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Abstract

The importance of RNA-protein interactions in cancer biology has been increasingly acknowledged in
the past years. RNA-binding proteins (RBPs) regulate the maturation, stability, and subcellular
localization of RNA transcripts. RBPs are also the drivers of the function of long non-coding RNAs
implicated in multiple biological processes. In addition, RNA-RBP interactions have arisen as

regulators of tumorigenesis and therefore as potential therapeutic targets.

The human long non-coding RNA (IncRNA) CASC15 has been reported to be dysregulated in human
metastatic melanoma. Our laboratory recently identified its zebrafish ortholog, whose primary sequence
is poorly conserved throughout evolution. Using an inducible zebrafish skin cancer model that closely
parallels the human process, we demonstrated that the zebrafish cascl5 attenuates melanoma initiation
and progression. Importantly, the expression of human CASCI5 in the zebrafish IncRNA mutant
rescued the melanoma progression phenotype. We hypothesized that the same RBP interactions in both
orthologous transcripts underlie their functional conservation. In my first project, I investigated the
molecular mechanism of action of CASCI5 in a human cell line. Similar to zebrafish, the depletion of
CASCI15 in human melanoma cells mutant increases their migration behavior. In addition, by
combining different molecular and biochemical approaches, I identified a common set of functional
protein interactors that drive the functional conservation of CASC/5 orthologs. These findings shed
light on the relationship between mechanism of action and functional compatibility between IncRNA

from different animal species divergent in sequence.

In parallel, I also studied YTHDF2, an important RBP implicated in multiple human cancers. This
protein recognizes an abundant methylation mark present in specific RNA transcripts and regulates their
stability. YTHDF2 knockout compromises leukemic stem cells while preserving normal hematopoiesis
in vivo. Because of this cancer-specificity property, YTHDF2 has emerged as a unique therapeutic
target. However, the identification of small molecules that target RNA-protein interactions in cell is
currently limited by the absence of unbiased scalable screening methods. In my second project, I have
adapted our RNA-protein interaction technology to a drug screening platform. I identified several FDA-
approved compounds that specifically inhibit YTHDF?2 binding to its target RNAs and established the
pipeline to control for the specificity of the identified hits. In order to find novel small molecule
inhibitors, I expanded the collection of tested drugs by following a ligand-based computational screen
as well as including fragments of the hit compounds. In conclusion, this work demonstrates that
YTHDEF?2 protein is druggable and corroborates the reliability of our method to be used for the

identification of inhibitors targeting specific RNA-protein interactions.

Together, I have established in vivo models, cellular systems, and robust molecular tools, leading to the

identification and targeting of functional RNA-RBP interactions with crucial roles in human cancers.
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Résumé

L'importance des interactions ARN-protéines dans la biologie du cancer a été de plus en plus reconnue
au cours des dernieres années. Les protéines de liaison a ' ARN (RBP) régulent 1a maturation, la stabilité
et la localisation subcellulaire des transcrits d'’ARN, et sont également les moteurs de la fonction des
ARN non codants impliqués dans de multiples processus biologiques. En outre, les interactions ARN-
RBP sont apparues comme des régulateurs de 1’oncogenese et donc comme des cibles thérapeutiques

potentielles.

Le long ARN non codant (IncRNA) humain CASCIS5 a été signalé comme étant dérégulé dans le
mélanome métastatique humain. Notre laboratoire a récemment identifié son orthologue chez le poisson
zébre, dont la séquence primaire est peu conservée au cours de I'évolution. A l'aide d'un modele
inductible de cancer de la peau chez le poisson zebre, qui correspond étroitement au processus humain,
nous avons démontré que CASCI5 chez le poisson zeébre atténue l'initiation et la progression du
mélanome. Ainsi, I'expression de CASC/5 humain chez le poisson zébre mutant pour ce IncRNA permet
le sauvetage du phénotype de progression du mélanome. Nous supposons que chez les deux
orthologues, les mémes interactions ARN-RBPs expliquent leur conservation fonctionnelle. Dans mon
premier projet, j'ai étudié le mécanisme d'action moléculaire de CASCI5 dans une lignée cellulaire
humaine. Comme pour le poisson zebre, la délétion de CASC15 dans les cellules de mélanome humain
accélere leur migration. De plus, en combinant différentes approches moléculaires et biochimiques, j'ai
identifi€¢ un ensemble d'interacteurs protéiques commun chez les orthologues de CASCI5 qui
conduisent a leur conservation fonctionnelle. Ces résultats mettent en lumiere la relation entre le
mécanisme d'action et la compatibilité fonctionnelle entre les IncRNA de différentes especes animales

divergentes au niveau de leur séquence.

En parallele, j'ai également étudié YTHDF2, une RBP impliquée dans de multiples cancers humains.
Cette protéine reconnait une marque de méthylation présente dans des transcrits d'ARN spécifiques qui
régule leur stabilité. La délétion de YTHDF2 empéche 1’apparition et le développement de la leucémie
aigu€ myéloide tout en préservant 1'hématopoiese normale in vivo. En raison de cette spécificité
cancéreuse, Y THDF2 est apparu comme une cible thérapeutique unique. Cependant, l'identification de
petites molécules qui ciblent les interactions ARN-RBPs dans les cellules est actuellement limitée par
I'absence de méthodes de criblage non biaisées. Dans mon deuxiéme projet, j'ai adapté notre technologie
d'interaction ARN-RBPs a une plateforme de criblage de médicaments. J'ai identifié plusieurs composés
approuvés par la FDA qui inhibent spécifiquement la liaison de YTHDF2 a ses ARN cibles et j'ai établi
la procédure pour contrdler la spécificité des résultats identifiés. Afin de trouver de nouvelles molécules,
j'ai appliqué un crible computationnel basé sur les ligands identifiés ainsi que des fragments de ces

derniers. L’ensemble de ce travail démontre que la protéine YTHDF2 peut étre traitée par des
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médicaments et corrobore la fiabilité de notre méthode pour l'identification d'inhibiteurs ciblant des

interactions ARN-RBPs spécifiques.

En conclusion, j'ai établi des modeles in vivo, des systemes cellulaires et des outils moléculaires
robustes, menant a l'identification et au ciblage d'interactions fonctionnelles ARN-RBPs ayant des roles

cruciaux dans les cancers humains.



Lay abstract

RNA molecules participate in all functions in our body and in many of its diseases. The RNA CASC15
regulates skin cancer progression in humans, and zebrafish contain an equivalent molecule. We
discovered that both have the same role in slowing down skin cancer, despite having a different
sequence. We hypothesized they do so thanks to binding the same proteins. During my thesis, I
discovered that human cells migrate faster when CASC/5 is missing and identified proteins that bind
CASC1)5 of both species. In parallel, the RNA-binding protein YTHDF2 has been shown essential for
the initiation of blood cancer. Blood stem cells deficient for YTHDF2 will not develop cancer while
continuing with their normal function. Given that YTHDF?2 is a unique therapeutic target, I developed
a technique and identified drugs that could stop this protein from binding to its target RNAs. This work

shows the importance of studying RNA-protein binding for the understanding of cancer.

Résumé grand public

Les molécules d'ARN participent aux fonctions de notre organisme et a I’apparition de maladies. L'ARN
CASC1)5 régule la progression du cancer de la peau chez I'homme, et le poisson zebre a une molécule
équivalente. Nous avons découvert que ceux-ci ont le méme rdle dans le ralentissement de ce cancer,
malgré une différence dans leur séquence. Nous supposons qu'elles le font grace a la liaison aux mémes
protéines. Pendant ma these, j'ai découvert que les cellules humaines migrent plus vite lorsque CASC15
est absent et j'ai identifié les protéines qui se lient 8 CASC/5 chez ces deux especes. En parallele, la
protéine de liaison a I'ARN YTHDF2 s'est avérée essentielle pour l'initiation du cancer du sang. Les
cellules souches du sang dépourvues de YTHDF2 ne développent pas de cancer et maintiennent une
fonction normale. J'ai mis au point une technique et identifié des médicaments inhibant YTHDF2. Ce

travail montre l'importance de I'étude de la liaison ARN-protéine pour comprendre le cancer.
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Traditionally, scientists have attributed to RNA a central role in the flow of genetic information and
have considered proteins the effector tools of biological systems. Today, we know that this model that
opposes informational versus catalytic functions is incomplete. RNA does not merely act as an
intermediary between DNA and protein synthesis but carries out key functions in the cell. Beyond the
coding potential of ribonucleic transcripts, non-coding RNAs control transcriptional and post-
transcriptional processes and modulate protein activity (Geisler & Coller, 2013; Statello et al., 2021; R.
W. Yao et al., 2019).

RNA rarely acts alone. As we will see throughout this dissertation, the formation of ribonucleoprotein
(RNP) complexes is ubiquitous for different RNA species. In fact, protein binding defines the function
of non-coding RNAs including non-coding parts of messenger RNAs (mRNAs), called 5° and 3’
untranslated regions (UTRs), small and long non-coding RNAs (IncRNAs), with rare exceptions
proving the rule (Guerrier-Takada et al., 1963; Kruger et al., 1982). One may argue whether the protein
recognizes and interacts with a target RNA to regulate its metabolism and function or, contrarily, if a
transcript recruits an RNA-binding protein (RBP) affecting its fate and role (Hentze et al., 2018).
Regardless of which component is the driving force in mediating the interaction, RNAs are functionally

engaged with RBPs throughout their entire life cycle (Choder, 2011; Kastelic & Landthaler, 2017).

Strangely enough, most of the graphical representations of RNA and proteins are disproportionate. In
the bibliography, as well as herein, cartoons are rarely drawn to scale, and owing to displaying reasons
RNAs are illustrated relatively smaller than they are. This misleading depiction can make the reader
believe a transcript might bind only a handful of proteins. Yet, a transcript of 100 nt in length is able to
recruit between 5 to 20 proteins (Cid-Samper et al., 2018; Ribeiro et al., 2018). An accurate sketch can
help envision this conformation (Fig.1). RNA transcripts can, thus, constitute a platform or scaffold of
proteins, integrating diverse regulatory RBPs to further perform complex functions (Engreitz,

Ollikainen, et al., 2016).



In addition, RNA-protein interactions have miscellaneous dynamics: transient or stable interactions can
occur, and the combinatorial assembling can take place in a cooperative, sequential, or competitive
fashion (Achsel & Bagni, 2016). This extensive crosstalk between RNA and RBPs adds a layer of
complexity and diversity to their functionalities. Non-coding RNAs are known to guide, recruit and
decoy their protein partners to regulate chromosome architecture and transcription, interfere with
translation and signaling pathways, modulate the activity and location of RBPs, and sequester them in
order to control their abundance and availability for alternative functions (Aillaud & Schulte, 2020;
Beckmann et al., 2016; Gil & Ulitsky, 2020; Statello et al., 2021; R. W. Yao et al., 2019). The next

pages present how non-coding RNAs and proteins function together and serve as therapeutic targets.

actin: 1852 nt, 570 kD actin: 374 aa, 42 kD

3' poly-A tail

coding sequence (1128 nt) 3'UTR

Figure 1. RNA and protein size and mass relativized

Scaled drawings of actin protein and its mRNA transcript. mRNAs are bigger than the protein they code for since the mass of
a codon is an order of magnitude greater than an average amino acid, and contain untranslated regions (UTRs) and
polyadenylation (polyA) tail. Extracted from (Flamholz et al., 2014).






CHAPTER 1

Mechanistic conservation of the human and zebrafish CASC15
IncRNA orthologs in melanoma inhibition






1.INTRODUCTION

In a typical eukaryotic cell, non-coding RNA species are more abundant than protein-coding transcripts.
Ribosomal and transfer RNAs account for the great majority of the total RNA mass, which is increased
in diversity with long and small non-coding RNAs. LncRNAs are mRNA-like transcripts longer than
200 nt that do not have coding potential. This heterogeneous type of RNA is highly prevalent not only
in vertebrates but in all eukaryotic genomes (Cabili et al., 2011; J. Liu et al., 2012; Nagalakshmi et al.,
2008; Nam & Bartel, 2012; Pauli et al., 2012; Tupy et al., 2005).

The evolutionary origin, biological function, and mechanism of action of IncRNAs have been the core
question marks in the spotlight of IncRNA research. Although classical long-known transcripts such as
Xist helped pave the way, the nature of most IncRNAs remains still puzzling. In the last decade, the
intense exploration of this group of genes has shed light on these problematics and uncovered key

properties, numerous functions, and essential biological processes in which they are involved in.



1.1.Origin and evolution of IncRNAs

The phylogenetic study of IncRNA is constrained by, as we will see in the coming sections, the rapid
divergence of IncRNA sequences across evolution and their fast turnover (Hezroni et al., 2015; Kutter
et al., 2012). Protein-coding genes are highly conserved and benefit from open reading frame (ORF)-
based searches, which are unhelpful for our transcripts of interest. Although much has been theorized
about the origin of IncRNAs (Ganesh & Svoboda, 2016; Kapusta & Feschotte, 2014; Ponting et al.,
2009; Ulitsky, 2016; Ulitsky & Bartel, 2013), examples of non-coding transcripts illustrating

evolutionary scenarios are, to date, limited.

Novel IncRNAs can arise from previously existing genes. Duplication of a IncRNA gene followed by
erosion of sequence similarity is a plausible mechanism, exemplified by NEATI/MALATI IncRNAs
(Stadler, 2010) or the zebrafish (Danio rerio) megamind paralogues (Ulitsky et al., 2011). Likewise,
the birth of a IncRNA gene can occur through the loss of the coding potential of an existing ORF-
containing gene. XIST, JPX, FTX, (Duret et al., 2006; Romito & Rougeulle, 2011), and another several
dozen transcripts (Hezroni et al., 2017) are known to have protein-coding ancestry. Of note, IncRNA-
to-protein transition events have also been described, that is, non-coding genes that gain coding
potential throughout evolution. Libra/Nrep transcripts (Bitetti et al., 2018) are a prime example of this
phenomenon, termed OVERPRINTING, proposed for some hominid-specific protein-coding loci as well

(J.Y.Chenetal.,2015; C. Y. Lietal., 2010; Toll-Riera et al., 2009; C. Xie et al., 2012).

An alternative explanation for the formation of non-coding genes is the de novo emergence out of non-
transcribed genomic regions. The arising of transcripts from non-genic DNA, also known as
EXAPTATION, has been intensively studied across multiple species for protein-coding loci (van Oss &
Carvunis, 2019) and is considered a major mechanism for the formation of new genes (Neme & Tautz,
2013; Vakirlis et al., 2020). Yet, experimental evidence for this kind of non-coding transcript emergence

remains anecdotal (Heinen et al., 2009; K. D. Wilson et al., 2020).

De novo non-coding transcriptional units can originate from a series of mutations or genomic
rearrangements that ultimately create the appropriate combination of a promoter, splice site, and
polyadenylation (polyA) sequence acquisition in non-transcribed locations of the genome. As an
alternative to mutational processes, the integration of transposable elements (TE) has been proposed to
be a considerable driver of de novo non-coding gene formation (Fort et al., 2014; Kapusta et al., 2013;
Kelley & Rinn, 2012; Marifio-Ramirez et al., 2005). TEs can carry a functional promoter or stabilize a
cryptic exon, subsequently providing favorable conditions for giving rise to a novel IncRNA (Davis et

al., 2017; Fueyo et al., 2022).

These evolutionary innovations can go beyond the generation of new IncRNA genes. TEs have also

been described to play a significant role in the diversification, growing complexity, and sophistication



of IncRNA loci. It has been suggested that TEs can provide cell localization signals (Carlevaro-Fita et
al., 2018; Lubelsky & Ulitsky, 2018) and functional domains mediating interaction with other
biomolecules, like the binding of RBPs (Johnson & Guigd, 2014). Despite their heterogeneity, scientists

have systematically compared IncRNAs aiming to extract and generalize some of their characteristics.

1.2.General IncRNA commonalities

The synthesis of mature IncRNA transcripts resembles that of mRNAs. Their transcription is performed
by RNA polymerase II, their introns are spliced-out and they undergo capping and polyadenylation.
Nonetheless, the nature and life cycle of IncRNAs contrast with those of other RNA species regarding

their cellular fate and other characteristics.

