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Résumeé : en France, le cancer est la premiére
cause de déces par maladie chez I'enfant. Chaque
année, 2500 enfants et adolescents se voient
diagnostiquer un cancer, dont la moitié chez les
enfants de moins de cinq ans et 700 chez les jeunes
de 15 a 18 ans. Le pronostic des cancers pédiatriques
est souvent mauvais, avec des conséquences
dévastatrices. Cependant, les tumeurs malignes
détectées chez les enfants et les adolescents ne sont
pas de la méme nature que celles des adultes et ne
peuvent donc pas étre comprises et traitées de la
méme maniére. Comparé au mélanome de I'adulte, le
mélanome pédiatrique est une maladie rare qui
représente moins de 1 % de tous les diagnostics de
mélanome. De plus, la plupart des cas pédiatriques
sont sporadiques et surviennent parfois au sein de
naevus congénitaux géants, ce qui favorise
I'nypothése de mutations de novo. Notre hypothese
est que les "accidents" génétiques de novo se
produisent soit dans un gameéte parental, soit post
zygotiquement pendant le développement de
I'embryon. Pour tester cette hypothése, nous avons
séquencé des exomes constitutionnels sur de I'ADN
extrait du sang d'enfants atteints de mélanome et de
leurs parents sains (trios) et de 6 tumeurs de
mélanome congelées. Nous avons identifié des
mutations germinales ou post-zygotiques de novo
dans 14 genes impliqués dans le développement de la
créte neurale, du mélanome ou du cancer.

Mon projet de these vise a étudier le role biologique
inconnu de génes candidats de novo au cours du
développement des lignées NC et mélanocytaires.
Nous avons effectué une analyse fonctionnelle des
genes candidats de novo FBX0O32, SOX10, DSCAM et
ALDHILT. Pour répondre a ce défi, les modeles
transgéniques  conventionnels ne sont pas
entierement adaptés, nous avons donc congu des
modeles originaux in vivo, ex vivo et in vitro pour
éclairer la signification biologique de ces variantes.

Dans le NC céphalique, nos résultats montrent que
les quatre genes candidats, lorsqu'ils sont
désactivés, alterent la prolifération et Ia
différenciation des mélanocytes de maniere
différente, suggérant que ces genes exercent des
roles dans la biologie normale des mélanocytes.
Ensuite, nous nous sommes concentrés sur le géne
FBX0O32 dans lequel une mutation germinale de
novo, p.G139S, a été identifiée chez un enfant de
sept ans présentant un mélanome de niveau IIl.
Nos résultats montrent que linactivation de
FBXO32 altere la prolifération, la différenciation et
la vascularisation des mélanocytes dans le tronc
NC. Pour étudier l'expression de la spécificité
endogéne de FBX032, nous avons réalisé des
expériences de sauvetage par coélectroporation de
dsFBXO32 avec la forme humaine sauvage ou
mutée de FBXO32. Alors que le sauvetage de
FBX032 est capable de compenser I'extinction du
gene endogene et de restaurer la différenciation
normale des mélanocytes, I'ADNc mutant,
FBX032°3%, a un effet néfaste sur la lignée
mélanocytaire. Afin de décrypter le role de FBXO32
dans la lignée mélanoblastique dans la NC
céphalique, nous avons mis en place un modéle
d'explant de peau 3D in vitro, qui nous a permis de
suivre la différenciation des appendices cutanés et
de caractériser la différenciation normale des
mélanocytes dans I'épiderme, et/ou leur migration
aberrante vers le derme. Plus précisément, FBX032
induit la prolifération des mélanocytes, associée a
la migration des mélanocytes vers le derme. Au
niveau  cellulaire, ~FBX032  déclenche la
transformation des mélanocytes et le remodelage
du cytosquelette. Nous montrons ainsi que FBX032
entrave l'adhésion focale et I'organisation des
filaments d'actine, suggérant I'implication de ce
mécanisme dans les processus d'invasion. Grace au
profilage transcriptionnel, nous avons constaté que
FBX032 orchestre un enrichissement différent des
génes au niveau de la CN du tronc et de la CN
cranienne. Nos résultats montrent que FBX032

pourrait étre un géne crucial dans le
développement des mélanocytes et
potentiellement impliqué dans la

mélanomageneése.
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Abstract:in France, cancer is the leading cause

of death by disease in children. Every year, 2500
children and adolescents are diagnosed with cancer,
half of them in children under five years old and 700
in young people between 15 and 18 years old. The
prognosis of pediatric cancers is often poor, with
devastating consequences. However, oncology
research mainly focuses on understanding the cancer
mechanisms in adults. However, malignant tumors
detected in children and adolescents are not of the
same nature as those of adults and, therefore cannot
be understood and treated in the same way.
Compared to adult melanoma, pediatric melanoma is
a rare disease accounting for less than 1% of all
melanoma diagnoses. Furthermore, most pediatric
cases are sporadic and sometimes arise within giant
congenital nevi, favoring the hypothesis of de novo
mutations. Our hypothesis is that de novo genetic
"accidents” occur either in a parental gamete or post
zygotically during embryo development. To test this
hypothesis, we sequenced constitutional exomes on
DNA extracted from the blood children with
melanoma and their healthy parents (trios) and 6
frozen melanoma tumors. We identified de novo
germline or post-zygotic mutations in 14 genes
involved in the development of the neural crest,
melanoma, or cancer.

My thesis project aims to study the unknown
biological role of de novo candidate genes during the
development of NC and melanocyte lineages. We
performed functional analysis of FBX0O32, SOXT0,
DSCAM, and ALDHI1LT de novo candidate genes. To
address this challenge, the conventional transgenic
models are not fully suitable, so we designed original
in vivo, ex vivo, and in vitro models to enlighten the
biological significance of these variants.

In the cephalic NC, our results show that the four
candidate genes, when knocked down, impair
melanocyte proliferation and differentiation in a
different way, suggesting these genes exert roles
in the normal biology of the melanocytes. Then, we
focused on the FBXO32 gene in which de novo
germline mutation, p.G139S, was identified in a
seven-year-old child with melanoma level Ill. Our
results show that the silencing of FBXO32 impairs
melanocyte proliferation, differentiation, and
vascularization in the trunk NC. Then, we
performed rescue experiments by co-transfecting
the human wild-type or mutated form of FBX0O32.
While the rescue of FBXO32 is able to compensate
for the silencing of the endogenous gene and
restore normal melanocyte differentiation, the
mutant cDNA, FBX032°7*%, has a detrimental effect
on the melanocyte lineage. To decipher the role of
FBX032 in the melanoblast lineage in the cephalic
NC, we set up an in vitro 3D skin explant model,
which allowed us to follow the differentiation of
skin appendages and to characterize the normal
differentiation of melanocytes in the epidermis,
and/or their aberrant migration to the dermis.
Specifically, =~ FBXO32  induces  melanocyte
proliferation,  associated  with  melanocyte
migration towards the dermis. At the cellular level,
FBXO32 triggers melanocyte transformation and
cytoskeleton remodeling. At a subcellular level, we
show that FBX0O32 hinders focal adhesion and actin
filaments organization suggesting the involvement
of this mechanism in invasion processes. Through
transcriptional profiling, we found that FBXO32
orchestrates different gene enrichment at the trunk
NC and cranial NC. . Our data show that FBXO32
could be a crucial gene in melanocyte
development and potentially involve
melanomagenesis.
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Synthese en Francais

En France, le cancer est la premiere cause de déces par maladie chez les enfants. Chaque année,
2500 enfants et adolescents sont diagnostiqués d'un cancer, dont la moitié chez I'enfant de moins
de 5 ans et 700 chez les jeunes de 15 a 18 ans (I'Institut National du Cancer-SFCE, 2014). Le
pronostic des cancers pédiatriques est souvent sombre avec des conséquences dévastatrices.
Cependant, la recherche en Oncologie est essentiellement axée sur la compréhension des
mécanismes cancérologiques des adultes ; or, les tumeurs malignes détectées chez les enfants ne
sont pas de méme nature que celles des adultes et ne peuvent donc pas étre appréhendées et
soignées de la méme maniere. Dans le cas du mélanome, les cancers pédiatriques sont
sporadiques, ce qui suggere que « l'accident génétique » se produit soit dans les gametes
parentaux, soit de maniere post-zygotique au cours du développement embryonnaire. Le
mélanome cutané de I'enfant ou de I'adolescent est rare mais son incidence augmente. L'étude
du géne CDKNZ2A (principal gene de prédisposition au mélanome de I'adulte) chez des jeunes
ayant développé un mélanome avant 18 ans, a montré que ce gene était rarement impliqué. Notre
projet vise a étudier les mécanismes génétiques et moléculaires, responsables de la survenue de
mélanomes pédiatriques. Notre hypothese de travail est que des « accidents » génétiques de novo
se produisent soit dans un gameéte parental, soit de maniere post-zygotique pendant le
développement de la créte neurale. L'analyse de ces évenements génétiques chez le patient jeune,
ayant accumulé peu de mutations dues a I'environnement (principalement I'exposition aux UVs),
permet une identification rapide d'évenements oncogéniques pouvant étre également impliqués
dans le mélanome de I'adulte. Nous avons obtenu des données de séquencage d’'exomes (WES)
constitutionnels de 55 trios, et tumorales de 6 cas. Les analyses bioinformatiques ont montré
I'existence de mutations de novo de 14 génes impliqués dans le développement

Afin de mieux comprendre les « accidents génétiques » qui contribuent au mélanome infantile,
nous avons identifié 14 génes porteurs de mutations de novo, soit germinales, soit post-
zygotiques, potentiellement impliquées dans le mélanome infantile. L'objectif de ma These était
donc d'explorer le lien entre les mutations identifiées de novo et I'apparition de mélanome. Pour
ce faire, mon projet de these a nécessité de mettre en ceuvre des modeles et des stratégies
expérimentales innovantes. En effet, le mélanome dépend d’'une transformation cancéreuse de
mélanocytes, les dérivés pigmentaires de la créte neurale. Or, la créte neurale est une structure
transitoire et multipotente de I'embryon, méconnue du grand public, et qui est difficile a
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manipuler génétiquement par les outils et lignées transgéniques conventionnels. Pour cela nous
avons choisi de travailler avec I'embryon de poulet. Dans mon laboratoire d'accueil
« Développement & Evolution de la Créte Neurale » a I'Institut de Neurosciences de Paris-Saclay,
cet organisme-modeéle est utilisé comme alternative a I'utilisation de souris transgéniques. Du fait
de son accessibilité a tous les stades du développement embryonnaire, permet de combiner avec
une grande fiabilité spatio-temporelle, tout un ensemble de techniques et notamment, des
manipulations d’'expression de génes, grace auxquelles les cribles fonctionnels sont menés par
des stratégies de gain- et de perte-de-fonction controlées. En outre, le pourcentage d'homologie
en acide aminé entre les séquences du poulet et de I'homme varie de 95 a 99%.

Sur la base des cartographies des lignages cellulaires, les analyses fonctionnelles sont réalisées
dans ce systéeme en utilisant la technique d'électroporation in vivo, qui consiste a effectuer un
transfert de séquences nucléiques exogénes dans le tissu ciblé. Dans notre systeme, la mise en
silence du gene cible est obtenue par interférence ARN (ARNi), a partir d'une molécule d’ARN
double brin (ARNdb) synthétisé sur une séquence spécifique de 'ADN complémentaire. Cela
permet d'inactiver le géne endogene et de comprendre son implication physiologique dans la
biologie des mélanocytes. Mon projet de doctorat se concentre sur deux compartiments
différents de la créte neurale, afin de reproduire les sites principaux d'émergence de ces
mélanomes pédiatriques : le tronc et créte neurale céphalique, pour étudier le role biologique
inconnu des genes candidats de novo pendant le développement. Nous nous sommes concentrés
sur le gene FBX032 dans lequel une mutation germinale de novo, p.G139S, a été identifiée chez
un enfant de sept ans présentant un mélanome de niveau Il dans le genou. L'Analyse
fonctionnelle de la diminution d'expression du gene a démontré le gene FBXO32 entrave la
prolifération, la différenciation des mélanocytes et la vascularisation au niveau dermique dans la
créte neurale du tronc. Pour étudier I'expression de la spécificité endogéne de FBX0O32, nous
avons réalisé des expériences de sauvetage par coélectroporation de dsFBXO32 en combinaison
avec des ADNc humaines de type sauvage pour lequel nous avons restauré une différenciation
normale des mélanocytes. En paralléle, pour démasquer le phénotype spécifique résultant de
I'expression de la forme mutée, nous avons réalisé des expériences de sauvetage par co-
électroporation de dsFBX0O32 en combinaison avec la séquence ADNc muté du gene:
hFBX032°73% montrant un effet néfaste dans la lignée mélanocytaire.

Pour analyser les cellules précurseurs des mélanocytes, les mélanoblastes, j'ai également mis au
point en place une technique d'explants de peau embryonnaire de poulet, ex vivo. Le peau
embryonnaire, explantée avant la différenciation de téguments, et avant la différenciation des
mélanocytes, est placée sur une boite de culture non - embryotoxique. Placée en incubateur, la
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peau se différencie in vitro et on voit se différencier les bourgeons plumaires et I'apparition du
pigment, et récapitule le programme spatio-temporel similaire aux mécanismes in vivo. Avec cette
expérience, j'ai observé que les mélanocytes différenciés sont capables de migrer a nouveau vers
le derme. Par la suite, je me suis interrogée sur la capacité des cellules a migrer vers le derme,
commenty parviennent-elles ? Pour répondre a cette question, j'ai isolé des cellules de I'épiderme
et les ai récoltées par culture in vitro et j'ai analysé la morphologie de ces cellules. Les résultats
ont été surprenants : les cellules témoins présentaient une morphologie bipolaire et de longs
filopodes, en revanche les cellules transformées changent leur morphologie en multipolaire, elles
ont des filopodes plus courts, elles forment des lamellipodes courts et des agrégats entre eux. Les
cellules transfectées sont difficiles a maintenir in vitro car elles se détachent des plaques de
fibronectine (un ligand de la membrane cellulaire). Ainsi, la capacité des cellules a former des
agrégats pourrait leur permettre de migrer en groupe et la perte de la capacité d'adhésion a la
fibronectine pourrait leur permettre de migrer vers d'autres tissus. Pour entrer dans les détails, j'ai
analysé un composant de la structure cellulaire, la paxilline, une protéine intracellulaire qui est
impliquée dans la migration cellulaire (Dubois et al, 2017). De maniere surprenante, dans les
cellules témoins, la paxilline est localisée dans les structures des cellules appelées adhésions
focales, qui sont des sites de contact cellulaire étroit dans la matrice cellulaire sous-jacente
(Dubois et al., 2017; Turner, 2000; Webb et al., 2002). En revanche, dans les cellules transfectées,
la paxilline est fortement localisée dans les filopodes et les lamellipodes qui permettent

26713%, pourrait donc

I'attachement cellule-cellule. L'analyse de la mutation de gene hFBXO3
intervenir dans la transformation des mélanocytes et le développement du mélanome infantile.
L'application de la connaissance de ce géne au cours des mécanismes de développement peut
améliorer la compréhension du possible réle de I'initiation du mélanome et du traitement des

cancers dérivés de la créte neurale.
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1 General Introduction

1.1 Skin anatomy overview

Skin is the largest organ in the human body. The central role of the skin is to form a physical
barrier to the external environment by protecting internal tissues from ultraviolet (UV) radiation,
pathogens, and chemicals. Additional functions include sensory perception, immunologic
surveillance, thermoregulation, and synthesis of vitamin D. The skin is composed of three layers:
the epidermis (the outer layer), the dermis (the inner layer), and the hypodermis (the deeper
subcutaneous tissue) (Figure 1.1). The hypodermis consists of fatty tissue connecting the dermis
to the underlying skeletal component.

1.1.1 Epidermis

The epidermis is the outermost layer of the skin composed of keratinized squamous epithelium.
Most cells in this layer are keratinocytes, 95% of all skin cells. The primary function of keratin is to
protect the skin and underlying tissue from ultraviolet radiation. The remaining cells include
melanocytes, Langerhans cells, and Merkel cells. Melanocytes correspond to 2 to 4% of cells in
the epidermis and are responsible for melanin production. Langerhans cells correspond to 3 to
5% of cells in the epidermis and are antigen-presenting immune cells involve in T-cell responses
to pathogens. Langerhans cells are mobile, dendritic, and antigen-presenting cells in stratified
epithelia (Kanitakis, 2002). Meckel's cells, 2 to 5% of the epidermis cells, play a role in the skin's
sensitivity. They are in contact with the nerve endings and play the role of mechanoreceptors.

1.1.2 Dermis

The dermis is the second layer underneath the epidermis. It is consist of different cell types that
build sweat gland and blood vessels. It is divided into two layers: the superficial, the papillary
region, and the deeper and ticker, known as the reticular region. Through these vessels, melanoma
can spread during the vertical growth phase. The dermis harbors many mechanoreceptors that
provide the sense of touch. A basement membrane layer separates the epidermis and dermis. The
central role of the basal membrane consists in controlling the traffic of molecules between the
dermis and epidermis and reservoir for inflammatory and growth factors during physiological



repair processes. In a pathological context, the basement membrane forms the limit between in
situ versus invasive melanoma.

1.1.3 Hypodermis

The hypodermis is a connective tissue composed of fat cells and adipocytes. This layer plays the
role of energy reserve, thermal insulator, and protector of the deep organs against shocks and
injuries.

1.2 The melanocyte lineage

Melanocytes are derived from the neural crest (NC) length in higher vertebrates (Dupin & Le
Douarin, 2003a). Their primary function is to transfer melanin pigment to the adajcent
keratinocytes to prevent UV-induced DNA damage (Slominski et al, 2015). The anatomical
relationship between keratinocytes and melanocytes is known as the “Epidermal melanin unit”. It
has been estimated that each melanocyte is connected with around 30-40 keratinocytes in the
basal or suprabasal layer (Costin & Hearing, 2007).

1.2.1 The NC embryonic origin

The NC is a migratory embryonic cell population unique to the vertebrate embryo. In 1868, the
Swiss embryologist Wilhelm His described a band of cells lying between the dorsal ectoderm and
the underlying neural tube (NT), which he called a “Zwischenstrang” = “intermediate cord”, in the
chick embryo. Wilhelm His named the tissue “ganglionic crest” the cells away from their source
and accumulated laterally to the form the spinal ganglia (His & His, 1868). This tissue was later
renamed NC by Arthur Milnes Marshal (1879) with a more precise description of its anatomical
position. Since then, the NC has been broadly analyzed because of its stem cell properties,
multipotency, and migratory abilities.

The formation of the NC starts during neurulation at the borders of the neural plate where neural
crest cells (NCCs) become specified, hence being interposed between the future central nervous
system (CNS), and the non-neural ectoderm fated to form the epidermis. While the neural plate
invaginates to the neural folds and fused to form the NT, NCCs engage their emigration from the
neural primordium. During this transient phase, NCCs exhibit profound changes which convert
their original neuroepithelial traits into a mesenchymal morphology. The NCCs undergo
delamination and they acquire migratory properties and detach from the basal lamina to spread



as mesenchymal cells and colonize varied sites where they differentiate into a broad range of
derivatives and lineages. Conceptually speaking, the formation of NC and emigration represents
a developmental model of Epithelium to Mesenchyme Transition (EMT). NCCs are multipotent in
vivo in pre-migratory and migratory cells in the mouse embryo (Baggiolini et al.,, 2015). The NCCs
have the capacity to migrate throughout the embryo and colonized different organs and tissues
where they settle and differentiated: their contribution is notable and essential to the
morphogenesis and the development of the peripheral nervous system (PNS), the craniofacial
structures, and the brain (Creuzet et al., 2004, 2005; Creuzet, 2009; Creuzet et al., 2006; Creuzet,
2009; Dupin et al., 2006; Le Douarin et al., 2004; Le Douarin et al., 2007, 2012) through an
epithelial-mesenchymal transition (EMT). Then, the NC cells (NCCs) acquire the capacity to
migrate throughout the embryo and colonize different organs and tissues, where they settle and
differentiate in tissues of the peripheral nervous system (PNS) to the craniofacial skeleton
structures (Baggiolini et al., 2015).
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Figure 1.1 Skin anatomy

Schematic representation of normal skin anatomy, including the
epidermis, dermis, hair follicles, sweat glands, hair shaft, veins,
arteries, fatty tissue, nerves, lymph vessels, oils glands, and
subcutaneous tissue. Magnification shows the epidermis's
squamous cell and basal layer above the dermis with blood
vessels. Melanin is shown in the cells. A melanocyte is shown in
the basal layer at the deepest part of the epidermis. From National
Cancer Institute. Teresa Winslow 2008.



A broad set of techniques has been developed to map the fate of NCCs migration and
differentiation through cell transplantation by embryonic chimeras, tissue ablation, and cell
labeling with vital dyes between others.

However, each strategy of exogenous labeling suffered from a lack of precision and a short
coverage. In 1969, Nicole Le Douarin developed an inspirational technique of quail-chick chimeras
(“chimeras” from Greek: meaning fabulous monster) which allowed to follow the NCCs’ fate and
migration along the anterior-posterior axis, whatever the state of cell differentiation (Le Douarin
et al., 2004). This technique consisted of the replacement of the neural tube bearing NCCs, before
the onset of their migration, in the chicken embryo by its stage-matched counterpart taken from
a quail embryo. Quail and chicken share similar developmental morphological traits during the
first half of ontogenesis. However, the quail cells harbor a specific pattern of heterochromatin
accumulation at the nucleolus, making a unique and dense spot of nucleolar chromatin, while
chick cells are euchromatic evenly distributed throughout the nucleus. The singularity of the quail
nucleus was exploited as a decisive advantage to trace the fate of transplanted cells into an
heterospecific environment (Le Lievre & Le Douarin, 1975). Later on, this technique was enriched
with and a monoclonal antibody, QCPN (for Quail non-Chick Peri-Nucleolar antigen) which eased
the migration and fate of the NCCs to be followed during the development of embryos and post-
hatching chimeric animals. These studies revealed the contribution of the NC to the cranial, sacral,
trunk, and vagal NC (Figure 1.2). The NCCs that contribute to the peripheral nervous system
(PNS) and enteric nervous system (ENS) derivate from restrictive areas along the neural axis. To
further characterized the differentiation potential of NCCs, researchers have done heterotopic
transplantations from cranial NCCs to the trunk level or trunk NCCs to the vagal compartment.
These experiments demonstrate that the fate NCCs, that form PNS and ENS, is not entirely
determined before these cells migrate. Still, instead, NCCs have the plasticity to develop in the
predeterminate cell type and the environmental signaling controls their fate choice during
migration (Le Douarin & Teillet, 1974; Le Lievre & Le Douarin, 1975).

Quail-chick chimeric demonstrates that NC compromises cell populations that differ in fate,
migration pathways, and derivatives. The anterior-posterior position in which NC delaminates
defines their future and, based on the localization, can be sub-divided into cranial, vagal, trunk,
and sacral NC. The cephalic NC (CNC) compromises NCCs formed between the forebrain and the
6™ rhombomere of the hindbrain and gives rise to bone and cartilage structures of the head, face,
and nerve ganglia, smooth muscle, connective tissue, and pigment cells (melanocytes). The NC
forms the forebrain's meninges at the cephalic level, while the other parts of the CNS are of
mesodermal origin (Etchevers et al., 2001). At the trunk level, NC the NCCs from somite 8% to 27t
and gives rise to neurons and glia, contributing to the PNS and pigmented cells of the skin.



Moreover, the NC is considered at the “four germ layer” due to their astonishing developmental
plasticity and the ability of neural ectoderm-derived NCCs to differentiate into both neural and
mesenchymal-like derivates.

More recently, other methods for tracking NCCs migration were developed, including staining
with different dyes, in ovo electroporation or viral-mediated introduction of GFP encoding
constructs at the NT (Aguiar et al,, 2014; Garcez et al., 2014). These studies involved the tracking
of NCCs migration and gene regulation analysis. The development of in ovo electroporation in
the chick embryo offers a straightforward methodology to transfect cells of interest spatially and
temporally controlled (Wilson & Stoeckli, 2011) and conduct gain and loss-function experiments
(Muramatsu et al., 1997; Pekarik et al., 2003). Katahira and Nakamura, 2003, introduced the
double-stranded RNA, known as RNA interference (RNAI), in the chick embryo (Andermatt et al,
2014; Katahira & Nakamura, 2003). RNAi has been the technique used in the chick embryo for
gene silencing since cytomegalovirus (CMV) enhancer is used in a vector and gives a transient
expression for at least 72h and can be maintained long-term misexpression. Misexpression is
restricted to descendants of the transfected cells, allowing for tracing the lineage during
development (Nakamaura et al, 2004). Moreover, our laboratory has further refined the
electroporation system involving the designing an own set of electrodes (Creuzet et al., 2002;
Garcez et al., 2014), a triple electrode has the advantage of conducting selective and bilateral
transfection in the CN population (Aguiar et al., 2014). Nonetheless, other techniques have been
used for functional analysis as (1) morpholinos antisense oligonucleotides, but they can interfere
with translation, so it is necessary the use an antibody against the molecule to have a relevant
result (Kos et al.,, 2003), (2) Knockdown experiment by gene targeting to make mutants in the
chick embryo, but it provokes early embryonic lethality that prevents their analysis in later
developmental stages.

The NC migratory and plasticity capacities studies enrich understanding of congenital
malformations, pediatric cancers, and evolutionary biology. Valérie Castellani and her team
developed a neuroblastoma avian model study to understand the in vivo formation of
neuroblastoma (Delloye-Bourgeois & Castellani, 2019). Neuroblastoma is a highly heterogenous
pediatric cancer that develops from immature nerve cells. By performing micro-grafts of patient
samples in the avian host organism, it is possible to replicate scale-down samples from these
patients within days. They demonstrated that these cells retained the memory of their original
cells' NC properties. Another example is the chick chorioallantois membrane used in vivo assays
to study both angiogeneses in response to tissues, cells, or soluble factors (Kalirai et al., 2015;
Pawlikowska et al., 2020; Ribatti & Tamma, 2019). Furthermore, Busch and colleagues used the



chick embryo as a biological model for melanoma cell invasion. They demonstrated the invasive
behavior induced by embryonic oncogenes and target manipulation of melanoma cells (Busch et
al., 2013). These experimental examples show the powerful chick model as an excellent tool in
research cancer studies.
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Figure 1.2 The NC fate map

Left up, tissue that arise from the cranial NC. Right, tissue that
arise from the trunk NC in cervical thoracic and lumbosacral
regions of the spinal cord. The Mesectoderm (green line) extends
from the level of mid-diencephalon down to somite 4. The
melanocytes (grey line) are produced along the entire length of
the neural axis. The parasympathetic ganglia (yellow line)
originate from the mesencephalon area. The enteric ganglia
(orange line) arise from both vagal and lumbosacral. The trunk
NC yields PNS sympathetic ganglia (red line). Sensory ganglia
originate from both CNC and trunk NC from posterior
rhombencephalon to lumbosacral levels. Endocrine cells (purple



1.3 NCCs migration pathways

After NC induction, NCCs delaminated by the EMT program and migrated extensively throughout
the developing embryo (Bronner, 2012). NCCs migration follows two different pathways, a ventral
pathway, and a dorsal pathway. Melanocytes residing in the skin of the head originate from the
CNC, while the remaining parts of the body are mainly from the trunk NC (TNC).

1.3.1 Cephalic NCCs migration

At the cephalic level, NCCs migrate predominantly in the dorsolateral pathway (i.e., between the
ectoderm and the underlying mesoderm). They differentiate into the various components of the
head and neck (Kuo & Erickson, 2010). Cephalic NCCs migration occurs in three phases, (1)
dorsolateral migration of NCCs, cephalic NCCs from the hindbrain rich contact with the surface
ectoderm and cephalic mesenchyme adjacent to the hindbrain, (2) NCCs homing the branchial
arches, (3) NCCs entry into and invasion of the branchial arches (reviewed in (Kulesa et al., 2010).
In mouse and Xenopus embryos, delamination occurs while the neural plate is still open, while in
chick embryos occurs with the fusion of the neural folds (Le Douarin & Kalcheim, 1999). Neurons
and glial cells developing from the cranial NC stop dorsally, whereas NCCs differentiated into
bone and cartilage continue the migration toward the branchial arches.

1.3.2 Trunk NCCs migration

After delamination, the NCCs at the trunk level of the embryo start to migrate along two different
routes. In the ventral pathway, NCCs migrate either along blood vessels in the intersomitic space,
between the NT and the anterior half of developing somites, or through invasion of the anterior
region of the sclerotome. According to the ventral to dorsal order of colonization, the cells
migrating ventrally will form the sympathetic ganglia, Schwan cells along the nerve fibers, and the
dorsal root ganglia, according to the ventral to dorsal order of colonization (Bronner-Fraser, 1986;
Serbedzija et al., 1994). NCCs follow migration superficially between the ectoderm and the
dermomyotome in the dorsal pathway. In chicken and mice, this route is used mainly by the NCC
to enter the epidermis and later differentiate into melanocytes (Thomas & Erickson, 2008) (Figure
1.3). In mouse and chick embryos, the trunk NCCs migrate ventrally between the somites and NT.
NCCs which follow the ventral path differentiated as neurons and glial cells of the PNS, while later
emigrating NCCs that follow the dorsal path differentiate as melanocytes cells of the skin (Le
Douarin & Kalcheim, 1999). Evidence suggests that NCCs are determinate before their migration



(Reedy et al.,, 1998). NCCs are specified as a previous melanoblast to the onset of dorsolateral
migration, and only these cells will follow the dorsolateral pathway. Erickson and Goins (1995), in
an elegant study using avian graft, demonstrated that the melanoblast cells could migrate
immediately on the dorsal path (Erickson & Goins, 1995). On the contrary, early migrating NCCs
grafted in older embryos follow the ventral pathway through the anterior sclerotome and become
neurons and glia cells. In contrast, the oldest NCCs follow the dorsal path between the ectoderm
and the somites through the developing dermis and become melanocytes (Erickson & Goins,
1995). This study demonstrates that the migratory pathway does not determine the fate of the
cells; instead, the cells are specified before leaving the NC.

