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ABSTRACT

The identification of diverse target genes involved in cancer progression is crucial to
decipher the mechanisms underlying cancer and to develop effective targeted treatment
therapies. LncRNAs (long noncoding RNAs) are molecularly similar to messenger RNAs but
lack protein-coding potential. Their deregulation and misexpression as well as the presence of
mutations in IncRNA loci have been linked to diseases including cancers. Like protein-coding
genes, vertebrate IncRNAs can be conserved at multiple levels (sequence, expression pattern,
genomic position or synteny). In contrast to only 2% sequence conservation, more than 35%
of zebrafish IncRNAs are conserved at the syntenic level to human, indicating an evolutionary
pressure to preserve IncRNA position in the genome. To assess if positional conservation is a
predictor of functional conservation, I implemented a reverse genetic screen assaying the role
of IncRNAs in melanoma development using zebrafish, an optimal oncology model with
multiple skin genetics, histological and physiological similarities with human.

Using CRISPR-Cas9 genome editing technology to generate syntenic IncRNA
zebrafish loss of function mutants, I profiled the impact of IncRNA loss on melanoma
induced by the human NRAS®'* oncogene and in human melanoma cell xenografts. Among
six candidate IncRNAs, we identified menhir (MElaNoma HIndrance long noncoding RNA)
as a melanoma tumor suppressor. menhir zebrafish mutants display impaired melanoma
aggressiveness characterized by (1) accelerated tumorigenesis, (2) decreased mutant survival,
(3) increased melanoma severity and (4) increased metastatic potential due to a higher
permissiveness to melanoma cell invasion. To assess if the tumor suppressor function of
zebrafish menhir is conserved throughout evolution, the human putative ortholog of menhir
called CASCI15 (Cancer Susceptibility 15) was expressed in melanocytes of the zebrafish
melanoma menhir mutant. Despite lack of sequence conservation, CASCI5 expression
mitigated the mutant menhir melanoma phenotype as evidenced by reduced melanoma
progression, decreased tumorigenesis and enhanced survival of zebrafish affected with
melanoma.

Thus, our results identify a novel melanoma tumor suppressor IncRNA and show that
conserved genomic location of IncRNAs can be used to posit functional conservation in

vertebrates.



RESUME (Version courte)

L’identification de divers geénes cibles impliqués dans la progression cancéreuse est
cruciale afin de décrypter les mécanismes sous-jacents au cancer et de développer des
stratégies thérapeutiques efficaces. Les IncARN (longs ARN non codants) sont similaires aux
ARN messagers d’un point de vue moléculaire, mais ne présentent pas de potentiel codant
pour des protéines. Ils sont fréquemment dérégulés et mutés dans de nombreux types de
cancers. Tout comme les génes codants pour des protéines, les IncARN des vertébrés peuvent
étre conservés a plusieurs niveaux: séquence, profil d’expression ou position génomique
(synténie). Seuls 2% des IncARN du poisson zebre présentent une préservation de séquence
avec ’homme, tandis que plus de 35% sont conservés au niveau synténique, indiquant la
présence d’une pression évolutive préservant la position génomique des IncARN. Afin
d’évaluer si ce phénomene synténique peut prédire la conservation fonctionnelle des IncARN,
j’ai établi un criblage génétique inverse évaluant le role des IncARN dans le développement
du mélanome. Ces études ont été effectuées chez le poisson zebre, un modele animal
présentant de multiples similarités génétiques, histologiques et physiologiques avec la peau
humaine.

En utilisant la technologie d’édition du génome CRISPR-Cas9 pour générer les lignées
de poissons zebres mutants pour une sélection de 6 IncARN candidats, j’ai mesuré I’impact de
la perte de fonction de ces IncARN sur la progression du mélanome, induit chez le poisson

SY9!% et la xénogreffes de cellules de

z¢bre via D’expression de ’oncogeéne humain NRA
mélanome humain. Lors de cette étude, j’ai identifié menhir (MElaNoma HIndrance long
noncoding RNA) comme un géne suppresseur de tumeur dans le mélanome. En effet, les
poisson zebres mutants pour menhir présentent une altération de 1’agressivité du mélanome
caractérisée par (1) une augmentation de la tumorigenese, (2) une baisse de la survie, (3) une
augmentation de la sévérit¢ du mélanome et (4) une augmentation du potentiel métastatique
due a une plus grande permissivité¢ a I’invasion des cellules du mélanome. Afin d’analyser si
la fonction anti-oncogéne de menhir est conservée dans 1’évolution, nous avons exprimé
I’homologue humain CASCI15 (Cancer Susceptibility 15) dans les mélanocytes des poissons
z¢bres mutants pour menhir affectés par le mélanome. Malgré I’absence de conservation de
séquence, ’expression de CASCIS5 atténue le phénotype d’agressivité du mélanome des

poissons mutants pour menhir, entrainant une diminution de la progression du cancer, de la

tumorigenc¢se et une amélioration de la survie des individus mutants affectés par le mélanome.



Par conséquent, mes résultats identifient un nouveau IncARN suppresseur de tumeur
dans le mélanome et montrent que la conservation de position génomique peut étre corrélée

avec une conservation de fonction.



ABSTRACT (Mainstream)

Long noncoding RNAs (IncRNAs) are genes that do not encode for proteins and are
often misregulated in human cancers, such as melanoma, a skin cancer responsible for the
death of 50 000 people every year. However, the precise roles of IncRNAs during cancer
development and progression remain largely elusive. Zebrafish is an experimental model that
can mimic closely human melanoma progression through expression of a mutated transgene
or grafts of human melanoma cells.

During my thesis, I have profiled the impact of several IncRNAs on melanoma
progression at the organismal level and identified a IncRNA with a tumor suppressor function.
Indeed, melanoma is more aggressive in zebrafish that lack this IncRNA. Furthermore,
expression of the human putative ortholog IncRNA in the zebrafish mutant slows down
cancer progression, demonstrating that the role of this IncRNA is conserved throughout
evolution.

Taken together, my study identified the first IncRNA with the in vivo tumor
suppressor function in melanoma development presenting a promising therapeutic target for

melanoma treatment.

RESUME (Grand public)

Les longs ARN non codants (IncARN) sont des geénes ne codant pas pour des
protéines qui sont fréquemment dérégulés dans les cancers humains, comme le mélanome, un
cancer de la peau responsable du décés de 50 000 personnes par an. Toutefois, le role précis
des IncARN dans le développement du cancer reste méconnu. Le poisson zeébre est un modele
d’étude qui permet de reproduire fidélement la progression du mélanome grace a des
mutations ou des greffes de cellules de mélanome humain.

Lors de ma thése, j’ai analysé 1’impact de plusieurs IncARN sur le développement du
mélanome a I’échelle de I’organisme entier et identifi¢ un IncARN ayant une fonction de
suppresseur de tumeur. En effet, le mélanome est plus agressif chez les poissons zébres
mutants n’exprimant pas ce géne. J’ai également observé que 1’expression du IncARN humain
chez le poisson mutant ralentit la progression du cancer, démontrant que le rdle de ce geéne est

conservé dans 1’évolution.



Ce projet a donc permis de découvrir un nouveau gene suppresseur de tumeur ayant un

fort potentiel thérapeutique pour le traitement du mélanome.






PREAMBLE

Long noncoding RNAs (or IncRNAs) have emerged as dynamic players of gene
regulation. From Drosophila to human, several IncRNAs have been reported to modulate
gene expression at both the transcriptional and post-transcriptional level. Although the
important roles of a handful of IncRNAs have been shown in vivo, the function of the
majority of IncRNAs remains elusive. We recently demonstrated that sequence conservation
throughout evolution, although limited to less than 5% of vertebrate IncRNAs from zebrafish
to mammals, can be used to identify functional IncRNAs among the thousands of annotated
vertebrate IncRNA genes. However, compared to sequence conservation, a much larger
cohort of vertebrate IncRNA genes is conserved at the level of genomic position, also known

as synteny.

The broad aim of my thesis was to investigate if syntenic conservation could be used
as a determinant of vertebrate IncRNA functional conservation. Using zebrafish as a
vertebrate model, I report in Chapter 1 the characterization of the in vivo roles of a set of
IncRNAs in development and disease using a collection of zebrafish IncRNA mutants I
generated using CRISPR/Cas9 genome editing. Using melanoma as a phenotypic read-out, |
demonstrate that the zebrafish menhir/human CASCI5 IncRNA reduces melanoma
aggressiveness, thus reporting the first melanoma tumor suppressor IncRNA characterized in
vivo. 1 also show that the disruption of the two zebrafish PV'TI IncRNA syntenic homologs
leads to developmental defects and demonstrate a compensatory mechanism for their action.
In Chapter 2, I detail the multiple approaches I developed to inactivate IncRNA genes in
zebrafish and elaborate on the innovation of a minimally invasive method to inactivate

IncRNASs in vivo.

Together, my work has deepened our functional knowledge of a set of syntenic
IncRNAs, revealing the first in vivo vertebrate IncRNA tumor suppressor, and has shown that

synteny can indeed be used to inform conserved function among vertebrate IncRNAs.






Chapter 1: Conserved functions of rapidly evolving long noncoding RNAs

INTRODUCTION

I. Long noncoding RNAs as key players of gene regulation

a. Noncoding RNAs challenge the central dogma of molecular biology

Five years after establishing the double helix structure of DNA, Sir Francis Crick
postulated the basis for molecular biology’s central dogma: “DNA makes RNA makes
protein” (Crick 1966). Together with his Sequence hypothesis, Crick suggested that nucleic
acids serve no purpose other than to code for Amino-Acids and that proteins are the essential
component of life. RiboNucleic Acids (RNA) had been suggested to be functional by Jacob
and Monod in the early 60s, even though the RNA molecule was not yet biochemically
identified (Jacob and Monod, 1961). The emergence of the G paradox (the inconsistency
between the number of protein-coding genes and the level of organism complexity) and the
discovery that a significant part of the genome does not code for proteins (“originally termed
junk DNA”), together suggested an additional, nonprotein-coding purpose for nucleic acids
(Riddihough, 2005). More recent advances in whole genome sequencing methods have
revealed that although 70 to 90% of the genome is pervasively transcribed, only 1,5-2% of the
human genomic sequence code for exons of protein-coding genes, (Derrien et al., 2012;
Necsulea et al., 2015; Ulitsky et al., 2011; Glusman et al., 2006), delineating clearly the
breadth of the noncoding RNA world.

Noncoding RNA genes (ncRNAs) produce a diversity of transcripts that can be
grouped into several families according to their size (Amaral and Mattick, 2008; Pauli et al.,
2011) : the small ncRNAs (<50 nucleotides), the intermediate ncRNAs (between 50 and 200
nucleotides) and the long noncoding RNAs (IncRNAs) that are longer than 200 nucleotides
(nt). The biological importance of many small and intermediate ncRNAs has been shown in
fundamental cellular processes, such as the role of ribosomal RNAs (rRNAs) and transfer
RNAs (tRNAs) in protein translation and the gene regulatory function of microRNAs

(miRNAs). However, the role of the majority of IncRNAs remains elusive.



b. What are long noncoding RNAs?

Long noncoding RNAs (IncRNAs) are a large and heterogeneous family of trancripts
that, similar to messenger RNAs, are transcribed by RNA polymerase II, capped, spliced and
poly-adenylated (Ulitsky and Bartel, 2013). They, however, have little or no protein-coding
potential (Iyer et al., 2015) and, as such, are often not predicted as genes through classic
genomic transcription footprinting investigations (Glusman et al., 2006).

It has been proposed that IncRNAs originate from multiple mechanisms such
as pseudogenization of protein-coding genes, gene duplication, bidirectional transcription and
de novo formation derived from Transposable Elements (TE) (Kapusta and Feschotte, 2014;
Ulitsky, 2016). Transposable Elements are characterised by their mobility and their ability to
modify the genetic environment of their insertion locus, making them a major source of
evolutionary variability (Hua-Van et al., 2011). Indeed, a large proportion of human IncRNAs
are TE derived (Ulitsky, 2016). This phenomenon has been observed in other vertebrates, as
TEs are present in the majority of vertebrate IncRNAs, with some IncRNAs such as UCA1
being entirely composed of TEs (Ganesh and Svoboda, 2016; Wang et al., 2008). TEs
influence IncRNAs in multiple ways, from acting as tissue-specific promoters (Davis et al.,
2017) to contributing to secondary structure formation (Kapusta et al., 2013), or promoting
IncRNA plasticity and sequence diversification (Ganesh and Svoboda, 2016).

A common feature of IncRNAs across a variety of organisms is their relative low
expression levels and high organ and tissue specificity (Kaushik et al., 2013; Necsulea et al.,
2015). The differences in genetic and epigenetic signatures of protein-coding and IncRNA
genes, such as differential CpG enrichment and transcription factor binding sites (TFBSs) in
the gene promoters (Alam et al., 2014), contribute to the low and tissue-specific expression of
IncRNAs. Despite their low expression, IncRNA transcription is actively regulated. Indeed,
there are several reports of regulatory loops between IncRNAs and important transcription
factors (such as the SOX or HOX families) (Alam et al., 2014). Moreover, TFBS sequences
are generally more conserved throughout evolution in IncRNA promoters compared to those
in intergenic regions and even in some protein-coding sequences (Necsulea et al., 2015).

Although no formal functional classification has been established for IncRNA loci,
they can be subdivided in categories according to their genomic location (bidirectional; sense
or antisense to protein-coding genes; intronic; intergenic) (Mallory and Shkumatava, 2015).
In addition, it has been observed that IncRNAs are often transcribed as multiple isoforms,

with alternative Transcription Start Sites (TSSs), several splicing variants and alternative

10



cleavage and polyA signals (ATAs) (Ziegler and Kretz, 2017) from scattered genomic loci
that overlap with other coding/noncoding genes or DNA regulatory motifs. Thus, the
complexity of the genomic locus and the identity of the transcripts produced both have to be

considered when aiming to inactivate a IncRNA.

¢. LncRNAs show multiple layers of conservation throughout evolution

[ 1] M ..
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Figure 1: The multiple layers of IncRNAS conservation

LncRNAs can be conserved at different levels including sequence conservation, Phastcons plots
(green) relative to the mouse locus are based on a 6-genome alignments and indicate the location of
the conserved sequences (1), RNA splicing pattern and exon/intron proportion preservation (2),
similar RNA expression pattern in different organisms (Pictures from Schubert et al, 2014) (3),
conservation of the secondary structure of the mature transcript (4), and syntenic conservation
(IncRNA genomic position and transcriptional orientation relative to adjacent genes indicated in

brown, orange and grey) (5).

For protein-coding genes, functionality is often predicted and confirmed through the
analysis of conserved evolutionary features. Although IncRNAs have been shown to evolve
more rapidly than protein-coding genes (Kapusta and Feschotte, 2014), the same predictive
strategies can be informative for noncoding transcripts. Indeed, both genic and transcriptomic
analyses from multiple vertebrates have highlighted the conserved features of several

IncRNAs illustrated in Figure 1 (Amaral et al., 2018; Hezroni et al., 2015; Necsulea et al.,
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2015; Ulitsky et al., 2011). For example, the transcription status and splicing pattern of
IncRNAs are often conserved at levels higher than for intergenic DNA (Hezroni et al., 2015;
Ulitsky, 2016). In addition, despite low sequence conservation throughout the length of
IncRNAs, although rare, they can have short patches of sequences conserved between
organisms of the same clade, principally localised to exons and splice sites (Ulitsky, 2016).
This observation together with the sequence polymorphisms and genetic drift observed for
long intervening noncoding RNAs within the human population, indicate that IncRNA
sequences are under generally low evolutionary constraints compared to protein-coding genes
(Haerty and Ponting, 2013; Kapusta and Feschotte, 2014). These results suggest that
additional features contribute to IncRNA function and lend to the notion that a fraction of
IncRNAs has species-specific functions or may not be functional.

It is reasonable to hypothesize that the biochemical activity of a fraction of IncRNAs may
depend on their 3D structure rather than their nucleic acid sequence. Indeed RNAs are highly
dynamic and motile molecules, and some IncRNAs display conserved secondary structure.
For example, the Drosophila roX transcript displays secondary structure preservation, as both
Drosophila melanogaster isoforms roX1 and roX2 share loop structures ((Ilik et al., 2013)
that are conserved with other Drosophila species separated by 40 million years (Quinn et al.,
2016). However the level to which conserved IncRNA structural features contribute to their
function is largely unknown primarily because existing RNA structure prediction tools are
noisy and often generate false positives. In addition the in vitro techniques to analyse RNA
secondary structure, such as SHAPE (Selective 2’-hydroxy acylation analysed by primer
extension), lack power when nothing is known about the transcript 3D structure (Kapusta and
Feschotte, 2014)..

As discussed earlier, many IncRNAs have highly specific expression patterns with a
predominant expression in the germ line (Ulitsky, 2016). It has also been reported that the
specific expression pattern of some IncRNAs is conserved throughout evolution (Chodroff et
al., 2010), particularly among primates in which almost half of the investigated IncRNAs
display tissue expression conservation (Necsulea et al., 2015).

Another level of IncRNA conservation is the preservation of genomic position, also
known as synteny, and relative transcriptional orientation. The first syntenic IncRNA
described was mammalian XIST, which is conserved from human to mouse (Brockdorff et al.,
1991). Twenty years later, prevalent positional conservation from zebrafish to humans was
reported for a set of IncRNAs (Ulitsky et al., 2011). This set was further refined by the
Ulitsky lab (Figure 2), showing that 35% of zebrafish IncRNAs were conserved to human at

12



strictly the syntenic level (compared to only 2% at the sequence level) (Hezroni et al., 2015;
Ulitsky et al., 2011). Moreover, it has been reported that mammalian syntenic IncRNAs have
their position frequently associated with chromatin loop anchors and CTCF binding sites
(Amaral et al., 2018), suggesting that these loci may contribute to genome organizational
features. Furthermore, additional examples of syntenic IncRNA conservation have been
reported among plants (Mohammadin et al., 2015) and among different Drosophila species

(Quinn et al., 2016).

Altogether, these five conservation layers can be used to inform IncRNA functional
conservation predictions between organisms. These predictions can then be tested at the
organismal or cellular level by examining the phenotypic and molecular consequences of
IncRNA depletion or loss and by performing rescue experiments with syntenic orthologs.
Conservation can also be assayed by deciphering the molecular mechanism of action and

target gene repertoire of IncRNAs among different organisms.

M Synteny only
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Contra 1334 zebrafish IncRNAs
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Figure 2: IncRNA are more conserved at the synteny than sequence level (adapted from Hezroni et al,

2015)

A Number of IncRNA loci from different species syntenic (with or without sequence conservation)

with human IncRNA loci. Control numbers were generated by randomly placing the human IncRNAs
in intergenic regions, repeating the analysis ten times, and averaging the number of observed syntenic
relationships. B Number of IncRNAs annotated in zebrafish, and the conserved proportion between

zebrafish and human.
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d. The functions of IncRNAs in gene regulation

Although the role of most IncRNAs remains elusive, their initial functional
investigation started in the 90s and early 2000s with the analysis of the X inactivation related
IncRNAs Xist and Tsix (Maharens et al., 1997, Sado et al., 2001) and the imprinted genomic
loci associated IncRNAs Airn and Kcnglotl (Fitzpatrick et al., 2002; Sleutels et al., 2002),
establishing these chromatin-associated IncRNAs as “a rosetta stone for recent long
noncoding RNAs” (Nakagawa, 2016). Numerous possible functional mechanisms in gene
regulation inherent to the RNA molecule exist (Figure 3), each varying according to their
DNA, RNA or protein interacting partners. For example, when binding directly to DNA,
IncRNAs can participate to the formation of chromosome looping to induce short-range
interactions, such as R-loops (RNA-DNA hybrid genomic structures formed during
transcription) that regulate positively or negatively the adjacent protein-coding genes
(Villegas and Zaphiropoulos, 2015); or long-range interactions such as the formation of
RNA/DNA triplexes facilitating the recruitment of chromatin modifier complexes (Grote et
al., 2013; Joung et al., 2017; Lai et al., 2013; Werner et al., 2017). Indeed IncRNAs can also
guide chromatin modifiers or DNA methylase proteins to activate (Grote et al., 2013) or
repress (Ding et al., 2016; Marin-Béjar et al., 2013; Yap et al., 2010) specific genes. For
example, ANRIL interacts with PRC1 to promote H3K27 tri-methylation of the adjacent INK4
locus, inhibiting major tumor suppressor genes (Yap et al., 2010), whereas Fendrr recruits
methyl-transferase to promote cardiac gene activation in embryogenesis (Grote and
Herrmann, 2014; Grote et al., 2013).

By interacting with other RNA molecules, IncRNAs can alter mRNA structure, like in
the case of the IncRNA MALATI, which modulates mRNA alternative splicing (Tripathi et
al., 2010a), methylation status and subcellular localization (Yoon et al., 2013). LncRNAs can
also form mRNA-IncRNA duplexes to prevent mRNA decay by protecting the transcript from
miRNA mediated cleavage (Faghihi et al., 2008; Guil and Esteller, 2012). SPRIGHTLY
pseudoknotted secondary structure has also been reported to stabilize cancer related genes by
interacting with their premature mRNA intronic sequences (Lee et al., 2017). However certain
RNA/RNA interactions can rather promote mRNA destabilization as the STAUFEN1 protein
degrades RNA duplexes (Kim et al., 2005). LncRNAs can also interact with other noncoding
RNAs such as microRNAs (miRNAs). For example, the muscle specific linc-MD1 presents
multiple miRNA binding sites to miR133/miR135 and has been reported to compete with

miR133/miR 135 target genes and to attenuate miRNA repression mechanisms (Cesana et al.,
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2011). In addition, recent publications report that the noncoding portion of the transcript Nrep
and the IncRNA Cyrano modulate levels of mature miR-29 and miR-7, respectively, via
target-directed miRNA degradation (Bitetti et al., 2018; Kleaveland et al., 2018).

