acrylamide 2ml  4ml 6ml 8ml 10ml 12mi

(Fisher; BP14101)

1.5M Tris (pF 1.3ml 2.5ml 3.8ml 5ml 6.3ml 7.5ml
8.8)

10% SDS 50ul  100ul 150ul 200ul 250ul 300ul
10% APS 50ul  100ul 150ul 200ul 250ul 300ul

(Sigma Aldrich; A3678)

TEMED 2ul 4ul 6ul 8ul 10ul 12ul

(Roth; 2367.1)
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Table 2.7Detailed recipe for 15% separating gel.

15% gel 5ml 10ml 15ml 20m| 25m| 30ml
RAIl i h 1.2ml 2.3ml  3.5ml 4.6ml 5.7ml 6.9ml
30% acrylamide 2.5ml  5ml 7.5ml 10ml 12.5ml 5ml
1.5M Tris (pF 1.3ml 2.5ml 3.8ml 5mi 6.3ml 7.5ml
8.8)
10% SDS 50ul 100ul 150ul 200ul 250ul 300ul
10% APS 50ul 100ul 150ul 200ul 250ul 300ul
TEMED 2ul 4ul 6ul 8ul 10ul 12ul

Stacking gel:

Table 2.8Detailed recipe for stacking gel.

1ml 2ml 3ml 4ml 5ml 6ml 8ml 10ml

RAIL i h 680ul  1.4ml  2.1ml  2.7ml 34ml 41ml 55ml  6.8ml
30%acrylamide  170ul  330ul 500ul  670ul 830ul 1ml 1.3ml  1.7ml
1M Tris (pH 6.8) 130ul  250ul  380ul 500ul 630ul 750ul Iml 1.25ml
10% SDS 10ul 20ul 30ul 40ul 50ul 60ul 80ul 100ul
10% APS 10ul 20ul 30ul 40ul 50ul 60ul 80ul 100ul
TEMED 1ul 2ul 3ul 4ul 5ul 6ul 8ul 10ul

When making the gels, TEMED was added last and APS was added before that to avoid rapid

polymerization of the gel. After pouring the separating gel,>8@3 100% isopropanol was

added to the top of the gel to ensure the gel was stehight. Once the gel was polymerized,

isopropanol was removed, and the stacking gel was carefully poured along with the comb.

After the gels were set, they were inserted into the electrophoresis tank system, and 1x

running buffer (25mM Tris base, 190mMy@ne, 0.1% SDS in d®j was poured until the

system was fully covered. Once the samples along with the ladder (PageRuler Prestained

Protein Ladder, Thermo Fisher Scientific, 26619) were prepared as described in section 2.9.1

and loaded into the gel, thewere run for ~2hours at 100V (or until the protein ladder dye

reached the bottom of the gel).
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At this point, the gels were removed from the tank system and the proteins run on the gel

could be visualized to make sure they are present by Coomassiengtéseiction 2.8.3).

cC2tt26Ay3asx SIOK 3St ¢ iscaked’sponger antl Qtkr$aper. TaeS G 6 S S
sponges were soaked in pohilled 1x transfer buffer composed of 25mM Tris, 190mM

Glycine, 20% Methanat in diHO; 10X buffer was stored without Nteanol. Also, the
nitrocellulose transfer membrane (Thermo Fisher Scientific; 88018) was placed directly on

top of the gel in a negative to positive direction in order for the proteins to be transferred to

the membrane and not run out from the other sit¢.K S Wal yRgAOKQ gl a (K!
secured into a casket which in turn it was placed into the tank system covered with 1x transfer

buffer, placed in C (cold room) and run ON at 20V.

The next day, the efficiency of the protein transfer was checked by washing the membrane
with Ponceau S solution (Sigma Aldrich; P7170) for a few minutes or until the protein bands
start appearing. The membrane was then washed a few times with PTW (1x FBI ween

20) or until the solution is colourless.

2.8.3 Coomassie staining

For protein detection by Coomassie staining, the protein samples and the gel running
procedures were as described in section 2.9.1 and 2.9.2. Once the proteins were ruristhe ge
were boiled in Coomassie staining buffer (500ml buffer: 50% Methanol, 10% Acetic acid, 0.5g
Brilliant Blue R Sigma Aldrich; B7920, 0.5g Brilliant BlugSigma Aldrich; BO7#0in diHO)

and left to rock at RT for 10min. Next, the Coomassie stalmiffgr was removed, replaced

by destain buffer (30% Methanol, 10% Acetic agid diHO) and boiled again. The -déain

buffer was frequently changed until protein bands were visible and easily distinguishable. The
gel could then be used to transfer thproteins onto transfer membrane and continued to

antibody staining.

2.8.4 Antibody staining

Prior to antibody staining, the gels and protein extracts were prepared and run as described
in the above sections. After a few washes with PTW, the membranbélaased for one hour

with 3% BSA in PTW, and then incubated with primary antibody (section 2.3.1) &N @hé
following day, the membrane was washed a few times with PTW (at least 5min each wash)

and the HRP (secondary) antibody (section 2.3.1) wasdhdduted in 3% BSA in PTW and

Page |64



incubated for one hour at RT. The membrane was then washed again a few times with PTW,
and protein bands were visualized using fierceECL Western Blotting Substrate Solution
(Thermo Fisher Scientific; 32106) as per mandfii dzZNE N & Ay a i NHzOG A2y a ®
placed directly onto the membrane, incubated for one minute (protected from light) and then

immediately after, imaged using a pceoled CCD camera.