In the chick embryos, the late migration of NCCs at the trunk region is exclusively melanoblast
progenitors. Only melanoblast localized in the epidermis germ layer differentiated (Le Douarin &
Kalcheim, 1999). NCCs that have seeded at the epidermis germ layer in the feather bud or have
remained in the dermis do not undergoes melanogenesis. It is likely that they will function later
as stem cells and contribute to feather pigmentation. In the dorsal region where feathers are
developed, melanoblast starts to massively invade the epidermis from eleven days of
development, embryonic day (E) 11, to differentiate towards melanocytes and undergoes
melanogenesis processes toward the periphery of the feather filament.

1.4 Melanoblast specification from NCCs precursors

Melanocytes differentiate from NC progenitors, melanoblast, that have migrated towards the skin
during embryonic life. Melanoblast are unpigmented cells that originate from embryonic NCCs. A
dual NC origin of melanocytes has been proposed by a common bipotent NC progenitor and the
other from a Schwann cell (Dupin & Le Douarin, 2003a). Studies in mice using lineage-tracing
experiments suggest a significant contribution of melanocytes from Schwann cell progenitors in
the postnatal skin. In this scenario, NCC, which fails to acquire neural fate, is associated with nerves
and gains a Schwann cell precursor fate. The spinal nerve's dorsal and ventral arches guide these
precursors to cutaneous locations. When reaching the end of the nerves, some Schwann
precursors acquire a melanocyte fate and migrate to the skin, where they proliferate and populate
the skin (reviewed in Ernfors, 2010).

After the closure of the NT, melanoblast migrates extensively by EMT to various regions of the
embryo to develop into melanocytes. This process involves the transcription factors SRY-box
transcription factor 10 (SOX70), microphthalmia-associated transcription factor (MITF), paired
domain- and homeodomain- containing transcription factor (PAX3). SOX10 and MITF are involved
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in specifying NC stem cells into melanoblast via SOX70- positive bipotent melanoblast/glial
progenitor and differentiation in melanocytes (Figure 1.4 ) (Mort et al., 2015).

The Microphthalmia associated transcription factor (MITF) is the earliest expressed marker of
melanoblast and essential for melanogenesis. MITF is expressed shortly after melanoblast
emigration from the neural tube. MITF is crucial for melanocyte specification; loss of MITF causes
the cell to switch to the glia phenotype (Thomas & Erickson, 2009). In avian embryos, MITF
expression is observed as early as stage 15 in the trunk. At the same time, the SRY-box
transcription factor 10 (SOX10) is expressed explicitly in the migratory NCCS at the dorsolateral
melanoblast migratory pathway (Southard-smith et al., 1998). Loss-of-function mutations in the
SOX10 locus cause dominant, cell-autonomous defects in Schwann cells and melanocyte
differentiation, while homozygous mutants exhibit embryonic lethality with failure of migration
and/or differentiation of glia and neurons. SOX70 transiently regulated Dct expression during
early melanogenesis development in a MITF independent regulation (Potterf et al., 2001). MITF
also regulates the expression of tyrosinase, tyrosinase-related protein 1 (TYRP1), and dopachrome
tautomerase (Dct) genes required for melanogenesis.
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1.5Melanogenesis pathway

The biosynthesis of melanin pigments occurs in differentiated melanocytes and the retinal
pigmented epithelium derived from the optic cup of the brain. At the subcellular level, the
production and store of melanin occur in the melanosomes, which are subcellular lysosome-like
organelles (D'Mello et al, 2016). In humans, two types of melanin are found in human skin
red/yellow pheomelanin and black/brown eumelanin.

In the melanogenesis pathway, tyrosine (TYR) is a crucial enzyme for melanin biosynthesis,
catalyzing the two initial steps. The first step is the oxidative hydroxylation of L-tyrosine to L-
dihydroxyphenylalanine (DOPA), and the second step is the oxidation of L-DOPA to DOPA
quinone (reviewed in (Lin & Fisher, 2007). Two other enzymes, the tyrosinase-related protein 1
(TYRP1) and tyrosinase-related protein 2 (TYRP2), also called DOPA chrome tautomerase, are
explicitly involved in eumelanin synthesis. In the presence of cysteine, DOPA quinone reacts with
it, which is then oxidized and polymerized, giving rise to yellow-brown-red soluble melanin-
pheomelanin. In the absence of cysteine, the two enzymes TYRP1 and TYRP2 react to the product
black pigment melanin, eumelanin (Figure 1.5).

Eumelanin production is regulated primarily by the melanocortin one receptor (MC1R) signaling.
Two different MC1R ligands have opposite activities: a-MSH (alpha-melanocyte-stimulating
hormone) is an agonist, whereas agouti signaling protein (ASIP) is an antagonist (Figure 1.5). The
binding of a-MSH to MC1R activates adenylate cyclase. It ultimately leads to the generation of
secondary messenger cAMP, which triggers the signaling cascade for the transcription of enzymes
required for eumelanin production. On the contrary, ASIP inhibits eumelanin synthesis by
directing competing for receptor binding of MITF for promoter activation of all three enzymes
TYR, TYRP1, and TYRP2, whose absence favors pheomelanin synthesis (Nasti & Timares, 2015). In
addition, several studies have highlighted the association of MC1R variants with melanoma risk
(Matichard et al., 2004; Valverde et al., 1996). Together with MCR1, the ASIP, tyrosinase the TYRP1
variants are considered a low risk for inherited melanomas (Ghanem & Fabrice, 2011), while in
another study, authors have demonstrated that variants at ASIP, TYR, and TYRP1 showed
significant association with melanoma and multiple polymorphisms of pigmentation genes
included TYRPT was found associated with risk for melanoma (Gudbjartsson et al., 2008).
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Tyr is engaged in both pheomelanin and eumelanin synthesis, whereas Tyrp1,
TYRP2 (DCT) are only involved in eumelanin synthesis. Synthesis of eumelanin
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receptor, ASIP, agouti signaling protein, a-MSH, alpha melanocyte stimulating
hormone. Adapted from Timares & Nasti, 2015
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1.6 Melanocytes transformation towards melanoma

Melanoma results from the malignant transformation of melanocytes. Melanocytes can give rise
to a diverse set of neoplasm from melanocytic naevi or benign lesions to malignant ones, termed
melanoma. These lesions vary in anatomical distribution, clinical features, histopathological
appearance, and biological behavior. Primary melanomas are often associated with different types
of precursors lesions, ranging from benign naevi and dysplastic naevi to melanoma in situ.

1.6.1 Melanocytic naevus

Melanocytic naevus is a benign clonal lesion of melanocytes proliferation at the basal layer of the
epidermis. Benign transformed melanocytes (nevus cells) become somewhat free from regulation
by surrounding keratinocytes and initially proliferate as solitary units at the dermo-epidermal
junction. Then, some nest of melanocytes enters the dermis by uncontrolled proliferation and
accumulation of melanocytes at the junction; thereby, the nevus is established (Figure 1.6).

Caucasians, on average, have 25 naevi on their skin that measure at least 2 mm in diameter.
Several lines of evidence indicate that the common naevi that progress is associated with non-
cumulative solar damage (CSD) melanomas. Approximately 30% of non-CSD melanoma show
areas representing a pre-existing common naevus, but some studies have found that 90% of
superficial spreading melanoma (a common histological presentation of non-CSD) is associated
with naevus. An evolutionary relationship between common naevi and non-CSD is also reflected

in the high proportion of BRAFV60%

mutations found in both types of neoplasm. An individual's
constitute genotype strongly influences naevus number and size. The frequency and size of
initiating mutations such as BRAFY%%% and their penetrance would be modulated by germline

mutations. The role of BRAFV% in melanoma development is further described in section 1.8.2.1.

1.6.2 Dysplastic nevus (Intermediated neoplasm)

Dysplastic nevus are a subset of melanocytic nevi that are clinical atypical and characterized
histologically by no well-defined border, size >5 mm, with a variable pigmentation, asymmetry
and/or irregular borders (Elder et al., 2020). Dysplastic naevus are relative common with a
frequency of 10% in population of North European descent. In terms of their clinical and
microscopy morphology, dysplastic nevi are intermediate between common acquired nevi and
the radial growth phase melanoma.
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A dysplastic nevus is a symptom of systematic melanoma susceptibility and the inheritance of
genes functionally involved in the proliferation of melanocytes that have acquired oncogenic
mutations in genes such as BRAF, NRAS mutations, and TERT promoter mutation (cf. section 1.8.1).
However, the risk of melanoma progression of these nevi appears to be low. The MITF E318K
variant, known as the medium penetrance melanoma gene, is associated with an increase in nevus
number and a higher incidence of multiple primary melanomas

1.6.3 Melanoma in situ

The first phase of melanoma progression results in the proliferation of melanoma cells in the
epidermis. Clark's classification defines this type of melanoma as in situ melanoma or radial
growth. At this stage, melanoma cells are limited to the epidermis without invasion to deeper
layers of the skin.

Melanoma in situ can be a precursor lesion to both non-CSD and CSD invasive melanomas. Two
main patterns of melanoma in situ can be distinguished, and they are associated with a pagetoid
growth pattern a lentiginous growth pattern (Figure 1.6). The pagetoid growth pattern is
associated with BRAF"6%% mutations, thus this neoplasm correspond to non-CSD or superficial
spreading melanoma. By contrast, the lentiginous pattern is inversely correlated with BRAFV60%
mutations, and therefore is associated with CSD trajectory. Melanoma in situ lesions also has a
high frequency of telomerase reverse transcriptase (TERT) promoter mutations and heterozygous
CDKNZA alterations (Shain et al., 2015). But also other genes involved in genome stability (TP53),
signaling induction proliferation and survival (PI3K, AKT, PTEN), and cell differentiation and

adhesion of melanocytes (MITF, WNT, RB-catenin).

1.6.4 Invasive melanoma

Once melanoma cells have migrated through the epithelium of the epidermis and entered to the
dermis, the melanoma has become invasive (Figure 1.6). For melanoma, the risk of metastatic
disease and death correlates with the depth on invasion. Indeed, most invasive melanomas arise
from melanomas in situ. Following progression, invasive malignant melanoma cells grow into the
dermis where they interact with many others cell types and gain physical access to both
lymphatics and blood vessels, as vertical growth. To melanoma invasion occurs in necessary to
acquired driver mutations activating the MAPK pathway as well as TERT mutations that
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accumulated during earlier stages of progression. Moreover, Bi-allelic inactivation of CDKN2A
emerged exclusively of invasive melanomas (Shain et al., 2015).

1.6.5 Metastatic melanoma

This phase occurs when melanoma cells have disseminated through the body and colonized
distant organs (Hudson, 2001). Cutaneous melanoma metastasizes more frequently to lymph
nodes (Karaman & Detmar, 2014) first and later to distant organs, such as the brain, liver, bones,
and lungs (Olmeda et al., 2017).

To invade the underlying epidermis, melanoma cells downregulate some molecules involved in
cell-cell adherent junctions, such as E-cadherin, leading to their detachment from the basal lamina
and adjacent keratinocytes. Melanomas do not show a classical EMT, and they adopt more
mesenchymal features (MET) (out of focus in this project). E-cadherin expression may be repressed
by Slug, Snail, or Twist at the transcriptional level.

In the context of this thesis, this chapter emphasized the migration and differentiation of NCCs
towards the transformation of malignant melanocyte. One of my goals is to focus in
understanding the biology of melanocytes, proliferation, migration, differentiation in the
developing chick embryos that might highlight new research approaches of melanoma disease in
a developmental context.
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Figure 1.6 The morphology progression of melanocytes
to melanoma

(A) Normal skin showing a dendritic polarization within the basal
layer of the epidermis (B) Naevus is benign melanocytic naevi
occur with an increased number of dendritic melanocytes.
According to their location, naevus is termed either junctional,
dermal, or compound. Some naevus are dysplastic with
morphologically atypical melanocytes (C) Melanoma in situ or
radial growth phase, considered as primary malignant state.
Pagetoid spread describes the horizontally migration of solitary or
small groups of melanocytes in the superficial layer of the
epidermis (D) Invasive melanoma or vertical growth phase. This is
the first state that is considered to have malignant potential and
lead directly to metastatic malignant melanoma state by
infiltration to vascular and lymphatic system. Adapted from Gray-
Schopfer et al., 2007.
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1.7 Melanocytic tumor classification

The World Health Organization (WHQO) 2018 of melanocytic tumors classification is based on
etiologically related to sun exposure and those that are not, mutational signature, anatomical site
(localization), and epidemiology (Elder et al., 2020). Indeed, the currently used clinic-pathologic
classification of melanoma is based on the melanoma progression proposed by Clark and
colleagues in 1969 (Clark et al, 1969; Hudson, 2001). Authors suggested that melanocytic
transformation is a stepwise transition from normal melanocytes proliferating, leading to a benign
nevus along with the epidermis and basal layer to early (radial) growth. Such lesions are in the
radial growth phase (RGP) because transformed melanocytes proliferate and expand along the
surface at the level of the basal epidermis. RGP melanomas have an excellent prognosis until
deeper/ticker invasion of the dermis occurs with the formation of a tumor mass, termed the
vertical growth phase (VGP). In the next step of progression, tumor cells can spread into other
areas of the skin, subcutaneous tissue, and organs proliferate increase and metastasize. For the
presence or absence of RGP, three major categories of melanoma have been described. The
initially recognized RGP variants were superficial spreading melanoma (SSM), also called pagetoid
melanoma, characterized by neoplastic cells throughout the epidermis. Another variant is the
nodular melanoma (NM), defined as VGP melanoma without identifiable RGP but forms a tumor
from its earliest recognition. Therefore, it has the potential to metastasize from the first diagnosis.
The third variant of melanoma, termed lentiginous melanoma (LMM), is associated with
histological evidence of severe solar damage and has a lentiginous rather than pagetoid growth
pattern.

These three categories' distinction was later supplemented by epidemiological and genomic
observation, leading to the concept of alternative pathways in the development of melanoma.
Two major pathways are described based on the etiology of skin susceptibility to solar damage.
CSD and non-CSD melanomas differ in their anatomical site of origin, degree of cumulative
exposure to UV radiation, hostage, mutation burden, and types of oncogenic alteration (Table 1):

e Low degree-CSD typically affects the more intermittently sun-exposed areas such as the
trunk and proximal extremities of younger individuals (<55 years of age) that do not show
marked solar elastosis (Shain & Bastian, 2016). Low-CSD melanomas include superficial
spreading melanoma (SSM) and a subset of nodular melanomas. This type of melanoma is
strongly associated with BRAF mutations.
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e High-CSD melanomas typically affect the more intermittently sun-exposed areas such as
the trunk and proximal extremities of younger individuals (<55 years of age) that do not
show marked solar elastosis. This type of melanomas includes lentigo maligna and a subset
of nodular melanomas. These melanomas occur later than non-CSDs.

Melanoma arising in the skin with some degree of CSD harbors a higher number of point
mutations, mostly cytosine to thymidine (C>T) transitions. The most recurrent somatic
mutations, in high CSD and non-CSD melanoma, affecting genes that govern proliferation
are BRAF V600K and not V600E, NRAS and NFI; in growth-metabolism are PTEN and KIT;
in resistance to apoptosis is TP53; in the G1/S cell cycle checkpoint control is CDKNZ2A,
which encodes p16N“A and p14***(Goldstein et al., 2007; Kamb et al., 1994). Moreover,
the most common mutation event in cells' replicative lifespan is the TERT promotor,
commonly mutated at an early stage in melanoma development.

Other melanoma arises via pathways in which solar damage does not appear to play any role are:

e Acral melanoma originates in the glabrous skin, nails, and mucosal melanomas from
melanocytes originate in the anogenital and sinonasal mucosa. These melanomas develop
in areas with limited sun exposure. BRAF mutations are found in acral (but not mucosal)
melanomas, KIT, and NRAS mutations. These melanomas have a low mutation burden but
highly rearranged genomes with numerous copy number changes, including multiple
focused amplifications.

e Uveal melanomas originate from melanocytes within the choroid or iris. This type of
melanoma also has a low mutation burden. It is characterized by frequent activating
mutations in guanine nucleotide-binding protein o q polypeptide (GNAQ) or GNATI,
accompanied by inactivating mutations of the tumor suppressor gene BRCA1 associated
protein 1 (BAPT) or mutations in splicing factor 3b subunit 1 (SF3B7).

e Spitz melanomas are most frequent in childhood and adolescent melanoma. The
relationship of malignant Spitz tumors with benign Spitz naevi is uncertain, and diagnostic
distinction from these mutations is often difficult. Histologically, the lesions are composed
of large spindle and /or epithelioid melanocytes. CSD is usually absent or minimal. Genetic
alterations are also distinctive, including HRAS and kinase fusions ROS7, NTRK1, NTKR3,
ALK, BRAF, MET and RET, and TERT promoter mutations in rare highly aggressive or rare
lethal variants are less stable than others.
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e Melanomas in congenital nevi develop in utero or are acquired just after birth. There is no
apparent etiological relationship with sun exposure, CSD is typically absent. The NRAS
mutation is the predominant somatic event in giant congenital naevi and in the melanoma
that arises therein, at least in childhood (Bauer et al., 2007).

During development, congenital melanocytic nevi of substantial size may be caused by the
accelerated proliferation of melanoblast during migration from the neural crest to the epidermis.
The NRAS mutation may underlie the abnormal proliferation. If the abnormal proliferation take
place at early developmental stages, the distribution of mutated melanoblast (nevus cells) will
cover large areas, producing a wide and deep lesion. Thus, the time of proliferation determinates
the size of the nevus; the later the proliferation begins, the smaller the size is. Furthermore, dermal
and subcutaneous components of large congenital nevi are formed by the excess melanocyte

proliferation from the neural crest.
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Table 1. The WHO 2018 classification of melanoma according to etiology association with UV radiation exposure and pathways.

Type of melanoma

Melanomas arising in sun exposed skin

Melanoma arising to sun shielded sites or without
known etiological associations with UV radiation

exposure
Pathway(s) Low-CSD High-CSD melanoma
(melan.or.na (!ncludlng lentigo Acral/Mucosal Maligna Spitz
superficial maligna melanoma and melanoma tumours
spreading high CSD nodular (Spitz melanoma)
melanoma) melanoma)
MAPK NF1 (loss), NRAS, KIT, NF1 (loss), SPRED1 HRAS, fusions of
pathway BRAF (p.V600E), NRAS, (loss), BRAF (p.V600E), CCND1 ROS1, NTRKT,
activation NRAS BRAF (p.V600T), (amplification), kinase fusions of NTRK3, ALK,
KIT ALK, ROS1, RET, NTRK1 RET,BRAF
G1/S CDKNZ2A (loss),
checkpoint CDKNZ2A (loss) CDKNZ2A (loss) CDK4 (amplifications) CDKNZ2A (loss)

P53 pathway

CDKNZA (loss),

CDKNZA (loss),

CDKNZA (loss),

CDKNZ2A (loss)

TP53 TP53 TP53
h TERT ) e L TERT t
ot ¢.er (prgmotor TERT (promotor mutations) TERT (amplification) (pero o
alterations mutations) mutations)
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1.8 Germline and somatic variants in adult cutaneous melanoma

Cutaneous melanoma is an extremely complex disease involving genetic and environmental
factors, such as germline and/or somatic mutations, skin color, number and type nevi, and sun
exposure. This section will focus on the current knowledge of germline and somatic mutations in
adult melanoma.

1.8.1 Germline events in adult melanoma

Cyclin-dependent kinase inhibitor 2A (CDKN2A)

The CDKNZ2A gene was the first predisposition gene identified in melanoma-prone families (Kamb
et al., 1994). Germline mutations and/or deletions of CDKN2A were identified in 20-40% of
families with three or more members with melanoma (Goldstein et al., 2007).

The CDKNZ2A gene is a tumor suppressor gene (TSG) localized at chromosome 9p21 that encodes
two alternative reading frames: p16'N*** and p14”%F both of which can function as TSG. The p16
protein is a member of the INK4 family of Cdk4/6 kinase inhibitors. The protein 16 blocks the
transition of the cell cycle G1-S by inhibition of the cyclin-dependent kinase 4 (CDK4) or cell
division protein kinase 6 (CDK6) complex leading to Rb protein inhibition. This inhibition results
in non-phosphorylation of Rb that leads to the arrest of cell growth at the G state of the cell cycle
(Gruis et al., 1995). The p14”*¥ (protein 14 alternate reading frame) acts as a TSG by inhibiting
ribosome biogenesis or initiating p53-dependent cell cycle arrest and apoptosis. In mice, the
model has shown that the INK4A allele (INK4a”") and depletion eliminates p16™N*** and p19”%* (in
humans, p14"%F) proteins, resulting in the development of spontaneous tumors (Serrano et al,,
1996). The p14 ARF protein function as a TSG by arresting the cell cycle or promoting apoptosis
through the p53 pathway.

Telomerase reverse transcriptase (TERT) gene

In normal development, somatic cells have the capacity to avoid senescence by the telomerase
enzyme, which maintain the length of the telomers, the repetitive DNA at the end of the
chromosomes. On the contrary, in cancer cell development, telomere length maintenance is
essential for uncontrolled proliferation. Specifically mutations that increase the telomerase activity
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results in cell immortalization by extension the replicative lifespan of cells, allowing them to avoid
senescence by telomer shortening.

The gene TERT confers an oncogenic advantage in adult melanoma by enabling melanocytes to
sustain their telomere length and become immortalized. (Hodis et al., 2012; Huang et al., 2013).
Promoter mutations create a new transcription factor binding site that activates TERT
transcriptional constitutively (Vallarelli et al., 2016). Horn and colleagues (2013) identify a germ
line mutation affecting the TERT promotor in adult melanoma, which encodes telomerase's
catalytic reverse transcriptase subunit. The nucleotide change (T>G) located in the promotor of
the TERT gene creates a new binding motif for transcription factor sites which activates TERT
transcriptional constitutively. TERT promotor mutations when combined with BRAF/NRAS
mutations correlates with adverse outcome in adult melanoma (Horn et al., 2013)

Tumour protein 53 (TP53)

Germline TP53 variant is a genetic cause of Li-Fraumeni syndrome (LFS) (de Andrade et al., 2021).
Li and Fraumeni defined LFS in 1969 as a genetic cancer predisposition manifested by the early
onset of various malignant tumors within an individual and multiple affected family members (F.
P. Li & Fraumeni, 1969). LFS is an autosomal dominant cancer predisposition disorder in which
clinical diagnosis is based on personal and family history of cancer. This syndrome is manifested
in soft tissue and bone sarcomas, in early-onset female breast cancer, brain tumors (choroid
plexus tumors), leukemia, and adrenal cortical carcinomas.

1.8.2 Somatic events in adult melanoma

Neuroblastoma ras viral oncogene homolog (NRAS) and v-raf murine sarcoma viral oncogene
homolog B1 (BRAF)

Adult melanomas show activation of the MAPK/ERK pathway by NRAS and BRAF oncogenic
mutations. BRAF6%% mutations are found in 80% of human naevus, a benign lesion that can
remain for long periods. The p.V600E mutation found in BRAF is a substitution of glutamic acid
for valine at position 600, considered to induce senescence in melanocytes and the formation of
a nevus. Mutational activation of BRAF is the earliest event in melanoma. However, the oncogenic
BRAFVe9E mutation is insufficient for a fully activated the melanogenesis program. In low-CSD
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melanomas, BRAF p.V600E mutation account for most MAPK pathway-activation mutations. In
contrast, high-CSD melanomas rarely harbor BRAF p.V600E mutations (Bauer et al., 2007), whereas
NF1, RNAS, and KIT mutations (all mutually exclusive) predominate in melanoma in the skin with
a high degree of CSD.

The microphthalmia-associated transcription factor (MITF), the master regulator

The microphthalmia-associated transcription factor (MITF) is a transcription factor considered the
master gene regulator of melanocyte survival, growth, and differentiation. MITF is a basic helix-
loop-helix leucine zipper (b-HLH-ZIP) DNA domain that binds to DNA sequences (E-box, M-box),
consisting of a 5'-CATGTG-3' or 5;" CACGTG-3' motif (Bell & Levy, 2011). Mutation in MITF results
in the Waardenburg syndrome type 2, hypopigmentation of the skin, hair, and iris associated with
deafness resulting from NC-derived melanocytes deficiency (Cheli et al., 2010; Tassabehji et al.,
1994).

The MITF level activity can lead to the expression of cell cycle genes, a switching of differentiated
to invasive melanoma cells described as the rheostat model by Carreira and colleagues in 2005
(Figure 1.7). This model explains that MITF alters the expression of different target genes
depending on their expression and activity level (Goding, 2011). A low level of MITF induces an
actin cytoskeleton reorganization, cells undergo cycle arrest in P27 dependent manner and
promote invasion. By contrast, high MITF levels activate cell differentiation, and medium MITF
level promotes cell proliferation (Carreira et al., 2005).

Furthermore, MITF controls the transcription of different genes involved in: the pigmentation
cascade as Tyr (Paterson et al,, 2015), TRP1, DCT, and PDE4D3 (Khaled et al., 2010) in cAMP, cell
cycle exit in G1 by INK4A regulation (coding P16 TSG) (Loercher et al., 2005) and CDK4 (Du et al.,,
2004), which codes for a serine/threonine kinase that is essential for G1/S transition. Indeed, MITF
induces and maintains the cell cycle exit in melanocytes, which can be a reversal in INK4A
melanoma inactivation. MITF is also implicated in melanocyte survival and melanoma progression
by direct BCL2 regulation, an antiapoptotic factor (McGill et al., 2002), melanocyte invasion and
proliferation regulation via DIAPHT gene regulation with the control of actin polymerization,
microtubules remodeling, and cell cycle progression through regulation of P27 (Cyclin-dependent
kinase CDK inhibitor) (Carreira et al., 2006) and induce GO/G1 arrest thus the entry to senescence
(Giuliano et al., 2010).
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In adult melanoma, MITF has been proposed to act as an oncogene and confer a genetic
predisposition to occurring melanoma. MITF plays a role at the post-transcriptional level, including
SUMOylation. SUMOylation is a post-translational modification involved in the covalent
conjugation of SUMOI, a small ubiquitin-like modifier, to a protein in a YKXE sequence context
(U represents a large hydrophobic amino acid) which results in fate modifications and
function(Rodriguez et al., 2000). The most common germline variant of MITF is p.E318K, which
alters its binding affinity for the ubiquitin-like protein SUMO, thus enhancing the binding of MITF
protein to the HIFTA promoter and increasing its transcriptional activity (Rodriguez et al., 2000;
Bertolotto et al., 2011). Bertolotto and colleagues have shown in vitro that MITF harboring Mi-
E318K enhances migration, invasion, and the ability of immortalized melanocytes to colonies
formation in melanoma cells, consisting of a gain-of-function role in tumorigenesis (Ballotti &
Bertolotto, 2017). In a parallel study in 2011, authors identified an individual carrying the germline
variant (coding DNA sequence c.G1075A protein sequence p.E318K) in the melanoma-lineage-
specific oncogene MITF, demonstrated that MITF is a melanoma predisposition gene (Yokoyama
et al, 2011).

In pediatric melanoma, MITF knowledge is limited. To date, only one article directly reports a
pediatric case with a tandem duplication of MITF present in CNM (Lu et al., 2015).

