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RESUME

. RESUME

L'un des principaux objectifs de la Neurobiologie du développement est de comprendre
comment les axones des neurones nouvellement formés peuvent atteindre leurs corrects
partenaires synaptiques en suivant des chemins précis et bien définis guidés par un réseau
complexe d'interactions récepteur/ligand (par exemple, Netrin/DCC; Slit/Robo) [1]. Bien qu'un
grand nombre de molécules de guidage des axones ait déja été caractérise, le tableau est loin
d'étre complet et un certain nombre de facteurs de guidage restent encore a découvrir.

Les précédents travaux du laboratoire ont généré des alleles de perte de fonction pour les trois
génes du poisson zébre de la famille des protéines sécrétées Meteorin (Metrns). De fagon
remarquable, nous avons pu caractériser des défauts de développement axonal spécifiques
chez ces poissons mutants, y compris des défauts dans plusieurs populations de neurones
commissuraux.

Soutenus par nos résultats préliminaires, nous avons émis I'hypothése que les Metrn jouent
un rbéle important au cours du développement du systéme nerveux central (SNC) des vertébrés
et du franchissement de la ligne médiane axonale et en particulier dans le guidage des axones
commissuraux.

A partir de ces prémisses, I'objectif de mon projet de doctorat était d'étudier la fonction des
Metrns chez le poisson zébre, d'élucider leurs voies de signalisation biochimique et, surtout,
d'identifier le ou les récepteurs des Metrns.

La Metrn a d'abord été découverte comme un facteur neurotrophique sécrété qui favorise la
croissance des neurites in vitro. Elle est exprimée dans les progéniteurs neuronaux radiaux et
dans la glie radiale [2], [3]. Chez les vertébrés, les Metrn sont hautement conservées, y
compris deux membres chez les mammiféres et trois chez le poisson zébre (Metrn, Metrnl1 et
Metrnl2). Chaque géne Metrn ou Metrnl code pour une protéine d'environ 300 acides aminés
contenant une séquence signal N-terminale ainsi qu'un domaine de type Netrin a l'extrémité
C-terminale [3].

Par conséquent, une partie de mon projet de thése consistait a évaluer la localisation des
protéines Metrns in vivo et a caractériser leur fonction sur le développement des axones
commissuraux chez le poisson zébre. Dans ce but, j'ai réalisé des hybridations in situ en
double fluorescence afin de comparer les expressions de metrn et metrnl1 a I'expression du
facteur de guidage axonal bien établi Slit. Les résultats obtenus ont montré que metrn et
metrnl1 co-localisent avec slit1a, slit1b et slit2 au niveau de la ligne médiane a 2dpf. J'ai
également validé la conservation de ce modéle d'expression chez la souris. Cette
colocalisation soutient le réle des Metrns comme nouveaux acteurs dans le guidage axonal le

long des Slits et d'autres facteurs impliqués dans ce processus.
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De plus, il a été rapporté que l'expression de nodal, lefty ainsi que p-smad2 est régulée a la
baisse dans les cellules ES dépourvues de Meteorin [4]. Par le biais de la gPCR et de
I'nybridation in situ, j'ai découvert non seulement que le facteur Nodal était significativement
altéré chez les triple mutants metrns mais aussi que chez le poisson zebre de type sauvage,
metrnl1 tout particuliérement, est exprimé plus t6t qu'on ne le pensait auparavant (avant 6hpf).
De plus, j'ai observé des mouvements aléatoires ou symétriques du cceur chez les triples
mutants, similaires a ceux décrits chez les mutants spaw et lefty [5]. En outre, en utilisant les
lignées knockout CRISPR/Cas9 de meteorins, j'ai pu montrer des défauts dans les propriétés
de la vésicule de Kupffer (KV), causés par une altération de I'assemblage et de la migration
de cette vésicule formant les cellules précurseures dorsales (DFCs). Enfin, nous avons pu
démontrer que les Meteorins interagissent génétiquement avec ItgaV et Itgf1b au niveau des
DFCs. Ces résultats indiquent que les Météorines sont de nouveaux composants essentiels
pour un patterning gauche-droite correct au cours du développement embryonnaire des
vertébrés.

Malgré les récents progrés dans la compréhension des multiples fonctions des Meteorins, le
ou les premiers récepteurs des Meteorins n'ont été identifiés que récemment. Il a été proposé
qu'en activant un récepteur inconnu, les protéines Metrn puissent activer la voie de
signalisation Jak/Stat3 [2]. Cependant, il a été récemment démontré que Metrnl favorise la
réparation cardiaque en se liant a la tyrosine kinase du récepteur KIT et établit METRNL
comme un ligand du récepteur KIT dans le contexte de la réparation des tissus ischémiques
[6]. De plus, il a été révélé que Metrn se lie a Hitr2b pour réguler les niveaux d'espéces
réactives de l'oxygéne dans les cellules souches/progénitrices hématopoiétiques [7].
Cependant, nous pensons que les Metrn doivent également agir par le biais d'un récepteur
supplémentaire au cours des processus de structuration précoce ainsi que du guidage axonal.
Par conséquent, I'une des principales ambitions de ma thése était d'identifier d'autres
récepteurs Metrn et Metrnl a l'aide d'approches indépendantes et d'analyser leurs fonctions
dans le développement neurologique, le guidage axonal et la structuration gauche-droite chez
le poisson z&bre.

Pour valider si les Metrn sont capables de se lier aux axones exprimant leur(s) récepteur(s)
hypothétique(s) et afin de visualiser la distribution des possibles récepteurs Metrn, j'ai cloné
des constructions pour produire des protéines de fusion Metrn-AP/Metrnl-AP. Ces protéines
de fusion ont été utilisées comme sondes sur des sections de moelle épiniére de souris et de
poisson zébre pour détecter une éventuelle liaison des Metrn. En effet, nous avons pu montrer
que les protéines de fusion Metrns AP se lient prés de la ligne médiane de la moelle épiniére.
Ceci soutient I'hypothése que les Metrns sont de nouveaux facteurs de guidage axonal
également chez la souris, facilitant le franchissement de la ligne médiane, et que les

récepteurs possibles sont situés la ou les axones viennent de franchir la ligne médiane.
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En collaboration avec le Dr Alain Chedotal et Yvrik Zagar ainsi que Manuela Argentini de son
équipe, j'ai travaillé a la mise au point de deux méthodes indépendantes de réticulation/pull-
down pour identifier le(s) récepteur(s) des Metrns : I'approche Fc-tag [8] et AP-tag [9]. Nous
avons réecemment obtenu une liste de candidats a partir de ces cribles biochimiques combinés
et nous effectuons des tests in vivo pour les valider en tant que récepteurs authentiques de la

Meteorins.

En conclusion, les travaux de thése suggerent que les protéines Meteorin sont de nouveaux
acteurs au cours du développement du SNC des vertébrés et du franchissement de la ligne
médiane axonale, en particulier au cours du guidage des axones commissuraux et de
nouveaux facteurs potentiels pour la formation correcte du KV et du schéma gauche-droite

des vertébrés.
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SUMMARY

lll. SUMMARY

One of the major goals of developmental neurobiology is to understand how axons of newborn
neurons can reach their correct synaptic partners by following precise and well-defined paths
guided by a complex network of receptor/ligand interactions (e.g. Netrin/DCC; Slit/Robo) [1].
Although a big set of axon guidance molecules has been already characterized, the whole
picture is far from being complete and a number of guidance factors still remain to be
discovered.

Previous work in the laboratory has generated loss-of-function alleles for all three zebrafish
genes from the Meteorin (Metrn) family of secreted proteins. Remarkably, we could
characterize specific axonal development defects in these mutant fish including defects in
several commissural neuron populations.

Supported by our preliminary results, we hypothesized that Metrns play an important role
during the development of the vertebrate central nervous system (CNS) and axonal midline
crossing and especially in commissural axon guidance.

From these premises, the goal of my PhD project was to investigate the function of Metrns in
zebrafish, to elucidate their biochemical signaling pathways and, most notably, to identify
Meteorins receptor(s).

Metrn was first discovered as a secreted neurotrophic factor which promotes neurite outgrowth
in vitro. It is expressed in radial neuronal progenitors and radial glia [2], [3]. In vertebrates
Metrns are highly conserved including two members in mammals and three in zebrafish (Metrn,
Metrnl1 and Metrnl2). Each Metrn or Metrnl gene codes for a protein of around 300 amino
acids containing an N-terminal signal sequence as well as a Netrin-like domain at the C-
terminus [3].

Hence, one part of my PhD project was to evaluate the Metrns protein localization in vivo and
characterize their activity on commissural axons development in zebrafish. With this intent, |
performed double fluorescence in situ hybridizations to compare the expressions of metrn and
metrnl1 to the expression of the well-established axonal guidance factor Slit. The results
showed that metrn and metrnl1 co-localizes with slit1a, slit1b and slit2 at the floorplate at 2dpf.
| further validated the conservation of this expression pattern in mouse. This colocalization
supports the role of Metrns as novel players in axonal guidance along Slits and other factors
implicated in this process.

Furthermore, it has been reported that nodal and lefty expression as well p-smad2 levels are
downregulated in Meteorin-null ES-cells [4]. Via gqPCR and in situ hybridization | discovered
not only that Nodal factors were significantly altered in triple metrn mutants but also that in

wild-type zebrafish, especially metrnl1 is expressed earlier than previously assumed (earlier
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than 6hpf). Additionally, | observed randomized or symmetric heart jogging and looping in triple
mutants, similar to the ones described in spaw and lefty mutants [5]. Furthermore, using the
Meteorins CRISPR/Cas9 knockout lines | could show defects in properties of the Kupffer's
vesicle, caused by impaired assembly and migration of the Kupffer's vesicle (KV) forming
Dorsal forerunner cells (DFCs). Finally, we could demonstrate that Meteorins genetically
interact with itgaV and itg31b at the level of the Dorsal forerunner cells. These results indicate
that Meteorins are new essential components for proper left-right patterning during embryonic
vertebrate development.

In spite of the recent advancement in understanding the multiple functions of Meteorins, first
receptor(s) of Metrns were identified just recently. It has been proposed that through activating
an unknown receptor Metrn proteins may activate the Jak/Stat3 signaling pathway [2].
However, it was lately shown that Metrnl is promoting heart repair via binding to KIT receptor
tyrosine kinase and is establishing Metrnl as a KIT receptor ligand in the context of ischemic
tissue repair [6]. Additionally, it was revealed that Metrn is binding to Htr2b to regulate reactive
oxygen species levels in hematopoietic stem/progenitor cells [7]. However, we believe that
Metrns must act also through an additional receptor during early patterning processes as well
as axonal guidance. Therefore, a key ambition of my PhD was the identification of further Metrn
and Metrnl receptor(s) using independent approaches and the analysis of their functions in
neurodevelopment, axon guidance and left-right patterning in zebrafish.

To validate if Metrns are able to bind axons expressing their hypothesized receptor(s) and to
visualize the distribution of possible Metrn receptor(s), | have cloned constructs to produce
Metrn-AP/Metrnl-AP fusion proteins. These fusion proteins were used as probes on mouse
and zebrafish spinal cord sections to detect possible Metrns binding. Indeed, we could show
that Metrns AP-fusion proteins bind close to the midline of the spinal cord. This supports the
hypothesis of Metrns as novel axonal guidance factors also in mouse, facilitating midline
crossing, and possible receptors are located where axons just crossed the midline.

In collaboration with Dr. Alain Chedotal and Yvrik Zagar as well as Manuela Argentini from his
team, | worked on developing two independent crosslinking/pull-down methods to identify the
Metrns receptor(s): the Fc-tag [8] and the AP-tag [9] approach. We recently obtained a list of
candidates from these combined biochemical screens and we are testing in vivo to validate as
bona fide Meteorin receptors.

In conclusion, | hypothesize Meteorin proteins as novel players during the development of the
vertebrate CNS and axonal midline crossing, especially in commissural axon guidance and

potential novel factors for proper KV formation and vertebrate left-right patterning.
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INTRODUCTION

1 INTRODUCTION

Around 14% of the total human proteome is expected to be secreted via classical or non-
classical secretory cascades [10], [11]. Secreted proteins are used as biomarkers and in
disease therapies since they are known to play major roles in physiological as well as
pathological processes [12]-[15]. Hence, one of the major questions in present biology is how
a cell is able to tightly control its multifaceted outputs, ensuring that correctly folded and
properly functioning proteins reach their correct destinations.

Meteorins were discovered as a novel family of secreted proteins. In the last few years
Meteorin’s function has been studied broadly and revealed that they are implicated in a wide
range of biological processes. However, a wide spectrum of possible Metrns functions and
mechanisms of their actions remain to be investigated. Within this first part of the introduction,
I will outline the discovery, structure and homological characteristics, expression patterns and
to date characterized Metrns functions as well as pathways of these new family of secreted
proteins (Figure 1).

This will set the premises for the main part of the thesis in which | will focus on the suggested
roles of Metrns during the development of the vertebrate CNS and axonal midline crossing,
especially in commissural axon guidance and as potential novel factors for proper KV formation

and vertebrate left-right patterning.
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Figure 1: Meteorins are an extremely interesting and diverse protein family: Overview

about the different up-to-date known functions of Metrn and Metrnl.

1.1.1

The discovery of the Meteorin protein family

Meteorin (Metrn) was first discovered as a secreted neurotrophic factor during a screen for

genes with induced expression during neurogenesis. It was described having the ability to

induce glial cells differentiation and to promote axonal extension in dorsal root ganglion (DRG)

explants in vitro [3]. Meteorin-like (Metrnl), named like this for the close homology to Metrn,

has been first mentioned as a downstream target of Pax2/5/8 signaling during otic vesicle

development [16] and later found to have neurotrophic properties comparable to the ones of

Metrn [17]. Independently, Metrnl was also early described as highly expressed adipokine in

subcutaneous adipose tissue of caloric restricted adult rats [18]. Metrnl is additionally named
Cometin [17], Subfatin [18], IL-41 [19] or Metrnf3 [20] depending on organism and described

function. However, for the sake of clarity, we will continue naming Metrnl.
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Metrn and Metrnl are highly conserved in vertebrates with two members in mammals (Metrn,
Metrnl), one in Xenopus tropicales (Metrnl) and three in zebrafish (Metrn, Metrnl1, Metrnl2).
However, no detectable orthologues were found in invertebrate models such as Drosophila
melanogaster or nematodes like Caenorhabditis elegans [3], [17], [21], [22]. A comparative
analysis performed by our lab between the sequences of human, mouse and zebrafish
Meteorins revealed that homologue and paralogue proteins display an overall high degree of
sequence conservation with about 50% of identity and even higher levels of similarity
suggesting a common biological function for Meteorin proteins.

Metrn cDNA encodes for a small protein with a size of around 300 amino acids, 10 conserved
cysteine residues and it is located on chromosome 17 (A3.3) in mouse and chromosome 16
(p13.3) in human. The mouse and human Metrn protein share a similarity of 82% with a total
of 238 identical amino acids. Its sequence shows no common conservation with already
identified proteins except of a putative signal peptide on the NHz-term (Figure 2) [3]. The actual
secretion of Meteorin was first proven by Nishino et al. (2004) [3]. Metrn shows approximately
40% amino acid identity with Metrnl [17], [21]. The Metrnl gene, mostly annotated as Cometin
in mouse and human, encodes for a 311 amino acid protein including a NHz-terminal signal
peptide resulting in a secreted 30kDa protein of 266 amino acids. METRNL is located on the
human chromosome 17 (q25.3) whereas mouse Metrnl is found on chromosome 11 (qQE2) [17],
[18]. When compared, mouse Metrnl shares 78% similarity with human METRNL, 79% with
cow, 77% with rabbit and 72% with chicken. Similarly, the identity between mature mouse and

Xenopus Metrnl is 62%, and 55% between mouse and zebrafish Metrnl1 [17].

£ 22 303 Figure 2: Meteorins are small,
L
2 HZN- “CO0H  gsecreted proteins: Schematic
signal peptide
for the three members of the

= 21 176 210 2% i : : i
IS v Meteorin family in zebrafish,
Q q aq 0 q
s NTR-like domain visualizing the signal peptide at

(E-value 0,05) . .
~ 16 o 276 the N-terminal of each protein
= . L
.3 HzN-- -<cooi and an NTR-like domain in
2 Metrnl1.

Like Metrn, Metrnl displays no structural relations with already identified proteins, classifying
Meteorins as a novel family of proteins. However, it was shown that mouse and rat Metrnl
displays one potential N-glycosylation site and is indeed glycosylated with N-linked

oligosaccharides. Such N-glycosylation site could not be found in mouse Metrn and in any
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other species Metrnl sequence, indicating a non-conserved feature and potentially without high

functional significance [17], [18].

The expression of Metrn in mouse was discovered to start early in development. During the
blastocyst stage first Metrn expression is restricted to the inner cell mass. From E6.5 Metrn is
expressed ubiquitously throughout cells of the epiblast and extraembryonic ectoderm. Starting
from stage E7.0—-E7.5 Metrn expression was found to be sustained in the epiblast as well as
in the extra-embryonic ectoderm and the epiblast [4]. During later stages of development Metrn
expression is mostly restricted to the central and peripheral nervous system (PNS). In the
spinal cord at E9.5 Metrn is expressed in all layers, but its expression appears limited to the
ventricular zone one day later. In the PNS Mefrn expression can be detected in migrating
neural crest during early embryonic development [3]. During continuing neural tissue
development Metrn expression becomes limited to glial cells and in the dorsal root ganglion,
to the site of Schwann cell progenitors and to the nerve roots. From E12.5 Metrn started to be
expressed in ganglia, in newly emerged satellite glial cells and expression continued in
Schwann cells. Furthermore, Metrn expression is apparent in radial glia and in the cerebellum
where Metrn expression starts in the ventricular zone from E14.5 [2], [3]. Metrn transcripts
could be detected also in Bergmann glia at P8 indicating that in general Metrn was present in
neural progenitors and cells of the glial cell linage [3]. Specifically, in the mouse retina Metrn
expression appears in all cell layers at E10.5 and becomes restricted to only the external layer
containing retinal progenitor cells from E14.5. In the postnatal retina, Mdller glia cells express
Metrn [3]. During postnatal development Metrn expression is restricted to the corpus callosum
as well as to the lateral ventricle subventricular zone, places which home glial progenitors and
astrocyte precursors [3].

In adult mouse Metrn is mainly expressed in the spinal cord. Within the brain, Metrn transcripts
can be detected predominantly in the cerebellum, brainstem and medulla. Within the
cerebellum Metrn expression can be found in the Bergmann glia, where the expression is
mainly restricted to the cytoplasm along radial processes. Additionally, throughout the
cerebellar parenchyma Metrn transcripts are present in cells with glial morphology, mostly in
clusters around blood vessels [22]. Metrn transcripts can also be found in several neuronal
populations and in different regions of the brain, including the superficial layers of the superior
colliculus. Furthermore, Metrn is expressed in raphe and pontine nuclei, in the ocular motor
nucleus as well as in various thalamic nuclei [22]. In contrast to embryonic development where
Metrn is expressed in the migrating neural crest, the transcript levels of Metrn in the PNS of
adult mice are low [22]. During neurogenesis Metrn transcripts appear in CNS regions

containing neural progenitors, cells able to generate oligodendrocytes, neurons as well as
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astrocytes [3]. Metrn expression can also be detected in some specific organs such as heart,
ovary, kidney and skeletal muscle, even though in smaller amounts [22].

Metrnl transcripts can be found in numerous tissues. In mouse, Metrnl expression is dominant
in the developing CNS as well as the adult brain. The earliest described onset time of Metrn/
expression is at stage E9.5, during which transcripts were detected in floor plate cells
throughout the neural tube. Starting from E13.5 Metrnl transcripts can be detected within the
inner ear and in DRG, where the expression level of Metrnl is slightly stronger in spinal cord
DRGs compared to DRGs at the hindbrain level [17]. From E14.5 Metrnl is expressed in the
cartilage primordia, in the epithelial layer lining the bronchioles and in the olfactory epithelium
[17]. Metrnl is expressed in adult mouse brain, however when compared to Metrn expression
in adult hind-, mid- as well as forebrain, Metrnl/ expression is found to be weaker in all three
parts [18], [23]. In adult mouse, Metrnl is expressed in several tissues including heart, muscle
and liver. With the exception of lipid droplets, Metrnl transcripts can be detected in
subcutaneous adipose tissue and omental adipose tissue. It exhibits a dispersed distribution
through these adipose tissues, being concentrated in stromal cells and adipocytes [18].
Additionally, it was shown that Metrnl displays a high expression in activated monocytes as
well as in the skin, fibroblasts, respiratory and digestive mucosal tissue [23]. Furthermore,
Metrnl transcripts were detected in hypertrophic chondrocytes and in active osteoblasts along
the trabecular bone of rats [24]. METRNL was also shown to be expressed in the

gastrointestinal tract of human and mouse, mainly in intestine epithelial cells (Figure 3) [25].

CNS and brain
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Figure 3: Metrnl is expressed in numerous tissues: Schematic

representation of examples for tissues with Metrnl expression.
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In our favorite model organism, the zebrafish (Danio rerio), previous unpublished work of our
laboratory has shown that metrn as well as metrn/1 are maternally expressed. At 6 hours post
fertilization (hpf), metrn/1 expression can be detected over the whole animal cap whereas
starting metrn expression can be observed at the yolk syncytial layer (YSL) at this
developmental stage. From 9 hpf metrn expression is restricted to the developing lateral plate
mesoderm (LPM) and the leading edge of the shield. In contrast, metrni1 is expressed
throughout the whole enveloping layer and the developing midline. At 12 hpf, the expressions
of both paralogs are restricted to the area around the KV (metrn) and the midline (metrn/1). At
14hpf both metrn genes are expressed in the KV. Additionally, metrn and metrnl1 transcripts
can be found around the PM (paraxial mesoderm), the IM (intermediate mesoderm) and the
LMP. At 14hpf metrnl1 is still expressed along the midline while the first metrn expression in
the developing brain can be detected at this stage. By 24 and 48 hpf, both genes are strongly
expressed in the CNS. At 24hpf metrnl1 expression can also be detected at the
midbrain/hindbrain boundary, in regions close to hindbrain rhombomeres as well as in the area
of the presumptive otic vesicles. At 48hpf metrn and metrn/1 expression can be visualized
especially along the midline as well as in CNS periventricular regions. Metrn/2 expression can
be detected from 24hpf and displays a broad expression in the embryonic brain. From 48hpf
metrnl2 transcripts mostly localized in the otic vesicles and at the somite boundaries. At stages
later than 2 days post fertilization (dpf) the expression of meteorins within the CNS decreases
significantly. Therefore, we suggest that Meteorin function is required just during early
developmental stages, especially in the context of CNS development. Excitingly, the
expression patterns of Meteorins in zebrafish and mouse display strong similarities, especially
within the CNS like strong expression at the floor plate and along the midline.

In conclusion, both Metrn and Metrnl are specifically present during vertebrate
neurodevelopment and their genes display diverse expression patterns during later

developmental stages.

The first discovery of Metrn as a secreted neurotrophic factor was during a screen for novel
neurogenesis genes in mouse [3]. Nishino et. al (2004) [3] named the novel discovered protein
after “meteor”, because Metrn protein could transform glial cells into cells with elongated trails.
Since then, many investigations have focused on the role of Metrn during diverse
developmental and regenerating processes within the nervous system. Metrn was described
to induce neurite outgrowth from in vitro DRG cell culture, to promote astrocyte formation in
cerebrocortical cell culture and to have the ability to induced cerebellar astrocytes to become
radial glia [3], [22], [26]. Astrocytes, belonging to the family of macroglial cells, are one of the

most common cell type within the CNS [27], [28]. Their roles within the network are diverse,
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reaching from supporting neuron in their correct functioning, being key factors in
‘gliotransmission’ [28], maintaining the blood-brain barrier [26], [29] to the regulation of the
blood flow [30]. Reactive gliosis describes the astrocytic response to diverse CNS pathologies
causing molecular as well as morphological changes in resting glia like hypertrophy,
upregulation of Gfap and S7008 expression [31], [32]. The induction of DRG neurite outgrowth
and the ability to promote astrocyte formation were the first indicators for an important role of
Metrn in axonal network formation during neurogenesis and glial cell differentiation.
Furthermore, Metrn was mentioned as a gene related to nervous system development in a
screen for genes influenced by cadmium exposure during neurulation in C57 mice [33]. Under
treatment with cadmium, a teratogen which can provoke lethality and numerous defects during
development, Metrn expression was downregulated indicating a possible role of Metrn during
the development of the nervous system [33].

Yoon-Young Kim et al. [4] investigated the physiological role of Metrn in several developmental
processes using a Metrn knockout (ko) mouse model. The authors demonstrated embryonic
lethality in these Metrn”- mice and assumed a probable death between E7.0 and E8.5, the time
of mesendoderm cell specification [34]. Although still viable, Metrn”’- embryos at E7.5 were
significantly smaller, especially in the embryonic region, via expression analysis of several
mesoderm markers and genes of the nodal signaling pathway in an in vitro ES cells culture,
the authors could demonstrate that these essential signaling pathways were disrupted in Metrn
ko models. The authors described Metrn as a novel gene important for embryonic development
and as a new Nodal transcription regulator important for maintaining sufficient Nodal levels for
proper embryonic endoderm formation [4].

The first publication investigating Metrn downstream pathways, which mediate its functions,
explains the activation of the Jak-STAT3 pathway through Metrn [2]. The Jak-STAT3 pathway
is a key regulator for astrocyte differentiation in NSC (neural stem cells) [35] and important for
catalyzing the onset of gliogenesis [36] which is consistent with known Metrn properties. Since
Gfap expression in Metrn expressing P19 cells was increased after neuroglial induction it was
suggested that Metrn promotes the linage commitment of cells characterized as glial within the
NSC. Intriguingly, cell treatment with Metrn reliably induced tyrosine phosphorylation of
STATS3, an increase of nuclear concentration of STAT3 as well as phosphorylation of Erk1/2,
demonstrating that Metrn indeed might be an activator of the Jak-STAT pathway [2], [37]. Since
the promoter of GFAP contains a STAT3 binding element, Jak-STAT signaling stimulates
astrocyte generation and that Gfap expression was increased in Metrn expressing cell culture
suggests that the Jak-STAT3 pathway could have been activated by Metrn. Moreover, this
activation could have increased the GFAP promoter activity which was in turn essential for glial
differentiation [2]. Additionally, it was shown that GP130 is recruited by Metrn as it activated
Jak- STATS3 signaling and that Metrn may have complementary function to the IL-6 cytokine
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intracellular signaling machinery [2], [37]. This hypothesis was supported by the observation
that Metrn-induced glial differentiation is impaired when the Jak-STAT pathway was inhibited.
Interestingly, inhibiting the Mek-Erk1/2 pathway, a pathway reported to control neuronal
differentiation of NSCs [38], did not result in disturbed glial differentiation [2]. In conclusion,
Metrn promoted the differentiation of glial cell in NSC as an upstream signaling unit of the Jak-
STAT3 pathway activation [2], [31].

Another hypothesized property of Metrn is the regulation of angiogenesis, first described by
Park et al. (2008) [26]. Within the CNS, blood vessels are enclosed by a basement membrane
made of a tight astrocyte cytoplasmic process network, establishing an endothelial barrier
named gliovascular interface [29], [39]. Forming these highly selective endothelial barrier the
permeability plays an essential role in the homeostatic regulation and maintenance of the brain
environment [29]. Since Metrn was described to affect astrocyte and neuronal development
[3], [22] it seemed plausible also to play a role in astrocytes - gliovascular interface endothelial
cells interplay. Indeed, the authors could demonstrate colocalized Metrn and Gfap (an
astrocyte marker) expression in cells with direct contact to blood vessels in mice and as well
as Metrn expression around blood vessels of the ganglion cell layer of the human retina. These
results indicated that Metrn might reflect the vessel function at the gliovascular interface and
is involved in diverse blood vessel maturation [26]. Moreover, Metrn was shown to positively
regulate thrombospondin-1/-2 levels (potent inhibitors of angiogenesis), which demonstrates
its putative antiangiogenic activity via astrocyte-derived TSP-1/-2 level regulation in an indirect
manner. Interestingly, exposure of astrocytes to Metrn induced Erk1/2 phosphorylation. Since
ERK1/2 is a known contributor to the expression pathway of TSP-1/-2[40] Metrn was
suggested to regulate TSP-1/-2 via the Erk1/2 signaling cascade [26].

Alike its protein family member Metrn, Metrnl is described as a vertebrate specific, conserved
secreted neurotrophic protein including tissue defined expression during development and
adulthood [17], [18], [21]. Metrnl is expressed in DRG and is able to promote in vitro DRG
neurite outgrowth through the Jak-STAT3 pathway including further involvement of the MEK-
ERK signaling cascade [17], [41]. Remarkably, the addition of Metrn and Metrnl simultaneously
to cell culture medium revealed an additive effect resulting in a notably higher number of
neurites than in DRG cells stimulated with Metrn or Metrnl alone [17]. Interestingly, in contrast
to Metrn, which effects are so far described only upstream of the Jak-STAT3 pathway with
additional participation to the MEK-ERK signaling cascade, Metrnl1 got also linked with latent
process genes and adenylate cyclase-activating peptide (PACAP)-forskolin signaling [41].
Latent process genes are essential for the decondition of extracellular stimuli into cellular

functions, involved in numerous cellular function preparations like for instance neurite
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extension [41], which supports the important role of Metrnl alongside Metrn during
neurodevelopment.

In spite of the recent advancement in understanding the multiple functions of Meteorins,
receptor(s) of Metrns were yet unknown. It was only recently shown that METRNL is promoting
heart repair via binding to KIT receptor tyrosine kinase and is establishing METRNL as a KIT
receptor ligand in the context of ischemic tissue repair (Figure 4A) [6]. Short after the
publication of the METRNL receptor, also the first receptor for Metrn was published. Metrn was
shown to be a functional 5-hydroxytryptamine receptor 2b (Htr2b) ligand. In this context Metrn
was described to regulate oxygen species levels in Hematopoietic stem/progenitor cells via
phospholipase C signaling direction (Figure 4B) [7]. Nevertheless, the detailed pathway(s) and

other possible receptor(s) for Metrns and their binding property(s) still have to be investigated.
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Figure 4: There are two published receptors for Meteorins so far, one each per member
of the Meteorin family: Schematic representation of the published receptors, A the KIT
receptor (from www.uniprot.org/uniprotkb/AOAOU2N547/entry) and B Htr2b (adapted from [7]).

Neurotrophic factors are essential for proper development and maintenance of the nervous
system. In addition, they also gained interest in clinical research as they connected to several
neurological disorders like for instance neuropathic pain [42]. Based on Metrn and Metrnl
known functions and expression in the nervous system in normal development and physiology,
it was investigated if Metrn as a neurotrophic factor has therapeutic potential concerning
peripheral neuropathy and associated pain [22], [43]. Jorgensen et al. [44] published first
results describing neuroprotective properties of Metrn in vivo. Responding to excitotoxic injury,
Metrn displayed an upregulated expression in glial cells. As Metrn was delivered via a lentivirus
directly to the stratium of rats before excitotoxin (quinolinic acid) injections, the number of
striatal neurons lost as well as the lesion size was significantly reduced compared to rats
getting quinolinic acid injections only [44]. It could be demonstrated that Metrn might promote

neurogenesis and cell migration. Via in vitro and in vivo experiments, it was shown that Metrn
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stimulated subventricular zone neuroblast migration in neonatal rat SVZ (subventricular zone)
culture explants as well as in stroke-subjected adult rat models through chemokinetical
mechanisms. Metrn treatment of SVZ cells exposed to excitotoxin NMDA reduced significantly
the number of apoptotic cells and displayed neuroprotective properties of Metrn, like described
from Jorgensen et al. (2011) [44]. Additionally, direct Metrn infusion into stroke-damaged rat
ischemic striatum stimulated cell proliferation within the SVZ [45]. A further supporting role of
Metrn during CNS pathology was described by Wright et al. (2016) [46]. Several previous
studies described that after striatal injury neuroblasts, generated in the SVZ, are able to
migrate into the injured striatal parenchyma where they differentiate into neurons. However,
the survival rate of these new mature neurons is very poor [47]-[49]. It was discovered that the
overexpression of Metrn within damaged striatum is able to drive gliogenesis after striatal injury
and might take the novel role of a newborn neuron survival factor after striatal injury [46]. It
was demonstrated that Metrn injections could successfully mediate a long-lasting reversal of
pain-associated behavior in rat models depending in the dose. Hence, Metrn is suggested to
have disease modifying properties and might be able to support restoration of neuronal
function [43]. Additionally, in a quinolinic acid rat model implant-delivered Meteorin
successfully protected brain cells against quinolinic acid-induced toxicity [50]. Strikingly, also
Metrnl, as a secreted neurotrophic factor, was associated with a role of promoting neuroblast
migration in rat SVZ [17]. These results possibly suggest an important role of both Meteorins
(Metrn, Metrnl) in neuroprotection and neurogenesis.

Since Metrn is highly expressed by astrocytes of the adult brain [22] and that Metrn is moreover
able to stimulate glial cell differentiation as well as the Gfap expression in NSCs [2], it was
hypothesized that Metrn might play a role in reactive gliosis as well [31]. Furthermore, it was
demonstrated that Metrn expression within reactive astrocytes was increased after brain injury
in vivo. These results were similar to in vitro observations, where primary mouse cortex
astrocytes culture cells were treated with TGF-B1(known reactive gliosis-promoting factor) and
increased Metrn expression was detected [31]. Compared to Metrn properties in neural
progenitor cell differentiation, where it induces phosphorylation of STAT3 and activation of
Erk1/2 [2], in astrocytes Metrn doesn’t seem to phosphorylate STAT3, still signaling through
Erk1/2 activation [31]. Further, Metrn was described as negative feedback loop factor in
reactive gliosis, with possible support resolving glial activation and cell reversion into their
resting state [31]. This finding is in line with already mentioned Metrn properties having
neuroprotective effects in several neuropathological models [43]—-[45], [50].

Additionally, Metrn was mentioned during a study investigating the effect of miR-615
expression on Miller cells in the context of retinal neurodegeneration [51]. Transfection with
miR-615 reduced the expression of Mefrn significantly. Silencing of cZNF609, a sponge for

miR-615, displayed the same effect. However, overexpression of Metrn in cZNF609 silenced
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conditions was able to rescue glial cell proliferation, normally inhibited in these conditions.
These findings demonstrate a possible regulation pathway in retinal neurodegeneration for
Metrn in connection with the circular RNA-ZNF609 [51].

In contrast to Metrn, whose properties are mostly restricted to the nervous system, investigated
and revealed Metrnl functions became more diverse over the last years with assigned roles in

various tissues and systems.

One of the first studies revealing new Metrnl characteristics was published by Li et al. (2014)
[18] defining Metrnl as an adipokine regulated via adipogenesis and obesity. Adipokines,
proteins secreted by adipose tissue, play a role in numerous physiological functions like insulin
sensitivity, metabolic homeostasis, inflammation and immunity [18], [52]. In an adipose rat
model Metrnl expression was predominant in subcutaneous white adipose tissue (WAT) but
Metrnl transcripts could also be found in mesenteric adipose tissue and perivascular brown
adipose tissue (BAT). In general Metrnl displayed a diffuse expression distribution through
adipose tissue and was significantly increased during adipogenesis and obesity [18]. Since
Metrnl expression was higher in the WAT compared to expression in BAT and considering the
fact that energy is deposed in white tissue and surplus energy is burned in brown fat tissue,
Metrnl as a new adipokine was described to be involved in energy storage [18].

In line with the abundant expression in adipose tissue, Metrnl has been recognized to regulate
thermogenesis and anti-inflammatory processes acting as a novel cytokine-like protein
resulting in the browning of white fat tissue [53]. Interestingly, it was revealed that expression
of PGC-1a4, a known transcriptional cell fat regulator and muscle energy-sensing network
marker, promotes WAT browning, specifically in muscles, and that Metrn/ might be an
important PGC-104 target gene within skeletal muscles. Furthermore, it was presented that
Metrnl expression could be induced after concurrent exercise in skeletal muscle and that an
increasing amount of circulating Metrnl could be detected one day after eccentric exercise. In
addition to showing that Metrnl seemed to be regulated by exercise, it was also demonstrated
that exposure to acute cold could elevate Metrn/ expression in BAT, WAT and epididymal fat
depots. Since acute cold exposure didn’t induce the expression of Metrn/ in skeletal muscle
and eccentric exercise could induce its expression in skeletal muscle but couldn’t in adipose
tissue the authors defined Metrnl as cytokine-like protein which could be induced in different
tissues in a selective manner. Excitingly, an increase of circulating Metrnl increased the

expression of beige fat thermogenesis associated genes and anti-inflammatory cytokines
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within WAT [53]. Increasing the amount of circulating Metrnl elevated also the expression of
alternative macrophage activation genes like Clec10a or Retnla and IL-4, IL-13. These findings
indicate that in vivo Metrnl could stimulate a phenotypic switch within adipose tissue
macrophages via cytokines IL-4/IL-13 induction. In summary, Metrnl was characterized as an
upon physiological stimuli (cold, exercise) inducible protein with the ability of recruiting and
engaging recruited immune cell types to stimulate thermogenesis (Figure 5) [53]. These
findings portray new physiological roles of Metrnl. Interestingly, a cleaved fragment of the axon

guidance molecule Slit2 has been linked to exert the same function in adipose tissue [54].
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thermogenesis

\ glucose tolerance,
/ expenditure of energy

inflammation

— _— [ ) — white

adipogenesis

Figure 5: Metrnl is a regulator of beige fat thermogenesis: Schematic representation of the
role of Metrnl in beige fat thermogenesis visualizing the secretion of Metrnl induced by exercise
or cold exposure, promoting adipocyte browning due to IL4/IL13 expression and secretion as

well as macrophage activation. Adapted from [53].

To analyze the direct effect of training on Metrnl, the levels of MP-activated protein kinase,
PGC-1a (proteins of muscle energy-sensing network) and circulating Metrnl in mice under
normal diet, high-fat diet and different training routines were investigated [55], [56]. It was
confirmed that regular exercise upregulated Metrnl protein levels as well as the muscle energy-
sensing network, resulting in the reduction of fat mass and general body weight [55].
Furthermore, Metrnl was proposed as a therapeutic target for obesity since it was suggested
that exercise induced Metrnl within the muscle could decrease the accumulation of fat via the
upregulation of Metrnl in adipose tissue. Additionally, Jung Ok Lee et al. (2020) [57]
demonstrated that Metrnl levels increased under electrical-pulse-stimulation in vitro as well as
in vivo in mice. These results support the role of Metrnl as a newly defined myokine induced
by exercise. In line with the results in mouse models, METRNL expression was also described
to be connected to resistance exercise training in a rat model [58] and short high intense

training as well to acute high interval exercises in human [59].
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Interestingly, METRNL was hypothesized as a muscle-brain axis mediator since it could be
shown that METRNL is able to cross over the blood-brain-barrier and that METRNL
concentration in the cerebrospinal fluid is elevated with blood-brain-barrier dysfunctions [60].
With exercise or muscle contraction the expression as well as secretion of METRNL increases
and might lead to higher METRNL quantities crossing the blood-brain-barrier, modulating
directly brain plasticity and/or brain function [57]-[60].

Aligned to previous publications describing Metrnl as a secreted protein important for
stimulation of inflammatory cytokines expression [53] Metrnl was proposed to be a novel
cytokine by itself [23]. Cytokines are signaling molecules, generally produced by activated
leukocytes, and upon receptor-specific binding are responsible for triggering signal
transduction cascades. They act as molecular messengers between immune system cells and
are crucial for a correct development and control of immune responses. The fine tuning and
control of cytokine expression is crucial, since deregulated cytokine expression is linked to
severe inflammatory abnormalities and alleviation of diseases like psoriasis or rheumatoid
arthritis [61], [62]. It was analyzed that Metrnl is dominantly expressed and secreted from IL-4
induced M2 macrophages, which are connected with “anti-inflammatory” properties [23], [63].
Since METRNL expression was upregulated in human diseases like rheumatoid arthritis,
psoriatic arthritis, osteoarthritis [19], [62], [64], prurigo nodularis and actinic keratosis [23], in
Familial Primary Localized Cutaneous Amyloidosis (FPLCA) [65] and in chronic obstructive
pulmonary disease (COPD) [66], an anti-inflammatory role of METRNL protein within the
pathology of these human diseases was hypothesized.

Metrnl was further described as a new immunoregulatory cytokine connected to inflammatory
responses using a Metrnl”~ mouse model. Via mouse bone marrow-derived macrophages cell
culture and the addition of various cytokines it could be demonstrated that Metrnl production
within the mouse bone marrow is regulated by numerous cytokines like TGF@, IFNy, IL17a,
IL12, IL4, IL-1B and TNFa as the strongest Metrnl expression inducer. Interestingly, Metrnl was
also acting as an inducer for IL-10, CXCL1 and CCL2 in bone marrow-derived macrophages
cell culture indicating that the production of Metrnl is regulated by numerous cytokines but it
self also regulates the expression of different cyto- and chemokines [20]. Additionally,
lipopolysaccharide (LPS) in macrophages strongly induced Metrnl expression and the amount
of circulating Metrnl was significantly increased by an induction of an inflammatory response
in a mouse model. These results indicated that Metrnl is expressed in vivo dominantly during
inflammatory responses and mostly in response to inflammatory stimuli [20]. Metrn/~ mice
displayed normal weight gain, a normal development, fertility and an overall good health.
However, they displayed decreased levels of IgG in serum, an upregulated immunoglobulin M
level and especially a significantly decreased ability to produce CCL3 and CCL4 chemokines.

Besides, Metrn/”~ mice were shown to be very affected and vulnerable to endotoxin shock and
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older Metrnl”~ mice were more common to developed inflammatory lesions [20]. The authors
conclude that Metrnl has several functional roles within diverse immune responses. Metrnl
upregulation was also described in hypo-responsive Th2 cells of mice, indicating another
possible role of Metrnl within the immune system [67].