IncRNAs have also been shown to interact with proteins and modulate many of their
biological properties, such as their localization, stabilization, decoy, scaffolding and
enzymatic activities (Figure 3). Indeed, IncRNAs like SAMMSON (Leucci et al., 2016) and
MALATI (Tripathi et al., 2010) regulate subcellular localization of mitochondrial associated
p32 protein and splicing regulators, respectively. CASC15 has recently been reported as a
modulator of USP36 intranuclear localization, consequently affecting the ubiquitination and
degradation of the CHD?7 transcriptional co-factor (Mondal et al., 2018). Moreover, IncRNAs
often guide, recruit and/or promote the scaffolding of transcriptional regulators or chromatin
modifyers (Ding et al., 2016; Marin-Béjar et al., 2013; Mohammad et al., 2010; Schmidt et
al., 2016). LncRNAs can also cover protein functional domains, accountable for proteins
phosphorylation-mediated inactivation (PV71) or binding of specific DNA target (GASY),
therefore mediating protein stabilization (Tseng et al., 2015) or decoy (Kino et al., 2010).
Protein enzymatic activity and biological function can also be impacted by its interaction with
IncRNAs, such as IGF2BP1, which mRNA stabilization properties are promoted by the
oncogenic IncRNA THOR (Hosono et al., 2017); and DNA helicase DDXII, which presents
increased enzymatic and DNA binding capacities upon interacting with the CONCR transcript
(Marchese et al., 2016).

Thus, IncRNAs, through their highly dynamic and tissue specific properties, act at
several levels of gene regulation to promote precise, fast and low energetic cellular answers to

diverse stimuli or biological processes (Marchese et al., 2017).
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Figure 3: Diverse mechanisms employed by IncRNAs to regulate gene expression. (adapted

from Marchese, Raimondi and Huarte, 2017)

Nuclear specific mechanisms such as IncRNA transcription-dependent activation or repression of
neighbour genes (1), IncRNA-mediated inter-chromosomal interactions (2), formation of
paraspeckles/nuclear speckles (3) or R-loops (4), IncRNAs as guides (5) or decoys (6) of transcription
factors or as scaffolds for chromatin modifying complexes (7), and cytoplasmic specific mechanisms
such as IncRNAs acting as miRNA sponges (8), regulating post-transcriptional mRNA decay (9), or
impacting the cellular localization of RNA-binding proteins (RBPs) (10) or DNA-binding proteins
(DBPs) (11).
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II. The in vivo function of IncRNAs

a. LncRNAs have multiple developmental and physiological roles

Recently, more than 7 million diseases associated with single nucleotide
polymorphisms (SNPs) have been reported to be mapped within IncRNA loci (Miao et al.,
2017). There is however a weak correlation between abundant expression and phenotype
related to IncRNA inactivation (Ana Rita Amandio, 2016; EiBmann et al., 2012; Nakagawa et
al., 2012; Nakagawa, 2016; Zhang et al., 2012). Indeed, due to their highly restricted
expression, global high throughput analysis of IncRNA mutants might not be informative
enough to decrypt subtle phenotypes (Bassett et al., 2014), such as the retinal vascularisation
defects in Malatl knock-down (Michalik et al., 2014) or the hormonal defects and decrease in
milk producing cells in Neat! knock-out (Nakagawa et al., 2014; Standaert et al., 2014).

Examples of animal models presenting deleterious developmental, physiological or
behavioural phenotypes due to IncRNA inactivations are limited (Bassett et al., 2014; Perry
and Ulitsky, 2016, Bitetti et al 2018). A set of IncRNAs has been reported to be essential for
mouse development, although lethality is sex specific for two of them (Xist and Tsix
(Mabharens et al., 1997; Sado et al., 2001)) and partially penetrant for Peril, Mdgt (Sauvageau
et al., 2013) and Neat! (Standaert et al., 2014). Growth defects were also observed in mouse
mutants for IncRNAs Kcnglotl (Mohammad et al., 2010), Airn (Sleutels et al., 2002), Neat!
(Standaert et al., 2014), Lincpint (Lai et al., 2015), and Mdgt (Sauvageau et al., 2013).

Fendrr (Fetal lethal non-coding developmental regulatory RNA) is a mammalian
syntenic IncRNA whose loss leads to embryonic or perinatal fully penetrant lethality. In 2013,
Grote et al. characterised Fendrr expression in lateral plate mesoderm and its impact on
embryogenesis through generation of knock-down and knock-out mouse mutants. Although
shRNA knock-down individuals do not present any noticeable developmental defects, Fendrr
null allele mutants obtained with insertion of premature polyA signal resulted in fully
penetrant lethality at stage E13.75, due to ventricular and intra-ventricular myocard
hypoplasia along with omphalocele (ventral body wall thickness defect) (Grote et al., 2013).
Importantly, the lethality and developmental defects could be rescued through the
introduction of a Fendrr containing BAC clone, confirming that the observed phenotypes
were due to loss of Fendrr (Grote et al., 2013). Concomitantly, Sauvageau et al described

Fendrr broad expression pattern in adult tissue and observed perinatal lethality of knock-out
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mutants obtained through genomic replacement with lacZ reporter gene (Sauvageau et al.,
2013). Fendrr homozygous mutant pups died of respiratory failure due to lung hypoplasia and
intraventricular septal heart defects, but Sauvageau et al did not observed any protruding
omphalocele (Sauvageau et al., 2013). If Fendrr appears to be vital for mouse embryonic and
perinatal survival, its biological function in human has mainly been investigated in the cancer
field. Indeed, FENDRR expression appears to be correlated with good prognosis and reduced
malignancy of several cancers (Li et al., 2018; Kun-Peng et al., 2017; Xu et al., 2014).

LncRNAs have been described to be often expressed in neuronal tissues (Chodroff et
al., 2010; Kaushik et al., 2013), however only a few examples present characterization at the
organismal level. Lnc-Brnbl and Pnky are among the few transcripts for which precise
neuronal defects have been described in mutants; Inc-Brnb1 knock-out being characterised by
a reduction of neuronal intermediate progenitor cells and abnormal cortical lamination
(Sauvageau et al., 2013), whereas Prnky knock-down is characterised by increased neuronal
differentiation and a depletion of neural stem cells (Ramos et al., 2015). Other IncRNAs
mutants, such as Peril knock-out, present differential expression of several neurogenesis
markers, however precise IncRNA in vivo functions have not yet been identified.
Nevertheless, Peril partially penetrant lethality is supposed to be associated with brain
development (Sauvageau et al., 2013). Finally, IncRNAs do not only impact organism
morphology, as it has been reported that zebrafish /ibra IncRNA mutants present altered

behavior, which is conserved in mouse ortholog Nrep mutants (Bitetti et al., 2018).

b. Misregulation of IncRNAs in cancer

In addition to their known roles in development and physiological conditions,
IncRNAs are extensively investigated in oncology. Indeed, multiple IncRNAs are
misregulated in cancer and 11.75% of cancer SNPs are localised in IncRNA loci (Yan et al.,
2015). Several reviews report multiples IncRNAs associated with several types of cancer
(Aftab et al., 2014; Bhan et al., 2017; Richtig et al., 2017). LncRNAs even have a high
potential as cancer biomarkers or predictive outcome when detected in different patient
samples (urine, plasma, serum, whole blood, gastric juice, bone marrow and tumor) (Prensner
and Chinnaiyan, 2011; Bhan et al., 2017). In 2013, the expression of 10207 transcripts was
profiled in 1300 tumors including prostate and ovarian cancers, glioblastoma and lung

squamous cell carcinoma. These profiles are now used to predict IncRNAs tumor promoting
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or suppressing functions (Du et al., 2013). The cancer treatment field is always seeking for
new therapeutic targets to propose the best personalized treatment possible to each patient.
LncRNAs have a high potential for therapeutics, as it has been reported that changes in
IncRNA expression or sequence can alter cancer cells sensitivity to chemotherapy (Bhan et
al., 2017). Their therapeutic potential is currently tested through transcript destabilizations (by
siRNA, ASO, Gapmer of RNA destabilisation elements), alterations of IncRNA promoter
activity, or IncRNA-small molecule interactions and functional disruptions by aptamer

binding (Lavorgna et al., 2016; Matsui and Corey, 2016; Bhan et al., 2017).

¢. LncRNAs associated with melanoma progression

i. Description of cutaneous melanoma

Human skin, which represents 15% of the human body weight, can be affected by
three different types of cancer: squamous cell carcinoma and basal cell carcinoma that affect
skin keratinocytes, and melanoma (Hombach and Kretz, 2013). Melanoma is the cancer of
melanocytes, neural crest derived cells localised in the basilar epidermis, which produce and
distribute melanin pigments (see Figure 4). Melanoma can be divided in three subtypes:
mucosal melanoma, uveal melanoma and cutaneous melanoma (either chronically sun
damaged or not). Melanocytic neoplasm ranges from benign lesion (melanocytic naevus),
Stage I dysplasic naevus, stage II melanoma in sifu, and invasive melanoma characterised by
stage III metastasis deposit in local lymph node and stage IV distant metastasis (Shain and
Bastian, 2016). If stage I/Il melanoma can be easily treated by surgical approaches, metastatic
melanoma is highly lethal and its incidence increases by 3.7% each year (Sandru et al., 2014).
Invasive melanoma severity and outcome is variable according to the metastatic site, patients
affected by brain melanoma metastasis have a 7-fold higher risk of death than patients with
lung or lymph node metastatic melanoma.

The great majority of cancers originates from an ectopic activation of the MAPK
pathway, characterised by (1) activation of RAS (NRAS, KRAS, HRAS) proteins by the
growth receptor c-met or c-kit or by activating mutations, (2) activating phosphorylation of
the downstream mediators BRAF or CRAF, (3) phosphorylation and activation of MEK, then
(4) ERK proteins leading to (5) transcriptional activation of pro-growth signals (Figure 4A)
(Sullivan and Flaherty, 2012). MAPK activating mutations that drive melanoma present
different incidences (Figure 4B). Melanoma mutational status (Figure 4B) has been described

in The Cancer Genome Atlas database (TCGA), which regroups the RNAseq analysis of 333
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melanoma primary (20%) and metastatic tumors (80%) with their associated peripheral blood
and 14 other tissue (Akbani et al., 2015).

NRAS was the first melanoma oncogene identified in 1984 (Albino et al., 1984).
NRAS and BRAF mutant melanoma represent almost 80% of melanoma (Figure 4B), even
though intra-tumoral mutation status are often heterogeneous (Fedorenko et al., 2012). Stage
IV BRAF mutant melanoma and stage I to IV NRAS mutant melanoma present poorer
prognosis than Triple wild types melanoma (Sullivan and Flaherty, 2012). If BRAF mutant
melanomas are sensitive to MAPK and MEK inhibiting drugs. NRAS mutant melanomas
present unpredictable effects when treated with MAPK inhibitors , as % of patients develop
resistance to treatment and over-activation of the MAPK pathway (Sullivan and Flaherty,
2012).

Among NRAS mutations, there is a majority of alterations of the glutamine 61
(88,1%) impairing NRAS intrinsic catalytic activity, or of the guanine 12 (4,9%) where
NRAS become insensitive to GTPase deactivation (Grill and Larue, 2016). It has been
recently reported that NRAS®' and NRAS®'" present differential phosphorylation and
activation of target proteins. In cell lines, NRAS®'* clusters with PIM2 and PI3K/AKT
pathways, whereas NRAS®! interacts with CK20. and MAPK pathway (Posch et al., 2016).
Indeed NRAS®®' melanoma cell lines are more sensitive to CX4945 treatment, a drug
targeting CK2a proteins. This differential interaction could not be reported in human patients,

probably because of low number of NRAS®'? patients data available (Posch et al., 2016).
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Figure 4: MAPK and PI3K molecular pathways and melanoma mutational status and incidence

A Schematic of the Mitogen-Activated Protein Kinase (MAPK) and Phospholnositide-3-Kinase
(PI3K) and their activation of transcriptional program driving melanoma progression. B Melanoma

mutation status and incidence in human patients (Akbani et al., 2015).

ii. LncRNAs as a new target for melanoma understanding and treatment

One of the major characteristics of IncRNAs is their highly tissue-specific expression
profile (Kaushik et al., 2013; Necsulea et al., 2015) that can be also observed at the cellular
level within a tissue. Indeed skin IncRNA repertoires are different in the two cell types
composing the epidermis. LncRNAs ANCR and TINCR, respectively, regulate epidermis
maintenance and differentiation of keratinocytes progenitor cells (Kretz et al., 2012; Kretz et
al., 2012). However, these two transcripts are not reported to be expressed in melanocytes nor
to be misregulated in human melanoma patients.

Currently, 17 IncRNAs have been reported to be associated with melanoma in human
patients (Table 1). Melanoma IncRNA functions were mainly analysed in human cell lines
(CM Cutaneous Melanoma, UM Uveal Melanoma), except for ANRIL (Cunnington et al.,
2010; Yap et al., 2010), SNGH5 (Ichigozaki et al., 2015) and SPRIGHLTY (Khaitan et al.,
2011; Liu et al., 2016; Mazar et al., 2014; Zhao et al., 2016; Lee et al., 2017) that were

assessed in patient samples and plasma. Among IncRNAs with a potential function in
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melanomagenesis, THOR is the only one analysed in model organisms through genetic
deletion (Hosono et al., 2017), whereas genetic deletions have been also generated for
SLNCRI (Schmidt et al., 2016) and SPRIGHTLY (Mazar et al., 2014) in human cell lines. All
other melanoma associated-IncRNAs (Flockhart et al., 2012; Li et al., 2014) (Leucci et al.,
2016; Chen et al., 2016; Tang et al., 2013; Goeder et al., 2016; Wu et al., 2018) were
inactivated by transient knock-down approaches. Among the 17 reported candidates, 14
IncRNAs are upregulated in melanoma. PAUPAR is the only melanoma IncRNA reported to
be downregulated in melanoma (Ding et al., 2016), whereas CASC15 expression level differs
between cutaneous (up-regulated) and uveal melanomas (down-regulated) (Lessard et al.,
2015; Xing et al., 2017). Recently reported to be associated with melanoma, EMICERI
expression profile has not yet been characterised in melanoma human patients (Joung et al.,
2017). Among the IncRNAs listed in the Table 1, only four show conservation to zebrafish,
THOR (Hosono et al., 2017) and MALATI (Tian et al., 2014; Luan et al., 2017) presenting
extended patches of sequence conservation, and PVTI (Chen et al., 2017) and CASCI5
(Lessard et al., 2015; Xing et al., 2017) are syntenic IncRNAs with short stretches of sequence
conservation (Ulitsky lab; unpublished data).

Table 1: LncRNAs currently reported to be associated with melanoma in human patients

(updated from (Aftab et al., 2014); (Richtig et al., 2017))
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IncRNA

Model of investigation

Mutagenesis

Expression

Conservation

Role of IncRNA

References

ANRIL

BANCR

CASC15

EMICERI

GAS5

HOTAIR

LLME23

MALAT1

PAUPAR

PVT1

RMEL3

SAMMSON

SLNCR1

SNGH5

SPRIGHTLY

THOR

UCA1

Patient samples, Cell line

human CM cells A-375, 293,
SK-MEL-5, 1205Lu, UACC903, CHL-1
mouse xenograft

human and mouse CM cells WP, M16,
pMel NRAS(G12D), RKTJ-CB1
mouse xenograft
human UM cells MUM2B, CCM1

human CM cells A375

human CM cells A375, SK-MEL-110,
SK-MEL-28, M21

human CM cells A375

human CM cells YUSAC
mouse xenograft

human UM cells MUM2C
human CM cells A375

human UM cells MUM2B, CCM1,
OM431, 293T
mouse xenograft

hCM cells A375

human CM cells A375, MEL624
WM1356

human CM cells 501Mel, SK-MEL-28
mouse xenograft

human CM cells A375, WM1976,
WM1575

Patient serum

human CM cells WM1552C
human melanocyte HEM-1
Patient plasma, mouse xenograft

human CM cells MM603, SK-MEL-5

human LC cells NCI-H1437, NCI-H1299

mouse xenograft, zebrafish

human CM cells A375

Antisens transcript

shRNA

SiRNA,
overexpression

overexpression

siRNA

RNA interference

SiRNA,
overexpression

overexpression,
siRNA

shRNA,
Overexpression

siRNA

LNA, GapmeRs,
SiRNA,
overexpression

SiRNA,
Genetic deletion

overexpression,
SiIRNA,
Genetic deletion

SiRNA,
overexpression,
Genetic deletion

siRNA

Upregulated

Upregulated

Upregulated
Downregulated

Cell line specific

Upregulated in
metastasis

Upregulated

Upregulated

Downregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Sequence
conservation
with mouse

No conservation

Syntenic with
zebrafish

syntenic with
mammals

Sequence
conservation
with zebrafish

Sequence
conservation
with mouse

Syntenic with
zebrafish

Syntenic with
mouse

Syntenic with
rabbit and sheep

Syntenic and
sequence conserved
with mouse

Sequence
conservation
with mouse

Sequence
conservation
with zebrafish

SNP in 9P21 region increases melanoma risks. ANRIL represses the transcription of
CDKN2A/B which leads to cell cycle, migration and colony formation perturbation.

High levels of BANCR lead to increased migration (by targeting CXCL11) and proliferation.
BANCR expression directly correlates with tumor stage and indirectly with patient survival.

CASC15 expression correlates with tumor stage in cutaneous melanoma. It appears to
regulate melanoma phenotype switch between proliferative and invasive stages. In uveal
melanoma, CASC15 is anticorrelated with cancer progression through XIST activation

EMICERI down-regulation leads to melanoma cells increased resistance to BRAF inhibitor
drug vemurafenib through cis regulation of MOB3B kinase activator of the Hippo pathway

Malignant melanomas are due to special break points at 1p36 and at several sites
throughout Ap22-q21. GAS5 overexpression leads to reduced melanoma migration and
invasiveness (reduced MMP2 levels).

HOTAIR favors motility, invasion and metastatic potential of melanoma through
over-activation of MMP2/MMP9 basement membrane degradation

LLME23 promotes the expression of the proto-oncogenic RAS-related small GTPase
Rab23 through regulation of PSF binding

Possibly involved in cell proliferation and invasion. MALAT1 acts by targetting miR-202 in
cutaneous melanoma and miR-140 in uveal melanoma
(stabilising SLUG and ADAM10 expression)

PAUPAR is a tumor suppressor which reduces cell migration and metastasis. Its
overexpression in cell culture and mouse xenograft leads to reduced invasive capacities
through modulation of HES1 expression by inhibiting histone H3KA methylation

PVT1 level is associated with tumor presence in melanoma tissue and in patient serum.
It increases cancer invasion potential through MYC protein stabilisation.
PVT1 is a potential biomarker

RMELS3 depletion leads to decreased cell survival and proliferation in BRAFV600E
melanoma cell lines. lts strong correlation with PI3K genes alters cell cycles and apoptosis
regulation levels

Promotes cell viability and growth irrespective of melanomas mutational status. SAMMSON
interacts with p32 to increases mitochondrial targetting and pro-oncogenic function

SLNCR1 is associated with poor melanoma survival. It increases melanoma invasion by
transcriptionnally upregulating MMP9

Serum level reflects tumor bearing status of the patient but not the progression of the cancer

Regulation of cells viability apoptosis and melanoma cell motility. SPRIGHTLY is associated
with melanoma genesis, with patient higher tumor stage, worse prognosis and low survival

Ultra-conserved INncRNA associated with cancer proliferation phenotype due to
THOR-IGF2B1 interaction

Promotes invasion and cell proliferation

Yap et al, 2010;
Cunnington et al, 2010;
Xu et al, 2016

Flockart et al, 2012;
Lietal, 2014

Lessard et al, 2015;
Yue et al, 2017

Joung et al, 2018

Chen et al, 2016

Tang et al, 2013

Wu et al, 2013

Tian et al, 2014;
Luan et al, 2016;
Sun et al, 2016

Ding et al, 2016

Chen et al, 2016

Goeder et al, 2016

Leucci et al, 2016

Schmidt et al, 2016

Ichigozaku et al, 2016

Khaitan et al, 2011;

Mazar et al, 2014;

Zhao et al, 2016;
Liu et al, 2016

Hosono et al, 2017

Tian et al, 2014;
Wei et al, 2016
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d. Zebrafish model to investigate melanoma progression

Zebrafish, is an established model to investigate vertebrate embryogenesis due to its
external fertilization, its well-defined developmental stages and its transparent embryos
(Kimmel et al., 2004) Despite its whole genome duplication and 450 million years of
evolutionary distance with human (Hoegg et al., 2004), its anatomical, biochemical,
physiological and genetic properties are conserved to mammals, making zebrafish a good
model to investigate vascular, inflammatory and neurodegenerative human diseases (Schmid
and Haass, 2013) but also defining zebrafish as a useful oncological model (Etchin et al.,
2011). The first example of cancer induction in zebrafish was reported by Langenau et al. in
2003, which reproduces human T cell acute leukemia histopathology through overexpression
of the human c-myc oncogene (Langenau et al., 2003). Unlike xiphophorus fish (MeierJohann
and Schartl, 2006; Wellbrock et al., 2002), zebrafish do not develop spontaneously
melanoma, even though the inactivation of the chromatin modifier kdm2aa seems to be
sufficient to drive spontaneous tumorigenesis of different cancer subtypes, including
melanoma in a low number of zebrafish (8,4% on 7 to 28 months old individuals) (Scahill et
al., 2017).

i. Similarities between zebrafish and human skin

In human and in zebrafish, melanocytes are melanin producing cells originating from
the neural crest lineage (John, 1997; Shain and Bastian, 2016). In human, melanocytes
(around 1500/mm”* of human epidermis) divide once or twice a year and are localised in other
tissues than epidermis, such as skin hair, eye uveal tract, meninge and anogenital tract (Shain
and Bastian, 2016).

Zebrafish skin, like human skin, is divided into three layers: the stratified epidermis,
the dermis and the hypodermis (Figure 5). Unlike in human skin, zebrafish pigmentation is
located in the hypodermis and composed of three different types of pigmented cells, or
chromatophores, originating from the neural crest lineage (John, 1997). The melanophores are
the zebrafish melanin producing cells orthologous to the human melanocytes. The iridophores
are responsible for the silver-iridescent aspect of the zebrafish skin due to cytoplasmic
reflective platelets in different orientation (S and L types). The xantophore cells form
pterinosomes vesicles containing pteridin and carotenoid pigment of yellow-orange colors.
Several pigmentation mutants have been reported in zebrafish, involving single or several

chromatophores (John, 1997). Pigmentation deficient zebrafish lines, such as Casper, were
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engineered to create transparent adult zebrafish embryos to facilitate the in vivo imaging of
cellular processes at a whole organism scale (White et al., 2008).