Breast cancer 1 (BRCA1) associated protein 1 BAP1

The BAP1 (located at chromosome 3p21) is a deubiquitinate protein categorized as TSG. BAP1
has roles in numerous cells process, including DNA damage response, cell cycle regulation, cell
growth, metabolism, and the regulation of inflammatory responses (Conway et al.,, 2021; Ji et al,,
2014; Yu et al., n.d,; Zarrizi et al., 2014). A new form of the cutaneous melanocytic tumor was also
associated with this syndrome (Wiesner et al, 2011) or BAP1-inactivated melanocytic
nevus/melanocytoma by the WHO Classification of Skin Tumours (Elder et al., 2020). Wisner and
colleagues (2011) identified families that developed cutaneous melanoma in affected individuals
with multiple cutaneous spitzoid melanocytic neoplasms and predisposed to increased risk of
developing cutaneous and uveal melanoma (Wiesner et al., 2011). The majority of tumors lost the
remaining wild-type BAP1 allele by various somatic alterations and lacked immunohistochemical
expression of BAP1(Wiesner et al, 2011). Furthermore, almost all familial BAP1-negative
neoplasms showed BRAF"6%% mutations typically absent in Spitz nevi (Wiesner et al., 2012).
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In adult melanoma, low levels of MITF cause G1 arrested,
invasive, stem-like cells with high p27. Cells expressing MITF
either proliferate or differentiate depending on the level of
MITF expression, moderate level, and high level respectively
or its post-translational modification. Long-term small
interfering RNA-mediated depletion of MITF leads to DNA-
damage and mitotic catastrophe-induced senescence, though
this may be prevented in vivo by up-regulation of anti-
proliferative signaling pathways. Adapted from Goding (2011)
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Key points of Chapter 1 - General Introduction

e Melanocytes arise from the entire CNC and TNC.

e NC techniques allow for tracking NCCs migration and performing functional analysis.

e Melanocytes migrate either at the CNC or at the TNC regions. At the CNC, melanocytes
migrate in a cohort in a wave-like pattern. At the trunk level, melanocytes adopted either
ventral or dorsolateral migration.

e Melanogenesis involves the enzymes TYR, DOPA, TYRP1, and TYRP2 to synthesize
pheomelanin or eumelanin.

e Activation of MC1R by a-MSH is positively coupled to the cAMP signaling pathway. It
leads to a stimulation of melanogenesis and a switch from the synthesis of pheomelanin
to the production of eumelanin.

e ASIP prevents a-MSH from binding to MC1R on melanocytes to inhibit the a-MSH
mediated elevation of cAMP, leading to eumelanin production, which shifts the
production of eumelanin to pheomelanin.

e Melanoma is a stepwise transition: from uncontrolled melanocyte proliferation towards
radial to vertical growth to metastatic melanoma.

e WHO 2018 melanoma classification in adults is based on the sun exposure etiology in
low-CSD and High-CSD with different genetic signatures.

e Germline events in adult melanoma involve CDKNZ2A, TERT, and TP53.

e The somatic event in adult melanoma involves NRAS, BRAF, MITF, and BAP1.
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2 Childhood melanoma

Childhood melanomas represent a heterogeneous group of malignant melanocytic tumors with
variable clinical, histopathology, and genetic features that differentiate them from adult
melanomas. Patient age is used to classify pediatric melanoma into two subtypes, prepubertal
(congenital and childhood) melanoma occur in patient under the age of <10-12 years, and post-
pubertal (adolescent) melanoma occur in patient aged between 10-12 years and 19 years. The
upper age cut-off for pediatric melanoma is <20 years consider by the Surveillance, Epidemiology,
and End Results (SEER) database (https://seer.cancer.gov/) and the National Cancer Institute

(https://www.cancer.gov/). The prepubertal incidence rate is <1 per 100 000 person/year, whereas

post-pubertal incidence has increased over the past 20 years, in relation to unprotected sun
exposure (Eggen et al., 2017). This chapter will describe what is known about the incidence,
histopathology, risk factor, and genetics in childhood melanoma.

2.1 The incidence of childhood melanoma

Melanoma in the pediatric melanoma population has not been studied as extensively as adult
melanoma. Melanoma accounts for about 4% of all cancer in children aged 15 to 19 years
(National Cancer Institute, 2018),. The incidence is around 5-6 per million in children under the
age of 20 years (Strouse et al., 2005). Pediatric melanoma remains a health concern because
incidences rates (IR) have been a reported to increase (Hamre et al., 2002; Strouse et al., 2005).
Melanoma IR differed by age; prepubertal have lower IRs of melanoma than post-pubertal groups.
Melanoma accounts for 7.1% of cancer in 15 to 19 years olds with an increase of 10.4 per million.
Post-pubertal accounts for most cases of pediatric melanoma (73.2%), followed by 10- to 14-
years old (17.3%), 5- to 9- years old (5.7%), and 1- to 4- years old (3.8%) (Campbell et al., 2015).

Pediatric melanoma behaves heterogeneously across race, age (Campbell et al., 2015; Wong et
al., 2013), sex (Strouse et al., 2005; Wong et al,, 2013), anatomical location of the lesion, and
geographical residence across the age groups. Increased age confers greater risk in the white
gender than black individuals (Strouse et al., 2005). In the first year of life, the incidence of
melanoma is similar by race, but it diverges by age 5 to 9 years and is 40-fold higher in white
individuals around age 20. This pattern may reflect increased susceptibility to UV radiation
exposure in white individuals, other environmental factors, and/or differences in genetic
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predisposition (Strouse et al., 2005) which favors genetic accident origin. Regarding sex, females
are mostly affected by this disease in childhood/adolescence, with a ratio of 1.6 compared to
males (Eggen et al, 2017; Hamre et al., 2002). The incidence of melanoma by anatomical
localization is not uniform across age and sex. In younger children (ae, ten years old), melanoma
IRs are fairly equal across all anatomical locations, except for truncal melanomas being especially
rare in 0- to14- years old. On the other hand, the incidence in children aged 10 to 19 years is
highest in the trunk (Campbell et al., 2015; Strouse et al., 2005).

In terms of clinical evolution, children with melanoma had a 5-year survival of 93.6% (95% Cl, 91.9
to 94.9). When melanoma is early detected and wide local incision of early disease, the prognosis
is good but decreases with advanced melanoma, like in adult melanoma.

2.2 Childhood melanoma risk factors

The risk of melanoma is increased in children with a high number of melanocytic naevi, giant
congenital naevi, and dysplastic nevus syndrome. Other risk factors include predisposing
syndromes such as Xeroderma Pigmentosum, immunodeficiency conditions, and family history
(reviewed in Stefanaki et al., 2017; Strouse et al., 2005).

2.2.1 Xeroderma pigmentosum

Xeroderma pigmentosum (XP) is a rare hereditary autosomal recessive disorder characterized by
sensitivity to sunlight, photophobia, and early-onset freckling followed by neoplastic changes in
sun-exposed sites (Kraemer et al., 1994). There is a hypersensitivity due to defects in the
nucleotide excision repair (NER). Patients are unable to repair UV-induced DNA damage, resulting
in a 1000-fold increased risk of skin cancer at an early age (Bahrami & Barnhill, 2018; Ceballos et
al., 1995). Melanoma arises in approximately 5% of pos-tpubertal patients diagnosticated at 19
years (Pappo, 2003).

2.2.2 Immunosuppression

Children with genetic immunodeficiency tend to develop light sensitivity and/or freckles with a 3
to 6-fold risk of developing melanoma. Moreover, children who acquired immunodeficiency
syndromes such as post-organ transplantation, chemotherapy for malignancy, and human
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immunodeficiency syndrome (HIV) have a 3 or 4-fold increase in melanoma risk (Jen et al., 2009;
Pappo, 2003)

2.3 ABDC criteria in childhood melanoma differ from adult melanoma

Pediatric melanoma molecular transcriptomic signature is different from the adult counterpart.
Cordoro and colleagues (2013) reported that childhood and adolescent melanoma differs in the
adult ABCDE conventional criteria: Asymmetry, Border irregularity, Color, Diameter >6mm, and
Evolution. They observed that 60% of children between 0 to 10 years old and diagnosed with
melanoma did not meet the common adult criteria. Childhood melanoma is present as
Amelanotic; Bleeding, Bump (papulonodules: bumps), Color uniformity; variable Diameter, and de
novo development (Cordoro et al., 2013). This study shows that establishing a diagnosis of
pediatric melanoma can be difficult due to the atypical appearance of some melanocytic lesions.
Due to pediatric melanoma's scarcity and complexity of pediatric melanoma, the diagnosis
challenges clinicians who need expertise in pediatric melanocytic neoplasm to analyze the
evolving naevus to be biopsied and examined histologically (reviewed in Ferrari et al.,, 2021). For
the diagnosis is necessary to consider a physical examination, dermoscopy analysis, patient history
biopsy, molecular testing, and imaging (reviewed in Ferrari et al., 2021). The skin examination
should also consider the presence and number of typical and atypical naevus and congenital
naevus.

2.4 Histopathology criteria

In this section, | will describe the types of cutaneous melanoma that can arise during childhood
considering the clinical and pathological outcomes as (1) superficial spreading melanoma, (2)
melanoma arising from CMN, and (3) Spitzoid melanoma, (4) conventional adult-type melanoma.
The genetics undergoing childhood melanoma will be further discussed in section 2.5

2.4.1 Superficial spreading melanoma (SSM)

These lesions are similar in post-pubertal, adolescent to SSM found in adults. Histologically, SSM
develops in a radial or horizontal growth phase, initially intraepidermal (in situ) or micro-invasive
melanoma. The distribution is asymmetrical with intraepidermal nest and isolated melanocytes
with a wide hyperpigmented cytoplasm. The lateral pagetoid scatter of such melanocytes is the
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histological hallmark of these tumors (reviewed in de la Fouchardiere et al., 2021). In advanced
SSM, the dermis is invaded, often by nest or large melanocytes with similar morphology. A dense
lymphocytic infiltrate is commonly present on the invasive front of the tumor. These tumor-
infiltrating lymphocytes are in close connection with melanocyte (reviewed in de la Fouchardiere
et al., 2021). Breslow thickness, dermal mitotic activity, and epidermal ulceration will be assessed.
A BRAF p.V600OE mutation is frequently present at >80% in the melanoma and the nevus from
which it arose.

2.4.2 Melanoma arising from a congenital melanocytic naevus (CMN)

CMN are benign melanocytic tumors that can appear at birth or become apparent in early
childhood. CMN is the result of a mutation in utero, after the embryo has already begun to
develop, leading to mosaicism (reviewed in Kinsler et al., 2017). Genetic events occurring in
melanoblast can explain the development of such lesions ( reviewed in de la Fouchardiere et al,,
2021). During development, a single multipotent NCCs bearing a somatic mutation can be
differentiate into a melanoblast competent progenitor that, after proliferation and dissemination
along the peripheral nerves, will cause the formation of CMN at the periphery. Due to the early
nature of this development abnormality, the resulting nevus can be involved in the thickness of
the skin but also can involve the CNS (de la Fouchardiere et al., 2021). Moreover, the nevi growth
is proportional to the state of occurrence of the oncogenic mutation during development. When
the mutation occurs early in development can give rise to the development of a Large CMN.

Conventional criteria categorize CMN in relation to size from small (<1.5 cm in diameter), medium
(1.5 to 20 cm), and, or large to giant (>20 cm) by projected adult size (PAS) of the largest nevus
and by a total number of naevus (Kinsler et al., 2017). Small and medium CMN are homogeneous
with lesions with either reticular or globular patterns.

At the molecular level, CMN is caused by a mosaicism post-zygotic mutation in NRAS at the codon
61 (Q61K) found in 60% to 80% of the largest lesions (reviewed in Kinsler et al., 2013), and
upregulation of TERT. These somatic mutations will be further described in section 2.5

2.4.3 Atypical Spitz tumor and Spitzoid melanoma

Atypical Spitz tumors and Spitzoid melanoma (AST/SM) are usually seen in younger patients. It
often appears as melanocytic neoplasia of epithelial or fusiform cells. Sophie Spitz described, in
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1948, a "juvenile melanoma” as a melanocytic tumor, present in childhood, with clinical and
pathological characteristics similar to melanoma but with benign behavior (Spitz, 1948). Benign
Spitz nevi are frequent during childhood, especially after puberty, and are very difficult to
diagnose and to classy due to the histopathological similarities between naevus and melanoma.
These lesions are mostly located in the lower limbs, especially on the knees or on the face. Spitz
tumors enclose many morphological subtypes (pigmented, hyperpigmented spindle (Reed),
plexiform, pagetoid, desmoplastic angiomatoid, among others) and have specific, mutual
exclusive genetic anomalies (reviewed in de la Fouchardiére et al., 2021).

AST/SM is characterized by copy number aberrations that can be detected by fluorescence in situ
hybridization or comparative genomic hybridizations, including biallelic loss of CDKNZ2A. These
tumors typically lack TERT promoter mutations and have fusion kinase involving MAP3K8, NTRK,
ALK, ROS1, RET, BRAF, or MET. (reviewed in Bahrami & Barnhill, 2018; Lee et al., 2015). These
tumors rarely disseminate, but when they do, they acquire TERT activity by promoter mutation,
including structural arrangement (Lee et al., 2015)

2.4.4 Conventional or adult-type melanoma

Convention melanoma (CM) classification shares the histological and clinical features of
melanoma arising in intermittently sun-exposed skin in adults. CM is rare and occurs almost
exclusively in adolescents (Barnhill et al., 1995; Lu et al., 2015). FISH analysis has shown that CM
constitutes a more uniform and well-defined disease entity in comparison with spitzoid melanoma
(Lu et al, 2015). Pediatric melanoma patient with CM harbors the MC1R receptor, which is
associated with sun-sensitivity skin and an increase in melanoma susceptibility. As in adults, these
tumors have evidence of a UV signature with a preponderance of C>T transitions, CDKNZ2A
homozygous deletions, BRAF"6%% TERT promoter, and PTEN mutations. This predisposition of
genes will further be described in detail in the following section.

2.5 What is known about childhood melanoma genetics?

Early-onset cancer is a classical hallmark of a genetic predisposition; nevertheless, most pediatric
melanomas are clinically sporadic. This section, | will focus on the known genetic variants in
pediatric melanoma as germline: CDKNZ2A, MCI1R, TP53, and somatic mutations: NRAS and
BRAF, PTEN, TERp.
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2.5.1 Germline mutations (inherited) in childhood melanoma

CDKN2A and CDK4

The main predisposing gene CDKNZ2A in adult melanoma is rare in childhood melanoma (Berg et
al., 2004; Goldstein et al., 2018; Lu et al., 2015; Markovic et al., 1997). Lu and colleagues have
worked on understanding the pediatric genomic landscape, demonstrating copy variants
similarities with adult melanoma and 15 CM from 23 total pediatric patients (Figure 2.1). None
of their patients carried CDKNZ2A or CDK4 mutations, but 67% of CM patients carried germline
MCI1R variant reported to be associated with increased melanoma risk in adults.
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Figure 2.1 Prevalence in copy number variations
between adult and pediatric conventional melanoma

(A) frequency of CNVs in adult melanoma by single-nucleotide
polymorphism array from the study (Hodis et al., 2012) (B)
frequency of conventional melanoma in 11 pediatric patients
from Lu and colleagues study ( Lu et al., 2015). The 7934 locus
harboring BRAF was a common region of gain, whereas 9p21
and 10923.3, covering CDKN2A and PTEN, were common
regions of loss in both adult and pediatric melanomas Adapted
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Melanocortin 1 receptor (MC1R)

The MCITR gene on human chromosome 16qg24.3 encodes a G-protein-coupled receptor
expressed on melanocytes, melanoma cells, and CMN. Their role is to activate the signaling
pathways involved in melanocytic proliferation and melanin (Nasti & Timares, 2015). MCI1R is
highly polymorphic, and specific variants were identified as R variants (p.D84E, p.R142H, p.R151C,
p.1155T, p.R160W, and p.D294H) according to their strong association with red hair color
phenotype. In contrast, those with a weak association are designed as r variants allele (p.V60L,
p.V92M and p.R163Q) (Sturm et al,, 2003). R alleles have been found to have a significant effect
on pigmentation and UV sensitivity. By contrast, r alleles confer a normal impaired MCTR activity,
with a low-strength association with the fair skin phenotype.

MCITR variants are associated with CMN in pediatric melanoma with red hair pigmentary
phenotype and family history (Kinsler et al., 2017; Kinsler et al., 2012). The clinical correlation
between children with red hair and freckles phenotype with CMN diagnosis was determinant in
investigating the role of the MCTR gene in childhood melanoma. Kinsler and colleagues reported
the association between CMN and red hair/MC1R variants. MCTR promotes the growth of CMN
during embryogenesis (Kinsler et al., 2012). In a case study of monozygotic twins (with red hair,
green eyes, fair-skinned) without a family history of melanoma and the absence of both CDKN2A
and CDK4 mutation gene, authors identified two MCTR heterozygous variants in both twins: the
c451C>T (p.Arg151Cys) and the c.456C>A (p.Tyr152) (Pellegrini et al., 2012). They concluded that
the MCTR variant possible is associated with melanoma risk. Then, Pellegrini and colleagues (2019)
analyzed MC1R prevalence in childhood or adolescent patients (from 20 years or younger) with
CMN in a worldwide cohort study (U.S.A, Canada, Australia, France, Italy, Greece, Sweden, Turkey).
Children and adolescents younger than 18 years were found to have higher odds (OR 1.80, 95%
Cl 1.06 -3.07) of carrying MC1R r variants than adults patients. This study reveals that MCTR variant
r is more associated with young patients than the adult counterpart (Pellegrini et al., 2019). In
another study, one or two germline MCTR variants (V60L, V92M, R151C, and R160W) were
detectable at 67% in CM and SN, but controversially not in CMN (Lu et al.,, 2015). In brief, MC1R
variants, mainly r variants, are a genetic risk factor in childhood and adolescent melanoma,
possibly through a pigmentation-independent pathway.

Moreover, in a clinical study from a 15-year patient diagnosticated with melanoma, brain
metastasis, and family uveal melanoma history, the predisposition melanoma genes CDKNZ2A,
CDK4, and BAP1 were not found. The genomic analysis did not show any rearrangement, copy
number neutral changes, point mutations, or other alternations that could not explain her death

37



(Rabbie et al., 2017). Interestingly, the authors found only MCTR variants in this patient, R142H
and V60L alleles. This study emphasized the elevated prevalence of MCTR variants related in
young patients. Still, the few numbers of available genomic studies and the small number of cases
per study make it difficult and challenging to propose conclusions in this population.

BRACT-associated protein 1 (BAP1)

The BAP1 gene is located at chromosome 3p21 and encodes a nuclear-localized deubiquitin
carboxyl-terminal hydrolase enzyme. Loss of function of BAP1 in adults has been associated with
an enhanced risk of uveal and cutaneous melanoma, renal cell carcinoma (de la Fouchardiere et
al., 2015), and atypical cutaneous melanocytic proliferations. The majority of the tumors lost the
remaining wild-type BAP1 allele by various somatic alterations and lacked immunohistochemical
expression of BAP1 (Wiesner et al.,, 2012). Childhood carriers frequently develop benign BAP1-
inactivated melanocytic nevi, and immunohistochemical studies in childhood samples showed
loss of nuclear BAP1 expression as in adult melanoma samples. The presence of a dense, possibly
pigmented, clonal sheet-like area within BAP1 inactivated nevus hints at this diagnosis (reviewed
in de la Fouchardiéere et al,, 2021).

TP53

As described before, TP53 is a pathogenic germline variant involved in LFS. LFS patients are a risk
of multiple primary tumors. However, melanoma is considered a controversial component of LFS.
Report cases show the relation between LFS and pediatric melanoma. In the case of a child who
had choroid plexus carcinoma and then develop Spitzoid melanoma in the field of radiation
treatment, TP53 variant was confirmed as a germline mutation (Kollipara et al., 2014). More
recently, in 2019, the first case in a postpubertal patient was demonstrated in which cutaneous
melanoma was the initial malignant tumor in a child with LFS (Baek et al., 2019).

2.5.2 Somatic mutations (tumoral) in childhood melanoma

Neuroblastoma RAS viral oncogene homolog (NRAS) and v-RAF murine sarcoma viral oncogene
homolog B1 (BRAF)

38



NRAS is altered in 15-20% of melanoma at exons 2 or 3. The most common NRAS point mutation
affects codon 61 with amino acid substitution at c.181C>A p.Q61K and c.182A>G, p.Q61R. NRAS
mutations are responsible for CMN formations in 70 to 95% of cases in large and giant CMN,
respectively (Charbel et al., 2014). Furthermore, this post-zygotically mutation is found in different
affected cutaneous and neurological lesions from the same patients (Kinsler et al., 2013).

CMN is known to be a risk factor for malignant melanoma in childhood melanoma. Due to
discrepancies in the incidence in both mutations in CMN, different authors have demonstrated
that NRAS mutation at codon 61, NRAS?®'® is prone to drive 70% in utero CMN while BRAF"60%
mutation is less common, occurring in a 30% of small congenital naevus or BRAF as a
chromosomal translocation (Charbel et al., 2014; Dessars et al., 2007; Lu et al., 2015). The high risk
of NRAS mutation in naevus that develops in the non-sun-exposure area demonstrated that UV
is not a requirement for NRAS mutations in CMN (Bauer et al., 2007).

Nonetheless, pediatric melanoma cases are characteristic of low UV exposure with few acquired
or somatic mutations compared to the adult. The point mutation BRAF (V600E, V600K) were found
to be linked to conventional melanoma in 13 of 15 patients (87%), and 12 of 13 patient had TERT
promoter mutations (Lu et al., 2015). These mutations share histopathological characteristics with
adult melanoma counterparts with high somatic SNV.

Phosphatase and tensin homolog gene (PTEN)

The PTEN tumor suppressor gene, the negative regulator of the phosphatidylinositol 3 kinase/AKT
pathway, is commonly disrupted in CM (Lu et al., 2015). It has been proposed possible cooperation
between BRAF activation and loss of either p16/ARF or PTEN contributes to melanoma
development (Hodis et al., 2012; Lu et al., 2015).

Telomerase reverse transcriptase (TERT)

Melanoma initiation requires melanocyte proliferation bypassing senescence. After a certain
number of divisions, cells enter a process of senescence. To bypass this process and keep the cells
growing, the telomere length and cell cycle need to be increased (Bahrami & Barnhill, 2018;
Bertrand et al,, 2020). In melanoma, TERT expression can also be deregulated through aberrant
promoter methylation (Lee et al, 2015) or by structural rearrangement of the gene; the latter
occurs in a manner mutually exclusive of promoter mutation. Such lesions in TERT occur
commonly in malignant adult melanomas (Horn et al, 2013) and biologically aggressive
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adolescent melanomas (Seynnaeve et al, 2017), but are not observed in low-grade pediatric
melanomas (Seynnaeve et al., 2017). In childhood melanoma, the TERT promotor is mutated in
pediatric CM (TERT-p C->T mutation) (Lu et al., 2015).

To conclude the section 2.5 is clear that the occurrence of the CDKN2A germline mutation in
childhood melanoma is rare, and the few variants in childhood melanoma are correlated with
adult melanoma. Although these few variants were identified in childhood based on adult
melanoma knowledge, there is a clear necessity for genetic research in childhood melanoma. We
hypothesize that pediatric cases are sporadic and sometimes arise with giant congenital nevi
favoring the hypothesis of de novo mutations as the causative role of childhood melanoma.
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Key points of Chapter 2 - Pediatric Melanoma

e Childhood melanoma is a sporadic disease.

e The conventional ABCDE criteria in adults do not fit with childhood lesions.

e The histological diagnoses of childhood melanoma are congenital melanocytic
naevus, spitzoid naevus, and conventional melanoma.

e The main predisposition gene in adult melanoma, CDKNZ2A, is rare in childhood
melanoma.

e Only a few variants characterized in adult melanoma are described in childhood
melanoma as germline: CDKNZ2A (very rare), MCI1R, TP53, and somatic mutations:
NRAS and BRAF, PTEN, TERT.

e Most pediatric cases are sporadic, without a family history, supporting the

hypothesis of de novo mutations
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3 de novo mutation concept and the role in
childhood melanoma

3.1 Next-generation sequencing, a big step in the human genetic research

The development of the Sanger method for DNA sequencing in 1977 allowed deciphering genetic
mutations (Sanger et al., 1977). The next-generation sequencing (NGS) has revolutionized DNA
sequencing by dramatically reducing cost-effectively and increasing sequencing output. In both
Sanger and NGS techniques, the DNA polymerase adds fluorescent nucleotides one by one onto
a DNA template strand. Each incorporated nucleotide is identified by its fluorescent tag. The main
advantage of NGS is the high sensitivity level to detect low-frequency variants and the ability to
analyze thousands of genes or genes regions simultaneously. NGS is a massive sequencing of
millions of DNA fragments in parallel. The first step in the sequencing is accomplished by breaking
the entire genome into small fragments, between 200 to 600 base pairs. Then, short fragments of
DNA called "adapters” are attached to the fragments during DNA synthesis by the DNA
polymerase. In NGS, millions of DNA segments are sequenced at the same time. After sequencing
the region, the read (the number of sequenced segments) is used to assemble and aligned to a
reference genome, recreating the complete DNA sequence. The millions of reads resulting can be
used in the de novo assembly or compared to a reference human genome. The accuracy of NGS
approaches relies on high sequencing coverage, which corresponds to the number of short reads
that overlaps each other within a specific genomic region.

Two types of DNA sequencing have been developed to sequence the human genome: the whole-
genome sequencing (WGS) and whole-exome sequencing (WES). WES is a cost-effective genomic
technique for sequencing all the protein-coding regions of genes in a genome (exons) which
represent approximately 1% of the genome. To enrich for this fraction, genomic DNA is randomly
sheared into small fragments that are subsequently hybridized into a biotin-labelled probe
specific to the region of interest. The enriched regions are then processed into a sequencing
library that is read for the NGS platform. By contrast, interpreting the WGS of non-coding variants
is very difficult today even in known genes.

3.1.1 NGS germline sequencing of parent-child trios
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NGS is crucial for the identification of de novo mutations. de novo mutations are detected by trio-
based sequencing through WEG or WES from trios (parents and offspring) allows the analysis of
the variation in the human rate between individuals (reviewed in Veltman & Brunner, 2012). Trio-
based sequencing consists of performing WES or WEG in an individual and both his or her parents.
This trio-bases strategy allows the identification of de novo candidates’ variants present in the
offspring but absents in the parents in order to elucidate genetic diseases (Jin et al., 2018).

NGS approaches also enable to study of the occurrence of all types of de novo mutation through
the genome, from SNVs to small insertions-deletions (indels), to larger structural variations,
including deletion, duplications, and other chromosomal arrangement (reviewed in Acuna-
Hidalgo et al., 2016; Ku et al., 2013). The timing of de novo mutagenesis during development
determines the proportion of variant cells and the tissue distribution phenotype in the offspring.
The NGS technologies enable researchers to dissect the molecular basis of complex phenotypes
that arise from de novo mutations. This has been demonstrated in common neurodevelopmental
disorders such as severe intellectual disability, epileptic encephalopathies, schizophrenia, and an
autism spectrum disorder. The rate of de novo variation of an SNV was estimated from 0.82 to
1.58 per base per generation (Gilissen, Hehir-Kwa, Thung, et al., 2014; Sanders et al., 2012; Ségurel
et al., 2014; Veltman & Brunner, 2012), and for de novo early post-zygotic the average de novo
SNV mutations burden with a rate of 0.04x10 - 0.34x1078 in a monozygotic twin pair (Dal et al.,
2014).

Importantly, the NGS strategy has been crucial for detecting disease-causing genes involved in
sporadic diseases. De novo mutations has been primally described in sporadic early-onset
neurodevelopmental disorders including epilepsy, autism spectrum disorders (O'roak et al., 2012;
Sanders et al., 2013), intellectual disability (Gilissen, Hehir-Kwa, Tjwan Thung, et al., 2014; Vissers
et al, 2010) and pediatric disorders. De novo mutation in these diseases revealed a high genetic
heterogeneity with many different genes affected by de novo mutations (McRae et al., 2017).
Concerning the role of de novo mutations in cancer research, Renaux-Petel and colleagues
demonstrated that LFS not only carries TP35 mutation (discussed earlier), but also the mutation
was described as a de novo mosaic mutation, occurring post-zygotic in embryonic developmental
(Renaux-Petel et al., 2018). Additionally, a clinical case of a 2-year-old child with LFS aggressive
metastatic neuroblastoma and two soft tissue mesenchymal tumors without a family history of
cancer demonstrated the role of TP53 as a de novo mosaic germline mutation affecting two germ
layers. The occurrence of separate tumors derived from different germ layers suggests that TP53
de novo mutation occurred early in embryogenesis, prior to gastrulation (Behjati et al., 2014).
Evidence from twin studies of neonatal blood spots indicates that the most initiating event of
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acute lymphoblastic leukemia occurs during fetal development in utero (Bateman et al., 2015)
(Bateman et al, 2015). The most frequent FBXW7 were identified in T cell ALL. These studies
demonstrated the importance and the powerful advances in NGS technology to find de novo
mosaicism mutations that arose in early developmental stages (mosaicism in de novo mutations
will be further described in section 3.1.2).

To sum up, the de novo concept is a set of erroneous incorporation nucleotides during DNA
replication involved in sporadic diseases (Figure 3.1) (Acuna-Hidalgo et al., 2016; Ségurel et al,,
2014). The development of WES allows the detection of new genetic drivers. For this reason,
gaining insight into childhood melanoma genetics knowledge is crucial to improving early
diagnosis and therapies.
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Figure 3.1 Mechanism of de novo mutations

De novo mutations can arise due to transitions, transversions or erroneous pairing of
nucleotides during DNA replication. Moreover, de novo mutations can also occur in
relation of chromatin state transcriptional state and gene expression levels. Green arrows
pointing upwards indicate high mutability, while red arrows pointing downwards indicate

lower mutability. Adapted from Acuna-Hidalgo (2016).
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3.2 De novo mutations

De novo mutations are recognized both as an important source of genetic variation and as a
prominent cause of sporadic disease in humans. De novo mutations are thought to occur
predominantly in the egg or sperm cell, and this results in an embryo with a constitutive mutation.
A de novo mutation can occur pre-zygotically in an oocyte or sperm cell, and upon fertilization, it
results in an embryo with a germline mutation. The zygote carries a constitutive germline mutation
present in all cells of the organism (reviewed in Acuna-Hidalgo et al., 2016). However, de novo
mutations can also appear post-zygotically, leading to embryonic mosaicism, a state in which two
or more genetically distinct cell populations in an individual develop from a single fertilized cell.