Finally, the effect of METRNL and exercise on the activation of the NLRP3 inflammasome was
investigated. Javaid et al. [68] described that the induction of METRNL in muscles and the
anti-inflammatory effects within macrophages is partly associated with adipose tissue NLRP3
inflammasome suppression during/after exercise.

Summarizing, METRNL is annotated as a novel key player within the inflammatory response

regulation with possible roles in human inflammatory diseases pathogenesis.

In connection to Metrnl characteristics as a adipokine and its expression in WAT [53], Metrnl
was described as an antagonizer for insulin resistance via the PPARYy signaling pathway [69].
Insulin resistance is a known condition strongly connected with morbid obesity and a key
pathogenic factor in diabetes mellitus type 1 or type 2 [70]. Interestingly, Rao et al. [53]
suggested that Metrnl might not directly interact with adipocytes to stimulate a thermogenic
gene program. Instead, it was demonstrated that secreted Metrnl regulated adipocyte
differentiation by upregulating adipocyte mature-specific markers and the expression of the
PPARYy receptor [69], whose activation causes insulin sensitization [71]. The role of Metrnl was
further analyzed using a Metrnl adipocytes specific conditional knock-out as well as an
overexpressing mouse model. Whereas normal diet Metrnl ko mice presented no changes in
food intake, body weight or serum insulin levels, a high-fat diet in Metrnl ko mice severely
stimulated insulin resistance and decreased the size of white adipocytes. In contrast, in the
Metrnl overexpression mouse model insulin resistance induced trough high-fat diet was
significantly reduced and white adipocyte size was increased. These findings demonstrated a
pro-differentiation effect of Metrnl in white adipocytes and its influence in insulin resistance.
Furthermore, the phosphorylation of AKT within WAT normally stimulated by insulin was
markedly decreased in Metrnl ko mice and increased in Metrnl overexpressing mice. PPARy
expression was also upregulated in Metrnl overexpressing mice. Remarkably, the inhibition of
PPARYy entirely abolished the Metrnl insulin sensitizing effect in Metrnl overexpressing mice
[69]. Rao et al. [53] demonstrated that Metrnl stimulated white adipose browning by IL4
expression increase and M2 macrophages activation. However, no white adipose browning
could be detected in the Metrnl transgenic overexpression and adipocyte-specific knockout
mice [69]. It was concluded that Metrnl as an adipokine improved general insulin resistance by
an autocrine/paracrine manner in local adipose tissue. However, no correlation could be found

between METRNL serum concentration and BMI in adult human subjects [69]. Loeffler at al.
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(2017) [72] described METRNL as adipokine and its expression in WAT in a study with human
samples from the Leipzig Adipose Tissue Childhood cohort, bringing its properties into clinical
application. In contrast to the upregulated expression of Metrn/ during adipocyte differentiation
in mouse [18], METRNL expression decreased during human preadipocytes differentiation
[72]. However, METRNL expression within adipocytes was higher in obese than in lean
children. Besides, expression of METRNL was shown to be correlated with insulin in an
independent manner. These findings indicated that the expression of METRNL seems to be
connected with adipose tissue inflammation and obesity [72], [73]. The fact that the
accumulation of adipose tissue in children is related to adipose tissue inflammation and insulin
resistance [74], a connection between METRNL expression within adipocytes and adipose
tissue proliferation parameters as well as differentiation factors could be possible. Indeed, a
positive correlation between METRNL expression with preadipocyte proliferation, fasting
insulinemia and adipocyte hypertrophy was demonstrated [72]. Additionally, METRNL was
shown to ameliorate inflammatory responses via PPAR® and AMPK-dependent pathways and
might be a potential suppressor against endothelial inflammation [73]. It was also shown that
browning of white human adipocytes does not induce METRNL expression. Possible functional
involvements of METRNL in adipose tissue alterations linked with obesity were evaluated in
human adipocytes via a METRNL overexpression and knockdown study. The overexpression
of METRNL inhibited the differentiation of human adipocytes and decreased PPARy
expression. Conversely, the knock down of METRNL resulted in a slight increase of adipogenic
capacity and PPARy expression. Thus, METRNL expression downregulation seemed to
stimulate adipogenesis and METRNL overexpression might inhibited the differentiation of
human adipocytes, however adipocyte proliferation was increased under METRNL
overexpression [72]. The contradiction of several results in the mouse model described by Zhi-
Yong Li et al. (2015) [69] and Li et al. (2014) [18], like the downregulation of METRNL during
human adipocyte differentiation or the inhibitory effect of METRNL overexpression on PPARy
expression, might hint at possible species-specific differences regarding the role of Metrnl on
adipogenesis.

Besides, it was suggested that METRNL as a novel myokine is able to alleviate insulin
resistance and inflammation [75]. Additionally, it was described that Metrnl-PPARS signaling
is an important factor for the induction of the fatty acid oxidation within skeletal muscle. Cell
culture treatment with Metrnl displayed a negative correlation with inflammatory markers like
the translocation of the nuclear factor kB (NFkB), the expression of Interleukin-6 (IL-6) as well
as with pro-inflammatory cytokines TNFa and MCP-1. In skeletal muscle of high-fat diet mice
the treatment with Metrnl reduced the altered insulin response, rescued the general glucose
intolerance and increased the expression of PPARS and phosphorylation of AMPK. Since the

treatment also improved the expression of fatty acid oxidation-associated and AMP-activated
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kinase (AMPK), and PPAR® suppression reversed these expression of fatty acid oxidation-
associated genes, the authors concluded a positive correlation between Metrnl treatment and
insulin resistance, inflammation and fatty acid oxidation via a PPARSd or AMPK associated
pathway [75], [76]. Additionally, it was shown that Metrnl has an ameliorating effect on B cell
function by the inhibition of their apoptosis and promotion of B cell proliferation through
activating the WNT/B-catenin pathway [77]. Since progressive pancreatic B cell dysfunction is
a known hallmark for T2D [78] METRNL was suggested as an essential player within diabetes

pathogenesis (Figure 6).

Figure 6: Metrnl as an important player
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Besides, the role of Metrnl as an exercise induced myokine, also the properties of Metrnl as a
protein improving glucose tolerance via the already hypothesized AMPK pathway were
investigated [57]. AMPK is a known major metabolic homeostasis regulator and especially
activated as the energy levels of the cell are low. Skeletal muscle glucose uptake and the
induction of fatty acid oxidation in fat tissue are stimulated under AMPK activation [79]. In
C2C12 mouse skeletal muscle cells, the treatment with Metrnl increased the phosphorylation
of AMPKa and acetyl-CoA carboxylase, an AMPKa downstream factor. Furthermore, the
authors showed that this phosphorylation of AMPKa via Metrnl is facilitated by increasing the
concentrations of intracellular calcium. These findings indicated that glucose uptake of skeletal
muscle cells via AMPK signaling was stimulated by Metrnl. Since p38 MAPK phosphorylation
was increased by Metrnl treatment, it was proposed that Metrnl-mediated uptake of glucose is
probably due to the participation of p38 MAPK acting downstream of AMPK. Metrnl treatment
upregulated HDAC5 phosphorylation, Glut4 expression and the amount of GLUT4 protein
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which is crucial for tissue glucose uptake. Since the addition of Metrnl decreased the binding
of HDACS to the propter region of GLUT4 the authors concluded that Glut4 expression is
normally upregulated by Metrnl via HDACS release from the GLUT4 promoter region [57].
Using a high fat-induced obesity mouse model it was suggested that Metrnl has also the same
glucose tolerance improving ability via AMPK in vivo. Therefore, Metrnl was confirmed as a
candidate for therapy in type 2 diabetes and other glucose-related diseases (Figure 7) [57].
Beside, Metrnl was further connected to the AMPK-PAK2 signaling pathway [80]. In a
myocardial ischemia/reperfusion (MI/R) cell model it was shown that via AMPK-PAK2 Metrnl
attenuates cardiomyocytes apoptosis induced by MI/R injury. Since the overexpression of
Metrnl showed an inhibitory effect to inflammation, endoplasmic reticulum stress and apoptosis
in vitro, the authors claim Metrnl as a possible target for future myocardial ischemia treatment
[80].
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Figure 7: Metrnl is improving glucose tolerance: Schematic representation of the described
influence of Metrnl treatment on fatty acid synthesis, fatty acid oxidation and glucose uptake

as published from [57].

In the following years the role of METRNL in connection with diabetes was extensively studied.
Especially the level of secreted and circulating METRNL in correlation with type 2 diabetes
mellitus in human was investigated [81]-[85].

Several secreted proteins have already been established for the treatment against insulin
resistance as well as diabetes in form of therapies and biomarkers [12]-[15]. For instance, it

was shown that proinflammatory cytokines like IL-6 and TNF-a are upregulated in patients
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suffering from type 2 diabetes [86]. It was demonstrated that METRNL serum levels were
dominantly decreased in diabetic subjects compared to non-diabetic patients, and that
METRNL levels displayed a negative correlation with insulin resistance and the level of glucose
serum. No correlation could be detected regarding the BMI [82]. Hence, in line with the results
published by Zhi-Yong Li et al. (2015) [69], it was assumed that there could be a correlation
between glucose homeostasis and METRNL serum levels, however METRNL levels and the
human BMI might be independent from each other. Besides, the connection between levels of
METRNL and visceral fat obesity in type 2 diabetes was investigated [87]. Subjects suffering
from visceral fat obesity displayed a lower METRNL serum level compared to controls
indicating an inverse correlation between METRNL serum levels and visceral fat obesity in
type 2 diabetes [87]. Additionally, METRNL concentrations in the serum were shown to be
inversely correlated with diabetic nephropathy as well as renal function [85].

In connection with the adipokine properties of Metrnl [18], the correlation between METRNL
concentration in diabetic patients with insulin resistance was investigated, including
inflammatory cytokine levels and patients suffering from obesity induced coronary artery
disease (CAD) [88], [89]. Again, a decreased level of METRNL in patients with diabetes as
well as CAD could be found. A decrease in METRNL serum levels was associated with higher
risk of diabetes and CAD incidences [66], [88], [89]. In patients suffering from type 2 diabetes
and CAD the levels of IL-6 and TNF-a were significantly increased. In line with these results,
METRNL was shown to have a negative correlation with IL-6 and TNF-a [88].

Another focus in diabetes research is the correlation between the amount of secreted
METRNL, impaired endothelial function, atherosclerosis and declining glucose tolerance in
adult human [90]. In patients suffering from type 2 diabetes, METRNL levels were dominantly
decreased compared to patients with normal oral glucose tolerance. This finding goes in line
with other publications describing the negative Metrnl serum level- type 2 diabetes correlation
[69], [82], [89], [91]. Also, a negative correlation between METRNL levels and fasting blood
glucose, fasting insulin, IL-6, TNF-a, insulin tolerance (HOMA-IR), vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1 among others was described. Thus, a
negative link between METRNL levels, impaired endothelial function (vascular cell adhesion
molecule-1, intercellular adhesion molecule-1), glucose tolerance, HOMA-IR and massive
weight loss were concluded [90]-[92].

Strikingly, Garcés et al. (2015) [81] demonstrated a negative correlation between METRN
serum level and glucose level and no correlation with BMI, insulin or HOMA-IR in healthy
pregnant women. However, so far, no further investigations of METRN and its possible
connections to diabetes pathogenesis were published.

Overall these results indicate for a new possible role for Meteorins especially METRNL in type

2 diabetes pathogenesis include atherosclerosis and endothelial dysfunction pathogenesis.
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In contrast to these results, some studies describe a positive correlation between diabetic
subjects and the concentration of circulating METRNL [84], [93]-[96]. In these publications
METRNL levels were also associated to blood pressure, the lipid profile and fasting plasma
glucose of human subjects[84], the onset of type 1 diabetes in a mouse model [96] as well as
to Irisin levels [94]. Irisin, described as a secreted hormone and myokine by itself, was
demonstrated to be present in adipocytes and muscle tissue and being upregulated by PGC-
1a to induce white adipose tissue thermogenesis [97], [98]. METRNL and Irisin displayed a
positive correlation. In patients with type 2 diabetes and obese background plasma METRNL
and Irisin levels were higher than in non-diabetic, normal weight control subjects [94].
Interestingly, studies discovered that bariatric surgery, a form of therapy for diabetes 2, is
sufficient to regulate the level of METRNL in obese patients and that METRNL could act as a
biomarker for weight loss after bariatric surgery [99]-[101].

In conclusion METRNL seems to play a crucial role in the pathogenesis of type 2 diabetes and

concomitant diseases and it could be a putative candidate for diabetes 2 treatment strategies.

Indicating the enormous diversity of of Meteorins’ possible biological functions, METRNL was
also identified via a screen for genes involved in osteoblasts function [24]. As osteoblast
differentiation is extremely coordinated, complex and composed of many factors, several
signaling pathways and functions of specific osteoblast-expressed genes are so far not
understood [24], [102]. The activation of the activator protein-1 (AP-1) was used as read out in
this study since it is known to have an essential role in the proliferation and differentiation of
bone cells [103]. METRNL was shown to be able to interfere with AP-1 activity as its
overexpression notably reduced AP-1 basal activity. Also, it was demonstrated that METRNL
overexpression inhibits osteosarcoma-derived MG63 cell differentiation. Thus, it could be
demonstrated that METRNL might be associated with the activity of the AP-1 transcription
factor complex and osteoblasts function as well as differentiation [24].

Based on Metrn-Jak/Stat3 signaling for heat rate regulation [104], connecting to the abundant
expression of Metrnl in the cardiac muscle [18] and METRNL's possible role in myocardial
ischemia treatment [80], Hu et al. [105] described a connection between Metrnl and
doxorubicin-induced cardiotoxicity by SIRT1 activation via the cAMP/PKA cascade. Since
cardiac-specific Metrnl1 overexpression improved apoptosis, oxidative stress and the overall
survival of the mouse model, Metrnl was hypothesized as a new therapeutic key player to
prevent doxorubicin-induced cardiotoxicity. Additionally, it was shown that METRNL inhibits
the development of cardiac hypertrophy with a direct effect on cardiac cells, and that the
concentration of METRNL could be a novel biomarker for heart failure independent from

prognostic value [76].

PhD Thesis Fanny Eggeler 2023 36/235



INTRODUCTION

These results show that the heart is one of the sources of Metrn/ expression as well as one of
the targets for Metrnl, going in line with a recent study describing heart repair promoted by
METRNL through the endothelial KIT receptor tyrosine kinase [6].

Overall, Metrns carry a great potential as novel biomarkers or therapeutic target for numerous
pathologies and are therefore a promising protein family for further investigations and

discoveries.
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It has been reported that genes essential for early embryonic patterning are downregulated in
Meteorin-null embryonic stem cells (ES-cells). Per se, Metrn was hypothesized to be a new
gene essential for embryonic development as well as a Nodal transcription regulator [4]. Since
in mouse the ko of Metrn resulted in early embryonic lethality we used a zebrafish model to
further investigate the role of Metrns in early embryonic development in vivo. Now, in the
second part of the thesis introduction | will highlight the general mechanisms and main
components of early embryonic patterning mechanisms, with a specific emphasis on the role

of Nodal signaling and the establishment of the left-right axis.

During early vertebrate development the embryo has to establish three main body axes, the
anterior-posterior, the dorsal-ventral and the left-right axis.

The distribution of signaling molecules at the right time and the right place within the developing
embryo is essential for proper cell fate specification and pattern coordination. Specific cell
types develop from stereotypical locations within the embryo and that different cell fates can
be induced by the exposure to essential signaling molecules. These signaling molecules are
often expressed and secreted in the embryonic location giving rise to these cell fates.
Furthermore, these signaling molecules acting together with their extracellular antagonists are
able to induce certain cell fates also in surrounding tissues. Since the dose and location of
these signaling molecules is essential for correct cell fate specification and excess signaling
or removal of these signaling molecules leads to disturbed embryonic patterning, the correct
distribution is fundamental for the correct development of the embryo [106]-[111]. Among
these signaling molecules are BMP and Nodal the two key players for coordinated embryonic
patterning [112], [113]. Nodal signaling was first described in mouse with its identification as a
new members of the TGF family [112].

Ligands of the nodal signaling pathway belong to the transforming growth factor B (TGFf)
protein family and are known to bind to type | and type Il serine-threonine kinase receptors.
They are signaling via Smad2/Smad3 phosphorylation, which leads to their interaction with
Smad4. This interaction results in transcriptional complex formation within the nucleus, acting
as transcriptional activators with regulatory factors like for example Forkhead box protein H1
(FoxH1) (Figure 8). Essential for Nodal signaling and exclusive to the nodal pathway are co-

receptors belonging to the EGF-CFC family [114]-[117]. Additionally, it was shown that Leftys,
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soluble inhibitors belonging to a subclass of TGF factors, can antagonize nodal signaling
(Figure 8) [118], [119]. Nodal ligands are conserved in vertebrates with one ligand in mouse,
chick and human (Nodal), three in zebrafish (Cyclops, Squint, Southpaw) and multiple in frogs
(encoded by six xNr genes) [111].

Remarkably, via in vivo experiments it was shown that also additional TGF ligands, beside
Nodal ligands, utilize the core components of the nodal pathway and induce Nodal-like
responses. [120], [121] Three of such ligands are the mammalian growth differentiation factor
1 (Gdf1) and Gdf3 or zebrafish Vg1 (Vtg1) [120]-[122].

Nodal Figure 8: Nodal ligands are conserved
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A common characteristic of all Nodal ligands is that they are able to induce receptor-mediated
responses [114]. They are signaling via the type | serine-threonine kinase receptor ALK4
(ActRIB/Acvr1b) together with ActRIIB (Acvr2b) or the type Il receptors ActRIl (ActRIIA;
Acvr2a) [124]-[126] but lacking signaling ability without EGF-CFC co-receptors [119], [125],
[126] which are essential for type | receptor ALK4 specificity by protein interactions [124], [125].
Genes encoding for EGF-CFC belong to a small family, with only two members in mammals
(Cripto, Cryptic), one in zebrafish (one-eyed pinhead) and three in frogs (FRL1/XCR1, XCR2,
XCR3) [115], [127]. The activities of nodal ligands can be modulated by various extracellular
inhibitors. One major group are the Lefty proteins. Also belonging to the TGF superfamily, they
are known to antagonize nodal signaling through blocking of receptor complex formation by
interacting with EGF-CFC proteins and other ligands of the nodal signaling pathway [119],
[128]. However, it was shown that Leftys don’t act as direct competitive inhibitors for ALK4 or
ActRIIB [119], [128], but that they are targets downstream of nodal signaling, functioning in an

essential negative feedback loop [129], [130]. Proteins belonging to the Cerberus family are
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another group of well characterized nodal antagonizers that are blocking Nodal signaling via
direct ligand interactions. This cysteine-rich extracellular protein family is primarily a Nodal
inhibitor in mouse, in Xenopus however Cerberus was shown to antagonize Wnt and BMP
signaling as well [131]-[133]. The activity of Nodal downstream of the ActRIl and ALK4
receptors is transduced via Smad2, Smad3 and Smad4 together with the FoxH1 transcription
factor and the Mixer subclass of homeodomain proteins [134]. FoxH1 and Mixer contain
interaction motifs for Smads, enabling active transcription complex formation on enhancers of
target genes belonging to the Nodal pathway [135], [136]. The response to Nodal signals is
mostly the transcriptional activation of Nodal pathway targets, like Nodal, Pitx2 and Lefty1, and
just in a few cases the transcription of target genes is repressed. The expression of Nodal is
positively autoregulated by an asymmetric enhancer situated in the first Nodal Intron and a left-
side specific enhancer, located upstream [137]-[142].

The properties of Nodal ligands are associated with the ones of classical morphogens,
signaling over a distance to induce responses in a dose dependent manner in a field of
developing and responsive cells [143]. For instance, it was discovered that in Lefty2 mouse
mutants the Nodal pathway is activated ectopically in the right lateral plate mesoderm (LPM),
indicating that an excess of the normally left sided Lefty2 long-range diffused to the other side
[144]. In zebrafish, Lefty1l and Squint are known to function as long-range signals for
mesoderm induction [118] and in chick embryos it was discovered that Lefty2 or Nodal proteins
are able to travel over long distances [145].

The Nodal signaling pathway is strictly regulated by various mechanisms like positive- and
negative-feedback loops, soluble antagonist expressions and the use of co-receptors.
Nevertheless, all distinct molecular mechanisms of the Nodal signaling pathway, the different

levels, activities and transcriptional responses remain to be revealed.

Nodal signaling displays many biological activities during early embryonic development.
Especially well conserved are the roles of Nodal signaling for mesoderm and endoderm

specification, neural patterning as well as the establishment of the left-right axis.

During gastrulation, the specification of distinct lineages into mesoderm, endoderm and
ectoderm (the three germ layers) is achieved by an intricate interplay between signaling
molecules along the embryo’s anterior-posterior (A-P) and proximo-distal (P-D) axes. The
signaling molecule Nodal is essential for endoderm and mesoderm specification and the

patterning of the germ layers. [112], [116].
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In the mouse embryo an interlinked slow and fast positive regulatory loop is used for the
formation of the primitive streak. The unprocessed Nodal ligand was shown to induce Furin,
Pace4 and Bmp4 expression via signaling from the epiblast to the connected extraembryonic
ectoderm. Successively, Wnt3 expression is activated via Bmp4 back signaling to the epiblast
resulting in upregulation of Cripto and Nodal expression in the epiblast [146], [147].

In zebrafish, the two nodal-related genes, crucial for mesoderm and endoderm specification
are squint (sqt) and cyclops (cyc) with redundant and overlapping functions (Figure 9A) [148].
Sqt was shown to be expressed in the yolk syncytial layer (YSL), a known source of signaling
molecules important for organizer development and the formation of the mesendoderm (Figure
9B) [149]. The mis- expression of sqt resulted in mutant mesoderm phenotypes in zebrafish,
and sqt,cyc double mutants displayed a lack of mesendodermal derivatives as well, indicating
an important role of these nodal related genes within the mesendoderm formation and
organizer development [148]. However, it was shown that for mesoderm patterning in zebrafish
only long-range graded Nodal signaling along the animal-vegetal axis, not the D-V axis, is
needed [150].

A B

Ectoderm
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\ / Mesendoderm

Lefty2

Cyclops

Figure 9: Nodal signaling is regulated by positive- and negative-feedback loops:
A Schematic model for the cross-regulation between zebrafish Squint, Cyclops, Lefty1 and
Lefty2 during the germ layer specification. Adapted from [130]. B Schemata for endoderm
and mesoderm induction in the zebrafish embryo, with cyclops, squint and leftys being
expressed close to the YSL and acting with long-range activity (squint, leftys) and short-range

activity (cyclops). Adapted from [110].

Beside endoderm and mesoderm specification, Nodal signaling has two essential roles during
neural development. First, Nodal inhibition is important for the generation of anterior neural
tissue. Second, Nodal signaling is required for the subsequent patterning and maintenance of
the neural tissue since this depends on the via Nodal signaling generated axial mesendoderm
[114]. The activation of Cerberus-like (Cerl) and Lefty1 (Lft1), within the anterior visceral
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endoderm by Nodal signaling is essential for anterior neural patterning. For instance, in
Xenopus the expression of Cerberus within the anterior endoderm is antagonizing Wnt and
Nodal ligands and is allowing the formation of the head [131]. Since Cerl as well as Lft1 belong
to group of Nodal antagonists, their activation in the distal visceral endoderm is restricting the
expression of Nodal target genes to the proximal region [129], [151]-[153]. Additionally, high
Nodal activity is also crucial for the ventral patterning of the neural tube as well as the
maintenance of anterior forebrain territory. Strong Nodal activity within the posterior epiblast is
vital for anterior endoderm and prechordal mesoderm generation and necessary for neural

tube patterning and forebrain maintenance [114], [154].

Interestingly, novel and unexpected roles of Nodal signaling have emerged over the last couple
of years. Three of them are the role of Nodal in dorsal-ventral as well as anterior-posterior axis
establishment and the maintenance of human and mouse undifferentiated ES cells.

Alike Nodal, also BMP belongs also to the TGFp protein family. It is important for ventral fates
specification and a key player for the patterning of the dorsal/ventral axis [155], [156]. It was
recently shown that in zebrafish also maternal transcripts for sqt act as dorsal determinants,
since maternal sqt transcrips were shown to localize in dorsal blastomeres (4 cell stage and 8
cell stage), and that maternal sqt morpholino knock-down resulted in ventralized phenotypes
[157]. However, also zygotic sqt mutants resembled the described maternal-zygotic sqt
mutants, indicating that for dorsal specification maternal sqt transcripts might not be essential
[114], [158].

For A-P patterning in mouse Nodal signaling was shown to be required for at least two aspects:
for the formation and for the directional movement of the anterior visceral endoderm [114]. The
anterior visceral endoderm does not form properly and an A-P axis is not evident with a
reduced amount or the absence of Nodal [142], [159]. Furthermore, in hypomorphic Nodal or
Cripto mutants the anterior visceral endoderm seems to form correctly but is not able to
translocate [142], [160], [161]. Additionally, Lefty?1 and Cer1 expression in distal visceral
endoderm was shown to have a light asymmetric bias toward the prospective anterior side
[162], [163] and was described to mediate directional anterior visceral endoderm movements.
Finally, it was suggested recently that the NODAL pathway is also involved in the maintenance
of undifferentiated human and mouse embryonic stem (ES) cells, since crucial components of
the NODAL signaling pathway were shown to be highly expressed in these cells [164]. Also,
NODAL overexpression in human ES cells was inhibiting mesoderm differentiation in embryoid

bodies and maintained ES cells in their undifferentiated state [165].
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From outside, the body plan of a vertebrate appears bilaterally symmetric. Nonetheless the
positioning and morphology of internal organs often display a strict L-R asymmetry. For
instance, in vertebrates the heart generally lies on the left side, the liver as well as the pancreas
are found on the right and the gut undertakes asymmetric rotations. Regulated Nodal signaling
was shown to be involved in several important early embryonic patterning events, essential for
the establishment of this left-right (L-R) axis during vertebrate embryonic development [166]-
[170]. In general, the vertebrate L-R axis is the one determined last, and abnormal left-right
pattering often results in less severe defects than disturbed P-D or A-P patterning [171]. For
proper establishment of the L-R asymmetry four consecutive steps have to be completed. First,
during late neural-fold stage the initial L-R symmetry has to be broken in or near the node
[172]. The node, also named “organ of asymmetry”, is placed at the anterior of the primitive
streak and is essential for the establishment of the L-R axis (further descriptions see 1.2.4).
Within the node cila undergo rapid, clockwise rotation, creating leftward flow of the extra-
embryonic fluid and acting as a left-side determinant. [173]-[176]. For the second step, the L-
R biased signals have to be transferred from the node to the LPM, and for the third step,
signaling molecules like Nodal or Lefty1/2 have to be asymmetrically expressed. During the
late neural-fold stage Nodal is symmetrically expressed around both sides of the node (where
it forms heterodimers with GDF1 and activates Nodal signaling) but is later detected
asymmetrically in the left LPM in mouse as well as chicken and zebrafish [112], [177]-[179].
The upregulation of Nodal activity on the node’s left side is hypothesized to be generated via
Notch pathway activity and asymmetric Ca2+ signaling, and since it occurs in all investigated
vertebrate species it is considered the conserved key moment which leads to laterality
decisions in a tissue specific manner [114].

The Lefty proteins (Lft1, Lft2) are Nodal antagonists. They are both expressed asymmetrically
and transiently. Alike Nodal, Lefty2 is expressed in only the left LPM, where the expression
begins, slightly after Nodal, adjacent to the node in just a small region and is later expanded
along the A/P axis in a bidirectionally manner until 6-7 somite stage [171], [177]-[181]. Lefty1
displays expression on the left side of the prospective floor plate, beginning near the node with
anterior expansion till the 5-6 somite stage [171]. The expression of Nodal in the mouse node
is crucial for the subsequent asymmetric expression within the LPM [182], [183]. In contrast,
zebrafish spaw expression around the KV seems not essential for subsequent spaw
expression in the LPM, hinting for another factor being involved in the transmission of the left-
sided information [178]. The expression of Nodal is then spreading rapidly through the left
LPM, inducing the expression of Pitx2 and is subsequently downregulated via a negative-
feedback loop involving Lefty2 [114]. The asymmetric expression of Nodal within the LPM of

mouse is induced and maintained through two different kinds of inhibitions. On the right side
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of the node Nodal is inhibited by Cerl2/Dand5, which belongs to the group of secreted TGFf3
antagonists [132], and at the midline Lefty1 is restricting the activity of Nodal to the left [184].
Lefty1 was shown to also act via a lateral-inhibition and self-enhancement feedback system
[185]. Via mathematical modeling it was shown that the Nodal-Pitx2-Leftys expression cassette
is generating a reaction- diffusion mechanism, which is important for the propagation of Nodal
in an uniform manner through the left LPM, and keeps it from spreading to the right [185]. The
final necessary step for proper establishment of the L-R asymmetry is the morphogenesis of
the visceral organs in an asymmetrical manner induced by these asymmetrically expressed
signaling molecules [171].

In summary, Nodal signaling is the key player for the L-R axis specification since its activity
controls the propagation of positional information for the developing left side of the embryo
(Figure 10).

Figure 10: Nodal signaling is the key player for

LPM 2
5 the L-R axis specification: Simplified model for
& the establishment of the left-right axis by Nodal
Lefty and Lefty visualizing Nodal/GDF1 heterodimers
> formed at the node, activating Nodal signaling in
- E“ 4\ the LPM. Caused by the leftward Nodal flow,
CNOdaI Nod‘a. Nodal activation is biased toward the left,
Sl succeeding the autoregulation of Nodal, Lefty
[ Ngg‘l“:"\---"/ expression induction as well as Lefty’s long-
~= range inhibition towards the right. Adapted from

Nodal flow
Node [110].

Left-right patterning mechanisms have been well studied in mice. Symmetry-breaking in this
animal model was shown to be initiated in the Node, formed by a morphologically distinct
cluster of cells located on the tip of the early embryo [186]-[188]. The general structure of the
node is made of a surface layer of endoderm, covering crown cells, which are surrounding
small columnar pit cells in the node’s center [189]. At E7.5 stage the node has a concave,
teardrop-shape and is located distally on the ventral surface of the mouse embryo. It is made
of around 250 cells and is approximately 50 um deep, 50-60 ym wide and 70-90 ym long
[174], [176], [189].

Importantly, the node pit cells have a monocilium which is projecting into the extra-embryonic
space. The formations of these cilia depend on a core machinery including intraflagellar

transport particles, a specific kinesin-2 motor as well as a retrograde cytoplasmic dynein motor
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[190]. In mouse, the monocilia within the node are reaching up to 3-5 microns at E8 [176].
Node monocila were shown to undergo rapid, clockwise rotation with a frequency of around
600 rpm, creating leftward flow of the extra-embryonic fluid, called “Nodal flow”, acting as a
left-side determinant [173]-[176].

The Nodal flow is described to be conserved in numerous vertebrates [173], [175], [191], [192]
and is proposed to be one of the key point for L-R symmetry breaking [173]-[175]. The proper
functioning of the node is fundamental since the leftward-directed Nodal flow within the node
results in asymmetric expression of Nodal genes, like Nodal/spaw, Lefty1 and Lefty2, crucial
for proper left right pattering [188], [193]. However, the detailed mechanisms by which the
nodal flow is translated into these asymmetric expressions are still to be fully understood.
The Hensen’s node in chicken, in Xenopus the gastrocoel roof plate and in zebrafish the
Kupffer’s vesicle (KV) are equivalent structures [186], [194]-[196]. The KV, the zebrafish organ
of laterality, was first described in 1868 by C. Kupffer and its structure is conserved among
teleost fish [194], [197]. Compared to the relatively flat shaped mouse node, the zebrafish KV
is a fluid-filled sphere (Figure 11).

Figure 11: In zebrafish the KV is the
organ of laterality: Drawing from a
teleostean fish egg at 24hpf highlighting
the Kupffer’s vesicle [198].

FI0. 24.—Egg 24 hours after fertilization; xv,
Kupfler's vesicle.

The KV, is formed by Dorsal forerunner cells (DFCs) (Figure 12A) [194]. These cells first
emerge as cells of the epithelium of the dorsal surface in direct contact with the yolk syncytial
layer at around 4hpf and are advancing further towards the vegetal pole during embryonic
epiboly movements [194], [199], [200]. With advancing epiboly, the cluster of DFCs becomes
more and more separated from the dorsal marginal deep cells, however remaining in direct
contact with the enveloping layer margin which is advancing dorsally [200]. At around 80%,
epiboly DFCs form a compact and oval-shaped cluster by converging dorsally and intercalating
between each other. Interestingly, it was shown that during this dorsal convergence a subset
of DFCs forms progressively into a bottle-shaped structure and remains linked to the dorsal
enveloping layer by tight-junction components and Protein kinase C zeta enriched attachment
points. Besides, the remaining DFC subset stays unpolarized and forms random dynamic cell

protrusions. Overall, the DFC movement is coupled to the enveloping layer movement by
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physical tissue linkage [194], [199]-[201]. At the final phase of epiboly and after reaching the
vegetal pole, the DFC cluster is separating from the dorsal marginal enveloping layer cells and
is becoming more compact with a flattened sphere rosette-like shape. Short after, the interior
KV lumen is formed by incorporating the unpolarized DFCs into a rosette structure of merged
widely spaced apical focal points and migrating into the zebrafish embryo [194], [199], [200],
[202]. Between 1-somite and 4-somite stage the lumen volume then increases around 12-fold
[200]. Intriguingly, it was discovered that the formation of the lumen was directly coupled to
ciliogenesis since Tubulin-rich cilia were detected at the lumen-facing membrane side of
polarized DFCs at the time of lumen initiation. This indicated that the DFC polarization, which
is happening during epiboly, is essential for the formation of the distinct rosette-like structure
and later KV formation and ciliogenesis. The distinct architecture of the zebrafish KV enables
a circular counterclockwise flow of fluid within the lumen. Cells located at the KV's anterior tip
have a more columnar shape, causing a higher cilia density and therefore developing a faster
fluid flow in the anterior left segment of the KV resulting in L-R asymmetric Nodal flow strength
[203], [204]. In summary, the asymmetric Nodal flow within the ciliated Node/KV results in
asymmetric Nodal genes expression and is therefore the major modulator of vertebrate L-R
symmetry breaking (Figure 12B). The correct development and formation of the “organ of

asymmetry” is essential for a proper further embryonic development.
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Figure 12: The KV is formed by DFCs and is important for asymmetric Nodal gene
expression: A Schematic representation of an 8hpf zebrafish embryo visualizing animal pole
(AP) to vegetal pole (VP) dorsal forerunner cell (DFC) migration. EVL, enveloping layer; DC,
deep cells; YSL, yolk syncytial layer B Schematic for the asymmetric Nodal flow within the

ciliated KV which results in asymmetric Nodal gene expression.
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Integrins are a family of cell adhesion receptors which are able to recognize primarily cell-
surface ligands and extracellular matrix ligands. In mammals there are eighteen o and eight f3
integrin subunits which can form 24 different o heterodimers (Figure 13A).

Integrin oV was shown to be crucial during early developmental processes since aV mutant
mice displayed disturbed embryonic cerebral blood vessel formation and defects in the axon
and glia interactions in the CNS [205]-[207]. The aV integrin subunit can bind to any of the
five B integrin subunits B1, B3, B5, 6 or B8 [208]. During vertebrate embryonic development,
aV integrins are expressed with wide overlapping distributions in mammalian, zebrafish and
avian embryos [209]-[212]. Integrin a1 has not yet been studied extensively in mammals in
vivo, due to their extreme broad expression overlapping with other integrins and the
nonexistence of antibodies and inhibitors specific for aVB1. Nevertheless, several in vitro
studies connected aVB1 to developmental processes. For instance aVB1 was shown to be
implicated in embryonic astrocytes and oligodendrocyte precursors migration in rodents [213],
neural cell adhesion molecule L1 cell binding [214] and in the spreading and adhesion of
mouse embryonic cells on fibronectin [215]. Interestingly, it was described that Integrin aVp1b
(Figure 13B) in zebrafish is a regulator for the establishment of the vertebrate left-right axis
since it was defined as a mediator of cellular interactions which are important for the clustering
and movement of DFCs. In zebrafish, aV as well as f1b morphants show mislocalization of

DFCs, KV malformation and left-right body asymmetry defects [209].
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Figure 13: The Integrins o and p can form heterodimers: A Schematic overview for known
Integrin o and B interactions. Adapted from [216]. B Schematic representation of an Integrin

af} heterodimer.
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In zebrafish, southpaw (spaw) is the Nodal related gene important for the establishment of the
left-right axis. Spaw was shown to be expressed the left LPM and bilaterally in paraxial
mesoderm precursors, overlapping with other left-sided expressed genes like lefty2 during
later somite stages [178]. It was recently shown that Nodal-mediated left-right patterning
function is also conserved in zebrafish using mutants for the Nodal orthologue spaw as well as
the Nodal inhibitors dand5 and lefty1 (Figure 14) [5]. Like Nodal mouse mutants, zebrafish
mutants for spaw failed to initiate spaw expression in the LPM and displayed heart looping and
jogging defects [5], [182]. Zebrafish dand5 and Ift1 mutants displayed bilateral spaw
expression as well as heart looping and jogging defects [5], [217]. Besides, lefty1 loss of
function fish displayed accelerated spaw progression, indicating that lefty1 as well as dand5
inhibition control the localization, timing and speed of spaw expression [5]. In lefty1 mutants
the application of a Nodal inhibitor drug was sufficient to rescue the heart looping and jogging
phenotypes and the bilateral spaw expression. These results indicate that the location of Lefty1
activity is not essential, but that Lefty1 activity dampens Nodal activity, preventing it from

extending to the embryo’s right side [5].

LPM N spaw LPM N spaw
dand5 dand5
lefty1

~— ~—

L R L R

Figure 14: Nodal related genes are important for the establishment of
the left-right axis: Schematic for the expression patterns in zebrafish at
6 somite stage (left) and 12 somite stage (right) for spaw, dand5 as well

as lefty1. LPM, lateral plate mesoderm; KV, Kupffer’s vesicle; N, notochord

Additionally it was shown that Vg1 and Spaw are forming heterodimers, similar to mouse,
where Nodal-Gdf1 heterodimers are important for left-right axis patterning [5], [218]. These
results demonstrated the conservation of left-right patterning processes between mouse and
zebrafish. Surprisingly, it was shown that zebrafish Lefty1 and Lefty2 can be replaced with a
Nodal inhibitor drug also during mesendoderm patterning, shining a light specifically on the

Lefty inhibitory feedback loop during Nodal patterning (Figure 10). Lefty mutant phenotypes
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could be rescued by ectopic lefty expression distant from the normal expression domain as
well as by temporally and spatially uniform Nodal inhibitor drug exposure. These results signify
that in zebrafish the patterning of the mesendoderm without the Lefty inhibitory feedback is
possible but less robust. Lately it was revealed that also jnk genes, downstream components
of the Nodal cilia patterning planar cell polarity signaling pathway, might play a role in
establishing the left-right asymmetry [219]-[221]. In zebrafish mutants for jnk7a, jnk1b and
jnk2, the length of the KV cilia was significantly reduced as well as the counter-clockwise nodal
flow within the KV and spaw expression disrupted [221]. However, the exact way in which jnk
genes co-ordinate the length of cilia remains so far unresolved.

In summary, even if many questions are still unanswered, zebrafish and its now well-
established Nodal factor mutants display a huge potential for further understanding of the left-

right axis establishment in vertebrates.

It has been reported that Nodal, Lefty as well p-Smad2 expression is downregulated in
Meteorin-null ES-cells [4]. Per se, Metrn was hypothesized to be a novel gene crucial for
embryonic development and regulator of Nodal transcription, important for maintaining
sufficient Nodal levels for proper embryonic endoderm formation. In mice however, the
disruption of the Metrn gene resulted in early embryonic lethality and made it not possible to
investigate the role of Metrn proteins in early embryonic development in vivo [4]. Consequently,
we are aiming to continue the investigation of the role of Metrns in early embryonic
development in vivo, using zebrafish as model organism.

Especially, the receptor(s) through which Metrns are acting in the context of early embryonic
patterning is/are still unknown. It was recently shown that METRNL is binding to KIT receptor
ligand in the background of ischemic tissue repair [6] and that Metrn is interacting with Hir2b
for in the context of hematopoietic stem/progenitor cell mobilization control [7]. But, since
zebrafish kita/b as well as htr2b seem to be not expressed earlier than 9hpf and not in proximity
to DFCs and the forming KV we assume that Metrns act through another, so far unknown
receptor during early patterning processes.

Another open question in the field of left-right patterning is how the Nodal flow is finally
converted in asymmetric nodal gene expression, and what is the downstream signaling of the
Nodal pathway to drive asymmetric changes. Furthermore, it is still unknown how precise
timing and localization of nodal pathway components is achieved during left-right patterning. It
was recently shown that jnk7a, jnk1b, jnk2 triple zebrafish mutants display disturbed Nodal
flow, however they do not show the loss of the stereotypical asymmetric organ placement as
described in spaw or our metrns mutants [5], [221]. This indicates that there might be other

mechanisms beside the Nodal flow which are important for the establishment of the
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asymmetric organ positioning during early embryonic development. Also, how entire tissue
movement is coordinated by different forces (intrinsic and extrinsic in different layers) and the
ways how an organ shape is influenced by physical properties of the extracellular matrix and

surrounding cells still have to be investigated specifically in the context of KV formation.