Chromatophore cellular organisation of the zebrafish skin’s striped pattern has been
investigated with electron microscopy (Hirata et al., 2005; Hirata et al., 2003). Zebrafish skin
presents 4 longitudinal stripes composed of a single layer of 6 melanophores, associated with
thin iridophores stripes and scattered xantophores. Its interstripes are mainly composed of
iridophores and xantophores cells, and zebrafish non-striped skin (ventral) of iridophores with
scattered melanophores. Presence of pigmented cells (melanophores and xantophores) has
also been observed on the zebrafish mineralised collagenous cycloid scales, indeed scales
analysis and transplant are common techniques to investigate melanin-producing cells
behaviour in zebrafish melanoma research (Kaufman et al., 2016; Michailidou et al., 2009).
Despite differences in the organisation of pigmentation, human and zebrafish
melanocytes/melanophores present multiple histological and physiological similarities due to
their common neural crest cell origin and transcriptional programs (Barriuso et al., 2015;

Etchin et al., 2011; Yen et al., 2014)
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Figure 5: Schematics of the human and zebrafish skin

Human and zebrafish skin are structurally similar and are composed of three layers: epidermis, dermis
and hypodermis. Human skin is composed of only one type of pigmented cells, the melanocytes,

whereas zebrafish skin pigmentation is composed of xantophores, iridophores and melanophores.

ii. Strategies to investigate melanoma in zebrafish
The conserved melanocytes/melanophores properties make zebrafish a great model to

investigate melanoma at the organismal level. Four different methodologies have been
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reported in the zebrafish oncology field: (1) Forward mutagenesis due to N-ethyl-N-
nitrosourea mutagen agent (ENU) or retroviral and transposon insertion (Amatruda and
Patton, 2008; Amsterdam et al., 1999), which induce formation of leukemia, pancreatic
cancer, melanoma and rhabdomyosarcomas in zebrafish; (2) Reverse mutagenesis through the
creation of transgenic lines expressing human oncogenes (see below); (3) xenografts of
human/mice cancer primary cells or cell lines (see below) and (4) therapeutic/drug screens
(Etchin et al., 2011).
* Transgenic melanoma models in zebrafish

Several transgenic constructs have been reported to induce melanoma in zebrafish (see
Table 2). These constructs are composed of a zebrafish melanophore specific promoter, such
as microphtalmia associated transcription factor A (mitfa) or proto-oncogene receptor tyrosine
kinase A (kita), that will drive the expression of human oncogenes NRAS or BRAF (see
Table 2). In 2005, Patton et al reported the first example of the transgenesis inducing
melanoma in zebrafish (Patton et al., 2005). Insertion of the mitfa::BRAF"*°F in the zebrafish
genome lead to alteration of the pigmentation pattern in embryos and development of benign
naevi in 10% of adults. When inserted in a p53 defective background (missense mutation
(Berghmans et al., 2004)), mitfa::BRAF " leads to the formation of neoplastic naevi in
13,6% and malignant melanoma in 50% of 4 months old fish. Zebrafish melanoma tumors
were characterised as MAPK pathway over-activated tumors and were histologically similar
to human tumors (Patton et al., 2005).

Among other reported constructs, mitfa::NRAS®'®  requires p53 inactivation to
induce melanoma development (Dovey et al., 2009). HRAS®'? contruct is reported to be
sufficient to induce melanoma in zebrafish and activate MAPK pathway, even though
HRAS®"* does not drive melanomagenesis in human patients. Interestingly, the zebrafish kita
promoter appears to be more efficient than the mifta promoter to induce HRAS®'* melanoma
(Michailidou et al., 2009; Santoriello et al., 2010). Michailidou et al have described the
evolution of melanoma in injected zebrafish, from neoplastic lesion disturbing the striped
pattern to Radial Growth Progression (RGP) where melanoma cells expand in the connective
tissue and epidermis and Vertical Growth Progression (VGP) with formation of nodules,
tumoural hypoplasia and tumoural dysplasia (Michailidou et al., 2009).

Once melanoma driving potential of the different constructs had been characterised,
melanoma neural crest origin, its initiation process (Kaufman et al., 2016; White et al., 2011)

V600E

and the impact different genes were described in melanoma BRAF p53 deficient

individuals. SETDB1 has then been described to accelerate melanoma formation, and KIT
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tyrosine kinase receptor appears to modulate and slow-down BRAF"%"F

melanoma (Ceol et
al., 2011; Neiswender et al., 2017). Recently, a zebrafish melanoma transgenic model has also
been used to characterize the conserved oncogenic function of the IncRNA THOR (Hosono et

al., 2017).

* Xenografts of melanoma cells in the zebrafish

Metastasis is a significant cause of death in melanoma patients (Izraely et al., 2011).
The process of metastasis shares multiple cell motility mechanisms (cell migration and
adhesion behaviour, cortex rigidity, protrusion and actomyosin contractions) with the
embryogenesis of multicellular organisms. Therefore, several developmental models can
support investigation of precise mechanism reported in melanoma (Stuelten et al., 2018). The
metastatic process consists in (1) Loss of tumor cell epithelial polarity, (2) Breakdown of the
tissue architecture by highjacking tumor environment, (3) Breach of the basement membrane
by Matrix Metalloproteinases (MMPs, often associated with over-activation of PI3K
pathway), (4) Intravasation of tumor cells in the blood or lymphatic vessels, (5) Extravasation,
(6) Migration in the new tissue, (7) Expansion of the metastatic colony according to
environment permissiveness which can be associated with facultative (8) Angiogenesis
(Stuelten et al., 2018).

Numerous in vitro tests have been developed to analyse metastasis (wound healing,
transwell motility, invasion assay or hanging drop assay). However, they cannot assess
complex processes such as vessel intravasation/extravasation or take into account the intrinsic
biological properties of a living organism (Teng et al., 2013). Mouse metastatic models have
been used as an in vivo model to investigate metastasis through xenografts, but they present
several technical caveats such as the low size of cohorts, as immune-compromised mice are
expensive and require special facilities. Moreover, metastasis analysis in mice is a long
process which last several months and mouse models present inherent biological hindrances
to metastasis, such as their ability to fight metastatic process and their tissue deepness
(making it difficult to investigate early metastatic stages) (Teng et al., 2013).

With its transparency in adults (Akhter et al., 2016) and in embryos, zebrafish is an
optimal model to observe metastatic process using in vivo microscopy through
transplantations or xenografts of mammalian tumor cells. Moreover, while adult fish requires
preliminary irradiations of 20-25Gy to eliminate immune response to the xenograft (Taylor
and Zon, 2009), zebrafish embryos do not develop immune system until 11 dpf (day post-

fertilisation) and dispose of several alternative grafting sites (yolk, abdominal perivitelline
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space, pericardium) (Mimeault and Batra, 2013). Together with the high number of zebrafish
cohorts, transgenesis and chemical treatment properties, zebrafish has many advantages as a
metastatic melanoma model.

Several subtypes of cell lines and primary tumors (liquid or solid) have already been
reported to conserve their transcriptional patterns and invasive properties in zebrafish
xenografts (Teng et al., 2013; Fornabaio et al., 2018). Various metastatic processes have been
investigated and reported in zebrafish xenograft, such as angiogenesis where zebrafish
transplant appears to have similar potential as mouse model (Nicoli et al., 2007),
hyperplasia/malignant growth differentiation (Taylor and Zon, 2009), identification of cancer
stem cells and intra-tumoral heterogeneity (Fior et al., 2017), investigation of post-
transplantation tumor dissemination, migration and homing properties (Mimeault and Batra,
2013; Fornabaio et al., 2018), and cancer cell metastatic cooperation to enhance metastatic

potential of poorly invasive cells (Chapman et al., 2014).

iii. Human melanoma-associated IncRNAs with conserved evolutionary

features
Four melanoma-associated long noncoding RNAs are conserved between human and
zebrafish (Table 1). Their mechanisms and functions in melanoma and other cancers are

summarized below.

* Testis associated Highly conserved Oncogenic long noncoding
RNA (THOR)

The IncRNA THOR is a sequence-conserved transcript preferentially expressed in
vertebrate testis. THOR 1is overexpressed in multiple human cancers including lung
carcinomas and has been investigated in human melanoma cancer cell lines through knock-
down or knock-out, but also in vivo through xenograft in mouse metastatic model or
melanoma NRAS®®' transgenic zebrafish (Hosono et al., 2017). The THOR IncRNA interacts
with IGF2BP1 to regulate transcriptional levels of several genes, and presents an oncogenic
function conserved from human to zebrafish. THOR is the first example of a IncRNA with

conserved oncogenic function (Hosono et al., 2017).
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* Metastasis Associated Lung Adenocarcinoma Transcript 1
(MALATI)

MALATI is one of the most abundant and broadly expressed syntenic and partially
sequence conserved IncRNA (Ulitsky et al., 2011). Several mouse null allele of Malatl were
generated (EiBmann et al., 2012; Nakagawa et al., 2012; Zhang et al., 2012), however the only
phenotypic defect reported so far in Malatl”™ mouse is abnormal retinal vascularisation
(Michalik et al., 2014). In human melanoma patients, MALATI level increases with cancer
progression and its knock-down impairs melanoma invasive properties, suggesting an
oncogenic function of MALATI (Tian et al., 2014) that is conserved in other cancer subtypes
(Arun et al., 2016).

*  Plasmacytoma Variant Transcript 1 (PVTI)

PVTI is a known IncRNA oncogene owing to its many association and proximity to
MYC proto-oncogene genomic locus (Tseng et al., 2015). Several studies reported cis-
regulatory function of the PVTI transcript on adjacent MYC transcription (Werner et al.,
2017) or on stabilization of MYC protein levels (Tseng and Bagchi, 2015). Recently, it has
also been reported that sequences in the promoter of PV'TI interact with 58kb distant MYC
promoter, promoting MYC expression and cell growth (Cho et al., 2018; Liu et al., 2016).
Human PVTI locus generates almost 25 different RNA isoforms with distinct TSSs, splicing
patterns and ATAs, covering a large DNA locus and overlapping with several DNA
regulatory motifs (Werner et al., 2017). PVTI transcripts show conserved features, such as
sequence conservation of the first 3 exons in mammals and synteny in vertebrates (Hezroni et
al., 2015; Ulitsky et al., 2011). PV'T1 has been reported to act as a human oncogene in several
cancer subtypes, and recently as a melanoma progression biomarker (Chen et al., 2017;
Colombo et al., 2015; Liu et al., 2016; Zhou et al., 2016; Tseng et al., 2014; Zheng et al.,
2016).

*  CAncer SusCeptibility 15 (CASC15)

Human CASC15 is a mammalian sequence conserved (64% between human and mouse)
and vertebrate syntenic IncRNA locus. CASCI5 spans a large DNA locus adjacent to the
developmentally important transcription factor SOX4, where multiple IncRNA isoforms are
transcribed (with different TSSs, splicing patterns or ATAs). CASC15 has been involved in
cancer progression under different names (CANTI, Inc00340, Inc-sox4 or TLINC), however

its putative role is distinct according to cancer subtypes.
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CASC15 expression has been reported to decrease with neuroblastoma severity (Russell et
al., 2015), its knock-down and overexpression in neuroblastoma cell lines supporting its role
as a tumor suppressor through its interaction with ubiquitinase USP36 (Mondal et al., 2018).
Concomitantly, CASC15 levels have been shown to increase in cutaneous melanoma patients
where it has been proposed to play a role in the cancer proliferation to invasion switch
(Lessard et al., 2015), and has then been reported as a tumor suppressor in uveal melanoma
(Xing et al., 2017).

The tumor suppressor function of CASC/5 has yet been contested by several studies reporting
oncogenic function of the IncRNA when acting in cis to control adjacent SOX4 expression
(Chen et al., 2016; Fernando et al., 2017; Merdrignac et al., 2018; Wu et al., 2018). Therefore
CASCI5 might present distinct functions related to alternative isoforms or cancer subtypes,

thus its functionality remains elusive.

III.  Project objectives

Taking advantage of the conserved properties of the zebrafish model, the purpose of my
thesis is to investigate the in vivo function of syntenic IncRNAs and to determine if their
functions are conserved among vertebrates. Toward this end, I have generated zebrafish
mutants for a set of syntenic IncRNAs identified in Ulitsky et al., 2011 using CRISPR-Cas9
genome editing technology (Hwang et al., 2013) (detailed in Chapter 2). I have observed, like
reported in numerous studies on mammalian IncRNAs, that zebrafish IncRNAs are expressed
at low levels and primarily appear to be dispensable for the viability and fertility in standard
laboratory conditions. I have therefore investigated IncRNA functionality using specialized
phenotypic tests in zebrafish and by combining IncRNA mutations to attenuate putative
compensatory mechanisms. Generating a double knock-out for both isoforms of PVTI
orthologs, I have observed partially penetrant embryonic defects that will require deeper
characterization (detailed in Chapter 1, part II).

As zebrafish is an oncology model and IncRNAs appear to be frequently misregulated in
cancer, I have also assessed the role of six zebrafish IncRNAs in NRAS®"? driven melanoma
development (Chapter 1, part I). My results have brought into focus the tumor suppressor
function of Inc-sox4a or menhir (MElaNoma HIndrance long noncoding RNA) in zebrafish
NRAS®"? melanoma. Indeed, zebrafish menhir is conserved to human at several levels: the
menhir long isoform presents a 20bp stretch of sequence conservation with human CASC15

(Ulitsky lab; data not shown), is syntenic and shows a conserved expression pattern in healthy
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and tumoral tissues. The observed sequence conservation being specific to the first exon, it is
highly probable that the conserved 20bp motifs illustrate DNA regulatory element
conservation rather than RNA. My results also show that the menhir tumor suppressor
function is conserved throughout evolution in the absence of sequence conservation, as its

syntenic human ortholog CASC15 seems to be sufficient to rescue menhir mutant phenotype.

31



RESULTS

I. Assessing the impact of IncRNAs on melanoma development: the IncRNA

menhir/CASCI15 acts as a tumor suppressor in cutaneous melanoma

Because several of the selected IncRNAs have been reported to be associated with
melanoma in human patients, we investigated their oncogenic or tumor-suppressor potential
in melanomagenesis. The function of IncRNAs in cancer is often investigated in cell culture
and rarely in animal models, or in very specific physiological mechanisms (development,
behaviour, etc.) (Bassett et al., 2014). In order to assess the impact of IncRNAs on melanoma
aggressiveness at the level of the entire organism, we investigated the function of our

candidate genes in melanomagenesis in the zebrafish oncology model.

a. A small-scale reverse genetic screen for melanoma progression

While human and zebrafish share multiple similarities in melanocytes physiology and
genetics, zebrafish do not develop melanoma spontaneously (Patton et al., 2005; Scahill et al.,
2017). Melanoma development can be induced by expressing a melanoma oncogene in
zebrafish melanophores. Several constructs have been reported to drive melanoma
development in zebrafish, each having advantages and caveats (Table 2). We used a construct
expressing the G12D oncogene form of human NRAS under the control of the zebrafish
melanophores specific promoter mitfa. The G12D mutation in NRAS is associated with 3-4%
of human melanomas (Table 2), and has been reported to efficiently drive melanoma in a p53
wild type genetic background in zebrafish (unpublished data from Adam Hurlstone lab, UK).

The plasmid containing the mitfa::NRAS®'?P

transgene was kindly provided to us by Adam
Hurlstone (Manchester, UK). NRAS melanomas present fewer therapeutic solutions than
BRAF mutant melanoma (Johnson and Puzanov, 2015), as BRAF melanoma are more
sensitive to MAPK inhibitor (Sullivan and Flaherty, 2012). Thus, investigating the impact of
IncRNAs on NRAS“*" induced melanoma progression has the potential to identify new

therapeutic targets.
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Table 2: Different constructs used to induce melanoma in zebrafish

Transgene p53 status Prevalence in human References
mitfa::BRAF V600E mutant 34-44% Patton et al, 2005
mitfa:: GNAQQ209P mutant 20% in uveal and mucosal melanoma Mouti et al, 2016
mitfa::HRAS 612V wild-type driving melanoma in mice Michailidou et al, 2009

kita::HRAS ¢12v wild-type driving melanoma in mice Santoriello et al, 2010
mitfa::NRAS Q61K mutant 12-23% Dovey et al, 2009
mitfa::NRAS 612D wild-type 1-2% unpublished, Hurlstone lab

So far, only one IncRNA called THOR has been reported to impact melanoma
aggressivity in zebrafish (Hosono et al., 2017), with the oncogenic effect on melanoma. To
investigate the impact of IncRNAs on melanoma progression, I have injected the human
NRAS"*P expression construct (Figure 6A) into the one-cell stage wild type and IncRNA
mutant embryos. Embryos with Venus expression in the lens (encoded by the cyaa:venus
cassette in the expression construct; Figure 6A) were selected and the development of
melanoma was examined from week 5 to 21 (Figure 6B). As this procedure generates mosaic
animals by random insertion triggered by Tol2 transposase, the assay was conducted on a
minimum of 50 fish per condition.

We selected six IncRNAs to assess their oncogenic or tumor-suppressor potential, and
I monitored melanoma tumorigenesis in IncRNA deletion mutant fish (see Chapter 2, Table 5)
and their wild type siblings (Figure 6C). Neither Inc-myca™ nor Inc-mycb” (see Figure 17 for
description of the mutants), showed significant differences in melanoma tumorigenesis
triggered by NRAS®"?P compared to wild type. Likewise, no differences in tumorigenesis
were observed between wild type and malatl™ fish (generated through insertion of an early
SV40 polyA signal, see Figure 22 D&F). The same results were observed for two non-
melanoma related IncRNAs: Inc-ppmIbb” (see mutant characterisation in Figure 20) and
megamind”™ (a CNS-specific IncRNA, IncRNA full deletion was generated by the Wolfe lab,
(Kok et al., 2015)). By contrast, the Inc-sox4a mutant showed a significant difference in
tumorigenesis when compared to wild type animals (Figure 6C). Indeed, there is a strong
increase of 22% of fish presenting tumors in the Inc-sox4a” background in early adulthood
(5 weeks) compared to wild type, suggesting that this IncRNA regulates melanoma initiation.

Melanoma progression also appears to be more aggressive in Inc-sox4a” background, as the
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difference in tumorigenesis between wild type NRAS®?® and Inc-sox4a”~ NRASY'?P
increases with time from 22% to 33%. Indeed, only 27% of wild type NRAS®'*® fish
developed tumors before week 21 in comparison to almost 60% of Inc-sox4” fish (Mantel

Cox statistical test P=0,0002)
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Figure 6: Inc-sox4a”’” zebrafish display increased melanoma tumorigenesis

A Schematic diagram of the Tol2 construct used to induce melanoma in zebrafish. It is composed of

G12D
under

Venus marker controled by the cyaa promoter (lens specific) and of human oncogene NRAS
the control of the mitfa promoter. This construct (unpublished) was furnished by Adam Hurlstone
(Manchester, UK) B Schematic of the injection procedure to analyse impact of IncRNA mutation on
melanoma tumorigenesis. A minimum of 50 individual with Venus lens were generated for each
IncRNA mutant and WT (wild type) cibling line. C Percentage of fish with tumor between week 5 and
21 in mutant IncRNA (Inc-myca, Inc-mycb, malatl, Inc-sox4a, Inc-ppm1bb, megamind) and their WT

ciblings. Data were analysed with Mantel-Cox test, Inc-sox4a and WT presents a P = 0,0002
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b. Characterisation of Inc-sox4a/menhir mutants and their melanoma-

aggressiveness phenotype

i. Characterisation of Inc-sox4a/menhir mutants

Based on shared transcriptional orientation and genomic position, the zebrafish Inc-
sox4a is predicted to be the syntenic ortholog of the human CAncer SusCeptibility 15
(CASC15) IncRNA (Figure 7A) (Glusman et al., 2006). The Inc-sox4a gene is located 3 of
the SOX4 (SRY box 4) protein-coding gene, a transcription factor with crucial functions in
development (Bhattaram et al., 2010; Cizelsky et al., 2013; Huang et al., 2013; Nissen-Meyer
et al., 2007; Zhao et al., 2017) and oncogenesis (Huang et al., 2012; Tiwari et al., 2013;
Zhang et al., 2013). Recently, CASC15 (also named CANT 1, linc00340, Inc-sox4, TLINC) has
been reported to play a tumor suppressor role in various human cancers (Chen et al., 2016;
Fernando et al., 2017; Merdrignac et al., 2018; Mondal et al., 2018; Russell et al., 2015; Xing
et al., 2017) and to be associated with the melanoma proliferation/invasion switch (Lessard et
al., 2015). In addition to synteny, Inc-sox4a and CASCI5 share conserved expression in
ovaries (Figure 7 B, C&D). Interestingly the adjacent protein-coding genes do not show a

similar expression pattern (Figure 7 E&F).
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Figure 7: Inc-sox4a/menhir and CASC15 share conserved genomic position and expression pattern

A Genomic locus of the Inc-sox4a and the adjacent sox4a protein-coding gene in zebrafish, mouse and
human. B qRT-PCR analysis of Inc-sox4a (exon 3 to 4) in zebrafish adult organs (fold change relative
to intestine). C Inc-sox4a in situ hybridation on paraffin section of zebrafish ovary. Inc-sox4a is
expressed at each stage of ovary maturation. Its intracellular location is pushed toward the oocyte
cortex with the maturation and accumulation of the yolk granules. Po: Primary oocytes; Vs:
Vitellogenic stage; Mo: Mature oocyte; Ao: Atretic oocyte D Expression of human CASCIS5 in adult
organs in transcripts per million (TPM). Data were obtained through the Genotype-Tissue Expression
(GTEx) project available on EBI Expression Atlas. E qRT-PCR analysis of protein-coding genes
sox4a and sox4b expression in wild type adult organs (fold change relative to sox4b kidney). F
Expression of human SOX4 protein-coding gene in adult organs in transcripts per million (TPM). Data
were obtained through the Genotype-Tissue Expression (GTEx) project available on EBI Expression
Atlas.
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To inactivate Inc-sox4a located on Chromosome 19 in zebrafish, I generated a 250bp
deletion of the TSS (Figure 8A, see Appendix). This deletion is sufficient to fully inactivate
Inc-sox4a expression in both the ovary and skin but not in the brain (Figure 8B). Indeed, this
deletion induces a usage of a brain specific TSS (Figure 8C) and leads to the production of a
1,7kb Inc-sox4a isoform (Figure 8A), expressed at the same level as the endogenous transcript
in wild type animals. Therefore, the usage of the alternative TSS in the brain suggests that this
transcript might be required for the zebrafish brain function. Moreover, despite exhaustive
attempts, I could not produce homozygous mutants for a Inc-sox4a 3’ deletion, supporting the
functional importance of the 3’ end of the transcript. In human, several alternative isoforms of
CASC15 have been reported, including a brain specific “CASC15-S” isoform composed of the
last exonic block, which has been proposed to have a tumor suppressor function in
neuroblastoma (Russell et al., 2015). Interestingly, CASC15-S has been reported in Russel and
al., to be exclusively expressed in the human brain. Therefore, CASCI/5-S and Inc-sox4a
alternative isoform share similar splicing and tissue expression pattern.