Page |65



2.9 SoxB1 antibodproduction

2.9.1 Protein expression, induction and extraction

Primers were designed to amplify a fragment of SoxB1 coding sequermataining a 6x
HisTag sequence in the N terminal regipwhich did not include the HMG box or other
conserved sites betwen the three SoxB genes (Appendix A). The cloned fragment was then
inserted into a pEBa expression vectday restriction digest (see section 2.2 8ansformed

into chemically competenkE. colibacteria as describeth section 2.2.7 and plasmid was
extracted as described in section 2.2.8. Following, plasmid extraction was carried out (see
section 2.2.8), transformed again into Rosetta DE3 pLysS bacteria and plated onto

carbenicillincontaining LB agar plates and incubated ON €37

The resulted coloeis were selected the next day and added to 20ml of LB broth containing
both carbenicillin (final concentration 188/ml; stock: 100mg/ml) and chloramphenicol
(final concentration 3#g/ml; stock: 34mg/ml in ethanol). The bacterial cultures were
incubated ONat 37'C and the following day added to 1L of LB broth containing both
antibiotics The culture was incubated at %7 and closely monitored until OD reached-0.5
0.6 (34hours). At this point, 1ml of media was taken, centrifuged for at full speetiCiain

at RT and the pellet was stored-20'C for Western blot analysis.

In order to initiate protein induction, Isopropyl-D-1-thiogalactopyranoside (IPTG) was
added at a final concentration of 0.4mM (stock: 1M). To avoid/reduce degradation product
acamulation, the culture was incubated at X5 instead 087'C. Every hour for four hours,

1ml aliquots were taken, centrifuged at full speed for 10min at RT, and pellets were stored at
-20'C for Western blot analysis. The remaining culture was spun dowAdml tubes for
20min at 30000g (Avanti J20 XPI centrifuge; JLA 10.5 roter) and the resulted pellets were

stored stored at20'C for Western blot analysis.

To confirm the protein expression level, the aliquots collected at the above steps (uninduced
and during induction) were spun again for 1min at 11000g to remove any residual
supernatant. The resulted pellets were lysed by resuspending irl 200protein gel buffer

and heated to 95C for 5min. Samples were then loaded and run on SDS PAGE gel and protein

was visualized by Coomassie staining (section 2.8.3).

Once induction was confirmed, the remaining pellets (resulted from the 50ml aliquots) were
lysed by resuspending them in 30ml of fresh-phélled native extraction buffer (0.1M Tris
HCI pH8, 0.5M N&l, 10% glycerol, 1% MB, 1mM DTT, 0.1mM PMSF). Following, the pellet
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solution was sonicated in order to achieve a lufrge solution using the following settings:
GAYSY MQT YL AGdzZRSY nm:T LldzZ aS 2y YalumQT LJdz

free solution is achieved.

2.9.2 Soluble Vs Insoluble protein expression

To determinewhetherthe protein was soluble or insoluble, 1ml aliquot was taken from the
sonicated product and centuged at RT for 10min at full speed. The supernatant was
transferred to a separate tube and the pellet was resuspended in 1ml ethilled native
extraction buffer. Both supernatant and pellet solutions were then tested for protein
presence by running them on SDS PAGE gel and visualized by Coomassie staitidmg (
2.8.3). The remainder of the sonicated product was aliquoted in 50ml tubes (Thermo
Scientific Nalgene; 311@050) centrifuged at RT for 20min at 30000g (Avanti J20 XPI
centrifuge; JAL7 rotor) and both supernatant and pellet were stored-20"C wntil protein

solubility was identified.

Since the protein of interested was found in the pellet, an insoluble protein purification
approach was taken. The stored pellet was resuspended and washed twice in 30ml of wash
buffer (0.1mM DTT, 50mM Tnig47.5, 100mM NaClin diHO) and spun down for 15min at
30000g. The supernatant was then discarded and 1ml of DMSO was added without mixing.
The tube was placed on a rocker at RT fo68fin until the pellet was fully dissolved. For
further solubilizatim, 5ml of Buffer A (final concentrations: 50mM Tris HCI pH7.5; 50mM
NaCl; 20mM imidazolein diHO) were added to the pellet solution and left on rocker for an
additional one hour. The solution was then centrifuged at 300009 for 15min. The supernatant
waskept and further diluted by adding 386ml of Buffer A. To finally purify the protein, the
supernatant solution was injected to a column chromatographer using HisTrap HP nickel
column (Ettan Liquid Chromatograph; GE). The purity of the protein was timdinnced by

running the samples on SDS PAGE gel and visualized by Coomassie staining (section 2.8.3).

2.9.3 Antibody production

The final purified protein extracts were shipped to Eurogentec in Belgium for immunization
into host animals (2X rats). The towhount of protein sent was 1.2mg (0.768mg/ml) and
two rats were immunized for a period of 28 days in which four injections with the antigen

took place. Preammune, medium and final bleed serums were shipped back to us for use.
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Chapter 3: Characterisatioof the nervous system

3.1: Introduction & Aims
3.2: Nervous system establishment during embryogenesis
3.3: Nervous system characterisation in adult stages

3.4: Summary
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3.1 Introduction & Aims

Nervous system development is a finmed process involving many transcription factors
and other key regulators. Several studies provided evidences of the different genes involved
during this process in cnidarians (see section 1.7) but a matepth chaacterisation of the

nervous system is lacking from the literature.