In the first place, the architectural features of non-coding loci differ from those of mRNAs. LncRNA
genes tend to be shorter in size and contain shorter and fewer exons (Cabili et al., 2011; Derrien et al.,
2012; Hezroni et al., 2015). Their transcription pattern, too, presents differences compared to protein-
coding transcripts: IncRNA promoters are weaker and contain fewer transcription factor (TF) binding
motifs (Mattioli et al., 2019), and they often undergo premature transcription termination (Schlackow

et al., 2017; Tilgner et al., 2012).

Once transcribed, they are less efficiently spliced (Mukherjee et al., 2017; Tilgner et al., 2012) and tend
to be less stable and have a shorter half-life when compared to mRNAs (Clark et al., 2012), resulting in
an overall lower level of expression (Cabili et al., 2011; S. J. Liu et al., 2016; Ravasi et al., 2000).
LncRNAs are predominantly enriched in the nucleus (Derrien et al., 2012; Mukherjee et al., 2017),
although the subcellular localization can be context-specific and might even differ for the conserved

IncRNAss in different species (Guo et al., 2020; Much, Smallegan, et al., 2022).

Their abundance is specific at both the tissue and cell type level (Cabili et al., 2011; S. J. Liu et al.,
2016). Whereas a small proportion of IncRNAs are ubiquitously expressed, often the highly abundant
ones, most non-coding transcripts are expressed at lower levels and are present only in specific organs
or cell types (Jiang et al., 2016). Brain and testis show the highest enrichment of uniquely-expressed

IncRNAs (Ransohoff et al., 2018).

Whole-genome alignment studies comparing genomic sequences between species allowed the
identification of exon-intron structure conservation (Nitsche et al., 2015; Washietl et al., 2014) as well
as similar tissue expression patterns of IncRNAs among different organisms (Necsulea et al., 2014).
However, early on it became clear that IncRNAs are poorly conserved sequence-wise (J. Wang et al.,
2004). The extrapolation of the functional annotation system from protein-coding genes, based almost
entirely on sequence homology, appeared not to be useful for non-coding transcripts. In fact, IncRNAs

show particular types of conservation which will be discussed in detail hereunder.



1.3. What does conservation mean in the IncRNA world?

In order to infer whether a locus is biologically relevant without the benefit of experimental evidence,
comparative genomics studies traditionally relied on nucleotide sequence conservation. A crucial role
of a gene was implied when its sequence is conserved throughout evolution. Conversely, lack of primary

sequence identity was used to argue against functional significance.

From a sequence-centric point of view, IncRNAs appear to be poorly conserved. Roughly 12% of
human and mouse IncRNA have orthologous transcripts with alignable sequences in other species
(Cabili et al.,2011). Refined computational tools found that between human and zebrafish, two species
separated by 400 million years, only ~100 IncRNAs have detectable sequence conservation, in contrast
to >70% conserved protein-coding genes (Hezroni et al.,2015). These genome-wide comparisons failed
to identify orthologs of vertebrate IncRNAs outside this subphylum. The small fraction of sequence-
conserved IncRNAs rarely exhibits nucleotide sequence conservation along the whole transcript.
Rather, they present restricted regions of primary sequence conservation (Fig.2A) (Derrien et al.,
2012; Guttman et al., 2009). The alignable sequence between IncRNAs from two different species is
five times shorter than mRNAs, usually localized in short stretches and strongest close to the promoter

and the 5’ end of the gene (Carninci et al., 2006; Hezroni et al., 2015; Necsulea et al., 2014).

However, there are several lines of evidence to believe that the absence of linear sequence conservation
does not imply a lack of functional relevance (Omer et al., 2017; Pang et al., 2006). LncRNA turnover
is much faster than most mRNAs, but their exons evolve slower than introns of protein-coding genes
and intergenic sequences (Cabili et al., 2011; Guttman et al., 2009), indicating the existence of selective
pressure. Mutagenesis studies of IncRNA-unrelated ultraconserved regions of the genome, which
showed some of them to be dispensable for survival and development, also suggest that sequence
constraint is not a faithful reflection of functionality (Ahituv et al., 2007; Snetkova et al., 2022). In like
manner, some mouse IncRNAs do not have human orthologs but are reported to have key developmental

regulatory roles (Klattenhoff et al., 2013; Maamar et al., 2013; Yin et al., 2015).

Indeed, nucleotide sequence conservation can be considered a restrictive criterion for transcripts that
do not have to deal with protein-coding limitations, such as reading frame, codon usage, or disposition
of functional elements upon translation. Today, it is clear that IncRNA genes are impacted by different
evolutionary constraints. These kinds of transcripts feature less apparent conservation signatures

beyond sequence similarities, that have been discovered using an evolutionary perspective.

The limitations of BLAST and other sequence alignment algorithms were overcome by taking into
consideration the genomic position conservation (Fig.2B) and the transcriptional orientation relative
to adjacent genes, a characteristic termed SYNTENY. In other words, IncRNA orthologs could be

searched not only based on primary sequence similitude but also by examining flanking orthologous
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sequences in distal species. These refined computational approaches (reviewed in Ross & Ulitsky,
2022) revealed the presence of thousands of syntenic IncRNAs, also named ‘syntologs’, conserved
across numerous species (Necsulea et al., 2014; Ulitsky et al., 2011; Washietl et al.,2014), even beyond
vertebrates (Hezroni et al., 2015). Of note, the majority of IncRNAs in each species showed lineage-

specific expression.

The identification of deeply conserved transcripts using synteny-based transcriptome-wide comparisons
indicated an evolutionary pressure to retain these IncRNAs and consequently suggested their potential
biological significance. Other than equivalent genomic location, IncRNAs can own other conservation

properties as well, which may sometimes overlap.
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Figure 2. Multidimensional nature of IncRNA evolutionary conservation

LncRNAs mentioned in this manuscript that have been cross-species compared, grouped by their main conserved
characteristic. It is worth noting these features are non-mutually exclusive, which is why is hard to classify IncRNA by
conservation criteria i.e. most linear-sequence conserved IncRNAs, as well as MEG3, also present synteny. NORAD, TERC,
and CYRANO share in addition interactome between species (binding to PUMILIO proteins, TERT and miR-7 respectively).
XIST, MALAT1, and CYRANO have some structural preservation throughout evolution as well. Positional conservation varies
in depth i.e. restricted to mammals or vertebrates. Sequence conservation length is also heterogeneous: X/S7 — multiple repeats;
TUGI - along human-mouse sequence; MEGAMIND and CYRANO — ~300 base pair (bp) human to zebrafish; MALAT —
~100bp; NEATI — ~100bp; FIRRE — ~150bp motifs; PVTI — multiple exons, different in mammals than fish; NORAD — 12
repeating units of ~300bp; PNKY- 2 fragments of ~100bp; THOR — ~200bp; PINT — ~400bp; SILCI — exonl; CHASERR and
BANCR - all along the transcript; FAST — ~200bp.

-11 -



Although some IncRNAs are able to perform their function as an unstructured sequence (Davidovich &
Cech, 2015), unfolded states are extremely rare. Generally, most RNAs commonly form local stem-
loop structures, tertiary structures, and large quaternary assemblies of ribonucleoprotein (RNP)
complexes, which can mediate their molecular functions (Ganser et al., 2019). In fact, high-order
structures of IncRNAs tend to be more conserved than primary sequences (R. Li et al., 2016; Novikova
et al., 2013). These conserved structural elements (Fig.2C) could therefore represent functional

domains and underlie mechanistic conservation of orthologs with nucleotide-divergent sequences.

Our understanding of RNA structures is still in a rudimentary stage. Various in silico approaches have
tried to use evolutionary information to model RNA folding and identify structural preservation
throughout IncRNA evolution (Rivas, 2020; Seemann et al., 2017; Smith et al., 2013). However, RNA
does not adopt a stable three-dimensional structure but rather a large number of diverse conformations
that coexist with different abundance (Bevilacqua & Blose, 2008; Ganser et al., 2019). In addition,
changes in RNA structure can be induced by the interaction with RBPs and other molecules, by the act
of transcription itself, or by post-transcriptional modifications (Ganser et al., 2019; Leulliot & Varani,
2001). Thus, the computational study of RNA structures poses a significant technical challenge. Several
tools have recently been developed to probe conformational states of RNA using experimental in cellulo
evidence (Morandi et al., 2021; Spitale et al., 2013; Ziv et al., 2018). Yet, structural characterization is
available only for a few IncRNAs (Ross & Ulitsky, 2022).

Cross-species structural comparison has been performed only for certain IncRNAs. XIST A-repeat
conformation has been determined to be conserved using combinatorial methods (Duszczyk et al., 2008;
Nesterovaet al.,2001; Smola et al.,2016). MALATI contains a conserved triple helical structure located
at the 3’ end of the transcript (Wilusz et al.,2012; B. Zhang et al., 2017). Likewise, a local and functional
tertiary structure in MEG3 IncRNA, assessed in vitro and in cellulo, presents mammalian conservation
(Uroda et al., 2019). SRAI (Novikova et al., 2012) and CHAER (Z. Wang et al., 2016) are additional
examples of IncRNAs that retained structural components throughout evolution. It is worth stressing
that these RNA conformations were probed in one species and were only computationally predicted to

be conserved on account of patches of the transcript with a similar sequence.

Only a small number of IncRNAs have been experimentally determined to present structural
conservation among different species in absence of linear sequence similarities. The paradigm of this
phenomenon are roX IncRNAs, which feature stem-loop structures conserved in different Drosophila
species with no recognizable sequence homology (Ilik et al., 2013; Quinn et al., 2016). Similarly, in
vitro conformational probing of COOLAIR IncRNA in six plant species revealed highly preserved
interhelical junctions without significant sequence similarity (Hawkes et al., 2016). RNA structure
mapping is increasingly being used to predict, but also experimentally define, intramolecular
interactions and conformations. Nonetheless, because their biological relevance is often not fully

assessed, it is still a matter of controversy whether secondary structures of IncRNAs are indeed
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evolutionarily conserved or confer true functional domains driving their mechanism (Ponting & Haerty,

2022; Rivas et al., 2016).

Lastly, the molecular interactome (Fig.2D) can be shared between orthologous IncRNAs from
different species. For example, in order to induce X chromosome inactivation, mouse and human XIST
recruit the polycomb repressive complex (PRC) (Cifuentes-Rojas et al., 2014; Dixon-McDougall &
Brown, 2021). The function of NORAD IncRNA, too, is mediated by the binding of PUMILIO proteins
both in human cells (S. Lee et al., 2016; Tichon et al., 2016) and in the mouse brain (Kopp et al., 2019).
Similarly, CYRANO transcript contains a vertebrate-conserved near-perfect miRNA binding site that
triggers its target degradation in mice (Kleaveland et al., 2018). These orthologs, however, harbor RNA
elements that are resemblant and that drive the interaction with their respective partner molecules. The
contrary case is FIRRE IncRNA: despite local repeats being partially conserved in mammals, the

recruitment of hNRNPU protein occurs in humans but not in mice (Hacisuleyman et al., 2016).

Still, IncRNAs that do not share any nucleotide sequence similarities or synteny could perform
equivalent functions partially through the same interactors. Non-coding transcripts from distinct species
originating from different ancestor loci could evolutionarily converge to mediate the binding of certain
RBPs, ultimately sharing mechanisms and constituting functional IncRNA analogs (Owen & Cooper,
1843). The marsupial Rsx transcript is known to regulate transcriptional silencing of X chromosome via
binding PRC (Grant et al., 2012; Sprague et al., 2019), and dosage compensation in flies is controlled
by roX IncRNAs (Meller et al., 1997). These IncRNAs share no sequence similarities with the eutherian
XISTs and constitute putative analogous transcripts (Ramirez-Colmenero et al., 2020; Vallot &

Rougeulle, 2013).

Similarly, two non-conventional IncRNAs, the telomeric TERC and TERRA, have been found
ubiquitously throughout the eukaryotic domain to regulate telomeric homeostasis (Feuerhahn et al.,
2010; Kuprys et al., 2013). The molecular mechanism of TERRA remains thus far to be fully
understood. In yeast, this IncRNA is regulated by Rap1 protein (Luke et al., 2008), and its recruitment
in humans is RAD51-dependant (Feretzaki et al., 2020). In turn, TERC analogs bind to TERT ortholog
proteins and do so through structural domains and core elements almost identical across species

(Podlevsky & Chen, 2016; Qi et al., 2013; Theimer et al., 2005; Y. Wang et al., 2016).

In contrast, two recent studies reported the finding of analogous IncRNAs based solely on their
interacting partners, and only after their equivalent functionalities were established. The zebrafish veal2
IncRNA interacts with PRKCB?2 kinase to maintain the endothelial integrity of fish embryos (Sehgal et
al., 2021). RNA immunoprecipitation (RIP) on this protein followed by RNA sequencing (RNA-seq)
captured a human non-coding transcript that later on displayed the same regulatory functions. Similarly,
two mammalian IncRNAs were found to exhibit synonymous molecular mechanisms. The mouse non-

coding transcript Pair was first described to associate with phenylalanine hydroxylase (PAH) (Y. Li et
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al., 2021). Subsequent cross-linking immunoprecipitation (CLIP) on human liver tissues identified
HULC IncRNA to bind PAH as well. Further functional analysis demonstrated that both transcripts

regulate phenylalanine metabolism.

The evidence above supports mechanistic conservation as a source of functional compatibility between
IncRNA from different animal species despite rapid sequence variation. Yet, how RNA elements
control interactions with RBPs to perform their function is still largely unknown. Understanding the
molecular mechanism of action of IncRNA is fundamental to unraveling their function but might as

well shed light on their conservation characteristics.

1.4.LncRNA mechanisms of action

The identification of the protein interactome of a IncRNA is a key step in understanding the biological
role and characterizing the molecular and cellular mechanisms of these transcripts. Some RBPs interact
with common RNA structural elements indistinctly, like polyA-binding proteins or the cap-binding
complex (Fig.3A) (Blobel, 1973; Patzelt et al., 1983). Specific RNA recognition can also be driven by
other small RNAs (Fig.3B), like microRNAs (miRNA) do with Argonaute proteins (Hammond et al.,
2001) or CRISPR RNAs with Cas13 nucleases (Cox et al., 2017). Frequently, RNA binding occurs
thanks to intrinsic IncRNA specificity. These substrate-specific RBP-IncRNA interactions require
particular binding elements that distinguish target RNAs and off-target transcripts (Burd & Dreyfuss,
1994; Jankowsky & Harris, 2015; Lunde et al., 2007). Primary sequence motifs or defined structural

signatures can allow a given RBPs to discriminate them (Guttman & Rinn, 2012; Leontis et al., 2006).
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Figure 3. Modalities of IncRNA-RBP interaction specificity

(A) Functional interactions can be driven by common RNA components. Cap-binding complex (CBC) recognizes the 5’ 7-
methyl-guanosine cap and polyA-binding proteins (PABP) bind to polyA tails. (B) miRNAs and crRNAs can guide Argonaute
(AGO) or Casl3 proteins to their target, respectively. (C) Androgen receptor interacts with a specific RNA sequence motif.
(D) The binding of PRC2 to the A-repeat region of Xist is mediated by its structural conformation.

Proteins with RNA-binding domains typically bind short, single-stranded, and low-complexity RNA
sequence motifs (Fig.3C) (Achsel & Bagni, 2016; Cook et al., 2011; Dominguez et al., 2018; Gabut et
al., 2008; Zagrovic et al., 2018). Several IncRNAs have been described to harbor small RNA elements
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responsible for the recruitment of the RBPs that drive their function (Constanty & Shkumatava, 2021).
Prominent examples are the UGURUAUA motif present in Norad, which mediates the sequestration of
PUMILIO proteins (S. Lee et al., 2016; Tichon et al., 2016) or CYUYUCCWS motif, responsible for the
binding of the androgen receptor to SLNCRI IncRNA (K. Schmidt et al., 2020). However,
computational tools that perform nonlinear sequence comparisons to identify functional RNA motifs,

also known as k-mers, are still in an elementary state (Ross & Ulitsky, 2022).

RBPs can also be tethered to a transcript by secondary or tertiary structural elements (Fig.3D)
(Auweter et al., 2006; Sanchez de Groot et al., 2019; Seemann et al., 2017). For instance, stem-loop
structures on XIST’s A-repeat drive the recruitment of the RNA binding protein SPEN (Chu, Zhang, et
al.,2015; Lu et al., 2016; McHugh et al., 2015; Monfort et al., 2015) and hFAST IncRNA contains five
individual loops that interact with B-TrCP protein, which in turn maintains the pluripotency of human
embryonic stem cells (Guo et al., 2020). In addition, the structural context can determine if a primary

sequence RNA binding site is occluded or exposed and able to be bound (Taliaferro et al., 2016).