In human, CASCI5 has been reported to act both in cis or in trans depending on the
cancer subtype. In zebrafish ovaries, the tissue where the canonical isoform of Inc-sox4a is
preferentially expressed, depletion of Inc-sox4a induces up-regulation of both the adjacent
sox4a transcript and the sox4b transcript located at the Chromosome 16 (Figure 8D). A
similar upregulation was observed in Inc-sox4a™ skin samples. Through modulation of the
expression of sox4a and sox4b transcription factors, our results suggest that Inc-sox4a acts
both in cis and in trans on target genes. In the brain, where Inc-sox4a deletion is “rescued” by
the brain specific alternative TSS, sox4a transcriptional level presents high inter-individual
variations (Figure 8D).

While zebrafish ovary is structurally different from the mammalian ovary, the oocytes
growth and maturation show multiple similarities (Hoo et al., 2016). I compared ovaries
isolated from wild types and Inc-sox4a” fish, stained them with Eosin-Hematoxylin (Figure
8E&F) and did not observe any structural differences. In addition zebrafish Inc-sox4a™
mutants do not show any viability, fertility or morphological defects under standard

laboratory conditions.
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Figure 8: TSS deletion is not sufficient to fully inactivate Inc-sox4a/menhir due to brain specific
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A Genomic locus of zebrafish Inc-sox4a. Inc-sox4a is in 3” and in the same orientation as the protein-
coding gene sox4a. Zebrafish Inc-sox4a mutants were generated through deletion of the IncRNA
transcription start site (TSS) represented in a green box. The Inc-sox4a” brain specific alternative
isoform is illustrated under the wild type isoform with R1 and R2 corresponding to the 5° Rapid
Amplificaiton of CDNA Ends (RACE) primers B qRT-PCR analysis of Inc-sox4a (exon 3-4)
expression in WT (single organ) and Inc-sox4a’ “(single individual) ovary, skin and brain (fold change
relative to WT). C Ethidium Bromide of the 5> RACE on WT (single organ) and Inc-sox4a™ brain
with two RACE primers R1 and R2. D qRT-PCR analysis of protein coding genes sox4a and sox4b in
WT and Inc-sox4a” (individual) ovary, skin and brain (fold change respectively relative to sox4a
ovary #3, sox4a WT skin and sox4b brain #1). E, F Eosin and hematoxylin staining of wild type and
Inc-sox4a™ ovary. Po: Primary oocytes; Vs: Vitellogenic stage; Mo: Mature oocyte; Ao: Atretic

oocyte
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ii. Characterisation of Inc-sox4a/menhir mutants in NRAS®'? melanoma

As demonstrated in Figure 6C, inactivation of Inc-sox4a promotes aggressiveness of
NRAS®"*P melanoma. To further characterize the role of Inc-sox4a in melanoma
development, I analysed Inc-sox4a expression in NRAS®'?P zebrafish tumors. Compared to
healthy zebrafish skin isolated from non-NRAS mutants, Inc-sox4a is highly upregulated in
NRASY"® tumors (Figure 9A). It should be noted that Inc-sox4a level is highly varying
between individual fish. As highlighted in Figure 7, Inc-sox4a and its syntenic human
counterpart CASCI5 share similar expression pattern in healthy tissues. Expression datas
obtained from the Pan Cancer Analysis of Whole Genome (PCAWG) indicate that, similar to
Inc-sox4a, CASCI5 is up-regulated in tumor tissues compared to UV-exposed and unexposed
skin (Figure 9B), corroborating conserved expression pattern. Likewise, zebrafish protein-
coding genes sox4a/sox4b and human SOX4 are also up-regulated in melanoma tissues
(Figure 9 C&D). However, expression data from PCAWG and previous work on CASCI35 in
neuroblastoma or melanoma do not associate IncRNA cancer functionality with the adjacent
protein-coding gene SOX4 (Figure 10) (Lessard et al., 2015; Mondal et al., 2018; Russell et
al., 2015), suggesting that CASCI5 acts independently of SOX4 in melanoma and
neuroblastoma.

In addition to increased tumorigenesis observed in Inc-sox4a” “(Figure 6C), Inc-sox4a™
zebrafish also present significant lower survival at 21 weeks post-injection (Figure 9E) and
increased severity of melanoma (Figure 9F) resulting in a significantly increased proportion
of fish with Vertical Growth Progression between week 5 and 12 (Figure 9G). Melanoma
reached a plateau in stage severity proportion at week 13 and is stable until week 21. All

statistical analyses and P-values are detailed in Table 3.
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Figure 9: Zebrafish Inc-sox4a/menhir”” presents increased melanoma aggressiveness

A gRT-PCR analysis of Inc-sox4a in zebrafish individual wild type ovary and skin and wild type
NRASY? tumor (fold change relative to skin#3) B Expression of human CASCI5 in melanoma
(n=36), UV exposed (n=394) and unexposed (n=265) skin in transcripts per million (TPM). Data were
obtained through the Pan Cancer Analysis of Whole Genome (PCAWG) project available on EBI
Expression Atlas. C qRT-PCR analysis of Sox4a/Sox4b in zebrafish individual wild type ovary and
skin and wild type NRAS®"?P tumor (fold change relative to sox4a skin#1) D Expression of human
SOX4 protein-coding gene in melanoma (n=36), UV exposed (n=394) and unexposed (n=265) skin in
transcripts per million (TPM). Data were obtained through the Pan Cancer Analysis of Whole Genome
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(PCAWG) project available on EBI Expression Atlas. E Survival of NRAS®"*” WT and Inc-sox4a™
fish between week 5 and 21. Data was analysed with Mantel-Cox test and presented a P= 0,0002. F
Pictures of representative fish at 7 weeks post-fertilization (wpf) non-injected WT and Inc-sox4a™", and
injected NRAS®"*" WT and Inc-sox4a”. G Illustration of NRAS®'"*® wild type and Inc-sox4a”" fish at
different melanoma stages (no lesion, dyplasic naevus, Radial Growth Progression, Vertical Growth
progression) at 7, 10 and 16wpf. Decreased n is due to sacrifice of fish reaching the limit level of
melanoma severity. Data were analysed with unpaired t-test with a P-value=0,0223 for Vertical

Growth Progression (VGP) at 7wpf and P=0,0390 at 10wpf.
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Figure 10: CASC15 and SOX4 expression in various human cancers

A, B Expression of human CASCI5 IncRNA and SOX4 protein-coding gene in glioma (n=18), breast
adenocarcinoma (n=85), esophageal adenocarcinoma (n=7), renal cell carcinoma (n=117), colorectal
adenocarcinoma (n=51), cholangiocarcinoma (n=18), lung adenocarcinoma (n=37), ovarian
adenocarcinoma (n=110), pancreatic adenocarcinoma (n=75), prostate adenocarcinoma (n=19),
sarcoma (n=34) and melanoma (n=36). Data were obtained through the Pan Cancer Analysis of Whole

Genome (PCAWG) project available on EBI Expression Atlas.
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While examining cancer progression during the 15 week period, a rare event was
detected: unlike wild type and other IncRNA mutants, Inc-sox4a” NRAS®'?" fish showed
development of highly proliferative internal tumors (Figure 11 A&B). This internal
tumorigenesis affected 1,3% (2 individuals out of 169) Inc-sox4a”~ NRAS®'?" injected fish
while it was not observed in wild type nor in other IncRNA mutant NRAS®'*” injected fish (0
out of 667; hypergeometric statistical test with a P-value of 0,041). The histological
characterisation of these tumors is in progress (Figure 11 C&D), yet primary results showed
that these tumors have melanoma signatures. Development of these fast-growing internal

G12D
S

tumors is correlated with NRA expression in zebrafish, as this event was never observed

in the uninjected Inc-sox4a” mutant (n = >200).

Figure 11: Zebrafish Inc-sox4a/menhir’” shows additional internal tumorigenesis

A Picture of a zebrafish Inc-sox4a” NRAS'?" at 19 weeks post fertilisation. B Picture of a zebrafish
WT NRASY? at 19 weeks post fertilisation at VGP stage (caudal nodule). Black bar represents 1cm
C Longitudinal section stained with Hematoxylin, Eosin and Safran. D Zoom in of internal tumor.

Section and staining were performed by the Histim platform in Cochin Institute (Paris, France).
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c. Determining the Inc-sox4a/menhir metastatic potential

Our results show that NRAS®'*® Inc-sox4a” zebrafish display increased melanoma
aggressiveness characterised by increased tumorigenesis, lower survival, faster cancer
development and associated internal tumorigenesis. In human, melanoma is lethal in more
than 80% of cases once metastasised (Sandru et al., 2014). To investigate the extrinsic impact
of Inc-sox4a in metastasis, I performed xenograft experiments using 3 different human
melanoma cell lines: (1) WN-266.4 (a BRAF"*"F cell line previously shown to be invasive in
zebrafish xenograft (Chapman et al., 2014)); (2) SK-MEL-2 (a NRAS®'® cell line reported to
be invasive in nude mouse (Pollack et al., 2007)) and (3) 501-mel (a NRAS®"*® a non-
invasive cell line in zebrafish (Chapman et al., 2014)). These cells were GFP labelled through
viral infection and grafted in the yolk of 2-day-old wild type and Inc-sox4a” zebrafish (Figure
12A), and the invasive potential of each cell line was monitored up to 4 days post-grafting. To
visualise the GFP positive grafted melanoma cells moving in zebrafish blood vessels we used
a transgenic kdrl::mcherry zebrafish line in which the blood vessels of all endothelial cells are
labelled by RFP. An example of a transgenic 6 dpf (day post-fertilization) zebrafish embryo
with GFP cells in the yolk and an invading melanoma cell indicated by a white arrow is
illustrated in Figure 12A.

For the invasive cells lines WN-266.4 and SK-MEL-2, no significant differences in
the number of cells outside the graft site were detected between wild type and Inc-sox4a™
(Figure 12 B&C). By contrast, a significant increase in the number of 501-Mel cells outside
of the graft site was detected in 6 dpf Inc-sox4a™ larvae (Figure 12D), suggesting that Inc-
sox4a’ embryos are more permissive than wild type to metastatsis of non-invasive NRAS"?
melanoma cells. These results also suggest that Inc-sox4a is involved in maintaining the
integrity of the basement membrane, consistent with the role of other IncRNAs already
reported to be associated with basement membrane integrity (Schmidt et al., 2016; Tang et al.,
2013). Taking together, our results are consistent with a tumor suppressor function for Inc-
sox4a, thus hereafter we refer to zebrafish Inc-sox4a as menhir (MElaNoma Hlndrance long

noncoding RNA).
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Figure 12: menhir mutant presents increased metastatic potential

A Procedure to investigate metastasis in wild type and mutant (left). Example of a 6 day post-
fertilization larvae transgenic for kdlr::mcherry grafted with GFP positives human melanoma cells
(right), the arrow points to a metastased cell that has penetrated the zebrafish blood circulatory system.
B Number of human WN-266.4 GFP melanoma cell observed outside of the injection site in wild type
and menhir” mutant at 6dpf. C Number of human SK-MEL-2 GFP melanoma cell observed outside of
the injection site in wild type and menhir’” mutant at 6dpf. D Number of human 501-Mel GFP
melanoma cell observed outside of the injection site in wild type and menhir’™ mutant at 6dpf. Data are
presented as mean with standard deviation, each dot representing individual larvae. Significance of

Mann-Whitney test for 501-Mel cells is P=0.0016

d. Rescue of the menhir phenotype with the human IncRNA ortholog CASC15

Having established the melanoma aggressiveness phenotype of the menhir”
NRAS'?P zebrafish, I investigated the conserved functionality between the human and
zebrafish orthologs. Indeed, despite limited sequence conservation, menhir and CASC15 share
(1) genomic position and transcriptional orientation, (2) expression pattern in healthy and
cancer tissue, (3) brain-specific splicing isoform expression and (4) a correlation with the
modulation of melanomagenesis. Given these characteristics, we tested whether the menhir
and CASC15 IncRNAs have a common function in vertebrates using rescue experiments.

To this end, I first modified the Tol2 NRAS®'?" construct by inserting a cassette

containing either a control Venus or the CASC/5 gene under the control of the zebrafish mitfa
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promoter (Figure 13A). The 21-week melanoma assay in both WT and menhir”™ injected
zebrafish is currently ongoing. The selected human CASCI5 isoform was amplified from
human brain RNAs and does not contain any sequence conserved with the zebrafish menhir
ortholog. I have also attempted to rescue menhir’”™ melanoma aggressiveness phenotype
injecting a Tol2 construct expressing zebrafish menhir transcript, which appeared to be toxic
for mutant and wild type embryos (data not shown).

Our results show that menhir’™ NRAS®'?? fish expressing CASCI5 show a less
aggressive progression of melanoma than menhir " NRAS®'?® fish (Figure 13B) characterised
by a significant decrease of tumorigenesis (Figure 13C) and higher survival (Figure 13D) than
either menhir™ NRAS®'?® or WT NRAS®"?". This reduced melanoma aggressiveness was
accompanied by the ectopic expression of CASCI5 transcript in melanoma tumors (Figure
13E, individual tumors). I also observed a decrease of melanoma severity between menhir”
and its human rescue characterised by a significantly reduced number of fish in the Vertical
Growth Progression stage (Figure 13I). All p-values for Figure 131 are detailed in Table 3.
The monitoring of menhir”™ NRAS®'? + venus also show attenuation of the melanoma
aggressiveness (Figure 13F), although the menhir™ NRASY'?P
than the menhir’” NRAS®'?P fish expressing CASC15 (P=0,0412) (Figure 13G). Moreover,

+ venus develop more tumors

despite of decreased melanoma aggressiveness when CASC135 is expressed, we also observe a
drastic increase of NRAS“"*P oncogene expression in the CASCI5 rescue construct compared
to the NRAS®"?" + venus (Figure 13H).

My results so far demonstrate that human CASCI5 rescues menhir’~ melanoma
aggressiveness (characterised by melanoma tumorigenesis, survival and severity), and suggest
that syntenic zebrafish menhir and human CASCI5 have conserved functions in melanoma

development despite absence of sequence conservation.
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Figure 13: Expression of human CASCI5 in zebrafish melanocytes rescues increased

melanomagenesis of menhir zebrafish mutants

A Schematic diagram of the modified Tol2 construct used to rescue melanoma aggressiveness in
zebrafish menhir”. Human CASCI5 transcript with an inserted artificial intron between exon 3 and 4
is expressed under the control of melanophores specific promoter mitfa. To control that insert size

does not impact melanoma aggressiveness, a mitfa::venus cassette has been integrated in the
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NRAS“"?P control construct. B Representative pictures of menhir’™ injected with NRAS®'?” (at 10
wpf) or NRAS®"?P + C4SC15 construct (at 9 wpf). C Percentage of fish with tumor between five and
twenty-one weeks for WT NRAS'?, menhir’” NRAS®'*®, menhir™” NRAS'?P + CASC15. Data was
analysed using Mantel-Cox statistical test and four-star signify a P<0,0001. D Percentage of fish
survival between five and twenty-one weeks for WT NRASC!?P s menhir”™ NRASY'?P , menhir”
NRAS"?P + CASCI5. Data was analysed using Mantel-Cox statistical test, with a P= 0,0287 between
wild type and menhir™ + CASCI15, and a P<0,0001 between menhir’” and its rescue. E qRT-PCR
analysis of human CASCI5 expression in menhir”™ NRAS®'?P + CASCI5 rescue injected zebrafish
(fold change relative to menhir” skin). F Percentage of fish with tumor between five and twenty-one
weeks for menhir™ NRASS'?P + CASC15 and menhir” NRAS®'?® + venus. Data was analysed using
Mantel-Cox statistical test and with a P=0,0412. G Percentage of fish survival between five and
twenty-one weeks for menhir’™ NRAS®'*® + CASCI5 and menhir™ NRAS®'®® + venus. Data was

analysed using Mantel-Cox statistical test. H Human NRAS®'

expression in non-injected skin,
NRAS®'? + CASC15 melanoma tumors and NRAS®'? + venus melanoma tumors (biological replicates)
detected by qRT-PCR. eeflal was used as a reference gene. I Illustration of NRASY"*P wild type,
menhir”™ and menhir”” + CASCI135 fish at different melanoma stages (no lesion, dyplasic naevus, Radial
Growth Progression, Vertical Growth progression) at 7, 10 and 16wpf. Data were analysed with
unpaired t-test. Decreased n is due to sacrifice of fish reaching the limit level of melanoma severity.

Data were analysed with unpaired t-test. All P-value are reported in Table 4.

Table 3: Statistical analyses of NRASY'?P zebrafish melanoma stage by age and mutation

status
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Twpf

menhir* vs WT

menhir 7 vs
menhir”- hCASC15

WT vs
menhir - hCASC15

No lesion

ns

ns

ns

Melanocytic lesion ns 0,02 ns

Radial Grqwth ns ns ns
Progression

Vertical Grc?wth 0,0223 0,0034 ns
Progression

" menhir - vs WT vs
10wpf menhir+ vs WT menhir+ hCASC15 menhir- hCASC15

No lesion ns 0,0172 ns

Melanocytic lesion ns ns ns

Radial Grqwth ns ns ns
Progression

Vertical Grc_uwth 0,0390 0,0058 ns
Progression

o menbhir - vs WT vs
16wpf menhir+ vs WT menhir- hCASC15 menhir- hCASC15

No lesion ns 0,015 ns

Melanocytic lesion ns ns ns

Radial Grqwth ns ns ns
Progression

Vertical Growth ns 0,00337 ns

Progression

e. CASCI5 expression profile in human cancer

To test the correlation between expression of the selected IncRNA and melanoma,
Nicolas Servant (Institut Curie, Paris) collected human patient data from The Cancer Genome
Atlas (TCGA) database and analysed MALATI (Figure 14A), PVTI (Figure 14B) and
CASCI15 (Figure 14C) expression in different melanoma driving mutations (BRAF®*®,
BRAF'* KRAS"?, NRAS®"?, NRASQM). MALATI expression does not show a significant
correlation with any specific melanoma mutation, even though MALATI appears to have

slightly reduced expression in NRAS®'? melanoma (Figure 14A), whereas the PVTI
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expression level is stable across different mutations (Figure 14B). Interestingly, CASCI5 is
the transcript with the most variation in its expression across different melanoma mutations
(Figure 14C). CASCI5 is significantly lower expressed in BRAF'" and its expression is
significantly higher in KRAS®'? compared to wild type KRAS. It also appears to be slightly

S9!? compared to NRAS™", however the upregulation is not significant.

up-regulated in NRA
When CASCI5 expression data was organised according to the melanoma clinical stage
(Figure 14D), it displayed no significant change between stages I to III-IV. It is important to
note that only a low number of samples was available for rare melanoma mutations (such as

BRAF%” KRAS'"? and NRAS“'?) and thus, might impact the reliability of the statistics.
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Figure 14: CASC15, PVT1 and MALATI expression in human patient expression database

A Human MALATI expression level according to melanoma mutation status. B Human PVTI
expression level according to melanoma mutation status. C Human CASCI5 expression level
according to melanoma mutation status. D Human CASCI5 expression level according to melanoma
clinical stage. All Data were collected on The Cancer Genome Atlas (TCGA) and analysed by Nicolas

Servant. Statistics were analysed with Wilcoxon test and one star correspond to P<0,01.
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f. Melanoma induction triggers changes in skin pigmentation cells

In addition to melanoma development and aggressiveness, | observed abnormalities in
the pattern of xantophore pigmented cells (Hirata et al., 2003; Hirata et al., 2005; John, 1997).
Indeed, some of mitfa::NRAS®'?" fish (independently of their IncRNA mutant status)
harboured patches of orange pigmentation resembling those of goldfish. This orange colour is
due to xantophore cells that produce carotenoide pigment and could be due to (1) proliferation
of the cell type and/or (2) over-production of the pigment. By back-crossing these NRASY'?P
fish with unpigmented Casper fish (White et al., 2008) (Figure 15C), I amplified the
appearance of orange pigmentation (referred to as Spritz; Figure 15A) compared to
melanocyte deficient reported fish lines as Nacre (Figure 15B) or Casper (Figure 15C). As the
obtained progeny is lacking melanocytes but still present increased orange pigmentation, it

appears that NRAS®'? ectopic expression can also alter proliferation or pigment production of

other pigmented cell lines.

Spritz Nacre \ Casper

Figure 15: Associated melanoma induced xantophore proliferation

A Spritz zebrafish in Casper (top) or Nacre (bottom) background (22 weeks post fertilization). B
Nacre zebrafish (22 weeks post fertilization). C Casper zebrafish (22 weeks post-fertilization). Black

bar represent 1cm.
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II. Determining the function of additional syntenic IncRNAs: linc-myc mutants exhibit

multiple developmental defects.

The IncRNA Plasmacytoma Variant transcript 1 (PV71) represents an ensemble of 25
different IncRNA isoforms (with multiple TSSs, splicing patterns and ATAs). Located
downstream of the protein-coding gene MYC, PVTI has been reported to be up-regulated in
many cancers and to play oncogenic and tumor-suppressor functions (Cho et al., 2018; Dang,
2012; Kalkat et al., 2017; Nilsson and Cleveland, 2003). In zebrafish, both the myca and mycbh
protein-coding genes have genomically adjacent IncRNAs that display conserved position,
orientation and splicing patterns to PVTI (Figure 16A). To target the PVTI zebrafish
orthologs linc-myca and linc-mych for genomic disruption, two different strategies were
followed: 869bp/674bp TSS deletions (linc-myca and linc-mych respectively), for which I
only obtained heterozygous individuals, and 1,1kb/2,2kb 3’ end deletion (respectively linc-
myca and linc-mycb), for which I obtained individual homozygous deletion mutants. This
strategy allowed me to delete 50% of 631 nucleotides of the Inc-myca transcript and 75% of
1403 nucleotides of the Inc-mych transcript (Figure 16A).