Neurogenesis begins when ectodermal cells (also endodermal cells in cnidarians) acquire the
neurogenic potentialFollowing, neural progenitors or precursors arise within the particular
domain (neurogenic ectoderm or endoderm) and pattern themselves stochastically or
invariant depending on the animal. Afterwards, neural progenitor cells will either directly
differentiate to neurons or give rise to proliferating neural progenitors whichurn can
asymmetrically selfenew. Finally, neural progenitors will either remain integrated within

the neuroepithelium ointernalise by delamination, ingression, or invagination (Hartenstein
and Stollewerk, 2015).

Many genetic modules of the early m®genesiswhich guide cells through proliferative
phases toward posmitotic cells are highly conserved throughout the animal kingdom. For
instance, the SoxB family of transcriptional regulators provide neurogenic potential and at
the same time inhibit neronal differentiation by maintaining neural progenitors in an
undifferentiated state (Sasai, 2001). Basic heop-helix (bHLH) transcription factors,
known as proneural genes, have also been found to regulate neurogenesis in various species
across theanimal kingdonmsuch asDrosophilaand various vertebrates (Quan and Hassan,

2005), and the sea anemomematostella vectensiRichards and Rentzsch, 2015).

In order to start understanding howeurogenesisis established, | characteriseithe
compositionof Hydractini&® neurodevelopmentat three embryonic stages; prganula
larvae (24HPF), early planula larvae (W®F), late planula (42PF), as well as at the adult
stages including feeding and male/female sexual polyps.main aim of this chapter was to

determine the timing of the emergence of various cell populations along the neural lineage.

| used established markers for this chetexisation including two neuropeptide markers
(GLWamide and RFamida panneural/cilia marker (acetylated tubulin), two nematoblast

markers (Ncoll and Ncol3), a stem cell marker (Piwil), andoliase marker (EdU).

With this characterisation, | aim &hed light into how the nervous system is established in

Hydractiniaand how a fully functional neuronal network during adulthood is presented.
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3.2 Nervous system establishment during embryogenesis

Firstly, | used neuronal lineage markers thatexpressed in differentiated neurons. As seen

in Fig. 3.3, the neuropeptide GLWamide was expressed in a small subset of cells at 24 HPF
and by 48 HPF a fine network of sensory neurons was established primarily in the aboral pole
of the planula and to a lessxtend also in the oral side. By 78 HPF, a stage at which the
nervous system of the larvae has been fully established, the GLWamédeons were
concentrated on the aboral end of the larva; an area where these neurons are highly needed
for metamorphosisnduction as discussed in the introduction chapter (Schreich., 1998;

Leitz, 1998).

GLWamide

24HPF

| 72HPF || 48HPF |
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Figure 3.1Visualisation of GLWamiteeurons during larval developmenthiydractiniaby IF. Images arestack
projections.Green: GLWamide; Blue: Hoeclstale bar40>m.

Next,a second neuronal lineage marker was used; the neuropeptide RFamide. As seen in Fig.
3.2, RFamideneurons were not seen at the early planula stage (24 HPF), but later in
development (48 HPF onward3hese neurons were also located in the aboral side of the

larva as they also have a role in metamorphosis (Katsudeail, 2003).

RFamide

24HPF

| 72HPF I 48HPF |

Figure 3.2Visualisation of RFamitieeurons during larval development ktydractiniaby IF. Images arestack
projections.Green: RFamide; Blue: Hoecltale bar: 48m.
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| then used an anacetylated tubulin antibody to stain cilia and neurons during larval
development (Fig. 3.3). At the early stages of development,midominantly express this
marker and at the later stages a network of both cilia and neurbkalcells is formed.
Among cnidarians, anticetylated alpha tubulin antibody is used as a-panral marker
including staining of cilia and cnidocytes, as show previous studies (Dupre and Yuste,
2017; Quiroga Artigaet al., 2018; Plachetzlet al., 2012).

Acetylated tubulin

24HPF

| 72HPF || A8HPF |

Figure 3.3Visualisation of acetylated tubuligilia and putative neurons during larval developmentlydractinia

using IF. Images arestackprojections.Red: acetylated tubulin; Blue: HoechStale bar40>m.
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In addition, nematoblast (Ncol3) and stem cell (Piwil) markegre used in order to
determine the distribution of these cells during development. As seen in Fig. 3.4, both
nematoblasts and stem cells are distributed throughout the gastrodermal layer of the early
planula and as the larva develops further, they areenmoncentrated in the oral part of the

animal.

Ncol3 Piwi1l

24HPF

48HPF

72HPF

Figure 3.4Distribution of nematoblasts (Nco)3and stem cells (Piwijlduring larval development idydractinia

studied by IF. Images arestackprojections.Red: Ncol3; Green: Piwil; Blue: HoecBstalebar: 40>m.
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In order to check the proliferation status of the various developmental stages, EdU
incubation assays were performed. As it can be seen in Fig. 3.5, during thiaputa stage,
proliferative cek are found both epidermal and gastrodermal and as the larva develops,
proliferative cells become restricted to the gastrodermis, consistent with the location of i
cells and progeny (Gahat al., 2016).