The abundance of transcripts and RBPs is a major factor of consideration when studying how RNA-
protein complexes are assembled. In particular, the expression level of most IncRNAs begs the question
of how they can outcompete other target RNAs at such low stoichiometric concentrations. Quantitative
studies (M. Wu, Yang, et al., 2021), along with research in phase-separation compartmentalization and
condensate formation (reviewed in Unfried & Ulitsky, 2022) help explain how non-abundant IncRNAs

can modulate the functions of their interacting partners.

From a protein-centric standpoint, only ~15% of human RBPs have defined RNA-binding domains
(Cook et al., 2011; Gerstberger et al., 2014). These are often discrete, with limited ability to interact
with RNA alone (Maris et al., 2005). Different RNA-binding domains can coexist in the same RBP,
which enhances the specificity of the interaction (Cléry & Allain, 2012; Lunde et al., 2007). The
dynamics of the known interactions between RBPs and their targets have been extensively studied
(Corley et al., 2020; Hentze et al., 2018; Singh et al., 2015) and their sequence specificities, if present,
often show evolutionary conservation (Ray et al., 2013). In fact, advances in structural biology
determined the enrichment of inherently disordered regions in RBPs (Baltz et al., 2012; Castello et al.,
2016). In addition, it should be mentioned that the RNA-bound proteome extends beyond RBPs:
IncRNAs functionally interact with chromatin-associated factors and DNA-binding proteins like TFs
(Conrad et al., 2016; He et al., 2016; Hudson & Ortlund, 2014; Khalil et al., 2009). Thus,

unconventional RNA binding deserves particular consideration.

The idea of a non-coding ‘RNA code’ that allows for predicting protein binding, and as a result
functionality, is an appealing one (Rinn & Chang, 2020). But RNA-protein interfaces are flexible for
major types of RBPs, and RNA motifs are usually deleterious, making the existence of such code

questionable (Auweter et al., 2006). In spite of this, SLNCRI motif discovery offers hope for IncRNA
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functional prediction by extrapolation of a molecular mechanism. The androgen receptor RNA binding
element was identified first in the SRA/ transcript (Novikova et al., 2012). Based on its known function
in this RNA and the presence of the same motif in SLNCR/I IncRNA, its interaction could be predicted
and subsequently confirmed (K. Schmidt et al., 2016).

Uncovering the non-coding RNA syntax would help understand the functional conservation of
sequence-divergent IncRNAs. The fast progress in molecular biology granted scientists advanced tools
to perform functional interrogations of these genes, placing reverse genetics at the core of IncRNA

research.
1.5.The complex task of inactivating a non-coding transcript

The use of reverse genetics to answer the question of the functionality of non-coding transcripts is
challenging. LncRNA loci are complex, where intricate gene regulatory components and different
transcripts frequently overlap. Thus, the disruption of other elements present in the gene might interfere
with the interpretation of the cause of the phenotype observed. The mechanisms that drive the function
of IncRNA loci comprise (i) enhancers and other DNA-dependent elements, (ii) the act of transcription
itself, and (iii) RNA transcript-derived functions (Fig.4A). To discern between these causal factors, a

careful conception of the IncRNA targeting strategy is required.
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Figure 4. Genetic inactivation strategies to study the role of IncRNA loci

(A) Functions of IncRNAs can be DNA, RNA, or transcription-driven. (B) Approaches for IncRNA null allele generation.
Polyadenylation (pA) insertion can also be multiple like Evf2 (Bond et al., 2009), Fendrr (Grote et al., 2013), Upperhand
(Anderson et al., 2016), ThymoD (Isoda et al., 2017) and Maenli**?* (Allou et al., 2021) mouse alleles. Depicted examples
for small mutations correspond to the Pair - mouse model, with a 2nt deletion in the splicing site (Y. Li et al., 2021), and the
cyrano zebrafish allele consisting of 5 nt deletion in the seed binding site of miR-7 (Kleaveland et al., 2018).
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The existing approaches to perturb IncRNAs and study their functionalities are multiple. Acute loss-of-
function (LOF) methods, like RNA interference (RNA1) based methods or antisense oligonucleotides
(ASOs), are useful strategies for a specific and transient targeting of the RNA even though their
reproducibility, efficiency, and off-target effects might hinder result interpretation (Gil & Ulitsky, 2020;
Sioud, 2011). In turn, gene editing, which results in a uniform cell population or a robust animal model,
offers precise and reliable means to investigate IncRNA functions. Several strategies (summarized in

Andergassen 2021; Gao 2020) are depicted and explained in detail below (Fig.4B).

The first and obvious rationale to inactivate a IncRNA and elucidate its functions is the (i) full deletion
of the IncRNA locus. This strategy proved successful at the beginning of IncRNA biology when H19
was discovered (Leighton et al., 1995) and was applied in vivo for classical IncRNAs like Xist
(Marahrens et al., 1997). Whole-gene ablation was useful for recent mouse studies such as Pnky
(Andersen et al., 2019), Firre (Lewandowski et al., 2019), Norad (Kopp et al., 2019), and in several
zebrafish IncRNA alleles (Goudarzi et al., 2019). The complete knockout of the locus cannot be applied,
evidently, in cases where some exons are overlapping with other genes. In addition, with IncRNA loci
often spanning several kilobases, the potential removal of overlapping regulatory DNA elements
encoded in the gene becomes probable, limiting the inference based on the phenotype observed.
Although DNA motifs and RNA functional components are not mutually exclusive, this approach

strongly relies on complementary evidence compared to other minimally invasive strategies.

An orthogonal strategy to terminate transcription while preserving nearly the entire DNA locus is (ii)
the deletion of the IncRNA promoter. Complete transcription abrogation can be achieved through the
disruption of the IncRNA transcription start site (TSS), examples being Silc/ (Perry et al., 2018), and
Teshl (Hyeon Hong et al., 2021), as well as through the excision of upstream regulatory regions
(Fitzpatrick et al., 2002; B. Zhang et al., 2012). The first caveat of this approach arises from a potential
residual IncRNA expression that can occur from alternative tissue-specific TSSs or cryptic constitutive
promoters, resulting in hypomorphic mutants (Lavalou et al., 2019). Furthermore, promoter competition
is an important issue to consider: the possibility of a phenotype resulting from a cis-regulatory

transcript-independent effect of a promoter cannot be understated (Engreitz, Haines, et al., 2016).

Another alternative editing approach consists of (iii) the transcription termination with the insertion
of an early polyA DNA sequence to the locus of interest. Evf2 (Bond et al., 2009), ThymoD (Isoda et
al., 2017), or Charme (Ballarino et al., 2018) mouse alleles demonstrate the utility of this strategy that
avoids deleting any DNA sequence. Nevertheless, obstructing the progression of the RNA polymerase
complex and terminating the act of transcription itself might affect the transcription of neighboring
genes and confound the interpretation of the functional mechanism of the loci, like in the case of
Upperhand (Anderson et al., 2016; Han et al., 2019). In addition, although polyA-terminator cassette
insertion is a powerful strategy to disrupt transcription without nucleotide elimination, transcription

inhibition resistance or polyA signal read-through has been previously observed for some IncRNA loci.
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Chaserr (Engreitz, Haines, et al., 2016; Rom et al., 2019) and Handsdown (Ritter et al., 2019)
expression was not completely abolished upon premature termination and serve as a lesson for this

phenomenon.

On some occasions, previous knowledge of the IncRNA properties might help direct the efforts toward
(iv) small or partial deletions of sequences believed to be crucial. That is the case for linear sequence
conserved transcripts, such as PINT (Marin-Béjar et al., 2017) or thor (Hosono et al., 2017). Likewise,
some transcripts have exons known to be essential for the role of the IncRNA, like Chaer (Z. Wang et
al.,2016), ALAL-1 (Athie et al., 2020), and BANCR (K. D. Wilson et al., 2020). Minimal perturbations
can also affect the stability of the transcript and eliminate its expression, like the recently described 2nt

splicing site mutation in Pair mouse IncRNA (Y. Li et al., 2021).

Each one of the genetic manipulations described above confers advantages as well as drawbacks for
result interpretation. Individual studies that include complementary alleles for the same IncRNA gene
are becoming more and more common. Notably, the libra/Nrep study (Bitetti et al., 2018) was built
upon two complementary LOF zebrafish alleles, a full deletion and a partial inversion, together with an
additional mouse model containing a scrambled miRNA target site. To dissect cyrano‘s molecular
mechanism, the authors deleted its conserved region but also generated six alleles with minimal
perturbations in the miRNA binding site (Kleaveland et al., 2018). For the investigation of the LncGata6
function, four mouse mutants were generated: a constitutive and conditional deletion of the near-full
gene body, an insertion of an SV40 polyA module into the promoter, and 4 nt mutation in a functional
domain (P. Zhu et al., 2018). In a similar fashion, a comprehensive work with multiple mouse alleles
successfully determined the mechanism of action of Maenli (Allou et al., 2021). The authors elegantly
combined a whole-gene deletion, a promoter deletion, a sense and antisense polyA termination, a GFP

reporter insertion, and individual exon and intron deletions.

Using evidence from combinatorial methods for IncRNA inactivation represents a solid approach when
attributing a phenotype to a IncRNA loss and uncoupling it from DNA elements or transcription effects.
It must be emphasized that these modes of action are not mutually exclusive. Some IncRNAs serve as
a model of multifaceted IncRNA-mediated functions. Tug/ locus contains a DNA-based element that
negatively regulates the expression of neighboring genes but also has a trans-acting RNA-driven role
(Lewandowski et al., 2020). Likewise, the act of transcription of Evf2 gene impacts nearby genes and,
in parallel, Evf2 transcript controls the transcription of other loci in trans (Bond et al., 2009). In short,
the adequate selection of one or multiple inactivation strategies will lead to the understanding of the

mechanism of action of the IncRNA locus (Fig.4A) and the correct interpretation of the LOF phenotype.
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1.6.Unveiling IncRNA regulatory roles

Over the past two decades, the systematic functional interrogation of IncRNA allowed the
characterization of their vital roles in various physiological processes, such as development,
homeostasis, or cell differentiation (Y. G. Chen et al., 2017; Fatica & Bozzoni, 2014; Hezroni et al.,
2019; Mallory & Shkumatava, 2015; Perry & Ulitsky, 2016). LncRNAs also play key regulatory roles
in the pathogenesis of multiple human diseases (Huarte, 2015; Salta & de Strooper, 2017).

In contrast, some mutagenesis screens reported no in vivo phenotypes when selected IncRNA loci were
disrupted, concluding that the genes were non-functional. One laboratory found that only fifteen out of
twenty mouse IncRNA knockouts were viable and showed no apparent phenotype (Lai et al., 2015;
Sauvageau et al., 2013). Another study depleted 12 IncRNAs in mice, and 11 mutants were born at the
expected Mendelian ratio and displayed no obvious abnormalities (Han et al., 2018). 32 deletion alleles
for numerous zebrafish non-coding transcripts led to equal conclusions (Goudarzi et al., 2019). Similar
large-scale IncRNA knockout studies done in Drosophila (Schor et al., 2018; K. Wen et al., 2016) and
C. elegans (Akay et al., 2019; Wei et al., 2019) revealed significant fractions of mutants that lacked

phenotypic changes in the analyzed traits, like fertility or growth rate.

One may argue whether the interpretation of these results should be more cautious. First, because this
outcome is not exclusive to IncRNA genes as many protein-coding knockout alleles yield no overt
phenotype (Birling et al., 2021; Dickinson et al., 2016; Pearson, 2002). Second, because these multiple

knockout studies have several caveats that require special mention.

First and foremost, the choice of allele is not trivial when assessing a mutant model, as extensively
discussed in the previous section. Besides, it is well known that phenotypes depend on the animal strain
and the standard laboratory conditions (Crabbe et al., 1999; Jaric et al., 2022). Compensation
mechanisms are also another important factor, as shown by Meller et al. While Drosophila roX1 and
roX2 individual IncRNA knockouts were viable, double mutant lethality underlined their functional
redundancy (Meller & Rattner, 2002). Special consideration has to be given to the context-dependency
of the phenotype since the effects of the IncRNA mutation might appear only after stimulus or stress
exposure. Three independent Malatl mouse alleles (EiBmann et al., 2012; Nakagawa et al., 2012; B.
Zhang et al., 2012) and one zebrafish mutant (Lavalou et al., 2019) reported no evident phenotypes.
However, it was later demonstrated that this IncRNA is a key regulator of cancer progression (Arun et

al., 2016; Gutschner et al., 2013), which does not naturally occur in mice.

Finally, certain phenotypes can go unnoticed unless appropriate assays are carried out. Many IncRNAs
display discrete, fine-tuning functions whose depletion causes modest phenotypes. Ldair, for instance,
is a light-regulated transcript that controls stress-response in fish, and its expression changes upon

transition from short- to long-day conditions (Nakayama et al., 2019). Another example is Neatl
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knockout mice: initially, no phenotype was observed in mutant mice (Nakagawa et al., 2011), and only
after subtle abnormalities were reported, like defects in the formation of corpus luteum (Nakagawa et

al., 2014) or in mammary gland development (Standaert et al., 2014).

Phenotypes might not be obvious at the organismal level, but the inactivation of IncRNAs can still have
an impact at the cellular or molecular level. For example, Cyrano post-transcriptionally regulates miR-
7 via target-directed miRNA degradation, enabling the accumulation of a circular RNA (Kleaveland et
al., 2018), yet depletion of cyrano in zebrafish and mice does not overtly impact viability or
development (Goudarzi et al., 2019; Kleaveland et al., 2018; Lavalou et al., 2019). Even if careful
phenotypic scrutiny is performed, some phenotypes might go unobserved under optimal laboratory
conditions. It is not unreasonable to assume that the absence of some IncRNAs could confer a

disadvantage only outside the laboratory, in a natural environment.

In essence, the obtainment of precise IncRNA LOF alleles and the rigorous inspection of phenotypic
changes upon the loss of the transcript are fundamental for the understanding of IncRNA roles. Some
of these functions are at times specific to one species (Guo et al., 2020), though function can also

represent another layer of IncRNA conservation.

1.7.Cross-species functional conservation of IncRNAs

Whether orthologous or syntologous IncRNAs retain function throughout evolution is an intriguing
question that still remains largely unresolved, as such experiments are technically demanding. Several
IncRNAs have been reported to display similar or related phenotypes among different species. NEAT]
role in the control of paraspeckle formation is retained across species (Cornelis et al., 2016; Sasaki et
al., 2009); CARMEN is required for cardiomyogenesis both in humans and mice (Ounzain et al., 2015);
PINT orthologs control cell invasion and are transcriptionally regulated by p53 (Marin-Béjar et al.,
2013, 2017); libra/Nrep limit miR-29b expression in cerebellar granule neurons and regulate behavior
in mice and zebrafish (Bitetti et al., 2018); mammalian GAPLINC IncRNAs have synonymous functions
as inflammation modulators (Cortez Vollmers et al., 2021); CHARME has also been suggested to have
a conserved role in mammalian myogenesis (Ballarino et al., 2018). Indeed, phenotype resemblance

can inform about or indicate functional conservation.

Rescue experiments constitute a fundamental validation step toward attributing a phenotype to a LOF
allele (Andergassen & Rinn, 2021). They have been used for dissecting cis-/trans-based in vivo roles
of IncRNAs (Andersen et al., 2019; Grote et al., 2013; Lewandowski et al., 2019; Wei et al., 2019; K.
Wen et al., 2016), even though they were always designed to re-introduce the sequence previously
inactivated, that is, from the same species. In turn, cross-species rescue experiments represent the gold
standard experiment to prove functional conservation throughout evolution. To date, few studies have

tested if a IncRNA from one species can functionally replace its syntologous or analogous IncRNA.
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Some experimental evidence comes from heterologous transgene expression in cells. Human X/ST can
silence the X chromosome in mouse cells (Heard et al., 1999); mice and human CHAER rescue
transcriptional de-regulation in Chaer-depleted rat cardiomyocytes (Z. Wang et al., 2016); human JPX
functionally complement the loss of its mouse counterpart, in absence of sequence or structural
conservation (Karner et al., 2020); and human FIRRE transgene expression partially restores

methylation marks on the inactive X chromosome upon mouse Firre depletion (Fang et al., 2020).