Overall, in spite of recent progress in understanding the breaking of embryonic L-R symmetry
in vertebrates, the totality of all aspects of proper establishment of the left-right axis and

execution of asymmetric organogenesis is far from being fully understood.
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Despite over million years of evolution, the principal features of the brain wiring diagram in
bilaterians are highly conserved, including the presence of a subset of axons interconnecting
neurons on both sides of the central nervous system (CNS) called commissures [222]. It was
shown that the formation of the ratio of correct commissural and non-commissural axons is
strictly balanced and is essential for sensory stimuli integration and the CNS physiology [223].
A number of of neurological disorders can have their origin in the failure of proper axon midline
crossing during development [224], [225] indicating that the understanding of controlled midline
crossing mechanisms will help understand the etiology of these complex severe neurological
diseases. Despite extensive studies in the past years, the molecular repertoire for midline
guidance is more diverse than initially imagined and far from being fully understood.

Meteorin was discovered as a secreted neurotrophic factor, promoting neurite outgrowth in
vitro, with expression in radial neuronal progenitors and radial glia [2]. In vertebrates Metrn and
Metrnl are highly conserved including two members in mammals and three in zebrafish (Metrn,
Metrnl1 and Metrnl2). Recently it was investigated that Metrn and Metrnl mRNAs are highly
expressed by floor plate cells and in other midline structures in the CNS of zebrafish and
mouse indicating them as suitable animal models for further research to work out the function
of the Meteorins, as new family of secreted proteins, during the development of the CNS [2].
Therefore, in the final part of this thesis introduction | will give an overview about general axon
guidance mechanisms, established axonal guidance factors, the particular role of the midline
during axonal navigation and about the hunt for Meteorins receptors to fully understand the

way of function of our favorite family of proteins.

During embryogenesis, developing axons have to navigate significant distances to be able to
reach their final targets. Amazingly, this axon growing occurs in a highly stereotyped and
extreme ordered manner. The mechanisms to solve the hard challenge of guiding
thousands/millions of axons along their way are largely conserved in invertebrates and
vertebrates. During the past decades, one of the major goals of developmental neurobiology
has been to understand how the axons of newly generated neurons can reach their correct
synaptic partners by following precise and well-defined paths. With the help of invertebrate
model organisms such as the nematode Caenorhabditis elegans or the fruitfly Drosophila
melanogaster, our understanding and knowledge of axon guidance mechanisms has
progressed at lot. However, we are still far away from understanding the full picture. The

primary connections of neurons are achieved through processes of guidance events. A
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complex network of receptor/ligand interactions (e.g. Netrin/DCC; Slit/Robo) in the close
environment, orchestrates these processes, ensuring the proper establishment of neuronal
connections [1], [226]. The response of an axon to environmental guidance signals is mainly
controlled by the highly motile growth cone, a structure on the axon’s distal tip. The growth
cone was first described by Ramon y Cajal, over a century ago (1890). The axonal growth
cone is characterized by an exceptionally dynamic cytoskeleton as well as its division into two
domains. The first domain is the central domain, enriched with microtubules. The second
peripheral domain houses actin-rich lamellipodia and filopodia (Figure 15A). Generally, a
distinct set of axonal guidance receptors is localized at the growth cone. This helps the growing
neurites to “read” their extracellular environment and to understand their correct directions for
their navigation. In case of changes in the environment, the assembly or disassembly of
cytoskeletal component of the growth cones leads to changes in the morphology, influencing
in turn axonal navigation and elongation [227]-[231]. The pioneer axon is the first axon
initiating the formation of an axonal tract. This single axon establishes the future trajectory for
subsequently following axons from the same neuronal population. Neurons which are
developing later can then grow along the track pathways which have been pathed by the
pioneers axons to reach their appropriate targets [227], [232]. The parameters which are
allowing the growth cone’s correct neuronal paths are specified by tightly regulated sets of
instructive guidance cues along the track of the navigating axon. These guidance cues can be
mediated by ECM or cell membrane bound molecules but also by diffusible factors [227], [233].
Four different types of guidance cues can be generated by the different guidance factor’s
coordinate actions. Guidance cues can act repellent or attractant and as long-range or short-
range cue. These roles are not necessarily mutually exclusive. Rather they act in a concert-
like manner together to warrant reproducible as well as correct elongation of the navigating
axons. This means that for instance particular neurites can be repelled by a long-range
repellent guidance cue, but attracted from the opposite side by a long-range attractant cue,
resulting in tightly bundled neurites navigating along their designated tract [234], [235]. The
whole navigation of growing axons is an extremely dynamic process, as one guidance
molecule might be able to act in a bifunctional manner, as an attractant or repellant. This
dynamic enables different axonal responses to the same cue. Furthermore, especially in the
case of long distances navigation, it might be necessary for one same axon to be able to
change its reaction to one particular axonal guidance factor during its journey (Figure 15B)
[222], [227], [234], [235].
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Figure 15: General mechanisms of axonal guidance: A Schematic representation of a
growth cone highlighting its central domain, enriched with microtubules (green) and the
organization of its peripheral domain housing actin filaments cytoskeletal components.
B Schematic representation of the different possible guidance cues acting on the growth cone
and the developing axon including long-range attractant and long-range repellent enabling
axonal navigation and short-range repulsion as well as attractive cues keeping the growing

axon in a tight bundle.

From this complex and tightly regulated process of axonal guidance longitudinal projections
are established. They are forming ipsilateral circuits and are situated in parallel to the midline
along the AP body axis. Additionally, commissural connections are established as well.
Commissures are interconnection neurons on both sides of the CNS, and therefore are
crossing the midline. The balance between commissural and non-commissural axons within
the CNS is tightly regulated and crucial for sensory stimuli integration as well as the general
CNS physiology [222], [223]. For the achievement of these structures, axons have to cross the
midline. In bilaterians the CNS is developing along a bilateral symmetry axis which is located
at the midline [236]. At the ventral midline, or also named floor plate (FP), a population of
specialized glia cells is located. These cells are a main source of diffusible axonal guidance
molecules secretion and therefore the midline is one of the main organizers for
neurodevelopment, also acting as “choice point” or “intermediate target” for navigating axons
[233], [236], [237]. For instance, for commissure navigation, the developing axons have to be
first attracted to the midline and after actually crossing the midline, the attracting forces have

to be switched off and responsiveness to midline repellents has to be switched on. These
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mechanisms are then facilitating the growth of commissural axons away from the midline and
enabling them to move on to the other side of the CNS (Figure 16A) [237].

During the last decades two key questions were the leading force for numerous
neurodevelopmental studies, especially in context of midline crossing. The first concerns the
mechanisms by which commissural axons are attracted to the midline and how their growth
cones are able to receive and integrate the huge diversity of midline cells released signals.
The second key question is how are commissural axons instructed to leave the midline after
successful midline crossing, and what are the signaling as well as molecular changes to switch
to longitudinal growth mode. In general, midline axonal guidance factors are expressed in
independent locations and different time points, which is enabling the control of this diverse
biological process of axonal midline crossing [1]. The extreme significance of the midline and
especially its ventral part, the FP was illustrated in numerous studies using different model
organisms, all above D. melanogaster [238]-[242]. In D. melanogaster single-minded (sim)
mutants the specification of midline cells is abolished. This disturbed midline formation was
shown to result in axonal guidance defects such as abrogated commissural tracts formation
as well as a collapse of the longitudinal bundles [242]. On the other hand, in D. melanogaster
mutants for slit, the cells of the midline seem to differentiate correctly but they appear displaced
ventrally. This leads to initial commissural tracts formation, but also to the fusion and collapsing
of the longitudinal tracts onto the midline, due to the mis-positioned midline [239]. In mouse,
Danforth’s short-tail (Sd) mutants, which are missing the notochord as well as the FP, display
failures of proper commissural axons development. Due to the missing midline-secreted
axonal guidance factors in these mutants, commissures in the spinal cord are not able to
elongate towards the FP dorso-ventrally, cross the midline and then turning rostrally. Rather,
commissural axons in Sd mutants are reaching the FP but are not able to properly cross the
midline due to the lack of guidance factors [240]. Likewise, it was published that in chick
embryos, the ablation of the notochord inhibits FP formation, and consequently causes errors
in commissural axons turning [238]. Similar mutant phenotypes were also described in mouse
Gli Family Zinc Finger 2 (Gli2) mutants. G/i2 mutants are missing the FP as well, due to the
mutation of the Gli2 transcription factor, which is involved in Shh signaling regulation [241].
Additionally, Gli2 mutants suffer also from severely defasciculated axons in the hindbrain, due
to longitudinal axonal trajectories defects (Figure 16B) [243]. Remarkably, also the primary
cilium, located on commissural neuron’s cell bodies, got assigned a significant role within
axonal guidance along the midline. It was described to be crucial for transcriptional changes
of guidance receptors, resulting in a repulsive response of commissural axons after crossing
the midline [244].
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Figure 16: Axonal guidance at the midline: A Schematic representation of a
mouse embryonic spinal cord section and an axon crossing the midline, guided by
repulsive and attracting guidance cues. B Schematic representation of a sd or gli
mouse mutant missing the floorplate, which results in commissural axons stuck at

the midline.

It was recently suggested that the FP is not the sole mediator of midline axon guidance, since
also other cells in close proximity to the midline, for instance neuronal progenitor cells, might
be involved in instructive guidance molecules secretion and therefore in the process of midline
axon guidance [245], [246]. Moreover, beside axonal guidance, the midline got also associated
with multiple pathways regulating left-right asymmetry. Even though the midline tissue itself
doesn’t appear morphologically asymmetric it is suggested to function as a border for different
pathways essential to establish left-right asymmetry as well as for organ positioning. Disturbed
midline development was demonstrated to influence correct left-right asymmetry development,
especially in the heart and gut [247], [248].

Two molecular couples of ligand and respective receptor have been associated with an
important role in midline guidance processes: Netrin1/DCC (Deleted in Colorectal Cancer) is
known to act as a mediator of commissural axon growth towards the CNS midline and Slit/Robo
(Roundabout) which is essential for hindrances of axons to post-cross away from the midline
and to prevent ipsilaterally projecting neurons from crossing the midline. A fine-tuning between
repulsion and attraction is provided by various molecular interactions between the
Netrin1/DCC and the Slit/Robo pathway. It was shown that numerous additional molecules in
other protein families (Cell-adhesion molecules, Semaphorins, Ephrins, etc.) have an influence
in crossing the CNS midline within complex regulatory mechanisms [249], [250]. In general, to
the family of “canonical axon guidance molecules” four major protein families belong: Slits,
Netrins, Ephrins and Semaphorins. These protein families have been studied extensively and

their role and effects on axonal behavior have been investigated [234].
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For the last few years, the Slit protein family has been intensively studied as crucial axon
guidance regulators and cell migration mediators in Drosophila and vertebrates. Slit proteins
are highly conserved across species. They are mostly secreted, however frequently associate
with the extracellular matrix (ECM) and the cell membrane [251], [252]. In most vertebrates,
the Slit protein family contains three members (Slit1-3). They have a size of ~200kDa each
and include four stretches of leucine-rich repeat (LRR) domains (D1-D4), seven to nine repeats
of the epidermal growth factor (EGF), one Agrin-Perlecan-Laminin-Slit (ALPS)/Laminin-G-like
domain, as well as a cysteine knot on the C-terminal [251].

Slit proteins were simultaneously identified twice, as negative regulators but also positive
regulators during axonal guidance [253]. The first discovery was led by search for factors that
are able to stimulate axonal branching and the surprising purification of a cleaved mammalian
Slit2 protein fragment in rat brain extracts indicated Slit2 as a branching and elongation
stimulator [254]. The second Slits discovery was with a genetic screen in D. melanogaster for
genes affecting the navigation of axons and as the repulsive Robo ligand [255]-[257].

The Robo receptors are the main receptors for Slits. Four Robo orthologs exist in mammals
and zebrafish, one in C. elegans (SAX-3) and three in Xenopus and chick [256]. The first
descriptions of a robo gene and also the name giving discoveries were in Drosophila: robo
Drosophila mutants displayed midline stalled commissural axon resulting in a creation of an
axonal ‘ROundaBOut’ [255], [257]-[259]. Robo proteins are single-pass transmembrane
receptors without any enzymatic or autocatalytic activity, hence, to mediate their function,
Robo receptors might depend on scaffolding molecules as well as downstream signaling. Most
of the Robo extracellular domains have five immunoglobulin-like domains (Ig1-5) and three
fibronectin repeats (FNIIl 1-3). The Cytoplasmic tail of Robo receptors mostly contains
“cytoplasmic conserved” domains, which can vary between species [260]. Robo-Slit interaction
occurs through the binding of the Slits LRR2 domain to the Robos first |g domain (Figure 17)
[261].

The role of Slit/Robo signaling, especially within the organization and navigation of
commissural axons in the spinal cord and hindbrain, has been studied extensively. In a
Slit1/2/3 mutant mouse model an increased number of misrouting axons was observed, with
axons navigating several times across the floorplate or axons stalling at the midline [262]. In
mice mutants for Robo, it was discovered that the function of Slit is just partially mediated by
proteins of the Robo family. Robo17-,Robo2”, Robo3”- mice displayed just a partial copy of the
described Slit17, Slit27, Slit3”- mutant mice phenotype [263].

Furthermore, it was recently described that Robo3 has exceptional properties in mammals and
that it is no longer able to bind to Slits due to several amino acid changes within its Ig1 domain

[264]. Robo3is normally extensively expressed on commissural axons during midline crossing.
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Interestingly, in Robo3”~ mice commissural neurons are not able to cross the midline,
indicating that Robo3 function within axonal guidance differ from the one of Robo1 and Robo2
[265], [266]. It was shown that Robo3 acquired new signaling properties and that it interacts
with the Netrin1/Dcc signaling pathway, indicating that Robo3 instead of counteracting
repulsion, rather promotes the attraction to the midline [251], [264].

In summary, Slit proteins and their receptors are key regulators in axonal guidance as
mediators of cell and axon migration and as a linkage between axonal repulsion and axonal

branching.

The first Netrin (Ntn) and in general the first described molecule influencing axonal navigation
was Unc-6 (the orthologue of the vertebrate Netrin1) in C.elegans 25 years ago [267]-[269].
Since the initial discovery, the phylogenetically conserved Netrin protein family, with proteins
of a size of about 70-80 kDa, has been studied intensively and implemented as crucial axonal
guidance factor family, besides other important functions in many biological processes. In
mammals the Netrin family is composed of secreted proteins (Netrin-1, -2, -3, -4, and -5) as
well as membrane-bound proteins (Netrin-G1 and -G2) via glycosylphosphatidylinositol
linkages [270]. Structurally, proteins of the Netrin family contain an N-terminal domain (VI),
which is followed by epidermal growth factor-like domains (V-1, V-2, V-3, etc.) and then a C-
terminal domain with positive charge [270], [271]. Netrin1 was discovered in 1994 and is so far
the most investigated and studied within the Netrin protein family [272], [273]. Since its first
description as guidance molecule of commissural axons in the vertebrate CNS development,
Netrin1 became also associated with angiogenesis, organ morphogenesis as well as got
attributed a crucial role in cell migration [272], [274]. Netrin1 is secreted from neural progenitor
cells and floor plate cells and can act both as a chemorepellent or as a chemoattractant [246],
[272], [275]. Netrin1 expression was described in regions of the developing but also adult
nervous system, including the forebrain, the spinal cord, the cerebellum and the optic disc.
Additionally, Netrin1 expression was detected also in the developing heart, the intestine, the
lung, the pancreas and mammary gland [267]. Though their wide expression in numerous
tissues, Netrins have largely been studied as axonal guidance factors during neural
development. It was shown that Netrin1 is expressed by floor plate cells and it was initially
proposed that a Netrin1 protein gradient is established in the embryonic spinal cord when
commissural axons are extending towards the ventral midline [272], [275], [276]. Furthermore,
it was demonstrated that a Netrin1 source is able to attract extending commissural axons and
to deflect these axons from their dorsoventral path within the embryonic neural tube [275].
Additionally, it was shown that ventricular zone progenitors produce high levels of Netrin1,

which seem to carry the main responsibility for navigating commissural axons. However, the
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role of floor plate cells secreted Netrin1 is so far not clear since its selective genetic ablation
within FP cells does not interfere with commissural axon guidance [245], [246]. On the other
hand, it was recently demonstrated that FP derived Netrin1 is indeed essential for navigating
corticospinal axons across the midline [277].

The activities of Netrin are mediated by distinct receptors; which include in vertebrates DCC
(deleted in colorectal cancer) and four Unc5 proteins (Unc5A-D) [270]. Compared to DCC,
which is required for attractive responses to Netrin1, Unc5 proteins are mediating repulsive
responses to Netrin1, acting alone or together with DCC [267], [270]. The majority of studies
describing and investigating Netrin signaling focuses on the DCC receptor. DCC was first
discovered as a candidate tumor suppressor in humans, with an allelic deletion of the
18g21chromosome in colon cancer [278]. Structurally, DCC receptors are composed of four
Ig domains and six fibronectin type Il domains in the extracellular space. Intracellularly,
proteins of the DCC family contain three sequences termed the P1-3 motif which are highly
conserved [279]-[281]. Besides DCC and Unc5 proteins, Netrins were shown to also bind to
Down syndrome cell adhesion molecule (DSCAM) and Neogenin, a DCC paralogue (Figure
17) [270], [282].

Another protein family within canonical guidance cues are Ephrins. They are cell-surface
signaling molecules and were shown to play essential roles in numerous developmental
processes, including axon guidance [283]. The Ephrin protein family can be divided into two
subfamilies. There are five class A Ephrins which are linked to the cell surface by GPI linkages
and three class B Ephrins which are characterized as transmembrane molecules [234].
Ephrins were allotted an essential role in organizing the connections of topographic
projections. For instance, Ephrins were shown to be crucial for the connection of retinal
ganglion cells to the proper layer of the optic tectum or the lateral geniculate nucleus [283],
[284]. Ephrins can act as positive regulators as well as negative regulators for axonal branching
and they can function as repellents for some axons but also as attractants for other axons.
This versatility is the base of the mapping functions of the Ephrin protein family [283], [285].
Additionally to their role in topographic mapping, Ephrins were shown to be implicated in the
pruning of axonal trajectories as well as short-range repellents and attractants in central and
peripheral axon guidance [283], [285], [286].

The Ephrin receptors are named EphA (EphA1-8) and EphB (EphB1-4, EphB6) depending
on the binding subgroup of Ephrin ligands, whereby EphA can bind most of A-type Ephrins and
EphB most of the B-type Ephrins. Only EphA4 was shown to bind A-type and most B-type
Ephrins. Additionally, a unique feature for Ephrins and their receptors is that an Ephrin receptor

can also act as a ligand and an Ephrin can on the other hand also act as a receptor (Figure
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17) [283], [285]. In general, the functions of the Ephrin receptors are often redundant, since
their Ephrins binding affinities are quite promiscuous and their expression patterns are
frequently overlapping. These features make the genetic analysis of the Ephrins and their
receptors challenging, but also illustrate their highly variable putative function in a wide range

of neuronal and non-neuronal cellular environments [283].

Another protein family of secreted or membrane molecules that plays diverse roles in axon
guidance is the Semaphorin family. In higher vertebrates there are around 20 different
Semaphorins which all contain a Semaphorin-specific domain of approximately 500 amino
acids. Semaphorins are known to function in short-range but also long-range guidance [234],
[287]. The transmembrane protein Semaphorin 1a, or Fasciclin IV was the first identified and
was described as an axon guidance factor of the pioneer sensory axons during the
grasshopper limb development [288]. In vertebrate the first identified protein of the Semaphorin
family was the secreted Sema3A, or Collapsin-1. It was identified in vitro during a biochemical
brain extracts purification for factors with axonal repelling functions [289].

The signature 500 amino acids Semaphorin domain is essential for protein homo-dimerization
as well as for the interactions between Semaphorin and their receptors [287]. The Plexin
protein family is the best characterized class of Semaphorin receptors. Plexins are a single-
pass transmembrane protein family with nine members in vertebrates (Plexins A1-A4, B1-B3,
C1, D1). In invertebrates two orthologues have been identified (PlexA and PlexB). [290] Most
Semaphorins can directly bind to Plexins, but their ligand/receptor binding can also be
modulated by other molecules, like for instance by transmembrane proteins named Neuropilins
[291]. Since the disruption of Sema3A in a mouse model resulted in defasciculating of several
peripheral tracts, it was hypothesized that Semaphorin3A secretion into a motor and sensory
axon surrounding environment is defining a permissive corridor in where the developing
projections are able to grow in a bundled manner (Figure 17). Indeed, it was shown that
proteins of the Semaphorin family are exerting a repellent action on axonal projections which
is resulting in local repulsions, essential for correct fasciculation of numerous peripheral nerves
[287], [292]. Additionally, via in ovo RNAI experiments in chicken it was recently demonstrated,
that the receptor complex formation of PlexinA2 and the Nogo-66 receptor 1 is essential for
proper midline crossing and the following turning of post-crossing axons [293].

Interestingly, beside axonal guidance, Semaphorins were shown to be involved in processes

during tumorigenesis, angiogenesis and vascular development [294], [295].

Besides the canonical axonal guidance factors, also other molecules were assigned a role in

navigating axons. Several of them are ECM components, including Collagen, Fibronectin,
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Laminin, HSPGs and Tenascin. ECM components were shown to form stable complexes with
numerous secreted axon guidance factors and to modulate their signaling, hence to influence
the axonal outgrowth. Additionally, ECM components can regulate axon elongation and cell
motility via neuronal Integrins interactions and therefore were shown to influence axonal
navigation as well [296], [297].

Another class of molecules involved in axonal guidance are growth factors. They act mainly as
attractive cues and mostly just on a subset of responsive neurons, indicating their specialized
functions within axonal guidance. It was demonstrated that sensory axons show sensitivity to
Neurotrophins and that Neuregulins induce responses in thalamocortical axon [298], [299].
Furthermore, Hepatocyte growth factor (HGF), Glial cell-derived neurotrophic factor (GDNF)
as well as Fibroblast growth factors (FGFs) were shown to have the ability to instruct subsets
of motor axons [300]-[302].

A third class of non-canonical axonal guidance molecules are secreted morphogenic factors.
Normally morphogenes are crucial during early embryonic development to coordinate cell
proliferation as well as fate-specification. Members of the Transforming growth factorB/Bones
morphogenetic protein (TGFB/ Bmp), Wnt and Shh family were described to have a previously
unknown axonal guidance role during later developmental stages, behaving as repulsive but
also attractive cues. For instance, in mammals, proteins of the Wnt family have been described
to establish an attractive guidance cue for post-crossing motor axons in the anterior direction.
In D. melanogaster Wnt proteins are able to push axons away from the posterior commissure
[303], [304] .Besides, spinal cord axons along the dorso-ventral axis were shown to be pushed
away by a repellent cue formed by BMPs [305]. Plus, Shh proteins secreted by FP cells, are
able to attract commissural axons in the spinal cord in collaboration with Netrin1 and act as

repellent guidance cues on RGCs [306], [307].

Sema3A
DCC Uncs Robo Neuropilin+Plexin Eph-receptor
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Figure 17: Receptors of canonical axonal guidance factors: Schematic representation of

the DCC, Unc5, Robo, Neuropilin, Plexin and Eph-receptor.

Our favorite model organism, the zebrafish, has been extensively studied to investigate
regulating mechanisms for the establishment and function of neural circuits. The zebrafish
nervous system is relatively simple and highly stereotypically organized. Many mechanisms
and structures are highly conserved and were shown to be coordinated by the same molecules
sets of mammals, especially in the context of axonal pathfinding. Hence, several embryonic
axonal tracts in zebrafish have been used as models for the understanding of the conserved
mechanisms which are driving the elongation of axons [308].

One of these models studied in zebrafish is the development of first commissural tracts, the
anterior commissure (AC) and post-optic commissure (POC). In zebrafish, a bilaterally
symmetrical axonal scaffold is developed by around 1 dpf. This scaffold structure is made of
longitudinal and commissural tracts, and acts as a template for the further developing zebrafish
embryonic nervous system. The ventro-rostral cluster (VRC) and the dorsal rostral cluster
(DRC) are two neuronal nuclei from where two big commissures are originating, situated in the
most rostral region in the developing forebrain. At 1 dpf the left and right VRCs are connected
by an axon bundle and the POC is forming. Beside the commissural axons, a caudally growing
longitudinal tract is also projected from the VRC, named tract of the post optic commissure
(TPOC). The second commissure, the AC, is formed shortly after the POC between the dorsal
rostral clusters. The supra-optic tract (SOT) is formed by a group of axons, originating from the
DRC and navigating towards the VRC in the dorso-ventral direction. As soon as the developing
neurites of the SOT reach the VRC, they can grow rostrally to join the axons of the VRC in the
POC or be integrated in the TPOC by turning caudally (Figure 18) [309]. It has been described
that this development of first commissural tracts and the axonal navigation along the POC and
AC is guided by a multifaceted cluster of guidance factors. It was demonstrated that the
formation of the POC and AC is severely disrupted if expressions of single or multiple axonal
guidance factors are altered or absent, indicating the tight regulation of these factors during
commissure development [310]-[314]. In the zebrafish mutant for the pax2 transcription factor,
named noi mutant, POC axons, even though they are able to cross the midline, are not able
to interconnect properly and show a less fasciculated phenotype than in wt control fish.
Additionally, noi mutants display disturbed expression of netrin1 and shh, indicating a
sensitivity of POC neurons for these guidance cues [310]. Another example for a zebrafish
study and axonal guidance factors for commissural axon development is from Barresi et al.
[315], proposing that Slit signaling is essential for proper AC and POC establishment. They

describe, that silt2 and slit3 are expressed in the region between the AC and POC and that
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Silt2 and Slit3 apply a repulsive force which keeps the high fasciculation of the axon bundles
and is protecting against abnormal branching. In addition, Slit1a is described as a guidance
cue forming a permissive corridor for correct axon elongation. Additionally, it was recently
demonstrated that also the Collapsin response mediator protein 2 (CRMP2) and CRMP4 are
playing a role in AC and POC development, signaling through the Semaphorin3/Nrp1a
signaling pathway [316].

Figure 18: Development of the first

midline

commissural tracts in zebrafish:
Frontal representation of the zebrafish
anterior commissure (AC) and post-optic
commissure (POC) at around 24hpf
showing DRC neurons extending to and
forming the SOT and AC. Beside VRC

neurons are establishing the POC.

Another model for axonal guidance studies in zebrafish are the longitudinal and commissural
tracts in the hindbrain. In general, the hindbrain of vertebrates is characterized by a
composition of sensory-motor networks which are essential for directing crucial vital functions
like respiration, locomotion and vision [317]. In the zebrafish, the distinctive morphological
organization of eight segments named rhombomeres is characteristic for the embryonic
hindbrain [318]. Mauthner cells, two large reticulospinal neurons, are the first emerging
neurons in the zebrafish embryonic hindbrain. Their cell bodies are found symmetrically in the
4th rhombomere’s center. From around 21-23 hpf, the Mauthner cells start to extend their
axons and after midline crossing, they turn caudally and pioneer the hindbrain medial
longitudinal fascicle (MLF), parallel to the FP. Later the MLF will grow and thicken since it will
be joined ipsilaterally or contralaterally from other reticulospinal neuron axons with somas
located in hindbrain rhombomeres. An additional pair of tracts, the lateral longitudinal fascicles,
will grow caudally, beginning from the trigeminal sensory neurons [309]. Axonal guidance
processes in the zebrafish hindbrain gained a lot of interest, since it was suggested that the
FP plays a crucial role in the patterning of these axonal projections. Disturbed FP specification
as well as maturation was shown to result in severe guidance mistakes of axons of the

longitudinal and commissural tracts in the hindbrain.
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Several studies discovered that canonical guidance molecules are playing a role in axonal
guidance in the embryonic hindbrain. For instance, it was described that the Slit and Robo
pathway is important for commissural axon guidance in the hindbrain, including also the
Mauthner cells. In zebrafish with a loss of function for robo3, the commissures of the hindbrain
display a high disorganization and defasciculation. Mauthner axons are not able to properly
cross the midline and instead of growing across the FP and then turning caudally, they are
projecting ipsilaterally to the spinal cord [319]. Same Mauthner axons disorganization and
defasciculation could be observed in a study overexpressing the robo ligand slit2 [320].
Furthermore, also Semaphorins were connected to guiding trajectories of hindbrain
projections. The knock-down of nrp-1A or sema3D results in a high disorganization of the MLF
[311]. Using a dcc mutant zebrafish model, which introduces a single amino acid substitution
within the dcc gene resulting in the disruption of the netrin binding site also, the requirement
of the netrin pathway for correct axonal guidance of commissural hindbrain neurons was
demonstrated. These mutant fish displayed numerous commissural hindbrain neurons
misprojections and ectopic ipsilateral neurites development [321].

Even though, zebrafish has exclusively crossed retino-tectal projections and is quite different
from mammalian vertebrates, its retino-tectal system is a widely used model structure to
investigate the regulating mechanisms for axonal pathfinding. The system can be divided into
two main areas, the retina and the optic tectum. From the retina which is sensitive to light
stimuli the visual information are transmitted through the retinal ganglion cells (RGCs) to their
key midbrain target region, the optic tectum. The optic tectum is then responsible for the visual
input integration, as the mammalian homologous, the superior colliculus [322], [323]. The optic
nerve, made of densely bundled RGC axons exiting each eye, is navigating in the ventral
diencephalon toward the midline. There, the axons of the optic nerves intercross and form the
optic chiasm. As the retinal axons leave the midline they form the optic tract and grow dorso-
caudally, hence reaching the optic tectum’s contralateral lobe. Once reached the contralateral
lobe of the tectum each single neurite is terminating its journey in an exceptionally organized
manner, and the positions of their cell bodies within retina is reflected in a stereotyped
retinotopic map [322]-[325]. Furthermore, it was described that RGC projections are also
organizing in a regulated laminar structure, where single synaptic laminae within the tectal
neuropil is innervated by one single axon [323], [326].

During the last years numerous factors influencing retino-tectal projections patterning and
correct RGC guidance have been discovered. These guidance factors are affecting proper
RGS growth at many different points during the axonal path, for instance exiting the eye,
crossing the midline, forming the retinotopic maps or during the organization of their distinct
synaptic lamination. The loss or downregulation of these factors were reported to results in

disturbed RGC growth [322], [327], [328]. Strikingly, various canonical guidance molecules,
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ECM components as well as midline differentiation affecting genes were associated with
proper retinal axons navigation, illustrating the requirement of multiple and diverse signals for
appropriate retino-tectal trajectories development and navigation [314], [328]-[331]. For
instance in the well-studied astray/robo2 zebrafish mutant the axons of the RGS show
numerous misrouted axon projections to ectopic extra-tectal targets or to the ipsilateral tectum
[329], [332]. It was proposed that, RGCs which are expressing robo2, are sensitive to the
repellent guidance cues of Slit2 and Slit3, which are in turn expressed along the RGCs axonal
navigation path. With the loss of function for robo2, RGC axons are not able anymore to react
to the repulsing Slit signaling, hence instead of growing towards the contra-lateral tectum they
are navigating with aberrant trajectories. Additionally, Slit/Robo signaling might be playing a
role on various RGCs elongation aspects, since robo2 loss of function also results in disturbed
RGC laminar segregation in the tectal neuropil [329], [332], [333]. Additionally, it was recently
further investigated how Slits (Slit2, Slit3) are acting together to facilitate proper retinal axon
midline crossing. Single mutants for slit2 or slit3 did not show the whole severity of axonal
guidance defects of robo2”- mutants, however slit2-, slit3- double mutants were characterized
by much more severe defects than the singles mutants, and comparable with single robo2-
mutants. /In vivo time-lapse tracking experiments lead to the suggestion that Slit2 and Slit3 are
both working via Robo2, however given their diverse spatial expression patterns, most likely
through slightly different mechanisms [334].

In summary, these observations in the zebrafish model organisms on mechanisms for the
establishment and function of neural circuits prove that during early embryonic development
complex axonal guidance patterns are necessary for proper and correct axonal navigation,

essential for correct CNS physiology.

Despite this vast set of identified players andcting often in apparently molecular redundant
mechanisms, the mystery of the axonal guidance puzzle is nowhere near being solved in its
totality. In fact, due to the high redundancy of biological systems, there might be the possibility
that the family of axon guidance factors contains even more specific members. It is not clear if
there are other major families of guidance molecules which have to be identified and/or if
already established guidance factors have additional functions, especially when it comes to
navigating a specific subset of responsive axons, for instance during embryogenesis with a
constantly changing extracellular environment.

So far also the complete mechanisms of how axonal growth cones are capable of regulating
cue specific responses are not fully understood, and how the switch from repulsive to attractive
behavior at a specific time and specific place of the navigation path is modulated remains a

partially unanswered question. There are different theories how this response could be
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regulated, for instance by fine-tuned expression control via transcriptional, translational, and
post-translational mechanisms with the right combination of expressed receptors on each
growth cone. However, there are still many open questions concerning the regulation of
guidance receptor expression and the respective transcription factors and how environmental
guidance cues are integrated into changes in neuronal gene expressions. Also, the
mechanisms which are ensuring that the numerous different signals present in the extracellular
environment are properly integrated and the way different axonal guidance pathways interact
to facilitate proper axonal navigation are still poorly characterized [335]-[338].

During the last years, the knowledge of axon guidance control mechanisms within the CNS
midline has increased enormously right up to the identification of specific molecular axonal
guidance control mechanisms [249], [250]. These mechanisms appear to be highly conserved
across evolution. Exception to this rule where also recently demonstrated. For instance, it was
established that a key receptor for spinal cord and hindbrain commissural axons named Robo3
has exceptional properties in mammals [264]. Interestingly, the gene DCC was shown to be
lost twice during evolution in two bird lineages via a phylogeny analyses across vertebrates
[339]. Together, these findings suggest that the midline guidance molecular repertoire and

molecular mechanisms involved are more diverse and complex than initially assumed.

For a long time, nothing was known about the molecular nature of the Metrns receptor(s). The
first publication describing Metrn downstream pathways connects its function with the
activation of the Jak-STAT3 pathway[2]. The Jak-STAT3 pathway as key regulator for
astrocyte differentiation in NSC [35] is crucial for catalyzing the onset of gliogenesis [36]. In a
cell culture model, Metrn was shown to reliably induced tyrosine phosphorylation of STAT3,
an increase of nuclear concentration of STAT3 as well as the phosphorylation of Erk1/2. These
results are indicating that Metrn might be an activator of the Jak-STAT pathway [2], [37].

With rising number of possible Meteorins functions and the growing interest in the Meteorin
Protein family also the hunt for the receptor(s) continues. Remarkably, it was recently shown
that METRNL as a KIT receptor tyrosine kinase ligand is promoting heart repair in the context
of ischemic tissue repair [6]. METRNL binding to KIT was the first description of a Metrns
receptor. Interestingly, it was demonstrated that Kit is also expressed in commissures and that
commissure in mice mutants for Kit display a significant delay in exiting the midline [237].

However, so far only METRNL was shown to bind to KIT and so far only in the context of
ischemic tissue repair [6]. Short after the identification of the first Metrnl receptor, it was
published that Metrn is binding to Htr2b to regulate reactive oxygen species levels in
hematopoietic stem/progenitor cells [7]. However, we hypothesize that there might be more
than one Metrnl or Metrn receptor, considering the wide range of described Metrns functions

especially during early embryonic patterning processes.
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Therefore, a main aim of this work is/was to hunt for further Meteorins receptor(s) since the
identification of the receptor(s) will help to fully understand the downstream signaling pathways

critical for Meteorin’s biological function.
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Meteorin proteins were discovered as a novel independent family of secreted proteins. In the
last few years Meteorins expressions and functions have been studied broadly and revealed a
great diversity and numerous possible roles for these proteins. However, a wide spectrum of
possible Meteorins functions and mechanisms of their actions remain to be investigated.

Therefore, the major aims of my PhD project were:

1. the further investigation of the function of Meteorins in zebrafish during early embryonic
patterning and axonal guidance

2. and most notably the identification of Meteorin receptor(s).

The first emphasis in this thesis is to unravel if Meteorins are potential novel factors for proper
KV formation and vertebrate left-right patterning. Via the CRISPR/Cas9 mediated generation
of metrns LOF alleles | analyzed metrns LOF phenotypes during the establishment of the
embryonic left-right axis. Besides, | took advantage of the generated meteorins mutants to
establish Meteorin proteins as novel axonal guidance factors, playing an essential role during
the development of the vertebrate CNS and axonal midline crossing, especially in commissural
axon guidance. To this end, | analyzed the effect of meteorin LOF on the axonal navigation
path establishment as well as its connections to already well-established axonal guidance
factors.

The identification of Metrn receptor(s) is essential to dissect Metrn pathways. Hence, for the
second goal | aim to fill the crucial gap using state-of-the art biochemical screening approaches
to identify in near-physiological conditions putative receptor(s) for Metrns, and to critically

advance our understanding of their biological functions.
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2 MATERIALS AND METHODS

Zebrafish (Danio rerio) were kept at 28°C with a 14h light/10h dark cycle and maintained in the
animal facility of Institute de la Vision. The facility was built consistent with the respective local
animal welfare standards. The Committee on ethics of animal experimentation animal-
approved all experimental procedures and handlings. All animal experiments were conducted

in conformity with French and European Union animal welfare guidelines.

Guide sequences for sgRNAs were cloned into the DR274 (Addgene 42250) plasmid vector,
digested before with the Bsal restriction enzyme (NEB). SQRNAs were synthetized via in vitro
transcription (Megascript T7 transcription kit, Ambion AM1334). Following transcription,
sgRNAs were purified using the Qiagen RNAeasy Mini Kit. The purified sgRNAs quality was

checked via 2 % agarose gel electrophoresis. The sgRNA target sequences are the following:

Sequence (5'->3')

metrn CCACCACACCCGGCCCAGCC
metrnl1 GGTGTATCTCCGCTGCGCCC
metrni2 CCAGAAACAGCGCCCcCCTCC

Cas9 mRNA was made as described in Hwang, Fu et al. 2013 [340]. To achieve targeted
mutagenesis at the loci of metrn, metrn/1 and metrni2, 150ng/ml of Cas9 mRNA together with
200ng/ml of sgRNA were injected into one-cell stage zebrafish embryos. Injected embryos
were grown to adulthood and genotyped for mutation in their offspring.

For genomic DNA extraction, 25 5-dpf embryos were pooled and digested for 1h at 55°C with
proteinase K (0.17 mg/mL, Roche Diagnostics) in 0.5mL lysis buffer (10 mM Tris, pH 8.0, 10
mM NaCl, 10 mM EDTA, and 2% SDS). Proteinase K inactivation was achieved by a following
95°C incubation for 10min. To analyze the frequency of indel mutations, target genomic loci
were amplified by PCR using the Phusion High-Fidelity DNA polymerase (Thermo Scientific).
Following, PCR amplicons were cloned into the pCR-bluntll-TOPO vector (Invitrogen). Plasmid
DNA was extracted from single colonies and sent for Sanger sequencing (Eurofins, GATC).

Mutant alleles were identified by aligning with the respective wt sequence.
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Following genomic DNA extraction, 1 ul per extracted DNA was added to the respective PCR
amplification reaction containing 1x PCR reaction buffer, 1,5mM MgCI2, 70 ng of gDNA, Taq
DNA Polymerase (5U/pl) and 0.5 uM of each primer in a final volume of 20 ul.

Sequence (5'->3")

metrn-fw CTGTGTTGACTGCTGGCTG
metrn-rev GTGGTTTAGTGGTGTTCTTACAATGA
metrnl1-fw TCCCATGCCTGGACCTCATA
metrnl1-rev AGACGGAGAGAAGAGACGCT
metrnl2-fw TGTTGATCAGCAGTGTGTGCGTAGC
metrnl2-rev GTCCTCCGCTGATCTACGTG

The genotyping PCRs were performed at the annealing temperature of 60°C with 35 cycles.
Metrn and metrnl2 PCR products were loaded on 2 % agarose electrophoresis gels to
distinguish between wild type and mutant alleles (metrn, the size of wild type allele: 598bp,
size of mutant allele: 482bp; metrni2, the size of wild type allele: 242bp, size of mutant allele:
156bp). For metrnl1, the PCR product was digested with the Pasl enzyme at 55°C overnight
(o.n.) and the digestion product was analyzed on a 2% agarose electrophoresis gel (metrni1,
the size of wild type allele: two fragments of 107bp and 94bp, size of mutant allele: 201bp).
Triple mutants were obtained by respective incrosses of homozygous metrn and metrnl1
mutants resulting in double heterozygous mutants. Double heterozygous mutants were
crossed with homozygous metrn/2 subsequently and genotyped for identification of triple
heterozygous mutants. Triple heterozygous mutants were intercrossed and triple homozygous
mutants were identified by genotyping.

In the described experiments, heterozygous triple mutants were obtained by outcrossing

female triple mutants with male wildtype, if not stated differently.