To investigate a potential co-regulation, I analysed the expression of the zebrafish
PVTI orthologs and their adjacent protein-coding genes across several tissues by qRT-PCR.
Zebrafish Inc-myc and adjacent myc are both enriched in the brain (Figure 16B). My results
also indicate that Inc-myca shows very similar expression pattern with the transcription factor
myca (Figure 16 B&D), suggesting that the two genes are co-regulated. These similarities in
expression are however not present between mycbh and Inc-mycb, which are enriched in the
ovary and testis respectively. Concerning human IncRNA and protein-coding gene orthologs,
expression data from GTEx shows that PV'T (precise isoform was not indicated) and MYC
also show similar expression pattern (PV'T1 being less expressed than adjacent protein-coding
gene), suggesting conservation of shared DNA regulatory motifs (Figure 16C&E). These
results correlate well with previous observations showing that PV'T1 regulates MYC RNA and
protein levels (Tseng and Bagchi, 2015).
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Figure 16: Characterisation of Inc-myc and their adjacent protein-coding genes expression patterns.

A Genomic locus of zebrafish myca/Inc-myca, mycb/Inc-mycb and human MYC/PVTI locus. The three
IncRNAs are localised downstream of MYC and in the same orientation than the protein-coding gene.
Zebrafish Inc-myca and Inc-mych mutant were generated through genetic deletion of the 3° part of the
transcript illustrated by green boxes. B qRT-PCR analysis of Inc-myca (exon 1 to 2) and Inc-mych
(exon 4 to 5) expression in zebrafish adult organs (fold change relative to Inc-myca ovary). C
Expression of human PVT! in adult organs in transcripts per million (TPM). Data were obtained
through the Genotype-Tissue Expression (GTEX) project available on EBI Expression Atlas. D qRT-
PCR analysis of myca (exon 2 to 3) and mycb (exon 1 to 2) expression in zebrafish adult organs (fold
change relative to myca intestine). E Expression of human MYC in adult organs in transcripts per
million (TPM). Data were obtained through the Genotype-Tissue Expression (GTEX) project available
on EBI Expression Atlas.

To exclude a compensation mechanism mediated by Inc-myca and Inc-mych, |
generated Inc-myc”™ double mutants and identified only three double homozygous fish among
120 screened. A substantial part (Chi-square statistical test P-value<0.0001) of their progeny
presented developmental defects, characterised by growth delay, heart oedema, eye and brain
hypoplasia (Figure 17 A&B). The phenotype of Inc-myca™, Inc-mych”” double mutants do not

show full penetrance, but a prevalence of 65% of embryos presented developmental defects
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(Figure 17C). Moreover, among the 35% wild type looking progeny, only 22% survived to
adulthood (defined as 1 month post-fertilization). To characterise the impact of the single and
double mutants on adjacent protein-coding gene expression, I analysed IncRNAs and adjacent
protein-coding genes levels by qRT-PCR (Figure 17 D&E). The analysis of Inc-myc
expression profile shows upregulation of the Inc-mycb in the Inc-myca™ background and vice-
versa, revealing a compensatory mechanism and redundant functions despite the absence of
sequence conservation between the Inc-myc isoforms (Figure 17D). Furthermore, changes in
IncRNA expression do not noticeably alter adjacent mycb oncogene transcript levels, whereas
myca is consistently upregulated in Inc-myca deletion (Figure 17E).

Such striking developmental phenotypes have rarely been reported in IncRNA
mutants, even on highly expressed IncRNAs such as MALATI (Nakagawa et al., 2012; Zhang
et al.,, 2012). To ensure that the inactivation of both Inc-myca and Inc-mych is the only
responsible for the observed phenotype (no undesired secondary mutation) and to increase the
genetic background diversity (as we identified only three double mutant founders), I have
backcrossed each individual mutant line with a neuroD1::GFP line and generated a new
population of double Inc-myca™ Inc-mycb™ with a different genetic background (screening for
double mutants is in progress). If the partially penetrant developmental defects are confirmed
in the new generation, it will support the presence of a compensatory mechanism between
Inc-myca and Inc-mych, and the morphological phenotype will be characterised more
precisely focusing on brain hypoplasia with the aid of the neuroD1::GFP marker integrated as

a result of backcrossing.
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Figure 17: Double mutant Inc-myca” Inc-mych’mutants but not single mutants presents

developmental defects

A Picture of 72hpf wild type, Inc-myca™, Inc-mycb” and double Inc-myca™ Inc-mycb” mutants. B
Zoom in of 72hpf wild type and double Inc-myca” Inc-mych”™ mutants, dotted read line define
embryonic heart C Proportion of embryos presenting pleiotropic developmental defects in wild type,
individual Inc-myca™ and Inc-mycb™, and double Inc-myca™ Inc-myeb™ (P<0,0001 according to Chi-
square statistical test). D qRT-PCR analysis of zebrafish PV'TI orthologs in wild type, IncRNA single
and double mutants 72hpf embryos. E qRT-PCR analysis of myca and mycb in wild type, IncRNA
single and double mutants 72hpf embryos
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DISCUSSION & PERSPECTIVES

I. Using zebrafish to investigate the in vivo function of IncRNAs in melanoma

There are numerous examples of diseases/cancer being associated with mis-expression of
IncRNA, supporting the hypothesis that IncRNA have crucial functions in cell stress
conditions. The role of a handful of IncRNAs in melanomagenesis has been investigated by
IncRNA knock-down or overexpression in human cancer cell lines (Table 1). Several in vitro
and in vivo models are available to investigate melanoma formation. Endogenous melanocytes
localization pattern of both mouse and zebrafish model are different from that of humans
(surrounding the hair follicle in mice (Chudnovsky et al., 2005) and localized in the hypoderm
with to other pigmentation cell types in zebrafish (John, 1997)) and can alter accurate
reproduction of melanoma progression. Therefore mouse models are mainly used for
xenograft experiments (see Table 1). Zebrafish melanoma tumors (induced by expression of
human oncogenes) have been reported to be histologically highly similar to human tumors
(Patton et al., 2005). I have also observed alteration of the xantophores expression pattern
(Figure 15) in the mitfa::NRAS®'? fish. This result suggests that the NRAS®'? oncogene itself
or melanocytes interactions with adjacent cells impact inner properties of xantophores,
inducing over-proliferation and/or over-pigmentation of this particular cell type. Therefore,
zebrafish melanoma could present differential tumoural environment and/or cellular

interactions compared to humans.
a. Do rapidly evolving IncRNAs have conserved functions in cancer?

1. menhir, a zebrafish melanoma tumor suppressor
My thesis reports the first investigation of the putative ortholog of the CASCIS5
transcript through in vivo knock-out. Besides being syntenic, menhir and CASCI5 show
conserved expression profiles across organs and melanoma tumors. Ideally, we would
compare IncRNA expression patterns in skin specific cell types, nevertheless we cannot
isolate melanophores from zebrafish skin.

S9!? melanoma aggressiveness in menhir mutants

My results also show increased NRA
characterized by (1) increased external tumorigenesis, (2) lower survival, (3) advanced
melanoma severity and (4) internal high proliferative melanoma tumorigenesis. These

melanoma internal tumors are still under histological characterizations, and could correspond
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to mucosal melanoma, tumoural proliferation of a metastasis originating from cutaneous
melanoma or melanoma transformation of meninx/fascia melanocytes. NRAS®'? expression
combined with menhir” genetic background could promote expression of this internal
melanoma development. It is also possible that internal melanoma appears in wild type or
other IncRNA mutants (even though unreported in other melanoma driving constructs
(Michailidou et al., 2009; Patton et al., 2005; Santoriello et al., 2010)). However tumor size
would be too small to be externally perceptible before 21 weeks post fertilization, menhir
would then promote tumor proliferation.

I have also observed (5) increased metastasis potential of human non invasive 501-Mel
cell line in menhir”, suggesting that menhir is necessary to decrease tumor environment
permissiveness. We did not observe significant changes for WN-266.4 and SK-MEL-2 cell
types. These two cell lines have reported invasive properties, it is then highly possible that
menhir deletion effects on tumor environment are too subtle for such aggressive tumor cell
lines. Like reported in human GASS5, HOTAIR or SLNCRI (Chen et al., 2016; Schmidt et al.,
2016a; Tang et al., 2013), menhir extrinsic role on melanoma tumor invasion properties could
impact the basement membrane sensitivity to MMPs, permissive tumor surrounding tissue
architecture or other mechanism facilitating tumor cell intravasation or extravasation.

To rescue menhir mutant melanoma aggressiveness, I have ectopically expressed a
human CASCI5 isoform in mitfa positive cells (marker for neural crest cell lineage that
include melanocytes) (Hosono et al., 2017). Our results show slow-down of melanoma
progression in the menhir”™ + NRAS®'? + CASCI5 compared to menhir’” NRAS®'? and wild
type NRAS®"?. However, it is likely that increased size of the insertion cassette (increase of
4,1kb) will affect insertion efficiency and therefore melanoma aggressiveness. I have then
generated a second construct containing an mitfa::venus cassette (2,8kb) and injected it in the
menhir mutants. Our results shows that indeed construct size could have an impact on
melanoma aggressiveness, although our CASCI5 rescue construct shows a significant
decreased in tumorigenesis despite of an overexpression of the melanoma driving oncogene
compared to the NRAS®'*" + venus construct. As CASCI5 and NRAS®'? are expressed under
the control of the same promoter mitfa in the same transgenic construct. It will then be
necessary to confirm that the duplication of the promoter does not impair on NRAS®"
expression, even though the two promoters are separated by 2,5-4,2 kb. I have also attempted
to rescue menhir’” melanoma aggressiveness phenotype with a transgenic construct including
a mitfa::menhir cassette, but this construct appeared to be toxic for zebrafish embryos as I

observed high lethality in early developmental stages. I was still able to obtain a few fish with
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this integration, suggesting that the toxicity is not coming from menhir cDNA, although the

number of survivors was not high enough to draw any conclusion.

ii.  CASCI15/menhir conserved properties

In physiological conditions, my results show conserved expression of CASC15/menhir
in the ovary. Unlike human SOX4, zebrafish sox4a/b protein-coding transcripts are not
enriched in the ovary, probably due to structural/molecular differences between human and
zebrafish ovary/oocytes. In human cancers, CASC15 has been described to play cis or trans
regulatory function depending on the cancer subtype, several papers reporting that CASCI5
activates SOX4 expression (Chen et al., 2016; Fernando et al., 2017; Merdrignac et al., 2018).
In zebrafish, deletion of menhir main isoform TSS leads to mis-regulation of both sox4a and
sox4b that is located on a different chromosome than IncRNA, up-regulating both isoforms in
ovary, and mainly sox4a in skin. However, IncRNA-triggered disruptions of sox4a/b protein
levels in ovary do not alter ovarian structure or fish fertility in standard laboratory conditions.
In zebrafish brain, where menhir deletion results in production of alternative isoforms, sox4a
was the only protein being up or down-regulated according to the biological replicate. To

conclude, zebrafish menhir cis and/or trans mode of action still remains to be characterized.

iii.  The CASCI5 function in human cancer

Previous publication on human patient samples and cancer cell lines propose
differential function of the CASC15 transcripts. These studies were mainly carried out using
knock-down and overexpression of CASC15 in different cancer subtypes. CASCI5 has been
reported as a tumor suppressor independent from SOX4 in neural crest lineage cancer
neuroblastoma and uveal melanoma (Mondal et al., 2018; Russell et al., 2015; Xing et al.,
2017). In addition, it has been shown to be involved in the proliferation/invasion switch in
NRAS®"? melanoma (independently from SOX4) (Lessard et al., 2015) and as an oncogene,
regulating adjacent SOX4 protein in hepatocellular carcinoma, acute myeloid leukemia, intra-
hepatic cholangiocarcinoma and gastric cancer (Chen et al., 2016; Fernando et al., 2017;
Merdrignac et al., 2018; Wu et al., 2018). Taken altogether, it appears that CASC15 regulates
multiple targets and could act in cis or in trans dependent on the cancer subtype.

Mondal et al. were the first one to report a clear mechanism of action for CASCI3,
through the analysis of CASCI5 protein interactors. In human neuroblastoma cell lines,
CASC15 regulates ubiquitin protease USP36 intra-cellular localization through direct
interaction. This binding prevents formation of the CHD7-USP36 complex, leading to
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degradation of the transcription factor and down-regulation of SOX9 target gene (Mondal et
al., 2018). Similar mode of action of CASC15 has not yet been described in other cancer cell
lines, nor in vivo. Therefore, CASCI5 mechanism promoting oncogenic or tumor suppressor

function still remains to be uncovered.

b. NRAS®" driven melanoma in zebrafish to analyse cancer-related functions of

IncRNAs

NRAS®"? melanoma induction in zebrafish malatl and PVTI orthologs mutants did
not alter melanoma severity and progression compared to wildtype NRAS®'* fish. Zebrafish
malatl is a IncRNA with patches of sequence conservation, and the mutant was generated
through insertion of a non-invasive polyA that was sufficient to induce complete inactivation
of the transcript (see annexe). In human melanoma patients, MALATI level increases with
cancer progression and its knock-down in cell lines impairs melanoma invasive properties,
suggesting an oncogenic function of MALATI (Tian et al., 2014). If the function if this
IncRNA is conserved in vertebrates, malatl should conserve its oncogenic role and promote
cancer progression (Arun et al., 2016; Sun et al., 2016; Luan et al., 2017). To our knowledge,
mouse Malatl null mutant were never used to analyse the oncogenic role of the IncRNA. It is
therefore possible that Malatl null mutants do not show noteworthy defects in standard
laboratory conditions because the IncRNA is primarily necessary during stress conditions
such as cancer development. A reasonable explanation for the absence of decreased
melanomagenesis in the tested zebrafish malatl”™ mutant might be linked to the melanoma
mutational status. Indeed MALATI appears to be slightly less expressed in NRAS®'"
melanoma patient data collected from TCGA, suggesting that MALATI oncogene potential
may be less associated with NRAS®'? driven melanoma. However, this reduction in MALATI
was considered as non-significant due to the low number of patient samples with this specific
NRAS mutation in the TCGA database, therefore additional data will need to be collected to
conclude if MALATI could have a role in NRAS®'"? driven melanoma.

In human cancerogenesis, PVT1 locus has been reported to have differential functions
(Cho et al., 2018; Tseng and Bagchi, 2015; Werner et al., 2017). We did not observe any
changes in melanoma progression in Inc-myc individual mutants. PV'T1 expression appears to
be stable among melanoma driving mutations, therefore oncogene mutational status should
not affect Inc-myc putative role in melanoma aggressiveness. Our results show a

compensation mechanism between Inc-myca and Inc-mycb isoforms, this redundancy could
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interfere with the putatively conserved role of the transcript in melanomagenesis. Because of
the low survival of Inc-myc double mutants, we will not be able to assess melanoma
progression in Inc-myca™ Inc-mych”™ genetic background.

Inactivation of CASC15 ortholog menhir is the only IncRNA mutant where I observed
differential NRAS®'> melanomagenesis. CASCI5 seems to be correlated with the NRAS®'?
mutational status, as we observed an increase of the invasion potential in the menhir mutant of
the 501-Mel NRAS®'? cells and that CASCI5 first investigations in melanoma were also
conducted in NRAS"? cell line (Lessard et al., 2015). Looking at the TCGA database, we
observed an increase of CASC15 expression in RASY'* mutations, however not significant for
NRAS®"? (probably because of the low number of data about this mutation). To assess if
menhir™ melanoma aggressiveness can be observed in another human oncogene background,
I have injected mutant zebrafish with a mitfa::NRAS®®'* construct (kindly provided by Adam
Hurlstone, Manchester, UK) and generated more than 100 transgenic individuals. However,
NRAS®'® mutation was not sufficient to efficiently promote aggressive melanoma (data not
shown). Supporting our results, this construct was previously reported to be aggressive only
in a p53 inactivated background (Dovey et al., 2009), although the Zon lab demonstrated the
invasive potential of this mutation (McConnell et al., 2018). This recent report suggests that
deeper investigations in the relationship between mutations oncogenic potential and zebrafish
genetic backgrounds are necessary. Indeed, it has been reported that the different activating
mutation of NRAS drive melanomagenesis differently in cancer cell lines (Grill and Larue,
2016; Posch et al., 2018). It was however not confirmed in patients as the cohort of human

melanoma NRAS®'? sample is low (Posch et al., 2018).

c. Combining zebrafish therapeutic devices and RNA-based treatment to target

cancer

i.  Zebrafish as a devices to assess drug efficiency
As reported previously, zebrafish can be used to investigate melanoma through
forward and reverse genetics or xenografts. Zebrafish embryo is also an ideal model to
perform therapeutics and drug screening due to its small size and ex-utero development. It is
indeed possible to perform chemical screening on 96 well plates, each well containing 2-5
embryos. Moreover, zebrafish embryos are permeable to soluble active substances and
present similar sensitivity to drug as mice (Fior et al, 2017) and similar

concentration/lethality ratio as human (Mimeault and Batra, 2013). The possibility to perform
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xenografts also makes possible comparisons of the drug impact on the organism before/after
the cancer cell implantation.

Several drug tests have been conducted on zebrafish embryos to investigate cancer cell
properties such as melanoma cell angiogenesis (Nicoli et al., 2007) or the impact of neural
crest suppressors (White et al., 2011). Zebrafish embryos have also been used to identify
suitable treatments and sensitivy of multiple cancer subtypes (Fior et al., 2017; Ju, 2015). At
the time of patient customized therapy, zebrafish embryos rise as an effective low cost model
to assess individual patient tumor sensitivy to chemotherapy and/or alternative treatments in
vivo, to design the best treatment combination for each tumor and propose the optimal

therapeutic strategy to each patient (Astone et al., 2017).

ii. ~ LncRNA molecules as innovative therapeutics

In therapeutics, RNA molecules are either taken in account as gene target or as drug
device to treat several diseases. Indeed, the possibility to target mRNAs of proteins
considered as “undruggable” molecules presents high potential for treatment design. With the
advances in description of their roles in human diseases, IncRNAs became notorious drug
targets (Lavorgna et al., 2016; Matsui and Corey, 2016). For example, targeting of
SAMMSON in patient-derived melanoma xenograft model has been reported to reduce cancer
progression (Leucci et al., 2016). In vivo, successfully reported targeting of mRNAs and
IncRNAs have been achieved through ASO-mediated inhibition (Matsui and Corey, 2016). As
the delivery of RNA inhibitory molecules has been one of the major challenges of the field,
multiple strategies (lipid nanoparticles, polymers, cell penetrating peptides, etc.) are actually
under investigation (Lavorgna et al., 2016).

The RNA molecule itself can also act as a drug. RNA aptamers and mRNA vaccines
have been reported to efficiently modulate disease progression (Vinores, 2006) Li et al., 2013;
Reautchnig et al.,, 2017). Pegaptanib, a RNA aptamer molecule, is a current therapeutic

strategy to treat age-related macular degeneration in humans (Vinores, 2006).
If menhir/CASC15 tumor suppressor function relies on specific domains or secondary

structures, such RNA molecule could be considered as potential therapeutic device. Its

efficiency could be assessed in vivo, monitoring cancer progression in zebrafish embryos.

61



d. Outlook

1. menhir melanoma invasiveness analysis

We described and characterized melanoma a menhir mutant and the rescue of external
melanoma lesion phenotypic aggressiveness over 16 weeks through human CASCIS5
expression. We are now investigating menhir mutant and its rescue on melanoma invasion at
a vertical level through histological analysis. To do so, we are generating coronal and
longitudinal sections of melanoma-induced fish and we will quantify cancer invasiveness in
wild type and menhir mutants (as reported in (Neiswender et al., 2017). In human, brain is
one of the most frequent and aggressive metastatic locus (Sandru et al., 2014; Shain and
Bastian, 2016). We have extracted the brain of wild type and menhir’™ and we will assess
gG12

cancer invasiveness looking for metastasis, amplifying human NRA

PCR.

transcript by qRT-

We have also assessed if menhir mutant embryos present higher permissiveness for
human melanoma 501-Mel invasion. The next step is to look into CASCI5 intrinsic function

on melanoma cells invasiveness. Human 501-Mel NRASC!?

cells express two isoforms of the
CASCI5 IncRNA. To ensure transcript inactivation, I will target CASCI5 isoforms common
3’ ends. I will then perform 501-Mel and CASC15" 501-Mel cells xenografts on wild type
zebrafish 2 dpf embryos, according to the protocol used previously. I will characterize
CASCI5 mutant cells metastatic behavior in vivo along with cell proliferation properties in
vitro. 1 will also attempt to rescue any observed phenotype by introducing zebrafish menhir
full or partial gene in CASC15 mutant cells, confirming conserved function and identifying

IncRNA functional domains.

ii.  Identification of CASCI5/menhir protein interactors to decipher IncRNA
functionality
LncRNA’s molecular mechanisms are often deciphered through analysis of transcript
partners (Engreitz et al., 2016). As described in the introduction, IncRNA’s functionality in
gene regulation is most of the time conferred by its protein interactors. Indeed, even when
binding to DNA or RNA molecules, IncRNAs often interact with proteins to carry out their
functions (Engreitz et al., 2016; Marchese et al., 2017).
Recently, ChIRP-MS (Chromatin-Immuno Precipitation followed by Mass
Spectrometry) in human neuroblastoma cell lines revealed 20 potential protein interactors of

CASC15-003 isoform (Mondal et al., 2018). In these conditions, CASCI5 was reported to
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interact mainly with nucleolar and RNA binding proteins, including messenger and ribosomal
RNA related proteins. Indeed, CASC15 described interactors are NOP14 (Nucleolar protein
14) and POP1 (Ribonucleases P/MRP protein subunit) that are respectively involved in
rRNAs and tRNAs catalytic processes (Mondal et al., 2018).