In turn, only a handful of heterologous IncRNA expression experiments have been performed in vivo.
A gain-of-function experiment was performed to assess if human THOR retained its oncogenic
capabilities across a long evolutionary distance, by expressing the transcript in zebrafish (Fig.5A)
(Hosono et al., 2017). Human and lizard EVXIAS IncRNAs were also subjected to a functional
comparison and both were determined to regulate gene expression in the same manner (Fig.5B)
(Olazagoitia-Garmendia et al., 2022). The aforementioned roX IncRNAs from two Drosophila species
separated by 40 million years were probed for functional conservation through a transgenic cross-

species rescue experiment (Fig.5C) (Quinn et al., 2016).

RNA-based in vivo rescue experiments have the ability to test for synonymous functions in a particular
context. For example, in vitro transcribed human VEAL2 could complement the heterozygous loss of
its zebrafish analog and partially restore a phenotype in zebrafish embryos (Fig.5D) (Sehgal et al.,
2021). Similarly, Pair knockout mice treated with the human analog HULC RNA mimics recovered
phenylalanine metabolism (Fig.SE) (Y. Li et al., 2021).
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zebrafish thor +/+ chicken Evxias +/+
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tethered to

Evx1 gene
C D E
¥ _in. s — -p< 1 o ),! I —
D. melanogaster roX1 -/~ & roX2 -/~ zebrafish veal2 +/- mouse Pair -/-
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D. busckii rox2 ™ VEAL2 RNA HULC RNA

Figure 5. In vivo cross-species comparison experiments describing functional conservation.

(A) Male lethality in Drosophila melanogaster roX1 and roX2-null allele was partially rescued upon transgenic heterologous
expression of syntenic orthologue Drosophila busckii roX2 IncRNA. (B) EVXIAS IncRNA from human and gecko lizard were
able to induce EVX1 expression in chicken embryo when recruited to the locus, despite non-homologous sequences. (C) THOR
human syntenic orthologue was not introduced in zebrafish thor-/- background where the conserved region was excised, but
in a zebrafish thor wild type background. Therefore, strictly speaking, it cannot be considered a rescue experiment. Yet, the
human IncRNA recapitulated the oncogenic in vivo function of the zebrafish transcript. (D) Heterozygous embryos for an 8 nt
deletion disrupting the expression of veal2 were complemented with in vitro transcribed human analog VEAL2, which rescued
the hemorrhage phenotype. (E) Injection of human HULC RNA mimic to Pair-/- mouse (Fig.4B) reduced phenylalanine
concentrations in blood, rescuing the phenylketonuria-like phenotype. TG = transgene.
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Performing rescue experiments in vivo is particularly challenging for IncRNAs, as one has to deal with
numerous variables. The success of the transgenesis depends on the choice of the IncRNA isoform if
multiple ones have been described, but also the level of expression of the heterologous transcript (Grote
et al., 2013), the time window of expression in the case of developmental or precise time-dependent
phenotypes (Ramos et al., 2015; Sehgal et al., 2021), and the subcellular localization of the transcript
or the locus where the gene is inserted, key for cis-regulatory IncRNAs (Gil & Ulitsky, 2020;
Olazagoitia-Garmendia et al., 2022).

1.8.The IncRNA CASC1S5 is functionally conserved among vertebrates

The human IncRNA CAncer Susceptibility Candidate 15 (4.CASC15) spans a ~500 kilobase (kb) -long
locus. It is located downstream of SOX4, a transcription factor (TF) known to regulate epithelial to
mesenchymal transition and to have crucial functions in cell differentiation, zebrafish and mice
embryonic development and oncogenesis (Lefebvre et al., 2007; Lourengo & Coffer, 2017; Potzner et
al., 2010; Tiwari et al., 2013; W. Wen et al., 2015). The human expression profile of these two
neighboring genes is dissimilar: SOX4 is ubiquitously expressed, whereas in general #.CASC15 is lowly
expressed and only enriched in the ovary and testis (The GTEx Consortium, 2020). RefSeq annotation
indicates that this IncRNA has 12 exons that produce a ~2 kb transcript, although the locus is annotated
in GENCODE to encode a multitude of isoforms (Frankish et al., 2019).

Based on the literature so far, #.CASCI5 has an inhibitory role in melanoma and neuroblastoma
progression. Lessard et al. identified this nucleus-localized IncRNA frequently altered in patients with
metastatic melanoma, playing a role in the cancer proliferation to invasion switch. They described the
existence of multiple isoforms being expressed, and by absolute quantification, they showed that the
most abundant exons were in the 3’ end of the transcript (Lessard et al., 2015). The expression of a
shorter isoform of h.CASCI5 was later identified in neuroblastoma (Russell et al., 2015). High

expression of this isoform was associated with improved cancer survival.

Another layer of complexity of the 6p22.3 locus is the presence of an antisense IncRNA between the
exons 9 and 10, the NeuroBlastoma Associated Transcript 1 (NBAT), that represses tumor progression
in this cancer type (Mitra et al., 2021; Pandey et al., 2014). The detailed interplay and mechanism of
h.CASC15 and NBATI IncRNAs in neuroblastoma have also been established (Juvvuna et al., 2021;
Mondal et al., 2018), determined to be driven by the interaction with USP36 protein. In this case, the
IncRNA is transcribed, processed, and exerts its function elsewhere in the cell. These so-called trans-

acting IncRNAs act independently of their transcription site.

Alternatively, work done in mouse cell lines suggests that mouse Cascl5 regulates Sox4 expression

(Fernando et al., 2017). Cis-acting IncRNA functions depend on the loci they are transcribed and
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regulate nearby genes. However, the inactivation strategy used in this latter study was to target the TSS,

which might impact upstream transcription in an RNA-independent manner (see Section1.5).

Despite the overall agreement in the tumor inhibitory function of #.CASC/5, no null allele human cell
lines have been generated and no animal models had been designed for its study in vivo. An
evolutionary perspective of the function of this IncRNA was, thus, lacking. A former Ph.D. student
Shkumatava laboratory, Perrine Lavalou, aimed at filling this knowledge gap and investigated the role
of CASC15 in vivo using Danio rerio. The zebrafish model appeared ideal since its genome contains a
IncRNA syntenic to h.CASC15 (Fig.6A) (Ulitsky et al., 2011), initially named /nc-sox4a and hereafter
referred to as zf.cascl5, allowing the study of this gene in two evolutionary-distant species. Indeed,
these syntenic IncRNAs present a similar expression pattern in both species (Fig.6A). In addition,
powerful reverse genetic approaches for zebrafish genome engineering have been established (Bedell
et al., 2012; Hwang et al., 2013; Sander et al., 2011) and this animal model has been extensively used
to study melanoma (Frantz & Ceol, 2020; Hosono et al., 2017; Kaufman et al., 2016; Patton et al.,
2005).

Cutaneous melanoma develops upon the oncogenic transformation of melanocytes, melanin-producing
neural crest-derived cells located in the epidermis. The great majority of melanoma tumors originate
from mutations in either BRAF and RAS kinases which lead to an overactivation of the mitogen-
activated protein kinase family (MAPK) signaling pathway (Alkallas et al., 2020; Davies et al., 2002).
Zebrafish melanocytes are also derived from the neural crest, and the transcriptional program that drives
this differentiation is highly conserved across evolution, mainly owing to SOX10 and the Melanocyte
Inducing Transcription Factor (MITF) (Baggiolini et al., 2021; Mort et al., 2015). Yet, there are
differences between the melanocytes of these two species. For instance, mammalian melanocytes
secrete pigment-containing vesicles called melanosomes to transfer melanin to adjacent keratinocytes,

whereas zebrafish melanocytes retain their melanosomes (Aspengren et al., 2008).

Important to highlight is the fact that zebrafish do not spontaneously develop melanoma. In order to
establish a melanoma model, the Zon laboratory generated a zebrafish allele expressing human
BRAFVE gncogene under the melanocyte-specific promoter mitfa (Patton et al., 2005). However, the
animals only developed nevi. In fact, it is only in a tp53” background zebrafish that this and other
oncogenes such as NRASQOIK are able to generate aggressive melanoma, histologically resemblant to
human tumors (Frantz & Ceol, 2020). One oncogene that is sufficient to give rise to malignant
melanoma without carrying any complementary LOF is NRASG!2D (Casar et al., 2018). Because
embryonic expression of mutant NRAS is lethal in mice (You et al., 2021) and zebrafish (Runtuwene
et al., 2011), the generation of melanoma inducible zebrafish is mediated by tol2 transposition, which

creates mosaic animals while enabling robust cell-specific integration of the transgene.
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Figure 6. CASC15 ortholog functional conservation study in vivo

(A) (LEFT) h.CASC15 expression in adult organs in transcript per million (TPM), from Genotype-Tissue Expression (GTEx)
project. (RIGHT) Zf.cascl5 expression in different organs of wild type zebrafish detected by qRT-PCR, relative to eeflal.
(B) (LEFT) Expression of /.CASC15 in UV unexposed skin (n=265), UV exposed skin (n=394) and melanoma samples (n=36)
in transcript per million (TPM), obtained through the Pan Cancer Analysis of Whole Genome project. (RIGHT) Zf.casc15
expression in wild type zebrafish uninjected or injected with the melanoma inducible construct, detected by qRT-PCR, relative
to eeflal. (C) Gene architecture of the zf.cascl5 locus and two mutant alleles generated in the laboratory (Lavalou et al.
2019). (D) Percentage of fish survival between week 5 and 21 post-injection in WT and cascl5-/- background. Data were
analyzed with a Mantel-Cox test. Unpublished results obtained by Perrine Lavalou (Shkumatava laboratory).

To uncover the role of zf.cascl5, this melanoma inducible strategy was used. First, an upregulation of
the expression of the IncRNA was observed upon heterologous expression of the NRAS oncogene,
mirroring the misregulation of 4.CASCI5 in patients under melanogenic conditions (Fig.6B). To
investigate whether zf.cascl5 had protective or aggravating effects in the context of melanoma in vivo,
a LOF allele was generated targeting the TSS (Lavalou et al., 2019). The resulting Inc-sox447SS
zebrafish (Fig.6C), here referred to as zf.cascl5”’-, were viable and fertile and lacked overall
morphological defects. The expression of the IncRNA was abolished in all the tissues except the brain,
where a tissue-specific alternative TSS (aTSS) maintained the expression of the 3’ end of the transcript.

An alternative strategy, in which exon 4 was deleted (Fig.6C), failed to generate homozygous fish.
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In order to examine the impact of zf.casc15 loss in melanoma progression in vivo, wild type and mutant
zebrafish were injected with the mitfa:NRASG!2D vector. Survival and tumor aggressivity were
monitored. Upon melanoma induction, zf.casc15” fish showed an earlier appearance of melanoma (data
not shown) and decreased survival as compared to malatl”’- or wild type controls (Fig.6D). To
determine if zf.cascl5 and h.CASC15 had synonymous functions, genetic rescue experiments were set
up, expressing h.CASC15 transcript in the melanocytes of NRASS12P #f.casc157 fish. This experiment
allowed to address if #.CASC15 could restore melanoma inhibition in zf.ascl5 depleted fish to the level
observed in NRASG!2D-expressing wild type animals. The heterologous expression of 2.CASC15 in
7f.casc157- melanocytes slowed down melanoma onset and progression (Fig.6D), indicating that despite
the absence of linear sequence conservation, zf.cascl5 and h.CASCI5 have conserved biological

functions in melanoma.

1.9.0bjectives

The work described above established the importance of zf.cascl5 in regulating melanoma
aggressiveness and progression in zebrafish, and the equivalent melanoma-inhibitory functions of
zf.cascl5 and h.CASC15 in vivo. However, these syntenic IncRNAs lack alignable primary sequence
conservation. In this chapter, I wanted to tackle the question of which mechanism allows the two

orthologous transcripts to perform the same function.

Since RBPs define and transmit the function of IncRNAs, I speculated that both transcripts interact with
a similar set of proteins that instruct a compatible biological role in the context of melanoma. I
hypothesized that specific short sequences contained in both syntologs, not detected by classical
aligning BLAST-based algorithms, would be responsible for the recruitment of conserved protein
partners. If true, conserved RNA-sequence motifs present both in zf.cascl5 and h.CASCI5 would
ultimately drive their functional conservation. The experiments outlined below aim at answering those

question marks.
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2.RESULTS

Using the zebrafish model organism, previous work in our laboratory established the functional
equivalence of human and zebrafish CASC15 orthologs. In order to facilitate the molecular study of this
IncRNA, and because I could not isolate zebrafish melanocytes, I turned to a simplified cellular system.
The investigation of CASCI/5 in human melanoma cell lines allows the application of highly
maneuverable gene editing tools to characterize this locus from an evolutionary perspective. However,
no homozygous genetic inactivation of this locus had been previously obtained. To mechanistically
understand the function of CASC/35, 1 first generated a null allele cell line and examined the implication
of the deletion at the behavioral and transcriptomic levels. Based on these results, I comprehensively
interrogated CASC15 syntologs for RBP binding and performed an unbiased cross-species comparison
of their interactome. Subsequent functional analysis of the protein partners of the two transcripts
enabled the identification of two proteins that we believe drive the functional conservation between

h.CASCI5 and zf.cascl5.
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2.1.0rganization and conservation of the #.CASCI15 locus in melanoma cells

The Shkumatava laboratory first identified 501 human melanoma (501mel) cell line, in which
h.CASCI5 is robustly expressed (data not shown). While deciding on the best genetic strategy to
inactivate the transcript, I detected a 48 nt deletion this cell line carries in the TSS (Fig.7A). I also
confirmed the status of the main melanoma oncogenes: BRAFV60E mutated and NRASC!2 wild type

(Fig.7B).

As mentioned above, CASCI5 presents poor primary sequence conservation along the transcript.
BLAST global alignment of the exonic sequences between human and mouse CASC15 reveals 51% of
identities, much fewer than MALATI (79%) or XIST (67%). Sequence identities are reduced to 49%
when human and zebrafish transcripts are compared. Only a ~90 base pair (bp) -long stretch of the
sequence is highly similar in mammals (Fig.7C), which is restricted to a 20 bp motif in zebrafish. This
sequence is located in the 5’ end of the transcript and likely represents a DNA regulatory element
conservation rather than an RNA-related conserved region. Indeed, sequence conservation in the
promoters and 5’ terminus of the transcript is a feature that many IncRNAs share (Carninci et al., 2006;
Hezroni et al., 2015; Necsulea et al., 2014). The overall poor nucleotide conservation throughout

vertebrate CASC15 syntologs can also be visualized by the PhastCons score (Fig.7D).

To mechanistically examine #.CASCI5, I first sought to generate a LOF allele in melanoma cells in
order to gain precise insights into its function in a cellular context. To date, only heterozygous deletion
of the IncRNA or acute LOF was obtained in different cancer cell lines. Several strategies could be
followed to engineer an allele that abrogates the expression of the transcript in 501mel cells. However,
early polyA termination or removal of the TSS were not considered mainly because many isoforms are

annotated in h.CASC15 locus (Frankish et al., 2019).

Eventually, I proceeded with a deletion of the 3’ part of the transcript based on (i) the inability to obtain
a homozygous deletion of the h.CASC15 TSS in neuroblastoma cell lines (Mondal et al., 2018); (ii) the
presence of the transposon-derived ANGEL elements in the last exon of the zebrafish transcript
(Kapusta et al., 2013) indicating the putative presence of functional sequences; (iii) the lethality of the
3> homozygous deletion allele in zebrafish and the appearance of aTSS when the main one is deleted
(Lavalou et al., 2019); and (iv) the exon usage of #.CASC15 isoforms in different tissues (Fig.7E) (The

GTEx Consortium, 2020), which suggests exon 12 is common in most transcript isoforms.

Additionally, I hypothesized that the deletion of the last exon, where the endogenous transcription
termination site is located, would impact the stability of the transcript and contribute to the complete
elimination of expression. The obtention of a knockout allele proved fundamental for the understanding

of the role and mechanism of h.CASC15 in melanoma cells.
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Figure 7. Human CASCI1S locus overview.

(A) Outline of h.CASC15 locus and detail of the TSS. (B) Sanger sequencing trace of 501mel cell line in BRAF (1785-1809
nt) and NRAS (25-45 nt). (C) Conservation plot relative to the human locus. (D) PhastCons conservation score in 100
vertebrates. (E) GTEx Transcript Browser isoform heatmap of 4.CASC15 (ENSG00000272168.6). Tissues are indicated in
rows, exons in columns. Chr = chromosome

2.2.Deletion of A.CASC15 exon 12 inactivates the IncRNA in melanoma cells

To engineer clones with a homozygous loss of #.CASC15 exon 12, I used CRISPR/Cas9 technology.
Since 501 melanoma cell line (501mel) had never been used in our laboratory before, I optimized the
transfection and selection protocols for efficient genetic inactivation, using 96-well plate GFP cell
sorting (see the Methods section for details). Genotyping confirmed that 3 out of ~200 screened clones

were homozygous for exon 12 deletion (Fig.8A, 8B).