Whole embryo RNA was extracted from zebrafish embryos in the respective developmental
stage with TRIzol reagent (ThermoFisher Scientific) and the TURBO DNA-free kit
(ThermoFisher Scientific). For cDNA synthesis 1ug RNA was retrotranscribed using the
SuperScript 11l First-Strand Synthesis system (ThermoFisher Scientific) and random primers.
The quality and concentration of extracted RNA and synthesized cDNA was determined with

a NanoDrop spectrophotometer.
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The SYBR Green PCR Master Mix was used for g-RT-PCR and assays were conducted
according to the manufacturers protocol. Ef1a was used as reference gene as described from
Tang, Dodd et al. 2007 [341]. All g-RT-PCR experiments were performed in at least biological
triplicates with technical triplicates each. The mean values of triplicate assays were calculated
with the delta CT quantification method as described from Valcu and Valcu 2011 [342]. For the

p-value calculation a student T-test was applied. Primer used are the following:

Sequence (5'->3')

metrn-fw GCGTCAAGCCTGATCCAG
metrn-rev CGTACATGGGCTGGGC
metrnl1-fw GCCAAACACGCTGTCACC
metrnl1-rev CCTGGATGTTGAAGCAGTGC
metrnl2-fw GCACAGTATTCCAGTGATC
metrnl2-rev CGTAGATCAGCGGAGG
spaw-fw CGAGTGACAACATCCAGCTC
spaw-rev CGTCTACTGATTTAACGCTGC
Ift1-fw GCAACTACGGCTACGGAGAG
Ift1-rev GTGCGTCATGTAGATAGCTGG
Ift2-fw GGCAATGCAGATATTACCGGAG
Ift2-rev GACTCTGGCGTGGTTTATCG
dand5-fw GTCAAACTAAACCCTCATTTTCTGC
dand5-rev CATCTCGAGCCCTTGTTTCC

Respective cDNA fragments were amplified by PCR from zebrafish cDNA using the following

primers:
Sequence (5'->3')

metrn-fw GAAGTGGACTTTCTCAGGC
metrn-rev CAAGGATTGTTTGGCCTGTTCG
metrnl1-fw GTATTTGCTGTCGGTTGTGC
metrnl1-rev CAGGGGTTGGTCCCTTGCTGCCG
metrni2-fw CTGAAGGCTCTCTGCAGTGG
metrni2-rev ATCACAGCGCTGCAGAATCT
spaw-fw GGTACCCGCTGTACATGATGC
spaw-rev CCGCTCAGGTTGGTAGAGC
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Ift1-fw CACGAAGACATGAAAGACGC
Ift1-rev GATACATCATCGGTAGTGGC
Ift2-fw GCAATGCAGATATTACCG
Ift2-rev CACCTCTCATCTGAGAGC
dand5-fw CGTTCAGAAATTCACCAAGTCG
dand5-rev GTAGAGATGCAGAGAGGGGC
myl7-fw GCAGACAGTGAACATGGC
myl7-rev CAGTCTGTAGGGGGCAGC
gata6-fw GGTTATAACGACACGC
gata6-rev CCGTGTAACTTGGTG

cas-fw GCAGTGCCACTATTTGC
cas-rev GGTACTGGTCAAATTCACTG
ntl-fw GCTTGAAGACGCGGAGTTG
ntl-rev CCAGCTGTCATGAGACGC
sox17-fw GCTCAGTCCGCTCTCAGAC
sox17-rev GGTGTCTAAAGTTGATGGGCAG
kita-fw CGGCTAACAGTACCACTG
kita-rev GCAGAGACAGACTTTCACCAG
kitb-fw GGTTACATGCCCATGAGGTC
kitb-rev GCCTCTGCAAGCCTGG
htr2b-fw CATCCAGCACAGCCAG
htr2b-rev GTCACTGATGAACGAAAGG

Respective cDNA fragments were amplified by PCR from chicken cDNA using the following

primers:
Sequence (5'->3")

metrn-fw GGATCAGTGCAGCTGGAGG
metrn-rev CGCCAGAAATTCCCCCTCTT
metrnl1-fw GCAGTACTCCAGCGACC
metrnl1-rev CCAATTTCACATGGATTTAGCC
fgf8-fw GCTCCTCGCTCTTCAGC
fgf8-rev CTGGCGCTGGAGTTTCG

In vitro transcription of Digoxigenin/Fluorescent-labeled in situ probes was executed using the
RNA Labeling Kit (Roche Diagnostics Corporation) according to company's instructions.
Zebrafish embryos were manually dechorionated at the appropriate developmental stage(s)
and fixed in 4% paraformaldehyde (in PBS, pH 7.4) for 2 hours at room temperature or 4°C

o.n. Whole-mount in situ hybridizations were performed as described in Thisse and Thisse
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2008 [343]. Chicken embryos were dissected at the appropriate developmental stage(s) and
fixed in 4% paraformaldehyde (in PBS, pH 7.4) for 4 hours at room temperature or 4°C o.n.
Whole-mount in situ hybridizations were performed as described in Streit and Stern 2001 [344].
In situ samples were imaged on a Leica MZ10F stereomicroscope. Images were processed
and analyzed using ImagedJ software. Color balance, brightness and contrast were applied

uniformly.

All HCR probes and solutions were purchased from Molecular Instruments®. Dechorionated
embryos at the appropriate developmental stage(s) were fixed in 4% paraformaldehyde in PBS
(pH 7.4) for 2 hours at room temperature, followed by several washes with PBS to stop the
fixation. With a series of MeOH washes the embryos were dehydrated and permeabilized. The
HCR was performed as described from the manufacturer. HCR samples were imaged on an
inverted confocal microscope Olympus FV-1000, employing a 20x oil immersion objective (NA
0.85). Z-volumes were acquired with a 5um resolution and images were processed and

analyzed using ImageJ.

In the DCF malformation analysis Bayesian inference was used to recover the maximum-
likelihood value for the malformation probability. The outcome of an experiment was
considered to be a binary random variable (malformed or normal phenotype) whose probability
depends solely on the experimental condition. The total number of malformed phenotypes per
experiment is therefore binomially distributed. The posterior distribution is obtained by inverting
this binomial distribution using Bayes theorem, under a uniform prior. Under these hypotheses
the maximum-likelihood estimate for the malformation probability is simply given by the
empirical malformation frequency. The standard deviation of the posterior distribution was
sued to provide a confidence interval for our estimate (black error bars). P-values were
evaluated using Fisher exact test on the number of malformed and normal phenotypes. AP to

VP DFC migration was calculated as the percentage of the total embryo length using ImageJ.
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Zebrafish spaw, metrn and metrnl1 cDNA fragments were amplified by PCR from zebrafish

cDNA using the following primers:

Sequence (5'->3")

metrn-fw ATGGCCAGTTACTCAGAAGATCAG
metrn-rev TCAGTCATTGACCAGAGTGCAG
metrn-Xba1-fw GCCTCTCGAGATGGCCAG
metrn-Xho1-rev ATAGTTCTAGAGTCAGTCATTGACC
metrnl1-fw ATGCTCTCGCCGTTCTT
metrnl1-rev TCAGTCTGTTTCCAAATGAC
metrnl1-Xba1-fw GCCTCTCGAGATGCTCTC
metrnl1-Xho1-rev ATAGTTCTAGAGTCAGTCTGTTTC
spaw-fw ATGCAGCCGGTCATAGC

spaw-rev GTCAATGACAGCCGCACTCC
spaw-Xba1-fw CCTCTCGAGATGCAGCCG
spaw-Xho1-rev GTTCTAGAGTCAATGACAGCCGC

The fragments were inserted into a pCS2+ plasmid linearized with Xho1 and Xba1 (NEB) using
a Quick Ligation Kit (New England Biolabs). The ligation products were linearized
subsequently using Not1 restriction enzyme. mRNAs were synthetized by in vitro transcription
using the MMESSAGE mMACHINE Sp6 kit (Invitrogen) and 150 ng/ul were injected into 1- to

4-cell-stage zebrafish embryos.

Used antisense morpholino oligonucleotides were previously published from Barresi et al.,
2005 [315] and Ablooglu et al., 2010 [209]. The sequences are the following:

Sequence (5'->3')

slit1a GACAACATCCTCCTCTCGCAGGCAT
slit2 CATCACCGCTGTTTCCTCAA GTTCT
slit3 TATATCCTCTGAGGCTGATAGCAGC
itgaV1 AGTGTTTGCCCATGTTTTGAGTCTC
itgp1b1 GGAGCAGCCTTACGTCCATCTTAAC
standard control CCTCTTACCTCAGTTACAATTTATA
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All MOs were obtained from Gene Tools (Philomath, OR, USA). MOs were injected in 1- to 4-

cell-stage zebrafish embryos.

Embryos were fixed at their respective stage in 4% paraformaldehyde (in PBS-Tween) for 2h
at RT or o.n. at 4°C and subsequently washed three times in PBS-Tween. To promote
permeabilization the samples were incubated for 30min in 1% TritonX100 (in PBS-Tween) and
subsequently, for 1h at RT in blocking solution (10% Normal Goat Serum, in PBS-Tween). This
followed an o.n. incubation, at 4°C, with a mouse anti acetylated tubulin monoclonal antibody
(1/200 dilution in blocking solution, Sigma # T7451).

After five washes in PBS-Tween the samples were incubated with an Alexa Fluor 488 anti-
mouse IgG secondary antibody (final concentration 1/200 in blocking solution, Life
Technologies) o.n. at 4°C. The next day, embryos were washed five times in PBS-Tween
before mounted with 1% low melting point agarose in glass-bottom cell tissue culture dishes
(Fluorodish, World Precision Instruments, USA).

For imaging of the KV cilia, an inverted confocal microscope Olympus FV-1000 was used,
employing a 40x oil immersion objective (NA 1.30). Z-volumes were acquired with a 0.5um
resolution and images were processed and analyzed using Imaged. Cilia numbers were
quantified using the CellCounter plugin. Cilia length and KV size were acquired using the
measuring tool, whereby KV size was measured as diameter from the two most distant cilia
tips. For anterior and post-optic commissure imaging an inverted confocal microscope
Olympus FV-1000 was used, employing a 20x oil immersion objective (NA 0.85). Z-volumes
were acquired with a 2um resolution and images were processed and analyzed using IMARIS

software.

Embryos were manually dechorionated and mounted in 1% agarose and fish water.
FluoSpheresH fluorescent microspheres (0.5 mm, Polysciences) were injected into KV at the
6ss-10ss as described in Borovina et al. 2010 [345]. Imaging was conducted with a 40x water
dipping objective using an upright Yokogawa CSU-X1 spinning disk scan head, mounted on a
DM6000 upright Leica microscope and a CCD CoolSnap HQ2 camera at 4 Hz using the green
channel at 0.25um resolution on a single z-plane. Beads trajectories extraction was performed
using an already developed toolbox [346]. The size detection parameter was set to 0.75-
1.25um objects with a brightness superior to the 0.01 percentile of the whole image. Objects

that travelled less than 2.5um between two consecutive frames were linked into the same
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trajectory. Analyses between different genotypes were performed using a custom-made
Matlab code. For legibility, trajectories plots only show 20 tracked beads. MSD analysis was
conducted according to Tarantino et al. (2014) [347] using already published code
(https:/ftinevez.github.io/msdanalyzer/). Average MSD plots only show particle tracked
between 1 and 8 s. Very short tracking durations do not permit to correctly estimate

displacement properties and less then 1% of the particles were tracked during more than 8 s.

The pCMV6-XL4 FLAG -Fc constructs were generated via digestion of a pCMV6-XL4 FLAG-
BMP2-Fc plasmid with Not1 and Xba1 and copy and paste of our genes of interest using a
Quick Ligation Kit (New England Biolabs). Respective cDNA fragments were amplified by PCR

from zebrafish (Z) and mouse (m) cDNA using the following primers:

Sequence (5'->3')
Zmetrn-fw ATAAGAATGCGGCCGCCACCATGGAGATTTGGGGCTTCC
Zmetrn-rev ATAAGAATTCTAGACCATCGTTCACCAGTGTACAGGG
Zmetrnl1-fw ATAAGAATGCGGCCGCCACCATGGTGTCTCCCTTCCTGG
Zmetrnl1-rev ATAAGAATTCTAGACCATCTGTCTCCAGGTGACAAGG
Zntn1a-fw ATAAGAATGCGGCCGCCACCATGGGATATGGAATGAGCATGTTCG
Zntn1a-rev ATAAGAATTCTAGACCTTGTTTTTGTTTTTCTTTCCTTTTTTCCCAGC
mMetrnl-fw ATAAGAATGCGGCCGCCACCATGGGCTACTCGGAAGACCG
mMetrnl-rev ATAAGAATTCTAGACCGTCCAGTGCCATCTCACATG
mMetrnl-fw ATAAGAATGCGGCCGCCACCATGCAGTACTCCAGCGACCTGTGC
mMetrnl-rev ATAAGAATTCTAGACCCTCCATATTGATTTCACAGGG

The pCMV6-XL4 FLAG-BMP2-Fc was a gift from Davide Comoletti (Addgene plasmid #
115771; http://n2t.net/addgene: 115771 ; RRID:Addgene_115771).

The AP-tag backbone plasmid for the production of Metrn-AP/Metrnl1-AP fusion proteins were
purchased from ©GenHunter Corporation. Metrns cDNA fragments were amplified from

respective cDNA. Following Primers were used:

Sequence (5'->3')
Zmetrn-fw ATCTCGAGGAAGCGCTCTCTTCCTACTCTGAGGACCAG
Zmetrn-rev GAGTTTTTGTTCGGGCCCTTATCGTTCACCAGTGTACAG
Zmetrnl1-fw ATCTCGAGGAAGCGCTCTCTCAGTATAGCTCCGACCAG
Zmetrnl1-rev GAGTTTTTGTTCGGGCCCTTATCTGTCTCCAGGTGACAAG
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mMetrn-fw
mMetrn-rev
mMetrnl-fw

mMetrnl-rev

AGCTGCTAGCGCCACCATGCTGGTAGCCACGCTTC
CATGTGAGATGGCACTGGACTCCGGAAGCT
AGCTGCTAGCGCCACCATGCGGGGTGCGGTGTG
CTGTGAAATCAATATGGAGTCCGGAAGCT

The pCX-V5 and -HA constructs were generated via digestion of an empty pCX vector with

EcoRV and the insertion of a gBlocks® Gene Fragment including a Kozak sequence around

Met1, a linker and the V5/HA tag after the last residue of the gene of interest. The 5'->3'

sequences were the following:

V5-tag

HA-tag

Sequence (5'->3')
TTTTGGCAAACAATTGTGATGCCACCATGGACTGAGTCTTCGCTATGT
GCAGAAGACGTCGAGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTC
GGTCTCGATTCTACGTAGATCTTTAATTAAACCCCGGG
TTTTGGCAAACAATTGTGATGCCACCATGGACTGAGTCTTCGCTATGT
GCAGAAGACGTCGAGTTCGAATACCCATACGACGTCCCAGACTACGC
TTAGATCTTTAATTAAACCCCGGGATCTTT

Subsequently the generated pCX-V5 and -HA constructs were digested with Bbsl-HF enzyme

(NEB) and the genes of interest were inserted using a Gibson assembly kit (NEB). Respective

cDNA fragments were amplified by PCR from zebrafish cDNA using the following primers:

iltgaV1-HA-fw
itgaV1-HA-rev
itgB1b1-V5-fw
itgf1b1-V5-rev
kita-HA-fw
kita-HA-rev
kitb-HA-fw
kitb-HA-rev
gp130-V5-fw
gp130-V5-rev

Sequence (5'->3")
ACAATTGTGATGCCACCATGGCTGCTCCCGGGCGCCTG
ACGTCGTATGGGTATTCGAAGGTTTCAGAGTTTCCTTCGCCATTCTCATG
ACAATTGTGATGCCACCATGAATTTGCAACTGGTTTCCTG
ACGTCGTATGGGTATTCGAATTTTCCCTCATACTTCGGATTG
ACAATTGTGATGCCACCATGGAATATCACTGCGTTCTGTTTAC
ACGTCGTATGGGTATTCGAAGACTACAGGGTGACTTGG
ACAATTGTGATGCCACCATGGGACACTCGTGGTTTCTAC
ACGTCGTATGGGTATTCGAATATGCTCTGATGTTCCAGAAAAAC
ACAATTGTGATGCCACCATGGACACTTCACATCATTGGCTGTTG
GGGATAGGCTTACCTTCGAACTGCGGTCGATACCCGCTC

The AVEXIS plasmids were kindly generated and donated from the lab of Rob Meijers, EMBL

Hamburg. In principal for the insertion of a gene of interest into the AVEXIS prey or bait vector,

the plasmids were digested with Not1 and Asc1 and the genes of interest, amplified from
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respective cDNA with fused Not1 and Asc1 restriction sides, were integrated using a Quick

Ligation Kit.

For Western blotting, samples were diluted in Laemmli 2X buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris-HCI, pH adjusted to
6.8) and incubated at 95°C for 5min. Subsequently, samples were separated on 4-15% Mini-
Protean TGX Tris-Glycine-buffer SDS-PAGE and transferred onto a 0.2um Trans-Blot Turbo
nitrocellulose membranes (both from Biorad). Membranes were blocked for 1h at RT in 1xTBS
(10mM Tris pH 8.0, 150 mM NacCl,) supplemented with 5%(w/v) dried skim milk powder.
Primary antibody incubation was carried out overnight at 4°C, with the following antibodies:
rabbit anti-AP (1:2000, GenHunter), mouse anti-V5 (1:2000, Invitrogen), goat anti- Human IgG,
Fc gamma fragment specific (1:500, Jackson Immunoresearch), rabbit anti-HA (1:2000, Sigma
#H6908). For detection, goat anti-rabbit-HRP, goat anti-mouse-HRP, donkey anti-goat-HRP
coupled secondary antibodies were used (1:10000, Jackson ImmunoResearch, West Grove,
PA). In between and after antibody incubations, membranes were extensively washed in TBS-
T (TBS containing 2.5% Tween-20). Western blots (WB) were visualized using the enhanced

chemiluminescence method (ECL prime Western Blotting detection reagent, Amersham).

For the immunohistochemistry on COS7 cells 24-well plates were used. For plate preparation,
round glass slides (stored in EtOH) were placed in each well and incubated with 300l
polylysine (2mg/ml) for 3h at RT. After 3 PBS washes, COS7 cells (150ul) and respective
Medium (350ul) were plated in each well. The next day, the cells were transfected (10ul
Optimem + 0,3ug/0,6ug ADNA, 10ul Optimem + 0,4pl lipofectamine) with the respective pCX-
HA plasmids and incubated in 500ul Medium. After 48h, the immunohistochemistry staining
was performed. Therefore, the cells were washed 3x for 10min with PBS-Tween and
subsequently fixed with 4% paraformaldehyde (in PBS-Tween) for 30min at RT. After 3x
washes for 10min with PBS-Tween, the cells were incubated in blocking solution (PBS-Tween,
0,5% gelantine) for 90min at RT. The primary antibody (rabbit anti-HA, Sigma) was applied
and incubated for 3h at RT (1:500, in blocking solution). Following, the cells were washed 3x
for 10min with PBS-Tween and subsequently incubated with the secondary antibody incl. DAPI
(a-rabbit-Cy3, 1:500, in blocking buffer) for 2h at RT. Next, the cells were washed 3x for 10min

with PBS and mounted with mowiol. For imaging, a 5X objective on an upright Microscope
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system (Leica DM6000B) including a CCD CoolSnap HQ2 camera was used. Images were

processed and analyzed using ImageJ.

The avidity-based extracellular interaction screen (AVEXIS) was performed as described in
Bushell et al. 2008 [348] and more in detail in Kerr and Wright 2012 [349]. AVEXIS constructs
were transfected into Human embryonic kidney 293 (HEK293) cells in 50ml Freestyle293
media. As transfections reagent Polyethyleneimine solution (PEI) was used (Sigma-Aldrich
#03880). For bait normalization a Dotplot was used to determine the relative levels at which
the bait proteins are expressed. Therefore, dilution series (1, 1:2, 1:4, 1:8, ...) of respective
dialyzed bait proteins were brought onto a 0.45um nitrocellular membrane and detected with
arat CD4 antibody (BioRad # MCA1022R), then amlgG-HRP (Thermo Fisher #32230) and
ECL enhance substrate. For prey normalization, the B-lactamase enzyme activity was utilized.
Therefore, a prey protein dilution series was incubated with Nitrocefine (Calbiochem®) and
every minute for 20 min the absorbance at 485 nm was measured. For the AVEXIS screening,
streptavidine coated plates (Thermo Scientific #10143632) were first incubated with
normalized biotinylated monomeric bait proteins and after with normalized pentamerized prey
proteins. Interactions between bait and prey were visualized by nitrocefine incubation and
quantified by analyzing the absorbance at 485 nm. A positive interaction resulted in a color

change of the nitrocefin solution from yellow to red (visible even by eye).

AP-tag plasmids for the production of Metrn-AP/Metrnl1-AP fusion proteins were transfected
into HEK293 cells (8ug per contruct) using Lipofectamine 2000 reagent (Invitrogen). After 24h,
the cell medium was exchanged with OptiMEM medium and subsequently after 48h the media
were collected, spin down and the supernatant transferred into a fresh flask. The presence of
the fusion protein in the supernatant at the expected molecular weight was validated via
Western blot (WB) using an a-AP antibody (1:6000, GenHunter).

The supernatants were used directly without additional purification for the binding assay or
stored at -20°C. Before each binding assay the Alcaline Phosphatase activity was measured.
Therefore, 30ul per sample were incubated at 72°C for 20min to inactivate the endogenous
phosphatases. Then, 2X AP solution (1 M diethanolamine (pH 9.8) 0.5 mM MgClz, 10 mM L-
homoarginine, 0.5 mg/ml BSA, 12 mM p-nitrophenyl phosphate) was diluted with water and
200 ul were added to each sample. Positive AP activity could be detected with a color change

into bright yellow.
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For zebrafish sections, 5dpf embryos were fixed in 4% paraformaldehyde in PBS (pH 7.4) for
2h at RT. After the fixation, the samples were cryoprotected overnight in a solution of 30%
sucrose/0.02% sodium azide/PBS. Subsequently, the sucrose was removed and the embryos
were embedded in OCT and stored at -80°C or placed on dry ice for immediate following
sectioning. The sections were cut with a 20pm thickness and mounted on Fisherbrand
Superfrost plus slides. For mouse samples, E14 fresh-frozen spinal cord samples were cut
with 20um thickness and mounted on Fisherbrand Superfrost plus slides as well. The sections
were equilibrated at -20°C in the cryostat. For fixation the cryosection samples cooled in 100%
Methanol for 8 minutes (30min for mouse). After 3x wash in PBS1 X, MgCl, 4mM the sections
were incubated in blocking solution (in PBS 1X, MgCl, 4mM, 10% FBS) for 1 hour at RT. For
the binding, AP-fusion proteins were diluted (1/5 to 1/20 if high AP activity) in PBS 1X. Then,
the slices were incubated with the fusion probes for 2 hours at room temperature.
Subsequently, the samples were washed 5x in PBS 1X, MgCI2 4mM. For bound ligand fixation,
to sections were incubated for 2 minutes in 60% acetone, 4% Paraformaldehyde, 20mM Hepes
pH7 and the washed 3x in PBS1X. To inactivate the endogenous phosphatases, the sections
were treated at 65°C for 2 hours in PBS 1X and then washed again 2X with PBS 1X. Ligand
bound to sections was revealed in Tris pH 9.5, 5 mM MgCI2, 100 mM NacCl, 0.3 g liter-1 4-
nitro blue tetrazolium chloride, 0.25 g liter—1 5-bromo-4-chloro-3-indolyl-phosphate (Roche).
After sufficient staining the reaction was stopped with PBS1X and slices were mounted in
Mowiol.

For the AP-binding assay on COS7 cells 24-well plates were used. For plate preparation, round
glass slides (stored in EtOH) were placed in each well and incubated with 300ul polylysine
(2mg/ml) for 3h at RT. After 3 PBS washes, COS7 cells (150ul) and respective Medium (350pul)
were plated in each well. The next day the cells were transfected (10ul Optimem + 0.3ug
ADNA, 10ul Optimem + 0.4yl lipofectamine) with the respective pCX-V5 and/or -HA plasmids
and incubated in 500ul Medium. After 48h, the AP-binding assay was performed. Therefore,
the respective AP-proteins (Metrn-AP, Metrnl1-AP ect.) were defrozen and tested for AP
activity (see 2.17). The transfected COS7 cells were washed per well with 400ul freshly
prepared HBHA solution (50mg BSA, 20mM Hepes, 10ml HBSS, H,O up to 100ml) 2X for
15min. Cells were probed with diluted AP-proteins (diluted in HBHA, AP alone 1:100, Netrin-
AP1:20, others 1:50) for 90min at RT. Subsequently, the cells were washed 7x with HBHA for
10min each under light shaking. 1/3 of wash buffer 1 (150mM NaCl, 20mM Hepes) was stored
at 65/70°C. For fixation, cells were fixed well by well for 30sec each with fixation buffer (60%
Acetone, 3% PFA, 20mM HEPES) and then immediately washed with wash buffer 1. Next,

fixed cells were washed again with wash buffer1 for 5min. For inactivation of the endogenous
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AP, cells were incubated for 20min at 70°C with preheated wash buffer 1. After the inactivation,
the cells were washed with wash buffer 2 (100mM Tris HCL pH 9,5, 100mM NaCl, 5mM MgCl)
for 10min. For revelation, cells were incubated in 400pl staining buffer (10mM L-homogenine,
0.17mg/ml BCIP, 0.33mg/ml NBT in wash buffer 2) at RT, in the dark, for up to 72H. After
sufficient staining the reaction was stopped with 10% EDTA (in PBS) solution and slices were

mounted in Mowiol.

For the Co-immunoprecipitation (Co-IP) approach, COS7 cells were transfected with
respective pCX expression vectors using Lipofectamine 2000 according to the manufacturer’s
protocol (Invitrogen). After 48h, COS7 cells were lysed with in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 20 mM EGTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitor cocktail and phosphatase
inhibitor cocktail. The lysate was incubated at 4°C for 20 min. After centrifugation at 14,000g
for 10 min, the supernatants were incubated for 2h at 4°C with the following antibodies: rabbit
anti-HA (Sigma), mouse anti-V5 (Invitrogen). Complexes were incubated with Protein-G
Sepharose Fast-Flow beads (Sigma) for 1h at 4°C. Subsequently, complexes were washed
with cold lysis buffer and boiled in Laemmli SDS protein sample buffer. Then, the samples
were processed for migration, transfer and visualized as already described above (see 2.14)
using goat anti-mouse, donkey anti-goat or goat anti-rabbit HRP (Jackson ImmunoResearch,
West Grove, PA) as secondary antibodies and ECL Western Blotting detection reagent

(Amersham).

The majority of the Ecto-Fc ligand-receptor interaction screen was conducted as described the

Nature Protocol of Savas et al. 2014 [8]. For the molecular cloning see 2.13.

Ecto-Fc bait proteins were produced as described in Savas et al. 2014 [8]. Per Ecto-Fc bait
protein (mMetrn-Fc, zMetrnl1-Fc, zMetrn-Fc, zZNtn1-Fc), HEK293 cells on 25 10cm plates were
transfected using Lipofectamine 2000 reagent (Invitrogen). For the purification, ecto-Fc bait
proteins were purified from 250ml of surpernatant using a HiTrap® MabSelect™ PrismA 1ml
(Cytiva, 17549854) on a fast protein liquid chromatography (Akta go) according to the
manufacturer’s instructions. Fraction 4 to 8 were collected, pooled and transfered to a Slide-
A-Lyzer (10 K MWCO; Thermo Scientific, 66383) and dialyzed at 4°C o.n. with two buffer
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changes. After dialysis the purified proteins were concentrated using an Amicon Ultra-4 (10K

UFC801024, Millipore). The concentration was measured with Bradford reagent.

For prey protein extraction, CNS structures (whole brain and spinal cord) were dissected from
E13 mouse embryos. For one experiment (one interaction) 16 embryos were dissected to
achieve a final protein concentration of ~4mg. The tissue homogenization and the plasma
membrane enrichment were conducted according to the AB65400kit (abcam) protocol and
resulted in ~400ug plasma membrane enriched protein extract. Subsequently, the extract was

incubated with 25ul of Netrin or Meteorin coated beads (5ug of Fc-fused proteins) o.n.

The bait-prey beads solution was washed 3x with 500 pl of lysis buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 20 mM EGTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and
subsequently boiled in Laemmli SDS protein sample buffer supplemented with DTT 5mM.
After, the samples were processed for short migration in an SDS-PAGE gel. Finally, the gel
was stained with Coomassie blue and the Coomassie stained protein gel regions were cut

(Figure 19), digested with trypsin and send for mass spectrometry analysis.

Netrin1 Meteorin Figure 19: Example for
interaction interaction a short migration in an
SDS-PAGE gel of an

-

Meteorin- and Netrin-

u H interaction sample. (cut

regions marked with

squares)

The mass spectrometry analysis was performed from the platform at Institute Jacques Monod.
The peptides were filtered with an FDR (False Discovery Rate) of 1% and a Homo sapiens
database including the sequences of our FC-tagged bait proteins was used.

The result of the mass spectrometry analysis was a list of detected proteins and their
abundance in the sample. This list contained several hundreds to few thousands of proteins
for each sample. The abundance was annotated as "area", "number of unique detections" or
"number of spectra”. To restrict this to a shortlist of some tens of putative candidates all non-
transmembrane proteins were filtered out, and preferentially proteins that were enriched in the

Meteorin sample compared to the Netrin sample were considered.
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For the first step, UniProt was queried using a program written in python, that given the
accession number of the detected protein would obtain the corresponding UniProt page. It
would then parse the page to assess whether the protein contains a transmembrane domain,
and whether it was annotated with one of the following keywords: "Mitochondrion",
"Endoplasmic reticulum", "Golgi apparatus"” or "Nucleus".

For the second step the detected proteins were subdivided in three different classes,
depending on whether they were found in only the Meteorin sample, only the Netrin sample,
or in both. For the latter the realtive enrichment as the logarithm of the Meteorin area divided
by the Netrin area was evaluated. For proteins present in only one sample the number of

spectra to quantify abundance was used instead.

Schematic Figures were created/partially created with BioRender.com. (Figure 3, Figure 5,

Figure 8, Figure 9B, Figure 12, Figure 13, Figure 15, Figure 17, Figure 27B) or

PowerPoint/lllustrator.
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3 RESULTS

3.1 The role of Meteorins during the establishment of the left-right axis

throughout early embryonic development

3.1.1 Summary article 1

From the exterior the vertebrate body plan appears bilaterally symmetric, though often the
morphology and positioning of internal organs display left-right asymmetries. Nodal, a ligand
belonging to the TGFB protein family is one major regulator for the establishment of the
vertebrate left-right axis. Symmetry-breaking in mouse was shown to be initiated in the Node
or by equivalent structures such as the KV in zebrafish. The zebrafish KV is formed by DFCs.
Achieved by an oriented rotation of cilia in the node (or KV), a leftward flow of extraembryonic
fluid named Nodal flow is established, which is considered the key point for L-R symmetry
breaking and results in asymmetric expression of several nodal factors and asymmetric Nodal
signaling. In the paper “Meteorins as novel regulators of left-right patterning in the zebrafish
embryo” we demonstrate that Meteorin proteins are important for the left-right patterning since
they are required for the correct formation of the Kupffer's vesicle as well as for correct
properties of the KV like the cilia length, cilia number, KV size and expression of Nodal flow
genes. Furthermore, we show that Metrns act together with ItgaV1 and Itg1b, and that they
are necessary for proper DFC clustering and migration by mediating necessary cellular
interactions. We present Metrn proteins as novel potential factors within the establishment of

the L-R asymmetry during embryonic development.

3.1.2 Article 1: “Meteorins as novel regulators of left-right patterning in the zebrafish
embryo”
“Meteorins as novel regulators of left-right patterning in the zebrafish embryo” (in
preparation)
Fanny Eggeler!, Jonathan Boulanger', Laura Belleri', Karine Duroure', Flavia De Santis??3,
Thomas O. Auer?#, Shahad Albadri’, Filippo Del Bene'

" Sorbonne Université, INSERM, CNRS, Institut de la Vision, Paris, France

2 Institut Curie, PSL Research University, Inserm U934, CNRS UMR3215, Paris, France

3 ZeClinics SL, Badalona, Spain

4 Center for Integrative Genomics, Faculty of Biology and Medicine, University of Lausanne, CH-1015

Lausanne, Switzerland
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Meteorins as novel regulators of left-right patterning in the zebrafish embryo
Fanny Eggeler', Jonathan Boulanger', Laura Belleri', Karine Duroure’, Flavia De Santis?3,
Thomas O. Auer?#, Shahad Albadri', Filippo Del Bene'

1Sorbonne Université, INSERM, CNRS, Institut de la Vision, Paris, France

2 Institut Curie, PSL Research University, Inserm U934, CNRS UMR3215, Paris, France

3 ZeClinics SL, Badalona, Spain

4 Center for Integrative Genomics, Faculty of Biology and Medicine, University of Lausanne,
CH-1015 Lausanne, Switzerland

ABSTRACT

During vertebrate embryonic development left-right symmetry-breaking is innated by a ciliated
organ called the Node or left-right organizer. Within the node, a leftward flow of extraembryonic
fluid named the Nodal flow mediates the asymmetric expressions of Nodal factors. Although
downstream Nodal pathway components leading to the establishment of the embryonic left-
right axis are well known, less is known about the development and formation of the embryonic
Node itself.

Here we reveal a novel role for the Meteorin protein family in the establishment of the left-right
axis and in the formation of the Kupffer’'s vesicle, the node equivalent structure in zebrafish.
We show that the CRISPR-Cas9 mediated knockout for each or all three members of the
zebrafish Meteorin family (metrn, metrn-like 1 and metrn-like 2) leads to defects in properties
of the Kupffer’s vesicle, caused by impaired assembly and migration of the Kupffer's vesicle
forming dorsal forerunner cells. In addition, we demonstrate that Meteorins genetically interact
with integrins ItgaV and ItgB1b at the level of the dorsal forerunner cell clustering and that
meteorins loss-of-function results in disturbed Nodal factor expression and consequently in
randomized or symmetric heart looping and jogging.

These results identify a new role for the Meteorin protein family in the left-right asymmetry

patterning during embryonic vertebrate development.
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INTRODUCTION

From the outside the vertebrate body plan appears bilaterally symmetric. However internal
organs positioning and morphology often displays left-right asymmetries. For instance, in
vertebrates the heart generally lies on the left side, the liver and the pancreas are positioned

on the right and the gut presents asymmetric rotations.

In vertebrates, one major regulator for the establishment of the left-right (L-R) axis is Nodal, a
ligand belonging to the TGFB protein family [1]-[6]. Its signaling is activated in the left lateral
plate mesoderm (LPM), whereas Nodal remains inactive in the right LPM, creating an embryo-
scale left-right asymmetry [3]. In mice, this asymmetry is achieved by an oriented rotation of
the cilia of a structure called the node generating a leftward flow of extraembryonic fluid named
the Nodal flow. This results in an asymmetric expression of several Nodal factors and Nodal
signaling. Participating in this patterning, Leftys, soluble inhibitors belonging to a subclass of
TGF factors, antagonize Nodal signaling [7], [8].

The node and the Nodal flow were shown to be conserved in numerous vertebrates. In chicken
it is known as the Hensen’s node, in Xenopus the gastrocoel roof plate and in zebrafish the
Kupffer's vesicle (KV) [9]-[15] and all are key points of the L-R symmetry breaking during the
embryonic development [12], [14], [16].

Compared to the relatively flat shaped mouse node, the zebrafish KV is a fluid-filled sphere
with a ciliated epithelium and it is formed by dorsal forerunner cells (DFCs) [9]. DFCs first
emerge as cells of the epithelium of the dorsal surface in direct contact with the yolk syncytial
layer [17]. During gastrulation DFCs form a cluster of non-involuting cells remaining at the
leading edge of the shield. During the epibolic movements they migrate toward the vegetal
pole organizing into an ovoid, rosette like pattern. At the final phase of epiboly and after
reaching the vegetal pole, the DFC cluster is separating from the dorsal marginal enveloping
layer cells. Short after, the interior KV lumen is formed by incorporating the unpolarized DFCs
into a rosette structure and migrating into the zebrafish embryo [9], [17], [18]. It was shown
that the proper functioning of the KV is fundamental since the leftward directed flow within the
KV results in asymmetric expression of zebrafish Nodal genes, like spaw, lefty1 and lefty2 that
are crucial for proper L-R pattering [19], [20]. However, the molecular mechanisms involved in
correct DFC migration and clustering that will form the KV remain largely elusive.

In this context, it has been reported that nodal, lefty as well as p-smad2 expression are
downregulated in Meteorin-null ES-cells. As such, Meteorin (Metrn) was hypothesized to be a

novel important regulator of Nodal transcription [21].

PhD Thesis Fanny Eggeler 2023 85/235



RESULTS

Meteorin (Metrn), a secreted neurotrophic factor, is expressed during early mouse
development and is already detected at the blastocyst stage in the inner cell mass and then
expands through the extraembryonic ectoderm to the central (CNS) and peripheral nervous
system (PNS) during later developmental stages [21]. It was first described to induce glial cells
differentiation and to promote axonal extension in dorsal root ganglion (DRG) explants in vitro
[22]. Its paralog, Meteorin-like (Metrnl) has been first reported as a downstream target of the
Pax2/5/8 signaling during otic vesicle development [23] and was shown later to have
neurotrophic properties comparable to the ones of Metrn [24]. The disruption of Metrn resulted
in early embryonic lethality [21] and made it not possible to investigate the role of Metrn
proteins in early embryonic development in vivo and in particular as supposed for the L-R

patterning.

Highly conserved in vertebrates, Metrn proteins account for three in zebrafish (Metrn, Metrnl1,
Metrnl2). Here using the zebrafish larva as model system and using CRISPR/Cas9 to generate
knockout lines for all three zebrafish metrn genes, all viable, we reveal organ patterning defects
with randomized or symmetric heart looping and jogging in metrns mutant embryos. We could
observe that, like in mouse, metrn genes are expressed during early development already from
the 2-cells stage. We detected transcripts in DFCs as well as in the KV structure and
demonstrate that metrns loss of function led to DFC disorganization and Nodal flow formation
defects within the KV. Together our study reveals a critical role for Metrn proteins in the DFC

clustering and KV formation and in the establishment of the L-R axis.
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Metrns are required for proper heart looping and visceral organs correct positioning
To study the functions of Meteorin proteins, we stablished we performed CRISPR/Cas9 -
mediated knockout in the second exon that encodes for the signal peptide sequence in all
three genes and generating zebrafish mutant lines carrying out-of-frame deletions in the coding
sequence of metrn, metrnl1 and metrni2 (supp Figure 1A). In contrast to published embryonic
lethal Metrn mouse mutants [21], constitutive homozygote mutants for all three genes
individually (metrn”; metrnl17-; metrni2”-), in double (metrn, metrnl17-; metrn’-, metrni2--;
metrnl1"-, metrni2”-) and triple (metrn’-, metrni1"-, metrni2” or triplMut) mutant zebrafish lines
were all adult viable and did not show any obvious morphological defect (Figure 1A). To
validate our that mutagenic approach resulted in the generation of null alleles, we performed
in situ hybridization as well as qPCR experiments. From 2-cells stage to 2 days post-
fertilization (dpf), no expression could be detected for metrn and metrn/1 in the tripIMut
embryos as well as in the single mutant embryos via in situ hybridization (supp Figure 1B-C).
Additionally, significant reduction of the metrn genes expression at 14 hpf (and at 48 hpf for
metrnl2) could be detected via qPCR, suggesting that the mRNA produced by the targeted
locus is degraded by non-sense-mediated decay (supp Figure 1D).

Remarkably, using myl7 antisense riboprobe in situ hybridization in single mutant embryos, we
analyzed disturbed heart morphogenesis. In wild type control embryos, most had D-looped
shaped hearts (Figure 1B-C). In metrn’- and metrni/1”- single mutant embryos and in particular
in the triplMut, a higher proportion of embryos displayed randomized (no/mild loop, S-loop)
heart phenotypes (Table 1, Figure 1B-C). The injection of metrn and/or metrn/1 mRNA into
one-cell stage tripMut zebrafish embryos could partially rescue the observed phenotype
(Table 1, supp Figure 1E). These results indicate that while Metrns are not implicated in the
specification of the heart (myl7 expression being detected in all analyzed genetic
backgrounds), their loss of function can impact on the L-R asymmetry positioning of this organ.
In addition to the heart, morphological L-R asymmetry of the visceral organs was also
perturbed in TriplMut embryos. To determine if L-R asymmetry of the visceral organs is
affected in these embryos, we used gata6 as a maker. A larger portion of tripIMut embryos
failed to show normal L-R asymmetry of the pancreatic bud and gut, with 10.49% embryos
exhibiting symmetrical placement of the gut and pancreas with respect to the midline and
9.88% showing heterotaxic phenotypes compared to the wild type embryos (wt: 93.84%
normal L-R asymmetry, 1.37% heterotaxia, 4.79% L—R symmetry) (Figure 1D-E).

The left-jogged heart or the right-positioned liver are just two of many examples for determined

L-R asymmetry in zebrafish and are well-studied readout for altered L-R pattering processes
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Taken together, these results show that Metrns play a critical role in the establishment of L-R

asymmetry at an early step.

Metrns are required for proper Nodal factor genes expression

Nodal signaling is one of the major regulatory pathways for the establishment of the left-right
axis during vertebrate development. In zebrafish, null mutants for several Nodal factors like
spaw (a zebrafish nodal orthologue), dand5 or lefty1 all display symmetric or randomized heart
looping and jogging [25], [26], similar to Nodal mutant mice [27], [28]. We asked whether
Metrns loss of function affects also the expression of these Nodal factors and therefore
assessed metrns loss-of-function effect on dandb expression and subsequently as well as on
spaw, Ift and left2 expression. Via qPCR we first measured a significant reduction of dand5
expression at 14 hpf in triplMut embryos compared to wild type controls (Figure 2A). We next
characterized dand5 specific R > L bias expression pattern in tripIMut embryos. Via in situ
hybridization, we did not detect dand5 expression in more than 61% tripIMut embryos and in
23% an abnormal R > L bias (Figure 2 B-C). In single metrn and metrnl1 mutants dand5
expression pattern was also altered (supp Figure 2A). These results are in line with previous
findings reporting that dand5 expression in the KV is only altered if upstream symmetry
breaking mechanisms are disrupted [29]-[31].