EdU

24HPF

48HPF

72HPF

Figure 3.5Visualisation of proliferative cells (Eglduring larval development iHydractinia On the left column
the epidermis of the larva can be seen and on the right column the gastrodermis is shown. Imagestaate z
projections.Red: EdU; Blue: HoechStcag bar 40>m.
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The final part of the embryonic and larval nervous system characterisation was the analysis
of nematocyst distributionAs seen in Fig. 3.6, at HPF, nematocysts are only present in
small numbers. As the larva develops nematocysts are easily distinguishable on the

epidermis of the animal with a much higher presence on the oral side of the larva than on
the aboral side.

Nematocysts

Figure 3.6Visualisation of nematocysts during larval developmerttyaractinia On the left column the aboral

| 48HPF | 24HPF

72HPF

side of the larva can be seen and on the right column the oral side is shown. ImageseaiegrojectionsGreen:
lectin-GFP (nematocystdpjue: HoechstScalebar: 46>m.
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3.3 The nervous system of adult polyps
The same approach as in the above section was used to characterise the nervous system in
the adult stages dflydractinia | used antibodies against two neuropeptides, GLWamide and

RFamile, to locate the differentiated neurons expressing these neuronal lineage markers.

As seen in Fig. 3.7, these two neuropeptides have distinct expression patterns. GLWamide
neurons are mostly expressed in the body column of the feeding polyp with a small subset
seen in the head region. In contrast, the RFarhigrirons are primarily located in the head
region and in the tentacles, with some ganglionic neurons running almngadady column of

the polyp.

GLWamide RFamide

Feeding polyp - Head

Feeding polyp i Body column

Figure 3.7Distribution of GLWamideand RFamideneurons in the head and body regions of feeding polyps of

Hydractinia Images are-gtack projectionsRed: GLWamide; Green: RFamide; Blue: HoeShate bar: 48m.
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In the sexual polyps, these neuropeptides also exhibit distinct expression patterns. The
GLWamideexpressing cells are mostly located in the sporosacs of both male and female
sexual polyps, wheas the RFamidexpressing cells are found in the body column of these

types of polyps (Fig. 3.8).

Female sexual polyp Male sexual polyp

GLWamide

RFamide

Figure 3.8Distribution of GLWamideand RFamideneurons in sexual polyps (male and femaleHgéractinia

Images are-stackprojections.Red: GLWamide; Green: RFamide; Blue: HoeShdt bar: 40-m.
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Next, | checked where acetylated tubulin was located in feeding and sexual polyps. As shown
in Fig.3.9, acetylatedubulinwas predominantly found in ciliated cells and cnidocytes (based

on cell morphology) surrounding the tentacles of the polyps.

In the female sexual polyp, acetylated tubdlcells were found in the space separating
individual oocyts within a sporosac. On the other hand, in the male sexual polyp, acetylated
tubulin* cells were found surrounding each sporosacs. In the mature sporosacs, these cells
resembled muscle cells based on their morphology. In both types of sexual polypsatacktyl

tubulin* cells were also found in the head region.

Feeding polyp || Tentacle tip

Acetylated tubulin

Female sexual polyp Male sexual polyp

Acetylated tubulin

Figure 3.9 Distribution of cells positive for acetylated tubulin in feeding and sexual polyps (male and female).

Images are-stackprojections.Red: acetylated tubulin; Blue: HoechStalebar: 40>m.
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Cells expressing the two nematoblast markers, Ncoll and Noei8 lecated in the body
column of the feeding polygFig. 3.1Q) The two nematoblast markers were largely- co
expressed. As shown before by other groups, Ncoll and Ncol3 minicollagens are expressed
in early stage developing cnidocytes (Zenlktwl., 2011;Babonis and Martindale, 2017). No

expression is observed in the oral part of the animal, i.e. above the tentacles.

| Feeding polyp I

Ncol1

Ncoll / Ncol3

Ncol3

Figure 3.10 Distribution of cells positive for the nematoblast markers Nocll and Ncol3 in feeding polyp of
Hydractinia On the left column the expression of each marker is shown alone, and on the right column the co
expression is presented in low and high magnifaatimages are-gtack projectionsGreen: Ncoll; Red: Ncol3;

Blue: HoechstScalebar: 40>m.
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The two nematoblast lineage markers are also hightgxqaressed in the male sexual polyps

of Hydractinia namely in the body column of the animal as seengn Fil1.

| Male sexual polyp

Ncol1

Ncoll/ Ncol3

Ncol3

Figure 3.11Distribution of cells positive for the nematoblast markers Nocll and Ncol3 in the male sexual polyp
of Hydractinia On the left column the expression of each marker is shown and on the right column-he co
expression of them is presented in lamnd high nagnification. Images arestack projectionsGreen: Ncoll; Red:
Ncol3; Blue: Hoechs&cale bar: 48m.

Page |80



3.4 Summary

In this chapter | aimed to characterise how the nervous system is compossdiiactinia
during larval development as well as in the ddiidges (feeding and sexual polyps). By using
known neuronal markers as well as a stem cell marker, | was able to show the structure and

distribution of neuronal populations.

During the early stages of neurogenesis (BF / preplanula larva), proliferiave cells are
spread throughout the epidermis and gastrodermis, but in later stages of development this
process is strictly confined to the gastrodermis. Stem cells (Pogils) and nematoblasts
(Ncol3 cells) are located since the early stages of dgwelent in the gastrodermis. Ne i

cells or nematoblasts were detected in the epidermis.