Detailed scrutiny of the locus, using transcriptomic data of 501mel cells later obtained, revealed that
the main isoform in this human cell line uses an aTSS downstream of the main TSS, resembling the
zf.cascl5 brain-specific isoform (Lavalou et al., 2019). The resulting shorter transcript only contains
the last three exons and is similar to the ones previously described as CASCI5-S or CASCI15-004
(Lessard et al., 2015; Mondal et al., 2018; Russell et al., 2015) (Fig.8C), referred herein as h.CASC15-
short. CAGE-seq data of two other melanoma cell lines supports the generalized usage of an aTSS in

this type of cancer cell (Fig.8D).
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Figure 8. Deletion of exon 12 generates a hypomorphic #.CASC15 mutant in 501mel cells.

(A) Outline of h.CASC15 locus and detail of the 3* end. (A) KO of h.CASC15 Exon 12 using CRISPR/Cas9 and RNA-seq
coverage in the 3’ end of h.CASC15 locus in h.CASC15+/+ and h.CASC15-/- 501mel cells, normalized together to the same
scale. aTSS = alternative transcription start site. (B) (TOP) Schematic representation of the design to generate the null allele
by targeting exon 12. gRNAs are indicated below, and primers used for colony screening are marked by arrows and listed in
the Supplementary Table. In = Internal. Ex = External. (BOTTOM) Representative image of genotyping results for
h.CASCI15+/+, h.CASC15+/- and h.CASCI15-/- clones, and sequencing trace of one h.CASCI5-/- clone. (C) h.CASCI5
expression in 7.CASC15+/+ and h.CASC15-/- in 501mel cells relative to B-actin detected by RT-qPCR using specific primers
targeting exons indicated in the scheme. P values were calculated by unpaired t-tests. *P < 0.05; ***P < 0.001; ns = not
significant. (D) CAGE-seq counts for two melanoma cell lines (COLO-679 and G-361) at the h.CASC15 locus. CASC15-S /
CASC15-004 represent the short CASC15 isoforms identified by Mondal et al. and Russell et al. Chr = chromosome

-30 -



Regarding the effects of the deletion of exon 12 in the transcript stability, I observed an incomplete
abrogation of the h.CASCI5 expression. A residual truncated transcript is expressed at ~30%,
generating a hypomorphic #.CASCI5 mutant, hereafter referred to as h.CASCI57- (Fig.8C). The
expression is not entirely abrogated likely due to the usage of exon 12b, inefficiently spliced in unedited

conditions, eventually stabilizing the transcript after the removal of exon 12.

LncRNAs and transcription factors located in the genomic vicinity tend to regulate each other at the
transcriptional level (Gil & Ulitsky, 2020). Therefore, I investigated a potential local cis-regulation
function of h.CASC15 transcript. Upon deletion of 4#.CASCI5 exon 12, no changes in expression were
detected in the SOX4 protein-coding gene (Fig.8C) recapitulating what was observed in zf.cascl57
zebrafish (data not shown). The Tol2-dependent random insertion of 4.CASCI5 during in vivo rescue

experiments (Fig.6D) also supports the trans-acting function of this IncRNA.

Together, these data show that exon 12 deletion largely abrogates #.CASC15 expression in melanoma
cells. These experiments also suggest that 4#.CASCI5 acts independently of SOX4, excluding a cis-
acting role of this IncRNA in melanoma cells. Likewise, the presence of a short CASCI5 isoform is a

recurrent feature in different contexts, both in human and zebrafish.

2.3.Conservation of the ectoderm-specific CASC15-short isoform throughout vertebrates

Melanocytes reside, among other organs, in the epidermis. The gene expression programs of melanocyte
differentiation slightly vary between species. However, in all of them this cell type migrates through
the developing embryo from the neural crest into the skin (reviewed in Mort et al., 2015). Therefore, I
wondered if the expression of CASC15-short is exclusive to zebrafish brain and human melanoma and
neuroblastoma cell lines or if a smaller transcript is prevalent in ectoderm-derived tissues across
different vertebrates. To that end, with the help of Igor Ulitsky (Weizmann Institute of Science), we
examined CASCI5 tissue expression features throughout several species using publicly available RNA-

seq data as well as transcriptomic data generated by our group (Fig.9).

In human, mouse, dog, and chicken the main isoform is transcribed from CASC15 loci starts near SOX4
and has a dozen of exons, and it is expressed primarily in the ovary and thymus. In the human brain, an
aTSS between exons 9 and 10 is used, resulting in the expression of a similar transcript to 501mel cells,
and coinciding with GTEx data (Fig.7E). This second, shorter isoform is also present in mouse, dog,
and chicken brain, and is often inefficiently spliced. It is noteworthy that between mammals and chicken
there is also sequence conservation in the region where this short isoform starts (Fig.7D). CASC15
transcripts in lizard and Xenopus have fewer exons and transcription starts at the 5’ end of the loci. Of
note, one additional exon at the 3 end is used in Xenopus brain, despite the earlier exons also being

present.

-31 -



As mentioned above, previous work in the Shkumatava laboratory described the usage of a brain-
specific aTSS upon deletion of the main TSS (Lavalou et al., 2019). This result indicated an active
mechanism to maintain a basal expression of the 3’ end of the transcript in the zebrafish brain.
Nevertheless, and consistent with this publication, several publicly available RNA expression datasets
from adult zebrafish brain show a low expression of zf.cascl5 in this tissue. In turn, in early stages of
development, this locus shows active transcription. These findings suggest zf.casc/5 might play a role

in zebrafish brain development.
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Figure 9. CASC15-short isoform is present in ectoderm-derived tissues across different species.

Genomic loci of CASCI15 orthologs in the indicated vertebrate genomes. RNA-seq data are from HPA (human) (Fagerberg et
al., 2014), ENCODE (mouse), SRP009687 (dog), SRP016501 (chicken), SRP009831 (lizard), SRP039546 (Xenopus) and
unpublished data from Shkumatava laboratory (zebrafish).
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2.4.Behavioral characterization of #.CASC15- melanoma cells

Transient depletion of #.CASCI5 expression in melanoma cells previously uncovered a role of this
transcript in proliferation and invasiveness capabilities, which differed between cell lines (Lessard et
al., 2015). To further characterize the role of ~.CASC15 in 501mel cells, I examined the impact of the
exon 12 deletion on the oncogenic properties of the newly generated cellular allele. To do so, I subjected
501mel cells to a series of standard cellular assays. I first tested the effect of the deletion on the
proliferative behavior of 501mel cells. However, no difference was observed when comparing

h.CASC157- and h.CASC15** cells (Fig.10A).
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Figure 10. Cell migration is increased in 7.CASC157- 501mel cells.

(A) Proliferation assay. (B) Colony formation assay quantification and representative images. (C) Invasion assay quantification
and representative images (scale bar = 0.5 mm). (D) Wound healing assay quantification and representative images (scale bar
= 1 mm). Data from three independent #.CASC15+/+ and h.CASC15-/- clones replicates are presented as mean + s.e.m.; P
values were calculated by two-way ANOVA; *P < 0.05; ns = not significant.
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Later, I investigated the clonogenic and invasive potential of h7.CASCI57- and h.CASCI5** cells.
Different cell clones from the same genotype showed different clone formation capacities (Fig.10B) as
well as invasiveness when placed in Matrigel-coated Boyden chambers (Fig.10C). Thus, no clear effect
on those behavioral features could be attributed to #.CASI5 exon 12 deletion. It is worth mentioning
that intrinsic heterogeneity of the parental melanoma cell line may have an impact on the divergence of

results between clones of the same genotype.

Finally, I used the wound healing test to examine cell migration. In this assay, two populations of cells
are seeded 500 pm apart and recorded in order to measure the time of wound closure, indicative of
migration capabilities. h.CASC157 cells displayed an increased migratory behavior compared to the
h.CASC15** (Fig.10D), reminiscent of the effect of zf.cascl5 inactivation on zebrafish melanoma
progression. Taken together, this result indicates that #.CASC15 inhibits cell migration in the melanoma

context.

2.5. Transcriptomic characterization of #.CASC157- melanoma cells

Many IncRNAs are known for being key regulators of gene expression (Statello et al., 2021). Because
h.CASC1)5 is located in the nucleus (Lessard et al., 2015; Mondal et al., 2018; Russell et al., 2015), I
hypothesized that this RNA transcript would regulate gene expression, and that the loss of /.CASC15
has an impact on the transcription of certain melanoma-related genes or a global effect on gene

regulation of the cells.

To investigate the effect of /.CASCI5 inactivation in gene expression of 501mel cells, I performed
comparative transcriptomic analysis. Three h.CASC15*+ and three 1.CASC157- independent clones (see
the Methods for details) were sent for RNA-seq and clustered together (Fig.11A). Together with Florian
Constanty, a Ph.D. student of the Shkumatava laboratory, I identified 873 differentially expressed genes
(Fig.11B). Biological process analysis of upregulated genes revealed neural crest cell and migration
processes as highly enriched terms (Fig.11C). For instance, BMP4, EMC10, and ENPP2 have been
implicated in cell migration and motility in different developmental and cancer models (Frisca et al.,

2016; Reboll et al., 2017; Woo Nam et al., 2000; S. Zhou et al., 2021).

To identify potential regulators of gene expression changes, we performed DNA motif analysis (Heinz
et al, 2010) allowing the identification of conserved TF binding DNA elements enriched in promoters
of differentially expressed genes (Fig.11D). The analysis of upregulated genes revealed enrichment of
the HNF4a DNA binding motif in the dataset, suggesting a subset of the genes were under the
transcriptional control of the HNF4a transcription factor. HNF4a has been reported to have important
functions in different cancer types (Brunton et al., 2020; Lucas et al., 2005; Teeli et al., 2021; Z. Wang

et al., 2020) but has not been yet implicated with melanoma.
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The top-ranked motif for downregulated genes was the highly conserved ETS DNA-binding domain,
containing a core GGAA/T sequence (Macleod et al., 1992). In the melanoma-specific context, ETS1
has been reported to function in the activation of mesenchymal-epithelial transition (Kubic et al., 2015),
to drive recurrent mutagenesis (Mao et al., 2018), and to participate in phenotype switching (Wouters
et al., 2020). The ETS family of transcription factors is also implicated in melanoma invasion

(Rothhammer et al., 2004).

In conclusion, the transcriptomic analysis of our mutant cells is consistent with the behavioral changes

observed in the /.CASC15 mutant cells, revealing a reactivation of neural crest and migration gene

signatures.
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Figure 11. Gene expression changes upon #.CASC15 exon 12 deletion.

(A) PCA plot of RNA-seq samples from h.CASCI5+/+ and h.CASCI15-/- in 501mel. (B) Volcano plots showing changes in
gene expression in h.CASCI15+/+ 501mel cells compared to h.CASC15-/-. Color points correspond to adjusted P value <0.05
(C) Bubble plot with biological process enrichment of upregulated genes. (D) Motif analysis of promoter region of
downregulated (left) and upregulated (right) genes.

2.6.Dissection of the molecular mechanism of action of CASCI15

I then wanted to address the molecular mechanism behind the functional conservation of 4#.CASC/5 and
zf.cascl5. The transcript does not have predicted miRNA binding sites and previous experiments
constitute in vivo and in cellulo evidence that CASC15 orthologs regulate melanoma progression in
trans. Thus, I hypothesized that both IncRNAs would bind to equivalent RBPs that would drive their
function. To functionally characterize CASC15 orthologs, I sought to unbiasedly identify the full protein

interactome of the two syntenic transcripts.
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Available techniques to identify cellular IncRNA-RBP interactions rely on RNA affinity purifications,
which are often low efficiency and are at risk of contamination by nonspecific RBPs. In turn, in vitro
methods might not recapitulate the appropriate cellular conditions for binding. To overcome these
caveats, I used the technique developed in the laboratory named in cell protein-RNA interaction or
incPRINT, (Graindorge et al., 2019; Sabaté-Cadenas & Shkumatava, 2020) (Fig.12A). It is based on a
high-throughput immunoprecipitation of RBPs followed by luciferase-based detection and
quantification of their interactions with the RNA of interest. This technique allows the screening for in-

cell binding of 3,000 human proteins including RBPs, transcription factors, and chromatin modifiers.

Several incPRINT experiments had previously been run in laboratories with facilities adapted to high-
throughput technologies, not the case for our laboratory in Institut Curie. Therefore, with the help of
Allison Mallory, I set up protocols for high-throughput bacteria culturing, DNA prepping, and DNA
concentration measurement in a 96-well format. We adapted as well the core incPRINT steps to be

performed in a robot-independent manner, for the in-house implementation of this technique.

I later interrogated h.CASC15 and zf.cascl5 with the library of human RBPs using incPRINT. As
expected and as shown for other transcripts non-related to the project, the majority of proteins did not
bind to the tested RNAs. Different sets of proteins were identified to interact specifically with #.CASC15
or zf.cascl5. When comparing the two datasets, 15 proteins were detected to interact specifically with
both h.CASC15 and zf.cascl5 (Fig.12B). Remarkably, many of the identified proteins have been
reported to be involved in DNA damage response, metastasis, migration, tumorigenicity, apoptosis or

angiogenesis among others.

Next, I sought to determine if any of the 15 common protein interactors is critical for the IncRNA
function. To test this, I individually depleted each of the RBPs in h.CASC15++ 501mel cells and tested
their migratory behavior with the wound healing assay. I hypothesized that, if functionally relevant, the
protein knock-down and subsequent disruption of the IncRNA-RBP interaction would cause a
significant increase or decrease in the migration of the cells compared to the control. Depletion of
DDX50 and DUSP12, but not the rest of the interactors, recapitulated the increased cell migration of
h.CASC157- 501mel cells (Fig.12C, 12D), suggesting that these proteins are relevant for #.CASC15 to
perform its melanoma inhibitory function. Together, these findings demonstrate that DDX50 and

DUSP12 are functional partners of #.CASI5 and zf.cascl5.

-36-



A

Double transfection In cell formation of Protein pull-down and Control of protein
RNA-protein complex luminiscense measurement expression levels by ELISA

MS2-tagged FLAG-tagged
RNA

protein
plasmid plasmid
\ / é NLuc-
MS2CP
B C ns ns *
ns + ns
— . — W RLUCKD
B DDX50 KD
zfoasc15 hCASC15 i . 1 - i sl
% 1.0
o
(=9
143 16 249 3
(3]
£051 i I
[}
o
0.0
CASC15 DDX50 DUSPi2
D 1001 —e— pPDX50KD —e— DUSP12 KD e | =—=—CCDC86KD -
—— RLUCKD —— RLUCKD : e RLUC KD ns
& 75
£
|
£ 50 E
e}
=4
3
= 251 E
0 B r T T T T T T - T T T T T T T h ~ T T T T T T
time(h) 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24

Figure 12. DDX50 and DUSP12 are functional protein binders of #.CASC15.

(A) Overview of the incPRINT framework. (B) Venn-diagram depiction of the overlap for the interactors identified testing
zebrafish cascl5 and h.CASCI5 against a library of 3,000 RBPs using incPRINT. (C) h.CASC15, DDX50 and DUSPI2
expression after 24h of endoribonuclease-prepared siRNA (esiRNA) treatment detected by RT-qPCR, relative to 8-actin and
normalized to RLUC negative control. Data from three biological replicates are presented as mean + s.e.m. P values were
calculated by unpaired t-tests (D) Wound healing assay with #.CASC15+/+ 501mel cells treated with esiRNAs for DUSP12,
DDX50, CCDC86 or RLUC negative control. Data from three independent transfections are presented as mean + s.e.m. P
values were calculated by two-way ANOVA. *P < 0.05; **P < 0.01; ns = not significant.