Additionally, we assessed the expression of spaw, lefty1 as well as lefty2 in the absence of
Metrns proteins. These Nodal factors were all downregulated in tripIMut embryos compared to
the wild type embryos as revealed by qRT-PCR (Figure 2D). We then analyzed their gene
expression patterns by in situ hybridization (supp Figure 2B). At 16 hpf spaw is normally
expressed adjacent to the KV and in the left LPM. In metrn”’- and metrnl1- single mutants as
well as triplMut embryos, we could not detect any spaw expression in the left LPM and only
faintly around the KV (supp Figure 2B). The Spaw inhibitor lefty1 is expressed along the midline
at this stage. In all analyzed metrn mutants (single metrn and metrni/1 and tripIMut), /ft1
expression was severely disrupted at the midline (supp Figure 2B, middle panel). The same
was observed for Ift2 which expression in the left heart field was either absent or randomized
in metrn mutants, single or tripIMut embryos, compared to the wild type embryos (supp Figure
2B, lower panel). These results indicate that Metrns are required for the proper expression of

Nodal factor genes.

Metrns are expressed during early zebrafish development

Since the establishment of the vertebrate left-right axis takes place and Nodal factors are
expressed from the first stages of embryonic development we sought to analyze the
expression of all three zebrafish metrn genes during this time. We investigated the expression

pattern of metrn and metrni1 in zebrafish by in situ hybridization and hybridization chain
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reaction (HCR) experiments. At the 2-cells stage, we detected both metrn and metrn/1 were
maternally expressed (Figure 3A, supp. Figure 3A). At 6 hpf (also called to shield stage),
metrnl1 expression could be detected over the whole animal cap whereas metrn expression
onset was observed only around the yolk syncytial layer (YSL) at this developmental stage
(Figure 3A). Metrn expression was then restricted to the developing LPM and to the leading
edge of the shield from 9 hpf. In comparison, metrn/1 was found expressed throughout the
whole enveloping layer and developing midline (Figure 3A, supp Figure 3B). At 12 hpf, the
expression of metrn was restricted to the the KV area while metrn/1 transcript were found
instead in the midline (metrn/1) (Figure 3A-B). At 14 hpf, we found both genes expressed in
the KV (Figure 3B). At this stage, metrnl/1 transcripts were additionally found in the region of
the paraxial mesoderm (PM) and intermediate mesoderm (IM) and we could still detect them
along the midline. Instead metrn first expression in the developing brain could be detected at
this stage (Figure 3C). By 24 and 48 hpf, both genes were found strongly expressed in the
central nervous system (CNS) (supp Figure 3C). Finally, metrnl2 expression onset started from
24 hpf broadly in the embryonic brain. At 48 hpf, metrn/2 transcripts were mostly found in the

otic vesicles and at the somite boundaries (supp Figure 3C).

By double fluorescence in situ hybridization, we next analyzed the relative expression of
metrns genes to landmarks of the KV structure like casanova (cas), a well-studied DFC marker
[32], [33]. We observed a complete colocalization of metrn/cas and metrnl1/cas signals at 10
hpf, validating the expression of metrns genes in DFCs that are meant to form the KV (Figure
3D). To assess whether metrn and metrnl1 expression in the KV structure is conserved among
vertebrates, we performed in situ hybridization for metrn and metrnl1 in the chick embryo at
early stages. Around stage HHG, we could visualize metrn as well as metrnl1 expression
around the Hensen’s node and the primitive streak (the latter matching the expression of the
primitive streak landmark fgf8) (supp Figure 3D). Remarkably, the chick metrn and metrni1
expression patterns were reminiscent of the ones of the zebrafish metrn genes, with metrn
being expressed more restricted to the node and metrn/1 displaying a more diffused

expression around the node area.

Metrns loss-of-function leads to DFC disorganization and migration defects

Due to the specific expression of metrn and metrn/1 in DFCs and in the KV area, we asked
whether Metrns could play a role for DFCs and for KV formation and function. Because metrni2
expression does not appeare before 24 hpf, we hypothesize that Metrnl2 does not play a role
in this process. However, due to possible genetic compensation effects, we used the triple
mutant line tripIMut that we generated throughout all our analysis if not stated otherwise [34].

To assess how the loss of Metrn proteins function affected their migratory and clustering
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properties, we labeled DFCs in 9 hpf (80-90% epiboly) gastrulating mutant embryos using cas
[32], [33], ntl [35] or sox17 [32] as markers. Compared to wild type embryos displaying usual
ovoid DFC clustering, about 65% of the tripIMut embryos displayed disorganized DFC
assembly forming disorganized segregated clusters or arranged in an abnormal linear
distribution as shown using cas as DFC marker (Figure 4A-B, supp Figure 4A). Similarly, metrn-
I-as well as metrnl1-- single mutant embryos presented cas-expressing DFC clustering defects
compared to wild type embryos (Figure 4B, supp Figure 4A-B). In single or tripIMut*
heterozygous embryos, DFC clustering was not significantly or very mildly affected as revealed
by the cas labeling of these cells (supp Figure 4A). These observations led us to the conclusion
that Metrns are required for the proper clustering of DFCs that will then form the KV. The
observed defects were also present when using ntl and sox77 DFC markers which expression
could be detected at 8 and 10 hpf indicating that although disorganized, the DFCs identity was

not altered by the absence of metrns expression (supp Figure 4C).

It was reported that proper adherent cell assembly is crucial for directional collective cell
migration, as for DFCs during their animal to vegetal pole (AP to VP) journey [36] (Figure 4C).
We thereby evaluated the migration capacity of DFCs during the early hours of development
in the absence of Metrn proteins. To do so, first labeled cas-expressing DFCs by in situ
hybridization in wild type and tripIMut embryos and measure the distance from AP to the VP
over the total embryo length at 6 hpf, 8 hpf and 10 hpf. Compared to wild type embryos, DFC
cells in tripIMut embryos showed migratory delays of about 8% to 13% of the total embryo
length at all analyzed developmental stages (Figure 4D and supp Figure 4D). Together our
results indicate that DFCs migrate significantly slower in tripIMut embryos compared to wild
type DFCs, suggesting that Metrn proteins are important for both the proper clustering and the

migration of DFCs.

Metrns loss-of-function impairs the KV formation and function

At the end of gastrulation, DFCs that migrated in clusters to deeper layers of the developing
zebrafish embryo form a lumen to shape the KV, a ciliated organ transiently present that is
crucial for initiating left-right asymmetric patterning [9], [18]. Dand5, belonging to the
Cerberus/Dan family of secreted factors, was reported to be expressed adjacent to the KV with
aright — left (R > L) bias between 11 and 14 hpf in zebrafish [37]. It was also shown that dand5
expression is directly influenced by the direction and the strength of the Nodal flow in the KV
[38]. Dand5 is also known to contribute to the left-biased expression of spaw in the LPM and
to antagonize Spaw activity [37]. Furthermore, it was shown that the leftward-directed flow
within the KV results in the asymmetric expression of Nodal genes, like spaw, lefty1 (Ift1) and
lefty2 (Ift2) [19], [20].
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The specific expression of metrn and metrn/1 in the KV area, the disturbed expression of
several Nodal factors like dand5, spaw or leftys as well as the disturbed DFC clustering and
migration in the absence of Metrns led us to hypothesize that Metrn proteins might be important
for the proper formation and function of the KV. To assess this question, we measured
diameter and cilia number in the KV both in wild type and tripIMut embryos (Figure 5A).
Compared to wild type control embryos, the KV diameter and the number of KV cilia were
significantly reduced in the tripIMut embryos (Figure 5B-C). As it was shown that these two
parameters present high variability from one embryo to the other, we measured the overall KV
cilia length that was reported to show less variation from one embryo to the next [39]. With
respect to the wild type controls, tripIMut embryos also displayed a significant reduction in the
KV cilia length (Figure 5D). These results indicate that the loss of Metrns function impacts on
the proper KV formation.

We next evaluated whether the KV function was impaired by the absence of Metrn proteins
and compared the Nodal flow in the KV of tripIMut and tripIMut*- embryos to the one of wild
type embryos. The movement generated by the KV cilia was monitored by injecting fluorescent
microspheres into the KV at 12-14 hpf. To quantify flow, movement of individual microbeads
was tracked in wt control embryos (n = 363 beads) and in tripIMut (n = 318 beads) and used
to calculate an average bead velocity (Figure 5E). Beads movement analysis within the KV
showed a counter-clockwise rotation of the flow in wild type control (Figure 5E, supp Movie 1).
In contrast, this movement was severely impaired in tripIMut embryos (Figure 5E, supp Movie
2). Furthermore, measurement of average bead velocity showed an overall reduction in the
speed displacement of the beads in the tripIMut’- mutant embryos compared to the wild types
(supp Figure 5). These results demonstrate that the observed defects in the KV formation in

the absence of Metrns also severely impacts the Nodal flow.

Genetic interaction of ItgaV/ltgb1b and Metrns on the level of the DFCs

In order to uncover one of the mechanisms through which Metrn proteins act in the
establishment of the early L-R patterning, we finally assessed the possible relationship
between Metrns and both ItgaV1 and ItgB1b at the level of DFCs, in particular for their proper
clustering and migration. Indeed itga.V as well as itg/1b were also shown to be expressed in
DFCs and itgaV and itgB1b morpholino -injected embryos display similar DFC phenotypic
defects reminiscent to those observed in metrn mutants [40]. In order to examine the possible
genetic interactions between ltgaV1 and ltgB1b and Metrns, we injected morpholinos for itg51b
(0.5 ng) or itgaV1 (0.41ng) into 1 to 4 -cell stage in triplMut*- embryos to generate insufficient
doses of both proteins in a heterozygous metrns mutant background. The injection of the

morpholinos at these doses and at sufficient doses (itg81b: 0.7ng, itgo.V1: 1.25ng) reproduced
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the previously reported defects on DFCs (Figure 6A, Table 2) [40]. The injection of low doses
of either itgB1b or itgaV1 morpholino into wild type embryo controls did not affect DFC
clustering, similarly to non-injected tripIMut*- embryos (Figure 6A, Table 2). A significantly
higher percentage of embryos with DFC clustering defects could be observed upon the
injection of either morpholino at low dose into tripIMut*- (Figure 6A, Table 2). These results are
consistent with the hypothesis that both Integrins might genetically interact with Metrn proteins

for the proper clustering of DFCs.

PhD Thesis Fanny Eggeler 2023 92/235



RESULTS

DISCUSSION

Our results demonstrate a novel role for Meteorin proteins during vertebrate embryonic
development. We showed that Metrns are required for the establishment of the L-R patterning.
We demonstrated that Metrns ensures this function by acting together with ItgaV1 and Itgp1b
for the proper clustering and migration of DFCs to form the KV. We could show that Metrns
are essential for several aspects of the KV formation and function like the cilia length, cilia
number, KV size and expression of Nodal flow genes and that the regulation of all these
parameters by Metrn proteins is critical for the proper positioning of vital organs like the heart
(Figure 6B).

From 9 hpf the expression of metrn was visible around the developing LPM close to the midline
and the leading edge of the shield. Metrn/1 expression was found expressed throughout the
whole enveloping layer and the developing midline. It was shown that the embryonic midline
plays an important role in vertebrate L-R development. Zebrafish midline mutants display
altered Ift1 and Ift2 expression patterns as well as discordance among heart, gut and brain
gene expression patterns [41]. However, we hypothesize that the described body asymmetry
defects in our Metrn mutants probably do not originate from impaired midline structures but
rather impaired DFC clustering and migration. TripIMut”- embryos indeed had intact ntl-positive
notochords (supp Figure 4C) as well as randomized visceral organs positioning (Figure 1D-E),
phenotypes that are not characteristic for defects of the anterior midline [41].

DFCs are precursors of the zebrafish KV, organ of laterality, essential for the L-R axis
establishment. DFCs develop at the beginning of gastrulation and form the KV by the end of
gastrulation [9], [18]. Given the early onset of metrn and metrnl1 expression and their specific
expression within the DFCs we investigated their role for the clustering and migration capacity
of DFCs during these early embryonic developmental steps. In the course of their migration,
DFC progenitors intercalates mediolaterally and results in an oval-rosette shape cluster of
DFCs by mid-gastrulation that will form the KV [17]. Metrn”, metrn/17- and tripIMut zebrafish
embryos displayed DFC assembly defects and delayed migration of these cells during
gastrulation. Since DFCs in tripIMut still express DFC specific markers (sox17, cas, ntl), we
concluded that Metrns are not required for the specification of DFCs per se but rather that
Metrns are solely important for their proper clustering and migration.

It is important to note that the DFC clustering and migration defects observed in Metrn mutants
does not only appears to be affected on the mediolateral axis but also apical ventrally since
the connection between DFCs and the YSL/EVL seems also to be disrupted in these mutants
(Figure 4A). It is therefore possible that the defects observed are due to impaired embedding
of the DFCs into the cells of the EVL, the deep cell layer and the EVL. Another possibility is
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that some DFCs connected to the EVL during epiboly movements might not be able to migrate
properly, leading to the misclustering defects that we observe in Metrn mutants. Since the
proper connection between DFC and EVL enables a subset of DFCs to have apical contacts
with the EVL and to be pre-polarized, one can speculate that Metrns play a role in the
polarization of DFCs [17], [18], [42], [43].

Additionally it was shown that the formation of the developing KV lumen was directly connected
to ciliogenesis as polarized DFCs initiated developing cilia at their membrane domain facing
the forming lumen [17]. This indicates that proper DFC polarization is essential for the KV
formation and for ciliogenesis. The decreased number of cilia and reduced cilia length in metrn
mutants suggest an impairment of the DFC polarization that consequently leads to a
disturbance of the tissue interaction between the EVL and DFCs and consequently to KV
formation defects.

In line with the impaired KV formation and function in metrns mutants, it was shown that
knockdown of integrin oV as well as B1b in zebrafish also results in L-R asymmetry defects
[40]. This was explained by DFC organization and migration defects and disturbed KV
formation. Integrin aVB1 has not yet been studied extensively in mammals, mostly due to their
broad expression and connection with other integrins as well as the lack of antibodies and
inhibitors specific for aVp1. However, several in vitro studies already connected aVf1 to
developmental processes. For instance aVp1 was shown to be implicated in embryonic
astrocytes and oligodendrocyte precursors migration in rodents [44] and neural cell adhesion
molecule L1 cell binding [45]. Our results suggest that integrin aV/B1b genetically interacts
with Metrn proteins as one mechanism to properly cluster DFCs.

In spite of the recent advancement in understanding the multiple functions of Meteorins, Metrns
receptor(s) are still unknown. It was recently shown that METRNL is promoting heart repair
through its binding to KIT tyrosine kinase receptor, establishing METRNL as a KIT receptor
ligand in the context of ischemic tissue repair [46]. At 9 hpf kita is solely expressed in
prechordal plate and from 11 hpf in the lateral borders of the anterior neural plate (supp Figure
6A). Kitb expression could be detected from 11 hpf in the anterior ventral mesoderm (supp
Figure 6B) as previously reported [47]. Recently it was shown that Metrn is a ligand for the 5-
hydroxytryptamine receptor 2b (Htr2b). Additionally Metrn was associated to regulating
reactive oxygen species levels in hematopoietic stem/progenitor cells via directing
phospholipase C signaling [48]. However, analyzing the expression pattern of htr2b during
zebrafish development (supp Figure 6B), we could detect htr2b expression only from around

2 dpf in the developing heart (supp Figure 6B).
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Thus, the absence of kita/b as well as htr2b expression at early embryonic stages in proximity
of the DFCs and in the forming KV suggests that Metrns act through another receptor during
to ensure its L-R patterning function. Future studies focusing at identifying this receptor will be
important to further investigate the pathway through which this family of proteins act during

early embryogenesis.
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MATERIAL AND METHODS

Zebrafish husbandry

Zebrafish (Danio rerio) were maintained at 28°C o.n. a 14h light/10h dark cycle. Fish were
housed in the animal facility of our laboratory which was built according to the respective local
animal welfare standards. All animal procedures were performed in accordance with French
and European Union animal welfare guidelines with protocols approved by the committee on
ethics of animal experimentation of Sorbonne Université (APAFIS#21323-
2019062416186982).

CRISPR-Cas9-mediated mutagenesis of metrn, metrni1 and metrni2 and whole embryo
DNA extraction

SgRNA guide sequences were cloned into a Bsal digested DR274 plasmid vector. The
sgRNAs were synthetized by in vitro transcription. After transcription, sgRNAs were purified

using a RNAeasy Mini Kit. The target sequences were the following:

Sequence (5'->3')

metrn CCACCACACCCGGCCCAGCC
metrnl1 GGTGTATCTCCGCTGCGCCC
metrni2 CCAGAAACAGCGCCCCCTCCTGC

Cas9 mRNA was generated as described in Hwang, Fu et al. 2013 [49]. To induce targeted
mutagenesis at the metrn, metrnl1 and metrni2 loci, 200 ng/ml of sgRNA were injected into
one-cell stage zebrafish embryos together with 150 ng/ml of Cas9 mRNA. Injected embryos
were grown to adulthood and screened for mutation in their offspring.

For genomic DNA extraction, 5dpf embryos were digested for 1 h at 55 °C in 0.5 mL lysis buffer
(10 mM Tris, pH 8.0, 10 mM NaCl, 10 mM EDTA, and 2% SDS) with proteinase K (0.17 mg/mL,
Roche Diagnostics) and inactivated 10 min at 95 °C. To check for frequency of indel mutations,
target genomic loci were PCR amplified using a Phusion High-Fidelity DNA polymerase
(Invitrogen). PCR amplicons were subsequently cloned into a pCR-bluntll-TOPO vector
(Thermo Fisher). Plasmid DNA was isolated from single colonies and Sanger sequencings
was performed by Eurofins. Mutant alleles were identified by comparison with the wild-type

sequence using Geneious software.
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Mutants genotyping and generation of triple mutants

Genotyping of metrns mutants was performed as follows: after genomic DNA extraction PCR
amplification reactions were conducted in final volumes of 20 pl containing 1x PCR reaction
buffer, 1,5mM MgCI2, 70 ng of gDNA, Tag DNA Polymerase (5U/ul) and 0.5 uM of each primer.

Sequence (5'->3')

metrn-fw CTGTGTTGACTGCTGGCTG
metrn-rev GTGGTTTAGTGGTGTTCTTACAATGA
metrnl1-fw TCCCATGCCTGGACCTCATA
metrnl1-rev AGACGGAGAGAAGAGACGCT
metrni2-fw TGTTGATCAGCAGTGTGTGCGTAGC
metrnl2-rev GTCCTCCGCTGATCTACGTG

The DNA amplification was performed with 35 cycles at the annealing temperature of 60°C.
Metrn and metrnl2 amplicons were loaded on 2 % agarose gel to discriminate between wild
type and mutant alleles (for metrn, the size of wild type allele is 598bp while the mutant is
482bp long; for metrnl2, the size of wild type allele is 242bp while the mutant is 156bp long).
Metrnl1 PCR product was digested at 55°C o.n. with the Pasl enzyme and the resulting
digestion was subsequently analyzed on a 2% agarose gel. The wildtype allele results in two
fragments of 107bp and 94bp length, respectively. The mutant alleles show one band at 201bp.
Triple mutants were obtained by incrossing homozygous metrn and metrn/1 mutants to
generate double heterozygous mutants. Double heterozygous mutants were crossed with
homozygous metrnl2 and genotyped to identify triple heterozygous mutants. Triple
heterozygous mutants were intercrossed and genotyped to identify triple homozygous
mutants. In the described experiments, heterozygous triple mutants were obtained by

outcrossing female triple mutants with male wildtype, if not stated differently.

Hybridization chain reaction (HCR)

All HCR probes and solutions were purchased from Molecular Instruments®. Decorionated
embryos at the appropriate developmental stage(s) were fixed in 4% paraformaldehyde in PBS
(pH 7.4) for 2 hours at room temperature, followed by several washes with PBS to stop the
fixation. With a series of methanol MeOH washes the embryos were dehydrated and
permeabilized. The HCR was performed described as described from the manufacturer. HCR
samples were imaged on an inverted confocal microscope Olympus FV-1000, employing a
20x oil immersion objective (NA 0.85). Z-volumes were acquired with a 5um resolution and

images were processed and analyzed using ImageJ.
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In situ hybridization in zebrafish and chicken

The respective cDNA fragments were amplified by PCR from zebrafish or chicken cDNA.

In vitro transcription of Digoxigenin/Fluorescent-labeled probes was performed using an RNA
Labeling Kit according to manufacturer’'s instructions. Zebrafish whole-mount in situ
hybridizations was performed described in Thisse and Thisse 2008 [50]. Whole-mount in situ
hybridizations in chicken were performed as described in Streit and Stern 2001 [51]. In situ
hybridizations were imaged on a Leica MZ10F stereomicroscope. Images were processed and
analyzed using ImageJ software. Color balance, brightness and contrast and were applied
uniformly. Fluorescent-labeled samples were imaged using an inverted confocal microscope
Olympus FV-1000, employing a 40x oil immersion objective (NA 1.30). Z-volumes were

acquired with a 0,5um resolution and images were processed and analyzed using ImageJ.

Analysis of DFC phenotype and migration

For the DCF clustering analysis Bayesian inference was used to recover the maximum-
likelihood value for the malformation probability. The outcome of an experiment was
considered to be a binary random variable (malformed or normal phenotype) whose probability
depends solely on the experimental condition. The total number of malformed phenotypes per
experiment is therefore binomially distributed. The posterior distribution is obtained by inverting
this binomial distribution using Bayes theorem, under a uniform prior. Under these hypotheses
the maximum-likelihood estimate for the malformation probability is simply given by the
empirical malformation frequency. The standard deviation of the posterior distribution was
used to provide a confidence interval for the estimate (black error bars). P-values were
evaluated using Fisher exact test on the number of malformed and normal phenotypes. AP to

VP DFC migration was calculated as the % of the total embryo length.

qPCR and analysis

For gene expression analysis total RNA was prepared from zebrafish embryos with TRIzol
reagent and TURBO DNA-free reagents. Total RNA was cleaned up using RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions and treated twice with DNase | (1 unit/pg
RNA, Qiagen). The RNA concentration was quantified using nanodrop2000 (Thermo Fisher).
RNA (1 pg) was retrotranscribed using random primers and a SuperScript Ill First-Strand
Synthesis system. For q-RT-PCR, the SYBR Green PCR Master Mix was used according to
the manufacturers protocol. Ef1a was used as reference genes as reported from Tang, Dodd
et al. 2007 [52]. All assays were performed in triplicates. The mean values of triplicate
experiments were calculated according to the delta CT quantification method (Valcu and Valcu

2011 [53]) and a student T-test was applied for the p-value calculation.
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mRNA synthesis and injection

Zebrafish metrn and metrn/1 cDNA fragments were amplified by PCR from zebrafish cDNA.
The fragments were inserted into a pCS2+ plasmid linearized with Xho1 and Xba1 using a
Quick Ligation Kit (NEB). Each plasmid was linearized with Notl restriction enzyme. mRNAs
were synthesized by in vitro transcription with 1 yL of GTP from the kit added to the mix and
lithium chloride precipitation (using the mMMESSAGE mMACHINE sp6 Ultra kit #AM1340,

Ambion) and 150ng/ul were injected into 1- to 4-cell-stage zebrafish embryos.

Design and injection of antisense morpholino oligonucleotides
MOs used were previously published from Ablooglu et al., 2010 [40]. All MOs were obtained
from Gene Tools (Philomath, OR, USA). MOs were injected in respective concentrations in 1-

to 4-cell-stage zebrafish embryos.

Whole-mount immunohistochemistry and quantification

Embryos were fixed in 4% paraformaldehyde in PBS-Tween for 2h at RT and subsequently
washed three times in PBS-1% Triton X 100 to promote their permeabilization. Consequently,
they were incubated for 1 hour at room temperature in blocking solution (10% Normal Goat
Serum, in PBS-Tween) followed by overnight incubation, at 4 °C, with a 1/200 dilution of a
mouse anti acetylated tubulin monoclonal antibody (Sigma T6793) in blocking solution. After
five washes in PBS-Tween, the embryos were incubated overnight with an Alexa Fluor 488
anti-mouse IgG secondary antibody (Life Technologies) diluted at a final concentration of 1/200
respectively in blocking solution. The following day embryos were washed five times in PBS-
Tween and mounted in 1% low melting point agarose in glass-bottom cell tissue culture dish.
An inverted confocal microscope Olympus FV-1000 was used for imaging, employing a 40x oil
immersion objective (NA 1.30). Z-volumes were acquired with a 0,5um resolution and images

were processed and analyzed using ImageJ.

Fluorescent microspheres injection and analysis

Embryos were dechorionated and mounted in 1% agarose and fish water. FluoSpheresH
fluorescent microspheres injection was conducted as described in Borovina et al. 2010 [54].
Imaging was performed with a 40x water dipping objective using an upright Yokogawa CSU-
X1 spinning disk scan head, mounted on a DM6000 upright Leica microscope and a CCD
CoolSnap HQ2 camera at 4 Hz using the green channel at 0.25um resolution on a single z-
plane. Beads trajectories extraction was performed using an already developed toolbox [55].
The size detection parameter was set to 0.75-1.25um objects with a brightness superior to the
0.01 percentile of the whole image. Objects that travelled less than 2.5um between two

consecutive frames were linked into the same trajectory. Analyses between different
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genotypes were performed using a custom-made Matlab code. For legibility, trajectories plots
only show 20 tracked beads. MSD analysis was conducted according to Tarantino et al., 2014
[56] using already published code (https://tinevez.github.io/msdanalyzer/). Average MSD plots
only show particle tracked between 1 and 8 s. Very short tracking durations do not permit to
correctly estimate displacement properties and less then 1% of the particles were tracked

during more than 8 s.
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Figure 1: Metrns LOF cause defects in heart looping and visceral organs positions, A 48hpf
zebrafish display no significant malformation in the metrn”-, metrni1”-, metrni2” (triplMut) background
compared to WT embryos. B 2 dpf myl7 antisense RNA probe in situ hybridization showing different
phenotypes of heart looping. C Quantification of heart looping phenotypes at 2 dpf in wild-type and
mutant embryos (tripIMut, metrn”-, metrn/1-, tripIMut*") showing the percentage of embryos (scale:
0.25mm). D 56 hpf gata6 antisense RNA probe in situ hybridization showing different phenotypes of
visceral organ positioning (scale: 0.25mm). E Quantification of visceral organ positioning phenotypes

at 56 hpf in wild-type and tripIMut embryos showing the percentage of embryos.
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Figure 2: Metrns are required for proper Nodal factor genes expression, A Quantification via
gRT-PCR of dand5 expression in 14hpf triple mutants compared to 14hpf wild type fish (student t-
tests pvalue: 0.00019). B 14hpf dand5 antisense RNA probe in situ hybridization showing different
phenotypes of dand5 expression (scale: 0.1mm). C Quantification of dand5 expression phenotype at
14hpf in wild-type and mutant embryos showing the percentage of embryos. D Quantification via qRT-
PCR of spaw, Ift1 and left2 expression in 14hpf triple mutants compared to 14hpf wild type fish
(student t-tests pvalues: spaw 0.014; /ft1 0.0004; /ft2 0.00019).
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Figure 3: Metrns are expressed during early zebrafish development, A Expression pattern of
metrn and metrnl1 during early embryonic development visualized via metrn/metrni1 antisense RNA
probe in situ hybridization (scale: 0.25mm). B Expression pattern of metrn and metrni1 at 12 hpf and

14 hpf visualized via HCR for metrn and metrn/1 showing specific expression in the area of the KV
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(scale: 0.25mm). C Expression pattern of metrn and metrni1 at 14 hpf visualized via metrn/metrnl1
antisense RNA probe in situ hybridization, showing metrn/metrnl1 expression along the midline and
first metrn expression in the developing brain (scale: 0.25mm). D Double fluorescence in situ
hybridization with cas and metrn/metrni1 antisense RNA probes on 10 hpf wt samples visualizing the

expression of metrn an metrnl/1 within DFCs (scale: 50um).
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Figure 4. Metrns loss-of-function leads to DFC disorganization and migration defects, A cas
antisense RNA probe in situ hybridization (scale: 0.25mm) and fluorescent situ hybridization (scale:
50um) visualize DFC malformation at 9hpf (AP animal pole, VP vegetal pole). B Quantification of
DFC malformation phenotype at 9hpf in wild-type and mutant embryos (p-values evaluated with

Fisher exact test indicating statistical significance, ***p-value < 0.0001 with wt, metrn”- 1.6e-07; wt,
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metrnl17-3.5e-40; wt, tripIMut 1.5e-49; tripIMut, triplMut*-7.9e-15). C Schematic representation of an
8hpf zebrafish embryo visualizing animal pole (AP) to vegetal pole (VP) dorsal forerunner cell (DFC)
migration, adapted from [57]. EVL, enveloping layer; DC, deep cells; YSL, yolk syncytial layer D The
analysis of the die DFC migration between 6hpf and 10hpf shows a slower DFC migration in tripIMut
compared to wt embryos. Per condition and group 16 to 27 embryos were analyzed and the migration
was calculated as the % of the total embryo length (p-values evaluated with Fisher exact test, ***p-
value < 0.0001 with 6hpf 2.5e-06; 8hpf 0.00038; 10hpf 1.1e-08).
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Figure 5: Metrns loss-of-function impairs the KV formation and function, A 14hpf wt and tripIMut
acetylated tubulin immunostaining visualizing the cilia in the KV (scale: 20um). B-D Properties of the

KV are changed in Metrns LOF embryos. B The KV size C the number of cilia per KV as well as D
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the length of each individual cilia are decreased in tripIMut, with student t-tests indicating statistical

significance, *p-value < 0.01, **p-value < 0.001 and ***p-value < 0.0001 and n.s. = not significant, KV

size pvalue: 9.7e-06, cilia number pvalue: 0.0012 and cilia length pvalue: 1.2e-20. E Examples for

the tracking of single microbeads in the KV of 6ss-10ss embryos and the mean square displacement

(MSD), visualizing a directed trajectory in wt samples in contrast to tripIMut, displaying short and

undirected trajectories.
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Figure 6: Genetic interaction of ItgaV/ltgB1b and Metrns on the level of the DFCs, A

Quantification of DFC malformation phenotype at 9hpf for wt non injected (wt ni), wt + 2.5ng control

morpholino (wt + ctiMorph), wt + insufficient doses itgaV/itg31b morpholinos (wt + 0.41ng itgaV; wt +
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0.5 itgB1b), wt + sufficient itgaV/itgB1b dosages (wt + 1.25ng itgaV; wt + 0.7ng itg1b), heterozygous
triple mutants non injected (tripIMut*- ni), heterozygous triple mutant + 2.5ng control morpholino
(tripIMut*- + ctiMorph) and heterozygous triple mutants with insufficient doses of itgaV/itgB1b
morpholinos (tripIMut*- + 0.41ng itgaV; triplMut*- + 0.5 itgB1b) showing the percentage of
malformation (P-values evaluated with Fisher exact test indicating statistical significance, *p-
value < 0.01, **p-value < 0.001 and ***p-value < 0.0001 and n.s. = not significant). B Schematic for
the hypothesized role of Metrns in DFC assembly and migration and their influence on proper KV
formation and nodal factor expression, crucial for correct left-right axis establishment, adapted from
[57].
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Supplement Figures
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Supplement Figure 1: Metrns LOF cause defects in heart looping and visceral organs
positions, A Schematic representation of the three targeted metrn loci in the zebrafish genome for
the LOF generation. Targeted nucleotides in exon 2 of each gene are indicated in red; the PAM
sequences are highlighted in green. B Metrn and metrnl1 in situ hybridization on tripIMut showing a
reduction of the amount of metrn transcripts in triple mutants over several developmental stages
(scale: 0.25mm). C Metrn and metrnl1 in situ hybridization showing a reduction of the amount of
metrns transcripts in metrn” or metrnl1”- embryos over several developmental stages (scale:
0.25mm). D Quantification via qRT-PCR of the reduction of metrns expression in triple mutants

compared to wild type fish (metrn/metrnl1: 14hpf, metrni2: 48hpf, student t-tests pvalues: metrn 3.1e-
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06; metrni1 0.014; metrni2 0.04). E Quantification of the mRNA injection rescue heart looping
phenotypes at 2dpf in injected triplMut showing the percentage of embryos.
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Supplement Figure 2: Metrns are required for proper Nodal factor genes expression, A
Further quantification of dand5 expression phenotype at 14hpf in tripIMut*- and single mutant
embryos showing the percentage of embryos. B 16hpf in situ hybridization for spaw, Ift1 and
Ift2 show altered expression patterns in tripIMut, metrn and metrn/1 mutants (scale: 0.25mm).
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Supplement Figure 3: Metrns are expressed during early zebrafish development, A 2 cell
stage metrn/metrnl1 sense RNA probe in situ hybridization (scale: 0.25mm). B Expression
patterns of metrn and metrni1 at 10 hpf, visualized via metrn/metrni/1 antisense RNA probe in
situ hybridization (scale: 0.25mm). C Expression patterns of metrn, metrni1 and metrni2 at 24
hpf and 48hpf, visualized via metrn/metrni1/metrni2 antisense RNA probe in situ hybridization
(scale: 0.25mm). D RNA probe in situ hybridization in HH6 chick embryos for metrn, metrnl as
well as fgf8, visualizing expression around the Hensen’s node (*) and the primitive streak (scale:
0.25mm).
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Supplement Figure 4: Metrns loss-of-function leads to DFC disorganization and

migration defects, A Further quantification of DFC malformation phenotype at 9hpf. B cas
antisense RNA probe in situ hybridization on 9hpf metrn” or metrni1”- embryos showing wt-like
DFC phenotypes and disturbed DFC cluster phenotypes (scale: 0.50mm). C nt/ and sox17 in
situ hybridization on wt and tripIMut (ntl: 8hpf, sox17: 10hpf) showing specific expression in
DFCs independent from genotype (scale: 0.25mm). D cas antisense RNA probe in situ
hybridization show DFC migration between 6hpf and 10hpf (scale: 0.25mm).
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Supplement Figure 5: Metrns loss-of-function impairs the KV formation and function,
Analysis for the overall speed of tracked microbeads per condition, marking the mean and the

standard deviation (std).
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Supplement Figure 6: Antisense RNA probe in situ hybridization for the expressions of
kita, kitb and htr2b, A At Shpf kita is expressed in the prechordal plate (black arrow) and from
11hpf in the lateral borders of the anterior neural plate (black arrow), kitb expression could be
detected from 11hpf in the anterior ventral mesoderm (black arrow), (scale: 0.25mm). B At 9hpf
no htr2b expression could be detected, solely from 2dpf htr2b transcripts could be visualized

in the developing heart (black arrow).
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Supplement Movies

Movie 1: Microbeads tracking the KV of 6ss-10ss wt embryos showing a distinctive anti-clockwise

rotation.

link: https://drive.google.com/file/d/1n-wMx4h9n5teO2SIbRK_KJOwXYuZE7ux/view?usp=share_link

Movie2: Microbeads tracking the KV of 6ss-10ss tripIMut embryos showing the loss of the distinctive

anti-clockwise rotation.

link: https://drive.google.com/file/d/19ZlugQExelhy6yhh2gTmMZi5Pm3BYtWc/view?usp=share_link
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Tables

D-loop mild/no-loop S-loop

wt (N =121) 88.43% 11.57% 0%
metrn”- (N = 131) 61.19% 29.10% 8.21%
metrnl1’- (N = 104) 28.85% 51.92% 19.23%
tripIMut (N = 134) 38.17% 25.95% 35.88%
tripIMut*- (N = 182) 85.16% 14.29% 0.55%
tripIMut + metrnl1 mRNA (N = 160) 37.5% 53.13 9.37%
tripIMut + metrn mRNA (N = 156) 45.51% 42.31% 12.18%
tripIMut + metrn/1 + metrn mRNA (N = 162) 52.47% 27.16% 20.37%

Table1: Quantification of heart looping phenotypes at 2 dpf using myl7 riboprobe in situ hybridization
on wild-type, metrns single and triple mutants and metrn and/or metrnlT mRNAs -injected embryos.

‘Mild/no loop’ designates hearts with no particular L-R orientation. D-loop, dextral loop; mild/no-loop and

S-loop.
Experiment Number of
embryos
WT non injected 346
WT + ctrl MO 192
WT + 0.41 ng itgaV MO 208
WT + 0.5 ng itgB81b MO 623
WT + 1.25 ng itgaV MO 412
WT + 0.7 ng itgB81b MO 336
tripIMut*- non injected 219
tripIMut*- + ctrl MO 176
tripIMut*- + 0.41ng itgaV MO 182
triplMut*- + 0.5 ng itgB81b MO 559

Table2: Number of embryos with DFC clustering defects at 9 hpf upon itgB1b, itgaV or control (ctrl)
morpholino (MO) injection in wild type (WT) or tripIMut*- embryos.
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3.1.3 Annex to “Meteorins as novel regulators of left-right patterning in the zebrafish

embryo”

3.1.3.1 DFC phenotype cannot be rescued via co-injection of metrn and/or metrnl1 mRNA
and metrns overexpression leads to DFC phenotype
We wondered if the mutant DFC phenotype could be rescued by co-injection of metrn and/or
metrnlT mRNA. However, embryos independent from their injected mRNA (metrn, metrni1,
metrn+metrni1) didn’t show a significant increase of wt-like DFC phenotypes compared to
Triple mutants (tripIMut N=182, 34.62% normal, 65.38% malformation; tripIMut+metrn N=181,
47.51% normal, 52.49% malformation; tripIMut+metrn/1 N=185, 41.62% normal, 58.38%
malformation, tripIMut+metrn+metrnl1 N=146, 39.73% normal, 60.27% malformation).
Therefore, we assume that the disturbed mutant DFC formation cannot be rescued by an
ectopic source of Metrns (Figure 20A). Besides, we investigated the influence of metrns
overexpression on the assembly and cluster formation of DFCs. Via metrn and/or metrnl/1
mMRNA injection we could observe that an ectopic source of Meteorins is disturbing proper DFC
clustering (wt N=202, 93.07% normal, 6.93% malformation; tripIMut N=182, 34.62% normal,
65.38% malformation; wt+metrn N=160, 38.75% normal, 61.25% malformation; wt+metrni/1
N=137, 30.66% normal, 69.34% malformation, wt+metrn+metrn/1 N= 142, 41.55% normal,
58.45% malformation), with nearly the same severity as in tripIMut (Figure 20B).Therefore, we
hypothesize that the right dosage and the right expression location of Meteorins are necessary
for correct DFC assembly.
A B
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p 12
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Figure 20: Metrns LOF fish show DFC phenotype, which cannot be rescued by an
ectopic source of metrns and is mimicked by metrns overexpression: A Quantification
of DFC malformation phenotypes in triplMut at 9hpf with metrns mRNA injection. B
Quantification of DFC malformation phenotypes in wt samples at 9hpf with metrns mRNA

injection.
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3.1.3.2 Heart looping phenotype can be rescued by injection of metrn and/or metrnl1T mRNA
and metrns overexpression seems to have no severe effect

As the DFC phenotype could not be rescued via metrns mRNA injection and the

overexpression of metrns also lead to a defect in DFC clustering, we were wondering if the

final formation and looping of the heart would be disturbed as well. Surprisingly, embryos

independent from their injected mMRNA (metrn, metrnl1, metrn+metrn/1) showed an increase

of wt-like heart looping phenotypes. Also, metrns overexpression did not seem to have a

significant effect on the heart looping (Figure 21).
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Figure 21: Metrns LOF fish show heart looping phenotype, which can partially be rescued
by an ectopic source of metrns and is not strongly influenced by metrns overexpression:
Analysis of heart looping phenotypes in tripIMut at 2dpf with metrns mRNA injections and in wt
samples at 2dpf with metrns mRNA injections.

These results indicate, that the heart looping phenotype might be more robust (as described
also from Grimes et al.,2020 [350]) and just only a total LOF of metrns is sufficient for a

significant increase of mutant phenotypes.
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One of the driving goals of developmental neurobiology research is to unravel the mechanisms
of how axons of newborn neurons are able to reach their correct synaptic partners by following
well-defined paths guided and by being navigated by a complex network of receptor/ligand
interactions. Although a big set of axon guidance molecules has already been characterized,
the whole picture is far from being completely understood and a number of axon guidance
factors still remain to be revealed. We have generated loss-of-function alleles for all three
zebrafish genes from the Meteorin (Metrn) family of secreted proteins. Remarkably, we could
characterize specific axonal development defects in these mutant fish including defects in
several commissural neuron populations. For instance, meteorins triple mutants showed
significant defects in the correct development of axonal projections of commissures in the optic
tectum, in which bundles of axons have been shown to cross the midline multiple times. In
addition, we could show that Metrn mRNAs are highly expressed by floor plate cells and in
other midline structures of the CNS of zebrafish and mouse. Supported by our results, we
hypothesized that Metrns play an important role during the development of the vertebrate CNS
and axonal midline crossing, especially in commissural axon guidance.

The following article is based on an earlier manuscript in preparation published in the PhD
Thesis of Flavia de Santis (2017). Since the start of my PhD | contributed substentionally to
this work and will be a Co-first author. In particular | demonstrated the genetic interaction
beween Meteorins and Slits as well as between Meteorins and Integrins ltgaV/Itgp1b.

Furthermore, | performed single and double fluorescent in situ hybridizations.
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ABSTRACT

In the embryonic nervous system axons are guided toward their specific targets by attractive
and repulsive cues in the extracellular environment. Here, we present a family of secreted
proteins (the Meteorin family) whose members represents novel uncharacterized molecules
involved in the process of axon guidance. By investigated the role of Meteorin proteins in
directing the navigation of axonal projections in the developing nervous system of zebrafish
embryos, we identified a number of axonal tracts responsive to the Meteorin signal. We
demonstrated that, if Meteorin function is disrupted, axons from the anterior commissure, the
retinal ganglion cells and the trigeminal neurons display several navigation errors. Supported
by our results, we suggest that Meteorins play an essential role in the vertebrate CNS

development as novel axonal guidance factors for axonal midline crossing.
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INTRODUCTION

A functional nervous system is composed by a stereotyped pattern of neuronal circuits in which
different populations of neurons are linked to each other by specific synaptic contacts. The
central nervous system (CNS) of bilateral organisms is composed by a combination of
commissural circuits, connecting the left and right side of the brain, and ipsilateral connections,
established by neurons located on the same side of the longitudinal body axis. It was shown
that the appearance of commissural and non-commissural axons underlies a strict balance
which is essential for sensory stimuli integration and the CNS physiology. Multitude of
neurological disorders can have their origin in the failure of proper axon midline crossing during
development indicating that the understanding of controlled midline crossing mechanisms will
help understand the etiology of these complex severe neurological diseases [1]-[4].