Distinct populations of neurons expressing the neuropeptides GLWamide and RFamide are
established at different timeframes from each other. GLWarhideurons appear atma
earlier stage than the RFamideeurons during development. Also, the appearance of
nematocysts is not highly noticed during the early stages of development, but at later stages

the numbers are increased with many of them concentrated at the oral sitleedarva.

At the adult stages, the cells with proliferative potential like nematoblasts are in the
epidermis of the polyp in a confined area in the body column. A similar pattern is observed
in the sexual polyps as well. The RFarhigeurons are concenated in the head region of

the adult polyp forming a neuronal network. Some of these neurons are also found in the
tentacles as well as along the body column of the animal. In sexual polyps, these neurons are
mostly found in the body column. As seen indag polyps, the location of the GLWamide
neurons is distinct from the RFamideeurons; however, neurons expressing the GLWamide
neuropeptide are mostly found in the body column of feeding polyps but in sexual polyps
they are predominantly found in thessue surrounding the sporosadsis suggests division

of the polyp anatomy into distinct neuronal territories.

Another marker used for the characterisation of the nervous system was acetylated tubulin
which also marks cilia. During land&velopment, acetylated tubulircells are found in the
epidermal tissue buh the adult stages it is restricted to the epidermis. Its expression pattern

in sexual polyps is of great interashichwill be discussed in Chapter 6.

Summarising these findisgthe nervous system éfydractiniais unusual in animals in that
it originates in the endodermal layer. Additional markers are highly needed to fully

characterise hydrozoan nervous systems and their development.
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Chapter 4: SoxB transcription factors attieir roles in development

and regeneration

4.1: Introduction & Aims

4.2: Spatial expression of SoxB genesliydractinia

4.3: Generation of SoxB1 and SoxB2 transgenic reporter lines
4.4: Lineage tracing during nervous system regeneration

4.5: Knockdown studies of SoxB genes during development
4.6: Ectopic expression studies 8bxB1

4.7: Summary
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4.1: Introduction and Aims

Transcriptional regulators are essential for guiding cells to a specific identity. SoxB
transcription factors arecentral in neurodevelopment. Their presence or absence
determines whether a neural precursor cell will sglfiew or differentiate into a specialized

cell. They maintain the neuroectoderm in a proliferative state as they provide neurogenic
potential but atthe same time inhibit neural differentiation (Sasai, 2001; Elkoefrial,
2011). The expression of SoxB factors is under the control of various signaling pathways,
notably the BMP and the Wnt pathways (Mizusekal., 1998; Niehrs, 2010). mammals,

20 Sox proteins have been identified and classified into groups {Soxi4) based on the
degree of amino acid identity within the HMG (high mobility grebp¥ (Reiprich and
Wegner, 2015). In Cnidarians, specifically in Anthozoa and Hydrozdmast aomplete set

of homologous genes that have critical roles in bilaterian neurodevelopment (neurogenesis,
neuronal specification and network formation) has been described. Among them are the
proneural basic helix loop helix (bHLH) factors, SoxB geimefinger protein genes, and

neuron specific RNA binding proteins (RBPs) (Wataethk, 2009).

In Hydractinia three SoxB genes are present, namebxB1 SoxBZand SoxBJFliciet al.,
2017). As was previously show®oxB24s predominantly expresseia proliferative neural

progenitor cells, an&oxB3n differentiated neurons and nematocytes.

The main aim of this chapter was primarily to understand how SoxB geméglmactinia

regulate embryonic neurogenesis and their contribution, if any, to thestablishment of

adult nervous system upon injury. Specificallyaimed to charactéze the third SoxB
transcription factorg SoxBX; as no studies to date described its expression pattern and role.

In addition, Flicet al. (2017) showed a partial ovag in terms of expression and function of
{2E.H FYR {2E. 02 FtYR 2yS 2F Y& 32Lta o6l a& G2
SoxB2 or SoxB3 in the neural lineage. For this, | wanted to chasadterispatial expression

of all three SoxB genes bysitu hybridization. My main hypothesis was that SoxB genes are

expressed sequentially along the neuronal lineage.

Another aim was to generate transgenic reporter lines for these genes in order to assess their
roles during nervous system regeneratiorvivo. Also, in order to confirm the hypothesis

that the SoxB genes are expressed sequentially along the neural lineage, | aimed to generate
double transgenic reporter lines, namely SoxB1/SoxB2 and SoxB2/SoxB3, and visualize the
transition from one to the ther byin vivosinglecell tracing during regeneration, a context

where extensive neurogenesis occurs.
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| also wanted to understand the roles of the SoxB genes in developmergvaluate the
knockdowneffects of these gerg | used various antibodyased markers to stain 3 days
post fertilisation (DPF) larvae. | chose this specific timepoint as by this stage of larval
development, the animals should be metamorphosis competent and exhibit a fully
developed and functional neous systemShort hairpin RNAnediated geneknockdowns

have been demonstrated by our group and other groups to be highly efficient compared to

other methods such as morpholino and RXRubucet al., 2020; Heet al., 2018).
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4.2: Spatial expression of SoxB genesiiydractinia

The expression pattern of the three SoxB genes preseHydractiniawas determined by
in-situ hybridization. SoxBlwas expressed in both male and female sexual polyps.
Particularly SoxBiwas always found in cells expressiigvil, which includes-cells as well

as germ cells. In more detail, in the male sexual p@gpBivas found in the germinal zone

in which stem cedl commit to become germ cells (Duketal., 2020), as well as ircells(Fig.