The interactions identified by incPRINT occur upon exogenous co-expression of the RNA and proteins
of interest. With the aim to know if the binding happens in melanoma native conditions as well, I
preceded with an orthogonal validation of the interaction under endogenous conditions. To facilitate the
molecular study of the proteins, I sought to use CRISPR/Cas9 to insert a tripartite HA-PreScission-His
tag (Pérez-Rico et al., 2020), hereafter referred as to HA-tag, in frame after the start codon of DDXS50
or DUSP12. The design of the strategy (Fig.13A) and genotyping results (Fig.12B) are shown below
and illustrate the successful obtention of two 501mel cell lines with endogenous RBPs N-terminally

fused with an HA epitope, named DDX50HA and DUSP12HA,
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Figure 13. DDX50 and DUSP12 are endogenously tagged.

(A) Targeting strategy for the insertion of an HA-tag into the 5’ terminus of (LEFT) DDX50 and (RIGHT) DUSP12. A
schematic of the donor vector and CRISPR-mediated homologous recombination targeting strategy is shown. Primers used for
genotyping of the knock-in alleles by PCR are indicated with arrows and correspond to the primers listed in the Supplementary
Table. Below are indicated the sgRNA sequences used and the protein sequence scheme tagged with the HA epitope (see
section 3.4 for details on the domains) (B) Representative sequencing trace of the tagged region of heterozygous clones. In
red, nucleotides changed to inactivate the template without changing the amino acid sequence. GUCT = ‘Gu’ -patient C-
terminal domain. DUSP = dual-specificity phosphatase. PTP = protein tyrosine phosphatase. C2H2 = Cysteine 2 Histidine 2.

To test if the endogenous DDX50HA and DUSP12HA interact with the endogenous h.CASCI15, 1
performed RNA immunoprecipitation (RIP) followed by RT-qPCR analyses. Using this approach, I
identified enrichment of the #.CASCI5 transcript upon DDX50HA protein pulldown, confirming the
interaction under native conditions (Fig.14A, 14B). However, no specific band on the DUSP12HA input
or after RIP could be detected by Western Blot (Fig.14C) using an a-HA antibody. The absence of
suitable commercially available antibodies prevented us from using this strategy to validate DUSP12HA

— h.CASC15 endogenous interaction.

Because I speculated that the tagging could affect the stability of the protein, I generated a 501mel cell
line in which the HA-tag was fused at the C-terminal end of DUSP12. No protein could be detected
either with whole-cell lysates or after RIP (data not shown). As an alternative strategy, I aimed at
exogenously expressing DUSP12HA protein in 501mel cells to test for binding to the endogenous
h.CASCI5. 1 amplified DUSP12HA from ¢cDNA of both N- and C-terminally tagged 501mel cell lines
and cloned them into a vector (Fig.14D). Both DUSP12HA proteins were successfully detected by
Western Blot (Fig.14E). Subsequent RIP experiments will be performed to test for h.CASCI5

enrichment upon DUSP12HA immunoprecipitation.
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Additionally, to test if DDX50HA binds specifically to the exon 12 of h.CASCI15, 1 used h.CASC157-
501mel cells to generate an additional cell line that contained the deletion and DDX50 fused to HA-tag.
However, mutant cells appeared to be more sensitive to a second genetic manipulation, since changes
in morphology, low growth rate, and massive cell death were observed (data not shown). To overcome
that, DDX50"4-containing plasmid will also be generated, and together with DUSP12H4 plasmid, RIP
will be performed in both A.CASC15**+ and h.CASC15”- 50 1mel backgrounds. This experiment would
ultimately allow the assignment of RBP binding to the exon 12 of 4/.CASCI5 or elsewhere.

Together, these data confirm that the melanoma-inhibitory function of #.CASCI5 is mediated via
binding to DDX50 helicase. Binding to DUSP12 under endogenous conditions remains to be further

examined, as well as the precise location of the binding site of the two RBPs along #.CASC15 transcript.
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Figure 14. Endogenous DDXS0 interacts with h.CASCI5.

(A) RT-qPCR using primers targeting the indicated regions following IP with the indicated antibody. Data shown as relative
expression of each RNA to B-actin and fold change relative to input, n = 2. (B,C) Western blot control after IP using a-HA
antibody on the indicated sample. 1% input, 20% IP. (D) Schematic representation of one of the pCDNA3.1 plasmids
containing DUSP12-HA that will be used for exogenous expression and subsequent RNA immunoprecipitation. (E) Western
blot after transfection of indicated pg of DUSP12-HA containing plasmid, detected using a-HA antibody. WT = wild type

2.7.Region-specific interaction of #.CASC15 protein binders

The use of RIP in combination with HA-tagging and #.CASCI5 mutant cell lines could reveal if exon
12 is responsible for DUSP12 and DDXS50 recruitment. However, I aimed at using a combinatorial
approach to answer the very same question. Previous work of our team showed that incPRINT’s enables
the identification of RNA region-specific RBPs (Graindorge et al.,2019). Having done a comprehensive
description of the interactome of #.CASCI5 testing the full-length transcript against our library of RBPs
(Fig.12B, Fig.15A), I wanted to bring incPRINT one step further and exploit its capabilities to detect

region-specific interactions.
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Figure 15. Distinct #.CASC15 protein interactors bind specifically to the 3' end of the transcript.

(A) Normalized RNA-protein interaction intensities averaged from two biological replicates detected by incPRINT, sorted in
increasing order. The horizontal dotted line represents a cut-off used for the classification of interactors. See methods for
normalization. (B) Interaction intensities of DDX50, DUSP12, ZFP64 and GFP negative control tested against the indicated
10xMS2-tagged transcripts in the legend. Data from three biological replicates. (C) Difference in interaction intensity of each
protein between h.CASC15 full-length and #.CASC15 lacking exon 11 and exon 12. Data from two biological replicates. Only
the top 70 h.CASC15 interactors were tested. Shown are the proteins whose interactions with the truncated transcript decrease.
(C & D) Interaction intensities detected by incPRINT. Transfected RNA plasmids are indicated in the legend, protein plasmids
are indicated on the x axis. Data from four biological replicates. All values are given in Relative Light Units (x10A5) as mean
+ s.e.m; P values were calculated by unpaired t-tests; *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant.
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First, I generated a h.CASC15-MS2 antisense (0-sense) transcript to use as a negative control. I tested
the interaction of DDX50 and DUSP12 and compared it to h.CASC15-MS2 sense, which revealed a
significant difference in binding (Fig.12B). ZFP64 protein was used as a negative control and GFP as
background. To identify if the RBPs interact with the 3’ part of the transcript, I used an MS2-tagged
h.CASCI5 transcript that lacks exon 11 and exon 12. A significant increase in DDXS50 binding was
identified and a decrease in DUSP12 interaction was detected, although not significant (Fig.12B). Thus,
these results are not conclusive to assign a region-specific binding site to our conserved functional

protein interactors.

Later, I sought to repeat a similar test using additional #.CASCI5 interactors. I selected the top 70
h.CASCI5 binders and used h.CASC15-MS2 Ael 1-12 to test for regional-specific binding. A dozen of
RBPs whose interaction decreased the most in the truncated transcript (Fig.15C) were selected for
further specificity tests. TARBP2, MOV 10, and Clorf35 displayed a significantly higher interaction to
the full-length 7.CASC15-MS?2 transcript compared to the control RNAs (Fig.15D), suggesting that
functional sequences are located at the 3° end for recruitment of these protein interactors. A similar
strategy using h.CASC15-short sense and antisense RNAs confirmed the findings for TARBP2 and
MOV10 (Fig.15E). Further functional analysis using acute LOF and wound healing assessment
(Fig.12D) would confirm if these two protein interactions, specific for human CASC/35, are relevant for

the melanoma inhibitory function of the IncRNA.

Together, these results demonstrate that incPRINT allows assigning RBPs interactions to precise
segments of an RNA molecule. Of note, additional optimizations and complementary MS2-tagged RNA

controls are needed to infer some hard-to-interpret IncRNA-RBP interactions.

2.8.Identification of short, conserved RNA sequence motifs in CASCI15 orthologs

The interaction of common RBPs to CASC15 syntologs occurs despite a lack of alignable nucleotide
sequence conservation. Thus, I hypothesized that short conserved sequences representing functional
RNA motifs in the two orthologous IncRNA transcripts are responsible for the binding of RBPs,
enabling their equivalent functionality. In order to identify RNA elements that are conserved from
zf.cascl5 to h.CASC15, together with Caroline Ross and Igor Ulitsky (Weizmann Institute of Science,
Rehovot, Israel), we performed RNA motif analysis by LncLOOM (IncRNA linear ordered conserved
motifs) (Ross et al., 2021). This recently developed algorithm uses the sequences of the syntenic

IncRNAs from different species to search for short, ordered, evolutionarily conserved k-mers.

Curation of CASC15 orthologous sequences from eight vertebrate species, located using RNA-seq data,
and subsequent exploration using LncLOOM revealed four conserved RNA sequence motifs (Fig.16).
The super-conserved stretch located at the first exon (Fig.7C) is likely to interfere with the finding of

relevant elements distributed along the transcript. Noteworthy, #.CASC15-MS?2 transcript used for the
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zebrafish rescue experiment (Fig.6D) and in incPRINT (Fig.12B) did not contain the first exon. We
then performed LncLOOM analysis of CASC/5 orthologs prior to the removal of the first exon in all

species, resulting in no motifs conserved up to zebrafish (data not shown).

In an effort to refine the search, we sought to use #.CASCI5-short as well as the equivalent shorter
ectoderm-specific isoforms in other species (Fig.9). However, the fact that some isoforms were
inefficiently spliced, like the 20 kb mouse Cascl5, made it impossible for LncLOOM algorithm to
detect conserved RNA sequence motifs. Together, the results above indicate the current impossibility

to identify conserved RNA motifs between 7.CASC15 and zf.cascl5 due to the algorithm limitations.

depth of motif conservation 2 8
(n® of species)

h.CASC15

zf.casc15

Figure 16. CASCI15 orthologs show poor ordered conservation of RNA motifs.
Distribution of the conserved RNA elements (in red) in the exons (in blue) of A.CASCI5 and zf.cascl5 when the whole
transcript is considered.

2.9.1n cellulo and in vivo rescue experiments with h.CASC15-short

Lastly, I sought to establish if #.CASC15-short could rescue the zebrafish melanoma progression
phenotype and the cellular changes in the migration of 501mel mutant cells. Towards that end, I
performed a series of additional rescue experiments both in vivo using zf.cascl5”- zebrafish (Fig.17A)

and in cellulo utilizing h.CASC157 cells.

I first generated additional mitfa:h.CASC15-short NRASG!2D_containing vectors. The anti-sense
transcript was cloned to be used as negative control. By heterologously expressing the human IncRNA
in the mutant zebrafish, I expected to recapitulate the results of previously performed rescue
experiments (Fig.6D). Despite injected zebrafish being selected for vector insertion, most animals
displayed early stages of the melanomagenesis, developing nevi, and only few of them had tumors
(Fig.17C). We attributed the poor efficiency of tumor induction to a low-quality tol2 transposase mRNA

used during injections.
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To examine if the exogenous expression of 1.CASC15-short from a vector would be sufficient to rescue
the increased cell migration of h.CASC15 mutant cells, I performed a pilot experiment and used MS2-
tagged plasmids containing h.CASCI5-short and its antisense counterpart. However, no reduction in
cell migration could be identified in #.CASC157 cells re-expressing h.CASC15-short compared to the
controls (Fig.17D). Additional experiments are required to determine the transfection efficiency and the
appropriate time and concentration of the IncRNA. Likewise, heterologous expression of zf.cascl5
could be performed to determine if conservation of function also occurs at the cellular level.
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Figure 17. Cross-species rescue experiments in-cell and in vivo require optimization.

(A) Schematic of the injection procedure to analyze the impact of IncRNA loss on cutaneous melanoma tumorigenesis. A
minimum of 50 individual with YFP positive lens were generated. (B) Schematic diagram of the Tol2 construct used to induce
melanoma in zebrafish and the rescue constructs that have been cloned. (C) Percentage of fish with tumors. Fish were between
week 5 and 21 post-injection in wild type and zf.cascl5-/- background. (D) Wound healing assay with #.CAS15 exogenously
expressed. One clone from each h.CASC15+/+ or h.CASC15-/- genotype was used.

-43 -



-44 -



3.DISCUSSION

Twenty years ago, the ENCODE program revealed that a substantial fraction of the human genome is
transcribed though less than 2% of this RNA is protein-coding (The ENCODE Project Consortium,
2012). Out of these majoritarian non-coding transcripts, IncRNAs represent one of the most
heterogeneous groups. The most recent curation projects, such as FANTOM (v5) and GENCODE (v40),
estimate that the human genome contains 27,919 and 18,805 IncRNA genes, respectively (Frankish et
al.,2019; Hon et al., 2017), although the numbers vary using less conservative approaches (Uszczynska-
Ratajczak et al., 2018). Of these IncRNAs, only a small proportion have been functionally characterized

so far and, in most cases, they are not studied under the lens of evolution.

One such IncRNA is CASCI35, a transcript known to be implicated in melanoma and neuroblastoma
(Lessard et al., 2015; Mondal et al., 2018; Russell et al., 2015). As described above, human CASC15
has syntologous IncRNAs in many vertebrate species (Ulitsky et al., 2011). Despite poor sequence
conservation at the nucleotide level, the Shkumatava laboratory described that zebrafish and human
CASC1)5 orthologs are functionally conserved, as both inhibit melanoma initiation and progression in
vivo. My work tackles the origin of the functional equivalence, hypothesizing that both transcripts

perform the same function through a conserved molecular mechanism of action.
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3.1.h.CASC15 inhibits cell migration in melanoma cells

To investigate the role of CASC/5 in human melanoma cells, I used reverse genetics to inactivate the
IncRNA. Because of the complexity of the locus, I considered several strategies and chose to delete the
exon 12 (Fig.8A/Section2.2), aiming to simultaneously remove functional sequences and destabilize
the transcript. The removal of the exon caused an overall reduction in the expression of h.CASCI5,
though I observed the presence of a residual transcript. Thus, the deletion of exon 12 generated a
hypomorphic allele (Fig.8C). Comparable results were described for ALAL-1 allele, in which a similar

single-exon mutagenesis approach was followed (Athie et al., 2020).

Inactivation of 4.CASC15 caused a consistent increase in melanoma cell migration (Fig.10/Section2 .4).
This result was coherent with the in vivo phenotype of zf.cascl/5 mutant zebrafish, in which an
aggravation of the tumor initiation and progression was observed. In an ideal situation, combinatorial
methods can be envisioned to corroborate these findings and ensure an RNA-dependent effect in the
enhanced migratory behavior (see introduction, Sectionl.5). One such strategy would be the deletion
of the aT'SS downstream exon 9, with the aim to achieve a complete inactivation the transcript. Of note,

I carried out the design of the allele, and the generation of the additional cell line is ready to be executed.

Additional tests for invasion, proliferation, and clonogenicity behavior on the cell lines I generated
revealed that both deleted and h.CASC/5-unmodified cells behave heterogeneously. Lessard et al.
already observed some variability between cell lines as well as heterogeneity dependent on the acute
LOF strategy used. In our case, such diversity issue likely derives from an intrinsic cell-to-cell variation
of the parental melanoma cell line, exacerbated by our clone picking strategy. To overcome the clone
heterogeneity, one could follow recently developed deletion methods, where gene modifications are

introduced in cell pools (Meng et al., 2022).

Transcriptionally, #.CASC15 mutant cells exhibited an upregulation of genes implicated in cell
migration and neural crest biological processes (Fig.11/Section2.5). This result was evocative of a
neural crest expression pattern in zebrafish initiating melanoma tumors (Kaufman et al., 2016).
Although these findings were also consistent with our cell behavior assays, the transcriptional
dysregulation observed was rather mild, with relatively few miss-regulated genes. Indeed, CASC15
might control gene expression in a direct manner, recruiting RBPs and controlling transcription of
specific genes. However, one should take into consideration that the observed differences in
transcription are late in timing, that is, several passages after h.CASC/5 depletion. Melanoma cells
could, for instance, develop compensatory mechanisms that would confound primary regulatory targets
of this IncRNA. In fact, direct IncRNA-dependent gene expression changes can occur in minutes upon
depletion (Much, Lasda, et al.,2022). To infer the early and direct regulatory targets of CASC15, knock-
down or inducible knock-out methods could be used. These strategies would shorten the time scale at

which the regulatory function of our transcript of interest is studied.
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3.2. What drives the expression of CASC15 orthologs?