3.2.1 Mosaicism in de novo mutations

Due to technological improvements allowing the detection of low-level mosaic mutations at a
genome-wide scale, mosaicism has been recognized to have an important role in human biology
and disease. A somatic de novo mutation can occur post-zygotically in early embryonic cells
leading to embryonic mosaicism. The post zygotically de novo mutation results in two or more
cell lines with different genotypes implicated in several human diseases, ranging from
developmental disorders to cancer (Biesecker & Spinner, 2013; Dal et al., 2014). Mosaicism arises
from genetic alterations, including SNVs, CNVs, and simple or complex chromosomal
rearrangements.

3.2.2 Timing of de novo mutations

The timing of a de novo mutation influences the risk of recurrence of disease and the tissue
distribution of the cells in the offspring (Acuna-Hidalgo et al., 2015). Germline de novo mutations
originate from errors in DNA replication during gametogenesis. To discriminate between germline
de novo mutations from early and late post-zygotically mutations by DNA sequencing, it is crucial
to estimate the biological allele frequency (AF) generated by WES. The AF represents the
percentage of sequence reads carrying a mutant allele on an individual disease patient. In other
words, the allelic ratio is the proportion of variant reads from the total number of sequencing
reads covering a given base pair and is expressed as a percentage (Acuna-Hidalgo et al., 2015). A
Sanger sequencing method is necessary when AF is lower than 15% to verify errors in repeated
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sequences in the genome produced by either hybridization or bio information NGS sequencing.
Sanger sequencing is less sensitive but does not present these artifacts.

An inherited germline mutation originates from errors during gametogenesis in one zygote of the
parents. The variants are assumed to be germline origin when the allele frequency is
approximately 50%, but a range between 30% and 70% is commonly accepted as representative
of a heterozygous pathogenic variant. Once the mutation is transmitted to the embryo, they are
present in all tissues of the offspring (reviewed in Acuna-Hidalgo et al.,, 2016; Poduri et al., 2013)
(Figure 3.2). Another possible event is de novo mutation presented in the affected offspring but
not detected in the parents. These de novo mutations are present in the sperm or egg of one
parent and not detectable in their blood; once transmitted to the embryo, they are present in all
tissues of the offspring (Poduri et al., 2013). If the AF is lower than 50%, it can be considered an
early post-zygotic mutation (Figure 3.2).

A late post-zygotically de novo mutation is detectable in the affected lineage tissue through
biopsies/tumor, from early development to when the samples were analyzed (reviewed (Acuna-
Hidalgo et al., 2016; Jonsson et al, 2021). For metastasis disease in which the primary tumor
cannot be biopsied, those mutations can also be detectable in a blood sample as circulating tumor
cells (CTC) and circulating cell-free tumor DNA (ctDNA) (Haber & Velculescu, 2014). CTC in
cancerous melanocyte cells undergoing EMT from the primary tumor site disseminates through
the bloodstream and forms secondary tumors. The ctDNA are small nucleic acid fragments that
freely circulate through the bloodstream without association with specific cells or fragments (De
Souza et al,, 2017). The AF in the blood can give an idea of the timing of the mutation in embryo
development. In tumors, the percentage of tumoral cells helps to interpret the AF. If the
percentage of tumor cells is high, the AF is purely related to tumoral cells. In the case of low AF,
the AF is artificially decreased by normal cells contamination. Notably, de novo mutations, either
as early or late post-zygotically, activating oncogenes or tumor suppressor genes could explain
the occurrence of childhood melanoma (Bressac-de Paillerets, 2020).

3.3 Preliminary data on childhood melanoma cases

3.3.1 Previous work done by Fanélie Jouenne in 2017

Previous PhD project from Fanélie Jouenne "Apport du séquencage d’exomes constitutionnels dans
l'identification de nouveaux genes de prédisposition aux cancers, sarcomes et mélanomes
pédiatriques” in 2017 (HAL Id: tel-01587772) at the Institute Gustave Roussy yield a list of
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candidate genes of childhood melanoma from a collection of blood and a 6 frozen tumor samples
from 55 trios, children with melanoma and their healthy parents. The WES were generated at the
French National Centre for Genotyping (CNG, Evry, France), CEA, Dr JF Deleuze.

The hypothesis in Fanélie Jouenne’s thesis project was that sporadic pediatric melanomas occur
due to a de novo genetic "accident” occurring either in a parental gamete or post zygotically
during NC development (Figure 3.2). As a result, a de novo germline mutation corresponds to
a mutation absent in the parents and present in all child’s cells body, and a de novo somatic
mutation corresponds to a mutation absent in their parents and present in one fraction of a
child’s cells, with a postzygotic origin.

The collection analyzed constitutes the blood and six frozen tumor samples of children before 19
years old without a family history of melanoma. Trios have been studied in two series considering
the developmental melanoma timing and cell lineage affected. The first series consists of 30 trios
considered a priority on the criteria of precocity of the melanoma of occurrence the melanoma,
children between 3 to 18 years old. The second series consisted of 11 trios and 14 solos. Of the
11 trios, six children developed prepubertal melanoma (1 to 10 years old), and five children
developed melanoma post-pubertal. Two children develop melanoma pre-puberty and 12 post-
puberty in the solo samples. From these two series, six frozen tumors samples were available. A
parameter considered was the presence of congenital naevus as a risk factor for developing
melanoma. The risk of developing melanoma is higher in children with a giant CMN (as discussed
above). Among the samples, the type of histology presented in the samples was mostly SSM,
followed by NM, SMM, in situ melanoma (1 sample), and polypoide.
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Figure 3.2 Inherited mutations and de novo mutations

The origin of an inherited mutation is related with the parental germ cell either
from the father or the mother. It can be detected in blood samples from both
parents and child. The AF is about 50%. A de novo mutation may arise sporadically
during gametogenesis in one of the parents. It is present in the zygote and thus all
cells of the affected child. The AF is about 50%. A de novo early post-zygotic
mutation results in a mutation present in most or all tissues of the organism but in
a mosaic fashion, with only a portion of all cells in each tissue harboring the
mutation. The AF is about lower than 50%. A de novo late post-zygotic mutation
can be detected in tumours or in blood of metastatic CTC. These mutations lead to
individuals who are mosaic, only a subset of their cells harboring the mutation. The
AF is less than 50%. AF= allelic frequency. Adapted from Poduri et al. (2013).
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From this collection, the DNA extracted from 41 trios and 14 solos was analyzed by WES using
200X depth sequencing. WES analysis was performed at 200X for six frozen tumors to identify
somatic events, an extremely rare material. The increased sequencing depth of 200X was used to
improve mutation calling performance. Then, data mining was carried out by bioinformatic
resources of the potential de novo variants using Ingenuity Variant Analysis (IVA) (Qiagen)
software. The parameters used in the analysis were: 1) filter terms in the development of the NC
or melanoma or cancer in the biology context filter and 2) using Combined Annotation Dependent
Depletion (CADD). CADD is an integrative annotation that can score human SNV and short
insertion and deletions in the reference assembly. CADD integrates the information from many
various functional annotations and condenses the information into a single score (Rentzsch et al.,
2019). They used a scaled CADD score above 20, meaning that a variant is predicted to be
amongst the top 1% of deleterious variants in the human genome. Another parameter considered
was the AF from blood and tumor samples, which hinted at the mutation timing in embryo
development. In this study, the range accepted was between 26 to 60%, and higher than 60% for
tumoral cells. If the AF is lower, it was possible to conclude that the mutation ocurred early post-
zygotically. As described above, de novo early or late post-zygotically mutations are possible to
detect in samples tumors and CTCs.

After the genomic analysis, 14 genes were identified as de novo germline or post-zygotic in 14
trios out of 55 (Figure 3.3). All 14 genes are in silico connecting through literature information
within a functional network of 13 known melanoma drivers and 16 cancer drivers using Ingenuity
Pathway Analysis (Qiagen). Of the 14 candidate genes, we selected in this PhD project research,
four candidate genes carrying de novo mutation as de novo germline and de novo late post-
zygotically to perform functional analysis (Table 2).

In trio 2, a 12-year child developed an NM level IV and Breslow of 3.1 mm at the back, without
non-congenital detection. The mutation corresponds to DS cell adhesion molecule, DSCAM,
identified as c.4378G>A, p.G1460R, detected in the tumor and not in the blood sample,
suggesting a de novo somatic late post zygotically mutation. The allelic frequency was 31%, and
the percentage of tumoral cells was 50-80%.

In trio 25, then 7 years old child presented a melanoma at the knee level Il and thickness of 1
mm, without ulceration. The mutation identified was the F-box protein 32, FBX032, detected in
blood samples as c.415G>A, p.G139S. The mutation corresponds a de novo germline mutation,
AF 51%.
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In trio 28, then 14 years old child presented melanoma at the back level IV, and Breslow 2.4 mm.
The mutation identifies the gene Aldehyde dehydrogenase 1 family member L, ALDH1L1, as
c.179G>A, p.R60H. The AF was 47%, considered a de novo germline mutation.

In trio 30, the child developed melanoma at the right eyebrow with congenital naevus of SMM
type at level IV and thickness of 4,3 mm. The lesion was ulcerated. Unfortunately, the child died
of brain metastasis. He presented a mutation at the gene SOXT70 identified at c.1298G>A,
p.R433Q. The AF was 26% and considered as de novo germline mutations unaffected.
Furthermore, his healthy twin brother carried the same mutation at AF12%.

At trio 50, the child developed melanoma at the back of the big toe level V, Breslow 1.1Tmm.
Unfortunately, the child died at 13 years old. A somatic DSCAM mutation was identified at c.5473
G>C, p.E1825Q. AF 60%, 80% of tumoral cells.

At Trio 52, two mutations were detected, NRAS and DSCAM. NRAS somatic mutation was
detected at c.181C>A, p.Q61K, and considered de novo late post-zygotically. With an AF of 90%
and tumoral cells in 80%, they conclude that NRAS mutation is the earliest driver, as the mutation
is identified in about 100% of tumoral cells. DSCAM mutation was detected in c.2905A>G, p.S969G
identified as de novo germline. DSCAM mutations are considered constitutional since they were
detected in the child’s blood and tumoral cells, AF:49%, tumor samples, and 80% of tumor cells.

The identification of de novo variants in childhood melanoma by Dr. Fanélie Jouenne (2017) has
been crucial for the elaboration of my thesis project. Four candidates’ genes out of fourteen have
been selected to perform functional analysis due to their private state as de novo mutation and
the malignant melanocytic tumors in the patient’s children sample. My project will be one of
the first research projects to understand childhood melanoma in a developmental biology
environment to understand the role of de novo mutations. Furthermore, my PhD project
attempt to understand the putative role of the selected candidate genes responsible for the
occurrence of sporadic pediatric melanomas. To further elucidate the melanocyte's
transformation under the transfection of DSCAM, FBX032, ALDH1L1, SOX10 candidates’
genes in an NC developmental context and to give some hints from the unknown role of
these genes in pediatric melanoma.
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Table 2 4 out of 14 childhood melanoma candidate genes carrying a de novo mutations identified by WES.

) ) AF Tumoral e ) ) .
Trio Melanoma  Age at Congenital Identified Mutation Transcript Protein
L. g mutant cells Locus . .
N° localization diag. naevus gene stage Variant variant
(%) (%)
2* Back 12 NO 31 [50-80%)] DSCAM 21qg22.2 somatic c4378G>A p.G1460R
de novo
25 Knee 7 NO 51 FBX032 8q24.13 c415G>A  p.G139S
germline
de novo
28 Dorsal 14 NO 47 ALDHI1LT 3qg21.3 c.179G>A p.R60H
germline
de novo
30 Eyebrow 11 NO 26 SOX10 22913.1 c.1298G>A p.R433Q
germline
Back of the left
50* 13 NO 56 [80-80%] DSCAM 21g22.2 somatic c5473G>C p.E1825Q

big toe

*Samples from freeze tumors, AF=Allelic frequency.
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Key points of Chapter 3 — de novo mutation concept and the role in

childhood melanoma

e of WES or WGS has revolutionized human genetic research for the identification of
new cancer drivers, as well as new predisposition genes.

e De novo mutations have been shown to cause early-onset genetic disorders,
including cancers.

e The timing during development and the AF is crucial for de novo mutation
classification.

e De novo mutation could develop as de novo pre-zygotically, early or late post-
zygotically.

e 14 variantsin childhood melanoma were identified as de novo germline and somatic
post zygotically detected by WES on TRIO samples collection (blood or six tumors)
and datamining by AF, CADD, in silico connecting through literature by IPA and
verification by Sanger sequencing.

e The starting line of my PhD thesis is the identification of genetic variants in children

under 19-years with melanoma, previous work done by Fanélie Jouenne.



4 FBXO32 gene in cancer research

4.1 FBXO32 gene in cancer research

Among the four genes identified as childhood melanoma variants, we focused on the gene
FBXO032 to unravel its potential role during melanocyte development. F-box protein 32 (FBX032),
also known as atrogin-1/ MAFBX, is a recognition subunit of the SKP1-Cullin1-F-box protein E3
ligase involved in protein ubiquitination and degradation through the proteasome pathway
(Bodine et al., 2001).

The F-box proteins were described as components of the SCF ubiquitin-ligase (E3) complex, which
functions in phosphorylation-dependent ubiquitination and regulate a network of proteins with
central roles in cell division, and cell growth, and differentiation (reviewed in (Wang et al., 2014).
Structurally, the SCF complex consists of four subunits, an adaptor protein S-phase kinase-
associated protein 1 (SKP1), essential for the recognition and binding of F-box proteins for
ubiquitination, a scaffold protein Cullin, the RING proteins RBX, which recruits the E2 ubiquitin-
conjugation enzyme binding and E-box proteins that recognize specific substrates (Kipreos &
Pagano, 2000) (Figure 4.1). The SCF complex facilitates interaction between substrates and
ubiquitin-conjugated enzymes, which covalently transfer ubiquitin into substrates. Then, the poly-
ubiquitinate substrates are degraded by the 26S proteasome.

F-box proteins are divided into three subclasses in relation to the specific substrate recognition
and binding domains. The FBXW proteins contain WD-40 amino acid domains, FBXL proteins
containing leucine-rich amino acid repeats, and FBXO, F-box only with uncharacterized domains
(Randle & Laman, 2016). The F-box proteins are known for their function as a key regulator of the
cell cycle and hallmark pathways in cancer (Randle & Laman, 2016) through modulation of
ubiquitin-protein status.

The gene FBX032, localized at 8g24.13 in humans, has been reported as TSG through different
mechanisms. Chou and colleagues (2010) demonstrated that FBXO32 is epigenetically silencing
in ovarian cancer cells through DNA methylation, which disruption of TGF-B/SMAD4 signaling.
Restoration of FBXO32 reduced tumor growth in vivo and in vitro due to increased apoptosis of
the cells (Chou et al, 2010). Furthermore, FBXO32 targets the oncogenic protein c-Myc for
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ubiquitination and degradation through the proteasome system. Overexpression of FBX0O32
suppresses c-Myc activity and inhibits cell growth, but knockdown of FBXO32 enhances the c-
Myc activity and promotes cell growth (Mei et al., 2015). In colorectal cancer, FBXO32 expression
levels were reported as high in normal colorectal and low in colorectal carcinoma cells with
impaired TGF-  /SMAD4 signaling. Promoter hypermethylation may be one of the mechanisms
for the inactivation of FBXO32 in colorectal carcinoma cells (Yuan et al., 2018). In breast cancer,
FBXO32 is repressed in primary breast cancer tumors and contributes to 3-Deazaneplanocin A
(DZNep), a chromatin modulator, in the apoptosis of MCF-7 breast cancer cells (Tan et al., 2007).
Moreover, FBXO32 degrades a zinc-finger transcription factor KLF4 (Krippel-like factor 4) to
suppress the breast cancer progression via the p38 mitogen-activated protein kinase pathway
(Zhou et al.,, 2017).

The F-box family proteins have been described in their role in regulating EMT (Song et al,, 2019).
FBX032 dysregulation promotes the EMT process in urothelial carcinoma after-acquired platinum
resistance. This was verified by the accumulation of MyoD proteins and the subsequent increase
in the expression of mesenchymal marker Snail and vimentin, leading to enhanced migratory
potential and reduced expression of the epithelial molecule E-cadherin (Tanaka et al., 2016).
Recently, Sahu and colleagues (2017) reported the role of FBXO32 in EMT regulation as a
promoter of tumorigenicity and metastasis. They found that FBXO32 was strongly amplified in
metastatic cancers, and its depletion in an immunodeficient mouse xenograft model significantly
inhibits tumor growth and metastasis, suggesting the potential as an oncogene (Sahu et al., 2017).
In the same study, the author demonstrates that FBXO32 directly targets CtBP1 for its
ubiquitination and degradation, thereby controlling EMT activation and cancer metastasis in
breast cancer cells with invasive properties (Sahu et al., 2017) .

Finally, Bertolotto and Balloti team in 2021 have shown that FBXO3Z2 is a new target of MITF (Habel
et al,, 2020). The authors demonstrated that FBXO32 inhibits migration and proliferation in vitro
and in vivo assays in adult melanoma cells. Moreover, they elucidate that FBXO32 controls
transcription by regulation of chromatin remodeling complex. Nonetheless, to date, we do not
know the role of FBXO32 in childhood melanoma.

Based on the extensive bibliographic research, the questions that come to mind for this research

project are 1) are de novo mutations responsible for childhood melanoma, 2) Does FBXO32¢"3%
alter normal melanocyte development in a development environment using the chick embryo?
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(a) The SCF E3 complex (plus Ubc and substrate)

’& _» 268S proteasome
E

WD or LR

F-box protein

Figure 4.1 The SCF complex

This complex comprises of scaffold CULLIN, SKP1, RBX1/2 and
F-box receptor. A ubiquitin-conjugating enzyme (Ubc) binds to
the SCF complex and transfers ubiquitin (Ub) onto substrates
bound by the F-box protein. When the substrate becomes poly-
ubiquitinated, it is degraded by the 26S proteasome Adapted
from Kipreoset and Pagano (2000).
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Key points of Chapter 4 - FBX032 gene in cancer research

FBXO32 is a protein E3 ligase member of the F-Box protein family.

F-box protein family is part of the SCF complex (SKP1, Cullin, and RING proteins)
involved in the protein ubiquitination and degradation through the proteasome
system.

FBXO32 is implicated in several cancers, such as ovarian, colorectal carcinoma,
breast cancer, adenocarcinoma as TSG, and an oncogene in breast cancer.

The role of FBXO32 in childhood melanoma during development is unknown.
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5 Objectives

Childhood melanoma is a heterogeneous group of malignant melanocyte tumors with variable
genetic features that differentiate them from adult melanomas. This PhD project is a collaboration
between Dr. Bressac-de Paillerets, whose expertise in the genetics field identified de novo
candidates as drivers of childhood melanoma, and Dr. Creuzet, a developmental biology
researcher with long expertise in NC research. The sequencing by WES from 55 pediatric
melanoma cases and their healthy parents (blood and six frozen tumors) identified de novo
germline or post-zygotic mutations in 14 genes. From this study, we have chosen four candidate
genes, FBX0O32, SOX10, DSCAM, and ALDH1L1, for pilot functional analysis.

The goal of this project has been first to elucidate the role between the candidate genes carrying
de novo mutations and the occurrence of childhood melanoma during development. To
understand the potential role of these variants in melanocyte development, | analyzed the
consequences resulting from the silencing of these genes in the chick embryo. | used a powerful
technique for the delivery of dsRNA by in vivo and ex vivo electroporation. Both techniques
allowed me to investigate whether the silencing of these de novo variants could impair abnormal
melanocyte differentiation at different developmental stages.

Because it has been described the role of the FBXO32 gene as TSG/oncogene in various cancer,
together with the unknowledge role of FBXO32 in melanoma at the start of this project. We
focused on FBXO32 to study the biological effect of FBXO32 and its variant during neural crest
cells and melanocyte development. To this goal, | analyzed the consequences of the gene
silencing in melanocyte differentiation, first at the trunk due to childhood tumors mostly arising
in the extremities and trunk and second at a cephalic level in the chick embryo.

In parallel, | aimed to elucidate the specificity of endogenous expression of FBX0O32. To do
this, | investigated whether FBOX32 impairs melanocyte development by restoring the normal
melanocyte differentiation through the human cDNA wild-type form of the gene and the specific
impact of the mutation by the human cDNA mutated form, FBXO32°"3%,

To analyze the potential role of FBXO32 and its variant in the melanocyte progenitor cells, and

the melanoblasts, | set up an ex vivo chicken embryonic skin explant technique. From this
experiment, | observed that differentiated melanocytes are able to migrate back to the dermis.
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Then,  wondered about the ability of the cells to migrate to the dermis. | studied cell morphology
during melanocyte transformation by in vitro culture to answer this question.

Furthermore, | intend to identify the link between FBX032°"3% and melanocyte transformation
signaling pathway.
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6 Material and Methods

6.1 Experimental model

6.1.1 The chick embryo as an experimental model

The chick embryo was used as an experimental model for functional studies at different
developmental stages. Fertilized eggs were delivered every two weeks to the laboratory. For all
experiments, eggs were incubated at 38.5+0.5°C until reaching the desired developmental stage.
Embryos were staged according to Hamburger-Hamilton developmental table (HH: stage; E:
embryonical day) (Hamburger & Hamilton, 1951). During the neurulation, the exact stage of
development was further determined by counting the number of somite-pairs flanking the neural
tube (ss: somite stage). In vivo experiments were performed at two levels along the
anteroposterior axis, in order to involve different neural crest cell populations: the CNC and the
TNC. Each of them was manipulated at different developmental stages to adapt the experimental
design to their respective developmental program of neural crest cells or on the
melanoblast/melanocyte specified lineage. In vivo functional studies in CNC were performed while
the FNC cells are pre-migratory and still neuroepithelial, i.e. at 5ss, corresponding to 29 hours of
incubation (E1.5). In vivo functional experiments in TNC were performed at 22ss, corresponding
to 50-35 hours of incubation. For explants, functional assays were performed on CNC-derived
melanocyte precursors at E10. To access and manipulate the developing chick embryo, a hole is
made in the chamber air to pull down the vitellus and allow the opening of the shell without
damaging the embryo. Then, a window is made by removing a small piece of the shell and after
embryo manipulation, the window is sealed with a transparent tape before placing again the egg
in the incubator at 38.5+0.5°C to allow the development until reaching the desired stage for
analysis.

6.2 Gene silencing in the chick embryo

To analyze the role of the candidate genes in the normal development of the
melanoblast/melanocyte lineage, we first performed loss-of-function experiments in a precise
temporal and spatial manner by using the RNAI strategy to mediate gene silencing. The strategy
was also used to switch off the activity of the endogenous gene and restore its function by using
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the exogenous human wild-type sequence and comparing the specific effect of its mutated form.
For both purposes, long-double stranded RNA molecules were synthesized from the
complementary DNA molecule (cDNA) encoding the targeted gene (Aguiar et al., 2014; Pekarik et
al., 2003). Gene silencing was assessed by in vivo and ex vivo electroporating the exogenous RNAs
molecules in the CNC and TNC before the onset of cell migration, during chicken embryo
development. According to this technique, RNAi molecules were produced against the transcripts
of the following genes of interest: FBX032, SOX10, DSCAM, and ALDH1L1

6.3 In ovo electroporation at the TNC and CNC

Two different strategies were designed to selectively electroporate TNC and CNC cells. At the
trunk level, electroporation was achieved using a double electrode system, with one cathode
flanking one side of the neural tube, and the anode flanking the other side. In this context, one
truncal region becomes transfected while the contralateral region remains un-transfected (and
can serve as an internal control). Before electroporation, nucleic acids were contrasted with a
vehicle solution of 0.01% Fast Green solution (Sigma) diluted in Phosphate Buffer Saline (PBS) to
carefully control the site of injection.

During neurulation at the cephalic level, the CNC cells mingle at the midline before spreading
laterally. To avoid the mixture of transfected and un-transfected cells (which may bias the
phenotypes), we optimized the transfection of CNC by performing bilateral electroporation at
E1.5. In this context, the electroporation was achieved using a triple electrode system placed on
the vitelline membrane with two cathodes flanking the developing head with a gap of 5 mm, and
the anode facing the anterior neuropore (Creuzet et al., 2002). The triplex of electrodes allows
generating a triangular electric field and yields the bilateral dispersion of nucleic acid sequences
into the target cells (Creuzet et al., 2002; Garcez et al., 2014). The iterative electrical pulses lead to
transient permeabilization of the cell membrane and allow the polarized displacement of
exogenous nucleic acids which eventually become trapped in the cytoplasm of the permeabilized
cells, as their cell membrane recovers its integrity (Garcez et al., 2014).

For both TNC and CNC, electroporation was achieved with five pulses of 27 Volts delivered by a

square pulse generator (ECM 830 BTX, Harvard Bioscience). After electroporation, eggs were
sealed and re-incubated at 38.5+0.5°C until reaching E13.
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6.4 Ex vivo skin explant electroporation

We set up a 3D ex vivo skin explant culture at the CNC level, to specifically target melanoblast
lineage shortly before their differentiation into melanocytes. Skin explant was taken from E10
embryos. The head of the chick embryos was stabilized on a rubber holder (Figure 6.1A). The
molecules of interest (RNAI) or cDNA encoding human sequences (hWFBXO32 WT or hFBX032¢73%)
were micro-injected intradermally, at the level of the dorsal head, and then electroporated using
a triplex of electrodes (Figure 6.1B). The skin corresponding to the dermis-epidermis area
subjected to electroporation was then carefully dissected using micro-scissors for iridectomy
(Figure 6.1C), and transferred into a Nunc IVF Dish (ThermoFisher), then plated to mimic the in
vivo conditions (Figure 6.1D). Exogenic nucleic acids were selectively transfected into the dermis,
without electroporating the epidermal layer of keratinocytes (Figure 6.1E). Explants were grown
ex vivo for 4 days at 37°C, in 2 ml of Dulbecco’s Modified Eagle Medium: Nutrient mixture F12
(DMEM-F12, without phenol red) enriched with 5% Goat Serum (Gibco™ by life Technology) + 1%
Penicillin-Streptomycin (10000 U/mL) (Gibco™) + 1% Amphotericin B solution (Sigma). This 3D
culture system favors the differentiation of feather buds (corresponding to the hairy buds in
mammals) and preserves the capacity of the skin to develop according to anteroposterior and
mediolateral body axes. For all genes of interest, we tracked melanocyte differentiation after 4
days.

6.5 Melanocyte cell culture

Melanocytes were isolated from the 3D in vitro skin explants (Figure 6.2A, B). After 4 days of in
vitro culture, skin explant was washed with PBS + 1% Penicillin-Streptomycin (10000 U/mL)
(Gibco™) + 1% Amphotericin B solution (Sigma). To separate epidermis from dermis, feather buds
were dissected using micro-scissors and incubated in TrypLE™ recombinant enzyme
(ThermokFisher) for 1h at 37°C (Figure 6.2C). Dissociation was stopped by adding the cell culture
medium (the same cell culture medium as we used for 3D skin explants). After centrifugation for
5 min at 12,000g (Figure 6.2D), the pellet containing the epidermal tissue and the differentiated
melanocytes was recovered in DMEM/F12. Feather buds and/or dissociated cells were cultivated
Lab-Tek chamber slides previously coated with bovine fibronectin (20pum/ml, F1141, Sigma-
Aldrich) containing 300ul of cell culture medium (Dulbecco's Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12, Gibco) + 10 % fetal bovine serum (FBS, Sigma) + 1% PS + 1% fungizone.
Cells were incubated in cell culture incubator Midi 40 (3404, ThermoFisher), at 37°C with 5% CO»
conditions (Figure 14E) until confluence and fixed in 4% 4% formaldehyde (PFA). Cell culture was
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analyzed by immunocytochemistry and image acquisition performed on an Epifluorescence Leica
microscope (Figure 6.1F). To evidence cell viability, we used Lysotracker™ deep red (Invitrogen,
ThermoFisher Scientific) staining to track acidic organelles in live cells (Schaefer et al., 2004). Cell
culture was incubated with Lysotracker (75nM) solution for 1h at 37°C, 5% CO, prior to cell
fixation in PFA.
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Figure 6.1 3D in vitro skin explant system.

A) Chick embryo E10 B) Melanoblast electroporation into the dermis,
leaving keratinocytes un-transfected. C) Skin explanation. D) 3D in

vitro skin explant. D) Immunofluorescence on skin explant against
MelCAM, Cytokeratin

65



Ex vivo electroporation +
skin explant

in vitro skin explant

@ N_¥
- A
N

E 4 days

Centrifugation of skin explant +
cells dissociated

Partial cell dissociation from the
skin explant by TrypLE reagent

in vitro cell culture

E 4 days - 7 days

Immunocytochemistry +
Microscopy adquisicion

Figure 6.2 Melanocyte characterization by in vitro cell

culture, created with Biorender.com
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6.6 Plasmids and constructs

6.6.1 Construct to visualize CNC and TNC cell migration

To follow the migration of CNC and TNC embryos, pCAGGS-mCherry plasmid (Addgene n°41583;
Figure 6.3) was injected in the lumen of the neural tube and electroporated in CNC cells at 7ss

and in TNC at 14ss, respectively. Embryos were collected either 20h or 72h post-electroporation
and fixed in PFA.