To analyze CASCI15/menhir function, I will compare protein interactome of menhir
and CASCI5 to identify their common partners. To do so, I will use a high-throughput technic
developed in the Shkumatava lab: in cell protein-RNA interaction or incPRINT (Graindorge
et al., in revision). incPRINT method consists in the measurement of RNA-protein in vivo
interaction through quantifiable luminescence reading and has proven its efficiency, unveiling
known and novel interactors of the Xist long noncoding RNA. Unlike classical immune-
precipitation technics, incPRINT has the potential to identify transient RNA-protein
interactions and protein partners of lowly expressed IncRNAs in cellular conditions. The
identification of menhir and CASCI5 common interactors would confirm the observed
functional conservation of syntenic IncRNAs with no sequence conservation and highlight

their potentially preserved molecular mechanisms.

iii.  Incorporate CASC15/menhir role to cancer-related pathways
Once we have deciphered IncRNAs mechanism of action through identification of
their proteins partners, we will investigate menhir and CASC15 target genes by analyzing
transcriptome in healthy and tumor tissues of zebrafish mutants (QRT-PCR, RNAseq). Indeed,
conservation of menhir/CASC15 molecular targets would reinforce our hypothesis of syntenic
IncRNA’s conserved function. Moreover, the description of CASCI5 interactions with
melanoma inducing mutation and its integration in melanoma driving pathway will present

high value for the cancer IncRNA field.

iv.  Determine CASC15/menhir differential function in cancer subtypes

As described earlier, CASC15 appears to have differential functions according to the
cancer subtypes. If its conserved functionality with zebrafish menhir is confirmed, we would
like to assess CASC1)5 function in vivo in other cancer subtypes.

As melanoma is a neural crest cell derived cancer, we would like to investigate menhir
functionality in other neural crest lineage cancers (Maguire et al.,, 2014) such as
neuroblastoma for which CASC15 has already been described as a tumor suppressor (Mondal
et al., 2018; Russell et al., 2015). Expressing human oncogene under the control of tissue

specific promoters, it is possible to induce several CASCI5 related cancer: such as
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neuroblastoma (Mondal et al., 2018; Russell et al., 2015) induced by dbh:MYCN (Corallo et
al., 2016), uveal melanoma (Xing et al., 2017) induced by mifta:GNAQY*” (Mouti et al.,
2016), or leukemia (Fernando et al., 2017) induced by overexpression of c-Myec, Notch
intracellular domain or TEL-AMLI1 (Shen et al., 2013; Teittinen et al., 2012; Langenau et al.,
2003).

CASC15 multiple cancer mode of actions have never been investigated in the same assay.
It would be important to compare CASCI5 functionalities in different cancer cell lines
through analysis of similar inactivation strategies. We could also investigate mechanism of
action of the different CASCI5 isoforms using incPRINT to assess isoform and cancer

subtypes differential protein partners.

II. Deciphering phenotype of IncRNA mutants

Despite low expression levels, IncRNAs are often located in close proximity to
developmentally important genes and involved in regulatory loop with major developmental
transcription factors such as HOX or SOX family (Alam et al., 2014). Compared to protein
synthesis, IncRNAs transcription is a fairly rapid process. Their inner properties and functions
in gene regulation make IncRNAs an effective, highly tissue specific and rapid answer for
cells to adapt to external or internal stimuli (Marchese et al., 2017) and to regulate
physiological or pathological processes. In absence of stress conditions, inactivation of
several IncRNAs have been reported to lack phenotypic consequences in living organism
(Gouzardi et al., to be publish; Amandio et al., 2016; EiBmann et al., 2012; Nakagawa et al.,
2012; Zhang et al., 2012), or to present low penetrant and/or subtle phenotypic defects
(Nakagawa et al., 2014; Standaert et al., 2014), suggesting the existence of IncRNAs
compensatory mechanism. In vivo description of IncRNAs stable inactivation-related
morphological or behavioral defects are infrequently reported (Bitetti et al., 2018; Grote et al.,
2013).

Even though my selected IncRNAs were reported to be expressed in zebrafish
development (Ulitsky et al., 2011), their expression levels were insufficient to be detectable
by in situ hybridization, limiting spatial characterization of their expression profile. Moreover,
embryogenesis is a robust evolution-proof process involving several different cell types and
multiple compensatory mechanisms (Rudel and Sommer, 2003), which could explain that

IncRNAs-dependent developmental defect phenotypes have rarely been reported, the most
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severe example so far being Fendrr (Grote et al, 2013; Grote and Herrmann, 2014;

Sauvageau et al., 2013).

a. Lnc-myc functionality in zebrafish embryogenesis

Among our syntenic IncRNA mutants, only Inc-myca™ Inc-mycb™” displays partially
penetrant embryonic defects (Figure 17). In zebrafish, duplicated myc and Inc-myc show
different tissue-specific enrichment suggesting cell/tissue-specific function of the IncRNAs
and the protein-coding gene isoforms. Zebrafish myca and Inc-myca highly similar expression
pattern (same qRT-PCR Cts in adult tissues) indicates that the protein-coding and the IncRNA
gene share DNA regulatory elements and enhancers, suggesting a possible cis-regulatory
function of the PV'TI ortholog on adjacent myc. Despite absence of sequence similarities
between the two IncRNAs, our results show presence of a redundant compensatory
mechanism between the two Inc-myc isoforms. Therefore, inactivations of the two Inc-mycs
appear to be responsible for the observed developmental defects. The partial penetrance of the
phenotype is possibly due to the setting up of an additional compensatory mechanism that we
have not identified yet.

Interestingly, adjacent protein-coding genes transcript level do not seems to be modulated
by inactivation of the IncRNAs, suggesting that the 3’ part of Inc-myc is not necessary for cis
regulation of myc protein. The slight up-regulation (1.2-1.5 fold) observed on myca protein in
lnc-myca'/ " context appears to be independent of the IncRNA, as Inc-myca up-regulation
observed in Inc-mych” context does not alter the transcriptional level of the protein. Then, the
mutation we generated to inactivate Inc-myca possibly leads to deletion of a DNA regulatory
element explaining the adjacent protein slight up-regulation. These results need to be
confirmed, repeating the qPCR on biological replicates.

In human, both PVTI locus and transcript have been reported to differentially regulate
MYC expression (Cho et al., 2018; Tseng and Bagchi, 2015; Werner et al., 2017). Up to now,
no developmental defects have been reported for PV7/ in mammals. In addition to its
described role in cancer, PV'T1 has also been involved in cardiomyocytes physiology, down-
regulation of PVTI being reported to induce hypertrophy of cultured cardiomyocytes (Yu et
al., 2015), and in diabetes associated nephropathy, mediating extra-cellular matrix protein

accumulation (Alvarez and DiStefano, 2011; Yu et al., 2015; Zhigui et al., 2016).
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b. Outlook

Additional experiments are necessary to characterize Inc-myc developmental defects
phenotype. In human, PV'TI has been reported to stabilize MYC protein, interacting with MYC
inner inactivation domain (Tseng et al., 2015). In zebrafish, myca and mych isoforms do not
show RNA sequence similarities but share several homology blocks at the protein level.
Single myc mutants have been generated (CRISPR-Cas9 mediated integration for myca and
small deletion for mych) by the Zebrafish China Resource Center. No phenotypic
consequences were reported for these mutants, however no informations were supplied about
characterization of a double myca/mych mutant. To characterize the impact of the Inc-myc
deletion on adjacent protein-coding gene, we will perform Western blot on myc proteins in
pooled embryos biological replicates.

To insure that the developmental phenotype observed in Inc-myc double mutant is
actually due to IncRNAs 3’ deletions and to increase the population of double mutant
founders (initial screen allowed us to identify only two females and one male Inc-myca™ Inc-
mycb™), T have backcrossed each single mutants with a neuroD1::GFP line, labeling
zebrafish brain and eyes. This marker will allow us to investigate deeper the developmental
defects focusing on observed brain and eye hypoplasia phenotypes. We will also be able to
assess myc protein impact on the phenotype, as zebrafish myca and mycbh mRNAs have been
reported to be well expressed in these embryonic tissues (Kotkamp et al., 2014), Thisse et al.,
2014).

The partial penetrance observed in Inc-myc double mutants suggests that there could
be a second compensation mechanism attenuating the loss of Inc-myc on embryogenesis.
Comparison of the transcriptome of single mutants, double Inc-myc mutant embryos and
double Inc-myc escapees could help us to unveil such redundancy and identify the actors of
the compensation.

To assess if IncRNA functionality is conserved throughout evolution, we will attempt
to rescue double mutants embryonic phenotype using the Tol2 transgenesis system. To do so,
we will insert a PVTI isoform we amplified from human brain ¢cDNA (corresponding to
PVTI-004, see Figure 16A), which will be expressed under the control of the zebrafish ubi
(ubiquitous) promoter. If the developmental defects can be rescued by human PVT1 isoform,
we will deeply investigate the putatively conserved molecular mechanism of Inc-myc/PVTI
IncRNAs. Such results would have a great impact on the IncRNA field, supporting synteny as

a determinant of IncRNA function.
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III. Synteny as a determinant of functional conservation?

An evolutionary pressure on IncRNA genomic positions has been reported in vertebrates
and in plants (Hezroni et al., 2015; Mohammadin et al., 2015). Recent study associates
synteny of IncRNAs with chromatin organization structures, suggesting that syntenic
IncRNAs overlap with CTCF binding sites and participate to the determination topologically
associating domains border (Amaral et al., 2018). Our results show a correlation between
conserved position of IncRNAs and regulatory DNA elements. Indeed, Inc-myca and adjacent
myca protein show a very similar expression pattern. This result suggests that Inc-myca is
positionally conserved in order to share DNA regulatory motifs with the adjacent protein-
coding gene. However, our analysis of Inc-myc mutants does not support cis regulatory
mechanism of the IncRNA. As for menhir, its expression profile in healthy and cancer tissues
is conserved in the evolution, unlike the one of adjacent protein-coding gene sox4a. Therefore
menhir position could be conserved throughout evolution to preserve its adjacency to DNA
elements regulating its expression pattern.

We identified a potentially conserved function between two syntenic IncRNAs, menhir
and CASC15, that does not present sequence conservation. Indeed IncRNA sequence evolves
faster than protein-coding gene, suggesting that long noncoding RNA sequence is not
functionally determinant (Ulitsky, 2016). Indeed, IncRNA do not act on their own but through
their interaction with proteins and/or nucleic acids (Marchese et al., 2017) that could be
conserved despite lack of sequence conservation. Burge lab has actually report that RBP
specific binding to RNA is highly dependent on RNA binding site flanking composition or
secondary structure (Dominguez et al., 2018), that can be conserved for IncRNA in the

evolution as reported in drosophilid 70X (Quinn et al., 2016).

The main objective of my PhD was to determine if synteny could be a determinant of
IncRNA’s function conservation. The results I have obtained until now support this
hypothesis as menhir and CASC15 homologs appears to present conserved tumor suppressor
functionality despite absence of sequence conservation. I have also uncovered unknown
developmental role and redundancy of PV7TI homologs, reporting the first example of
IncRNA compensatory mechanism in vivo and featuring a second very interesting candidate

to investigate for conserved functionality.

67



68



Chapter 2: A minimally invasive genome editing approach to inactivate

IncRNASs in zebrafish

INTRODUCTION

I. Transient and stable strategies to inactivate IncRNAs in vivo

Several genetic strategies exist to inactivate protein-coding genes (exon replacement,
in frame stop codon insertion, frameshifts by insertion/deletion, truncation or point mutation
of functional domains). As most of these strategies directly impact the integrity of the protein
product of the gene, they are not applicable to IncRNAs.

Multiple methods have been developed to inactivate IncRNAs in a transient or stable
way. Transient inactivation of IncRNAs usually leads to a decreased level of the noncoding
transcript (knock-down) and can be achieved with different techniques such as RNA
interference (RNAi), Locked Nucleic Acids (LNAs), morpholinos (MOs), Allele Specific
Oligonucleotides (ASOs) or Gapmers (Delas and Hannon, 2017; Schulte-Merker and Stainier,
2014). The common principle of these different technologies is to target the RNA molecule
and induce its inactivation or degradation, however they all have several caveats, such as
model-specific applications and transient off-target effects.

To decipher more robustly the in vivo molecular function of a IncRNA, it is preferable to
generate stable genetic inactivation of the transcript. Several stable inactivation strategies (see
Table 4) have been reported to efficiently target IncRNAs despite their complex locus
architecture (alternative isoforms, hosting of other noncoding RNA, overlapping with
adjacent protein-coding genes, spanning hundreds of kb) (Ziegler and Kretz, 2017).
Advances in genome editing tools have lead to the development of multiple approaches for
IncRNA inactivation including: (1) deletion of DNA sequence resulting in gene truncation
(TSSs, SSs, ATAs, functional exon), deletion of the full gene locus or replacement of the
IncRNA sequence by a reporter gene; (2) disruption of gene transcription by promoter/TSS
deletion or promoter repression (Liu et al., 2017); and (3) RNA destabilisation through the
insertion of premature polyA signals or RNA destabilizing elements. As for transient
strategies, stable inactivation approaches have advantages and disadvantages (Table 4).

Generation of IncRNA full or partial genetic deletions or its replacement with reporter gene is
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a direct and efficient approach to inactivate any functional role of the IncRNA locus, although
this method is highly invasive and presents caveats. Indeed, several examples of long
noncoding locus internal DNA regulatory elements have been reported to be functional (Groff
et al.,, 2016; Paralkar et al., 2016). It is thus essential to distinguish between IncRNA
transcript and DNA element related functions (Haemmerle and Gutschner, 2015; Marchese et
al., 2017). In contrast to genetic deletion, insertion of short sequences leading to transcript
destabilization are promising, less invasive approaches that will likely have a reduced off-
target impact on adjacent/internal DNA regulatory motifs. RNA destabilizing element (RDE)
can have differential efficiency modulated by target gene structure or physiological
characteristics respective to the investigation model.

To choose the best IncRNA inactivation strategy, it is essential to make the distinction
between RNA molecule inner functionality, the act of transcription and the integrity of the
genetic locus (Bassett et al., 2014; Haemmerle and Gutschner, 2015; Marchese et al., 2017). It
is also crucial to analyse the various conserved features of the targeted IncRNA genomic
locus (Figure 1) such as sequence, organization, structure and overlap with regulatory

elements such as enhancers (Ziegler and Kretz, 2017).

Table 4: Strategies to genetically disrupt IncRNA expression
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II. Insertion of RNA destabilizing elements as a minimally invasive approach to

inactivate long noncoding RNAs

As creation of robust IncRNA loss of function mutants is a challenge in the ncRNA field,
we have tested two minimally invasive approaches to inactivate IncRNAs in zebrafish.
Premature polyA signal insertion has already been reported to be efficient to inactivate
IncRNA (Eimann et al., 2012; Grote et al., 2013). Although RNA polymerase has the
potential to read through single polyA signal, integration of multiple premature polyA
sequences have been reported to inactivate efficiently highly expressed IncRNA (Gutschner et
al., 2011). To our knowledge, polyA signal premature insertions have never been used for
endogenous gene inactivation in zebrafish.

An alternative strategy to destabilize RNA is the use of ribozymes: RNA sequences
functioning as catalytic elements. Indeed ribozyme 3D structure induces protein-independent
self-cleavage (Fedor and Williamson, 2005; Hartig et al., 2012). Several ribozyme subtypes
have been characterised such as the Hammerhead and the Hepatitis Delta Virus (HDV)
ribozyme (Figure 18). The hammerhead ribozyme was the first self-cleaving RNA sequence
discovered in the 80s (Hutchins et al., 1986). Hammerhead ribozyme is composed of a 3 base
paired helix (I, II, IIT as reported in Figure 18B) organised in an Y 3D structure (Fedor and
Williamson, 2005; Hammann et al., 2007). Hepatitis Delta Virus (HDV) ribozyme is an 80
nucleotide RNA enzyme essential for Hepatitis virus replication (Lai et al., 2002). HDV
ribozyme is a complex structure of 5 domains folding (Figure 18A) in the presence of divalent
cation (Mg*" Mn*" and precise pH conditions, which lead to RNA cleavage occurring at the
+1 sequence (Fedor and Williamson, 2005; Nishikawa et al., 2002) (Ke et al., 2004)
(Hammann et al., 2007). The HDV ribozyme has been reported as the fastest naturally self
cleaving RNA (Fedor and Williamson, 2005; Kapral et al., 2014). Self-cleaving ribozymes
insertion has been proposed as an alternative approach for gene inactivation and has been
reported to be efficient in different cellular models (Beilstein et al., 2014; Lee et al., 2016;
Nomura et al., 2013; Asif-Hullah et al., 2007).
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Figure 18: Self cleaving ribozyme differential architecture (adapted from (Hammann et al., 2007))

A The Hepatitis Delta Virus ribozyme has a convoluted pseudoknotted topology. The cleavage occurs
in 5’ of the first G B The active Hammerhead ribozyme is based on a three way junction. The cleavage

occurs 3’ in bold.

ITII. Achieving precise short sequence integration in the zebrafish genome

The advent of CRISPR-Cas9 genome editing technology has revolutionized the ability to
create desired genetic mutants in many model organisms, including zebrafish (Auer et al.,
2014; Hwang et al., 2013; Li et al., 2016) (Cong et al., 2013; Malina et al., 2013; Jinek et al.,
2012) Mali et al., 2013). CRISPR-Cas9 is an essential component of bacteria and archea’s
adaptative immunity and consists of an RNA molecule that guides a non-site specific nuclease
to a precise genomic locus (Garneau et al., 2010; Hale et al., 2009) where it induces target
DNA double strand break (DSB) that will be primarily repaired by the error-prone Non
Homologous End Joining (NHEJ) repair pathway.

DNA double strand breaks can be repaired by three different mechanisms (detailed in
Figure 19): NHEJ that ligates damaged DNA ends often generating small insertions or
deletions (in/del), The Micro-homology Mediated End joining (MMEJ) that uses short
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homology sequence to repair DNA break, and homologous recombination (HR), which
perform faithfull DNA repair employing a sister chromatid as a template (Branzei and Foiani,
2008; Hiom, 2010). These repair mechanisms are common to vertebrates, and zebrafish
genome contains nearly all genes involved in DNA repair (Pei and Strauss, 2013).

Several examples of CRISPR-related genomic insertion in zebrafish have already been
reported (Albadri et al., 2017). All three DNA repair pathway can promote targeted knock-in
when CRISPR technology is combined with donor DNA (plasmid, double stranded
oligonucleotide, single stranded oligonucleotide). However these insertions can be imprecise,
mis-oriented (for NHEJ) and usually occur at low frequency (Albadri et al., 2017; He et al.,
2015; Hisano et al., 2015; Hwang et al., 2013; Nakade et al., 2014; Zhang et al., 2016; Yanez
et al., 1999) likely due to the rapid cell cycle of zebrafish early embryos (a cellular division
every 15 minutes) (Gilbert, 2000).

Thus far, in other organisms, several strategies have been successful to promote HR and
precise exogenous insertion in the genome, such as overexpression of the RAD5] mRNA or
depletion of NHEJ actors (Bertolini et al., 2007; Chu et al., 2015; Hoshijima et al., 2016;
Maruyama et al., 2015). Because DSB DNA repair pathways are conserved in evolution, we
have implemented these technologies in zebrafish to promote precise RNA destabilizing

elements in IncRNAs.

IV. Overall objectives of the project

Together with Angelo Bitetti (PhD student in the Shkumatava lab), we have assessed (1)
the integration potential of several strategies employed in other model organisms on a lowly
expressed syntenic IncRNA Inc-klf7b. We also have (2) analysed the RNA destabilizing
efficiency of single polyA signal and HDV ribozyme in zebrafish on differentially expressed
IncRNAs. Our results show that knock-in (KI) is efficiently promoted in NHEJ-compromised
conditions through the inactivation of xrcc4 protein (component of the ligase IV complex, see
Figure 20) and that polyA signal premature insertion is sufficient to deminish the highly
expressed IncRNA malatl. However, we report that a HDV ribozyme insertion does not

appear to direct efficient IncRNA knock-down in the case of a single tested IncRNA insertion.
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Figure 19: Schematic of various DNA repair pathways in zebrafish

A Tllustration of CRISPR-Cas9 induced DNA double strand break (DSB). B Schematic of NHEJ DNA
repair: Ku proteins slides on DNA ends to form a docking site for NHEJ proteins (1), DNA-PKcs
bride the ends together and polymerases processes DNA ends (2) and DNA ligase IV complex achieve
the ligation step (3) NHEJ can be an error prone DNA repair mechanism (4). C Schematic of the
Micro-homology Mediated End Joining DNA repair: MRN aligned strands of 5-25 complementary bp
with mismatch ends (1), XPF-ERCC1 endonuclease removes overhangs and mismatched bases (2),
polT fill the missing base pairs (3) that are ligated by ligasel, 3a and xrccl (4). MMEJ repair can
result in insertion/deletion mutations (5). D Schematic of Homologous Recombination DNA repair:
DNA free ends are binded by Nbsl, Mrell and Rad50 complex that will initiate a 5°-3” resection of
the DNA (1), single stranded DNA associate with Rad51 protein (2), the newly formed nucleoproteic
filament will then search for homologous DNA sequences on donor DNA (3) which will results in
recipient DNA strand invasion, formation of Holliday junction and DNA synthesis (4). Homologous

recombination is the most reliable DNA repair pathway (5).
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RESULTS

I. CRISPR-Cas9 mediated genetic deletions as a strategy to inactivate IncRNAs in

zebrafish

a. Generation of zebrafish mutant lines for syntenic IncRNAs

To generate genetic zebrafish mutants of syntenic IncRNAs, we took advantage of the
CRISPR-Cas9 genome editing technology (Hwang et al., 2013). However, generating knock-
out (KO) of syntenic IncRNA loci is not trivial because (1) they lack obvious sequence
conserved domains to target, (2) they often overlap with their adjacent protein-coding genes
and (3) they often are produced from long loci spanning several hundred base pairs (Ziegler
and Kretz, 2017).