Although this work focused on the repercussion of CASC/5 expression and the understanding of its
molecular mechanism, the causal determinants of the IncRNA expression are still elusive. As described
above, under physiological conditions the human transcript is expressed in the ovary in its entire length,
and a shorter isoform is present in the brain (Fig.9/Section2.3). Single cell RNA-seq of human epidermis
shows that #.CASC15 is barely expressed in normal melanocytes (S. Wang et al., 2020). Yet, an increase
in expression of its shorter isoform occurs during oncogenesis, in neuroblastoma cells (Mondal et al.,
2018) and our studied melanoma cells. Which mechanism powers the transcription of the #.CASC15-
short specifically in ectoderm-derived tissues upon oncogenesis is a question that remains to be

answered.

One plausible explanation for the differences in isoform expression might come from a cell-specific
chromatin reorganization of the locus. To evaluate DNA interactions, I inspected available HiC datasets
of different human cell lines with the help of Nicolas Servant (Institut Curie) (Banerjee et al., 2020;
Sanborn et al., 2015; The ENCODE Project Consortium, 2012). In neuroblastoma cells, the TSS of the
short 1.CASC15 isoform seems to be located in close proximity to the SOX4 locus, which might impact
its expression (Fig.18). The low-resolution data on normal keratinocytes and RMPI melanoma cells
prevented from inferring the three-dimensional organization of these region. An in-depth study of
chromatin accessibility and organization of the locus upon neuroblast and melanocyte oncogenic
transformation would provide crucial insights for the understanding of the transcriptional activation of

h.CASCI5.
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Figure 18. Genome organization of CASC1S5 locus.

HiC profile of different cell lines in SOX4 and CASC15 locus. Adapted from Banerjee et al. or visualized through HiGlass.
Black square pinpoints a cis-interaction between SOX4 and a known enhancer in CASC15 locus. The black circle highlights
a contact that might be relevant for the expression of #.CASC15-short. Blue arches help visualize the topologically associated
domains on the linear DNA.

Similarly, zf.cascl5 is mainly expressed during development and in the ovary, but not in the brain
(Fig.9/Section2.3). Because no zebrafish homozygous for the deletion of the 3’ part of the transcript
could be obtained (Lavalou et al., 2019), zf.cascl5 might have an important role during development.
The expression of the transcript cannot be traced in publicly available single cell RNA-seq datasets of

zebrafish early development (Farnsworth et al., 2020) since zf.cascl5 is not annotated. However, re-
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analysis of this and other zebrafish melanocyte RNA-seq data (Kramer et al., 2022; Venkatesan et al.,

2018) might be of interest to describe the basal state of zf.cascl5 expression in this cell type.

Inspired by the analysis done with DIRC3 IncRNA (Coe et al., 2019), I wondered whether the CASC15
locus harbored some important DNA elements that could reveal transcriptional regulation by
melanocyte-related TFs. ChIP-seq data in 501mel cells (Fontanals-Cirera et al., 2017; Laurette et al.,
2015) revealed some binding sites for MITF and SOX10 TFs near peaks of H2K27ac and H2k4mel,
indicating their potential involvement in transcriptional control (Fig.19). Whether these TFs modulate
the expression of 1.CASC15 and whether these TFs binding profiles are similar in zebrafish remains to

be tackled and could be suggestive of other conserved properties of this locus.
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Figure 19. Localization of enhancers in the human CASC1S5 locus
UCSC genome browser view showing that the CASCI5 locus contains CHIP-seq picks melanocyte transcription factors and
histone marks in 501mel cells

3.3.1dentification of functional CASC15 protein interactors

In order to address the molecular mechanism of action of CASC15 orthologs in a melanoma framework,
I aimed at identifying RBPs interacting with zf.casc15 and h.CASC15 which could ultimately underlie
their conserved functionality. Several methods have been developed in order to identify RNA-protein
interactions, and their advantages and caveats have been extensively discussed (Barra & Leucci, 2017;
Chu, Spitale, et al., 2015; McHugh et al., 2014; Ramanathan et al., 2019). In order to perform an RNA-
centric interactome discovery while overcoming the low efficiency of RNA-pulldowns, I performed
incPRINT. This high-throughput method relies on FLAG-tagged protein immunoprecipitation, where
RNA-RBP interactions are quantitatively measured using a luciferase detector (Graindorge et al., 2019;

Sabaté-Cadenas & Shkumatava, 2020).

Through the characterization of zebrafish and human RNA-interacting proteomes and a cross-species
comparison, I identified a set of fifteen proteins as common binders of the CASCI5 orthologs

(Fig.12/Section2.6). Based on these results, I explored if the binding of any of these proteins was
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sufficient to drive CASCI5 function. To do so, I performed a side-by-side knockdown of each RBP in
melanoma cells and characterized their migration. I observed that knockdown of DDX50 and DUSP12
was sufficient to cause an increase in cell migration (Fig.12C) and were considered thereupon functional
CASC15-interactors. A caveat of this screen is the individual depletion of the proteins, which would
become false negatives in the case of compensatory mechanisms. Using incPRINT I could identify
region-specific interactions for some of the #.CASC15 protein partners though optimization is required
to understand in detail the binding of DDX50 and DUSP12. Finally, the RNA-protein interactions
detected by incPRINT depend on the exogenous expression of both the IncRNA and the RBP. To
examine if the binding occurs in melanoma cells under endogenous conditions, I am currently finalizing

RIP experiments of both DDX50 and DUSP12 (Fig.13,14).

3.4.How do CASC15 protein partners participate in melanoma inhibition?

Whereas DDX50 and DUSP12 interact with our transcript of interest, the precise mechanism by which
these RBPs mediate CASC/5 melanoma inhibitory function remains to be explored. During the coming
months, our efforts will be directed toward a precise understanding of this mechanism. Nevertheless, a

systematic revision of recent literature already provides some functional insights.

DDXS50 is a DEAD-box RNA helicase, also known as RH-1I/Guf} (Valdez et al., 2002). Members of
the DEAD-box class are present in all domains of life and share a common helicase core composed of
two domains homologous to a bacterial single-stranded DNA binding protein, RecA (Caruthers et al.,
2000; Story et al., 2001; N. Yao et al., 1997). DDX50 shares 63% of amino acid sequence identity with
its paralog helicase, DDX21 or RHII/Gua.. These two RNA helicases are the only members of the Gu
family, containing a GUCT domain (Marcaida et al., 2020). Of note, the zebrafish genome contains
only Ddx21. The two RecA domains of these three helicases are highly conserved, presenting between

70 and 80% of amino acid identities.

Contrary to other RNA helicases of the same family, DDX50 does not show RNA folding or unwinding
activity in vitro (McRae et al., 2017; Valdez et al., 2002). Some DDX helicases are believed to
participate in the formation of RNA-protein complexes and provide stability to quaternary structures
(P. Linder & Jankowsky, 2011; Singh et al., 2015). Their unstructured C-terminal domains might as
well mediate their enzymatic activity and protein/RNA interactions, and are composed of different
repeats: R—G-S for DDX50, F/P-R-G-Q-R for the human DDX21, and G-N-R-S for the zebrafish
Ddx21.

Notably, DDX?21 has been shown to interact with another IncRNA through the RecA domain and
control ribosome biogenesis by regulating RNA Polymerase I in ovarian and cervical cancer cell lines
(Calo et al., 2015; M. Wu, Xu, et al., 2021; Xing et al., 2017). This helicase also has multiple functions

both in human melanoma cells and zebrafish melanocytes. DDX21 can sense nucleotide stress through
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the progesterone receptor (PGR) and regulate gene expression pre-transcriptionally, binding to
chromatin, and post-transcriptionally, engaging mRNA (Santoriello et al., 2020). Mass spectrometry
also revealed zebrafish Ddx21 as one of the main interactors of the metastasis-associated phosphatase
of regenerating liver 3 (Prl3a), an interaction conserved in humans (Johansson et al., 2020). PRL3 was
shown to regulate DDX21 binding and distribution along chromatin, impacting transcription. In vivo,
zebrafish embryonic melanocytes were not impacted upon ddx2/ knockdown, though melanocytic stem
cell regeneration was affected (Santoriello et al., 2020). The depletion of this helicase was also found
to impact neural crest cells both in Xenopus and zebrafish (Calo et al., 2018). Importantly enough, to
support gene activation of its targets, DDX21 has been shown to bind c-JUN (Calo et al., 2015;
Holmstrom et al., 2008; Westermarck et al., 2002), a major regulator of melanoma progression

(Kappelmann-Fenzl et al., 2019)

If DDX50 modulates transcription in a similar manner, chromatin immunoprecipitation and sequencing
(ChIP-seq) analysis (Pérez-Rico et al., 2020) in our DDX50-HA 501mel cells would reveal which genes
are regulated by DDX50 (Fig.20A). CASC15 might also drive the interaction of DDX50 with other
proteins to form a macromolecular complex. Because other proteins have been known to be bound to
DDXS50 (Pallett et al., 2022), a mass spectrometry study of the DDXS50 co-precipitated proteins could
help determine novel functions of this RNA helicase. (Fig.20B).
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Figure 20. Model for the mechanism of action of CASC15 in a melanoma context.

The majority of melanoma patients have mutations in kinases of the MAPK pathway (brown) that remains constitutively
activated and promotes transcriptional. Illustrated are possible mechanistic models for DDX50 and DUSP12 function: (A)
CASC15 might regulate transcription of specific genes via directing the binding of DDX50 to chromatin or (B) in an indirect
manner, facilitating the binding to other proteins. (C) Like (A), DUSP12 co-transcriptional regulation may occur through
binding to DNA via C2H2 domain. (D) DUSP12 could regulate in a phosphorylation-dependent or independent fashion the
activity of MAPKs and other pathways. (E) CASCI5, DUSP12, and DDX50 might cooperate, via phosphorylation,
ribonucleoprotein complex stabilization, or subcellular localization guiding.
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The second functional CASC15 interactor I identified is the dual specificity phosphatase 12, or DUSP12.
Also referred to as hY VH1, this protein belongs to an evolutionarily conserved family of enzymes that
contains a common phosphatase domain, whose catalytic site is composed of conserved D, C,and R
amino acid residues (Muda et al., 1999). As the ‘dual’ name pinpoints, DUSPs are protein tyrosine
phosphatases (PTP) also capable of dephosphorylating serine and threonine residues. DUSP12 is
primarily localized in the nucleus and has been found to participate in ribosomal maturation among
other processes (Lo et al., 2010). Besides, genome-wide association studies identified DUSP12 as a
low-risk susceptibility locus for neuroblastoma (Nguyén et al., 2011), another cancer type where

CASC15 is found highly expressed.

On one hand, DUSP12 is the only phosphatase known to harbor a C2H2 zinc-binding domain (Muda et
al., 1999), known to interact both with DNA and RNA (Iuchi, 2001). Indeed, DUSP12 has been found
to assist in ribonucleoprotein complex formation (Geng et al., 2017). On the other hand, this protein
belongs to the class of ‘atypical’ dual phosphatases as it does not contain the domain that targets MAPKs
in its N-terminus, known as Rhodanese or Cdc2 homology 2 domain, which carries the MAP kinase-
binding or kinase-interaction motif (C. Y. Huang & Tan, 2012; Jeffrey et al., 2007). Despite predicted
to dephosphorylate other substrates, it has been suggested that atypical DUSPs can regulate MAPKSs in
absence of this binding domain (Alonso et al., 2003; Cho et al., 2017; Marti et al., 2001; Rahmouni et
al., 2006; Zama et al., 2002).

Because DUSP12 contains a zinc finger domain, it is reasonable to hypothesize that the protein might
participate to transcriptional regulation through chromatin binding activity. Thus, ChIP-seq analysis
could also be applied to study the DNA targets of this protein (Fig.20C). Regarding its catalytic activity,
since ~30% of the proteins of eukaryotic cells are thought to be phosphorylated, an educated guess of
the cellular targets of DUSP12 does not seem feasible. Phospho-specific antibodies coupled with mass
spectrometry could be employed to identify which proteins are post-translationally modified by our

phosphatase of interest (Fig.20D).

3.5.Are DDX50 and DUSP12 cooperating to drive the function of CASC15?

Beyond their independent function, another question worth highlighting is if DDX50 or DUSP12
regulate each other (Fig.20E). Co-immunoprecipitation experiments would assess if a physical
interaction exists between the two RBPs. Importantly, DUSP12 has been shown to bind DDX50 in
breast cancer cells (Falcdo Monteiro & Forti, 2019). If true, a plausible hypothesis could be that CASC15
serves as a platform for this interaction. Whether the binding of these RBPs is CASC15-dependent could
be tested using our 501mel #.CASCI15-depleted cell line. It is also tempting to speculate that DUSP12,

or even one of the MAPKs, may target DDX50. In fact, several residues of this helicase are
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phosphorylated in vivo (Hornbeck et al., 2015), and the phosphorylation of its paralog, DDX21, has

been shown to regulate its nucleolar localization (Calo et al., 2018; Mialon et al., 2008).

In this sense, CASCI5 may control the spatial distribution of DUSP12 and DDXS50 in the cell. The
IncRNA-dependent recruitment of these RBPs could impact their nucleolar/nucleoplasm localization or
direct their location in the chromatin for a target-specific function, as has been shown for other nuclear
IncRNAs (Unfried & Ulitsky, 2022). Alternatively, CASC15 might exert its function through the control
of the abundance of the RBP interactors, affecting the availability of DDX50 or DUSP12 for functional
binding elsewhere (M. E. Bordeleau et al., 2006; Elguindy & Mendell, 2021). Immunofluorescence
could be coupled with RNA fluorescence in situ hybridization for co-detection of RBPs and #.CASC15
IncRNA (McHugh et al., 2015).

3.6.What is the extent of the mechanistic conservation between CASC15 syntologs?

To confidently state that the molecular mechanism of action is conserved between zebrafish and human
CASC1)5 orthologs, more experiments are required to fully characterize zf.casc15. Whether the zebrafish
IncRNA subcellular localization differs from the human, like FAST or FIRRE orthologs (Guo et al.,
2020; Much, Smallegan, et al., 2022), remains to be described. With regards to the protein interactors,
one limitation of this study is the use of human RBPs for the identification of the interactome of
IncRNAs from other species (Graindorge et al., 2019). Because zebrafish lack a DDX50 ortholog, the
in vivo interaction between zf.cascl5 zebrafish Ddx21 paralog still needs to be studied. The same holds
true for zebrafish dusp12. Cloning the zebrafish proteins into the pPCDNA3.1 FLAG-tagged plasmid
and testing the interaction of zebrafish orthologs by incPRINT would help address this caveat.
Additionally, assessing the migratory behavior of 501mel cells upon depletion of DDX21, also found
as a top h.CASCI5 interactor (Fig.15), could tackle the differences between the two paralogs in human

cells.

3.7.Which feature underlies the conserved protein interactions?

Following the identification of conserved RBP interactors, I wondered how zf.casci5 and h.CASC15,
two positionally-equivalent IncRNAs with modest primary sequence conservation, can be bound by the
same proteins. Given that the RNA-bound proteome interacts with short, non-complex RNA sequence
elements, I hypothesized that the two transcripts are comparable in terms of their constituent protein

binding sites. To test that, I followed an RNA motif discovery approach.

To perform a nonlinear comparison of IncRNA sequences and to detect similarities in k-mer content,
several algorithms can be used (Ross & Ulitsky, 2022). The Multiple EM for motif elicitation software,
or MEME (Bailey et al., 2009), was initially designed for TF motif discovery and has been recently
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shown to distinguish IncRNA sequence motifs responsible for RBP interaction (Jin et al., 2021).
Similarly, the Sequence evaluation through k-mer representation algorithm, or SEEKR (Kirk et al.,
2018), compares and quantifies patterns of k-mer abundance using a statistical approach without
considering the positional relationship of IncRNAs. By utilizing this in silico method, similar RNA
motifs were detected between Xist and Rsx (Sprague et al., 2019) and the analog of the human EVX/AS
IncRNA could be identified among lizard IncRNAs (Olazagoitia-Garmendia et al., 2022).

Recently, IncLOOM algorithm was developed in order to identify primary sequence motifs that appear
in the same order in sequences from orthologous IncRNAs (Ross et al., 2021). The framework identified
the primary sequence motif AAAUGGA was conserved in CHASERR syntologs and was found
responsible for the binding of DHX36 protein. Because numerous species have been found to harbor a
IncRNA loci downstream SOX4 protein coding gene, constituting CASC15 syntologs (Ulitsky et al.,
2011), I used IncLOOM for the identification of functional RNA motifs (Fig.16/Section2.8). This
strategy revealed unsuccessful at detecting conserved k-mers between 7.CASC15 and zf.cascl5. Yet,
the presence of conserved RNA sequence elements that IncLOOM might have overlooked should not

be discarded.