6.6.2 Chicken gene cloning and construct preparation

Chicken sequences encoding for FBXO32, SOX10, and ALDHTLT were cloned at the molecular
biology platform 12GB (CNRS, Gif-sur-Yvette). Total RNAs from Gallus gallus tissues were extracted
using the Qiacube automation robot (Qiagen) using the RNeasy Plus Mini kit (Qiagen). The
corresponding cDNAs were synthesized by reverse transcription using the Maxima H Minus First-
strand DNA synthesis kit (Thermo Scientific). For each of the three genes, two specific primers
have been designed. The amplification of the sequence of interest was performed with the high-
fidelity polymerase PFX (Invitrogen). This amplification product was then subcloned into the
vector pCRII_TOPO_TA using the TOPO® TA Cloning® Kit (Invitrogen) (Figure 6.4). The
subcloned sequence was validated by sequencing (Figure 6.5). The DSCAM plasmid was kindly
donated by Dr. Yagamata (Department of Molecular and Cellular Biology and Center for Brain
Science, Harvard University, Cambridge, Massachusetts 02138, USA; Figure 6.4): DSCAM fragment
of 2kb was amplified from a chicken retina and cloned it into pGEMTeasy vector (Promega;
(Yamagata & Sanes, 2008).

To investigate the specific role of the variant FBXO32, we performed rescue experiments by co-
electroporating dsFBX0O32, which generates the silencing of the endogenous gene, in combination
with either human wild type: hFBXO32 WT or mutated: hFBX032°"3%, The simultaneous silencing
of the endogenous gene and the expression of the mutant version of this gene allowed to unmask
the specific role of the mutation. For rescue experiments, we used the pcDNA3.1 + C-eGFP
plasmid carrying the human genes under the control of a cytomegalovirus (CMV) promoter
(Figure 6.6). This rescue strategy does not rely on homologous recombination with the chick
genome, but the CMV promoter yields a powerful expression of the exogenous sequence over
72h. Even though the plasmid is transiently active, its activity is sufficient to durably impact the
fate of the cells until their final differentiation (Nakamaura et al., 2004).
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6.7 Bacteria transformation for plasmid replication

For transformation, 50ul library efficiently DH5a bacteria competent cells (Invitrogen) were
thawed on ice and mixed with 3 pl plasmid of interest. Tubes were gently homogenized and
incubated in ice for 30 min. After incubation, cells were heat-shocked in a 42°C water bath for 45
sec and immediately transferred on ice for 2 min. Then, 2 mL of Luria-Bertani (LB) medium
(Invitrogen) was added to the cells and incubated for 1h at 37°C, to allow bacteria growth. Bacteria
containing the plasmid were selected on LB agar (Invitrogen) containing the appropriated
antibiotic-resistant gene, encoded by the plasmid, and incubated at 37°C overnight. The following
day, we performed colonies screening for selection of recombinants and further incubated the
colonies in 4-6 mL of LB medium at 37°C, overnight. Bacteria transformed were centrifugated at
4,000g for 30 min at 4°C. For long-term storage, glycerol stocks of transformed bacteria were
prepared with 800 pL bacteria transformed and 200 uL glycerol and stored at -80°C. To recover
bacteria from the glycerol stocks, we scraped some of the frozen bacteria off with a pipette tip, in
sterilized conditions and incubated overnight with a 200 mL LB medium at 37°C.

6.8 Nucleic acid preparation

For loss-of-function experiments, RNA sense and antisense strands were synthesized from the
cDNA encoding the target genes: FBX0O32, SOX10, ALDH1LT and DSCAM. First, plasmid DNA
purification was done using QlAfilter Plasmid Midi kits (QIAGEN). We followed the manufacture
protocol which consists in (1) bacteria transformed pellet resuspended in lysis buffer, (2)
adsorption of DNA into the QIAGEN membrane, (3) washing and elution of the plasmid DNA.
Then, 10 to 20 pg of plasmid containing the cDNA of the interest gene was linearized by restriction
enzymes for 2h30 at 37°C (Table 3). Linearized cDNA was used to enable in vitro transcription of
antisense and sense strands. Synthesis of RNA sense and antisense strands was done by (1) in
vitro using the matching RNA polymerases (Table 3) for 2 hours at 37°C, (2) DNA template
degradation by the DNasel free (Promega), and (3) RNA strands were precipitated by LiCl (0.5M),
EDTA and EtOH 100% and cooling at -20°C, overnight. The RNA was isolated and stored at -80°C
in 25uL DEPC-H;0.

For silencing experiments, the stoichiometry of the sense and antisense strands were adjusted,
and the single strands (ssRNA) were annealed for 5 min at 95°C, then purified (Pekarik et al., 2003).
Non-annealed single-strand RNAs were eliminated by RNasin® ribonuclease inhibitor (Promega).
To conduct efficient loss-of-function, the concentration of dsFBX032, dsDSCAM, dsSOX10, and
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dsALDHI1LT was set at 300ng/ul (Creuzet et al, 2004; Creuzet 2009; Garcez et al., 2014). For rescue
experiments, dsFBXO32 RNAs were co-transfected with the human wild-type and human mutated,
hFBX032°3% ¢DNA at the concentration of 1.25ug/ul. For control experiments, ssRNA without
annealing was electroporated according to the same paradigm.
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Table 3. Vectors used in this study

Restriction Size
RNA polymerase
Gene Vector enzymes in Authors
Antisense Sense Antisense Sense pb
PCR™]|
FBX032 TOPO® BamHI Xhol  T7 SP6 3900 --
TA_
PCR™]|
SOX10 TOPO® BamH1 Xhol  T7 SP6 3900 --
TA_
PCR™]|
ALDH1L2 TOPO® BamH1 Xhol  T7 SP6 3900 --
TA_
Yagamata,
pGEM-
DSCAM Sacl Ncol T7 SP6 3015 Sanes
T Easy
2008
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w RAPPORT DE PRESTATION

N*® Devis : BM-15-241

La transcription des sondes correspondantes doit étre effectuée i partir de produit
du PCR (avec les oligos T7 et Sp6) avec les ARN polymérases T7 ou/et SP6 (voir sur
la tube).
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6.9 in situ hybridization

6.9.1 in situ DIG-labelled riboprobe synthesis

FBX0O32, SOX10, DSCAM, and ALDHIL1 antisense riboprobes were generated by in vitro
transcription from the T7 RNA polymerase recognition sequence at one end. We used the RNA
polymerase in the presence of a mixture of ribonucleotides, including DIG-UTP for 3h at 37°C.
During this reaction, the DNA is transcribed to generate a large amount of full-length DIG-labelled
RNA copies (10-20 pg RNA from 1 pug DNA in a standard reaction). After in vivo transcription
DNAsel (10U/uL) was done to eliminate DNA strains. RNA probes precipitation was done by LiCl
(0.5M), EDTA, and EtOH 100% and cooling at -20°C, overnight. The RNA probes were stored at
—-80°C in 25 pl sterile-filtered water treated with diethyl pyrocarbonate (DEPC) (SIGMA) before
use.

6.9.2 in situ hybridizations on whole-mount embryos

Whole-mount in situ hybridizations (ISH) for FBX032, SOX10, ALDHI1L1, and DSCAM were
performed on chicken embryos at 8ss, 14ss and 22ss fixed in 4% PFA. To verify gene inactivation
in NCC, in situ hybridization was performed after dsRNA silencing in embryos 7-10ss. Fixed
embryos in 4% PFA were washed in PBS 1X containing 0.1% Tween-20 (PBST). Embryos were
dehydrated in a graded series of 25% and 50% methanol in PBST and incubated in 100% methanol
for a cold shock at -20°C for 30 min. Then, embryos were progressively rehydrated in methanol +
PBST for 10 min and rinsed twice in PBST for 10 min. Embryos were digested with 20ug/ml
proteinase K (8, 14, 22 min for 8ss, 14ss, and 22ss, respectively) and post-fixed in 4% PFA + 0.1%
glutaraldehyde for 20 min each. Prehybridization was performed by incubation with hybridization
buffer (Table 4) for 1Th at 70°C. Then, embryos were incubated with the corresponding DIG-
labelled riboprobes diluted in 1 pg/mL hybridization buffer at 70°C, overnight.

On the second day, riboprobes were harvested and stored at -20°C, which can be re-used up to
4 times. The embryos were rinsed with pre-warmed hybridization buffer for 45 minutes, twice,
then in MABT (2M maleic acid, 5M NaCl, 0.1% Tween-20, pH 7.5). Non-specific antibody binding
was prevented by incubation in MABT with 2% blocking reagent and 20% goat serum for 60
minutes. Then embryos were incubated in AP-conjugated anti-DIG antibody (Roche, 1:1000
diluted in the blocking buffer) overnight at RT.
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On the third day, the embryos were rinsed in MABT for 3h before a half-hour treatment with NTM
(100 mM Tris, 100 mM NaCl, 50 mM MgClI2, pH 9.5). Cephalic vesicles for embryo 22ss were
opened to avoid the non-specific accumulation of the staining solution. The hybridization staining
was developed in 20 pyL /TmL of NBT/BCIP (Roche) at 37°C and protected from light.
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Table 4. Hybridization buffer solution cocktail

Hybridization buffer solution

50% Formamide
1.3X SSC 20X pH5
5mM EDTA 500mM ph8

50pug/mL Yeast RNA (20mg/mL)

0.2% Tween 20X

0.5% CHAPS
100pg/mL Heparine (50mg/mL)
H20 qgsp
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6.9.3 in situ hybridization on paraffin sections

Paraffin sections of 7um-thick were used for in situ hybridization with a DIG-UTP-labelled probe
in a Tug/mL hybridization buffer. First, the sections were deparaffined by 3 times toluene baths,
progressive rehydrated in graduate ethanol dilution (100%, 90%, 70%, and 30%), then digested
with 20mg/mL proteinase K for 14 min, post-fixed in 4% PFA and rinsed with PBS + saline- sodium
citrate (SSC) buffer (3M NacCl, 0.3 M Sodium citrate), pH 7.5.

After overnight hybridization at 70°C with the corresponding riboprobe, the slides were washed
twice in 50% formamide + 1X SSC at 65°C, then in MABT, pH 7.5 at room temperature (RT).
Nonspecific antibody binding was blocked by incubation in MABT with 20% goat serum and 2%
blocking reagent for 90 minutes. Blocking solution was replaced with anti-DIG antibody (1:2000)
diluted in MABT and 20% blocking reagent on each slide and covered with a glass slide for
overnight incubation at RT. The following day, slides were rinsed in MABT for 3h before a half-
hour treatment with NTM. NBT/BCIP diluted in NTM was finally applied and kept in a humid
chamber at 37°C until the revelation. Slides were mounted in Aquatex (Merck).

6.10 Paraffin embedding for immunocytochemistry

Chick embryos at E13 were processed for paraffin embedding and sectioning. First, embryos were
first fixed in 4% PFA, to take photos avec their gross-anatomy and feather phenotypes, and then
further fixed in 60% ethanol, 30% formaldehyde (37%, stock solution), and 10% acetic acid (100%,
stock solution), for 48 at RT for paraffin embedding. Then, E13 embryos were dehydrated in
ethanol 100% (Probalo) and permeabilized for paraffin embedding in Toluene (Fisher) for at least
24h. Once impregnated with toluene, the embryos were placed on the surface of hardened
paraffin (Paraplast, Sigma) and incubated at 60°C overnight. Embryos were included in a block of
paraffin block, and their orientation was precisely controlled according to the desired sectioning
plan. Once embedded, embryos were cut into 7um sections in a LEICA RM2235 microtome,
collected on super frost-plus slides (Thermo Scientific), and dried at 37°C for 24h.

6.11 Immunochemistry

6.11.1 Whole embryos
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Immunocytochemistry was performed on whole-mount embryos to visualize the NCC and check
the efficacy of their transfection after electroporation. To do so, we used two monoclonal
antibodies (Abs), HNK1 (Santa-Cruz) to evidence NCC, and anti-FBXO32 (Abcam) to evidence the
protein produced by the gene of interest. After incubation with the corresponding secondary Abs,
embryos were imaged under Leica MZFLIII fluorescence stereo zoom microscope and Axiolmager
M2 (Apotome, ZEISS).

6.11.2 Truncal paraffin section

Paraffin sections at cephalic and trunk levels were deparaffinized by successive baths in toluene,
then ethanol 100%, and finally PBS 1X (10 min each). Slides were blocked for 2h using PBS 1X +
goat serum and 0.1% Triton-X 100 at RT. The sections were incubated with primary monoclonal
Abs against DOPA decarboxylase (Invitrogen), FBXO32 (Abcam), and polyclonal Abs against TYR
(ThermoFisher), TYRP1 (ThermoFisher), MITF (ThermoFisher) and MelCAM (Santa Cruz
Biotechnology). The following day, slides were rinsed three times in PBS 1X and incubated with
secondary Abs conjugated to Alexa fluor® 488, Alexa fluor® 59 as fluorophores, then mounted
in Fluoromount-G™ with DAPI (Invitrogen). Imaging acquisition was carried out on a Leica
Epifluorescence DM100 or a Confocal Leica SP8 microscope.

6.11.3 Culture cells

Cell cultures were fixed in 4% PFA for 20 min at RT and rinsed three times with PBS 1X. Cells were
permeabilized in 0.1% Triton-X 100 in PBS 1X for 15 min at RT, then, rinsed three times in PBS 1X
and incubated with primary monoclonal Abs against MelCAM (Santa Cruz Biotechnology SC-
18837); polyclonal Abs against Phospho-Paxillin (ThermoFisher 44-720G); Cytokeratin
(ThermoFisher MA5-13205); FBXO32 (Invitrogen PA5-66751); MITF (ThermoFisher). Before
incubation with the secondary Abs, cells were treated with Alexa Fluor™ 633-conjugated
phalloidin, a high-affinity F-actin probe (1:40 diluted in methanol) for 40 min at RT to evidence
actin filament cytoskeleton and rinsed 3 times with PBS 1X. Incubation with the fluorophore-
conjugated secondary Abs was performed all day long. Slides were mounted with Fluoromount-
G™ with DAPI (Invitrogen). Imaging acquisition was done in a Leica Epifluorescence DM100, digital
camera HAMAMATSU ORCA-R? C10600, or Confocal Leica SP8 microscope.
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6.12 Fluorescence images and data analysis

Embryos were imaged under a stereomicroscope Leica Wild M10 equipped with a digital camera
micropublisher 3.3 RTV and digitalization using Q-capture 6.0 software. Whole embryos in situ
hybridization were imaged using a Leica MZFLIIl fluorescence stereo zoom microscope,
digitalization was done in InfinityAnalyze 6.3.0 software. In situ hybridization sections were imaged
using transmitted light under the EVOS M5000 microscope (Invitrogen). Whole-mount staining
was imaged under Leica MZFLIII fluorescence stereo zoom microscope and Axiolmager M2
(Apotome) (ZEISS). Immunohistochemistry sections were imaged under a fluorescent microscope
(Leica) equipped with a digital camera C10600 Hamamatsu Orca-R?, Germany. Digitized images
were adjusted in contrast and brightness by the Adobe Photoshop software. For 3D rendering, we
used Imaris Software. Methodology images were created in BioRender.com

6.12.1 Statistical analysis

Image)2 software was used for all image analysis. All data plots and statistical analysis was
determined by Prism 9.3.1(Graphpad) software. Quantification results were compared using
Bartlett's with Dunnett’s multiple comparisons test. A P value of <0.05 was considered as
significantly difference.

6.13 Bulk RNA sequencing

For RNA sequencing analysis, 3 biological samples were harvested for each sample. Each condition
was analyzed in triplicates on samples involving either CNC or TNC experiments. The only
exception is the rescue hFBX0O32 WT in CNC for which only 2 replicates could be collected (Table
5). RNA extraction was performed by (1) precipitation with TRl reagent® (SIGMA-AIDRICH) and
2-propanol, (2) RNA pellets were washed with 75% ethanol, follow by (3) RNA pellet air-drying
and (4) RNA was recovered in DEPC-H,O (SIGMA). RNA concentration was 200ng/ul for each
sample. Then, the first cDNA strand synthesis was synthesized randomly by hexamer primer M-
MulV reverse transcriptase and the second cDNA strand was synthesized using DNA polymerase
| and RNAse. Libraries fragments were purified and sequenced on lllumina Novaseq plataform,
and150 bp paired ends reads were generated. Gene model annotation files were downloaded
from genome website directly and we used as reference genome Gallus gallus (genome ID:
ensembl_gallus_gallus_grcg6a_gca_000002315_5).
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6.13.1 Computational analysis

For quantification of gene expression level, FeatureCounts v10.5-p3 was used to count the read
numbers mapped for each gene. Then, the reads per kilobase of exon per million reads mapped
(FPKM) of each gene was calculated on the length of the gene and the reads count mapped for
this gene. The expected number of FPKM considers the effect of the sequencing depth and gene
length for the reads count at the same time. This method is currently the most used method for
estimating gene expression levels. Differential expression between two conditions/groups (Table
6) was performed using DESseg?2 R package (1.20.0), based on the negative binomial distribution
by Novogene company. The resulting P-values were adjusted using Benjamini and Hochberg's
method for controlling the false discovery rate. Adjusting the rate helps to control the fact that
sometimes small P-values (less than 5%) happen by chance and will result in false positives. Genes
with an adjusted P-value <0.05 found by DESeq2 were assigned as differentially expressed.

Prior to differential expression analysis, for each sequenced library, the reads counts were adjusted
by the edgeR program package. Differential expression analysis of two conditions was performed
by using the edgeR package. The P values were adjusted with Benjamini and Hochberg's method.
Correct P-values of 0.05 and absolute FoldChange of 2 were set as thresholds for significant
differential expression. Hierarchical clustering was performed using Pearson correlations.
Clustering was achieved using base principal component functions in edge R. Gene Ontology (GO)
enrichment analysis of differentially expressed genes was implemented by the cluster PofileR
package, in which gene length bias was correct. GO terms with a correct P-value less than 0.05
were considered significantly enriched by differential expressed genes. KEEG database resource
for understating high-level functions of the biological system, such as the cell, form molecular-
level information, and high-throughput experimental technologies
(https://www.genome.jp/kegg/). Novogene company used the cluster ProfilerR package to test

the statical enrichment of differential expressed genes in KEEG data.
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Table 5. Total number of skin explant analysis

Neural crest

anatomical level

Biological

samples

Number of

embryos

Replicates

Trunk

Control

&

dsFBXO32

hFBXO32 MUT

hFBXO32 WT

Cephalic

Control

dsFBXO32

hFBXO32 MUT

hFBXO32 WT

| V|l V| O VO V| ©

N W W w W w W w
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Table 6. Samples comparisons for differential expression analysis

Neural crest
anatomical

level

Comparisons of differential

expression (“Treatment” vs “Ctl”)

Trunk

dsFBX032 vs Ctl

hFBX032 WT vs dsFBX032

T-hFBX032 MUT vs dsFBX032

hFBX032 WT vs Ctl

hFBX032 MUT vs Ctl

hFBX032 MUT vs hFBXO32 WT

Cephalic

dsFBX032 vs Ctl

hFBX032 WT vs dsFBX032

hFBX032 MUT vs dsFBXO32

hFBX032 WT vs Ctl

hFBX032 MUT vs Ctl

hFBX032 MUT vs hFBXO32 WT

Truncal vs Cephalic

C-Ctl vs T-Ctl

C-dsFBX0O32 vs T-dsFBXO32

C-hFBXO32 WT vs T-hFBXO32 WT

C-hFBX0O32 MUT vs T-hFBXO32 MUT
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6.14 Fluorescence images and data analysis

The cephalic and trunk level of the embryos were imaged under a stereomicroscope Leica Wild
M10 equipped with a digital camera micropublisher 3.3 RTV and digitalization using Q-capture
6.0 software. Whole embryos in situ hybridization were imaged using a Leica MZFLIII fluorescence
stereo zoom microscope, digitalization was done in infinity analyze 6.3.0 software. In situ
hybridization sections were imaged using transmitted light under EVOS M5000 microscope
(Invitrogen). Whole mount staining were imaged under Leica MZFLIII fluorescence stereo zoom
microscope and Axiolmager M2 (Apotome) (ZEIZZ). Immunohistochemistry sections were imaged
under a fluorescent microscope (Leica) equipped with a digital camera C10600 Hamamatsu Orca-
R?, Germany. Digitized images were adjusted in contrast and brightness by the Adobe Photoshop
software. For 3D rendering we used Imaris Software. Methodology images were created in
BioRender.com
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7 Functional analysis of FBX032, SOX10, DSCAM,
and ALDH1L1 candidate genes

7.1 Childhood melanoma candidate genes FBXO32, SOX10, DSCAM, and ALDH1LT are
expressed at the NC

To reveal the temporal and spatial regulation expression of FBX032, SOX10, DSCAM, and
ALDHTLT during NCCs development, we performed a series of in situ hybridizations at different
developmental stages from emigrating NCCs to melanocyte differentiation at the epidermis level
(Figure 7.1). The FBX0O32, SOX10, DSCAM, and ALDH1LT transcripts were all detected in the early
neural stage (7 somite stage: ss) at the margin of the neural plate in the anterior midbrain and
posterior midbrain (Figure 7.1A, D, G, J), the ALDH1LT expression was also observed down to
the anterior rhombencephalon NF and further down to r6 (Figure 7.1J).

After the onset of NCCs migration, CNC migrated in FBX0O32, SOX10, DSCAM, ALDH1L1, and
expression was observed in the facial neural crest (FNC) derived mesenchymal cells at stage 24-
26ss. The FBXO32 expression was observed in migrating NCC from the nasofrontal to the retro-
ocular region and in the neuroepithelium of the future pigmentary retina at 24ss (Figure 7.1B).
Similarly, this gene is expressed in the olfactory placode of the nasofrontal region. The cephalic
vesicles were negative for FBXO32 transcripts except for the outer edges. The SOX70 and ALDHTL1
expression was limited to the retro-ocular region of embryos 26ss and 24ss, respectively (Figure
7.1E and K). The DSCAM transcripts were delimited at the nasofrontal neuroepithelium, and the
cephalic vesicles were negative except for the junction between the hindbrain and midbrain
(Figure 7.1H). These areas are significant because they constitute the organizing centers of the
midbrain and forebrain, the isthmus, and the anterior neural ridge. All genes are expressed in the
3rd branchial- arch, the territory of the epibranchial placode at the origin of the petrous ganglion
of the glossopharyngeal nerve (IX) (Figure 7.1B, E, H, K).

After melanocyte differentiation, at thirteen days of development (E13), transcripts of FBXO32,

SOX10, DSCAM, and ALDH1L1 were detected at the epidermis level with polarization toward the
dermis and not in the bud soma/pulp of the feather bud (corresponding to the dermis) (Figure
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7.1C, F, |, L). Moreover, At the trunk level, FBXO32 transcripts were confirmed at the TNC by in
situ hybridizations in embryos 28ss (Figure 7.1M and N).

We can decipher that the candidate genes are defined in the melanocyte lineage. Thus, the genes
whose mutations have been identified in children with melanoma are well expressed in the
chicken model at different developmental stages. Therefore, we assessed the potential role of the
genes by functional analysis in the NC differentiation and melanoblast/melanocyte lineage.
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Figure 7.1 FBXO32, SOX10, DSCAM and ALDH1L1 transcripts are
expressed in the CNC and TNC at different developmental stages

A) FBX0O32, D) SOX10, G) DSCAM, J) ALDHIL1 transcripts are expressed in
migratory FNC at 4ss embryos. Lateral views of hybridizations for B) FBXO32, E)
SOX10, H) DSCAM, K) ALDH1L1 at 24-26ss embryos. Transcripts are accumulated
in migrating NCC at naso-frontal, retro-ocular, olfactory placode, and branchial-
arches regions. Feather bud transversal sections of control embryos showing
transcripts accumulation of C) FBXO32, F) SOX10, 1) DSCAM L) ALDHILT at the
melanoblast-melanocyte lineage. M-N) Hybridization for FBXO32 in the neural
tube at 26-24ss.
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7.2 FBXO32, SOX10, DSCAM, ALDHT1L1 loss of function yields abnormal melanocyte
differentiation at the CNC

To understand whether de novo variants could impair melanocyte development, we delivered
double-strand RNA molecules designed against chick FBXO32 (dsFBX032), SOX10 (dsSOX10),
DSCAM (dsDSCAM), ALDHIL1 (dsALDH1L1), and bilaterally electroporated in the CNCs at 4ss
(Figure 7.2A). At the neural 4ss stage, CNCs are pre-migratory and still neuroepithelial, hence
being efficiently targeted by electroporation. In chick embryos, in ovo electroporation, gene
silencing by vector-based RNAi has shown to be effective for studying gene expression cascades
(Kimura et al., 2004; Nakamaura et al., 2004). We confirmed gene silencing efficiency by in situ
hybridization after gene inactivation at 4ss. Three hours after gene silencing, the genes expression
of all genes was abolished (data not shown). We electroporated with m-cherry the neural tube of
4ss chick embryos to validate cell transfection efficiency (Figure 7.2B, B'). At three days of
development, delaminating CNCs transfected with m-cherry are localized at retro-ocular and
dorsal head regions (Figure 7.2C and C'). To analyze the effect of FBXO32, SOX10, DSCAM, and
ALDH1LT loss of function, we focused on embryos at thirteen embryonic days (E13), where feather
buds are developing, and melanocyte differentiation appears at the epidermis (Figure 7.2D).
Normal feather buds’ development is established in anterior-posterior polarity with foxy
(pheomelanin) pigmentation (Figure 7.2E). We observed that each inactivated gene yields
distinct abnormal phenotypes at the level of feather morphology (hypoplasia or hyperplasia),
pheomelanin, or eumelanin pigmentation, polarity, and spatial arrangement compared with
controls embryos (Figure 7.2 E- I). Surprisingly, embryos against dsFBX0O32 exhibit melanocytes
with eumelanin synthesis (black spots pigment) synthesis, vascularization ongoing (Figure 7.2F),
and abnormal feather hypoplasia (Figure 7.2J) compared to controls.
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Figure 7.2 Silencing of dsFBX032, dsSOX10, dsDSCAM, dsALDH1L1 yields
abnormal melanocyte differentiation at the CNC

A) Experimental design for FNC transfection by bilateral electroporation B) Whole-
amount embryo B’) and m-cherry NCCs labelling at 4ss after 3h of bilateral
electroporation. C) 4ss of and embryo head C’) and dorsal migration of NCCs
visualized by m-cherry after two three of bilateral electroporation. D) Schematic
representation of phenotyping analysis in an embryo E13. E) Eleven days after
electroporation, control feather buds exhibit foxy pigmentation and anterior-
posterior polarity. F) FBXO32, G) SOX10, H) DSCAM and 1) ALDH1LT silencing impairs
feather polarity and melanogenesis. Arrowheads indicate the vascularization in F. J)
Box and whiskers plots showing the CNC feathers length in controls, dsFBX032,
dsSOX10, dsDSCAM and dsALDHTLT embryos. Statistical significance was assessed
with a Dunnett's multiple comparison test against with control embryos. 4
electroporated control embryos and 3 silencing embryos of dsSOX70, dsFBXO32,
dsDSCAM and dsALDHITLT were analyzed for quantifications in all conditions.
*P<0.001, ****P <0.0001
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7.3 Setting an in vitro 3D skin explant to unravel FBXO32, SOX10, DSCAM, ALDH1L1

consequence at the melanoblast/melanocyte lineage

Melanoblast, the melanocyte precursor, is exclusively derived from the NC. Differentiated
melanocytes synthesize and transfer melanin pigment to neighbouring keratinocytes (Bertolotto,
2013; Dupin & Le Douarin, 2003b). To further characterize the effect of the candidate genes in
melanoblast progenitors, we set up an original in vitro skin explant culture. We performed
intradermal injection of RNAI followed by bilateral electroporation shortly before melanocyte
differentiation in embryonic day 10 (E10) at the CNC. The skin corresponding to the epidermis-
dermis area subjected to electroporation is then micro-dissected using micro-scissors for
iridectomy, transferred into a Petri dish, and then maintained in vitro for a week. At this stage,
melanoblasts are mesenchymal and localized in the dermis. (Figure 7.3A-B). This 3D culture
system allows the association of dermis and epidermis to be maintained, favors the differentiation
of feather buds (corresponding to the hairy buds in mammals), and preserves the capacity of the
skin to develop according to anteroposterior and mediolateral body axes (Figure 7.3C-D).
Furthermore, the development of melanocytes and pigmentation patterns mimic the in vivo
melanogenesis. Four days after in vitro culture, the skin explant exhibited the melanocytes
organization in rows observed in our in vivo models (Figure 7.3E). Silencing dsSOX10, dsDSCAM,
and dsALDHTLT resulted in disrupted feather morphogenesis with a square-shaped organization
and impairment in melanocyte differentiation (Figure S7). Melanocytes differentiate at the dermis
level in dsSOX10 (Figure 7.3F), surrounding the feather buds in dsDSCAM (Figure 7.3G), although
differentiation was inhibited in dSALDH1LT (Figure 7.3H).

The in vivo and in vitro system results of my PhD research contributed to the obtention of the
INSERM Grant in Developmental and integration of new experimental models relevant in research
oncology: Optimisation of the 3R principle in 2018. This funding call was dedicated to New
Experiments Models in which we positioned the innovative in vitro 3D skin explant fulfilling the 3R
aims in:

e Replace: Experiments are designed to reduce the use of animal models, replacing them
with in vitro systems when eligible and refining their environmental conditions as per best
practices.

e Refine, reduce: The skin explant system addressed our question at the later developmental
stages, between melanoblasts migration from the dermis to epidermis and differentiation
into melanocytes. The in vitro system provides the analysis of interactions between
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epidermis and dermis. This model needs fewer eggs, as embryos are not maintained until
hatching.