To overcome these challenges, I used several strategies to inactivate selected
IncRNAs. For example, by targeting their TSSs (transcription start site) or the largest exonic
region for deletion, or through the insertion of transcript destabilization elements. As
described in Table 5, I encountered several technical limitations and obstacles while
generating deletion mutants of my syntenic IncRNA candidates, such as absence of efficient
guide RNAs (gRNAs) for Inc-zfp64 and Inc-gosr2, IncRNA’s TSS overlapping with adjacent
protein-coding gene (Inc-ppmibb), or large IncRNA genetic loci too long for whole-locus
efficient deletion and including several DNA regulatory motifs (Inc-sox4a, Inc-myca and Inc-
mycb). Despite several attempts, I did not manage to identify homozygous deletion mutants
for Inc-klf7b, Inc-myca TSS, Inc-mychb TSS or Inc-sox4a 3’ deletion. However, 1 did
successfully generated four zebrafish deletion mutant lines: Inc-ppmibb 3’°, Inc-sox4a TSS,
Inc-myca and Inc-mych 3°, and pursued my investigation of syntenic IncRNA functionality in

these lines.
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Table 5: Generation of syntenic IncRNA deletion lines in zebrafish using CRISPR-Cas9 technologies

lincRNA Locus Deletion Stage

linc-klf7b Chr 9 :29432670-29436453 Full transcript Heterozygous
linc-zfp64 Chr 23 :38,907,088-38,910,731 3’end No efficient gRNA
linc-ppm1bb Chr 12 :26,951,263-26,960,298 3'end Homozygous
linc-myca Chr 24 :10,218,039-10,312,078 TSS Heterozygous

3 end Homozygous
linc-mychb Chr 2:31,737,208-31,812,588 TSS Heterozygous

3 end Homozygous
linc-sox4a Chr 19 :29,161,676-29,270,573 TSS Homozygous

3 end Heterozygous
linc-gosr2 Chr 3 :37629355-37644171 3 end No efficient gRNA

b. Phenotypic characterisation of long noncoding RNA zebrafish mutants:

Characterisation of Inc-ppm1bb™

Zebrafish Inc-ppmibb and its human syntenic ortholog annotated as
ENST00000609837 are localised 5° and antisense to the ppm1b protein-coding gene (Figure
20A). While human and zebrafish IncRNAs do not share splicing pattern, both transcript have
their TSS overlapping with the adjacent protein-coding gene. Therefore, I generated a
zebrafish Inc-ppmibb mutant through a 1,9kb deletion (green box) targeting the 3’ largest
exonic region. This strategy allowed me to delete 86% of a 903 nucleotides transcript, without
disrupting the adjacent protein-coding gene promoter.

To investigate their potential for co-regulation, I analysed the expression of Inc-
ppmlibb and the adjacent protein-coding gene in several adult zebrafish tissues. Using qRT-
PCR, I determined the expression pattern of both Inc-ppmibb and the protein-coding gene
ppmlibb to be enriched in the zebrafish brain (Figure 20 B&C). However IncRNA and
protein-coding genes appears to have different fold changes and patterns of expression in
other tissues. Although the expression pattern of the human IncRNA is not reported, the
human PPMIB protein-coding gene is enriched in the brain and gonads (GTEx database;
Figure 20D). PPM1B, which stands for Protein Phosphatase Mg’ "'Mn’" dependent 1B, has
been shown to dephosphorylate cyclin-dependent kinases (CDKs) (Prajapati et al., 2004).
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This protein has been associated with early pre-implantation (Sasaki et al., 2007) and has been
shown to negatively regulate necroptosis (Chen et al., 2015). Deletion of the 3° end of Inc-
ppmlbb is sufficient to fully inactivate the transcript (Figure 20E). The level of ppmIbb
protein appears to be affected by this genetic mutation but with high inter-individual variation
(Figure 21F). The Lnc-ppm1bb deletion is 7kb upstream of the ppm1bb TSS, however this
mutation did not permit us to distinguish between IncRNA molecule or DNA regulatory
elements action of adjacent protein-coding gene.

My results show that Inc-ppmibb is not required for zebrafish normal physiology.
Indeed, under standard laboratory conditions, zebrafish Inc-ppm1bb™ fish, despite alteration
of ppm1bb transcript level, are viable, fertile and do not show gross morphological defects

(Figure 20 G&H).
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Figure 20: characterisation of Inc-ppmbb zebrafish mutant

A Inc-ppm1bb transcript is conserved at the syntenic level between zebrafish and human, positioned in
5” and antisense of ppm b protein-coding gene. Zebrafish Inc-ppm [bb mutants were achieved through
deletion (green box). B qRT-PCR analysis of zebrafish Inc-ppm1bb (exon 3 to 4) expression in adult
organs (fold change relative to kidney). C qRT-PCR analysis of zebrafish ppmibb (exon 3 to 4)
expression in adult organs (fold change relative to skin). D Expression of human PPMIB protein-
coding-gene in adult organs in transcripts per million (TPM). Data were obtained through the
Genotype-Tissue Expression (GTEx) project available on EBI Expression Atlas. E qRT-PCR analysis
of zebrafish Inc-ppmibb (exon 3 to 4) between WT and lnc-ppmlbb'/' adult organs (fold change
relative to ppmIbb q-RT PCR Inc-ppmibb” brain #2). F qRT-PCR analysis of zebrafish ppmibb
(exon 3 to 4) between WT and Inc-ppm1bb” adult organs (fold change relative to Inc-ppmI bb™ brain
#2). G,H Picture of one year old WT and Inc-ppm1bb™ fish (male above, female under). Black bar

represent 1 cm.
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II. Insertion of RNA Destabilisation Elements as a minimally invasive approach to

inactivate IncRNAs

The generation of IncRNA mutants is more challenging than that of protein-coding genes
due to the absence of conserved domains and an open reading frame (ORF). Indeed,
minimally invasive single nucleotide changes that lead to nonsense or frame-shift mutations
in the ORF of protein-coding genes are not expected to impact IncRNA loci. Creating robust
IncRNA loss-of-function mutant is a challenge of the field, and as such, we have tested two
minimally invasive approaches to inactivate IncRNA in zebrafish: insertion of a premature
polyA signal and insertion of a self-cleaving ribozyme, both of which are expected to lead to

transcription destabilisation.

a. Inhibition of the Non Homologous End Joining pathway to promote precise

genomic insertion in zebrafish

With the advances of CRISPR-Cas9 genome editing technology, generation of precise
insertion in the genome became possible, even though this technique is highly inefficient in
zebrafish. To improve precise genetic insertion rates, Angelo Bitetti (former PhD student in
the lab) and I have designed a strategy to induce small insertions in a targeted manner by
destabilising the Non-Homologous End Joining (NHEJ) pathway to promote Homologous
Recombination (HR). To do so, we co-injected into the one-cell stage zebrafish embryos
CRISPR-Cas9 components, DNA repair disturbing elements (translation inhibiting
morpholinos (MOs) against xrcc4 (DNA ligase 1V) and xrce5 (Ku80), or rad51 mature RNA;
Figure 21A) and single stranded oligos (ss oligos) corresponding to the desired insert
sequence. We designed two different types of ss oligos, corresponding to an insertion (Figure
21B) or a replacement strategy (Figure 21C), both with different homology arms sizes.

To assess integration events, we inserted HDV ribozyme in linc-k/f7b and performed PCR
on pooled 48 hpf embryos. We did not observed insertions in the embryos co-injected with
rad51 mRNA. To evaluate efficiency of the integration according to different parameters (ss
oligo subtype, length or concentration, NHEJ destabilising MO, Cas9 mRNA or protein), we
performed PCR on single 48hpf injected embryos (n=30). Our results show that destabilising
NHEJ with xrcc4 MO leads to an insertion rate of 60% with cas9 RNA and 80% with CAS9
protein (Figure 21D). We also noticed that, similar to the efficiency to create deletion

mutants, the insertion rate was highly affected by the gRNA-directed Cas9 cutting efficiency.
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Using this strategy, we have integrated three different short inserts (1) SV40 polyA signal
(131 bp), (2) HDV ribozyme (72 bp) and (3) guanine inducible HDV ribozyme (133 bp)
(Normura et al 2013) in three different IncRNA candidates (linc-klf7b, megamind, malatl).

A
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—_
+- MO-xrccd
gRNA +- MO-xrec5
1 +- rad51 mRNA
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B Insertion Strategy C Replacement Strategy
soop S0bp
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Figure 21: Promoting precise genomic integration in zebrafish through NHEJ inhibition

A Injection procedure to promote precise genomic integration in zebrafish and to screen for efficiency.
B Single Stranded oligo (ss oligo) design for insertion strategy using single gRNA. The insert will be
integrated in the genome at the gRNA double strand break locus. C Single stranded oligo design for
replacement strategy using couple gRNAs. The insert will replace the DNA in between gRNAs. D
Integration efficiency (in percent) according to ss oligo length and concentration, cas9 RNA or
protein, and NHEJ inhibiting morpholinos. Results were obtained by PCR on single injected embryo,

using 30 embryos per conditions.
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b. Technical challenges

It is important to note that the event of integration can lead to target gene fragment
duplication/deletion or truncated insert. Although we observed a high rate of integration, PCR
screening for the ribozyme insertion was challenging. Indeed, the ribozyme sequence high GC
and hairpin secondary structure appear to negatively affect the polymerase chain reaction
(PCR) efficiency, making it challenging to amplify and sequence the full-length product (Sing
et al 2000, Nelms et al 2011). By optimizing the primer design and PCR conditions, we have
overcome the difficulties encountered in ribozyme insertion screening and succeeded to
generate linc-klf7b™" (Figure 22A), malat!®** and malatI"™™" (Figure 22D) homozygous

lines.

ITI. Assessing RNA destabilization efficiency

Numerous in vitro and ex vivo tests have shown that the HDV ribozyme catalityc activity
is present in mammalian cells (Asif-Ullah et al 2007). However the efficiency of ribozyme
cleavage and the degree to which the targeted transcript will be destabilised in zebrafish is
unknown. To test whether HDV ribozyme cleavage occurs in zebrafish. I have performed a
cleavage assay (adapted from 5 RACE technology) in injected embryos (n=60). Targeting
linc-klf7b (a lowly expressed syntenic IncRNA) with HDV ribozyme (Figure 22A). I detected
the presence of several transcript degradation products in the injected embryos in both
insertion and replacement strategies (Figure 22B), degradation products 5’ are illustrated in
Figure 22C. These results suggest that HDV ribozyme is active in zebrafish on lowly
expressed IncRNAs.

We also generated polyA signal and Hepatitis Delta Virus (HDV) ribozyme insertion
(respectively at 35bp and S5kb downstream of the TSS) in malatl IncRNA (Figure 22D).
malatl is a sequence conserved 7,5kb IncRNA with high ubiquitous expression in embryo
stages and adult tissues. As malat] genomic region presents high genomic chromatin
modifications (Ulitsky et al., 2011), full locus deletion could lead to unintended effects on
overlapping DNA regulatory sequences (Zhang et al., 2012). Our results show that the
insertion of HDV ribozyme did not lead to malat! down-regulation (Figure 22D), likely either
because the cleaving capacity of the HDV is too low (or inactive) in zebrafish embryos or
because HDV is not functional when inserted in that particular location. Indeed, efficient

ribozyme cleavage requires optimal divalent cation concentrations (preferably magnesium)
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and precise pH conditions (Ke et al., 2004; Asif-Hullah et al., 2007; Nomura et al., 2013) to
induce optimal folding and catalytic activities. As such, we hypothesized that HDV ribozyme
inefficient activity in malatl could be due to low intracellular magnesium concentration in
zebrafish embryos. Thus, we injected malat]™" embryos with increasing concentration of
magnesium (10mM, 20mM, 50mM and 80mM) or incubated them in magnesium-enriched
medium (50mM). Once again, we detected no malatl destabilisation effect upon ribozyme
insertion (Figure 22D). By contrast, insertion of a SV40 polyA signal lead to a complete
knock-out of malatl transcript in embryos and adult tissues (Figure 22E), even though

zebrafish malat1®V*

KO do not present morphological, survival or fertility defects, in
agreement with published mouse malat! KO (Eifmann et al., 2012). To conclude, our results
show that SV40 polyA signal is more efficient than HDV ribozyme to destabilize IncRNAs at

this particular locus.
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Figure 22: SV40 polyA signal inactivate IncRNA in a more efficient manner than HDV ribozyme

A Zebrafish linc-k[f7b genomic locus with HDV ribozyme insertion position (gRNA in green). B
Ethidium bromide gel of linc-k/f7b HDV ribozyme 3’ RACE cleavage assay performed on pools of
injected embryos. C Zoom in on linc-k/f7b HDV integration (blue box) position and annotation of
RACE degradation products obtained with insertion ( I ) or replacement ( R ) strategies. D Zebrafish
malatl genomic locus with SV40 and HDV ribozyme insertion position. E High molecular weight blot

showing the levels of malatl in wild type and malatI"™" 24hpf (hour post fertilization) embryos

with/without yolk injection or incubation with magnesium cations. malati"™" cleavage/degradation
products are expected to have a size between 2,5 and 5 kb. Each sample corresponds to a pull of 50
embryos. F High molecular weight RNA blot showing the levels of malat/ in wild type and malat!

SV40
adult organs and embryos (pull of 50). Malat!®¥* and malatI"™" Northern blots were performed by
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Angelo Bitetti (former PhD students in the Shkumatava lab) with a malatl probe of 266 nucleotides
localised at the 3* end of the transcript. Gel blots and hybridization were performed in biological

duplicates with 18s rRNA used as a loading reference.
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DISCUSSION

I. Inactivating long noncoding RNA in vivo: finding the best strategy between

transient and stable mutagenesis

Whereas protein-coding gene inactivation can usually be achieved through minimally-
invasive methods affecting their translation, the disruption of IncRNAs requires more invasive
knock-out approaches (Delas and Hannon, 2017; Marchese et al., 2017).

As transient mutagenesis strategies are by definition ephemeral, their analysis is
temporally restricted to cell culture or to the first days of living embryos. Moreover, IncRNAs
are often specific to a compartment of the cell, and cytoplasmic inactivating elements, such as
siRNAs that have to interact with the RISC complex, may inefficiently target nuclear
transcripts (Delas and Hannon, 2017).

Currently employed IncRNA stable mutagenesis approaches usually target either the DNA
sequence or the transcription process (see Table 4) and present several caveats due to IncRNA
locus complexity (Ziegler and Kretz, 2017). Indeed, DNA elements overlapping with IncRNA
loci can themselves have important functions independent of the transcribed IncRNA
molecules (Cho et al., 2018; Groff et al., 2016; Paralkar et al., 2016). Thus, large genomic
deletions of IncRNA loci that inadvertantly impact the integrity of DNA structural elements
confound the interpretation of any result, making it impossible to distinguish the phenotype
resulting from disruption of the DNA regulatory elements from those resulting from IncRNA
transcript disruption (Haemmerle and Gutschner, 2015; Marchese et al., 2017).

The advancement of CRISPR-Cas9 in zebrafish (Hwang et al., 2013) opened multiple
possibilities to explore gene functionality at the scale of living organisms. We started the
project at the onset of these rapid zebrafish genome editing times and targeted our candidate
genes by genetic deletion. However, while creating our set of candidate mutants, we came
across several challenges such as the absence of efficient gRNA for Inc-zfp64 or Inc-gosr2
(when co-injected with Cas9 mRNA) or the large genomic locus of Inc-myca, Inc-mych and
Inc-sox4a/menhir. We could not obtain homozygous genetic mutant for Inc-k/f7b, TSS of Inc-
myca and Inc-mycb (see Table 4), probably because our deletion affected functional DNA
elements regulating adjacent coding genes, as reported for PVTI promoter region in human
cell lines (Cho et al., 2018). Indeed, because Inc-myc/PVTI promoters are syntenic, it is

possible that these MYC regulating DNA element are functionally preserved. As for Inc-
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sox4a/menhir 3’ deletion, its homozygous lethality could be due to DNA regulatory element
off-targets, however the brain specific alternative TSS isoform observed in adults of Inc-
sox4a TSS mutants (see Appendix) and its splicing structural similarities with human
neuroblastoma CASC15-S (Russell et al., 2015) support RNA functionality.

Zebrafish mutants for Inc-ppm1bb did not show any obvious morphological defects in
embryos and adult, despite the alteration of adjacent ppmbb. Our results suggest that Inc-
ppmlibb acts in cis on adjacent protein-coding genes, however genetic deletion did not allow
us to distinguish between functionality of the IncRNA molecule and the DNA regulatory
elements that could influence ppm 1bb transcription levels. Therefore, it would be necessary to
generate other stable genetic mutants, such as inserting a less-invasive premature polyA
signal, to distinguish transcript functionality from that of DNA regulatory elements. The
protein function of ppmbb has not been characterized in zebrafish, but in standard laboratory
conditions its misregulation does not appear to affect zebrafish physiology.

To further investigate Inc-ppmlIbb/ppmliIbb function in vivo, 1 would start by
confirming IncRNA cis action in cell culture and characterize its molecular function. Next, to
potentially uncover a function, I would investigate IncRNA and protein-coding gene function
in a panel of stress conditions in vivo. As Ppmi1b has been reported to regulate negatively
necroptosis in mice by dephosphorylating RIP3(Chen et al., 2015), I would look at the impact
of Inc-ppm1bb™ on the necroptosis process using zebrafish larvae physiological retina cone

cell death as a read-out (Viringipurampeer et al., 2014).

II. RNA Destabilising Element and premature polyA signal differential efficiency to

inactivate IncRNA in vivo

We established a protocol to knock-in precisely small inserts (less than 140bp) in the
zebrafish genome bypassing the Non Homologous End Joining to promote Homologous
Recombination. Combining both CRISPR-Cas9 and morpholino technology (targeting xrcc4,
a strategy first reported in Bertolini et al., 2006), Angelo Bitetti and I significantly improved
the efficiency small sequence insertions. Up to now, our lab has successfully integrated polyA
premature signals, ribozyme and also a tag sequence (not reported here) in an heritable way in
the zebrafish genome. We also observed that insertion efficiency was variable according to
the genomic locus, suggesting that chromatin marks or genomic structure may affect insertion
rate. Properties of the desired insertion sequence may also impact its insertion efficiency or

ability to be easily screened. Indeed, integration of HDV ribozyme sequences was particularly

88



difficult to genotype, as the high GC contents of the self-cleaving ribozyme and its hairpin
secondary structures impair polymerase reading (Nelms et al., 2011; Won et al., 2017).
Recently, CRISPR-Cas9 technology has been greatly improved by the addition of an
intermediate RNA molecule bridging the Cas9 protein and the guide RNA (AItR-CRISPR
from IDT). Following the same strategy, bridging NHEJ disrupting or HR promoting

elements to the guide RNA/Cas9 protein complex could improve knock-in efficiency.

Ribozyme are composed of different types of self-cleaving RNA sequences like the
Hammerhead or the HDV ribozymes (Hamman et al., 2007) in native or inducible
conformations (Nomura et al., 2013). Insertion of the HDV ribozyme minimal 72 nucleotides
sequence did not lead to malat! down-regulationlikely either because the cleaving capacity of
the HDV was too low (or inactive) in zebrafish or because the HDV ribozyme was not
functional when inserted in that particular location in the zebrafish genome. There are
multiple explanations for the lack of malatl down-regulation including HDV’s requirement
for high divalent cation concentrations for self cleavage and its dependence on precise tertiary
structure formation, which could be disrupted by the sequences flanking the insertion site
(Kapusta and Feschotte, 2014).

Hammerhead ribozyme has a reduced requirement for divalent cations (Fedoruck and
Wyszomirska 2009) and a longer sequence than HDV potentially making it more stable and in
zebrafish than the minimal HDV ribozyme used in this study. To screen for ribozyme
cleavage capacity within different sequence contexts, it would be prudent to test ribozyme
cleavage activity within its IncRNA insertion context in vitro or ex vivo prior to conducting in
vivo investigations in order to identify efficiently cleaved sequences and to adapt the insertion
site protocol accordingly. In addition, a quick screen to assess the cleavage capacity of
different ribozyme subtypes or lengths in zebrafish organism could be conducted by
expressing functionally reported ribozyme under the control of zebrafish endogenous
promoter and inserting them in the zebrafish genome using Tol2 transposase.

Unlike the HDV ribozyme, insertion of a polyA premature signal lead to a complete
knock-out of abundant mono-exonic malatl in zebrafish embryos and adult tissues (see
Appendix). In this case, minimally invasive insertion of a single polyA signal nearby the gene
TSS was sufficient to block transcription and inactivate a highly expressed long noncoding
RNAs. However, it is highly probable that insertion of a premature polyA signal in Inc-
sox4a/menhir locus would not prevent the emergence of brain specific alternative TSSs (see

chapter 1). Thus, to access globally the utility of this method for IncRNA knock-out, one
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should test the efficiency of a single premature polyA signal insertion on additional IncRNAs

with varying expression levels and more complex exonic structures.
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MATERIALS AND METHODS

1. Generation of CRISPR/Cas9 mediated zebrafish mutants

Animal care and use for this study were performed in accordance with the recommendations
of the European Community (2010/63/UE) for the care and use of laboratory animals.
Experimental procedures were specifically approved by the ethics committee of the Institut
Curie (APAFiS#13883-201803021206135-v1) in compliance with the international
guidelines. Zebrafish were staged using standard procedures (Kimmel et al., 2015).
Concerning the animals induced with melanoma, animal care and use for this study were
performed in accordance with the recommendations of the European Community
(2010/63/UE) for the care and use of laboratory animals. Experimental procedures were
specifically approved by the ethics committee of the Institut Curie CEEA-IC
#118 (Authorization APAFiS#13883-201803021206135-v1 given by National Authority) in

compliance with the international guidelines

a. Injection procedure

i.  IncRNA deletion mutant
Syntenic IncRNA mutant were generated through partial locus deletion using CRISPR/Cas9-
mediated genome editing technology. sgRNA couples (9ng of each, see Table 6) and Cas9
mRNA (150ng) were co-injected into one-cell stage AB zebrafish embryos (Hwang et al.,
2013). sgRNAs and Cas9 mRNA were generated as described previously (Hwang et al., 2013)
using the codon optimized plasmid JDS246 for the Cas9 mRNA synthesis (Addgene #43861).
All of the RNAs were purified with the RNeasy Mini Kit (Qiagen).

ii.  Insertion
Ribozyme and polyA insertion were generated through injection of sgRNA (50 to 100ng,
alone or in couple), Cas9 mRNA (200ng) or protein (50ng/uL kindly provided by the
Concordet team- Muséum National d’Histoire Naturelle, Paris), and different concentrations
of single-strand oligos (IDT, see Table 7). In order to improve Homologous Recombination
(HR) efficiency, injection mix were supplemented with Non-Homologous-End-Joining
(NHE)) targeting morpholinos: MO-xrcc4 and/or MO-xrcc5 (Gene Tools LLC, see Table 8)
and/or Rad51 mRNA (75 to 150 ng/puL, amplified from zebrafish ¢cDNA and in vitro
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transcribed with mMESSAGE mMACHINE T7 ultra kit according to manufacturers

conditions, see Table 9).

b. Screening procedure

1. IncRNA deletion mutant
Genomic DNA was extracted through tissue (embryos or fish fins), digested with 2ug/uL of
proteinase K (Roche) at 55°c for 2-3h. DNA was extracted with phenol:chloroform. Fish
were genotyped by PCR (see primers list in Table 10), sequencing and mapping of genetic

amplification product.

ii.  Insertion
To screen for best insertion conditions, genomic DNA was extracted from 16 embryos in each
injection conditions in I1XxTE and 2pg/uL proteinase K (Roche) at 55°c for 3 hours then 94°c
for 10 minutes. Insertion efficiency was then determined by PCR (flanking and insertion) on
single embryos (see Table 10). Founders and next generations were screened through

genomic DNA extraction and PCR as described for IncRNA deletion.

c. Statistics

Partial penetrant phenotype observed in double linc-myc mutant was analysed using Chi-

square statistical test.