4.7). In the female sexual polyp, the same trend was present as different stages of developing
oocytes expres=sd SoxBland Piwil (Fig. 4.2). In both polyp typeBjwil and SoxB were
always ceexpressed suggesting that thetlat could be used as aitell and germ cell, similar

to Piwil/Piwi2

Piwil/
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Figure 4.1 Double fluorescencm-situ hybridization ofSoxBlandPiwilin the male sexual polyp ¢fydractinia

A lower magnification of the sexual polyp shows a very similar expression pattern for both genes (A), and a closer
look confirms the full cexpression of those genes in the same cells. These cells include gkrByrend-cells

(C). Green arrowRiwil* cells, red arrowsSoxB1 cells, white arrowsPiwil/ SoxB1 cells. Low magnification
images are -stack projections and the higher magnification images are single ogticak.Green:Piwil, Red:

SoxB1Blue: HoechsScale bar: 4ém.

Piwil/

Figured.2. Double fluorescencia-situ hybridization ofSoxBXandPiwilin the female sexual polyp éfydractinia
A lower magnification of the sexual polyp showsespression of these genes (A), and a closer look confirms the
full co-expression in developing oocytes. Different focal planes show developing oocytes at different stages (B

and C). Images are single mpat slices.Green:Piwil; Red:SoxB1Blue: HoechsScalebar: 40>m.
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/ SoxB1 DNA

| also checked the expression $6xBlin feeding polyps to see if its expression pattern
overlaps withPiwil, like in the sexual polyps, by singiwlecule fluorescenceén situ
hybridization. Indeed, as shown in Fig. £8xBlwas expressed in the lower body of the
animal where mostcellsreside and was fully eexpressed withPiwil As shown in the same
figure, SoxB1cells are only found in the proliferative zone of the animal and nearly absent
outside of this area. In hypostome, the most oral part of the ani®akBlwas not present

at all.
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Figure 4.3 Singlemolecule fluorescencen-situ hybridization of SoxBland Piwil in the feeding polyp of

Hydractinia SoxB1s always caexpressed withPiwiland a strong expression is observed in the proliferative band

of the animal, which is located at the lower body. Expression is also observed, though at much lower levels, in
the rest of the body column but not in the head region. Images are single oglimeg Green:Piwil, Red:SoxB1

Blue: HoechstScalebar: 40>m.
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Next, | performed singtmolecule fluorescencen-situ hybridization to examine the
expression patterns oSoxBland SoxB2in feedingpolyps. SoxBland SoxB2partially
overlapped, suggesting a sequential expression of those ga&mesher possibly scenario is
the existence of a separated cell population expressing both genes, resulting taltbtieet
populations SoxBY¥SoxB2 SoxB1SoxB2, SoxB1SoxB2. In more detail, as seen in Fig.
4.4, in the lower part of the body column, orfpxBlwas expressed whilBoxB2avas not.
SoxBatarted being expressed higher in the body column and at this stage wagcessed
with SoxB1Further up in the bodgolumn, the expression &oxBlwas gradually diminished

whereas that ofSoxB2vas gradually enhanced in a reverse correlation.

I DNA

SoxB1/

Figure 4.4 Single molecule fluorescende-situ hybridization of SoxBland SoxB2in the feeding polyp of
Hydractinia SoxB1s widely expressed in the lower part of the body, an area in wb@tB2s scarcely expressed.
More orally,SoxB2s widely ceexpressed wittfSoxB1Further orally SoxBls gradually reduced where&oxB2
is enhanced in a reverse correlation (pink arrows show Suodls, green arrows show Soxg2lls and white
arrows show SoxBY1 SoxB2 cells). Images are single optical slideed:SoxB1 Green:SoxB2 Blue: Hoechst.

Scale bar: 46m.
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A similar phenomenon was observed when | performed singhecule fluorescenci-situ
hybridization to examine the expression patternsSafixB2and SoxB3n feeding polyps, as
seen in Fig. 4.550xB2and SoxB3partially overlapped in the body column of the animal
suggesting that these two genes are also sequentially expressed during neurogenesis
Another possibly scenario is the existence of a separatddpopulation expressing both
genes, resulting to three distinct populations: So¥B@xB3 SoxB2SoxB3, SoxB2SoxB3.
Higher expression dboxB2vas observed in the body column, whereagxB3wvas highly
expressed in the upper part of the animaloseto the base of the tentacles. In the upper
part of the body columnSoxB2was gradually diminished whil8oxB3expression was

enhanced in a reverse correlation.

1 SoxB/ DNA

Figure 4.5 Singlemolecule fluorescencen-situ hybridization of SoxB2and SoxB3in a feeding polyp of
Hydractinia SoxB2s expressed in mid body column, an area in wiSiokRB3s low. Towards the oral en§oxB3
gradually starts been eexpressed witt5oxB2 Further orallySoxB2s gradually downregulated where&oxB3
is enhanced in a reverse correlation. Green arrows show S@eBg, pink arrows show SoxB&lls, and white
arrows show SoxB2 SoxB3cells. Images are single optistites Green:SoxB2Red:SoxB3Blue: Hechst.Scale
bar: 80>m.
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4.3: Generation of SoxB1 and SoxB2 transgenic reporter lines

To monitorin vivothe dynamics of SoxBtells during larval development, | generated a
reporter line expressing tdTomato under the genomic control elementSa{Bl,(see
Section 2.2.2). By timpse imaging, | was able to visualise how these cells behave over a
period d 48 hours as shown in Fig. 4.5. Every hour, a stack of confocal images was taken by
spinning disc microscopy, starting at 24 hours post fertilisation (HPF) until 7@ &ip&int

at which larvae are fully developed and ready for metamorphosis induct®shéwn below,
SoxBidTomato cells were rare during the first hours of imaging but as the larva developed,
these cells became numerous in the gastrodermal tissue of the larva. These results are
consistent with the known location ofcells, residing inhis tissue layer irHydractinia
embryos and larvae. The relatively low numberssokBitdTomato cells during the early
stages of development does not necessarily indicate low numbersceflsi as the

maturation time of the fluorescent protein tdTomatoay contribute a delay.