Reduce: The skin explants corresponding to electroporation for gene silencing and rescue
experiments were used for in vitro cell culture to characterized cell transformation.
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T0

E10

Control

Figure 7.3 Silencing dsSOX10, dsDSCAM and dsALDH1L1 at the
melanoblast lineage yields abnormal melanocyte differentiation and
feather bud morphogenesis

A) Bilateral electroporation technique at the CNC level in E10 embryos. B) After CNC
electroporation, the in vitro 3D skin explant is maintained for four days at in vitro
condition. C) Melanogenesis and feather morphogenesis take place at the central
longitudinal axis. D) Melanocytes are normally distributed at the skin epidermis. E)
Control skin explant 4 days after electroporation. Aberrant patterns of melanogenesis
are observed after the inhibition of F) dsSOX10, G) dsDSCAM, H) dsALDH1L]1. Scale
bar: 500um.
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8 Results (Manuscript in preparation)

This section will be presented in the form of a manuscript in preparation, including abstract,
introduction, material and methods, results, discussion and figures. The experiments presented
compromises my main PhD work in the de novo candidate gene FBXO32.

Research article

(In preparation for submission)

Unraveling the significance of FBX032 variant, a childhood
melanoma candidate gene, during neural crest and melanocyte
development
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Abstract

Melanoma is rare cancer in children and adolescents. It is a malignant tumor that develops from
the transformation of melanocytes, the pigment cells that derive in the embryo from the neural
crest (NC). We aim to elucidate the biological role of previously unknown mutations in candidate
genes in pediatric melanoma during development. We studied the FBXO32 gene for which a de
novo germline mutation has been identified in a seven-year-old child. Using innovative
experimental models, functional analysis in trunk NC cells demonstrated that inhibition of FBXO32
induces melanocyte proliferation and differentiation. In parallel, to unmask the specific impact of
the mutation, we performed rescue experiments with either the normal human gene sequence or
the mutated human gene sequence. While the intact gene is able to restore normal melanocyte
differentiation, the mutant gene, FBXO32°3%, shows a devastating effect on the melanocyte
lineage. Notably, FBX0O32°73% triggers the melanocyte transformation, changes in pigment
pattern, and provokes cell aggregates. Cytoskeletal remodeling leads to focal adhesion
disassembly, defective cell movement, cell misorientation in the epidermis, and aberrant back
migration and dissemination toward dermal tissues. Similarly, we show that at the cephalic level,
FBX032%"3% induces melanocyte proliferation, as well as melanocyte migration to the dermis, but
also the dissemination to the vasculature, suggesting the involvement of this mechanism in
metastatic processes. Transcriptomic analyses point to the unexpected interactions of
FBX032%"3% with ASIP in eumelanogenesis and BAPT in the post-transcriptional ubiquitination
proteasome system. We propose that FBXO32 acts as a tumor suppressor gene capable of
preventing the onset of pediatric melanoma, while the variant FBX032°*% may enhance the
dysfunction of the ubiquitin proteasomal pathway and aberrant expression of E3 ligases
associated with tumorigenesis.
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Introduction

Childhood and adolescent melanoma are a heterogeneous group of malignant melanocytic
tumors with clinical, histopathology, and genetic features different from the adult melanoma
counterpart. Melanoma accounts for about 4% of all cancer in children aged 15 to 19 years
(National Cancer Institute, 2018). The incidence is stable in pre-pubertal <1 per 100 000
person/year, whereas in adolescents, melanoma's incidence has increased over the past 20 years
concerning unprotected sun exposure (Eggen et al., 2017). Although the risk of developing
melanoma increases in children with a high number of melanocytic nevi, giant congenital nevi,
and predisposition syndrome Xeroderma pigmentosum, most pediatric cases are sporadic (Pappo,
2003). Children who develop in utero congenital melanocytic nevi (CMN) are extremely rare. A
unique driver has been described in congenital nevi carrying NRAS?®'® post-zygotically mutation
(Charbel et al., 2014) or BRAF oncogene through chromosomal translocations (Dessars et al.,
2007). Furthermore, inactivating germline mutations of the main predisposition CDKNZ2A gene are
rare in childhood melanoma before 18 years (Berg et al., 2004; Goldstein et al., 2018; Lu et al.,
2015), while in adult melanoma-prone families, it has been identified in approximately 20 — 40%
(Goldstein et al., 2018), supporting the hypothesis of de novo mutations in pediatric cases. The
early detection of melanoma contributes to a favorable prognosis, but the difficulty of treating
metastatic melanoma emphasizes the importance of defining how this cancer develops and the
need for new therapies.

Few germline variants have been reported in pediatric and adolescent melanomas through whole-
exome sequencing (WES) (Chang et al, 2016; Lu et al, 2015). A collection of 15 cases in
conventional or adult-type melanoma had a high burden of somatic single-nucleotide variations
as telomerase reverse transcriptase (TERT) promoter mutations and activation BRAF V600
mutations. In addition, the germline melanocortin 1 receptor (MCTR) variants are associated with
congenital melanocytic nevi with increased susceptibility to melanoma as red hair pigmentary
phenotype and family history (Pellegrini et al., 2019). Exceptional cases of adolescent melanoma
have been described in the onset of Li-Fraumeni syndrome associated with the germline mutation
of the TP53 tumor suppressor gene (Baek et al., 2019). Other events include mutations in the
somatic PTEN tumor suppressor gene (Lu et al., 2015) and the germline BRCA1-associated
protein-1 (BAPT) loss of nuclear expression in melanocytic neoplasms (de la Fouchardiére et al,
2015). Nevertheless, the genetic mechanism in the occurrence of melanoma in pre-pubertal and
post-pubertal melanomas < age of 18 is poorly understood.
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Despite the significant advances in understanding the genetic landscape of pediatric cancers
(Grobner et al., 2018), rare variations are still unknown. Considering that most pediatric cases are
sporadic, we hypothesize that de novo genetic "accident” occurs either in parental gametes or
post-zygotically during development. To gain new insights into the de novo genetic "accident”
that contribute to childhood melanoma, we performed a trio-base sequencing of affected children
and their healthy parents by WES. We sequenced constitute exomes from blood extracted DNA
of 55 pediatric cases (200X) before 19 years. To identify somatic events, we sequenced six frozen
tumors (extremely rare material) by WES at 200X. We based our selective gene identification on
the allelic frequency to determine the timing of de novo mutation. Our data mining of de novo
variants using Ingenuity Variant Analysis (Qiagen) software identified disease-causing variants by
applying classical and biological filters related to neural crest, melanoma, or cancer. To avoid
bioinformatic artifacts, we verified all variants by Sanger sequencing or NGS (if the allelic
frequency was <15%). This study identified 14 genes as de novo germline or post-zygotic
potentially involved in childhood melanoma. All 14 genes are interconnected with a functional
network using Ingenuity Pathway Analysis. Among these 14 genes, a de novo germline mutation
in FBX032, p.G139S, was identified in a seven-year-old child with melanoma level Il in the knee.
Previous studies established that FBXO32, which belongs to the SKP1-cullin F-box (SCF) type E3
ligase complex to directly binds to a substrate for degradation by ubiquitination, functions as a
tumor suppressor gene in breast cancer (Tan et al., 2007; Zhou et al.,, 2017), ovarian cancer cells
(Chou et al., 2010; Mei et al., 2015), colorectal cancer (Yuan et al., 2018), urothelial carcinoma
(Song et al,, 2019). Other authors reported FBX0O32 as a highly potent regulator of EMT in both
development and disease by promoting emigration and tumorigenicity along with metastasis,
respectively (Sahu et al., 2017). However, the potential role of the FBXO32 gene to cause childhood
melanoma remained to be uncharacterized.

Here, we analyzed the biological role of de novo childhood melanoma candidate genes and the
occurrence of melanomas in two distinct anatomical levels, the trunk NC (TNC) and the cephalic
NC (CNC) in the developing chick embryo. The chick embryo is an accessible and tractable system
for experimentation where the developmental processes related to the NC's differentiation and
its derivates are well characterized (Creuzet et al., 2005; Le Douarin, 2004). Furthermore, the chick
embryo is a functional model successfully used to unravel the mechanism of neural crest
oncogenesis (Delloye-Bourgeois & Castellani, 2019; Kain et al., 2014). We carried out functional
analyses of de novo germline and post-zygotic mutations on FBXO32 by RNAi-mediated gene
silencing to uncover the role of FBXO32 in the normal development of NC cells and in the
differentiation of the melanoblast/ melanocyte lineage. We show that FBXO32 silencing at TNC
and CNC is consistent with aberrant melanocyte proliferation and differentiation, supporting a
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leading developmental role in this lineage. Next, we challenged the phenotype resulting from the
gene silencing by rescue experiments. This approach shows that the human FBXO32 WT sequence
can inter-specifically alleviate the detrimental effect of the endogenous gene and restore normal
melanocyte development. On the contrary, the human FBXO32¢'3% reveals a specific impact on
melanocyte differentiation and eumelanin synthesis. In addition, FBXO32°73% induces the back
migration of melanocytes from the epidermis, where they differentiate. We developed a model of
skin explant to further characterize these processes ex vivo. Both 3D skin explant model and 2D
cell cultures demonstrate the specific role of the mutation on melanocyte transformation, their
cytoskeleton remodeling, and focal adhesion rearrangement leading to hyperpigmentation and
cell aggregates formation. To analyze gene expression levels resulting from FBX0O32 silencing and
the rescue experiments using human WT or mutated FBXO32, RNA-seq analysis was performed.
Bioinformatic analyses unravel a specific effect of FBX032°'3% on the MCTR signaling pathways.
It turns out that ASIP, the MC1R antagonist, is downregulated in both TNC and CNC, suggesting
that FBXO32 is upstream of ASIP, controlling the binding of MCTR and a-MSH stimulating
eumelanin synthesis. Our data indicate that FBX032°*% is involved in a malignant transformation
of melanocytes during development at the cellular and molecular level and may enhance
understanding of its putative role in melanoma initiation.
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Materials and Methods

The chick embryo as an experimental model

The chick embryos were used as an experimental model to unravel the unknown biological
significance of melanoma candidate genes. Embryos were staged according to the number of
somite-pair (somite-stage, ss). Experiments were performed either at 7ss or 22ss for in vivo
electroporation of pre-migratory cephalic or truncal NC, respectively. For experiments performed
on explants, electroporation of undifferentiated melanoblasts were performed ex vivo at
embryonic day 10 (E10).

Nucleic acid injection and in vivo electroporation

Before electroporation, nucleic acid solutions were contrasted with 0.01% Fast Green solution in
PBS (Sigma) to carefully control the site of injection. Electroporation was achieved at the cephalic
level using a triple electrode system placed on the vitelline membrane with two cathodes flanking
the development head with a gap of 5 mm, and the anode facing the anterior neuropore (Creuzet
et al, 2002). This electrode placement generates a triangular electric field yielding the bilateral
dispersion of nucleic acid sequences in the target region (Creuzet et al., 2002; Garcez et al., 2014)
At the trunk level, electroporation was carried out using a double electrode system, with the anode
flanking the transfected side, and the cathode flanking the contralateral untransfected side, the
latter being used as an internal control. For both TNC and CNC, electroporation was achieved by
delivering five pulses of 27 volts using the electroporator system (ECM 830 BTX, Harvard
Bioscience). After electroporation, eggs were sealed and re-incubated at 38.5+0.5°C until reaching
embryonic day 13 (E13).

Ex vivo electroporation on explant

Undifferentiated melanoblasts were transfected in 3D skin explant embryonic day 10. Briefly, the
molecules of interest (RNAIi) or cDNA human rescue sequences (hFBXO32 WT or hFBXO32°'3%)
were injected into the dermis of the dorsal skin, followed by electroporation using a triplex of
electrodes. In this context, exogenic nucleic acids were transferred exclusively to the melanocyte
precursors in the dermis, while the epidermis corresponding to keratinocytes and where
melanocytes differentiate is left untransfected. The skin subjected to electroporation was then
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dissected using micro-scissors for iridectomy and transferred into a Nunc IVF Dish (ThermoFisher)
to mimic the in vivo conditions. This 3D culture system supports the differentiation of skin
appendages and the development of feather buds ex vivo. Skin appendages develop in 4 days
according to anteroposterior and mediolateral body axes and exhibit a pattern of pigmentation
recapitulating the in vivo melanogenesis. Therefore, for each gene of interest, we tracked
melanocyte differentiation on Day 4.

Construct preparation

For silencing experiments, the chicken sequences encoding for FBXO32, SOX10 and ALDHIL1
were sequenced and subcloned at Imagif campus platform (I12GB, CNRS, Gif-sur-Yvette). The
DSCAM plasmid was kindly provided by Dr. Yagamata (Yamagata & Sanes, 2008). Loss-of-function
experiments were carried out by using the plasmid constructs, PCR-TOPO-FBX032; PCR-TOPO-
SOX10; PCR-TOPO-ALDH1LT and pGEM-DSCAM. To investigate the specificity of the endogenous
expression of FBX032, we performed rescue experiments by co-electroporating dsFBXO32 in
combination with the pcDNA3.1 + C-eGFP plasmid bearing either human wild type: hFBXO32 WT
or mutated: hFBX032°73%, carrying a CMV/enhancer-promoter to drive exogenous sequence
transcription. The cytomegalovirus (CMV) promoter yields a powerful expression for at least 72h:
Even though the plasmid is transiently active, its activity is sufficient to durably impact the fate of
the cells until their final differentiation (Nakamaura et al., 2004).

Double-strand RNA preparation

To follow the fate of the transfected migratory NCC, pCAGGS-mCherry plasmid (Addgene
n°41583) was electroporated either in CNC or TNC cells at 7ss and 14ss respectively. For loss-of-
function experiments, gene silencing was mediated by RNA interference. Briefly, sense and
antisense RNA strands were synthesized from the complementary DNA molecule (cDNA)
encoding the target genes: FBX032, SOX10, ALDH1L1, and DSCAM. After digestion of the cDNA
template, the stoichiometry of RNA single strands was calibrated before annealing at 95°C for 5
min (Pekarik et al., 2003). The concentration of dsRNA against FBX0O32, SOX10, DSCAM, and
ALDH1LT was adjusted at 300ng/ul (Garcez et al., 2014) to yield rapid and efficient silencing. For
the control series, we used non-annealed single strains RNA of the target genes for injection at a
concentration of 300ng/ul. For the rescue experiment, dsFBX0O32 was co-transfected together with
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the construct at 1.25pg/ul, driving either the human wild-type gene (FBXO32 WT) or the mutated
gene (FBX0O32°'3%) gene.

Melanocyte cell culture

Melanocytes cells were isolated from the 3D ex vivo skin explants. The epidermis was separated
from the dermis after micro-dissection and incubation in TrypLE™ recombinant enzyme
(ThermokFisher). Dissociated cells were cultivated on Lab-Tek chamber slides previously coated
with fibronectin  (20um/ml; F1141, Sigma-Aldrich), 300ul Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco) + 10 % fetal bovine serum (FBS, Sigma) + 1%
PS + 1% fungizone, in cell culture incubator Midi 40 (3404, ThermoFisher), at 37°C and 5% CO..
To control cell viability, we used Lysotracker™ deep red (75nM; Invitrogen, ThermoFisher Scientific;
(Schaefer et al., 2004) for 1h at 37°C, before fixation in PFA.

In situ hybridization

Whole-mount and paraffin section in situ hybridizations (Creuzet et al., 2006) were performed
using the following probes: FBXO32, SOX10, and ALDH1(1 (Imagif campus platform, 12BC and
DSCAM (Yamagata & Sanes, 2008).

Whole-mount staining and Immunocytochemistry

The accumulation of FBXO32 in NCC was evidenced by immunocytochemistry using monoclonal
antibodies (Abs), HNK1 (CD57; Sigma), and anti-FBXO32 (Abcam). Image acquisition was
performed on Axiolmager M2 (Apotome; ZEISS) and 3D rendering with ImarisViewer 9.7.0.
software.

Melanogenesis on paraffin sections was analyzed by immunocytochemistry using monoclonal Abs
against DOPA decarboxylase (Invitrogen), FBXO32 (Abcam), and polyclonal Abs against TYR
(Thermo Fisher), TYRP1 (Invitrogen), MITF (ThermoFisher), anti-MelCAM (Santa Cruz
Biotechnology) and detected with fluorophore-conjugated secondary Abs: Alexa fluor® 488,
Alexa fluor® 594, Slides were mountains with Fluoromount-G™ with DAPI (Invitrogen). Imaging
acquisition was done in a Leica Epifluorescence DM100 and Confocal Leica SP8 microscope. In
vitro melanocyte differentiation was analyzed by immunocytochemistry using Abs against
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Cytokeratin, (ThermoFisher), FBXO32 (Abcam), and polyclonal Abs against MelCAM (Santa Cruz
Biotechnology), and Phospho-Paxillin (Tyr31) (ThermoFisher), and MITF (ThermoFisher). Before
incubation with the second Abs , cells were incubated with Alexa Fluor™ 633-conjugated
phalloidin. Incubation with fluorophore-conjugated secondary Abs, Alexa fluor® 488, Alexa
fluor® 594 was carried out over the day. Slides were mounted with Fluoromount-G™ with DAPI
(Invitrogen). Cell death was detected by Lysotracker Red (LTR; Invitrogen) staining before fixation
(Garcez et al.,, 2014). Image acquisitions were carried out using Leica Epifluorescence DM100,
equipped with a digital camera HAMAMATSU ORCA-R? C10600, on EVOS M5000 microscope, or
Confocal Leica SP8 microscope.

Histology

Embryos were first fixed in 4% PFA, to take photos of their gross anatomy before paraffin
embedding. Then embryos were further fixed in 60% ethanol, 30% formaldehyde, and 10% acetic
acid, for 48h. After dehydration in ethanol, and impregnation in toluene, embryos were embedded
in paraffin, then cut into 7um sections in a LEICA RM2235 microtome.

Bulk RNA sequencing

For RNA sequencing, we analyzed 3 biological samples per triplicate per condition, involving CNC
and TNC (2 replicates on the cephalic rescue hFBXO32 WT). RNA extraction was performed by
precipitation with TRI reagent® (SIGMA-AIDRICH) and 2-propanol, in a concentration was
200ng/ul. cDNA synthesis and library preparation were performed by Novogene company. Briefly,
the first cDNA strand synthesis was synthesized randomly by hexamer primer M-MulV reverse
transcriptase and the second cDNA strand was synthesized using DNA polymerase | and RNAse.
Libraries fragments were purified and sequenced on lllumina Novaseq platform, and150 bp paired
ends reads were generated. Gene model annotation files were downloaded from the genome
website directly and we used them as reference genome gallus (genome ID:
ensembl_gallus_gallus_grcg6a_gca_000002315_5).

Computational analysis

Feature counts v10.5-p3 were used to count the read numbers mapped to each gene. For
quantification of gene expression level, the FPKM of each gene was calculated based on the length
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of the gene and the reads count mapped of this gene. Genes were considered differentially
expressed if they had a Benjamini-Hochberg adjusted p-value less than 0.05 for controlling the
false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq2 were assigned as
differentially expressed. Hierarchical clustering was performed by clustering the FPKM values of
genes and homogenizing the row (Z-score). Clustering was achieved using base principal
component functions in EdgeR. Gene Ontology (GO) enrichment analysis of differentially
expressed genes was implemented by the cluster ProfileR package. GO terms with a correct P-
value less than 0.05 were considered significantly enriched by differential expressed genes. KEEG
database resource for understating high-level functions of the biological system, such as the cell,
form molecular level information, and high-throughput experimental technologies
(https://www.genome.jp/kegg/). Novogene company used the cluster ProfileR package to test the

statical enrichment of differential expressed genes in KEEG data.
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Results

Childhood melanoma candidate gene FBX032 is expressed in NC

To reveal the temporal and spatial regulation expression of FBXO32 during NCCs development,
we performed a series of in situ hybridizations at different developmental stages, from emigrating
NCCs to late melanocyte differentiation at the epidermis level (Figure S1). The FBX0O32 transcripts
were all detected in the early neurula stage (7 somite stage: ss) at the margin of the neural plate
in the anterior midbrain and posterior midbrain (Figure S1A). Twenty-four hours later, at 24ss,
CNC cells that have migrated in facial processes and branchial arches, FBXO32 transcripts were
detected in the facial neural crest (FNC) derived mesenchymal cells: FBXO32 expression was
observed in migrating NCC filling the nasofrontal and the retro-ocular region. Its expression was
also evidenced in the neuroepithelium of the future retinal pigment epithelium at 24ss (Figure
S1B). Similarly, this gene was expressed in the olfactory placode of the nasofrontal region. The
cephalic vesicles were negative for FBXO32 transcripts except for the outer edges. More
posteriorly, FBXO32 transcripts were present in the 3rd branchial- arch, the territory of the
epibranchial placode at the origin of the petrosal ganglion (Figure S1B).

Later on, in the developing skin after melanocyte differentiation at thirteen days of development
(E13), transcripts of FBXO32 were detected at the epidermis level both in feather buds and inter-
feather bud spaces. However, at that stage, we evidenced neither FBXO32 transcripts nor
pigmented melanocytes in the dermis (Figure S1C). We can decipher that the candidate gene is
defined in the melanocyte lineage. Thus, the gene whose mutations have been identified in
children with melanoma are well expressed in our model at the developmental stages that are
relevant for the implication of this gene in the biology of NCCs and melanocyte lineage. Therefore,
we decided to evaluate the potential role of the genes in the NC differentiation and
melanoblast/melanocyte lineage.

FBXO032 loss of function yields abnormal melanocyte differentiation in the CNC

To understand whether FBXO32 de novo variant could impair melanocyte development, we
delivered double-strand RNA molecules designed against the chick cDNA encoding for FBXO32
(dsFBX0O32) by bilateral electroporation in the CNCs at 4ss (Figure 1A). To validate cell
transfection efficiency, we co-electroporated RNAi molecules together with an m-Cherry construct
(Figure 1B, B’). At the neural 4ss stage, CNCs are pre-migratory and still neuroepithelial, hence
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being efficiently targeted by electroporation. In chick embryos, in ovo electroporation gene
silencing by vector-based RNAi introduced has shown to be effective for studying gene expression
cascades (Kimura et al., 2004; Nakamaura et al., 2004). We confirmed gene silencing efficacy by in
situ hybridization after gene inactivation at 7ss. Three hours after gene silencing, gene expression
was abolished (data not shown). At E3, delaminating CNCs transfected with m-Cherry were
localized at retro-ocular and dorsal head regions (Figure 1C and C'). Next, we analyze the
consequences of FBXO32 loss of function at E13 when feather buds are developing and
melanocyte differentiation occurs in the epidermis (Figure 1D). In normal development, feather
buds develop according to an anterior-posterior polarity and exhibit pheomelanin (foxy)
pigmentation (Figure 1E). When compared to control embryos, we observed that FBXO32
inactivation yields abnormal feather and pigment phenotypes: first, skin development showed
hypoplastic buds and a striking eumelanin pigmentation (Figure 1F and J). The spatial
organization of feather buds attested that skin morphogenesis was also severely perturbed
(Figure 1F). Surprisingly, the embryos subjected to dsFBXO32 exhibit a hyperproliferation of
melanocytes correlated with an expansion of the intradermal vascularization.

FBXO032 is required for normal melanocyte proliferation and differentiation at the TNC

To investigate the biological role of FBXO32 in melanocyte differentiation, we performed a
functional analysis in the TNC by unilateral electroporation. In pediatric melanoma, primary
tumors most commonly affect the extremities, followed by the trunk, the head, and the neck
(Pappo, 2003; Strouse et al., 2005). First, the presence of FBXO32 transcripts was confirmed in the
TNC by in situ hybridizations in embryos 28ss (Figure S1D and E). Then, we performed in vivo
RNAi silencing at the TNC by unilateral electroporation to investigate the mechanism underlying
FBX0O32 in TNC cells (Figure 2A-B). Unilateral electroporation was conducted at the trunk level
before the lateral migration of melanocyte progenitors at 22ss. This technique allows us to
visualize at once the experimental transfected ipsilateral side and the contralateral untransfected
side (Figure 2C-C’’). Twenty hours post-electroporation, migrating NCCs displayed robust
expression of m-cherry transfection together with HNK1 and FBXO32 markers (Figure 2D).
Transfected embryos were then allowed to develop for 11 days until reaching E13 when the
melanocyte can be evidenced (Figure 2D’). We observed in control embryos the normal pattern
of pigment cells which form longitudinal brown stripes formed by feather buds on their back and
produce pheomelanin (brown/foxy) pigment (Figure 2E and F). In contrast, FBXO32 silencing
resulted in melanocytes with spotted black pigmentation of eumelanin (Figure 2G and H) and
feather hypoplasia (Figure 2G and M) in the transfected regions. We also observed an
accumulation of melanocytes with eumelanin pigmentation towards the dermis at a transversal

107



feather bud level (Figure 2H and N). These observations strongly indicate that FBXO32 is involved
in the melanocyte biology at the trunk level.

To study the endogenous specificity expression from FBXO3Z2 silencing, we performed rescue
experiments in the TNC. We performed co-electroporation of dsFBXO32 in combination with the
cDNA corresponding to the human FBXO32 WT sequence in order to test whether the human
wild-type sequence can inter-specifically compensate for the silencing of the endogenous genes
and restore a normal melanocyte. Eleven days after electroporation (E13), the human wild-type
gene fully mitigates the adverse effects of the gene silencing and restores the defect in
melanocyte differentiation: feather morphology and pigment phenotypes tend to normalize
(Figure 21 and J). In parallel, we tested the cDNA human encoding for the variant identified in
the affected children, FBX032°3%, to unfold the specific phenotype resulting in the mutation. We
observed hypoplastic feather buds, and a striking accumulation of eumelanin, along with a hyper-
vascularization in the underlying tissues, at the level of the dermis (Figure 2K-N). Unilaterally
melanocyte hyperproliferation was further observed in a feather bud's transversal section showing
the condensation of melanocytes forming aggregates in the epidermis. Pigment cells were tightly
condensed and characterized by a dense eumelanin accumulation. Notably, the cells were also
misoriented, with the cell soma aligned along the epidermal surface and their cell extensions
projecting towards the dermis (Figure 2L).

Encouraged by the striking phenotypes yielded by FBXO32 silencing and mutation at the trunk
region, we performed gene expression profiling by RNA-seq from control and experimental trunk
skin samples harvested at E13. FBXO3Z2 silencing led to a significant upregulation of 297 genes
and downregulation of 118 genes (Figure 20). Analysis of gene ontology (GO) revealed the
downregulation of some genes associated with melanogenesis: Melan-A, a marker of melanocyte
tumors, TUBB1, WNTS8, and TYR with a role in the melanogenesis pathway (Figure 2P). In contrast,
we evidenced upregulation of genes involved in, e.g., adherent junctions (CTNNA3), MAPK
signaling (FGF18), ECM receptor (/ITG7A), VEGF signaling (NFATCZ2), and deregulation of genes
involved in the regulation of focal adhesion and of the cytoskeleton, such as Caveolin1 (CAVT)
and ITGB8 (Figure 2P). Recent evidence has indicated that CAVT expression is needed for
melanocyte dendricity, to promote contact with the subjacent keratinocytes, and is also a critical
regulator in the production of pigment through the control of cAMP pathway (Domingues et al.,
2020).

To identify other mechanisms that might account for the role of FBXO32 in melanocyte biology,
we investigated transcriptomic data using KEEG ontology. It turns out that the main signaling
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pathways to be involved are linked to cell adhesion molecules, ECM-receptor interactions,
melanogenesis, VEFG signaling pathways, focal adhesion, regulation of actin cytoskeleton, and
MAPK signaling pathway (Figure 2Q).

Gene enrichment analysis was further oriented to investigate the possible synergic effect of
FBX032C73%5 with the known childhood melanoma drivers, BRAF, CDKN2A, CDK4, CDK6, PTEN,
and TERT. The gene BRAF and the genes CDK4, and CDK®6, which regulate cell cycle checkpoints
activity, were downregulated by FBX032 ¢"3% in CNC and TNC. Surprisingly, the TERT gene,
involved in the telomere length control with aggressive clinical behaviour in pediatric patients
with melanocytic neoplasm (Seynnaeve et al., 2017), was upregulated by activity FBXO32°73% in
both TNC and CNC. Recent evidence reveals that genetic and epigenetic (hypermethylation)
alteration of TERT is associated with TERT upregulation in adolescents and young adults
(Seynnaeve et al., 2017) (Figure 2R). BAP1 childhood melanoma driver, which encodes DNA repair
proteins, is downregulated FBX032°3% in the TNC and CNC (Figure 2S), indicating that
FBX032°73% might at least counteract BAP1 activity in the protein degradation interplay.

FBXO032 impairs melanocyte differentiation in the cephalic NC

We further validated the specificity of the endogenous expression of dsFBXO32 at the CNC level.
In control embryos, as observed at the TNC, feather buds are organized as strips with anterior-
posterior polarity and foxy pigmentation (pheomelanin) (Figure 3A). In normal development,
melanocytes are arranged in the barb ridges with a foxy pigmentation pattern (Figure 3B). On
the contrary, the silencing of FBXO32 results in feather buds misoriented with spotty melanocytes
and increased vascularization (Figure 3C). A transversal section of one feather bud show
melanocytes localized in the vicinity of the dermis with pheomelanin and eumelanin pigmentation
(Figure 3D). Co-electroporation with the cDNA human FBXO32 WT sequence showed an increase
in melanocyte cells differentiation (hyperplasia) (Figure 3E and 1) and partial rescue of
melanocyte localization in the barb ridges (Figure 3F). Hyperplasia could result from the stronger
cytomegalovirus (CMV) promoter driving gene expression in developing chick embryos (Yang et
al., 2014). Following our strategy, the human FBX032°'3% causes feather re-organization with
hyperplastic feather buds and melanocytes with eumelanin pigmentation, such as in TNC
experiments (Figure 3G-I). Strikingly, we observed that the human rescue FBX0O32°73% impairs
bilaterally melanocyte hyperproliferation whit eumelanin synthesis and melanocyte migration
towards the soma (dermis) (Figure 3H). We can thus conclude that FBX032°73% might trigger
melanocyte transformation at both NC origins.
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In the developing CNC, we obtained a different differential gene expression profiling compared
to TNC, in which the FBXO32 inhibition led to a significant downregulation of 227 genes and
upregulation of 115 genes (Figure 3K). The most enriched pathways involved were tight junction,
cell adhesion molecules, apoptosis, focal adhesion, cellular senescence, p53 signaling pathway,
and regulation actin cytoskeleton (Figure 3L).