The assembly of the brain wiring pattern starts during the early stages of embryonic
development, when differentiated neurons begin to extend their axons and to elongate them
toward their correct synaptic partner. While navigating along their path, axons are exposed to
environmental attractive and repulsive guidance cues, most of which are produced by
specialized cells located at the midline. During the last years, the knowledge of axon guidance
control mechanisms within the CNS midline has increased enormously right up to the
identification of specific molecular control mechanisms [5], [6]. These mechanisms appear to
be highly conserved across evolution. Two molecular couples of ligand and respective receptor
have an important role in midline guidance processes: Netrin1/DCC (Deleted in Colorectal
Cancer) is known to act as a mediator of commissural axon growth towards the CNS midline
and Slit/Robo (Roundabout) which is essential for hindrances of axons to post-cross away
from the midline and to prevent ipsilaterally projecting neurons from crossing the midline.
Hence, a fine-tuning between repulsion and attraction is provided by various molecular
interactions between the Netrin1/DCC and the Slit/Robo pathway. Nevertheless, it was shown
that numerous additional molecules in other protein families (Cell-adhesion molecules,
semaphoring, ephrins, etc.) have an influence in crossing the CNS midline within complex
regulatory mechanisms [5], [6]. Despite this apparent molecular redundancy and complexity,

the mystery of the midline crossing puzzle is nowhere near from being solved in its totality.

Metrn was first discovered as a secreted neurotrophic factor which promotes neurite outgrowth
in vitro. It is expressed at the blastocyst stage during early mouse embryonic development [7]
and later in neural and glial progenitors of the central and peripheral nervous systems [8]-[10].
In vertebrates Meteorins (Metrns) are highly conserved including two members in mammals
and three in zebrafish (Metrn, Metrnl1 and Metrnl2) [9]-[12]. Each Metrn or Metrnl gene codes

for a protein of around 300 amino acids containing an N-terminal signal sequence as well as
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a Netrin-like domain at the C-terminus [9]. In the last few years Meteorins expressions and
functions have been studied broadly and revealed a great diversity and numerous possible
roles for these proteins, which reaches from neurodevelopment, angiogenesis, adipogenesis

to novel the ability to alleviate insulin resistance and inflammation [9], [13]-[15].

Recently, we determined that Metrns act together with ltgaV1 and ItgB1b in controlling the
migration and clustering of dorsal forerunner cells (DFC). Additionally, we could demonstrate
that Metrns they are required for the proper formation of the Kupffer’s vesicle (KV) , a ciliated
organ equivalent to the mouse node and essential for initiating left-right asymmetric patterning
during embryonic development [16], [17].

Intrigued by the fact that, the midline plays a significant role for the vertebrate’s left-right
asymmetry but also is one of the main organizers for neurodevelopment, acting as “choice
point” or “intermediate target” for navigating axons [18]-[20] we hypothesized a novel role for
Meteorin proteins also in axonal guidance. At the ventral midline, or likewise named floor plate
(FP), a population of specialized glia cells is located. These cells are a main source of diffusible
axonal guidance molecules secretion. Consequently, with the aim to identify new axonal
guidance factors which are regulating axonal development as well as navigation, we decided

to deeper our understanding in the functions of Meteorins within these processes.

Here we show in Meteorin triple mutants that axonal development defects including defects in
several commissural neuron populations are present. Additionally, we could determine that
Metrns act together with proteins of the Slit family as well as Integrins ItgaV1/ItgB1b on the
level of the anterior commissure (AC) formation and colocalize at the spinal cord and the
ventral midline. Supported by our results, we hypothesized that Metrns play an important role
during the development of the vertebrate CNS and axonal midline crossing, especially in

commissural axon guidance.
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RESULTS

Meteorin genes are expressed by floor plate cells and in other midline structures in the CNS

of zebrafish and mouse

To investigate if Meteorin proteins could indeed be implemented also in axonal guidance
processes we performed in situ hybridization to analyze if metrns are expressed in regions of
the developing CNS. As already published (Eggeler et al. in preparation) we found out that
metrns are expressed maternally and from very early stages of zebrafish development (from
around 6hpf), however since the development of the CNS doesn’t take place in the first hours

we focused now on stages between from 24hpf to 3dpf.

In general, from 24 to 48hpf all three zebrafish meteorin genes show expression in the CNS.
At 24hpf metrnl1 expression could be detected at the midbrain/hindbrain boundary, in regions
close to hindbrain rhombomeres as well as in the area of the presumptive otic vesicles. Metrn
expression could be broadly localized in the developing embryonic brain and also metrnl2
transcripts could be detected in the embryonic brain at this stage. (Figure 1A, C) At 48hpf
metrn and metrnl1 expression could be visualized especially along the midline as well as in
CNS periventricular regions. From this stage, metrni2 transcripts mostly localized in the otic
vesicles and at the somite boundaries (Figure 1A, C). At stages later than 2dpf, the expression
of metrns within the CNS displayed a significant decrease. (data not shown) Hence, we
assume that Meteorin function in aspect of axonal development and guidance is just required
during early developmental stages.

Additionally, we analyzed the expression pattern of Metrn and Metrn/ in mouse. On mouse
spinal cord sections, we could remarkably discover that both genes show a high expression
specifically in floor plate cells and in other midline structures in the CNS. (Figure 1B).
Excitingly, the expression patterns of Meteorins in zebrafish and mouse display strong
similarities, especially within the CNS like strong expression at the floor plate and along the
midline. Therefore, we hypothesize that Meteorin proteins might play indeed an important role

during these early neurodevelopmental processes.
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Figure 1: Metrns are expressed in CNS structures during early zebrafish
neurodevelopment: A) Expression patterns of metrn, metrni1, metrn/2 at 1dpf and 2dpf in
CNS structures are visualized via metrn/metrnl1/metrnl2 antisense RNA probe in situ
hybridization in whole mount samples. B) In situ hybridization on E13 spinal cord sections
displaying Meteorin and Meteorin-like expression at the floor plate (black arrows). C) In situ
hybridization on longitudinal (upper panels) and transversal (lower panels) vibratome sections
of 2dpf embryos visualizing the expression patterns of metrn and metrnl1 at the midline in the
dorso-ventral and antero-posterior axis and metrnl1 expression at the floor plate in the spinal
cord.

Meteorins mutants show specific axonal development defects including defects in the

development of the AC

Since their significant expression patterns in the developing brain we assume that Meteorin
proteins might play a role during the elongation of the primary axonal tracts extending within
embryonic zebrafish brain. Using our already established CRISPR/Cas9 knockout lines for all

three members of the zebrafish Meteorin family, we investigated if Meteorins influence the
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development of the dorsal anterior commissure (AC) and the ventral post-optic commissure
(POC). Both commissural tracts, as examples for the first developing stereotyped axonal
scaffolds, should fully developed during the stages of high metrns expression within the brain
and connect the right and left side of the brain [21]. Therefore, we stained the axonal
projections by acetylated tubulin staining of 28hpf wild type (wt) and mutant embryos. As
expected, 28hpf wt samples displayed a complete and fully organized and developed POC
and AC (Figure 2A left). Remarkably, in Metrns triple mutant (tripIMut) samples at the same
stage, the formation of the formation of the AC seemed to be reduced and delayed, with a
thinner with compared to wt samples, repeatedly defasciculated or even absent (Figure 2A
right). While, the formation of the POC did not seem effected in tripIMut samples (Figure 2A).
We next wondered if the observed AC phenotype in tripIMut samples is caused by the loss of
function of one single meteorin gene or by the synergistic activity of the three Meteorin proteins.
Therefore, we analyzed the thickness of the AC axonal bundles, in tripIMut, single mutants as
well wt controls. Interestingly, we could observe a significant reduction of the AC thickness in
tripIMut and metrn”’- samples. On the other hand, in metrn/1-- and metrn/2”-embryos we could
not detect an effect on the thickness and formation of the AC. Additionally, we could not detect
a significant difference between tripIMut and metrn’-samples (Figure 2B). Hence, we assume
the loss of other paralogues does not influence the disrupting effect on the AC development
and that Meteorin is the solely involved, among the other Meteorins family members, in the

correct development of the AC.
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Figure 2: Metrns are required for the formation of the AC: A) Schematic representation of
the wt (upper left) and mutant (upper right) anterior (AC) and post-optic commissures (POC) in
the rostral forebrain of a 28hpf zebrafish embryo and the frontal views of the AC and POC in a
wt (lower left) and triple mutant (lower right) embryo, visualizing a fully developed AC and POC
in wt fish while tripIMut fish show incomplete development of the AC. AT, acetylated tubulin
(scale bar: 30 yum) B) Analysis of the commissure phenotype measured by AC width in tripIMut,
single mutants and wt control (wt= 5.7+/-0.44mm, N=15; tripIMut=3.6+/-0.31mm, N=17;
metrn” = 3.16+/-0.48mm, N=7; metrn/17= 5.82+/-0.60 mm, N=9; metrn/2"= 6.70+/-0.55mm,
N=13. Wt vs tripIMut: p=0.0004; wt vs metrn’: p=0.0023; wt vs metrnl/1”: p=0.872; wt vs
metrni2”: p=0.165; tripIMut vs metrn”: p=0.456; unpaired t-test).

Since it is reported that disturbed patterning and formation of the AC or POC is frequently
connected to later pathfinding errors of retinal ganglion cells (RGCs) [22], [23], we were
wondering if the metrns loss of function would also influence the navigation of RGCs
projections. Consequently, by injecting a is/2b:Gal4:GFP-Caax plasmid into one cell stage wt,
triple mutant and single mutant embryos we were able to genetically labeled single RGCs in
these samples. After 5 days, we imaged the RGC terminals in the tectal neuropil. Remarkably,
we could observe that Meteorin proteins are indeed influencing the laminar organization of
RGC axons since in about half of the tripIMut fish (n=4/9) we could observe misrouted axons
meandering between multiple laminae of the tectum. In wt samples as well as single mutant
fish we could not observe any lamination defects (Figure 3A). Therefore, we suggest that this

biological context Meteorins might act in a redundant manner on RGC axons.
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Figure 3: Metrns are influencing the laminar organization of RGC axons: A) Schematic
representation of the retinotopic targeting of RGC within the tectum in wt (upper left) and
triplMut fish (lower left) and confocal images of 5dpf is/2b:Gal4:GFP-Caax injected fish
visualizing the disrupted laminar organization of RGC in triplMut samples. B) Schematic
representation and dorsal view (transiently expressing islt2b:GFPcaax) of the wild type and
tripIMut trigeminal nerve fasciculation (scale bar: 30mm) and analysis of the width of the
trigeminal tract in wt, single mutants and tripIMut displaying a significant increase in bundle
thickness in triplIMut and single metrn and metrnl1 mutants compared to wt controls
(Wt=27.29mm +/- 1.99, n=14; triplMut=46.22mm +/- 3.48, n=14; metrn-/-=41.66mm +/- 2.33,
n=14; metrnl1-/-=40.53 mm +/- 1.65 n=6; metrnl2-/-= 24.43mm +/-1.85, n=13. Wt vs tripIMut:
p<0,0001; wt vs metrn-/-: p<0,0001; wt vs metrnl1-/-: p=0,0004; wt vs metrni2-/-: p=0,303;
unpaired t-test; Error bars = SEM).

Additionally, due to their significant expression at the hindbrain midline, we assume that
Meteorins might also affect the elongation profile and navigation of longitudinal tracts growing
in the hindbrain. Axons of trigeminal sensory neurons are normally forming a tight axonal
bundle which is growing laterally to the midline in the spinal cord and hindbrain. Hence, we
think that the trigeminal nerve might be sensitive to the biological activity of Meteorins. And
indeed, in 3dpf is/2b:gal4:GFP-Caax injected tripIMut fish the trigeminal nerve seems strongly
defasciculated, showing axons approaching the midline as they navigate to the posterior

direction. Additionally, we could observe significant defasciculated trigeminal nerves also in
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metrn’- and metrnl1-- fish, while metrnl2 didn’t seem to play a role in navigating trigeminal
projections (Figure 3B). These results let us assume that that trigeminal axons are sensitive to
signaling of Meteorin proteins and that Meteorins are crucial to maintain the axonal navigation
parallel to the midline.

In general, these results show that Meteorins could play an important role during commissural
axon guidance, RGC lamination and the fasciculation of trigeminal neurons and are therefore

possible new axonal guidance factors for these neuron populations.

Meteorins and slits co-localize at the spinal cord and the ventral midline and genetically interact

in requlating commissure development

Interestingly, a cleaved fragment of the axon guidance molecule Slit2 has been recently
associated to the same function as Metrnl in adipose tissue [24], [25]. To establish Meteorins
as novel axon guidance factors we were wondering if they are connected to the already
established and known axon guidance factors of the Slit family also in the context of axonal
guidance.

Indeed, especially the expression of metrn/1 at the level of the floorplate seems highly
reminiscent of the guidance factors belonging to the Slit family. To investigate if metrn/1 and
slits are expressed by the same cells or at least partially from the same population, we
performed double fluorescent in situ hybridization experiments. Interestingly, we could observe
that metrnl1 is co-localizing with tree out of the four slit paralogues (slit1a, slit1b and slit2) at
the level of the hindbrain floorplate as well as spinal cord (Figure 4A). To further investigate a
possible connection between Meteorins and Slits we analyzed if there might be genetic
interactions between members of these two protein families on the level of the AC formation.
In order to examine possible slits and Metrns genetic interaction, we injected morpholinos for
slit1a (0.1ng), slit2 (0.3ng) or slit3 (0.3ng) into 1 to 4 -cell-stage tripIMut*- embryos to generate
insufficient doses of both proteins in heterozygous metrns background. The single injection of
low dose slit1a, slit2 or slit3 morpholino into wt embryo controls did not affect the formation of
the AV, similarly to non-injected tripIMut*- embryos.

Interestingly, the injection of slit2 or slit3 morpholino at low dose into tripIMut*- embryos lead
to a significant increase in the percentage with embryos showing misrouted AC axons. The
injection of slit7a morpholino at low dose into tripIMut*- embryos didn’'t seem to influence the

proper formation of the AC (Figure 4B).
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Figure 4: Metrns and slits are expressed in the same cell populations in the hindbrain
floorplate as well as spinal cord and they genetically interact on the level of the AC:
A) Double fluorescent in situ hybridization on zebrafish spinal cord visualizing examples for
metrns and slits co-localization. B) Quantification of AC phenotype at 28hpf for morpholino
(MO) injections into wt and into tripIMut*- (3 het) embryos showing a significant increase in
misrouted axons for slit2 MO and slit3 MO injected 3 het samples and indicating for a genetic
interaction between Meteorins and Slits, p-values evaluated with Fisher exact test indicating

statistical significance, *p-value < 0.01 and **p-value < 0.001.

These results are consistent with the hypothesis that Slits might genetically interact with Metrn
proteins for the proper AC formation. Hence, we assume that Meteorins and Slits could have
similar roles during the embryonic nervous system patterning and that Meteorins indeed could

be involved as new axonal guidance factors in axonal pathfinding.
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Meteorins generically interact with Integrins ltgaV and ltgB1b on the level of commissure

development
In a previous publication we could demonstrate a novel role for Meteorin proteins during

embryonic development, showing that they are required for the proper formation of the KV. We
revealed that Metrns act together with ItgaV and Itgp1b, and that they are essential for DFC
clustering and migration by mediating necessary cellular interactions. Integrin aV was shown
to be implemented during early developmental processes as aV mutant mice suffered from
disturbed embryonic cerebral blood vessel formation and defects in the axon and glia
interactions in the CNS [26]-[28]. Additionally, several in vitro studies connected aVp1 to
neurodevelopmental processes. For instance aV1 was shown to be implicated in embryonic
astrocytes and oligodendrocyte precursors migration in rodents [29], in neural cell adhesion
molecule L1 cell binding [30] and B1 Integrins are crucial for proper cerebral cortex
development [31].

Subsequently, we were wondering if there might be a connection between Meteorins and
ItgaV/ 1tgB1b also on the level of the AC formation. Therefore, we injected morpholinos (MO)
for itgp1b (0.5 ng) or itgaV (0.41ng) into 1 to 4 -cell-stage tripIMut*- embryos to generate
insufficient doses of both proteins in heterozygous metrns background. The injection of the
MO at these doses and sufficient doses (itgf1b: 0.7ng, itgaV: 1.25ng) reproduced the
previously reported defects on DFCs [32] Therefore we maintained these concentrations also
in the context of the AC formation. The single injection of low dose itg31b or itgaV MO into wt
embryo controls did not affect the AC phenotype and formation. But surprisingly, the injection
of either morpholino at low dose into tripIMut*- embryos lead to a significant increase in the

percentage with embryos misrouted axons of the AC (Figure 5A-B).
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Figure 5: Meteorins generically interact with Integrins ItgaV and Itgp1b on the level of the
AC development: A) AC and POC in the rostral forebrain of a 28hpf zebrafish embryo from a
control (triplMut*- + ctl MO) and a itgaV1 MO injected fish (tripIMut*- + itgaV1 (0.41ng) MO),
visualizing a fully developed AC and POC in the control fish while itgaV1 MO injected fish shows
incomplete development of the AC (scale bar: 30 ym). B) Quantification of AC phenotype at 28hpf
for MO injections into wt and into tripIMut*- embryos showing a significant increase in misrouted
axons for itgaV1 MO and itg31b MO injected tripIMut*- samples (wt ni N= 12, wit+itgaV MO-0.41ng
N=22, wttitgaV MO-1.25ng N=13, wt+itgf1b MO-0.5ng N=24, wt+itgf1b MO-0.7ng N=14,
triplMut™- ni N=22, triplMut*-+ctl MO N=23, tripIMut*-+itgaV MO-0.41ng N=24, tripIMut*-+itg31b
MO-0.5ng N=19), p-values evaluated with Fisher exact test indicating statistical significance, *p-

value < 0.01, **p-value < 0.001 and ***p-value < 0.0001 and n.s. = not significant.

These results indicate that beside Slits, both Integrins ItgaV and ItgB1b might genetically
interact with Metrn proteins for the development of the AC and that the signaling pathways of
Meteorins including their co-factors play an important role in axonal pathfinding of commissural

neurons.
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DISCUSSION

By using a LOF approach for all three members of the Meteorin family in zebrafish, we could
characterize axonal development defects in meteorins mutant fish including defects in the
development of AC neurons. Besides, we could show that Metrns act together with proteins of
the Slit family as well as Integrins oV and 1 on the level of the AC formation. Additionally, we
observed that Metrns also colocalize at the spinal cord and the ventral midline with Slits
proteins, which are well established axonal guidance factors. Thus, we hypothesize that
Metrns as novel axonal guidance factors, play an important role during the development of the
vertebrate CNS and axonal midline crossing, especially in commissural axon guidance.

Significantly, the expression patterns of metrn genes in a spatiotemporal manner is consistent

with their hypothesized role of modulating of axonal navigation.

Truly, in both zebrafish and mouse, Metrns expression can be detected in glia and neuronal
progenitor cells the floor plate and midline. Both structures are known to be crucial for the
secretion of guidance factors directing the navigation of elongating axons. The colocalization
of metrns and three slit paralogues (slit1a, slit1b and slit2) at the level of hindbrain floor plate
cells and spinal cord cells indicates that metrns are at least partly expressed within the same
population of cells which is essential and responsible for some of the leading axonal guidance

cues during embryonic brain development.

Investigating for possible functions of Meteorins using our metrns LOF fish, we could observe
axonal navigation defects in metrns mutant fish, demonstrating that Meteorin signaling is
influencing at least three neuronal populations. We assume that different axons could respond
to different Meteorin proteins combinations, since for instance AC axons seem to be solely
influenced by Metrn and trigeminal neurons are sensitive to the synergistic activity of Metrn
and Metrnl1. In the case of the laminar organization of RGC we think that Meteorins act

redundantly, as we could not observe and disruptions in single metrns mutants.

Slit proteins and their receptors are key regulators in midline crossing axonal guidance and for
instance were shown to determine commissure development in zebrafish. The reduction of
Slit1a, Slit2 and/or Slit3 was shown to result in defasciculation of the POC, indicating for a
crucial role of these Slit proteins during the navigation of POC axons across the midline [33].
Strikingly, we could observe that the mRNA encoding for metrn and metrnl1 as well as for three
out of the four slit paralogues in zebrafish (slit1a, slit1b and slit2) are co-localizing at the floor
plate region in the zebrafish hindbrain. Additionally, we could find out a possible genetic

interaction between Meteorin proteins and Slits (Slit2, Slit3) on the level of the AC. These
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observations highlight that the Meteorins and Slits are, at least in part, produced by the same
population of cells. Furthermore, Meteorins, in contrast to Slit2 and Slit3 which are necessary
for proper POC development, are required for the formation of the AC and could therefore in
synergy with Slit2 and Slit3 in controlling the navigation of commissural axons. Hence, the
possible functional cooperation between these two classes of molecules supports the

hypothesized role of Meteorins on the level of axonal guidance.

Additionally, we could determine that Meteorin proteins are also connected to IntegrinaV and
B1 on the level of AC development. Mainly due to their broad expression in connection with
other integrins as well as the lack of a1 specific inhibitors and antibodies specific, aVp1 has
not yet been studied extensively in mammals. However, several in vitro studies connected
aVpB1 to processes during embryonic neurodevelopmental. For instance aVp1 was shown to
be implicated in neural cell adhesion molecule L1 cell binding [30] as well as in embryonic
astrocytes and oligodendrocyte precursors migration [29]. Interestingly, we recently
discovered that aV/B1b might genetically interact with Metrn proteins for the proper DFC
clustering during early left-right patterning processes (Eggeler et al. in preperation). aVf1 is
known to dimerize additionally with the 33, 85, 6, 8 subunits as well as with the allb subunit.
Therefore, it might be possible that Metrns as potential novel axonal guidance factors have
functional cooperation with additional Integrin subunits and especially with Integrinff1 as it is

associated to numerous axonal pathfinding processes [34].

Since the receptor(s) of Metrns in the context of axon guidance remain to be identified, whether
the effect of Metrns is directly linked to the binding of Meteorin proteins to their receptor located
on the targeted axons or if it is caused by the modulation of other axonal navigation pathways

is still unknown.

In conclusion, our results are revealing a novel role for the proteins of the Meteorin family in
embryonic CNS patterning, suggesting Metrns as a new class of axonal guidance factors,
essential for the formation of complex axonal projection patterns in the developing vertebrate
brain and giving a solid base for further investigations about Meteorin proteins and their role

in establishing embryonic neural circuits.
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MATERIAL AND METHODS

Zebrafish husbandry

Zebrafish (Danio rerio) were maintained at 28°C o.n. a 14h light/10h dark cycle. Fish were
housed in the animal facility of our laboratory which was built according to the respective local
animal welfare standards. Animal handling and experimental procedures were approved by
the Committee on ethics of animal experimentation. All animal procedures were performed in

accordance with French and European Union animal welfare guidelines.

CRISPR-Cas9-mediated mutagenesis of metrn, metrnl1 and metrn/2 and genotyping

The establishment of single, double as well triple Meteorins mutants (metrn”; metrni1”;
metrnl2’; metrn”, metrnl1”; metrn’, metrl2’; metrnl1”, metrni2”; metrn’-, metrnl17,
metrnl2’) and the respective genotyping was performed as described in Eggeler et al. (in

preparation).

Whole embryo DNA extraction

For genomic DNA extraction, 25 5-dpf embryos were pooled and digested for 1 h at 55°C with
proteinase K (0.17 mg/mL) in 0.5mL lysis buffer (10 mM Tris, pH 8.0, 10 mM NaCl, 10 mM
EDTA, and 2% SDS). Proteinase K inactivation was achieved by a following 95°C incubation
for 10min. To analyze the frequency of indel mutations, target genomic loci were amplified by
PCR using the Phusion High-Fidelity DNA polymerase Following, PCR amplicons were cloned
into the pCR-bluntll-TOPO vector. Plasmid DNA was extracted from single colonies and sent
for Sanger sequencing. Mutant alleles were identified by aligning with the respective wild-type

sequence.

Whole embryo RNA extraction and cDNA synthesis

Whole embryo RNA was extracted from zebrafish embryos in the respective developmental
stage with TRIzol reagent and the TURBO DNA-free kit.

For cDNA synthesis 1ug RNA was retrotranscribed using the SuperScript Il First-Strand
Synthesis system and random primers. The quality and concentration of extracted RNA and

synthesized cDNA was determined with a NanoDrop spectrophotometer.

single and double fluorescent in situ hybridization

Respective cDNA fragments were amplified by PCR from zebrafish cDNA using the following

primers:
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Sequence (5'->3')

metrn-fw GAAGTGGACTTTCTCAGGC
metrn-rev CAAGGATTGTTTGGCCTGTTCG
metrnl1-fw GTATTTGCTGTCGGTTGTGC
metrnl1-rev CAGGGGTTGGTCCCTTGCTGCCG
metrni2-fw CTGAAGGCTCTCTGCAGTGG
metrnl2-rev ATCACAGCGCTGCAGAATCT
slit1a-fw TGAGCAGCTGGTTGAGGAAC
slit1a-rev GTAGCCGTCTGTCTGATCCG
slit1b-fw CACGGACTTAACCTGGCAGA
slit1b-rev TTGGGTGGACAAACAGGCTT
slit2-fw TTGCTGATTTGGCCTGTCCA
slit2-rev TGTGAACTCGTTGCCATCGA

In vitro transcription of Digoxigenin/Fluorescent-labeled in situ probes was executed using a
RNA Labeling Kit according to company's instructions. Zebrafish embryos were manually
dechorionated at the appropriate developmental stage(s) and fixed in 4% paraformaldehyde
(in PBS, pH 7.4) for 2 hours at room temperature or 4°C o.n. Whole-mount in situ hybridizations

were performed as described in Thisse and Thisse 2008 [35].

Vibratome sections

Whole-mount embryos at respective stages were washed twice in 1X PBS/0.1% Tween-20
(PBS-Tw) solution and then were embedded in gelatin/albumin with 4% of Glutaraldehyde.
The samples were sectioned (20 mm) with a VT1000 S vibrating blade microtome (Leica)and

subsequently mounted in Fluoromount Aqueous Monting Medium (Sigma).

Molecular cloning

The pis/2b:Gal4:GFP-Caax plasmid was produced by a Gateway reaction (MultiSite
GatewayThree-FragmentVector Construction Kit, ThermoFisher Scientific, Waltham, MA)
using the p5E-IsI2b39, pME-GFP-caax, p3E-pA and the pDest-Tol2;cmic2:eGFP40

constructs.

Design and injection of antisense morpholino oligonucleotides

Used antisense morpholino oligonucleotides were previously published from Barresi et al.,

2005 [33] and Ablooglu et al., 2010 [32]. The sequences were as following:
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Sequence (5'->3')

slit1a GACAACATCCTCCTCTCGCAGGCAT
slit2 CATCACCGCTGTTTCCTCAA GTTCT
slit3 TATATCCTCTGAGGCTGATAGCAGC
itgaV1 AGTGTTTGCCCATGTTTTGAGTCTC

itgp1b1 GGAGCAGCCTTACGTCCATCTTAAC

standard control CCTCTTACCTCAGTTACAATTTATA

All MOs were obtained from Gene Tools (Philomath, OR, USA). MOs were injected in 1- to 4-

cell-stage zebrafish embryos.

Whole-mount immunohistochemistry

Embryos were fixed at their respective stage in 4% paraformaldehyde (in PBS-Tween) for 2h
at RT or o.n. at 4°C and subsequently washed three times in PBS-Tween. To promote
permeabilization, the samples were incubated for 30min in 1% Triton X 100 (in PBS-Tween)
and subsequently, for 1h at RT in blocking solution (10% Normal Goat Serum, in PBS-Tw).
This followed an o.n. incubation, at 4 °C, with a mouse anti acetylated tubulin monoclonal
antibody (1/200 dilution in blocking solution). After five washes in PBS-Tween, the samples
were incubated with an Alexa Fluor 488 anti- mouse IgG secondary antibody (final
concentration 1/200 in blocking solution) o.n. at 4°C. The next day embryos were washed five
times in PBS-Tween before mounted with 1% low melting point agarose in glass-bottom cell

tissue culture dishes.

Microscopy and image analysis

In situ samples were imaged on a Leica MZ10F stereomicroscope. Fluorescent in situ
hybridization samples were imaged on a Leica MZ FLIII stereomicroscope equipped with a
Leica DFC310FX digital camera. Images were processed and analyzed using Imaged
software. Color balance, brightness and contrast and were applied uniformly. For Whole-mount
immunohistochemistry imaging an inverted confocal microscope Olympus FV-1000 was used,
employing a 20x oil immersion objective or 40x water immersion objective. Z-volumes were
acquired with a 0,5- 2um resolution and images were processed and analyzed using IMARIS
software. For in vivo imaging, embryos were anesthetized with 0.02% tricaine and mounted in

1% low melting- point agarose in cell tissue culture dish with glass-bottom.
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Since the discovery of Meteorins as secreted proteins over 15 years their receptor(s) were
unknown for a long time. Just recently the first receptor for Meteorin and also the first receptor
for Metrnl were published.

The first METRNL receptor published is the stem cell factor receptor KIT (KIT receptor tyrosine
kinase). Metrnl was found to be highly expressed in myeloid cells of an infarct region of the left
heart ventricle. Via chemical cross-linking mass spectrometry, KIT was detected as a possible
METRNL receptor. The physical interaction was validated by co-immunoprecipitation assay
using HEK-293 cells expressing KIT as well as METRNL. Finally, it was suggested that METNL
by binding to KIT is promoting heart infarct repair [6]. Just three months after the first Metrnl
receptor also the first Metrn receptor was identified. It was demonstrated that Metrn regulates
the homeostasis of hematopoietic stem/progenitor cells by Htr2b interaction. Metrn expression
was shown to be induced in macrophages under hypoxia and that by interacting with Htr2b
Metrn is regulating reactive oxygen species levels in hematopoietic stem/progenitor cells via
phospholipase C signaling targeting. Via a GST-pulldown assays Metrn interaction with the
Htr2b N-terminus was demonstrated. Still, how the authors decided to test specifically Htr2b
for possible Metrn binding is not extensively explained.

However, both published receptors are quite specific for their expression patterns and their
functions. For instance, in zebrafish kita expression starts around 9hpf and is restricted to the
prechordal plate. Kitb expression can be detected from 11hpf in the anterior ventral mesoderm
(Figure 22A). However, since the onset for zebrafish kits expression is “too late” and kit
expression cannot be found in proximity to DFCs and the forming KV and htr2b expression
could not be even detected at these early stages (expression start around 2dpf, Figure 22B),
we believe that Metrns act through other/additional receptors during early patterning

processes.

PhD Thesis Fanny Eggeler 2023 143 /235



RESULTS

9 hpf 11 hpf 11 hpf

kita
kitb

9 hpf 2 dpf
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Figure 22: Antisense RNA probe in situ hybridization for kita, kitb and htr2b reveal
distinct expression patterns: A At 9hpf kita is expressed in the prechordal plate (black arrow)
and from 11hpf in the lateral borders of the anterior neural plate (black arrow). Kitb expression
could be detected from 11hpf in the anterior ventral mesoderm (black arrow). (scale: 0.25mm)
B At 9hpf htr2b expression was undetectable, solely from 2dpf hir2b transcripts could be

visualized in the developing heart. (scale: 0.25mm)

We hypothesize that there might be more Meteorin receptors and that their function in
connection with Meteorins could be depending on the tissue and developmental stage. Hence,
we have hunted and are still hunting for new Meteorin receptors with several approaches to
fully elucidate their biochemical signaling pathways and to understand their diverse roles. We
think in using independent approaches to identify Metrns receptors we greatly increase the
chances of success of a receptor identification and putative common candidates identified with

several approaches will have greater chance to be bona fide physiological receptors.

3.3.1 Candidate approach with AVEXIS

A first approach to identify putative receptors, we used the Avidity-based extracellular
interaction screen (AVEXIS) method. This method is suited for the detection of low—affinity
extracellular protein interaction networks with a half-life < 0.1 sec [348]. AVEXIS is a well-
established method in zebrafish, based on an ELISA-like assay using receptor library prey

complexes to probe on a ligand coated screening plate. Entire ectodomains of cell surface
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proteins are expressed as soluble recombinant proteins in mammalian cell culture to maintain
extracellular binding function without the insoluble transmembrane region. Protein
ectodomains are expressed as a monomeric biotinylated “bait’- as well as pentamerized “prey”
form (Figure 23A and B). Baits are captured in an oriented manner on streptavidin-coated
microtiter plates whereas preys are tagged with lactamase to allow detection. For the
interaction screen, bait ectodomains are probed with soluble pentameric lactamase-tagged
prey ectodomains and positive binding can be visualized and analyzed by colorimetric
enzymatic activity (Figure 23C). Prey-pentamerization enhances the avidity of the interaction

as well as the detection sensitivity [348].
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Figure 23: The AVEXIS approach is based on monomeric biotinylated “bait”- as well as
pentamerized “prey” forms and positive binding can be visualized and analyzed by
colorimetric enzymatic activity: A Scheme for the bait expression construct, containing the
bait ectodomain, flanked by Ascl and Notl restriction sites and a Cd4d3+4 tag. The bait is
monobiotinylated via the co-transfection of a plasmid which is expressing the secreted BirA
enzyme. Modified from [349]. B Scheme for the prey expression construct, containing the prey
ectodomain, flanked by Ascl and Notl restriction sites and a Cd4d3+4 tag, followed by a
cartilage oligomeric matrix protein (COMP) pentamerisation sequence and a B-lactamase
enzyme. Modified from [349]. C Schematic illustration of the AVEXIS approach, showing
biotinylated bait ectodomains (pink) which are captured on a streptavidin-coated microtiter plate
in an orientated manner. Baits are probed with soluble pentameric prey ectodomains with a
lactamase tag (blue). Positive binding is visualized via nitrocefin’s colorimetric enzymatic

turnover from yellow to red. Modified from [348].

To perform the AVEXIS screen, | visited the lab of Rob Meijers at the EMBL Hamburg with
whom we have established a collaboration for this project. | performed the Meteorin receptor
screen using their established zebrafish receptor library. We tested following bait and prey

soluble recombinant proteins:
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Bait Metrn, Metrnl1, Netrin1a, Netrin1b, DSCAM

Prey Robo1, Robo3, Robo4, DSCAM, Fizzled8, Uncbb, Dcc, Neo, Metrn,
Metrnl1, Csf1a, Csf1b, Shha, Shhb, Draxin, SDK, L1CAM

In total, we screened 19 different Meteorin receptor candidates and we used metrn and metrni1
as preys as well baits to already decrease the chance of false-positive results. The lab from
Rob Meijers previously found that Netrins cannot be expressed as pentamers hence, Netrin1a
and Netrin1b were screened as baits only. In contrast, all other 17 possible receptor candidates
were expressed and screened as preys. Performing the AVEXIS screen with prey and bait
Metrn/Metrnl1 we could not detect any positive interaction with one of the selected candidates.
Furthermore, the addition of different concentrations of Heparan sulfate, which is known to be
a positive modulator of Robo/Slit or DCC/Netrin signaling at the midline [351], did not reveal
any positive interaction of Metrn/Metrnl1 either. On the other hand, we could detect as
expected netrin binding to Unc5b, Dcc or Neo (neogenin), indicating that the general execution
of the AVEXIS was successful and indeed metrn/metrnl was not binding to any of the tested
candidates under these experimental conditions.

Nevertheless, since the AVEXIS is an approach for detecting also very transient interactions,
with a very low false-positive rate, and it is not specific for one organism, we still plan to use
this technique in the future. It would be possible to use the AVEXIS approach for the receptor
candidate validation after another indenpendent candidate approach or a screening approach,

which will be explained in the next paragraphs.

Another approach we performed to visualize the distribution of possible Metrns receptor(s) and
to identify putative Meteorins receptors were AP-binding assays. Therefore, constructs were
cloned to produce Metrn-AP/Metrnl1-AP fusion proteins. AP-fusion proteins have been
demonstrated to be an efficient tool for the investigation of the cellular distribution of putative
receptors [352]. The Metrn-AP/Metrnl1-AP fusion proteins were then used as probes to
detected possible binding on sections or to receptor candidates expressed in COS7 cells.
Positive binding could be then visualized using an aAP-antibody and following an HRP tagged
secondary antibody.

Advantages for an AP-binding assay are that it is very fast and several receptor candidates
can be tested in parallel. Additionally, the read out for positive interaction is simple. Positive
binding results in deep blue staining due to the reaction of the AP with BCIP (5-Bromo-4-chloro-
3-indolyl phosphate) and NBT (nitro blue tetrazolium) causing the production of a dark

blue/purple precipitation. On the other hand, the sensitivity and specificity of an AP-binding
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assay is lower than of the AVEXIS, therefore the probabilities of getting false positive as well
as false negative results is higher.

We used the AP-binding assay approach to validate if Metrns are able to bind axons
expressing their hypothesized receptor(s) and to test for possible binding as we screened for
putative receptor candidates.

We could show that Metrns AP-fusion proteins bind close to the midline of the spinal cord. This
supports the hypothesis of Metrns as novel axonal guidance factors facilitating midline

crossing, and possible receptors are located where axons just crossed the midline (Figure 24).

spinal cord section mouse spinal cord section zebrafish Figure 24: The identification of

Meteorin receptor(s) is crucial

Metrn-AP Métrnl1-AF ptor(s)
‘J«f, Lk, o for fully understanding their
-_:"Q‘ i biochemical signaling

pathways: Spinal cord sections of
E11 mouse and 5dpf zebrafish
£y probed with Metrn-AP or Metrnl1-
AP, visualizing possible Metrns
receptor(s) location, close to the

midline of the spinal cord (black

E1 7 . “ 5dpf arrows).

During our hunt for Meteorins receptor(s) we tested the following receptor candidates with the
AP-binding assay: IntegrinaV, Integrin1b and Gp130. IntegrinaV ad well as Integrin1b were
tested as possible receptors since we investigated that both integrins might genetically interact
with Metrn proteins for the proper clustering of DFCs (see 3.1.2). Gp130 was tested since it
was described that Meteorin activates the tyrosine phosphorylation of gp130 and recruits
Gp130 as it is activating the Jak-STAT3 pathway [2].

Performing an AP-binding assay we could not detect any binding between Metrn or Metrnl and
IntegrinaV, IntegrinB1b or Gp130. Also, for IntegrinaV together with Integrinf1b we did not
detect any positive interaction with Metrn or Metrnl (see example in Figure 25). Therefore, we

did not pursue any further binding assays for these proteins.
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Figure 25: Via an AP-binding assay no positive interaction between Metrnl1 and
IntegrinaV/IntegrinB1b could be detected: An example of an AP-binding assay showing
positive interaction (dark colored cells) in the control between the Dcc receptor expressed in
COS7 cells and Netrin-AP. No interaction (just light blue colored cells) could be detected

between IntegrinaV and/or Integrin1b and Metrni1.

Since we were not successful through our receptor identification approaches (AVEXIS or AP-
binding assays), we opted to apply an unbiased high-throughput proteomic screening to
establish a receptor candidate library for Meteorins. We decided for an Ecto-FC ligand-receptor
interaction screen as published from Savas et al. [8]. This was described to be specific for
ligand-receptor interactions with high sensitivity, to have a short duration of analysis and to be
a robust and reproducible technique. For the Ecto-FC ligand-receptor interaction screen
approach candidate ligands - in our case Meteorins and Netrin as control - are cloned into an
FC-tag vector including an N-terminal bovine prolactine signal peptide, a signal peptide for
stable and efficient secretion as shown in vitro [353] and in vivo [354] studies. These Ecto-Fc
baits are then purified after transfection into HEK293 cells, and serve ultimately as baits in a
binding assay using prey endogenous proteins extracted from E13 embryonic mouse brains.
After incubation, the bait-prey protein mix is eluted, in-gel purified, trypsin-digested and
proteins are identified by mass spectrometry (MS) (Figure 26) [8]. By adding in parallel the
Netrin-Fc bait as control we expected to differentially identify known Netrin receptors and most

importantly new specific Meteorins receptor candidates.
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Figure 26: Hunting for the Meteorins receptors via the Ecto-FC ligand-receptor
interaction screen: Schematic representation of the Ecto-FC approach displaying the
different steps from bait-FC proteins production, prey protein extraction from mouse

tissue, the purification of bait-prey proteins and analysis via MS. Adapted from [8].

The published approach and protocol from Savas et al. [8] performs ligands identifications and
uses transmembrane receptors as ecto-Fc bait proteins. In our case, we were hunting for
putative receptors and our ligands were used as ecto-Fc bait proteins. Therefore, we had to
perform several optimization steps to the original protocol, especially in respect to the prey
protein extraction methodology.

As a preliminary step we evaluated the purity and quality of our Ecto-FC bait proteins. To this
end, we MS-analyzed purified single bait FC-tagged proteins. For all tested Ecto-Fc bait
proteins the inserted gene of interest (Meteorin, Meteorin-like, Netrin) corresponds to the most
abundant protein identified, confirming the successful production and the adequate purification
yield of our bait proteins.