Hours Post Fertilization (HPF)

24HPF 30HPF 36HPF

42HPF 48HPF 54HPF

SoxB1::tdTomato

Figure 4.5In vivotracking of SoxBidTomatd' cells during larval development over the course of 48 haurs

from 24 HPF to 72 HPF. Images astazk projections of a fewlices Red: tdTomatoScalebar: 43>m.
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| used feeding polyps froif8oxB1::tdTomataolonies to check their proliferation status by

an Sphase marker (EdU) and a stem cell marker (Piwil). | conclude&dix&itdTomato'

cells are cycling stem cells as they were positive for both markers and were located in the
proliferative zone of the body column of the feeding polyp. No tdTomaioréiscence was

observed in the head region (Fig. 4.6).

Both male and female SoxB1 colonies were generated. As seen in FRBp@BTdTomato

cells are present in the young sporosacs and body column of the male sexual polyp. In the
female sexual polyp, the oocytes ad®xBitdTomatd and due to the long h#dife of the
fluorescence protein, the different stages of oocyte maturation are observed as a function
of fluorescence brightness. These results are consistent with SbeB1/Piwilin situ
hybridisation experiments as shown in Fig. 4.3, confirming thibfténess of this reporter

line and the role of SoxB1 asell/germ cell marker.

| Feeding polyp || Head region || Lower body region |

/ DNA

/ tdTomato/

Page |91



Figure 4.6SoxBlransgenic reporter feeding polyps. Polyps were stained withRR# to detect the fluorescent
protein of the transgene (red), with adfiwil antibody for stem cells (green), and witlplse marker EdU
(cyan).SoxBitdTomato transgene isxpressed in-cells (Piwiicells) and they are also cycling cells. No staining
was observed in the head region as expected and most of the staining was seen in the proliferative area in the
body column. Low magnification images (feeding pobmg zstadk projections and the higher magnification
images (head region & lower body region) are single optical stBregn: Piwil; Red: tdTomato; Cyan: EdU; Blue:

HoechstScale bar: 48m.

tdTomato/ DNA

Figure 4.7SoxB1 transgenic reporter male and female sexual poBpsBitdTomato is expressed ircells and
young sporosacs in the maland in oocytes in the female, as observed by IF. Imagessaaelz projectionsRed:
tdTomato; Blue: Hoechs&cag bar: 4G-m.

| also generated a reporter line expressing GFP under the genomic control elemgsoaxBaf
SoxBAGFP cells were expressed throughout the epidermis at the larval stage in elongated,
neuronatlike cells in the aboral pole (Fig. 4.8A). Moreover, in the primary polyp, nedronal
fA1S OStta ¢SNBE KAIKE & O2yOSy il Nltar-&mnecteydy G KS
neurons were found in the stolons (Fig. 4.8C). Throughout the body of the adult polyp

neuronat and nematoblastike SoxB2GFP cells were observed (Fig. 4.8D).
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SoxB2::GFP

Larva Feeding polyp

Figure 4.8 Live imaging dboxB2ransgenic reporter animals. (8oxB-GFP is expressed in the epidermal layer

in the larval stage mostly in the aboral pole. (B) In neurdikal cells in the head region{BQQU ® o6/ 0 [ 2y
interconnected neurons were fouhin the stolons of the primary polyp. (D) Neurcredd nematoblastike cells

were observed in the body column thfe adults.Red: GFP; Blue: HoechStale bars: 48m.

After establishing stabl&oxBland SoxBaransgenic reporteanimals, | generatedalible
transgenic animals by crossiBgxBland SoxBZolonies in order to use them for single cell
tracing studies as will be shown in the following section. By characterizing the double
transgenic animals by IF, | observed a similar pattern consisteht thit doublein situ
hybridisation results (see Fig. 4.4). As shown in Fig. 4.9, cells expressing both transgenes were

observed at various levels as well as cells expressing either fluorescence protein.

SoxBltdTomato/ SoxB2GFP

RFR GFH DNA

Figure 4.9 Characterisation of SoxB1 / SoxB2 double transgenic reporter animal by IF. Cells expressing both
transgenes at various levels were found as shown by the examples pointed by the arrows, consistentiwith the
situ hybridisdion findings (red arrows show SoxRElls, green arrows show Sox@2lls, and white arrows show
SoxB1/ SoxB2 cells). Images are singttical slicesRed: tdTomato; Green: GFP; Blue: Hoec8stlebar:

40>m.
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4.4: Tracing of single celtturing nervous system regeneration

Hydractiniahead regeneration requireproliferation and blastema formation. During this
regeneration procesg;lydractiniacan replace not only cell types that are required for basic
head structure such as epithelial elbut also neurons and nematocytes. To date, the
contribution of postmitotic neurons, as well as neural progenitors in nervous system re
establishment has not been documented. In this section, | aimed to understand how these

cell types contribute to heacegeneration.