To assess specific gene expression enrichment in melanogenesis, we compared TNC and CNC
experimental samples. These analyses showed that human FBX032°"3% upregulate TYR at the
TNC, which strengthens the role of FBXO32 in melanogenesis (Figure 3M). The melanocortin 1
receptor (MC1R) gene essential for eumelanin synthesis and the tyrosine-related protein 1 (TYRPT)
gene were predicted to increase control and human FBXO32 WT activity samples. On the contrary,
ASIP gene, an MC1R antagonist, expression was downregulated under FBXO32°"3% series in both
TNC and CNC (Figure 3N). Together these observations raised the potential of FBX032°73% in
melanogenesis by ASIP downregulation to stimulate the binding of MC1R receptor to a-
melanocyte-stimulating hormone (a-MSH) for eumelanin synthesis and upregulating the first
catalytic process of melanin synthesis at the melanosome.

Identification of distinct transcriptional signatures associated with trunk and cephalic NC

The significantly expressed genes between TNC and CNC resulted in differential expression
profiling by RNAseq analysis. To gain insight into the extent of diversity between the two NCCs
populations, we analyzed a principal component analysis (PCA) of expression profiles of all three
replicates (Figure 4A). The PCA reveals that all trunk samples cluster together with no overlapping
with any cephalic sample expression profile and good correlation expression levels between the
biological replicates. These results demonstrated differences in NC plasticity and cues they
received from their environment. Furthermore, we found in total 12573 genes uniquely expressed
in the TNC and 12606 genes uniquely expressed in the CNC with overlapping regions showing
the number of genes that are co-expressed in two different samples (e.g., 224 genes expressed
on the TNC and 100 genes on the CNC in dsFBXO32 samples) (Figure 4B). Hierarchical clustering
of all NC replicates revealed statistically enriched and reduced gene differences between TNC and
CNC (Figure 4 C-D). Specifically, the TNC displayed a high expression level inversely correlated
with the CNC samples (Figures 4E and F). While dsFBXO32 on TNC samples tends to upregulate
genes involve in acting binding (Figure 4E), the CNC samples tend to downregulate genes involve
in filament binding (Figure 4F).
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FBXO032 expression influences melanogenesis in NC lineage

In both CNC populations, we observed an increase in eumelanin synthesis of FBXO32 transfected
embryos, which suggests that FBXO32 impairs the melanogenesis pathway. To further confirm
those results, we examined the enzymes restricted to the melanogenesis pathway: TYR, DOPA,
and TYRP1 combined with MelCAM antibody to track melanocyte transformation. We analyzed
the distribution patterns of these proteins by comparing the transfected cells carrying dsFBX0O32
and FBX032°"3% insults versus the untransfected cells in truncal transversal sections (Figure S2A).
In the developing feather buds, we focused on three morphologic compartments: proximal (Pfb),
intermediate (Ifb), and distal (Dfb) (Figure S2B).

Tyrosinase is a crucial enzyme that catalyzes the first step of L-DOPA to DOPA for melanin
biosynthesis, indispensable for eumelanogenesis as well as pheomelanogensis (Lin & Fisher,
2007). In E13 control embryos, TYR accumulation is observed in the epidermis of invaginate
feather buds, Pfb, and mature Dfb (Figure S2C). Surprisingly, silencing of FBXO32 results in TYR
accumulation at the dermis in colocalization with MelCAM and melanocytes of mature, Ifb, and
Dfb (Figure S2D). TYR accumulation was restored in co-transfected embryos with human FBX0O32
WT (Figure S2E). In parallel, FBX032°"3% highly provokes TYR accumulation in tightly melanocytes
with eumelanin pigment (Figure S2F), demonstrating that FBXO32°73% plays a role in the onset
of melanin synthesis.

Then, we analyzed DOPA essentially for melanin pigment biosynthesis. In dsFBXO32 embryos,
DOPA is co-localized with MelCAM at the dermis (Figure S3B) compared to controls (Figure
S3A), illustrating the FBXO32 effect at melanoblast/melanocyte lineage. In the developing Pfb,
Ifb, and Dfb, DOPA is accumulated at the epidermis level, increasing the stratum corneum of the
feather buds. DOPA accumulation was restored in the rescue with the wild-type form of the gene
(Figure S3C). Surprisingly, DOPA was highly accumulated in feather buds and dorsolateral muscle
in embryos overexpressed with FBX032°3%° (Figure S3D). This result could indicate a dual effect
of FBX032°3% alterations during development, considering that FBXO32 gene is increased when
muscles undergo atrophy (Gomes et al., 2001).

To further understand how FBX032 is implicated in eumelanin accumulation in transfected
embryos, we studied TYRP1 directly involved in the eumelanin biosynthesis pathway (Nasti &
Timares, 2015; Niwa et al,, 2002). In transformed melanocytes, the expression of tyrosinase and
TYRP1 is highly variable (Fang, 2002). In control embryos, TYRP1 protein was observed in the
developing feather buds with a gradient of expression from invaginating (Pfb) to mature feather
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buds (Dfb) (Figure S4A). Melanocytes with pheomelanin pigmentation deposits expressed the
protein MelCAM. Silencing embryos showed a slight accumulation of TYRP1 at the dermis level in
the transfected region (Figure S4B). Moreover, TYRP1 accumulation was observed at the
epidermis and feather bud’s soma (dermis) of Pfb, Ifd, and Dfb. MelCAM expression accumulation
was increased in melanocytes with pheomelanin deposits but not in melanocytes with eumelanin
pigmentation (Figure S4B). In wild-type embryos, TYRP1 distribution was limited in the epidermis
of all feather buds (Figure S4C). Although we expected to observe TYRP1 accumulation in the
eumelanin pigmentation, resembling the black stripes on the transfected dorsal regions, we
observed these melanocytes retaining MelCAM (Figure S4D). This phenotype is not surprising,
accumulation of MelCAM reveals melanocyte transformation. Furthermore, pigmentation can
interfere with immunostaining labeling. These observations indicate that ectopic expression of
FBX032¢'3% affects the synthesis of melanin pigments and melanocyte transformation during
development.

Next, we sought to investigate the epistatic relationship between MITF, the master regulator of
melanocyte development. MITF promotes melanogenesis by activating TH and TYRP1, required
for eumelanin synthesis. MITF also regulates specific ubiquitously expressed genes that are
important for melanocyte survival (e.g., BCL2) (McGill et al., 2002) and proliferation (e.g., CDK2)
(Du et al.,, 2004). Recently it has been described FBXO32 as a direct transcription target of MITF
with non-epistatic relation (Habel et al, 2020), thus, we investigated whether, in our model,
FBXO32 regulates MITF at the protein level. Here, FBXO32 silencing results in MITF decreased
accumulation in the developing invaginated (Pfb) and mature (Ifb, Dfb) feather buds (Figure S5),
but not in the epidermis layer. The co-immunostaining with MelCAM showed this developing
feather buds with high MelCAM accumulation. Furthermore, we also observed mis-polarized
melanocyte filopodia towards the dermis due to FBXO32 transfected cells. Finally, we wanted to
analyze the detection of the FBXO32 protein itself. Although in FBXO3Z2 silencing embryos, we
observed FBXO32 protein accumulation in the stratum corneum of Pbf, Ibf, Dfb (Figure S6B), its
accumulation is reduced in the epidermis and dermis layers than in controls (Figure S6E).

FBXO032 induces melanocyte migration towards the dermis

Melanoblast, the melanocyte precursor, are exclusively derived from the NC. They differentiated
and became mature melanocytes able to synthesize and transfer melanin pigment to
neighbouring keratinocytes (Bertolotto, 2013; Dupin & Le Douarin, 2003b). To further characterize
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the effect of the candidate genes in melanoblast progenitors, we set up an original ex vivo skin
explant culture. We performed intradermal injection of RNAI followed by bilateral electroporation
shortly before melanocyte differentiation on an embryonic day 10 (E10) at the CNC (Figure 5A).
The skin is then micro-dissected and maintained in vitro skin explant conditions. At this stage,
melanoblasts are mesenchymal and localized in the dermis (Figure 5B). This 3D culture system
allows the association of dermis and epidermis to be maintained, favors the differentiation of
feather buds (corresponding to the hairy buds in mammals), and preserves the capacity of the
skin to develop according to anteroposterior and mediolateral body axes (Figure 5C-D).

Surprisingly, we observed melanocyte migration to the dermis in our in vitro system after FBXO32
inhibition. Clearly, our observations indicate that FBXO32 silencing induces melanocyte
transformation, provoking migration to the dermis, observed by the pigmented cells (Figure 5G-
H) in comparison with controls (Figure 5E-H). We also observed loss of polarity and disoriented
feather buds' morphology as square morphology (Figure 5G). We could rescue the phenotypic
alteration upon FBXO32 depletion by overexpression with human WT FBX0O32 sequence at
melanoblast lineage (Figure 51-J), whereas overexpression with human FBX032°73% stimulates
migration towards the dermis (Figure 5K-L). These results indicated that FBXO32°"*% enhances
migration to the dermis in a developing context.

FBXO032 triggers melanocyte transformation in vitro

To explore how FBX0O32 can affect cell morphology and induce cell migration, we characterized
control and transfected cells in vitro. We harvest in vitro melanocyte dissociated from control,
dsFBX032, rescue with the human FBXO32 WT and human FBX032°73% in cell culture chambers
coated in the presence of extracellular matrix ligand fibronectin. We did only one cell passage to
analyze precisely the cells carrying the uptake of the construct. We observed that control
melanocytes exhibited fibroblastic-like morphology, bipolar polarity, and adhesion to fibronectin
(Figure 6A). Surprisingly, the silencing of FBXO32 resulted in cell remodeling to filopodia length
reduction, lamellipodia formation, and the formation of cell aggregates (Figure 6A-B). Cell
aggregates were also less adherent to the fibronectin substratum. When co-electroporated with
the cDNA human WT FBX032 form, these constructs generated a potential restoration of cell
morphology and adhesion (Figure 6A-B). In contrast, the human FBXO32°7% construct showed
impairment in the cell's morphology and adhesion, such as FBXO32 silencing (Figure 6A-B). The
formation of cells aggregates from transfected cells reinforces our previous results in vitro, where
melanocytes tend to be more compact in the feather buds in skin explants transfected with
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FBX032%3%, We can thus conclude that cell remodeling is explicitly caused by FBX032°73% and
not by an off-target effect of the RNAI electroporation.

To understand whether FBXO32 can induce melanocyte transformation towards melanoma
phenotype, we analyzed melanoma cell adhesion molecule (MelCAM) protein by immunostaining.
Normal melanocytes rarely express cell-cell adhesion receptors, whether melanoma cells show an
increase in MelCAM expression. Furthermore, the expression of MelCAM is associated with an
aggressive invasive phenotype, and its upregulation is strongly associated with melanoma
progression. (Satyamoorthy et al., 2001). Although in normal cells, we observed accumulation of
MelCAM, the loss of FBXO32 enhances MelCAM accumulation at the cytoskeleton (Figure 6B,
second panel). This observation strongly indicates that FBX032°73% induces melanocyte
transformation.

FBX032 promotes cytoskeleton remodeling

Migrating melanoma cells exhibit characteristic sheet-like membrane extensions called
lamellipodia essential for crossing the basal membrane (Bonaventure et al., 2013; Kunimoto et al.,
2014). Lamellipodia are formed at the leading edge of migrating cells with a role in driving cell
migration by attaching to the substrate and generating forces to pull the cell forward (Yamaguchi
& Condeelis, 2007). Our results demonstrated that FBXO32 silencing induces lamellipodia
formation and filopodia length reduction (Figure 6B). The average filopodia size per cell was
decreased at least two-fold in FBXO32 transfected cells compared to controls and rescue cells
(Figure 6C) (filopodia length mean in control cells= 84.62um, n=266 cells). A preliminary indicates
that FBX0O32°*% induces the formation of bleb protrusions at the cell membrane.

To analyze focal adhesion assembly that contributes to cell migration, we analyzed phospho-
paxillin Tyr31. Phospho-paxillin Tyr31 labels the adhesion near the edge of focal contacts. In
melanoma cells, the levels of phospho-paxillin are much higher than in melanocytes (Velasco-
Velazquez et al,, 2008). We observed, in normal cells, phospho-paxillin in the focal adhesion at
the edge cell (figure 6B). Lamellipodia in inhibited FBXO32 cells showed prominent phospho-
paxillin accumulation with tightly cell-cell contacts at the cell surface (Figure 6B). In addition, the
cells subjected to the overexpression of human FBXO32 WT exhibit a recovery of the bipolar
morphology and normal phospho-paxillin accumulation (Figure 6B), whether phospho-paxillin
labeling was significantly important at the cytoskeleton in FBXO32°73% cells. (Figure 6B). Thus,
paxillin is tyrosine phosphorylated in the dynamic adhesions, and this phosphorylation promotes
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paxillin disassembly. We also observed phospho-paxillin translocation to the nucleus in
FBX032%3% transfected cells (Figure 6B) compared to control cells (Figure 6B, first row).
Although paxillin is mainly localized at the focal adhesion, it is also present at cytoplasmatic and
nuclear locations. It may affect gene transcription to directly link the plasma membrane and the
cytoskeleton to the nucleus (Dong et al., 2009).

To decipher whether inhibition of FBXO32 expression disrupts cell actin filament at a cellular level,
we examined F-actin organization by phalloidin staining. We observed in dsFBXO32 cells different
actin filament architectures resulting in loss of stress fibers and polymerized actin (Figure 6D).
The actin filament structure was recovered when isolated cells were subjected to the cDNA human
WT form of FBXO32 (Figure 6D). These results reveal that dsFBXO32 inactivation leads to changes
in actin cytoskeleton dynamics. In contrast, a partial recovery in F-actin organization with no
enrichment areas in peripheral regions results from the cDNA human FBX0O32°73% (Figure 6D).
According to our findings, FBXO32°7>% causes cytoskeleton remodeling to induce melanocyte
migration potentially.
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Discussion

This study investigated the potential biological role of childhood melanoma candidate genes
carrying a de novo mutation by a powerful RNAi-mediated silencing technique in the developing
chick embryo. We focused on two anatomical levels, the TNC and CNC, to analyze melanocyte
migration and transformation from both NC origins. Specifically, we explored the role of the
FBX0O32 gene in the melanocytic lineage at both NC levels. We exploited gene expression profiles
by RNAseq datamining in skin samples to identify novel transcriptional signatures associated with
FBX0O32. The data presented suggested FBXO32 can act as a tumor suppressor gene in
melanocytes, a role which seems to be challenged by the mutation FBX032 ¢73%, hence promoting
childhood melanoma.

Our functional screening established that the biological role of FBXO32 is critical for melanocyte
differentiation during development. The dsRNA driving silencing by electroporation efficiently
inhibited FBXO32 activity in pre-migratory CNC and was transient until E13. These results show
that the FBXO32 gene can impair melanocyte differentiation at the level of proliferation and
differentiation. Whereas FBXO32 results in aberrant melanocyte proliferation, pigmentation loss
of feather polarity, and increased vascularization in the dermis.

We investigated the molecular mechanism by which FBXO32 expression affects melanocyte
development in the TNC. Indeed, de novo germline variant, p.G739S, was detected in the knee of
the child with melanoma level Ill. We transfected NCCs at 22ss, below the level where trunk NCCs
have started delaminating and migrating (Giovannone et al., 2015), and melanocyte precursors
begin to enter the dorsolateral pathway by 24-28ss. We followed trunk NCCs migration by NCCs
transfection with m-Cherry, along with HNK1 immunostaining and FBXO32 colocalization. The
FBXO32 silencing by RNAi at the TNC coincides with CNC features with melanocyte proliferation,
aberrant feather polarity, and vascularization. These results indicate that FBXO32 inactivation
activity triggers melanocyte transformation in both TNC and CNC.

To unravel the specific involvement of FBXO32 in the melanocyte lineage, we performed rescue
experiments in both TNC and CNC. Our rescue experiments clearly show that overexpression with
the human wild-type FBXO32 form results in normal melanocytic development in both NC
regions. Surprisingly, both TNC and CNC rescue experiments carrying the human variant, p.G139S,
evidenced an aberrant melanocyte differentiation at the pigment and cell polarity. Additionally,
the synthesis of melanogenesis proteins in experimental embryos was accompanied by
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dysregulation of MelCAM, MITF, and FBXO32 demonstrated by the accumulation in the dermis
and mature feather buds immunolabelling assays.

Through RNA-seq analysis applied to control and FBXO32 experimental series at two NC levels,
we provided some evidence of the role of FBX032°'3% as a melanoma initiator. Hierarchical
clustering identified two distinct clusters signatures between the TNC and CNC. The PCA analysis
also highlighted the correlation between samples, with one population entirely of TNC and other
CNC. Differential gene expression upregulation was characteristic in TNC samples, whereas gene
downregulation in CNC.

Two regulatory events were identified associated with FBX032°3% in the eumelanin synthesis.
First, we analyzed Tyr, a critical enzyme for melanin biosynthesis, catalyzing the two initial steps
of melanogenesis. RNAseq data mining showed that FBXO32 ¢*% upregulated Tyr, while DOPA in
FBX032 ¢73% samples enrichment was not detected. Together MCTR, ASIP, and TYRPT are among
the significant regulators of pigmentation. The ASIP gene, an MCTR antagonist, inhibits eumelanin
synthesis by directly competing for the receptor binding of a-MSH, thereby stimulating cAMP,
which results in pheomelanogensis (Nasti & Timares, 2015). This would suggest that the causative
variant underlying the ASIP haplotype is a gain-of-function mutation (Gudbjartsson et al., 2008).
Based on these results, FBX032°"3% may act upstream of ASIP, causing ASIP downregulation and
TYRP1 upregulation, which stimulates eumelanin synthesis. In adults, MCTR, ASIP, and TYRP1 are
considered low risk for inherited mutations. However, its role in childhood melanoma has not
been elucidated so far.

To investigate the role of FBXO32 in the early onset of melanoma, we analyzed the epistatic
relationship between childhood melanoma candidate genes. Our observations indicate that
CDKNZA is detectable during the development of normal melanocytes, but transcriptomic
analyses provide no evidence of differential CDKNZ2A enrichment expression in the RNA-seq data
between our series. It also supports the notion that CDKNZ2A is rare in childhood melanoma (Berg
et al, 2004; Goldstein et al., 2018; Lu et al., 2015; Markovic et al., 1997). It is important to emphasize
that although we provide cues of childhood variants, our study does not exclude the possibility
that other genetic events could occur. Second, we established that CDK4 and CDK6 genes are
downregulated in the overexpression of FBXO32 WT and FBXO32 ©'3%, respectively. In 15 CM out
of 23 total pediatric patients, Lu and colleagues reported that none of their patients carried
CDKNZ2A or CDK4 mutations (Lu et al., 2015). Still, 67% of CM patients carried germline MCTR
variant reported to be associated with increased melanoma risk in adults. Third, the TERT gene
involved in telomere maintenance is upregulated under FBXO32 silencing and FBX032°'3%, The
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upregulation in the telomere reverse transcriptase (TERT) gene observed in FBXO3Z2 silencing
could explain melanocyte proliferation. Finally, the BAPT (BRCA1-associated protein-1) loss of
function germline mutation is a tumor predisposition in childhood melanoma (De La
Fouchardiere, 2017). Both human FBX0O32 WT and FBX032°73% downregulated BAPT in both TNC
and CNC. Hence, an antagonist in the ubiquitin protein degradation system BAP1, important in
DNA damage response and cell cycle regulation, may be a partner of the FBXO32 gene in
melanocyte transformation.

To investigate the role of FBXO32 in promoting melanocyte transformation, we silenced its activity
precisely before melanoblast differentiation in an in vitro skin explant culture. The FBXO32¢"3%
expression favors proliferation and migration of melanocyte cells to the dermis recapitulating a
possible invasion process. Contrary, Habel, and colleagues found a decrease in migration in
melanoma patients’ cells melanoma cells and 501Mel cells due to the inhibition of FBXO32 in
Boyden chambers assays, while forced FBXO32 expression using a lentiviral vector in the cells
expressing the mutant BRAF'%%% on a wild-type NRAS, stimulated the migration of SKmel28
melanoma (Habel et al, 2020). In our study, we forced the expression of FBXO32 in the
melanoblast cells in a developmental environment with a plasmid carrying either the human wild-
type or P.G139S variant of the gene under the control of a powerful CMV promotor, leading to
the inhibition and stimulation of melanocyte migration, respectively. Although the role of FBXO32
in invading melanocytes could be further characterized, our study clearly shows that FBX032¢"3%
impairs melanocyte migration and prompts pigment cell dissemination at the expense of the
dermis.

Our data argue for an essential role of this gene in melanocyte transformation. A study dealing
with the role of FBXO32 in melanoma adult cells showed the oncogenic regulation in cell
migration, proliferation, and transcriptional programs of melanoma cells through epigenetic
mechanisms (Habel et al., 2020). Here, we demonstrate the tumor suppressor potential of FBXO32,
while its loss-of-function and variant promotes cell proliferation and cell migration, co-expression
with the human FBX0O32 WT tends to normalize melanocyte development. Even though the
interplay between ASIP and BAPT would need further analysis, our transcriptomic data posit
FBX0O32 as a novel tumor suppressor gene regulating the balance between AS/P and BAP1 and
shed a light on the mutation FBX032°73%, which specifically targets the transcription of these two
partners to conduct melanocyte transformation in a developmental context, hence accounting for
its potential role in childhood melanoma.
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Figure 4
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Figure 5
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Figure legends

Figure 1. Silencing of dsFBX032 yields abnormal melanocyte differentiation at the CNC

A) Experimental design for FNC transfection by bilateral electroporation at 4ss chick embryo B)
Whole-amount embryo at 4ss. B’) and m-cherry NCCs labeling at 4ss after 3h of bilateral
electroporation (telencephalon remain untransfected). C) 4ss of and embryo head C’) and dorsal
migration of NCCs visualized by m-cherry after two-three of bilateral electroporation. D)
Schematic representation of phenotyping analysis in an embryo E13. E) Eleven days after
electroporation, control feather buds exhibit foxy pigmentation and anterior-posterior polarity. F)
FBX0O32 silencing impairs feather polarity and melanogenesis. Arrowheads indicate the
vascularization in F. J) Box and whiskers plots showing the CNC feathers length in controls and
dsFBX0O32 embryos. Statistical significance was assessed with a Dunnett's multiple comparison
test against control embryos. 4 electroporated control embryos and 3 silencing embryos of
dsFBX032 were analyzed for quantifications in all conditions. *P<0.001, ****P <0.0001.

Figure 2. FBX032 impairs melanocyte differentiation, feather morphology, and polarity and

can be restored by overexpression of human wild-type form at the TNC

A-B) Unilateral electroporation in the neural tube at 22ss embryo. C, C’, C"") m-cherry positive
NCC delaminating after unilateral electroporation. D) 3D reconstruction of TNC electroporation
22ss after 20h. m-Cherry transfected cells (red), HNK1 (green), and FBXO32 immunolabelling
(magenta). D) Schematic representation of a dorsal embryo E13. The square represents the
transfected region of interest. Dorsal view of E) control embryo, G) dsFBX0O32, co-transfections of
1) dsFBXO32 + hFBX032 WT and K) dsFBXO32 + hFBX032¢'3% The dotted lines defined the
untransfected TNC region (left) and the transfected TNC region (right). F, H, J, L). Transversal
section of feather buds showing melanocyte localization at the barb ridges. Notice the eumelanin
pigment accumulation in a feather bud in H and the tight melanocyte accumulation with
eumelanin pigment in L. M) Box and whiskers plots showing TNC feather length in control,
dsFBX032, rescue hFBXO32 WT, and rescue hFBX032°73%, N) Mean of melanin content per
feather bud area (mm) in all conditions. O) Volcano plot of all genes statistically enriched or
reduced in truncal dsFBXO32 versus control samples, upregulated 297 and downregulated 118
genes. P) Genes enriched or deregulated in trunk dsFBXO32 samples. Q) Significantly signaling
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pathways predicted to be enriched in trunk NC samples by GO analysis. R) Bar chart showing
differentially expressed genes related to childhood melanoma drivers. S) Bar chart showing
downregulation of BAP1 in FBX032°'3° at TNC and CNC. Upregulated genes in red and
downregulated genes in blue. ****P <0.0001, ns p=0.7747. Quantifications for 5 TNC control
electroporated embryos, 5 silencing embryos of dsFBX032, 4 rescue embryos with the human WT
form hFBXO32, and 4 rescue embryos with human mutant form FBX032°7%% were analyzed in M
and N. Scale bar:50um.

Figure 3. FBX032 impairs melanocyte differentiation and can be restored by overexpression

of the human wild type at the CNC level.

Dorsal views of A) control embryo C) dsFBXO32 embryo, co-electroporation with E) dsFBXO32 +
hFBX032 WT and G) dsFBX0O32 + hFBX032¢3% Transversal section of feather bud in B) control
embryos D) dsFBXO32 embryo F) dsFBXO32 + hFBX0O32 WT, and H) dsFBXO32 + hFBX032°13%
showing the melanocyte as black patches (eumelanin). Red squares show melanocyte filopodia
towards the soma (dermis). I) Box and whiskers plots showing quantification of CNC feather
length. J) Silencing of FBXO32 results in hypoplastic feather buds. Statistical significance was
assessed with a Dunnett’s multiple comparison test against the control embryos. ****P <0.0001.
Scale bar in E, G, |, K: 500pum; in F, H, J, L:25um. K) Volcano plot of all genes statistically enriched
or reduced in cephalic dsFBXO32 versus control samples, upregulated genes 115 and
downregulated genes 227. L) Significantly signaling pathways predicted to be enriched in cephalic
NC samples by GO analysis. M) Bar chart showing examples of melanogenesis-related differential
expressed genes in TNC and CNC. N) Bar chart showing examples of eumelanin pathway-related
differential expressed genes in TNC and CNC

Figure 4. RNA-seq reveals transcript differential enrichment diversity and activated genes

in FBX032 experimental series in CNC and TNC

A) PCA plot based on the trunk and cranial skin samples E13. Trunk and cranial NC samples
populations appear clearly in two clusters indicating that NC populations have differential gene
expression patterns. B) Venn diagram comparing all experimental series controls, dsFBX0O32
(T_dsF and C_dsF), rescue with the human wild type form of FBXO32 (T_WtF and C_WHtF), and
rescue with the human mutant form of FBXO32 (T_MutF and C_MutF) in TNC and CNC samples.
C) Differential expression gene clustering heatmap of truncal and cephalic NC skin samples
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analyzed by RNA-seq. (C-D) Two differential TNC and CNC clusters by NC origin. E-F) Bar Chart
showed the 30 most terms enriched from GO enrichment analysis results. All terms are grouped
according to major categories of biological processes (BP), cell component (CC), molecular
function (MF), and categories of up or downregulated genes. E) GO most enrichment terms from
the dsFBXO32 and control comparison in the TNC. Signaling pathways are predominantly
upregulated. F) GO most enrichment terms from the dsFBXO32 and control comparison in the
CNC. Signaling pathways are mostly downregulated

Figure 5. in vitro silencing of dsFBX032 yields melanocyte proliferation and migration.

A) Bilateral electroporation technique at the CNC level in E10 embryos. B) After CNC
electroporation, the 3D skin explant is maintained for four days in vitro condition. C)
Melanogenesis takes place at the central longitudinal axis. D) Melanocytes are normally
distributed at the skin epidermis. Melanocyte differentiation in E-F) control skin explants, G-H)
dsFBX032 at the epidermis and dermis level. Notice the migration of melanocytes at the dermis.
I-J) FBXO32 overexpression in combination with human FBX032 WT. K) FBXO32 overexpression
in combination with human FBX032°73% showing L) melanocyte migration at the dermis. Scale
bar: 500pum.

Figure 6. FBX032 induces melanocyte transformation and cytoskeleton remodeling.