We expect the Meteorin receptor(s) to be transmembrane (TM) proteins. Therefore, to select
membrane proteins among all the MS-identified interactors we used a custom made
“Transmembrane-Filter”, to sort out all detected proteins with an annotated transmembrane
domain. We performed the first MS experiment with the Netrin-FC bait and a standard whole
protein extract obtained from 4 embryonic brains. The overall number of identified proteins was
low (323), only a little fraction could be annotated as transmembrane proteins (12) and Netrin
known receptors like DCC or NEO1 could not be identified (Figure 27A). Hence, we assumed
that the quantity of total proteins and the resulting small number of transmembrane proteins

were not enough to identify even established Netrin interactors.
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Subsequently, to improve the proteomic screening method we first increased the number of
dissected embryonic brains (from 4 to 16) to generate higher amount of prey proteins. Second,
as Meteorin receptor(s) are likely to be transmembrane proteins, we decided to use a specific
plasma membrane extraction kit. Indeed it's well known that plasma membrane protein
identification is challenging because of their low abundance and their water-insolubility due the
membrane’s lipid layer in which they are embedded [355].

We performed prey protein extraction from dissected embryonic mouse nervous tissue, and
not from zebrafish. This choice has been made because our collaborators from Alain
Chédotal’s team have already experience in protein extraction methods from mouse nervous
tissue. Since meteorins are highly —conserved among vertebrates [3], [17], [21], [22], we expect
to identify similar protein partners in both species.

By combining the increase of initial prey protein quantity and the use of the plasma membrane
extraction kit we were able to significantly increase the total number of identified proteins
(2348/323~ T7fold increase) after a first FC interaction experiment. Interestingly we also
obtained a 4.5fold enrichment in the number of annotated membrane proteins (16.8% rather
then 3.7%, Figure 27A/B). Moreover, DCC and NEO1 were efficiently identified in the Netrin-
FC sample (DCC peptides=22 NEO1 peptides=24). These results confirm that our hunting
receptor approach works well and it can be used to perform the Metrns receptor candidate

screening (Figure 27C).
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Figure 27: Ecto-Fc interaction screen optimization and experimental workflow set up.
A Example of MS results using the “Transmembrane Filter, showing the number of identified
proteins (all proteins= all identified proteins without filter; transmembrane= identified protein has
an annotated transmembrane domain; only transmembrane= identified protein has an annotated
transmembrane domain and is not located at the ER, Mitochondrium, Golgi or Nucleus; TM & ER=
identified protein has an annotated transmembrane domain and is located at the ER; TM & Mitoc=
identified protein has an annotated transmembrane domain and is located at the Mitochondrium;
TM & Golgi= identified protein has an annotated transmembrane domain and is located at the
Golgi; TM & Nucleus= identified protein has an annotated transmembrane domain and is located
at the Nucleus). Proteins are considered identified if at least 2 peptides are detected and if
Unique>1. B Analogous to A but after optimization of sample preparation. C Schematic for the
optimized experimental workflow for Metrns receptor identification after the enrichment of plasma
membrane proteins (PMP).
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So far, we performed two independent Ecto-FC ligand-receptor interaction experiments
followed by MS identification. The principle of the screening is to bring to the fore specific
Meteorin interactors by comparing all the identified Meteorin and Netrin partners. To fulfill this
aim, a quantitative analysis has to be made since candidate enrichement rather then
presence/absence is frequently reported in this type of protein interaction screening. It's known
that the number of MS-MS spectra obtained for each protein is correlated with its abundance.
Thus, for each identified protein the log2 ratio between the number of spectra detected in the
FC-Meteorin and in the FC-Netrin samples is calculated.

In the first experiment we identified 2348 proteins with 395 annotated as transmembrane
proteins. We found >150 enriched candidates for Ntn1, including DCC and NEO1 Ntn1
receptors (Figure 28). The >150 enriched candidates for Ntn1 might be due to unspecific
binding.

For Metrn we could identify around 42 enriched candidates and remarkably, two proteins were
identified only in the Metrn-FC sample (Figure 28A, candidate 1=6 peptides; candidate 2=7
peptides). In the second experiment we identified 5322 proteins with 1055 annotated as
transmembrane proteins. DCC and NEO1 were specifically identified in the Ntn1-FC sample.
Most importantly the same two Mtrn candidates identified in the first experiment were found
only in the Metrn-FC samples (Figure 28B, candidate1= 4 peptides; candidate 2=5 peptides).
These new Mtrn interaction partners are annotated as membrane proteins. Although a high
number of FC-Ntn1 and FC-Mtrn bound proteins were identified in both experiments, the
identification of the same two Mtrn interaction partners in two independent screenings make
us confident on the robustness of our data results and indicate that we have potentially
identified two novel Metrn interactors. These results are very promising and pave the way to
the discovery of Mtrn receptors in embryonic nervous tissue. Definitive proof requires however
further extensive validation, starting with additional Ecto-FC ligand-receptor interaction

experiments to unambiguously confirm the identified candidates.
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Figure 28: Analyses of FC-Mtrn/FC-Ntn1 differential proteomic screenings. A Protein
enrichment analysis (log2(Metrn/Ntn)) for the first proteomic screening. The graph shows the
number of all identified proteins (upper panel) and after including the “Transmembrane-Filter”
(lower panel). Proteins only identified in the Netrin interaction sample (only Ntn1, left) or only in
the Meteorin interaction sample (only Metrn, right panel) are visualized according to the number

of Spectra (# Spec). B Analogous to A but for the second replicate.

PhD Thesis Fanny Eggeler 2023 153 /235



DISCUSSION AND PERSPECTIVES

4 DISCUSSION AND PERSPECTIVES

Externally, the body plans of vertebrates appear bilaterally symmetric. But, from the inside the
positioning and morphology of internal organs display a significant asymmetry. Therefore,
during early development, the vertebrate embryo has to establish three main body axes, the
anterior-posterior, the dorsal-ventral and the left-right axis. To achieve these axes
specifications the distributions of specific signaling molecules at the right place and the right
time within the developing embryo are essential for proper cell fate specification and pattern
coordination. The left-right body axis is one of the last one to be defined during early embryonic
development. One major regulator for the establishment of this axis is Nodal, a ligand
belonging to the TGF protein family [112], [166]-[170]. It was shown that in vertebrates, Nodal
signaling is activated in the left LPM, but remains inactive in the right LPM, and consequently
is creating an embryo-scale left-right asymmetry [168]. In mouse, symmetry-breaking is
initiated in the Node, with equivalent structures in for instance chicken (Hensen’s node) and in
zebrafish (KV) [194]-[196]. Within the node (or equivalents) a leftward flow of extraembryonic
fluid is achieved by an oriented rotation of node cilia and this so called “Nodal flow” is assumed
to be the essence for vertebrate L-R symmetry breaking. Nevertheless, the knowledge of early
developmental biology and embryonic patterning processes increased enormously during the
last two decades the whole mystery of how cell know exactly at the right time and the right
place what do and where to go is far from being solved.

Excitingly, we could demonstrate that Meteorin proteins are required for the proper formation
of the zebrafish KV and thus we aim to establish a novel role of Meteorins as proteins during
embryonic left-right patterning.

We hypothesize that Meteorin proteins act in left-right patterning by regulating the level of
correct DFC clustering. In the absence of Meteorins, DFCs are not able to assemble properly,
which leads to deceleration of their migration towards the VP, resulting in an incomplete
formation of the KV. This incomplete formation causes an insufficient Nodal flow and thus
altered expression of Nodal factors, wind up in left-right patterning defects, like the proper
positioning of organs as the heart.

Mechanisms underlying left-right patterning are known to be highly conserved within
vertebrates. Hence, the first question we raised was if the Meteorin protein family is conserved
across different species. As verified from our lab and also described from Zheng et al. 2016

[21], genes coding for metrn and metrnl are existing in several vertebrate classes, but could
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be found in genomes of invertebrates. Therefore, we suggest that Metrn proteins arose after
the vertebrate evolution and their putative function in the establishment of the left-right axis is
specific for vertebrates. Also, the presence of highly conserved modules of amino acids within
the Metrns sequences support a putative conservation of the Metrns biological activity during
vertebrate evolution. One of these conserved features is the signal peptide on the N-terminal
region of each member of the Meteorin protein family, supporting the idea that all Meteorins
are secreted in the extracellular environment, where they, most likely, function via interacting
with a receptor of their target cells.

Supporting the hypothesis of Metrns being essential for correct DFC clustering and KV
formation, we could show that two members of the zebrafish Meteorin family (metrn, metrni1)
are expressed during early developmental stages within and around the KV structure and
specifically in DFCs. Furthermore, we could analyze a significant increase of disorganized DFC
assembly with occasional gaps in metrn-/-, metrnl1-/- and tripIMut zebrafish embryos. These
results indicate that both, Metrn and Metrnl1, cooperatively are necessary for proper DFC
assembly. Nevertheless, the exact way how Meteorins are involved in this process is still
elusive.

One theory could be that Meteorins have a direct effect on DFCs. Since meteorins are
expressed in DFCs, but known to be secreted proteins, it is possible that Meteorins act via
autocrine signaling. Several factors of the Nodal pathway and also Nodal itself are known to
signal in an autocrine manner within development and proliferation processes [356]-[359].
However, autocrine Metrn signaling in DFCs would require that the Meteorins receptor(s) is/are
located on the cell membrane of DFCs as well.

Remarkably, it was recently shown that during the onset of gastrulation in zebrafish, Nodal
ligands act in an autocrine manner to introduce the sorting of endodermal cells in cooperation
with sox32 (casanova)-dependent endodermal specification trough the acvriba receptor [358].
These finding indicate that autocrine Meteorin signaling would indeed fit into signaling
pathways crucial for early embryonic patterning processes.

Therefore, one possibility could be, that Meteorins interact with cell-adhesion molecules (for
instance cdherin1 and cadherin2 are known to be expressed within DFCs) located on the DFC
cell membrane, since the disaggregation phenotype we observe in our meteorin mutants
possibly suggests an involvement of cell adhesion [360], [361]. Additionally, several zebrafish
studies demonstrated that proper DFC clustering is crucial for KV ciliogenesis and LR
patterning [362]-[364] and that the disruption of genes encoding for cell-adhesion molecules
belonging to the Cadherin family result in broken-up DFC phenotypes [363]. Thus, in the
absence of Meteorins, the cell adhesion within DFCs would be disturbed, which would result

in our observed DFC disassembly phenotypes.
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Another possibility could be that Meteorins are cooperating with Ephrin signaling on the level
of the DFC, since Ephrins are known to be able to signal in an autocrine manner [365].
Interestingly, it was shown that the gene for the Ephrin receptor ephb4b is expressed
significantly in DFCs, that Ephrin ligands are expressed in close proximity to the cluster of
DFCs and that the knockdown of either one of them is sufficient to cause scattering of the DFC
cluster [364]. Hence, it would be imaginable that Meteorins are necessary for the proper
binding of Ephrin ligands to their respective Ephrin receptors or synergize downstream with
this signaling pathway and therefore influence the mediation of cell-cell contact-reliant
repulsion between their neighboring cells and DFCs, crucial for correct KV formation.
Intriguingly, Ephrins and their receptors also belong to the family of canonical axonal guidance
cues, which could indicate that Meteorins might interact with Ephrins during left-right patterning
but also in the context of axonal guidance as described in 3.2.2.

To investigate the above-mentioned theories of Meteorins affecting on DFCs via autocrine
signaling, several approaches could be performed. Via HCR and/or fluorescent double in-situ
hybridizations the possible colocalization of metrn/metrni1 and possible interactors (ephrins,
cadherins) could be analyzed. Furthermore, to assess possible relationships between Metrns
potential interactors, the genetic interaction on the level of DFCs clustering could be analyzed
with insufficient dosages of respective morpholinos, as described in 2.10, 3.1.2 and 3.2.2. To
analyze if Meteorins are directly interacting during the above-mentioned theories, AP-binding
assays and Co-IP approaches could be used.

Supported by our demonstrated genetic interaction of Metrns and IntegrinaVB1 on the level of
DFC clustering, another option would be that Meteorins interact with Integrins located on the
membranes of DFCs. Importantly in this hypothesis, a couple of in vitro studies connected
aVB1 to migration and cell adhesion during developmental processes. For instance oVB1 was
shown to be implicated in neural cell adhesion molecule L1 cell binding [214] and in embryonic
astrocytes and oligodendrocyte precursors migration [213]. Moreover, alike meteorins, both
integrins were shown to be expressed in DFCs [209]. Therefore, it could be possible that
Metrns interaction with oV and/or 31 influences the Integrin’s adhesive functions and/or the
further signaling, necessary for proper DFC clustering. Consequently, the absence of
Meteorins would possibly lead to disturbed adhesion and/or Integrin signaling, resulting in DFC
assembly defects and disturbed KV development, as discovered in metrn mutants. Via an AP-
binding assay we were not able to detect significant direct interaction between Metrns/Metrni1
and oV and/or 1, which could indicate that Meteorins and aVB1 signaling pathways are linked
but that aV and B1Intergins don’t act as Metrns receptors. Therefore, specific interactions and
concrete molecular signaling pathways of Metrns together with aVp1 are still elusive. Further,

we hypothesize that oV and/or 1 might still be involved in direct Meteorin interaction, even
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after out negative AP-binding results. Integrins are known to interact and signal with numerous
cofactor(s) and form complex dimers with additional Integrin subunits. For instance, aVp1 is
known to dimerize additionally with the 33, 35, 6, B8 subunits as well as with the allb subunit.
Hence, it should not be excluded that Meteorins indeed interact with oV and/or 31 since an
additional cofactor or further Integrin subunit might be necessary for accurate interaction and
not present in our AP-binding assay.

Intriguingly, in several metrns LOF embryos, the connection between DFC and YSL/EVL
seems to be disrupted, indicating that the DFC migration and clustering defect in our meteorin
mutants appears to be not only involved in mediolateral DFC clustering. Also, we could observe
that in mutants some DFCs are detached from the EVL during epiboly movements and
therefore are not able to migrate properly. Since the connection between DFC and EVL
normally enables a subset of DFCs to have apical contacts with the EVL and to be
prepolarized, another hypothesis could be that Metrns are partly important for the polarization
of the DFCs [199]-[201]. Since polarized DFCs initiated developing cilia at their membrane
domain facing the lumen, it was further demonstrated, that KV lumen development was directly
connected to ciliogenesis [200]. These findings emphasize that DFC polarization is essential
for correct KV formation and ciliogenesis. Hence, the impaired polarization in embryos lacking
Meteorins possibly disturbs the physical tissue linkage of EVL and DFCs and the correct
formation of the KV which results in our described incorrect clustering of DFCs and properties
of the KV. Nevertheless, the possible role of Metrns in the polarization of DFCs still hast to be
investigated.

Hence, it might be useful to visualize DFC polarization via immunohistochemistry using for
instance an antibody against the epithelial atypical Protein Kinase C (aPKC) [366]. A live in
vivo approach via imaging a Tg(sox17/cas:GFP) transgenic reporter line in wt as well as metrn
mutants backgrounds could provide further information about possible GFC migratory defects
and polarization defects.

Another hypothesis could be that Meteorins signaling occurs in a paracrine manner, with
Meteorins affecting cells and tissues surrounding DFCs. For instance, Meteorins could signal
through interaction with receptor(s) located on the membrane of EVL cells and therefore affect
the important connection between DFC and EVL [199]-[201]. Another option would be that
Meteorins interact with Cadherins as described above, but in a paracrine manner. Cdh1 as
well as cdh2 are expressed within the DFCs but also in the surrounding tissue [363], [367].
Hence, in the case of metrn LOF cell-adhesions of DFC surrounding cells could be disturbed,
which would lead to disrupted DFC assembly and migration as observed in our metrns

mutants. The same could be possible also for the interaction between Meteorins and aVf1.
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Both Intergins are described to be expressed within but also around the DFC tissue [209],
[210].

Importantly, the theories and hypotheses discussed above are not mutually exclusive.
Meteorins could interact and cooperate in an autocrine but also paracrine manner. To analyze
the direct effect of metrns LOF in specifically DFCs or the cells of the surrounding tissue the
2C-Cas9 system could be used [368]. With this it would be possible to knock-out meteorins
exclusively in DFCs (cas9 expression under cas or sox17 promoter) or in surrounding tissue
like the YSL (cas9 expression under rabbb or slc3a2a promoter [369]). The establishment of
metrn and metrnl1 transgenic lines, in which meteorins express fluorescent reporters would
further support the effect(s) of Meteorins on DFC clustering and migration.

However, in all the above-described scenarios, it is possible that for successful Meteorins
autocrine and/or paracrine signaling on the level of the DFCs additional co-factors are
necessary. Therefore, the above-mentioned approaches to validate Meteorins interactions can
just inform if Meteorins directly interact with Ephrins, Cadherins etc. To identify possible co-
factors, our established Ecto-FC ligand-receptor interaction screen mass spec data could be
used and analyzed for molecules, specifically involved in early developmental cell migration
processes. However, it should be mentioned that until now we used mouse spinal cord,
hindbrain and forebrain from stage E13 for prey protein extraction. Consequently, we cannot
be sure that we miss possible co-factors in the context of early embryonic patterning due to
the wrong “stage” and location of our prey extraction samples.

In addition, our work does not exclude the possibility that Metrns are also involved in later KV
developmental and/or left-right patterning events, especially considering the specific
expression of metrn and metrnl1 around the zebrafish KV. To analyze the specific role of
Meteorins during later KV developmental and left-right patterning stages, their genes could be
inactivated after completed DFC clustering and migration. In this way, the role of Meteorins
during embryonic left-right patterning could be investigated independently from DFC clustering

and migration.

We hypothesize that disturbed KV properties, the impaired Nodal flow and the randomization
of laterality organs are results of impaired DFC clustering and migration in metrn loss-of-
function zebrafish. In conclusion, we can assume that Metrn proteins are novel factors involved
in establishing the L-R asymmetry during embryonic development. The identification of
Meteorins interaction partners would critically advance our understanding of their biological

functions during early embryonic left-right patterning processes.
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During the last decades, the knowledge of molecular mechanisms responsible for the
formation of functional neural circuits, especially within the CNS midline, has increased
significantly, driven by the discovery and identification of axonal guidance factors, proteins
which are modulating the elongation of axons during embryonic neuro development. The
extensive study of these instructive molecular guidance molecules has allowed scientists to
decipher the key aspects of biological processes guiding axonal pathfinding across the midline.
These mechanisms appear to be highly conserved across evolution. Despite the complexity,
the mystery of the midline crossing puzzle is nowhere near from being solved in its totality and
especially the involvement of additional molecules within the midline crossing navigation still
has to be investigated.

Meteorins are a small group of secreted proteins, known to regulate axonal extension and
neuronal progenitor differentiation, in vitro. By using the CNS of our favorite organism, the
zebrafish, as a model, we aim to understand in vivo if Meteorins play indeed a role during
embryonic neurodevelopment, more precisely, if they are acting as factors regulating axonal
pathfinding. Identical to their assumed role during embryonic left-right patterning, we suggest
that the putative function of Meteorins in the processes of CNS patterning are specific for
vertebrates.

The hypothesis of Metrns as novel axonal pathfinding factors was encouraged by a supposed
NTR-like domain, present at the C-terminal region of the zebrafish Metrnl1. Nonetheless, the
NTR-like domain was not detected in other Metrn proteins in zebrafish (Metrn, Metrnl2). Based
on preliminary bioinformatic analysis, we hypothesize that this domain existing also in other
orthologues or paralogues although its detection is impaired by a lower conservation of its
canonical sequence. Up to date it is still unknown if the Metrnl1 NTR-like domain has a
functional meaning, but interestingly it is also present in Netrins as well as other proteins. The
domain was shown to be involved in ECM components interactions, like with HSPGs, but
without showing any chemorepellent or chemoattractant properties and was further associated
as an Integrin binding domain [370], [371]. Hence, it seems reasonable to assume that the
putative NTR-like domain could contribute to the regulation of Metrnl1’s activity via the
modulation of the spatial distribution in the extracellular compartment and/or Intergin
interaction.

We suggest, das Metrns are involved in defining axonal trajectories during embryonic
neurodevelopment. To support this hypothesis, we demonstrated metrns expression in the
embryonic zebrafish CNS. Similar to the mouse orthologues, metrn genes transcription can be

detected in glia and neuronal progenitors [3], [22]. Strikingly, metrn- and metrnl1 are also
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transcribed from numerous cells located at the FP and along the midline. The FP as well as
the midline represent well-characterized regions acting as guideposts for elongating axons and
key areas for the generation of the numerous environmental cues orchestrating the navigation
of growing axons [233], [372].

Previous work in the laboratory has generated loss-of-function alleles for all three zebrafish
genes from the Meteorin family of secreted proteins. Interestingly, we could characterize
specific axonal development defects in these mutant fish including defects in several
commissural neuron populations. In particular, we could observe that AC commissural axons,
trigeminal neurons as well as RGC projections are affected by Metrn signaling. In more detail,
since AC development defects (defects in its fasciculation and elongation) could be observed
in tripIMut and single metrn”’- mutants, but not in metrn/17- or metrni2”- single mutants, we
hypothesize that Metrn is the only paralogue in zebrafish impacting AC development.
Contrarily, our results indicate that all three Metrn paralogues could act redundantly on the
level RGC axon laminar patterning and that Metrn and Metrnl1, but not Metrnl2, are having a
possible instructive role for the trigeminal nerve fasciculation.

Remarkably, we could investigate that mRNA encoding for metrn and metrn/1 co-localize at
the FP region in the hindbrain as well as at the spinal cord with three out of the four zebrafish
slit paralogues (slit1a, slit1b and slit2). These observations let us assume that, metrns and slits
are, at least in part, expressed from the same cell populations and that there might be a
functional interaction between the two molecules. Indeed, we could describe a possible genetic
interaction between Meteorin proteins and Slits (Slit2, Slit3) on the level of the AC. These
results indicate that, beside Slit2 and Slit3 which are necessary for proper POC development,
Meteorins are required for the formation of the AC and could therefore act as a pendant to Slit2
and Slit3 on the navigation of commissural axons. Nonetheless, the detailed molecular
mechanisms of the functional interaction between Metrn and Slit signaling and the issue if the
effects of Metrns are directly linked to the binding of Slits to their receptor on the targeted axons
or on the other hand are a result of the modulation of the axonal navigation pathway, still have
to be investigated.

We could also analyze a functional interaction between Metrns and IntegrinaV and 31 on the
level of the development of the zebrafish AC. Remarkably, these results could connect the
suggested Meteorin signaling during axonal pathfinding with the previous discussed embryonic
left-right axis establishment. IntegrinaV and 1 are broadly expressed and often are connected
with other Integrins, however the interaction with Meteorins could represent a possible
conservation of Meteorins signaling cascade, especially during embryonic developmental
processes.

Overall, our phenotypic and molecular analysis of Meteorins during zebrafish

neurodevelopment demonstrates a role of our favorite protein family in the defining of axonal
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projection patterns in several neuronal types, focusing in the fact that different combinations
of Meteorins are affecting distinct axonal populations. But, despite our results suggest a novel
rule of Meteorin proteins as new class of factors in regulating axonal elongation, it is still elusive
in which way the activity of Meteorins is able to impact axonal behavior. Therefore, in the next
paragraph we will hypothesize possible mechanisms to provide a functional explanation how

Meteorin proteins could modulate axonal guidance.

A first theory hypothesizes that Meteorin proteins themselves are directly able to control
choices of axonal navigation. Therefore, Metrns would act as novel and uncharacterized
axonal guidance molecules, or through direct interaction or regulation of already established
axonal guidance pathways. As we could reveal, Meteorins secretion occurs at the “right time”
and also the “right place” within the embryonic CNS and therefore could represent a likely
candidate within the family of axonal guidance molecules. To indeed orchestrate the processes
of axonal elongation, Meteorin proteins have to interact with a specific receptor, which should
be expressed at elongating axons. Subsequently, the interaction could result in the activation
of signaling pathways which in turn lead to axonal behavior changes. Strikingly, we could
demonstrate that Metrns-AP fusion proteins are able to bind to commissural axons on spinal
cord sections of mouse as well zebrafish, and particular to the commissural axons post-
crossing segment. These results encourage the hypothesis of Meteorin proteins as novel
axonal guidance factors and emphasize on the urge to identify putative receptor(s) to fully
understand the biological activity of Meteorins in the context of axonal navigation. Another
possible way of how Meteorin proteins are able to control choices of axonal navigation is that
they collaborate with canonical guidance pathways by the regulation of their activity and
therefore influencing their effect on axonal navigation. One possible idea could be that
Meteorins are acting in one of the Slit signaling pathways. Since it was demonstrated that Slits
as well as Metrns are impacting DRG explants and promoting axonal branching and neurite
extension, this hypothesis could be tempting [3], [22], [373]. Remarkably, it was also shown
that a cleaved fragment of Slit2 (Slit2-C) exerts the same function as Metrnl in adipose tissue
[54]. Additionally, we could also show that the expression patterns of meteorins and slits
display a partial overlap and that Meteorin proteins and Slits (Slit2, Slit3) are genetically linked
on the level of AC formation. Since axons pathfinding choices in metrn LOF are also influenced
by the activity of Slits [333], [374], the hypothesis of a Metrns-Slit functional interaction is further
reinforced. Via the AVEXIS we could not detect a direct interaction between Meteorins and
Robo receptors. Therefore, it could be possible that Meteorins effect axonal responses to the

Slit-Robo pathway by first forming a complex with Slit proteins and subsequently interacting
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with Robo receptors. Instead, another possibility would be that Metrns via binding to a so far
unknown receptor, located on the membrane of growing axons, activate a signaling cascade
which in turn leads to expression level changes of Robo receptors, resulting in changed
sensitive of growing axons to the Slit-mediated repulsion.

Several in vitro studies connected Integrin aVB1 to processes acting during the development
of the CNS neurodevelopmental. IntegrinaVB1 was shown to be implicated in neural cell
adhesion molecule L1 cell binding [214] as well as in embryonic astrocytes and
oligodendrocyte precursors migration [213]. Additionally, Integrins were shown to influence the
regulation of the dynamic detachment-attachment of growth cones through laminins
interactions [375]. Interestingly, it was shown in Drosophila, that Integrins are able to regulate
the responsiveness of growing axons to the Slit-mediated repulsion and that they are directly
associated to commissural development [376], [377]. Encouraged by our observation of a
possible genetic interaction between Meteorins and Integrins on the level of AC formation, we
hypothesize that Meteorins effect axonal pathfinding via Integrin interaction. Meteorins could
bind directly or in concert with other co-factors to Integrins expressed close to the growth cone
and affect the navigation of the growing axons through ways as just described how Meteorins
might affect axonal responses to the Slit-Robo pathway.

A second hypothesis would be that Meteorins would act more indirectly, in fact on the
differentiation and patterning of midline glia cells, which are responsible for generating
instructive axon guidance cues. This theory would also span the bridge to the role of Meteorins
during embryonic left-right patterning and the described function of Metrn as a possible positive
regulator of Nodal signaling during mesendoderm development [4]. Notably, in zebrafish cyc
(ndr2) mutants the ventral midline is not able to differentiate properly leading to severe
guidance defects, indicating that Nodal activity is crucial for FP induction [378]. Therefore, if
Meteorins indeed would act as Nodal enhancers, the FP in metrns LOF fish would not fully
develop, leading to a disturbed guidance molecules production, resulting in axonal pathfinding
defects. Nevertheless, anatomical observations, stable ntl expression around the notochord
and randomized visceral organs positioning in tripIMut zebrafish embryos let assume that the
FP development is not influenced by metrns LOF [247], [379], [380] (Eggeler et al. in
preperation).

Consequently, an alternative hypothesis for the role of Meteorins during the differentiation and
patterning of midline glia cells would be an involvement within the modulation of glia
specification. It was shown via the exposure to exogenous Metrn the differentiation into GFAP-
positive glia cells wad induced in P19 embryonic cells or cultured neurospheres [2], [3]. The
balance of neuron/glia is known to be crucial for the homeostasis of the developing brain, since
it was shown to be responsible for orchestrating the right dosages of guidance and trophic

factors [381]. Hence, if Meteorins indeed would influence glia differentiation, the LOF would
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result in glia differentiation defects and therefore in an unbalanced guidance factors
production, as observed in our mutants. Interestingly, Integrin aV was shown to be important
for proper axon and glia interactions in the CNS [205]-[207]. Therefore, it might be possible
that Meteorins beside oV are involved in the regulation of this interactions as well. Hence, it
might be useful to label glia cells and post-mitotic neurons differently and subsequently stain
the two cell types via immunohistochemistry using for instance a GFAP and HuC antibody. A
live in vivo approach via generating transgenic reporter lines for the two cell populations would
be an additional approach to investigate a possible role of Metrns for correct axon and glia
interactions. Preliminary results (data not shown) however, show that gfap mRNA levels as
well as the number of gfap expressing cells are not altered in metrns LOF embryos. These
observations would therefore argue against the hypothesis for the role of Meteorins in the
context of differentiation and patterning of midline glia cells.

Again, as mentioned in the context of LR patterning, the hypothesis and theories discussed
above are not mutually exclusive. Considering, the numerous discovered functions of Meteorin
during diverse a broad spectrum of developmental, metabolical, regenerative processes, it is
likely possible that our favorite proteins (Meteorins) have also multiple functions during axonal
guidance processes. They could be involved in the differentiation of neurons and glia at early
developmental stages and subsequently regulate axonal navigation within later developmental
processes. To analyze the specific role of Meteorins during early and later developmental
stages, their genes could be inactivated after completed neuronal differentiation. Hence,
Metrns function within axonal guidance could be investigated impartially from the process of
glia and FP differentiation. However, considering the significant decrease of meteorins
expression after 2dpf and the absence of obvious neurodevelopmental defects in adult
zebrafish we assume that Meteorins function in aspect of axonal development and guidance

is just required during the developmental of the CNS and not its maintenance.
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In spite of the recent advancement in understanding the numerous functions of Meteorins, we
assume that the totality of all Metrns receptor(s) are still unknown. Thus, the identification of
additional Metrn receptor(s) is essential for fully understanding downstream signaling
pathways and biological functions of proteins from the Meteorin family. To hunt for Meteorins
receptors we made use of several independent approaches.

The AVEXIS, one of the first methods we performed during our receptor hunt, is described as
a high-throughput interaction screen for even very transient interactions and with a low false-
positive rate, seeming perfect for the search for our receptor(s). Additionally, it is not bound to
one specific species, giving us the possibility to analyze possible binding in zebrafish and
mouse in parallel. On the other hand, it is only suited for single transmembrane domain
receptor candidates and therefore might rule out possible multiple transmembrane domain
receptor candidates. For instance, Htr2b, the recent published receptor for Metrn displays
seven transmembrane domains [7] and could not be detected with the AVEXIS. Further,
AVEXIS is described to be not suitable for homophilic extracellular interaction detection either,
caused by avid prey—prey associations. AVEXIS is indeed a high throughput approach,
however only if possible candidates are available and known. It is not suited as a screening
approach, since each single receptor candidate needs individual cloning in the respective
backbone and expression validation. | was very fortunate to receive a travelling fellowship to
visit the lab of Rob Meijers at the EMBL Hamburg, with whom we have established a
collaboration for the Meteorin project. | was able to perform the AVEXIS Meteorin receptor
screen under their guidance and using their established zebrafish receptor library. The Meijers
lab has already extensive experience with this method, successfully identifying various
receptor/ligand interactions involved in axon guidance [382], [383]. Unfortunately, we were not
able to detect any positive interaction between Meteorins and our tested receptor candidates.
However, due to its ability to detect very transient interactions and with its low false-positive
rate, it would be a powerful approach to validate possible Meteorin receptor candidates,
determined via another screening approaches.

The second candidate approach we tried was the AP-binding assay. As already discussed in
4.1, although we were not able to detect positive interactions between the tested Integrins and
Meteorins with the AP-binding assay, it might be still possible that Integrins could act as
Meteorins receptors.

Unable to establish receptor candidates via the AVEXIS or AP-binding assays, we decided to
perform a screening approach prior to further candidate approaches. Hence, we performed an
Ecto-FC ligand-receptor interaction screen as published from Savas et al. [8] to establish a list

of possible Meteorin receptors. The Ecto-FC ligand-receptor interaction screen is described to
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be highly sensitive, with a short duration of analysis and as robust and reproducible technique.
The approach is based on Ecto-Fc proteins, which serve as baits for prey proteins, extracted
from mouse tissues. By capturing bait proteins, bound to possible interaction
partners/receptors and subsequent MS-analysis, the Ecto-FC ligand-receptor interaction
approach enables to fish for possible interaction partners from a pool of the main relevant
biological source, containing native post-translational modifications and without the need of a
priority candidate. However, similarly to the AVEXIS approach, interactions with multiple
transmembrane domain proteins are close to impossible to detect with the Ecto-FC. Further,
the protocol requires extensive washing and elution steps, which could interfere with very low
affinity interactions. In our case, the purification of the prey proteins from mouse tissue was
optimized and to achieve a final proper amount of prey protein, a quite high number of samples
was necessary. Additionally, the purification of specifically transmembrane proteins could be
just achieved using a specific kit. Moreover, we could detect significantly more interactors for
our Netrin control compared to the Meteorin sample and known Netrin interactors as DCC or
NEO1 were not the most enriched within the group of detected Netrin interactors. These results
could indicate that Netrin might attract numerous molecules for unspecific binding, probably
due to unfolding. Therefore, for future MS experiments and analysis another internal control
could be used. On the other hand, the low number of possible Meteorin interactors could be
specifically linked to Meteorin. It could be possible that in our Ecto-FC approach the
stechiometry between bait and prey is not optimal, especially if the affinity beween Meteorin
and its receptor(s) is relatively weak. Indeed, by using 400ug of prey for 5ug of bait we were
performing the interaction screen with “just” 100 times more prey, which could be not enough
to detect Meteorin interaction with its putative receptor(s). Therefore, it could be possible that
by increasing the number of embryonic brains and/or by further optimizing prey protein
extraction the yield of prey protein could be increased and the potential number of identified
interactors could be improved.

However, after the analysis of two independent MS data sets from the Ecto-FC ligand-receptor
interaction screen, we identified two novel receptor candidates for Meteorins. However, to
demonstrate their biological interest, the use of independent approaches to validate the
receptor candidates will greatly increase the chances of success of this receptor identification.
Putative common candidates identified with these approaches will have greater chance to be
bona fide physiological receptors. Approaches to investigate possible interaction could be an
AP-binding assay as already performed during the candidate approach (see 3.3.2) or a Co-IP.
For the AP-binding assay respective receptor candidates could be cloned into a pCX-HA and
pCX-V5 expression vector to induce their expression in COS7 with an HA- or V5-tag. After
confirming the membrane localization of the receptor candidates, the AP-binding assay could

be performed with our already established Metrns-AP fusion proteins as probes. However, the

PhD Thesis Fanny Eggeler 2023 165/235



DISCUSSION AND PERSPECTIVES

AP-binding assay is a suitable method to detect interaction with a cell membrane receptor.
Therefore, if the possible Meteorins receptor candidate is located within another membrane of
the cell (ER, lysosome, Golgi ect.) a co-immunoprecipitation would be more relevant to
investigate possible interaction. Co-IP is a well-established technique for the identification of
protein—protein interactions via the usage of antibodies specific for the target protein to directly
capture proteins interacting to the specific target protein. Since there are so far no reliable
working antibodies for Meteorins available, HA or V5-tagged Meteorin fusion proteins could be
used beside HA or V5-tagged receptor candidate fusion proteins in a pull-down assay.
However, both the Co-IP method and the Ecto-FC ligand-receptor interaction screen are in
vitro approaches far away from the natural environment of the cell. Proteins need to be
extracted in presence of detergents, which could alter folding as well as subcellular localization.
Hence, a more “in vivo” driven approach would be crucial to confirm putative Meteorins
interactions as described for instance from Hein et al. [384] or Cho et al. [385]. Therefore, our
proteins of interest (Metrn, Metrnl ect.) and putative receptor candidates could be tagged with
fluorophores via CRISPR-Cas9 gene editing following homologous recombination using
single-stranded oligonucleotides donors [385]. This generated library of cells expressing
targeted fluorophore-tagged proteins under near-endogenous conditions could then be used
for Live-cell 3D confocal microscopy or further MS analysis. With this approach, it would be
possible to analyze endogenous protein localization patterns and more strikingly, it enables to
identify molecular interactions in unaffected cell environment.

As discussed in 4.2, we assume that the Metrn family is conserved across different vertebrate
species. Moreover, we think that Meteorin interactors are conserved as well. Therefore, it
would be exciting to performed parts of the receptor hunt, like the Ecto-FC ligand-receptor
interaction screen also in zebrafish and/or human. Investigating if the recent published
receptors for Metrnl and Metrn are also interactors for the zebrafish Meteorin family would be
interesting to support the hypothesis of conserved Meteorin interactions. A possible approach
would be an AP-binding assay expressing zebrafish hir2b or kit in cell culture and using the
established Metrns-AP fusion proteins as probes.

After a hopefully successful validation of one (or more) receptor candidates, the screening of
their role in embryonic patterning, neurodevelopment and axon guidance would be crucial to
fully understand the role of Meteorin signaling during these processes. Therefore, in situ
hybridizations (or HCR) for the respective receptor candidates could be performed in zebrafish,
to visualize the general expression pattern and analyze if the candidate(s) is/are expressed in
proximity to the hypothesized places of meteorin expression and function (commissures,
DFCs). Furthermore, the CRISPR/Cas9 gene editing technique could be used to establish a
knock out zebrafish line(s) (if not already existing) for the selected Metrns receptor(s) and

analyze commissure development and embryonic patterning in the mutant backgrounds. To
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test the cell autonomous role of Metrns receptor molecules in the axon guidance of
commissural neurons, the inactivation of the receptor(s) gene expression in selected neuronal
population in zebrafish would be necessary. For this, a cell specific expression of the cas9
enzyme in genetically defined neuronal populations would be a possible approach [368].
Further, to visualize the Metrns receptor(s) in vivo, a transgenic reporter lines could be created
using a CRISPR/Cas9-mediated knock-in method [386].

Since nothing is known so far about the molecular nature of the Metrn receptor(s) in the
contexts of axonal guidance and embryonic patterning among many others, new Meteorin
receptors will pave new research avenues to address how Meteorins are involved in numerous

functions.
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Meteorin proteins, belonging to the family of secreted proteins, are highly conserved among
vertebrates. They display a great variety of biological functions and those are far from fully
understood. Meteorin was allotted a role in neurogenesis, angiogenesis and mesendoderm
development among others. Meteorin-like was assigned a possible role on diabetes and
thermogenesis inter alia.

In this thesis we focused on the analysis of the so far unknown and putative conserved function
of proteins belonging to the Meteorin family during early embryonic left-right axis establishment
and the patterning of the embryonic CNS during development.

We could reveal that Meteorin proteins are new essential components for left-right patterning
during embryonic vertebrate development and that in metrns LOF zebrafish embryos DFC
disorganization and Nodal flow formation defects within the KV lead to left-right patterning
defects like inverted positioning of organs like the heart. Further we could show that metrn
genes are expressed at the FP and along the midline in the developing CNS mouse as well
zebrafish and that the LOF results pathfinding defects in several populations of axons.
Furthermore, our biochemical approach to identify novel putative Metrn receptors lead to the
discovery of two interesting candidates that will be further validated.

In summary, these results propose Metrns as potential novel factors for vertebrate left-right
patterning and axonal midline crossing and thus represent an important improvement of the
understanding of mechanisms directing patterning of the embryo in its first hours of

development as well as the navigation of growing axons.
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is visualized via nitrocefin’s colorimetric enzymatic turnover from yellow to red. Modified from [348].

Figure 24: The identification of Meteorin receptor(s) is crucial for fully understanding their

biochemical signaling pathways: Spinal cord sections of E11 mouse and 5dpf zebrafish probed
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Summary statement

Myosin-1b is important for intestinal epithelium folding during zebrafish development and

participates in the villous atrophy clinical manifestation downstream UNC45A deficiency.

Abstract

Vesicle trafficking and the establishment of apico-basal polarity are essential processes in
epithelium morphogenesis. Myosin-1b, an actin-motor able to bind membranes, regulates
membrane shaping and vesicle trafficking. Here, we investigate Myosin-1b function in gut
morphogenesis and congenital disorders using cell line and zebrafish larvae as well as patient
biopsies. In a 3D Caco-2 cyst model, lumen formation is impaired in absence of Myosin-1b. In
zebrafish, both Morpholino knock-down and genetic mutation of myo1b result in intestinal bulb
epithelium folding defects associated with vesicle accumulation, reminiscent of a villous
atrophy phenotype. We show that Myosin-1b interacts with the chaperone UNC45A, genetic
deletion of which also results in gut folding defects in zebrafish. Loss of function mutations in
UNC45A have been reported in complex hereditary syndromes, notably exhibiting intestinal
disorders associated with villous atrophy. In UNC45A-depleted cells and in patient biopsies,
Myosin-1b protein level is strikingly decreased. The appearance of Myosin-1b aggregates
upon proteasome inhibition in cells points at a degradation mechanism of misfolded Myosin-
1b in the absence of its chaperone. In conclusion, Myosin-1b plays an unexpected role in the
development of the intestinal epithelium folds or villi downstream UNC45A, establishing its role

in the gut defects reported in UNC45A patients.
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Introduction

The establishment of apico-basal polarity and lumen formation are two fundamental steps
during vertebrate intestinal epithelial morphogenesis (Chin et al., 2017). The actin cytoskeleton
and the vectorial vesicle trafficking play a major role in the initiation and maintenance of this
process, leading to a stable single layer of cells with distinct apical and basolateral domains
(Lubarsky and Krasnow, 2003, Martin-Belmonte and Mostov, 2008). The apical membrane of
the enterocyte is further organized in microvilli, plasma membrane protrusions, which are
supported by bundles of parallel actin filaments and interacting proteins interconnected at the
basis through a network of actin, spectrin, and myosins known as terminal web (Revenu et al.,
2004). The interaction between neighboring polarized cells is further strengthened by the
formation of cadherin-based adherens junctions and claudin-based tight junctions. A proper
polarization of the intestinal epithelium is essential to achieve its main physiological roles, such
as fluids and nutrient absorption and secretion. Indeed, defects in intestinal epithelial cell
polarity and apical lumen formation result in early onset intestinal disorders, usually appearing
in the first days of life (Kwon et al., 2020). Recently, loss of function (LOF) variants in the
chaperone UNC45A were reported in families presenting complex phenotypes including
congenital diarrhea and several degrees of villous atrophy (Esteve et al., 2018). UNC45A
belongs to the conserved UCS protein family (UNC-45/CRO1/She4p) of myosin co-
chaperones.