Previous members of the lab (Dr J. Gahan & S. Quillinan) generated a transgenic reporter line
expressing GFP under the genomic control elements of the neuropeptide RFamide precursor.
| utilised this animal and | generated second generatimmsgenic animals in order to
understand whether this type of neurons contribute to nervous system regeneration upon
injury/decapitation. Head regeneration irHydractiniatakes two to three days to be
completed and i generating timdapse movies, | waable to trace individual neurons and

determine their fate and contribution to head regeneration

| first identified individual neurons based on their morphology and location in the body
column and followed them during first 20 HPD. As shown in Fig. 4.10, neurons located both
in the lower and the higher parts of the body column do not contribute tochegeneration

as they remain static and neproliferative over the course of 20 hours. (Figs. 4.11, 4.12).

Hours Post Decapitation (HPD)

RFamide::GFP
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Figure 4.101In vivo tracing of RFamideFP neurons during regeneration located in the lower part of the body
column. After following arndividual neuron (circled), no migration was observed indicating no role during this

process. Images are single optisites Green: GFRScale bar4G>m

| Hours Post Decapitation (HPD) |

RFamide::GFP

Figure 4.11In vivotracing of RFamid&FP neurons during regeneration located in the upper part of the body
column. After following an individual neuron (circled), no migration was observed indicating no role during this

process. Images are single optisites Green: GFRScalebar: 40>m.

Shce there was no visible migration or any signs of contribution of Rif@mideGFP
neurons to regeneration during the first 20 hours of head regeneration, | madeléipse
movies from 24 HPRQ 72 HPD, a timeframe at which the nervous system and the head

fully re-established. | followed individual neurons, as seen in Fig. 4.12, and the same
behaviour was observedRFamideGFP neurons did not migrate to the injury side to
contribute to blastema formation and/or nervous system regeneration, nor did they
proliferate. Instead, they stayed at the original position and at the same time a new network
of RFamidé neurons appeared as the head was regenerated, suggestingdinaiovo

neurogenesis was the main source of neurons to the regenerating new head.
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Hours Post Decapitation (HPD)

RFamide::GFP

Figure 4.12In vivotracing ofRFamideGFP neurons during head regeneration from 24 HPD until 72 HPD. An

individual neuron (circled) is shown in the time series. No significant migration was observed. Imagesacke z
projections of a fevslices.Green: GFRScale ar: 40>m.
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To test the hypothesis ade novoneurogenesis during head regeneration, | decapitated
animals, performed a pulse EdU incorporation (30 minutes) to detect cells that undergo
proliferation, and fixed the decapitated animals at 12 HPD, 24 HPD, 36 HPD EiRD48

stained the samples with anRiwi2 antibody to labeléells.

As seen in Fig. 4.13, in the intact head, only a few cells are proliferative and stem cells are
not present. Instead, there is a fine network of RFamide neurons covering the ateale
During blastema formation (first 24 HPD), theis a huge increase in proliferation as
indicated by the presence of Etand Piwi2 cells (most of them are EARiwi2* cells). A

few RFamidecells are also present at these stages, but most probatglyemnants of the
nervous systemAt the next time point | checked (36 HPD), new tissue was present above
the blastema zone which was most likely the newly formed head. In this newly formed area,
RFamide neurons were present and the absence of proliferatnd stem cell markers (no
co-expression) suggestie novoneurogenesis. By 48 HPD, tentacle buds were formed and

more RFamideneurons were present in this area.
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Intact

12 HPD

24HPD

36 HPD

48 HPD

EdU RFamide (GFP)

Stem cells (Piwi2)

Merge

Figure 4.13De novaneurogenesis during head regeneration. Tiowairse experiment in which the proliferation
status (EdU), stem cell distribution (Piwi2), and neuronal contribution (RFamide) in nervous system re
establishment was documented (up to 48 HPD). Images-stadz projections of a few sliceRed: EdU; Green:

GFP; Purple: Piwi3cale bar: 46m.
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Once the GBoxB2::GFfPansgenic reporter line was established, | was able to observe how

SoxB2GFPcells behave during head regenerationibyivotracing.

As seenin Fig. 4.14, SoxB3FP cells increase in numbers during the early stages of
regeneration. Late on, the increase in cell numbers was mostly concentrated in the injury
side in order to reestablish the missing head region. The increasing number dfd@iKRvas
unlikely to be primarily due to mitosis, given the short time elapdthgiractiniai-cells and
progeny have a cell cycle duration of approximately 24 hours (McMahon, 2018). A scenario
in which icells differentiate to neural progenitors and stagkpressingSoxB2is more

plausible.

Figs. 4.15, 4.16, and 4.17 show a follow up of individual cells from the lower part of the body,
from a position closer to the injury side, and from the blastema area, respectively. In the
absence of a nuclear markeand due to the low resolution of the images, it is difficult to
draw a final conclusion on the dynamicsSafxB2cell behaviour in these cases. The data are
consistent with both proliferation of existin§oxB2 cells and with a scenario ofcells

becomecommitted to the neural lineage and start expressBuxB2
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SoxB2::GFP

32HDP

48HDP

36HDP

52HDP

40HDP

56HDP
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