A) Isolated cells from 3D skin explants previously electroporated were maintained in vitro for 4
days. Control cells exhibit bipolar morphology, whereas silencing of FBXO32 results in multipolar
morphology. B) Confocal images control, dsFBXO32, rescue hFBXO32 WT, and rescue
hFBX032°73% transfected cells to assess the expression of antibody against MelCAM to detect
adhesion molecule (second row), Paxillin to detect focal adhesion plaque (third row).
Magnification of each series shows the misregulation of paxillin at the filopodia and the increase
in lamellipodia in dsFBXO32 and mutant cells. Arrowhead showed blebbing, leading to invasive
capacity in mutant cells. C) Scatter dot plot of filopodia length quantifications in melanocyte cells
(median with interquartile range). ANOVA test was performed to compare conditions. D)
Distribution of phalloidin accumulation in control, dsFBXO32, rescue hFBXO32 WT and rescue
hFBX032°73% to detect actin filaments (second row). Actin filaments were analyzed with Fiji Binary
plugging (fourth row), illustrating phalloidin intensity, and skeletonized plugging (fifth row),
showing actin filament branching. E) Bar chart showing relative expression of phalloidin in
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different conditions, seen as intensity. n=number of filopodia analyzed from three independent
experiments (**** P<0.0001). Error bars: SD. Scale bar in A: 50um, scale bar in B and D: 25um
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Figure S4
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Figure S6
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Supplemental figures

Figure S1. FBX032 transcripts are expressed in the CNC and TNC at different developmental

stages.

A) transcripts are expressed in migratory FNC at 4ss embryos. B) Lateral view of hybridization for
FBXO32 transcripts at 24-26ss embryos. Transcripts are accumulated in migrating NCC at
nasofrontal, retro-ocular, olfactory placode, and branchial-arches regions. C) Feather bud
transversal sections of control embryos showing transcripts accumulation of FBXO32 at the
melanoblast-melanocyte lineage. D-E) Hybridisation for FBXO32 in the neural tube at 26-24ssss.

Figure S2. inhibition of FBX032 at the trunk level exhibits a high accumulation of TH at the

level of eumelanin pigmentation, potentially disturbing the onset of melanin synthesis.

A) Diagram of a trunk transversal section through the limbs. The dotted line indicated the
untransfected and transfected region after unilateral electroporation. B) Diagram of the feather
bud structure. Trunk section immunostaining against TYR and MelCAM in C) controls, D)
dsFBX0O32, E) dsFBX0O32 + hFBX0O32 WT and F) dsFBX0O32 + hFBXO32 MUT. Arrowheads indicate
double staining of TH and MelCAM at the dermis layer in D. Confocal images of proximal,
intermediate, and distal feather buds show a merge of TYR, MelCAM, DAPI, and TH alone. SP:
spinous process of the vertebra, TP: the transversal process of the vertebra, Lcdm: longus colli
dorsalis muscle, I: ilium, Br: barb ridge, Bs: basal layer, Dp: dermal papilla, Ifb: intermediate feather
bud, Dfb: distal feather bud, Pfb: proximal feather bud. Scale bar in mosaics trunk section and
feather bud: 25um.

Figure S3. FBX032 affects DOPA accumulation at melanocyte lineage

A-D) Immunohistochemistry in trunk section against DOPA and MelCAM in A) controls, B)
dsFBX032, C) co-electroporated with dsFBXO32 + hFBXO32 WT and D) co-electroporated with
dsFBX0O32 + hFBX0O32 MUT. Confocal images of proximal, intermediate, and distal feather bud
showing higher DOPA accumulation
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in B and D. Arrowheads indicate DOPA localization at the level of the epidermis, dermis in C, and
epidermis dorso-lateral muscle (longus colli dorsalis muscle) in D after FBXO32 transfection. Scale
bar in mosaics trunk section and feather bud magnification: 25um.

Figure S4. FBX032 silencing alters TYRP1 accumulation at the trunk level.

A-D) Immunohistochemistry in trunk section against TYRP1 and MelCAM in A) controls, B)
dsFBX032, C) co-electroporated with dsFBXO32 + hFBXO32 WT and D) co-electroporated with
dsFBX0O32 + hFBX0O32 MUT. Confocal images of proximal, intermediate, and distal feather buds
show a merge of TYRP1, MelCAM, DAPI, and TYRP1 alone. Arrowheads indicate the colocalization
of TYRP1 and MelCAM at the dermis layer. Scale bar in mosaics trunk section and feather bud
magnification: 25pym.

Figure S5. Epistatic relation between FBX032 and MITF

A-D) Trunk section immunostaining against MITF and MelCAM in A) controls, B) dsFBX032, C)
co-electroporation with dsFBXO32 + hFBX0O32 WT and D) co-electroporation with dsFBXO32 +
hFBX032 MUT. Arrowheads indicate the colocalization of MITF, MelCAM at the dermis layer in B.
Confocal images of proximal, intermediate, and distal feather buds show a merge of MITF,
MelCAM, DAPI, and MITF alone. Magnification of a unique melanocyte showing filopodia
polarization towards the epidermis in A and C and to the dermis in B and D. E) Quantification of
MITF content per feather bud are in all conditions. Pfb: proximal feather bud, Ifb: intermediate
feather bud, Dfb: distal feather bud. Scale bar in mosaics trunk section and feather bud
magnification: 25pym.

Figure S6. Partial-efficient silencing of FBX032 at TNC.

A-D) Trunk section immunostaining against FBXO32 and MelCAM in A) controls, B) dsFBX0O32,
C) co-electroporation with dsFBX0O32 + hFBXO32 WT and D) co-electroporation with dsFBX0O32
+ hFBX032 MUT. Arrowheads indicate the colocalization of FBXO32 and MelCAM at the stratum
corneum in B. Confocal images of proximal, intermediate, and distal feather buds show a merge
of FBXO32, MelCAM, DAPI, and FBXO32 alone. E) Quantification of FBXO32 content per feather
bud. FBX0O32 was partially inhibited in dsFBXO32 embryos at the TNC. Pfb: proximal feather bud,
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Ifb: intermediate feather bud, Dfb: distal feather bud. Scale bar in mosaics trunk section and
feather bud magnification: 25um.
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9 Discussion

9.1 Main findings and significance

Melanoma arises due to a malignant transformation of melanocytes, the pigment cells that are
embryonically derived from the NC (Strouse et al., 2005). When compared to adult melanoma,
melanoma in children is a rare entity. Genetics variants detected in children or adolescents are
not of the exact nature as those found in adults and, therefore, cannot be understood,
investigated, and treated the same way. Considering the previous identification of de novo
candidates’ variants in childhood melanoma, my Ph.D. project presented here explores the
biological significance of the new genetic variants in melanocyte differentiation. At the beginning
of this project, four variants: FBXO32, SOX10, DSCAM, and ALDH1L]1, were selected to analyze
their biological significance during NC development. Then, an in-depth analysis was conducted
on the gene FBXO32 to determine whether the variant p.G139S could potentially impair
melanocyte development. The results obtained during my Ph.D. evidence the role of all four
candidate variants in normal melanocyte development and the deeper analysis and
understanding of FBXO32 implication in melanocyte transformation (Table 7).

1) | have demonstrated that all four variants are expressed in the NCCs and derivatives at
three developmental stages: the onset of NCCs migration, during NCCs migration, and
melanocyte differentiation. The detection of the transcript gives the proof concept of these
genes’ involvment in NC development to perform functional analysis.

2) The FBX032, SOX10, DSCAM, and ALDH1LT gene inactivation at the CNC yields abnormal
feather morphology, polarity, and vascularization. The FBXO32 gene silencing results in
eumelanin synthesis: contrary, SOX70, DSCAM, and ALDH1L1 silencing results in melanin
inhibition.

3) | have demonstrated that the variant, p.G739S, triggers melanocyte transformation in
melanocyte polarity and enhances dermal vascularisation and eumelanin synthesis in TNC
and CNC, and the abnormal phenotypes are alleviated and restored by the human FBX032
WT which can bypassed the detrimental effect of FBXO32 loss-of-function.

4) The innovative ex vivo skin explant assay that | set up during this PhD demonstrated that
FBX032 induces melanocyte migration toward the dermis.

5) At the cellular level, | demonstrated that FBX032°73% impairs filopodia length,
lamellipodia, and promotes blebs protrusion formation, and provokes cell-cell
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6)

7)

aggregates. These defects coincide with cytoskeleton and focal adhesion disassembly
results in FBX032°73% and could be potentially involved in defective cell movement, cell
misorientation in the epidermis, and aberrant back migration and dissemination toward
dermal tissues

Two distinct differential gene enrichments were detected in the TNC and CNC at the
transcriptomic level. Even though both TNC and CNC equally form melanocytes, when
exposed to the detrimental effect of the same mutation, FBX032¢'3%, they exhibit similar
phenotypical changes, but radically different gene enrichment profiling.

| established by RNAseq that two potential transcriptional networks of FBXO32 are ASIP
and BAP1. FBXO32%"3% results in downregulation of both genes suggesting that FBXO32
might at least counteract melanogenesis by negatively downregulating ASIP to stimulate
eumelanin synthesis

Table 7 FBX0O32 induces morphogenesis disruption in melanocyte differentiation

TNC and CNC
Control dSFBXO32 dsFBX032 + dsFBX0O32 +
hFBX0O32 WT hFBX032°73%
Melanogenesis Pheomelanin Eumelanin Pheomelanin Eumelanin
Hypoplastic feather YES
Hyperplastic feather YES YES
Feather polarity Normal Disrupted Normal Disrupted
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9.2 Silencing of FBXO32, SOX10, DSCAM, and ALDH1L1 impairs melanocyte differentiation at
the CNC

Initially, | investigated the biological role in melanocyte development of four candidate genes,
FBX032, SOX10, DSCAM, and ALDH1L1. Through in situ hybridization experiments, | proved that
these four genes were expressed in neural crest cells at different stages of development in the
chicken embryo. Then, | performed gene inactivation by RNAI electroporation at the CNC. | have
demonstrated that the loss of expression of these genes led to phenotypes with abnormalities in
melanocyte development, visible at both the cellular and anatomical levels. The gene FBX0O32
promotes melanocyte transformation by impairing polarity, increasing dermal vascularisation, and
eumelanin synthesis. For this reason, my research project focused on the gene FBX0O32, which
gene silencing resulted in the most striking phenotypes. Our research project strategy was to
assess rescue experiments in FBXO32 using the human form of the gene carrying the de novo
germline variant p.G139S detected in the children. To further understand if the genes SOX10,
DSCAM, and ALDHILT are involved in melanocyte transformation, we could follow our strategy
by performing rescue experiments either with the human WT for the gene or the variant detected
in the children. The variants corresponds to SOX70, p.R433Q, DSCAM both somatic p.E1825Q and
p.G1460R identified in two different trios and ALDHTL1, p.R60H. Their effects will be studied in
the melanoblast/melanocytic lineage at the anatomical, molecular, and cellular levels.

My results indicate the ongoing angiogenesis process by the increased vascularisation observed
at the dermis level, supporting the idea that FBXO32 can be involved in angiogenesis, which has
a critical role in melanoma. Vascularization observed in both TNC and CNC could be studied by
analyzing angiogenic growth factors such as Vascular Endothelial Cell Growth Factor (VEGF) and
Basic Fibroblast Growth Factor (FGF). At the cephalic level, where CNC cells are capable of forming
both melanocyte and perivascular cells, the coincident development of the vasculature in
subectodermal tissues, is associated with a specific tropism of the FBX032°73% transfected CNC-
derived melanocytes towards the vascular wall. Our observation suggests that such an
angiotropism known as ‘Pericyte mimicry” (Lugassy et al., 2020), could strengthen the noxious
impact of FBX032°73% in CNC cells by favoring the systemic dissemination of transformed
melanocytes.

9.3 FBXO32 induces melanocyte transformation

Our longitudinal analysis in FBXO32 from the onset of NC migration to melanoblast/melanocyte
lineage shows reciprocates phenotypic. Aberration in melanocyte differentiation in TNC and CNC

148



compartments at different developmental stages. | investigated the MelCAM marker by
immunolabelling, related to cell migration and melanoma progression and metastasis (Reid et al,,
2013). Even if MelCAM is expected to not be detected in normal melanocytes, | observed its
expression in control TNC tissue but increased accumulation in silencing and overexpression with
FBX032%3% This differential accumulation of MelCAM demonstrated by the in vivo experiments
demonstrated the onset of melanocyte transformation. Moreover, we show that a differential
percentage of MelCAM-positive cells correlates with the involvement of the FBXO032 in
melanocyte transformation.

9.4 FBXO32 triggers eumelanin synthesis

Melanogenesis is an enzymatic chain reaction occurring in the melanosomes. Increased
eumelanin synthesis occurs when FBX032 is silenced or upregulated by in vivo and in vitro assays.
To understand if this effect is direct with gene enrichment, we bias our RNAseq data analysis at
the two biological networks, in the melanosome where the melanin is synthesized and the MC1R
signaling pathways. In the melanosome, genes related to eumelanogenesis included TYR, DOPA,
and TYRP1. TYR and TYRPT are critical regulators in melanin synthesis and can indirectly reflect
the melanin production content (Potrony et al,, 2015). We first observed accumulation of TYR and
DOPA evidenced in hFBX0O32°73% mature feather buds. The FBXO32 silencing results in TYRP1
accumulation in melanocytes at the dermis by immunolabelling. To analyze the biological
transcription process behind, our RNAseq reveals that DOPA is upregulated in the overexpression
of hFBXO32 WT. When overexpressed with p.G139S, FBXO32 results in TYR upregulation, whereas
in control and overexpression with wild human type, FBXO32 results in TYR downregulated. We
observed in the transcriptional analysis an upregulation of TYRPT in controls in both TNC and
CNC. These results are consistent with the potential of FBXO32 in the first steps of the enzymatic
reaction in melanin synthesis at the melanosome.

The principal receptor that regulates human pigmentation is MCTR via induction of the
cAMP/protein kinase and the melanocortin’s a-MSH and ASIP (Herraiz et al., 2021). MC1R, when
stimulated by a-MSH, is a driver of eumelanogenesis. The binding of ASIP to MC1R prevents the
stimulation of eumelanin synthesis, indirectly competing for the receptor binding a-MSH and
blocking cAMP synthesis. Moreover, ASIP also modulates the expression of many genes involved
in cell adhesion and other cellular processes other than pigmentation (Le Pape et al., 2008). My
results demonstrated that overexpression of hFBXO32 WT results in upregulation of MCTR in TNC
and CNC controls.
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Furthermore, FBXO32 gene enrichment in a-MSH. The fact that we recurrently observe eumelanin
synthesis related to FBXO32 downregulation indicates its role in melanogenesis by direct
regulation of genes involved in the process and indirectly activating the expression of the
signaling process involved. Specifically, we observed the silencing of FBXO32 and co-expression
of FBX032°73% downregulation of ASIP. My results suggest that a least FBXO32 acts by
downregulation of ASIP to allow the binding of MCTR to a-MSH, thereby reducing cAMP
production to trigger the eumelanin synthesis pathway (Figure 9.1). The mechanism for the MCTR
to increase the risk of developing melanoma is not yet known. In our context, we can assume that
FBX032%3% |ed to eumelanin stimulation production in melanocytes primarily by expected TH,
DOPA, and TYRPT upregulation and ASIP downregulation activity. The results show a novel
scenario of FBX032°"3% involves in the melanogenesis program.

9.5 FBXO32's effect on melanocyte cell extension formation

We have demonstrated the potential of FBXO32°7*% to induce cell migration towards the dermis.
Considering this observation, we decided to investigate the melanocytic transformation capacities
at the cellular level. My results show that FBXO32 triggers filopodia length reduction, lamellipodia,
and blebs formation, and the cells form aggregates. Lamellipodia have a significant role in driving
cell migration by attaching to the substrate and generating forces to pull the cell forward
(Yamaguchi & Condeelis, 2007), suggesting, that transfected melanocytes form tight lamellipodia
protrusions to move collectively. During the radial growth phase, melanocytes exhibit abnormal
proliferation, which limits and reduces their capacities to interact with keratinocytes. Then,
transformed cells migrated a vertical growth phase from the epidermis to the dermis. The back
migration towards the dermis, which occurs in the opposite direction to regular melanoblast
migration during embryonic development, would be an essential step in the invasion
(Bonaventure et al., 2013). In our experiments, we observed melanocyte migration to the dermis
exclusively in FBX032¢"3% transfected cells; this observation indicates that this gene might impair
cell migration, promotes cell dissemination, and pave the way for a possible invasion. To
determine if FBX032°"3% induces melanocyte invasion, we started a wound-healing assay using
an insert culture (cell-free gap). Indeed, culture inserts, when compared with wound healing
assays, yield more accurate and reliable results in terms of reproducibility between replicates
(Pijuan et al., 2019). Even if | failed to create a confluent cell monolayer (90-95% confluence -due
to the lockdown during the COVID-19 pandemic-), a critical assay to ensure cell migration, |
evidenced the cell dynamics in normal melanocytes (Movie 1), and by using the Manual Tracking
plugin of FlJI, | tracked cell trajectory tracks
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Preliminary results show that FBX032°73% induces plasma membrane blebbing. Blebs are short
spherical extensions of the plasma membrane devoid of actomyosin cortex contraction
(Bonaventure et al., 2013). Blebs, lamellipodia, and filopodia can coexist at the leading edge of
cells migration. Melanoma cells in vitro can adopt a range of morphologies during movement,
ranging from elongated and mesenchymal to rounded and bleb-based (Ang Li et al., 2010).
However, when cells are transfected with FBX032°73%, we observed lamellipodia and blebs
formation, we can assume that the defective migration observed in the skin explants is a
consequence of cell transformation triggered by the FBX032°7% variant.

In addition to filopodia, lamellipodia, and blebs, another type of membrane protrusion,
invadopodia initiated melanoma metastasis by invading through the extracellular matrix (ECM)
(Mousson et al., 2021). To degrade the ECM, cells secrete metalloproteases via actin-based
invadopodia membrane protrusion (Hoshino et al,, 2013; Leong et al., 2014; Hezhe Lu et al., 2016).
We wondered if FBX032°73% would be sufficient to cause invasion in melanocyte transformation.
To test if FBXO32 can promote melanoma invasion, we could study 1) if FBOX32 can trigger
invadopodia structure formation by co-staining the cells for Paxillin, F-actin cortactin and
membrane type-1 matrix metalloproteinase (MT1-MMP) markers, 2) to test whether inhibition of
FBXO32 or co-transfection with hFBX0O32°73% increase the ability to degrade extracellular matrix
by gelatin degradation assay. | expected to observed to observe Paxillin and Cortactin
colocalization in invadopodia formation. These tests can be paralleled with ongoing cell insert to
demonstrate how FBX032°73% potentially led to melanocyte invasion.

2C13% we observed an

Amongst the evidence in cell transformation in response to FBXO3
increased number of melanocytes in both in vivo and in vitro assays. | started to analyze cell
density at differential time points, but again, due to the lockdown during the COVID-19 pandemic,
my experiments were stopped dramatically without the possibility of conducting these critical
experiments. It would be essential to assessed the ability of FBX032°*% to stimulate cell
proliferation to understand the obtained results fully. | propose to assess a cell proliferation assay
using Ki67 expressed through the activate cell cycle (G1, G2, S, and M phases) or Phospohistone-
H3 specific mitosis marker to measure proliferation in control and experimental conditions. |
expect to observe accumulation of Ki67 or Phospohistone-H3 markers in both dsFBX0O32 and

hFBX032°73% and normal accumulation in control with recovery in hFBXO32 WT cells.
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Movie 1. Cell dynamics from during 24h isolated from control skin
explant
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9.6 FBXO32 induces cytoskeleton remodeling

Cell migration is a complex process involving cell adhesion, protrusion, and contractility. It
requires cell polarization and extension of protrusions and adhesion at the leading edge,
coordinated with the disassembly of adhesion at the rear end of the cell (Lépez-Colomé et al,
2017). Focal adhesion is robust and requires stable ECM contacts with cytoskeletal contractile
stress fibers. Paxillin is a main component of focal adhesion, which functions primarily as a
scaffolding protein for the assembly of the multi-protein complex to facilitate intracellular
signaling (Brown & Turner, 2004; Deakin & Turner, 2014). Paxillin contributes to cell migration by
maintaining the coordination of cell assembly and disassembly and the front and at the rear,
respectively, by regulating focal adhesion dynamics (Webb et al., 2004). Data present herein reveal
additional roles of FBXO32 in focal adhesion disassembly in protrusive regions of the cells,
significantly impaired in FBXO32 transfected cells. Our results highlight the role of FBXO32 as a
mediator of focal adhesion formation. However, how the increased phospho-paxillin localization
in the leading edges of FBXO32¢3% contributes to the cell migrations as aggregates is unclear.
One way to explain an increase in the formation of focal adhesion is that paxillin is essential for
the activation of focal adhesion pathways. To test this idea, we could study focal adhesion
assembly, important in cell migration, by characterizing the FAK-Scr complex in the adhesion
turnover by cell culture immunolabeling.

Moreover, we analyzed the topography of actin filaments by using a Phalloidin labeling, at the
cellular level. My results indicate disruption of cytoskeleton organization in the overexpressed
FBX032%"3% cells leading to actin remodeling from stress fiber to edge ruffling. Actin filaments
drive the extension of lamellipodia flat protrusions and filopodia to push the membrane
(Ciobanasu et al., 2012). We assume that the filopodia shortening happened because FBX032¢73%
induces actin dynamics disassembly and the focal adhesion turnover (initiated by the study of
paxillin). These defects could account for the back migration of the melanocytes observed in the
dermis of the skin explant system.

9.7 FBX0O32°"*% unfolds novel targets in melanocyte transformation

Few melanoma genes associated with childhood melanoma (first identified in adults) are
implicated in the signaling pathways that control proliferation genes (BRAF, NRAS) (Charbel et al,,
2014; Kinsler et al., 2013), growth and metabolism (PTEN) (Lu et al., 2015), cell cycle (CDKNZ2A)
(Berg et al., 2004; Goldstein et al, 2018; Lu et al., 2015; Markovic et al, 1997), telomere
maintenance (TERT) (Lu et al, 2015), and DNA repair (BAPT) (De La Fouchardiere, 2017; de la
Fouchardiere et al,, 2015). To investigate whether FBX032°73% could regulate common childhood
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melanoma genes, we performed a gene-level exploratory analysis of gene enrichment profile from
our RNAseq data in both TNC and CNC experimental series. Our research in CDKNZA
demonstrated, as expected, no gene alterations due to FBXO3Z2 silencing or overexpression.
Indeed, in cases of childhood melanoma, CDKN2A mutations have been reported to be rare, and
no CDK4 mutations have been reported (Berg et al., 2004; Rabbie et al., 2017). Unexpectedly, we
detected downregulation of CDK6 in hFBX032°73%, Genomic signatures of CDK6 in childhood
melanoma have never been described. In addition, overexpression experiments with FBXO32 WT
and hFBX032°73% showed downregulation of the cell cycles genes BRAF and the tumor suppressor

PTEN involved in early-onset melanoma. How does FBX032¢73%

regulate its level of transcription?
To answer this question, we could further validate our results obtained by other transcriptomic

analyses such as RT-qPCR.

It is possible that other significant melanoma predisposing genes may influence the risk of disease
in children-adolescent. The germline mutations of BAP1 predisposition occur mainly in adults.
Despite this, carriers frequently develop benign BAP1 inactivation melanocytic nevi during
childhood (de la Fouchardiére et al., 2021). In the analysis of gene-gene interaction, our results
demonstrated that FBX032°3% is implicated in the differential enrichment of BAP1. Specifically,
FBX032°73% downregulated BAPT in both TNC and CNC. The BAPT gene encodes a nuclear
deubiquitinate enzyme that acts as a tumor suppressor gene by the allelic "double hit" model of
A. Knudson (Berger et al.,, 2011; de la Fouchardiere, 2017; Goldstein, 2011). We can assume the
synergistic post-transcriptional competition of FBXO32 and BAPT in the ubiquitination system.
While ubiquitination has long been associated with the degradation of membrane proteins by
internalization and redirection to the proteasome, it is now known that the
ubiquitination/deubiquitination switch is involved in many areas of cell regulation ranging from
DNA repair or genome transcription to cell cycle progression, as well as other functions (stress
response, apoptosis, differentiation, intercellular communication). In conclusion, we identified
novel transcripts of FBXO32: ASIP and BAP1 to be involved in melanogenesis and post-
transcriptional regulation (Figure 9.1). Demonstrating a synergic relation between FBX0O32 and
BAP1 is a very promising line of research that deserves to be further pursued and analyzed, both
in our functional models, and on tumor-derived tissues.
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BAP1 post-transcriptional regulation .
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9.8 Is FBX0O32 a TSG in childhood melanoma?

De novo mutations are a significant cause of severe early-onset genetic disorders (Acuna-Hidalgo
et al., 2016). Our initial observation was that childhood melanoma does not have a familial
predisposition to melanoma. This idea hints at analyzing carriers by WES in non-inherited
childhood melanoma to identify de novo mutations. My research project precisely studies the role
of the gene FBX0O32 during embryonic melanocyte development. My results bring FBXO32 as a
new candidate gene into the spotlight genomic landscape on this rare disease. We present a novel
mechanism in which the inhibition of FBXO32 modulates melanocyte transformation. Now, we
wondered if FBXO32 could act as a TSG in childhood melanoma. The reasoning behind this notion
is that we observed phenotypic and transcriptional changes when the expression level of FBXO32
is downregulated and overexpressed with the specific variant, p.G193S. Our in vivo at TNC and
CNC and the in vitro skin explant and cell culture analysis showed that when FBXO3Z2 is
downregulated, occurs a detrimental effect on the melanocyte lineage. To prove the concept of
FBXO32 as a tumor suppressor gene, we need to analyze the haploinsufficiency by monoallelic
deletion (e.g., methylation) for inactivation of both alleles, according to Kudson'’s two-hit model
hypothesis.

As described, FBXO32 can act as both oncogene and TSG, depending on the cell lineage: as TSG
in ovarian (Chou et al., 2010; Mei et al., 2015), colorectal carcinoma (Yuan et al., 2018), breast
cancer (Zhou et al., 2017) an oncogene in breast cancer (Sahu et al., 2017). Significantly, enhanced
degradation of TSG due to dysfunction of the ubiquitin proteasomal pathway or aberrant
expression of E3 ligases may be associated with tumorigenesis (Singh Tekcham et al., 2020). In
this project, we propose FBXO32 as a TSG in the onset of melanoma during the malignant
transformation of melanocytes (e.g., cell malignancy proliferation, possible invasion).

This dissertation contributes to shed a light on a novel interplay between upstream regulation of
de novo candidate gene FBXO32 in ASIP and BAP1. It combines in vivo and in vitro developmental
analysis to understand the role of this variant in melanoblast/melanocyte lineage originating from
the NC. Based on the evidence in which accumulation of eumelanin results in inhibition of FBXO32,
we investigated the possible mechanism involved, which resulted in the downregulation of AS/P.
Furthermore, we found the post-transcriptional gene BAPT downregulation by FBXO32 inhibition.

My research contributes to the knowledge of FBXO32 in the childhood melanoma field. To this
end, the detection of the variant, p.G139S established a genetic diagnosis that can provide a future
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prognosis based on data from other patients with similar mutations and, in the future, develop
and apply the treatment.
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10 Conclusion

During this PhD research project, we have contributed to understanding the biological role of the
de novo candidate genes in childhood melanoma. The research project present here uses the chick
embryo as an animal model pertinent for studying genes inactivation or overexpression during
NCCs development; we also set up original ex vivo models which are relevant to the
developmental context of childhood tumorigenicy. Since childhood melanoma lesions often
appear at the extremities, we took advantage of the neural crest differential capacities at both
CNC and TNC levels to test the biological effect of FBXO32. We have recapitulated gene silencing
of de novo variants at different development stages, and | have demonstrated that at least
FBX032%'3% has a potential role in triggering melanocyte transformation, as | showed not only by
(n vivo and in vitro analysis at two developmental stages but also cellular level through in vitro
cell analysis. | have demonstrated that FBX032°73% is involved in cytoskeleton remodeling at
protrusion formation and focal adhesion disassembly, potentially inducing melanocyte invasion.
Finally, | propose a new network between FBXO32 - ASIP in eumelanogenesis and FBXO32 - BAP1
in the post-transcriptional ubiquitination proteasome system.

Childhood melanoma is a rare disease, and the current knowledge is based on the adults’ genetics.
The treatment of children and young adults does not rely on specific guidelines generally, young
patients follow the same principles as adults (Ferrari et al., 2021), but the issue concerns the limited
access to clinical trials and new drugs, which have been shown to alter the natural history of
advanced melanomas dramatically. In the melanoma field, my research project is the first
functional analysis to date to understand the mechanisms underlying melanocytic oncogenesis in
children by functional analysis. We demonstrate the potential role of FBXO32 to triggers
melanocyte development. These results will be essential for identifying new biomarkers and could
help in designing innovative therapeutic pipelines for pediatric melanoma.
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11 Supplementary information

We further analyzed gene enrichment between the silencing of FBXO32 versus controls and the
correlation between the rescue with the hFBX032°73% versus hFBXO32 WT in our RNA-seq data
mining. We have done an exhaustive gene analysis screening from all gene in which we selected
in total 1757 out of 19505 genes based on gene enrichment regarding proliferation and cell cycle
(Figure S11.1), extracellular matrix (Figure S$11.2), angiogenesis (Figure S11.3), apoptosis
(Figure S11.4), EMT (Figure S11.5), ADAMs genes (Figure S11.6), and metalloproteinases
(Figure S11.7), and gene involve in signaling pathways during development (Figure S11.8),
Moreover, we detected unexpected targets as keratins (Figure $S11.9-10) and realising hormones,
surprisingly involve in melanoma (Figure S11.11).
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Figure S11. 6 Differential genes enrichment involved in disintegrant and
metalloproteinase (ADAM)
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Figure S11. 8 Differential genes enrichment involved in developmental signaling
pathways
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Figure S11. 9 Unexpected differentially expressed keratins genes
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Figure S11. 10 Unexpected differentially expressed keratins genes
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