Myosins 1 are single-headed actin motors targeted to membranes. Myosin1b (Myo1b) was
detected in mouse enterocyte brush borders in a mass spectrometry analysis (Revenu et al.,
2012). Studies in cell cultures reported that Myo1b associates with organelles and regulates
membrane trafficking by controlling their morphology (Almeida et al., 2011). Myo1b can pull
out membrane tubes along actin bundles immobilized on a solid substrate (Yamada et al.,
2014) and it controls the formation of repulsive filopodia, the redistribution of actomyosin fibres
driving cell repulsion (Prosperi et al., 2015) as well as the formation of axons in cultured
neurons by controlling actin waves (luliano et al., 2018). Despite this progress in understanding
Myo1b function in vitro and in cellular systems, its function in tissue biology, especially in the
intestinal epithelium where it is expressed, remains unexplored. This work investigates this
question in the context of gut epithelium development and morphogenesis. MYO1B localizes
at the apical brush border of intestinal epithelial cells in humans and loss of MYO1B in
enterocyte like Caco-2 cells impairs epithelial morphogenesis. In zebrafish, genetic inactivation
of Myo1b affects intestinal bulb fold formation revealing its conserved function during normal
intestinal epithelium development. Finally, here we show that MYO1B is one of UNC-45A

clients, suggesting a role for myosin1b in the pathogenesis of UNC45A deficiency.
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Results

Myo1b concentrates apically in the gut epithelium but has no major impact on epithelial cell

differentiation of zebrafish intestinal bulb

To investigate the implication of Myo1b in intestinal epithelium morphogenesis in vivo, we
turned to zebrafish as a good model for gut development. There is one single myo1b gene with
several splicing isoforms in the current zebrafish genome assembly. The corresponding Myo1b
protein shares 80% identity with the Homo sapiens and Mus musculus homologues (Fig. 1C).
In order to determine the expression pattern of myo1b during zebrafish development, we
performed whole mount in situ hybridization labelling with specific antisense probes. Myo1b
transcripts were unambiguously detected at 3dpf in the digestive tract of zebrafish (Fig. 1D)
coinciding with the onset of gut morphogenesis (Ng et al., 2005, Wallace et al., 2005). Myo1b
transcripts were also observed at 5dpf (Fig. 1D) when the intestine becomes functional and
compartmentalised in bulb, mid and posterior intestines. At this stage, the transcripts were
restricted to the intestinal bulb, the anterior part of the gut that forms large folds. Due to the
lack of a zebrafish specific antibody, endogenous Myo1b sub-cellular localisation could not be
assessed in zebrafish larvae. However, expressing eGFP-tagged Myo1b revealed apical
accumulation of the protein (Fig. 1E). The zebrafish intestinal epithelium differentiates from 3
days post fertilisation (dpf) where it is essentially a flat monolayered tube. At 5dpf, epithelial
folds are present, especially in the anterior most part of the gut, the intestinal bulb (Wallace et
al., 2005). These folds are equivalent to the mammalian villi, and although no crypts are
present in zebrafish, the region between folds will have a crypt-like role (Crosnier et al., 2005).
First, we designed a splice blocking Morpholino (Myo1b-MO) that is efficiently preventing
proper splicing of myo1b as determined by RT-PCR (supplemental Fig. 1A-B). At the
concentration used, Myo1b MO displayed no overt phenotype, despite occasionally a slight
heart oedema (supplemental Fig. 1C). To extend these results with a genetic loss of function
model, we also generated a mutated allele at the myo1b locus using the CRISPR/Cas9 system,
resulting in the insertion of a single base at the beginning of the open reading frame, as
confirmed by sequencing (supplemental Fig. 1D). This leads to a premature stop codon and
to the lack of detection of the protein by Western blot in gut lysates from adult homozygote
mutants (myo1b-/-, supplemental Fig. 1E). As myolb mRNA is maternally provided
(supplemental Fig.1F), maternal contribution was suppressed by crossing myo1b-/- mothers.
As for the MO injections, the resulting maternal-zygotic homozygous mutant larvae displayed
no overt phenotype (supplemental Fig. 1C). In cross-sections (Fig. 3A), the intestinal bulbs of
Myo1b MO and myo1b-/- larvae appeared smaller compared to controls. A significant reduction

of the number of cells per cross-section was observed for both Myo1b MO and myo1b-/-
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intestinal bulbs at 3 and 5dpf compared to their respective controls (Fig. 3B). A reduction in
the total cell number in the intestinal bulb could be the consequence of increased apoptosis or
reduced cell proliferation. No significant difference with controls in the proportion of proliferative
cells could be detected at 3 and 5dpf (supplemental Fig. 2A). A slight increase in the proportion
of apoptotic cells could be detected at 5dpf but not at 3dpf (supplemental Fig. 2B). This later
increase in apoptosis can however not account for the reduced cell number per section
reported from 3dpf on and could more be a readout of increased cellular stress level upon
prolonged absence of Myo1b, as reported after the KO of other Myosins 1 in mouse and
drosophila (Hegan et al., 2007, Tyska et al., 2005). Using specific markers for secreting and
absorptive cell lineages, defects in enterocyte differentiation could also be excluded
(supplemental Fig. 2 C-D). Finally, the microvilli marker Villin appeared properly localised
apically, lining the lumen together with F-actin (Fig. 3C), suggesting that apical polarity is not

affected in Myo1b MO and myo1b -/- intestinal epithelium in vivo.

Myo1b loss of function zebrafish display villus atrophy-like features in the intestinal bulb

epithelium

To analyse in 3D intestinal bulb epithelium morphogenesis in zebrafish, we used the BAC line
cldn15la:cldn15la-GFP that specifically labels the gut epithelium (Alvers et al., 2014). Both MO
and KO intestinal bulbs revealed single continuous lumen suggesting that early steps of lumen
fusion events were not affected (Alvers et al., 2014, Horne-Badovinac et al., 2001). However,
in Myo1b MO larvae, the intestinal bulb epithelium appeared most of the time flat at 5dpf, not
developing the expected folds observed in controls (Fig. 3D). Consistently with this phenotype,
in the KO model, we detected a significant reduction in fold length in KO versus control samples
(Fig. 3E). In an attempt to understand this milder phenotype in the mutant compared to the MO
condition, we analysed potential compensation mechanisms by other myosins 1 performing
RT-QPCR. On the 4 myosins 1 tested (myo1ca, myoicb, myo1d and myo1eb), myoieb
showed a reproducible increase of on average 60% of the WT expression level in the mutant
using EF1a (supplemental Fig. 1G) and RPL13a (not shown) as reference genes. Myo1eb is
broadly expressed in early developmental stages but has restricted expression patterns after
2dpf (mostly branchial arches and pharynx) (Thisse and Thisse, 2004). A partial compensation
of the loss of myo1b by an upregulation of myo1eb could thus potentially explain the subtler
and more restricted phenotype of the mutant larvae compared to the knock-downs.

To further characterize the architecture of Myo1b-deficient intestinal bulb epithelium, a
histological analysis by transmission electron microscopy (TEM) was performed on 5dpf
larvae. It confirmed the affected folding of the intestinal bulb epithelium in MO and KO samples,

and the preserved apico-basal polarity of enterocytes (Fig. 4A-B). Quantifying microvilli length
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and density did not reveal any significant defect resulting from Myo1b downregulation or
absence, although packing looked less regular (Fig. 4C). In contrast, a darker sub-apical band
was visible in Myo1b affected samples compared to controls, likely corresponding to
modifications of the terminal web (Fig. 4C). Moreover, this ultrastructural analysis showed an
important accumulation of vesicles in MO and KO samples compared to controls (Fig. 4B
insets) suggesting defects in membrane trafficking. These TEM observations (epithelium
folding impaired, modifications of the apical pole ultrastructure and trafficking defects) overall
indicate that myo1b-deficient enterocytes display some microvillus inclusion disease-like

features.

Myo1b is expressed apically in intestinal epithelial cells and contributes to lumenogenesis

To determine whether human MYO1B plays a conserved role in controlling intestinal epithelial
cell morphogenesis, we first used the human epithelial colorectal Caco-2 cell line, a widely
used model of intestinal epithelial cells. These cells organize into polarized cysts with a
spherical architecture when embedded in a reconstituted basement membrane such as
Matrigel therefore enabling to screen for morphogenesis defects. MYO71B accumulated
apically in polarised Caco-2 cysts, as demonstrated by its colocalization with the F-actin marker
phalloidin demonstrating a localisation in actin-rich area, microvilli and/or the subjacent
terminal web (Fig. 1B). MYO1B was then knocked-out using CRISPR/Cas9 in Caco-2 cells
(MYO1B KO, Fig. 1 A-B). The global apico-basal polarity of Caco-2 cysts was not affected in
MYO1B KO cells compared to controls as shown by the correct apical concentration of F-actin,
pERM and villin (Fig. 2 A-B). Despite the absence of major polarisation defects, MYO1B KO
Caco-2 cells were more prone than controls to the formation of cysts with multiple lumen (Fig.
2 A-B). Indeed, after 5 days in matrigel, MYO1B KO cells showed a 50% drop in the percentage
of well-formed cysts with single hollow central lumen compared to controls (Fig. 2C), overall

pointing to a role for MYO1B in controlling lumen morphogenesis in intestinal epithelial cells.

Myosin 1B interacts with UNC45A and is misfolded in UNC45A deficiency

Loss of function (LOF) variants in the chaperone UNC45 homolog A have recently been
associated with rare human genetic syndromes notably presenting intestinal disorders,
including chronic diarrhea and villous atrophy of variable penetrance (Esteve et al., 2018 +
PMID: 35575086). In complex with HSP90, UNC45A acts as a critical cochaperone for the
folding and stability of type Il myosins (PMID: 23332754). A pull-down assay performed to
detect potential Myo1b partners identified UNC45A as the most abundant protein interacting

with Myo1b in a mouse neuronal cell model (Supplementary table 1). Immunoprecipitation
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coupled to mass spectrometry using UNC45A as bait in Caco-2 cells identified MYO1B as part
of UNC45A interactome in Caco-2 cells (PMID: 35575086). Lysates from myc/flag-tagged
UNCA45A Caco-2 cells and from myc/flag-tagged empty vector (EV) control Caco-2 cells were
immunoprecipitated with myc-Ab and pulled-downs analysed by western blot, confirming the
interaction of WT-UNC45A with both myosin 1B and HSP90 (data not shown). Accordingly,
UNC45A KO Caco-2 cells showed reduced MYO1B expression by both western blot and
immunofluorescence (Fig. 5A), suggesting that in UNC45A deficient condition, MYO1B fails to
fold properly and is redirected for proteasome degradation. Blocking the proteasome
machinery with the proteasome inhibitor MG132 induced the appearance of protein aggregates
both in control and UNC45A KO Caco-2 cells (Fig. 5B). Myo1b staining partly co-localised with
the aggresomes in the UNC45A KO condition (Fig. 5B). Strikingly, while in control duodenal
tissues, MYO1B was detected apically at the base of the villi and in crypts, partially colocalising
with Villin (Fig. 5C), in duodenal tissues from UNC45A-deficient patients, Villin was still
localised apically whereas MYO1B was barely detectable (Fig. 5D). Overall, these findings
confirm MYQO1B as client of the chaperone complex UNC45A/HSP90 and indicate that MYO1B

is misfolded, degraded and therefore not functional in UNC45A deficient condition.

Discussion

This work identifies Myo1b, an actin motor, as an unexpected player in the regulation of the
morphogenesis of the intestinal epithelium during gut development. In zebrafish, we report
defects in epithelial folding and villous atrophy when Myo1b is depleted. This phenotype is
similar to the ones reported in zebrafish and in human patients with loss of function variants in
UNC45A. In intestinal epithelial cells, we show that MYO1B belongs to the UNC45A
interactome and that MYO1B is misfolded in absence of UNC45A.

For this study, we analysed both myo7b mutant- and Morpholino-induced phenotypes. It is now
well established that Morpholino knock-downs often result in more severe overt phenotypes
than the corresponding knock-outs, at least partially due to the induction of genetic
compensation mechanisms in the mutants (Kok et al., 2015, Rossi et al., 2015). In the myo1b
null case, we observed a more subtle outcome than the Morpholino, which could be due to
compensation mechanisms (El-Brolosy and Stainier, 2017) as supported by the RT-QPCR of
myo1eb. Here, the intestinal bulb phenotypes observed with both approaches converged on
reduced cell number of intestinal bulb sections and impaired epithelial folding.

Up to now, myosins 1a, ¢, d and e had been identified in intestinal brush borders constituting
the apical pole of differentiated enterocytes (Benesh et al., 2010). Several class | myosins have
been implicated in the maintenance of intestinal epithelial differentiated state. Myo1a, which is

associated with the highly organised actin network of differentiated enterocytes in mammals
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(Revenu et al., 2012, Tyska et al., 2005), but seems to lack in the zebrafish and Drosophila
genomes, is important for enterocyte polarity and participates in the structure and composition
of the brush border (Mazzolini et al., 2012, Tyska et al., 2005). The phenotype of the myo7a
KO mice is however mild, with reports of clear compensations by other class | myosins (Benesh
et al., 2010, Tyska et al., 2005). Likewise, two of the known class | myosins in Drosophila are
also localised in the apical pole of differentiated enterocytes and Drosophila Myo61F is
necessary for the stability of enterocyte apical organisation (Hegan et al., 2007). We report the
expression of another myosin 1 in the gut epithelium, Myo1b, and its apical localisation in
Caco-2 cells and in enterocytes of duodenal human tissues and of zebrafish intestinal bulb.
Myo1b localisation in microvilli had previously been reported in kidney epithelial cells (Komaba
and Coluccio, 2015). In human duodenum, Myo1b is expressed at the base of the villi and in
crypts suggesting a specific role in the proliferative compartment and not in enterocyte
differentiated state. We did not detect global polarisation defects at the cell level or impaired
differentiation in absence of Myo1b, whereas both the Caco-2 3D model and the zebrafish
model demonstrate morphogenetic defects at the tissue level, respectively single lumen
formation and folding.

Proliferation, apoptosis or differentiation defects do not account for the reduced cell number
observed on transverse sections of the intestinal bulb from 3dpf. As the sections give a 2D
overview of a 3D organ, this reduced cell number is thus likely the readout of the different
organisation in space of the epithelium. A specificity of the zebrafish intestinal bulb is the early
folding of the epithelium that remains pronounced to adulthood (Ng et al., 2005). The reduced
folding and villi formation in the mutants and morphants are clear signs of a different
architecture of the tissue. Also the mechanisms underlying intestinal epithelium folding are not
yet fully understood, the impact of tension and forces at the cell and tissue level driving
compression, cell intercalation and invagination through apical constriction have been
investigated in other tissues during development (Mammoto and Ingber, 2010). Myosins are
central in the control of actin cytoskeleton dynamics and in force generation (Reymann et al.,
2012). In particular, Myo1b deforms membranes and participates in organelle formation and
trafficking (Almeida et al., 2011, Coudrier and Almeida, 2011). It also remodels the actin
cytoskeleton (luliano et al., 2018, Pernier et al., 2019, Prosperi et al., 2015). Its roles in
membrane traffic and in the dynamic organisation of actin structures make it a plausible actor
in the morphogenesis of the gut epithelium. The electron microscopy data show a strong
accumulation of intra-cellular vesicles in Myo1b mutant and Morpholino tissues suggesting
impaired trafficking, in agreement with its role in the formation of post Golgi carriers and protein
transport at the level of multivesicular endosomes (Almeida et al., 2011, Salas-Cortes et al.,
2005). Electron microscopy also reveals modifications of the terminal web area, the apical actin

belt linking adherens junctions in the epithelium, in agreement with its role in actin dynamics.
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Myosin 1b function on actin dynamics and consequently on membrane remodelling and
membrane trafficking must impact cell and tissue mechanics (Buske et al., 2012), and this way
contributes to impaired intestinal epithelial folding in the absence or down-regulation of myo1b.
Myo1b restricted localisation at the base of the villi in human biopsies may indicate a specific
mechanical role in crypts morphogenesis.

Villous atrophy is a phenotype associated with various intestinal disorders including some rare
hereditary syndromes presenting congenital diarrhea like microvillous inclusion disease
(MVID). Mutations in MyosinVb are the main cause of MVID (Muller et al., 2008) and have
notably been associated with defective trafficking. A zebrafish mutant of myoVb develops a flat
intestinal epithelium (Sidhaye et al., 2016). Recently, loss of function (LOF) mutations in the
chaperone UNC45A were reported in families presenting complex phenotypes including
congenital diarrhea and several degrees of villous atrophy (Esteve et al., 2018). A zebrafish
mutant for UNC45A also exhibit loss of intestinal epithelium folding (Esteve et al., 2018).
UNCA45A is a chaperone participating in the conformational maturation of, among others, some
Myosins (Barral et al., 2002, Lee et al., 2014, Lehtimaki et al., 2017). Here we confirm that
UNCA45A in concert with HSP9O0 participates to the folding of MYO1B. Our results in enterocyte-
like Caco-2 cells and in patient tissues indicate a strong reduction in the protein level of MYO1B
in absence of a functional UNC45A, pointing to the degradation of misfolded and destabilised
MYO1B. The intestinal phenotypes associated with LOF variants in UNC45A could hence
partly be the consequence of the reduced protein level of MYO1B. In conclusion, Myosin 1b
contributes to gut morphogenesis and appears as a potential player in the complex intestinal

phenotype of the UNC45A deficiency.
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Materials and Methods

CRISPR- Cas9 genome editing of MYO1B in Caco2 cells and 3D culture. The
lentiCRISPRvV2 plasmid was a gift from F. Zhang (Massachusetts Institute of Technology,
Boston, MA; plasmid no. 98290, Addgene). The single-guide RNAs (sgRNAs) were designed
using the CRISPR Design Tool (Massachusetts Institute of Technology) and cloned into the
Bsmbl site. sgRNA sequences: for-5- CACCGATCCCTACGAGATCAAGATA -3, rev-5- AAAC
TA TCT TGA TCT CGT AGG GAT C -3. Following production of lentiviral particles, the
lentiCRISPRv2 plasmids were transduced in Caco2 cells. Positively transduced cells were
selected by puromycin (10ug/ml).

For 3D culture, CaCo2 cells were resuspended at a concentration of 10 cells/mL in DMEM
(Gibco) with 20% FCS containing 4% Matrigel (BD Biosciences) and 2.5 10* cells/well were
plated in 8-wells chamber slide IBIDI (Biovalley), previously precoated with 100 uL of Matrigel.
Cells were grown for 5 days to obtain cysts. To detect aggregation-prone proteins, the
proteasome inhibitor MG132 (Sigma-Aldrich) was added overnight in the culture medium at a

concentration of 10 uM.

Western blot. Caco-2 cells were lysed in RIPA buffer (Sigma) supplemented with 1X
proteinase inhibitor cocktail mix (Roche, Sigma). Adult zebrafish guts were dissected on ice
and mechanically lysed in 200uL lysis buffer (10 mM HEPES + 300 mM KCI + 5 mM MgCl, +
0,45% triton X100 + 0,05% Tween20, pH7) with 10 mM ATP and Complete protease inhibitor
(Roche). 40 ug of extracts in Laemmli buffer were loaded on a 4-12% polyacrylamide gradient
concentration gel (ThermoFisher). Primary antibodies used were mouse anti-tubulin (1:12000,
Sigma), rabbit anti-ratMyo1b (1,8 pg/pL, 1:500, (Salas-Cortes et al., 2005), anti GAPDH
(#14C10, 1:1000, Cell Signaling), anti HSP90 (#4874, 1:1000, Cell Signaling), anti-FLAG
(#F3165, 1:1000, Sigma-Aldrich).

Phylogenetic analysis. The Myo1b and Myo1a homologues in Danio rerio, Homo sapiens,
Mus Musculus, Gallus gallus and Drosophila melanogaster were obtained from NCBI
HomoloGene. Protein sequences were aligned and a phylogenetic tree was assembled using

the online ‘One Click’ mode at Phylogeny.fr (Dereeper et al., 2008).

Molecular Cloning. The actinhsp70:KalT4;cmlc2:eGFP construct was generated by
combining four plasmids using the Multisite Gateway system (Invitrogen): pSE-bactinhsp70,
pME-KalT4, p3E-polyA and pDEST-cmcl2:eGFP containing Tol2 sites (Kwan et al., 2007). The

Bactin promoter was cloned into the pCR-bluntll-TOPO vector (Invitrogen) and then inserted
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in the p5E-MCS using Kpnl and Xhol restriction sites. The 3’ 638bp of the zebrafish hsp70
promoter (Dalgin et al., 2011) was inserted into this p5E-Bactin vector linearized with Xhol
using the Gibson Assembly Cloning Kit (New England Biolabs). The optimised Gal4 KalT4
(Distel et al., 2009) was amplified and inserted in a pDONR221 using the Multisite Gateway
system (Invitrogen).

To generate the 14UAS:ubc-e GFP-Myo1b vector, eGFP-Rat Myo1b cDNA was amplified from
a previously published plasmid (Prosperi et al., 2015). It was inserted into the pT1UciMP
plasmid containing 14xUAS-ubc and Tol1 sites (Horstick et al., 2015) linearized with Xho1
using the Gibson Assembly Cloning Kit (New England Biolabs).

Zebrafish (Danio rerio) husbandry. Wild-type Tupfel long fin zebrafish strains were used and
raised according to standard protocols. Stable transgenic lines were generated by injection of
the plasmids with fol2 or tol1 transposase mRNA at 25ng/uL in one-cell stage zebrafish
embryos. The transgenic BAC line claudin15-like-a fused to GFP (cldn15la:cldn15la-GFP) was
kindly provided by Michel Bagnat (Alvers et al.,, 2014). For live-imaging, larvae were
anaesthetised in 0.02% MS-222 and immobilised in 1% low melting point agarose. Imaging
was performed on a Zeiss LSM 780 confocal. All animal procedures were performed in

accordance with French and European Union animal welfare guidelines.

In situ hybridization. In situ hybridizations (ISH) were performed on larvae treated with 1-
phenyl-2-thiourea (PTU, Sigma-Aldrich) and fixed in freshly made 4% paraformaldehyde (PFA)
2-4h at RT and stored in 100% methanol at -20°C. After rehydration, larvae were treated with
proteinase K (20 ug/ml; Roche diagnostics) at RT for 1h (3dpf) or 2h (5dpf) and fixed again in
4% PFA at RT for 20min. Digoxigenin-labelled antisense and sense RNA probes were
synthesized by in vitro transcription using DIG-labelled UTP according to the manufacturer's
instructions (DIG RNA labelling kit, Roche). Primers used were as follow: myo1b sense: CAA
TAT GAT AGG GGT AGG GGA CAT G; antisense: TGG TTT GAA CTC AAT ATT TCC CAG
C. Anti-DIG antibody conjugated to alkaline phosphatase allowed detection of hybridized

riboprobes according to the manufacturer's instructions (Roche).

Myo1b zebrafish mutant generation with CRISPR/Cas9. The sgRNA sequence (sgB:
CTTCTGACAAGGGCTCTAGG) was cloned into the Bsal digested pDR274 vector (Addgene).
The sgRNAs were synthesized by in vitro transcription (Megascript T7 transcription Kit,
Ambion). After transcription, sgRNAs were purified using the RNAeasy Mini Kit (Quiagen). For
injections at one cell stage, the synthesized sgB was injected at 300ng/pL after 5-minute
incubation at RT with Cas9 protein (NEB) at 2uM final in 20mM Hepes-NaOH pH 7.5, 150mM

KCI (Albadri et al., 2017). Injected embryos were grown to adulthood and crossed with wild-
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types to identify founders. Pools of 20 embryos per clutch were lysed in NaOH 50mM at 95°C
for at least 30min. PCR was performed on lysates to amplify the genomic region targeted by
the sgB with primers forward 5GGGTGTTGTTCAGCGATGGA and reverse
5ATAGATCTCATTGTGATCGA using Phusion High-Fidelity DNA polymerase (Thermo
Scientific). The amplicons were cloned in pCR-bluntll-TOPO vector (Zero Blunt Topo PCR
cloning kit, Invitrogen) and sequenced (GATC Biotech) to identify indels and the corresponding
founder fish. Sequences were analysed using Geneious. After selection of the founder,
genotyping of the line was performed by PCR on fin clips with primers
5AGATGAATGCAAGCAAGCCATT and 5ATACGATCTGATTGTGATCGAATCGCT. The
resulting product was digested with restriction enzyme FspBI, the site of which is lost in the
mutant, resulting in 2 fragments (208 and 66bp) for the WT allele and only one (275bp) for the

mutated allele.

Morpholino oligonucleotide design and injections. Myo1b splice blocking morpholino was
designed to target the splice donor site downstream of exon 22 (Myo1b-MO, 5'-
ATGAGAAACTGTGTTCATTACCTGG). Experiments were performed in parallel with a
standard control-MO (5'-CCTCCTACCTCAGTTACAATTTATA) with no target in the zebrafish
genome. Morpholinos (Gene Tools) diluted at 1mM in water, were injected in 1-cell stage
embryos at a final concentration of 0.2mM. To validate Myo1b-MO knock-down, RT-PCR was
performed on 3dpf larvae. Total RNA of 50 larvae was prepared with TRIzol and TURBO
DNAse-free reagents (Invitrogen). mRNA (1ug) was retro-transcribed using oligo(dT) primers
and the SuperScript lll First-Strand Synthesis System (Invitrogen). To amplify the region
targeted by the MO (supplemental Fig. 1A), PCR was performed on the cDNA with two different
forward primers (primer 1 in exon21 was: 5GGCTGCGATATTCTTGCCTCC, primer 2 at the
edge of exon22 and the targeted intron was: 5TCTTTCATTCGTGGATGGAAGGCC) and the
reverse primer 5 AACCCAGGTAATGAACACAGTTTCTAT. PCR products were run on a gel
(supplemental Fig. 2B) and bands were gel purified (Macherey-Nagel), inserted in a pCR-

bluntll-Topo vector (Invitrogen) and sent for sequencing (GATC) to assess intron retention.

Quantitative RT-PCR. For each experiment, total RNA was prepared from 3 pools of 50
embryos per phenotype with TRIzol reagent and the TURBO DNA-free kit (ThermoFisher
Scientific). RNA (1ug) was retro-transcribed using random primers and the SuperScript lIl First-
Strand Synthesis system (ThermoFisher Scientific). For RT-QPCR, the SYBR Green PCR
Master Mix (ThermoFisher Scientific) was used according to the manufacturer’s instructions
and PCR were performed on an ABI PRISM 7900HT instrument. Experimental triplicates of

each sample were averaged and the relative expression level quantified with the log2ACT
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method using EF1a and RPL13a reference genes. Shown are values normalised on the wild-

type samples.

Immunohistochemistry. Caco-2 cells and cysts were fixed in 4% PFA 30min at 37°C and
washed with PBS. They were permeabilised in PBS, 0.2%TX100, 1%BSA for 5min at RT and
blocked in PBS 3%bBSA for 1-2 hours at RT. Primary antibodies used were rabbit anti-
ratMyo1b (1,8 pg/pL, 1:100, (Salas-Cortes et al., 2005), mouse anti-Villin clone ID2C3 (1:300,
(Robine et al., 1985), rabbit anti-pERM (1:100, abcam ab47293). After washes, they were
incubated with Alexa Fluor 488 secondary antibody (Molecular probes), phalloidin-Alexa Fluor
568 and Dapi. To assess protein aggregation, the Proteostat Aggresome Detection Kit (ENZO,
ENZ-51035) was used. Briefly, after the primary antibody rabbit anti-ratMyo1b, cells were
incubated for 30min at RT with goat anti-rabbit-Alexa Fluor 635 antibody (1:400, Molecular
probes), Proteostat 1:400 and Hoechst 1:800 (ENZO) in PBS 3%BSA. Zebrafish larvae were
fixed for 2h at room temperature in 4% PFA and incubated in 30% sucrose/0.1% PBST
overnight at 4°C. They were then frozen in Tissue-Tek OCT (Sakura) at -80°C and sectioned
using a Cryostat (Leica). Zebrafish larvae sections were incubated in blocking buffer (10%
serum in PBST, PBS 0.1%Tween20) and with mouse anti-Villin clone ID2C3 (1:300), mouse
2F11 antibody (1:100, Abcam ab71286) or 4E8 (1:100, Abcam ab73643) overnight at 4°C. After
washes with PBST, they were incubated with Alexa Fluor 488 secondary antibody (Molecular
probes), phalloidin-Alexa Fluor 568 and Dapi. To assess apoptosis, TUNEL assay was
performed with reaction solutions from ApopTag Red In situ Apoptosis detection kit (Millipore)
according to the manufacturer recommendations. To assess proliferation, larvae were injected
in the yolk with 10mM 5-ethynyl-2’-deoxyuridine (EDU) in 1% DMSO and incubated in 100pM
EdU, 0.4%DMSO for 20 hours after injection. Animals were fixed at indicated time and
processed according to the Click-iT EAU Imaging Kit (Invitrogen).

Paraffin embedded sections of intestinal tissues from a UNC45A deficient patient and biopsies
from controls were obtained for diagnosis or therapeutic purposes. Duodenal biopsies were
routinely fixed in 4% buffered formalin for 24 hours and paraffin-embedded. Sections were
heated for 1hr at 65°C and paraffin was removed by two 5-min washes in xylene. Sections
were then hydrated with ethanol solutions of decreasing concentrations. Unmasking of the
epitopes was performed at 100°C for 20 min in Citrate-based Antigen Unmasking Solution
(Vector Laboratories). Sections were incubated for 30 min at room temperature in blocking
buffer (3% BSA in PBS) and then overnight at 4°C with anti Myo1b antibody (1:200, Novus
Biologicals NBP1-87739) in blocking. After washes with PBST, sections were incubated with
goat anti rabbit Alexa Fluor 488 antibody (Molecular probes), phalloidin-Alexa Fluor 568 and

Dapi for 2hrs at RT. After extensive washes and mounting in Vectashield (Vector Lab), all
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stainings were imaged on a LSM780 confocal microscope (Zeiss). Images were processed

and numbers of cells quantified using ImageJ.

TEM analysis on zebrafish larvae. 5dpf larvae were collected and stored at 4°C in Trump’s
fixative. Enhanced chemical fixation was performed in a mix of 4% PFA with 2.5%
glutaraldehyde in 0.1 mol/L cacodylate buffer overnight at 4°C. A 1.5-hour incubation in 1%
Os0O4 was followed by a 1.5-hour incubation with 2% uranyl acetate at ambient temperature.
Larvae were then dehydrated through graded ethanol solutions, cleared in acetone, infiltrated,
and embedded in Epon-Araldite mix (EMS hard formula). We used adhesive frames (11560294
GENE-FRAME 65 uL; Thermo Fisher Scientific) for flat-embedding, as previously described
(Kolotuev et al., 2012), to gain better anteroposterior orientation and sectioning. Ultrathin
sections were cut on an ultramicrotome (UC7; Leica Microsystems) and collected on formvar-
coated slot grids (FCF2010-CU, EMS). Each larva was sectioned transversally in five different
places in intestinal bulb with 220 ym between each grid to examine the sample over a large
region. Each grid contained at least 4-6 consecutive sections of 70 nm. TEM grids were
observed using a JEM-1400 transmission electron microscope (JEOL) operated at 120 kV,
equipped with a Gatan Orius SC1000 camera (Gatan) and piloted by the Digital Micrograph
program. Microvilli length and density were quantified using Fiji on TEM pictures of at least 50

MV from 25 enterocytes of 3 larvae per condition.

Pull Down assay. 106 N1E115 cells were transfected with pPEGFP Myo1b (Salas-Cortes et al.,
2005) and lysed in TRIS 150mM, Nacl 150mM, EDTA 1mM, EGTA 1mM, ATP 10 mM, 10%
glycerol, 1mM DTT, 0,5% triton and protease inhibitor 24 hours after transfection. The lysate
was then incubated with 15 ml of GFP trap Beads (Chromotek) overnight. After washing the
beads were resuspended in water and treated for mass spectrometry analysis. For
immunoprecipitation, myc-tagged UNC45A Caco-2 cells and myc-tagged empty vector (EV)
control Caco-2 cells were lysed in buffer (10 mM Tris/HCI, 150 mM NaCl, 0.5 mM EDTA, 0.5%
NP40) with cOmplete protease inhibitors (Roche, Sigma-Aldrich), and myc-tagged proteins
were immunoprecipitated by using the yMACS c-myc Isolation Kit (Miltenyi Biotec) according

to the manufacturer’s instructions.

Statistical analysis. The numbers of cells reported are coming from manual counting. No
sample was excluded from the analysis, except for the total cell number per section where we
made sure to analyse samples displaying single cell layers through the whole gut cross-
sections and not the side of some villi. The sample size (n=) is defined as the number of larvae
analysed (one section per larva). For statistical analysis, we applied the non-parametric

Wilcoxon-Mann Whitney test.
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Figure 1 Myo1b expression and apical localisation in gut epithelial cells. A- Western blot
analysis of Myo1b expression in extracts from non-targeted (NT) control and myo1b targeted
Caco-2 cells (KO) using CRISPR/Cas9. B- Confocal sections of Caco-2 3D cultures stained
for Myo1b, F-actin (phalloidin) and nuclei (Dapi). C- Phylogenetic tree based on protein
sequence of zebrafish, chick, human and mouse Myo1b and Myo1a and drosophila
Myosin95E. D- In situ hybridization for myo1b transcripts on 3 and 5dpf zebrafish larvae whole
mounts (left panel) and cross-sections at the level of the intestinal bulb (right panels). On
sections, the forming intestinal bulb is circled with white dashed lines. E- Live, longitudinal
(antero-posterior axis) confocal section of the intestinal bulb of a 5dpf zebrafish larva
expressing the transcription activator KalT4 driving the expression of the eGFP-Myo1b
transgene under the control of an upstream activating sequence (UAS). The precise

construction of the transgenes is annotated in the panel. Scale bars 30um.
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Figure 2

Enterocyte 3D cyst organization is
affected in the absence of Myo1b
despite normal apico-basal
polarization. Confocal sections of
NT control and myo1b KO Caco-2 3D
cultures stained for the apical and
microvilli markers phospho-Ezrin
(PERM, A) and Villin (B). F-actin
(phalloidin) and nuclei (Dapi) are
stained, scale bars 30um, boxed
areas showed in insets are enlarged
2.5x. C- AQuantification of the
percentage of well-formed cysts with
a single central lumen in NT control
and myo1b KO Caco-2 3D cultures.
Data represented are median and
interquartile range, Wilcoxon test,
*p<0.05.
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Figure 3 Myo1b knock-down and knock-out impair intestinal bulb fold development. A-

Confocal single optical sections stained with nuclear labelling (Dapi) of 5dpf larvae injected
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with control and Myo1b Morpholinos (MO), and of 5dpf wild-type (WT) and myo1b-/- (-/-) larvae.
ib intestinal bulb (circled with dashed lines), m muscles, n notochord, nt neural tube, sb swim
bladder, y yolk. Scale bar=100um. B- Quantifications from Dapi stained sections of the total
number of cells per section at 3 and 5dpf in the four conditions. Data represented are median
and interquartile range, Wilcoxon test, *p<0.05, ***p<0.001. C- Confocal optical sections of the
intestinal bulb of 5dpf larvae in the four conditions stained for the microvilli marker Villin, F-
actin (phalloidin) and nuclei (Dapi) showing the preserved apico-basal polarity of enterocytes
when Myo1b is affected. Scale bar 20um. D- Single confocal planes of live 5dpf larvae
expressing Cldn15la-GFP injected with control MO (left) and Myo1b MO (right). Note the flat
epithelium in the Myo1b MO condition. Scale bar=100um. E- Single confocal planes of live
5dpf WT and myo1b -/- larvae expressing Cldn15la-GFP and quantification of the average
length of the 3 longest folds per intestinal bulb analysed. Scale bar=100um. Data presented

are median and interquartile range, Wilcoxon test, **p<0.01.
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Microvilli density
(um) (number/um)

Figure 4 Electron Microscopy confirms folding defects and shows affected trafficking.
A,B- Transmission electron micrographs of sections of intestinal bulbs from WT, Myo1b MO

and myo1b-/- 5dpf larvae presenting a general view of the folds of the epithelium (A, scale
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bars 10um) and of the apico-basally polarized enterocytes (B, scale bar 2um; b basal, a apical,
n nuclei). Insets in B, show higher magnifications of the cytoplasm region to highlight the
accumulation of vesicles in Myo1b MO and myo1b-/- samples, scale bar 1um. C- Transmission
electron micrographs of sections of intestinal bulbs from WT, Myo1b MO and myo1b-/- 5dpf
larvae illustrating the organization of the brush border, and quantifications of the average
length and density of the intestinal microvilli in the different conditions. Data presented are

median and interquartile range. Scale bar 500 nm.
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A NT control UNC45 KO
B NT control UNC45 KO
yo1b Myo1b
Hoechst Myo1b Hoechst Myo1b

Hoechst

Unc45A patient

Villin

-

Rvenu et al., Figure 5

Figure 5 Myo1b expression is destabilized in UNC45A depleted cells and in biopsies
from UNC45A mutated patients. A- Immunohistochemistry analyses of Myo1b in non-
targeted (NT) control and UNC45A deficient (KO) Caco-2 cells show decreased Myo1b levels.
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Pictures are maximal projections of confocal stacks, Hoechst labels nuclei, scale bar 30um. B-
Confocal sections of NT control and UNC45A KO Caco-2 cells treated with the proteasome
inhibitor MG132 and stained for Myo1b and the aggresome probe Proteostat. Hoechst labels
nuclei, scale bar 30um. Boxed areas showed in insets are enlarged 2x, arrowheads point at
Proteostat-labelled protein aggregates and highlight colocalization with Myo1b proteins in
UNC45A KO cells. C, D- Confocal sections of a human biopsy from a healthy patient (control,
C) and from a UNC45A LOF patient (D) immuno-labelled for the microvilli marker Villin and for
Myo1b; Hoechst labels nuclei, scale bar 100um. Boxed areas showed in insets are enlarged
3x, and highlight the apical localisation of Myo1b in control tissue (C) at the base of the villi (1)
and in crypts (2), which is essentially lost in the UNC45A LOF tissue (D).
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Supplementary Figures and Table
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Figure S1 Myo1b Morpholino and CRISPR mutant design and validation. A- Schematics
of the design and B- DNA gel of the RT-PCR performed to control Myo1b-MO knock-down
efficiency. Higher bands amplified in PCR1 MO compared to control and bands amplified in
PCR2 MO correspond to Myo1b cDNA retaining the intron targeted by Myo1b-sMO, as verified
by sequencing. In B, the multiple bands amplified, both in control and MO conditions,

correspond to expected splicing variants of exons 23, 24 and 25 (highlighted in grey)
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as checked by sequencing. RT- is the control RT without superscript compared to RT+. C-
Bright field pictures of 3 and 5dpf larvae presenting the phenotypes of control and Myo1b
Morpholinos, WT and myo1b-/- larvae. D- Schematics of CRISPR/Cas9-mediated gene
disruption at the myo1b genomic locus. The sgRNA (sgB, blue arrow) was targeting exon 2
downstream the start codon (ATG, green arrow). Compared to the WT sequence, the mutated
allele displayed an insertion of 1bp generating a frame shift from amino-acid 21 and a
premature STOP codon after 29 amino-acids. E- Western Blot with antibodies against Myo1b
and Tubulin on lysates of dissected guts from WT and -/- adults. F- Negative control with a
sense probe and in situ hybridisation with a myo1b anti-sense probe on wild-type embryos at
2 and 4 cell-stages showing maternal contribution for myo1b mRNA. G- RT-QPCR of myo1eb
expression at 3dpf with EF1a used as reference gene, normalised on expression of the WT

samples. Shown are mean and sem (WT=100.04£9.2, -/- =160.1+£39.5 , n=6).
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Figure S2 Proliferation, apoptosis and differentiation are essentially unaffected in Myo1b
MO and mutant conditions. A- Quantifications from EDU and Dapi stained sections of the
proportion of cells in S-phase at 3dpf do not reveal significant differences in the proliferative
rate of Control vs Myo1b MO and of WT vs myo1b-/- samples. B- Confocal sections of intestinal
bulbs stained for apoptosis (Tunel, red) at 5dpf in WT and myo1b-/- samples and

quantifications of the proportion of apoptotic cells in the four conditions. C, D- Confocal
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sections of intestinal bulbs stained for differentiation markers in WT and myo1b-/- samples and
quantifications of the proportion of differentiated cells in the four conditions. At 5dpf, neither
differentiation of the secretory lineage (2F11, C) nor differentiation of the absorptive lineage
(4ES8, D) are significantly altered. For all quantifications, data represented are median and
interquartile range, Wilcoxon test, *p<0.05. For confocal images, nuclei are counterstained with
Dapi (blue), bars=20um.

Rank | Accession Description MW [kDa]] Coverage %9 #Unique Peptides] #PSMs

Unconventional myosin-Ibj
1 P46735 0OS=Mus musculus 128,483 65,31 102 633
[MYO1B_MOUSE]

Protein unc-45 homolog Al

2 Q99KD5 0OS=Mus musculus 103,3818 22,14 24 53
[UN45A MOUSE]

Table S1 Mass spectrometry result of the GFP-Myo1b pull down assay. UNC45A ranks
second, directly after Myo1b. MW, molecular weight; #Unique Peptides, number of distinct
peptide sequences identified; # PSMs (peptide spectrum matches) total number of identified

peptide sequences for the protein.
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