II.  Reverse transcription and real-time PCR

a. Zebrafish WT and mutant

Total RNA was isolated from zebrafish embryos and tissues using TRIzol (Invitrogen)
according to manufacturer’s instructions, followed by DNAse treatment (TURBO DNA-free
Ambion) and ethanol precipitated. cDNA was obtained by retro-transcription of 1ug total
RNA with SuperScript IV reverse transcriptase using oligo-dT and Random Hexamer
(Invitrogen), then amplified with TagMan Universal PCR master Mix for linc-k/f7b and
PowerUp SYBR green qPCR master mix (ThermoFisher Scientific) for other IncRNA.

Primers are listed in Table 11.
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b. Human tissue expression

All human expression datas were obtained through EMBL-EBI Expression Atlas provided by
the Genotype-Tissue Expression (GTEX) project. Primers are listed in Table 11.

c. Melanoma tissue

Total RNA was extracted from dissected tumor and brain of fish injected with melanoma
inducing construct using TRIzol (Invitrogen) according to manufacturer’s instruction, treated
with DNAse (TURBO DNA-free Ambion) and ethanol precipitated. cDNA was obtained by
retro-transcription of 300ng total RNA with SuperScript IV reverse transcriptase using oligo-
dT and Random Hexamer (Invitrogen), then amplified using PowerUp SYBR green qPCR
master mix (ThermoFisher Scientific). Primers for human NRAS, hCASC15 and melanoma

proliferation/invasion markers are listed in Table 11.

III.  RNA ligase-mediated and oligo-capping Rapid Amplification of cDNA Ends

a. menhir TSS

Alternatives Transcriptions Start Sites (TSS) specific to linc-sox4a deletion brain tissue were
determined by Rapid Amplification of cDNA Ends (RACE) according to manufacturer’s
instruction (GeneRacer™™ kit, life technologies). Gene Specific Primer (GSPs) were listed in

Table 12.

b. Ribozyme cleavage assay

linc-klf7b cleavage by ribozyme was observed on pool of injected embryos by RACE. Total
RNA of a pool of 50 injected or WT embryos was extracted with TRIzol (Invitrogen)
according to manufacturer’s instruction and purified with QIAGEN RNeasy cleaning kit. Sug
of RNA was ligated according to GeneRacer’s (Invitrogen) instructions. GSPs are listed in

Table 12.
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IV. Melanoma induction in zebrafish

Animal care and use for this study were performed in accordance with the recommendations
of the European Community (2010/63/UE) for the care and use of laboratory animals.
Experimental procedures were specifically approved by the ethics committee of the Institut
Curie CEEA-IC #118 (Authorization APAFiS#13883-201803021206135-v1 given by

National Authority) in compliance with the international guidelines

a. Melanoma inducing Construct

PdestTol2 mitfa::NRAS®"?" and pdestTol2 mitfa ::NRAS®'® were kindly provided by Adam

12D .
SO12D onstruct was modified

Hurlstone from Manchester University. PdestTol2 mitfa::NRA
by the insertion of the mitfa::hCASC15, mitfa::hCASCI5 truncated, mitfa::/inc-sox4a and
mitfa::venus with Gibson assembly cloning using Gibson Assembly Mastermix (New England
Biolab). To ensure correct subcellular localization of rescue constructs, I have inserted a
zebrafish /ibra intronic sequence at cDNA exon/exon junction (Bitetti et al., 2018; Rasmussen

and O'Carroll, 2011).

b. Injection procedure

Wild type and IncRNA mutant embryos were coinjected at one cell stage with 50ng/uL To/2
mRNA (in vitro transcribed with mMESSENGER mMACHINE T7 ultra kit Ambion) and
melanoma induction construct (25ng/uL for mitfa::/inc-sox4a rescue construct, 50 ng/uL for
the others). A minimum of 2 independent injections were performed in order to generate a

population of fish presenting melanoma in each conditions.

c. Melanoma monitoring procedure

i.  Melanoma induced zebrafish through injection
Injected embryos were selected for cyaa::venus expression at 72hpf. Zebrafish larvaes were
bred in standard conditions (28-29°c under a 14h light : 10h dark cycle in a filtered freshwater
recirculation system). Starting from 5 to 21 weeks post-fertilisation, melanoma induced
zebrafish were individually observed each week and classified according to their melanoma

progression stage (No Lesion; Few melanocytic Lesion; Radial Growth Progression (RGP);
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Vertical Growth Progression (VGP); VGP with tumor/nodule/hyperplasia) (Michailidou et al.,
2009). All animals presenting tumor, nodule or hyperplasia covering more than 10% body
surface, epidermic lesion, weight loss and/or feeding/swimming troubles were sacrified

immediatly.

d. Statistics

Statistical tests were performed using PRISM software. Tumor apparition in time and survival
was analysed with Mantel-Cox test for survival curves. Proportion of zebrafish at different
melanoma stages and with tumors at a precise timepoint were analysed with unpaired t-test.

Rare internal tumor event was analysed using hypergeometric statistical test.

V. Human melanoma cells xenotransplantation

a. Cell lines

Three different human melanoma cell lines were used in this project : SK-MEL-2 (kindly
provided by Stephan Vagner, Institut Curie, Orsay), 501Mel and WN266-4 GFP (kindly
provided by Adam Hurlstone, University of Manchester). Cells were cultured in DMEM
(Gibco) supplemented with 10% FBS (Gibco) for 501Mel and WN266-4 and MEM (Ambion)
supplemented with 10% FBS (Gibco) and 1mM L-Glutamine (Gibco) for SK-MEL-2.

501Mel and SK-MEL-2 were infected with lentiviral particles (kindly provided by Giulia
Fornabaio, Institut Curie, Paris), expressing the Green Fluorescent Protein (GFP) and a
Puromycin-resistance cassette. After the infection, cells were selected for 3 days in complete
culture medium containing 0,75pg/mL for 501Mel and 1pg/mL for SK-MEL-2.

For graft experiments, cells were resuspended in culture medium at a concentration of 250

000 cells per pL.

b. Fish and graft

Tg(kdlr::mcherry) zebrafish (kindly provided by Filippo Del Bene, Institut Curie, Paris) were
crossed with menhir mutant. Wild type and menhir mutant 48hpf embryos were manually
dechorionated, anesthetised with 0.004% tricaine and injected in the yolk with

approximatively one nanoliter of human melanoma cell suspension (around 250 cells).
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Embryos were maintained in egg water supplemented with PenStrep (25 U/mL final, Life

Technology) and PTU (3pug/mL) at 34°c for 3-4 days.

c. Imaging

Starting from 72 hours post-injections, percentage of larvae presenting melanoma cells
migrated oustide of injection point and average number of invading cells were estimated
using Zeiss optical microscope (steREO discovery v20) combined with Zen software 4 days
post-injections. For confocal microscopy, larvae were mounted in 1,2% UltraPure low-
melting agarose (Invitrogen) supplemented with 0.04% tricaine. Larvae were images by a

Zeiss LSM 700 confocal microscope with a 25x oil immersion objective.

d. Image analysis and statistics

All images were analysed using Zeiss and Fiji software. Cell speed was obtained through
ImagelJ cell tracker software. Statistical tests Mann and Whitney were performed with PRISM

software.

VI.  Insitu Hybridisation of the zebrafish ovary

Adult wild type zebrafish ovaries were fixed in 4% PFA (Electron Microscopy Science) for
24h at 4°c, dehydrated and embedded in paraffin blocks. Embedding and 4um sections were
performed by Emerald Perlas EMBL monterotondo).

To generate probes for in situ hybridisation, menhir full length was amplified by PCR using
Phusion DNA polymerase (Thermo Scientific) using the primers listed in Table 9. PCR
product was subcloned into a pGEM-T Vector system (Promega) and confirmed by
sequencing. DIG-labeled RNA probes were generated by vector linearization and T7 in vitro
transcription with DIG-RNA labelling kit (Roche).

Zebrafish ovary 4um section were deparaffined and rehydrated, fixed in 4% PFA, digested
with proteinase K, acetylated and hybridized with the corresponding probe in 50%
formamide, 5x SSC, 5X Denhardt’s solution, 500ug/ml salmon sperm DNA and 250ug/ml
tRNA overnight at 56°c. Post hybridization washes were performed in 50% formamide and

2X SSC at 56°c, then 2X SSC at ambient temperature. The sections were blocked in 10%
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sheep serum and incubated overnight with anti-DIG-AP antibody (Roche at 1:1000) at 37°c.
Signal detection was done using NBT/BCIP substrate (Roche)

VII. Histology

Entire adult zebrafish were fixed in 4% PFA (Electron Microscopy Science) for 3 days at 4°c
and decalcified in 0,25mM EDTA for 3 more days at 4°c. Zebrafish were then, sectioned and
disposed in a coronal or longitudinal orientation in histology cassettes and stored in Ethanol
70%. Paraffin embedding, 4um sections and staining (Hematoxylin-Eosin-Safran) were

performed by the Histim platform (Institut Cochin, Paris).

VIII. GTEx, PCAWG and TCGA investigation

Long noncoding RNA and protein-coding genes expression in healthy and tumor tissue were
respectively obtained from the Genotype Tissue Expression (GTEx) and the Pan Cancer
Analysis of Whole Genome (PCAWG) project available on EBI Expression Atlas.

Long noncoding RNA expression analyses according to melanoma mutation status and
severity stage were performed by Nicolas Servant (Institut Curie, Paris) from data collected
by The Cancer Genome Analysis project (TCGA). Statistics were analysed with Wilcoxon

test.
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Table 6: Single guide RNAs (sgRNA) sequences

sgRNA Sequence (5’-3°)

sgRNA zf Inc-klf7b"™ GGGCCGTAGAAGGCAGTGAA
sgRNA zf Inc-klf7p% ! GGAGTGATGAGCCAGTCATC
sgRNA zf Inc-klf7b% 4 GTGAGACAGAGGGTTAGCCA
sgRNA zf Inc-ppm 1bb> © GGTGTAGTTGGGTTTAGAGA
sgRNA zf Inc-ppm 1bb> GTTATTTTGGTTACCCAGGC
sgRNA zf Inc-myca® * GGACCAGCTGTCAGCTTGAG
sgRNA zf Inc-myca® * GCGGTATGGAAGTCTGTGTG
sgRNA zf Inc-mycb® * GCTACACAGTTAAGGGGTGG
sgRNA zf Inc-mycb® * GATTAGCCAGTTGTCCACTG
sgRNA zf menhir® * GCATGATATCGGACAAGGGG
sgRNA zf menhir® * GACATCCTGACGTAGGTAAA
sgRNA zf malat]™" GGGAATGTGTGGGGCTTTCT
sgRNA zf malat1>"* GGTGAGGCGCTATGGAAGGC
sgRNA zf megamind "°" GGAGCGAGAGGAGTCCATAT

zf: zebrafish — del: deletion - HDV: hepatitis delta virus
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Table 7: Single strand DNA (ssDNA) oligos sequences

ssDNA

Sequence (5’-3°)

ssDNA insertion zf Inc-klf7b" >"
short

AGCTGGGCAGTGTAAGCCCTGATGACTGGCGCCGGCATGGTCCC
AGCCTCCTCGCTGGCGGCCGGTGGGCAACATGCTTCGGCATGGT
GAATGGGACCTCTAGGTACCTCATCACTCCCTCCCATGGCTAACC
CTCTG

ssDNA insertion zf Inc-klf7b" >"
long

CAGGTGTGAGTCTGCCAGGCTCGGTGGCACAGCTGGGCAGTGTA
AGCCCTGATGACTGGCGCCGGCATGGTCCCAGCCTCCTCGCTGGC
GGCCGGTGGGCAACATGCTTCGGCATGGTGAATGGGACCTCTAG
GTACCTCATCACTCCCTCCCATGGCTAACCCTCTGTCTCACAGAG
TCTGAAACAGCTGGTTCCCA

ssDNA replacement zf linc-

kif7b"°Y short

TTAAGGGCAGGTGTGAGTCTGCCAGGCTCGGCCGGCATGGTCCC
AGCCTCCTCGCTGGCGGCCGGTGGGCAACATGCTTCGGCATGGT
GAATGGGACCTCTAGGTACCCTGAAACAGCTGGTTCCCACTGAG
CCTAGC

ssDNA zf Inc-

i7"V long

replacement

GGTGTGTGCTTGGTGTTATTGCACAGCGGGTTAAGGGCAGGTGT
GAGTCTGCCAGGCTCGGCCGGCATGGTCCCAGCCTCCTCGCTGGC
GGCCGGTGGGCAACATGCTTCGGCATGGTGAATGGGACCTCTAG
GTACCCTGAAACAGCTGGTTCCCACTGAGCCTAGCCCTGACCAG
GTCAAACCTTGCACCTTCCAA

ssDNA zf malat1™®"

GGTATGCATTTGTTTCTTGGGGGAATGTGTGCCGGCATGGTCCCA
GCCTCCTCGCTGGCGGCCGGTGGGCAACATGCTTCGGCATGGTG
AATGGGACCTCTAGGGGCTTTCTTGGGTGTTTCTTTATGCTTT

ssDNA zf malat1>"*°

AACATTGTGCGTCACGACGGGGTGAGGCGCACTTGTTTATTGCA
GCTTAAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACA
AATAAAGATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACT
CATCAATGTATCTTATCATGTCTGTTATGGAAGGCAGGGAGGCTT
CGTTGATCTG

ssDNA zf megamind ™"

CGGGCGCAAGAGGGTAAAGAGGAGCGAGAGGCCGGCATGGTCC
CAGCCTCCTCGCTGGCGGCCGGTGGGCAACATGCTTCGGCATGG
TGAATGGGACCTCTAGAGTCCATATTGGCCCTTCTGGGGATCATA

ssDNA: single stranded DNA — zf: zebrafish — HDV: Hepatitis Delta Virus
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Table 8: Morpholinos (MOs)

Translation inhibiting | Optimal concentration | Sequence (5’-3’)

MOs

zf xrec4 3ng CACTACTGCTGCGACACCTCATTCC
zf xree5 3ng CCTTATTCTCAGCAAACACCTGCAT

zf: zebrafish

Table 9: Full length RNA primer

Targeted gene

Forward Primer

Sequence (5’-3°)

Reverse Primer

Sequence (5’-3°)

zf Inc-kif7b TGTGCAGAAAATAGTGTTGAATGTTG | TGCAGATTGTAACGTGAGGTCTCCCTG
GCA

zf Inc-ppm1bb | ACCGTCACGAAGCTTGAACTGTAGTT | CCCCTCTCTCTGCGCTCAATAGTTTCTT
TG

zf Inc-myca CACATGGAAGAGGGCTCGAGACGAA | TGAGGCTTTTTGCCAACACTTCCCC

zf Inc-mych TGCTGTGAGCACATGGAGGAGAGAG | TTGGCAGTTTTGGTGTCACAGTTTG

2f menhir CCACACGTGTTTGACAAAACTCTCCG | TGCATAGGAATAACCTCCGAACTCAAAAC
A

fradsl CTCTAGCAGCAGCAGCAGTAGCTTA | TCCTGAAGTCTTGAAATGACAATAAAATTC

CAGT

h PVTI1-004 TGTGCCTGTCAGCTGCATGGAG AGCTCATAGGTTAGGGATTTTTCAAAGGC

h PVTI-005 GAGGGGCGACGACGAGCTG TTCACCAGGAAGAGTCGGGGTCTTA

h CASC15 GGATTACAATTTGATCGCTGGGAAT | CTCTGACTTACTCTCTGTTTCTGTCA

zf: zebrafish - m: mouse - h: human
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Table 10: Mutation screening primer

Deletion Forward Primer Reverse Primer

screening sequence (5°-3’) Sequence (5’-3°)

primers

zf Inc-klf7b* GATCTCACTGGCGTCCAAGT AGTTCCTTCTGCTCAGACACAA
zf Inc-ppm1bb>* | CCTTCTGGAGAAAGTCTGATCTG TTCACGAATCCACCAGAGGC
zf Inc-myca’ GTGTCATGATGATGCAGCGA TCACGTCATTAGCAGCACGT
zf Inc-myeb” GCCGTTTAACCCCACAGTGA ACCACTGTTTCCTCGTGCTC

5’del

zf menhir TAAGGAGCACAAATGTCTTAATACCTCAGG | GTTTTCTCTATATGCCGACTGTTTTGATC
C
Insertion Forward Primer Reverse Primer

screening primers

Sequence (5°-3°)

Sequence (5°-3°)

zf Inc-klf7b"" ins

GGCATGGTGAATGGGACCTCTAGGT

CATAACAAATGGGTCCGCCGTTGAC

zf Inc-klf7b™" | ACAGCTGGGCAGTGTAAGC CTGGTCAGGGCTAGGCTCAGT
flank
zf malatI™Y ins TTCGGCATGGTGAATGGGACCTCTA GTAGGACTGGACTGATCTGCC

zf malat1™ flank

GTGTACATTCTGTAACTGTTCCC

GTAGGACTGGACTGATCTGCCTCTCCAC
C

SV40 -
1

zf malatl ns

TCACTGCATTCTAGTTGTGGTTTGTCC

GCTTGTATTTTATCTTCGTCACGCTTGC

zf malat1®¥* flank

GTGTGGTATGTTGTGTCAAG

CCGCCATTTTGTAAATTCTTTCTAGCGT
CGAG

. HDV
zf megamind

ins

ACAGCAAGTGAGATGGCTTAAATGGA

GTCCCATTCACCATGCCGAAG

. HDV
zf megamind

flank

GGAGGTTCGGGCGCAAGAGGGTAAAGAGG

CAGCCAGGCAGTGCTCGATGTAATTTCA
GTTGC

del:

deletion — HDV: hepatitis delta virus- ins: insertion- flank: flanking
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Table 11: Real-Time PCR primer

Target gene Forward Primer Reverse Primer

Sequence (5’-3°) Sequence (5’-3°)
zf Inc-klf7b Tagman probe
zf Inc-ppm1bb 3’ | GAAACTCAGGCAGGCTTGTGA CTGTTCTGTGTCACAAGCGATG
zf Inc-ppm1bb 5° | CGTCACGAAGCTTGAACTGTAG GTCATTAAAAACACGTCGCCCC
zf Inc-myca 5’ CAAAGAATAACTCCACACCTGAAAG GCAGTATTGTTGACTTTGATGGCA
zf Inc-myca 3’ GCTTTGCTGCAAGGAGATGAAG CTTGGTGCTGAAATCTGTCCTCTC
zf Inc-mych 5° GAGGAGAGAGGACGTTCACTTAG CTCTCCCTGAAGTGGTTATGAG
zf Inc-mycbh 3’ CAGATAACCGTACCCTCTGTTGG GGCCTTCTTTAGAGCACTGGTAC
7f menhir 5° CTCTCCGAAGATGACATCCTGAC CACAAGCCTGGTTAAAGAGAGG
7f menhir 3° CATCACTCACAGTTCAGCTCTCC GAACACGACTATCCTCCACACTC
zf klf7b CGACACGGGCTACTTCTCAG CCTTTTGGGCTCTGTCTGCA
zf ppm1bb GTTTCCCCAATGCACCAAAGG TGGCTTAGATCTGGGATGCCT
zf myca CATGCTGGTCCTGGACACTC CCTCCTCTTCTTCCTCCTCCTC
zf mycb CTCACGCTGACATCTGACCAT AGGGCTGGTAGGAGTCGTAG
7f soxda TTCAACTTTGAGTCGGGCTCC TTCGAGCCAGTCCCCTGAT
7f sox4b GTATGTTTGTATAATACGCCGCCC CACAGTTTTCCAGTTCAGAGCG
zf tgfbl GTACTTCACCAACTGCAAGCAATG CTCTCGGAGTACATCTTAGTTGTGG
zf Bactin CGAGCTGTCTTCCCATCCA TCACCAACGTAGCTGTCTTTCTG
zf eifl a CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC
zf rpil3 TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG
h CASCI5 1 CCAAAATCAAAAGTATGGGCAGGC CAGTTTTGTGGCAGGTAGGGG
h CASCI5 2 CTGCGAGAGTTGTGAAAAATTGGG CCTCAACTGCAAAGTCCTCTTAG
h NRAS 1 TTACGCTAGCCTCCCGAGATCC CAAACAGGTTTCACCATCTATAACC
h NRAS 2 CTCCCGAGATCCATGACTGAGTAC CAAACAGGTTTCACCATCTATAACC
h actin GACATGGTGTATCTCTGCCTTACAG CTTTGCGGATGTCCACGTCAC

zf: zebrafish - m: mouse - h: human
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Table 12: Gene Specific Primers (GSP) for RACE

GSPs Sequence (5’-3°)

zf menhir® " 1 ATCAGCCTTAGGTTACAGGAAGAGAGCC
zf menhir> " 4 CCAGAACACGACTATCCTCCACACTCGG
zf menhir > A" 5 TTCCCACGCTGAAGGCTGATACTGAGAG

7f ll’lC-ka 3’cleavage 1

GCATAACAAATGGGTCCGCCGTTGACGT

7f ll’lC-ka 3’cleavage 1

CGATTTAGCCCCAAAGGTAAATGTGTGC

7f ll’lC-ka 3’cleavage 1

TGTGTGCGCCAGAAACTGCAGGGCACCC

zf: zebrafish
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