LncLOOM’s assumption for linear order conservation of the k-mers might not hold for our transcript
of interest. Some IncRNA might function in a modular fashion, like bags of motifs that do not require
precise positioning. Lessons can be learned from the billboard model for TF binding motifs, which
postulates that regulatory functions of enhancers are independent of the relative order of the TF binding
motifs (Kulkarni & Arnosti, 2003). In fact, the conservation of order of TF motifs can change while
retaining enhancer functionality (Wong et al., 2020). Additionally, it is important to consider that RBP
binding sites are deleterious, that is, they are permissive to sequence variation. Thus, the requirement
for a perfect conservation of motif sequence and order might be too constraining for CASC/5 syntologs.
Finally, because the functional conservation was demonstrated only between the zebrafish and human
transcripts, one could argue that the other syntologous IncRNAs might have lost certain RNA motifs
and together with them, the melanoma inhibitory functions of CASC15, consequently confounding

IncLOOM search.

In conclusion, other algorithms might be required to detect conserved RNA motifs in CASCI5
syntologs. The secondary structure determination of human and zebrafish CASC/5 might as well
contribute to the definition of key conserved modules responsible for protein interactions. In this
respect, incPRINT could be useful for mutation-driven RNA motif discovery helping assign RBP
interactions to specific RNA sequences. Similar to what was done for #.CASC15 structure-function
analysis (Fig.15), conserved k-mers could be mutated in incPRINT constructs for an exhaustive
structure-function analysis and the ultimate decryption of the non-coding ‘RNA code’ for protein

interaction (Auweter et al., 2006; Rinn & Chang, 2020).
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3.8.Relevance and perspectives

LncRNAs are untapped therapeutic targets and might offer opportunities for novel drugging strategies.
This is especially relevant for oncogenic or cancer-promoting transcripts. The triple helix structure of
MALATI has been shown to be targetable leading to destabilization and downregulation of the IncRNA
(Donlic et al., 2018). Targeting SAMMSON IncRNA has also been shown to suppress the growth and
proliferation of a patient-derived xenograft melanoma model (Leucci et al., 2016). But despite being
regarded as drug targets for a long time, no IncRNA-targeting drugs have entered clinical trials yet

(Winkle et al., 2021).

In the new era of RNA medicine (W. Xie et al., 2021), the potentiality of using CASCI5 transcript as
an RNA therapeutic to slow down melanoma progression cannot be understated. An outstanding
example of IncRNA-based therapy is HULC. This transcript was found to facilitate the activity of
phenylalanine metabolism enzymes, and the treatment with a HULC-based RNA therapeutic agent
reduced excessive phenylalanine in a mouse phenylketonuria model (Y. Li et al., 2021). In this sense,
given the melanoma-inhibitory function of CASC15, one could envision a CASC15 RNA-based therapy
topically administered (Sallam et al., 2021) while awaiting resection of the tumor, that could be used as
well as a preventive treatment. Admittedly, this strategy would have to be evaluated in melanoma mouse

models (Dankort et al., 2009).

Another feasible approach to slow down melanoma progression would be to target CASC15 — RBP
interactions. This is well illustrated by GAS5 IncRNA and UPF1 protein, whose interaction induces the
degradation of the transcript. Blocking the binding of this RBP increased the half-life of GASS,
ultimately stimulating the insulin receptor and inducing glucose uptake (Y. Shi et al., 2019). In light of
our findings, a compound could theoretically inhibit melanoma progression by stimulating the binding
between CASCI5 and its protein partners DDX50 or DUS12. Such RNA-RBP interaction stabilizers
have already been described for other RNA helicases and splicing factors (M.-E. Bordeleau et al., 2005;
Sivaramakrishnan et al., 2017). In addition, the absence of CASC15 expression in normal melanocytes
would ensure a target-specificity of this strategy. As we will discuss in deep in the following chapter,

the targeting of interactions between RNA and proteins is emerging as a promising therapeutic scenario.
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CHAPTER 2

Targeting the m°A reader YTHDF2 with small molecules
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4. INTRODUCTION

Dysregulated RNA-protein interactions have been associated with or, more importantly, are causative
agents of many types of human pathologies, including genetic diseases (Gebauer et al., 2021), cancer
(Minuesa et al., 2019; Paris et al., 2019), autoimmune disorders (Fitzgerald & Kagan, 2020), kidney
diseases (Seufert et al., 2022) and neurodegenerative diseases like spinal muscular atrophy (Hua et al.,
2011), amyotrophic lateral sclerosis (R. H. Brown & Al-Chalabi, 2017) or myotonic dystrophy (Udd &
Krahe, 2012). Similarly, in order to facilitate the viral life cycle, genomic RNAs from viruses are known
to associate with RBPs. These proteins can be produced from the viral genome, like the human
immunodeficiency virus (HIV) transactivation response element (TRE) — Tat interaction (Dingwall et
al., 1989) and the Rev responsive element (RRE) — Rev interaction (Malim et al., 1989), or have a host
origin, like the case of SARS-CoV-2 (Flynn et al., 2021; N. Schmidt et al., 2021).

Despite initial skepticism, the therapeutic target potential of the RNA binding and modifying machinery
has attracted the attention of the drug discovery community (Boriack-Sjodin et al., 2018; Julio &
Backus, 2021; Mohibi et al., 2019; P. Wu, 2020). In this sense, RNA modifications, which often fall
into non-coding regions of transcripts, and their orchestrating proteins have become appealing targets

in recent times.
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4.1.N%-methyl-adenosine transcriptional modification

N6-methyl-adenosine (m®A) is the most abundant RNA post-transcriptional modification within
protein-coding and long non-coding RNAs in eukaryotes (Desrosiers et al., 1974). The reversible
methylation of diverse cellular transcripts adds another layer of sophisticated regulation to the RNA
primary sequence. In fact, m®A modification is involved in almost all aspects of the metabolism of
different RNA species, including processing (Haussmann et al., 2016; Pendleton et al., 2017; Xiao et
al.,2016), miRNA maturation (Alarcén et al., 2015), transport (Roundtree et al., 2017; G. Zheng et al.,
2013), stability (Vu et al., 2017; X. Wang et al., 2014; Zhao et al., 2017), and translation efficiency
(Barbieri et al., 2017; X. Wang et al., 2015; J. Zhou et al., 2015).

Mapping of transcriptome-wide m°A distribution revealed that this mark is enriched in the 3°UTRs near
the stop codon (Dominissini et al., 2012; Meyer et al., 2012). The m®A moiety is added to the conserved
[G/A/U] [G>A] mCA [C] [U>A>C] motif (Fu et al., 2014), also termed DRACH, in a specific manner: most
mCA -modified RNAs contain only a single m°A, despite most transcripts having many potentially
methylated DRACH sequences. In addition, despite the wide prevalence of DRACH elements, only
specific RNAs acquire a modification (B. Linder et al., 2015; Schwartz et al., 2014). However, the site-

and transcript-specific elements that dictate m®A deposition remain mostly unknown.

Contrarily, the m6A modulation mechanism is tightly regulated by RBPs that have been well-
characterized (Fig.21) (H. Shi et al., 2019). This modification is reversibly installed by the
methyltransferase METTL3/METTL14 multi-subunit ‘writer’ complex (reviewed in Zaccara et al.,
2019), and oxidatively removed by m°A demethylases, FTO, and ALKBHS5, named ‘erasers’ (Jia et al.,
2011; G. Zheng et al., 2013). The precise effects of RNA methylation are determined by the ‘reader’
proteins, most of them containing YT521-B homology domain (YTHD): YTHDCI, acting in the
nucleus, and YTHDC2 and YTHDFI1-3 present in the cytoplasm. The YTHDF family behaves
redundantly, inducing destabilization and degradation of the same subset of target transcripts (Lasman

et al., 2020; X. Wang et al., 2014; Zaccara & Jaffrey, 2020).

Nucleus  Cytoplasm

METTL14
5 meA o YTHDC1
METTL3 ALKBH5 o YTHDF1-3
E‘ FTO Q-.J'\r" W —>

%

Writing Erasing Reading

Figure 21. Life cycle of m°A mark.

m°A is deposited co-transcriptionally mainly by a writer multiprotein complex (which includes METTL3, METTL14, WTAP,
VIRMA, CBLL1, ZC3H13 and RBM15/15B) and removed by ‘eraser’ demethylases. In the nucleus, the m°A residue is
recognized by YTHDCI1. Upon transport to the cytoplasm, m°A transcripts can be bound by different readers, namely
YTHDFI1-3, YTHDC2, IGF2BP1-3, eIF3, FMRP and the HNRNP family.
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It has been described that m°A increases the affinity of YTH domain-containing proteins to the RNA
binding site (Theler et al., 2014), which was determined to be up to ten-fold higher compared to
unmethylated targets in vitro (T. Zhu et al., 2014). The binding of reader proteins can also result after
local structure conformation changes of the RNA molecule upon m°A -modification, also coined ‘m°A
-switches’, which can displace RBPs or increase their accessibility and subsequent recruitment (Alarcén

et al.,2015; N. Liu et al., 2015).

Previous work has demonstrated that m®A modification of RNAs plays a pivotal role during zygotic
and embryonic development (M. Li et al., 2018; Mendel et al., 2021; Zhao et al., 2017). Another
evolutionarily conserved m°A-dependent process is the regulation of meiosis and fertility: the loss of
RNA methylation enzymes has an impact on gametogenesis in mice (Lin et al., 2017), zebrafish (Xia
et al., 2018), Drosophila (Hongay & Orr-Weaver, 2011) and Arabidopsis (Zhong et al., 2008).
Likewise, mOA erasers and readers control murine spermatogonia and oocyte growth and maturation
(Wojtas et al.,2017; G. Zheng et al., 2013). Besides germline development, the m®A pathway has been
linked as well to tumorigenesis, tumor invasion, and metastasis (Delaunay & Frye, 2019). One disorder

in which m°A regulator proteins are ubiquitously implicated is acute myeloid leukemia (AML).

4.2.YTHDF2 — mCA recognition as a therapeutic target for acute myeloid leukemia

One of the best-studied m°A -regulated diseases is AML, an aggressive and highly prevalent adult blood
cancer. Leukemic stem cells (LSC) have unlimited self-renewal potential and are considered to be the
root cause of treatment resistance. Even though most patients initially respond to chemotherapy, relapse
is frequent and more than 70% of them die within five years from initial diagnosis (Dohner et al., 2017).
Therefore, the identification of novel and specific therapeutic targets for the elimination of LSCs is an

unmet clinical need.

In the past decade, virtually all members of the m°A methylation program have been implicated in
myeloid leukemogenesis: writers (Bansal et al., 2014; Barbieri et al., 2017; Weng et al., 2018), readers
(Y. Cheng et al., 2021; Elcheva et al., 2020; Paris et al., 2019), and erasers (Z. Li et al., 2017; Shen et
al., 2020) have an impact in myeloid progenitor differentiation and promote or suppress malignant
hematopoiesis. m°A regulators are therefore a source of therapeutic targets in AML. Since these
proteins might also be crucial for other biological processes, the selection of a target RBP that

specifically impacts LSCs is the next major challenge.

Latest studies highlight the efforts made in hijacking m°A in order to fight AML. Two inhibitors have
been identified to efficiently target FTO and display an anti-leukemic effect with very low toxicity in
mice (Su et al., 2020). In addition, a first-in-class inhibitor of METTL3 also proved a potent anti-tumor

activity in AML models (Yankova et al., 2021). Nevertheless, it should be stressed that this

-61 -



methyltransferase has previously been characterized as essential for normal hematopoietic stem cell
differentiation and that Mettl3 KO causes bone marrow failure in mice (Y. Cheng et al., 2019; H. Lee

etal.,2019; Vuetal., 2017).

Recently, YTHDF2 has been shown to be required for disease initiation and propagation. Genetic
inactivation of this RNA binding protein selectively compromises LSC in vivo while preserving normal
hematopoiesis (Paris et al., 2019), making YTHDF2 a unique therapeutic target (Fig.22). Despite the
key function of YTHDF2 in AML, no specific YTHDF2-targeting drugs have been yet identified.

YTHDF2 -/-

YTHDF2 . Tﬁ\mw "Jigw l@ ‘.

ey e e o
[
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ERNA T = tr)énscrip);s AML initation and HSC
st propagation expansion

Figure 22. YTHDF2 model.
In absence of YTHDF2, m®A-modified transcripts are stabilized. YTHDF?2 is required for disease initiation, and its depletion
selectively compromises leukaemic stemm cells (LSC) while promoting normal hematopoietic stem cell (HSC) expansion.

4.3.The complexity of RBP therapeutic targeting

The term UNDRUGGABLE describes a biomolecule that cannot be pharmacologically targeted. Recent
examples, though, demonstrate that more appropriate terms for these complex targets are difficult-to-
drug or yet-to-be-drugged (Dang et al., 2017; Henley & Koehler, 2021). In the past, RBPs have
frequently been deemed undruggable (Gashaw et al., 2011; Hajduk et al., 2005) as they (i) possess a
significant fraction of highly disordered regions (Jérvelin et al., 2016); (ii) often show considerable
structural similarity between individual members of their own family, like the case of the mSA
machinery (reviewed in Huang & Yin, 2018); and (iii) present large contact surfaces and lack enzymatic
pockets or fold cleft-like motifs typically targeted by inhibitors (Gebauer et al., 2021; Julio & Backus,
2021; P. Wu, 2020). All these features make RBPs very unappealing targets and limit their tractability.

Despite important advances in the drug discovery field, to date, only a handful of RBPs have been
described to be directly targeted by SMALL MOLECULES , drugs smaller than 100 atoms. This list
includes the translation initiation factor eIF4A (M.-E. Bordeleau et al., 2005), the human antigen R
protein (Meisner et al., 2007), the splicing factor SF3b (Kotake et al., 2007), the pattern recognition
receptor TLR3 (K. Cheng et al.,2011), MUSASHI proteins (Minuesa et al., 2019), and miRNA-binding
LIN28 proteins (reviewed in P. Wu, 2020). Furthermore, the mechanism for RNA binding inhibition or
stimulation of these compounds is often dissected in an indirect fashion, and none of them have gained

regulatory approval so far. As an alternative to this challenging strategy, relying on an inhibition by an
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RNA-competitive binding mechanism, is the blockage of RBP conformational changes required for
RNA recognition. The identification and targeting of an allosteric RBP pocket has been proven to be

successful for drugging TLRS8 receptor to suppress proinflammatory signaling (S. Zhang et al., 2018).

New chemical approaches provide additional opportunities for overcoming the undruggable nature of
RBPs. These novel perspectives acknowledge (i) RNAI therapeutics as a reliable drug system, (i) RNA
transcripts as small molecule targets and (iii) the expansion of the chemical space by proving the

interaction interface upon the formation of RNA-protein quaternary complex.
4.4.RNA-based therapies targeting ribonucleoprotein complexes

RNA-based interventions have brought hope to the drug development field due to their ability to engage
targets that are considered undruggable by classical small molecules (Setten et al., 2019; Winkle et al.,
2021). The two main RNA therapeutic approaches, small interfering RNAs (siRNAs) and ASOs, differ
in their mechanisms of action. While the former takes advantage of the endogenous miRNA pathway,
the latter relies on RNAse H1 cleavage to cause mRNA degradation or acts as a splicing modulator.

That is, targeting the complex formed between pre-mRNA and proteins.

Since the discovery of RNAIi in Caenorhabditis elegans (Fire et al., 1998), alongside the findings
showing synthetic siRNAs could mediate targeted gene silencing in mammalian cells (Elbashir et al.,
2001), clinical development of RNA therapies has undergone major progress. As of June 2022, eight
ASO-based and five siRNA-based therapeutics have been approved by FDA or EMA, and two dozen
more RNA drug formulations are in phase II or III clinical development (Winkle et al., 2021). Two
prime examples are patisiran (Adams et al., 2018; Coelho et al., 2013), the first-of-its-kind siRNA-
based therapy (Fig.23A); and nusinersen (Hua et al., 2010; Mercuri et al., 2018), a splice-switching
ASO that constitutes the first drug to treat spinal muscular atrophy (Fig.23B). These cases of success

confirm the clinical utility of RNA therapeutics.

A RNA-based therapies targeting RNA B RNA-based therapies targeting RNA-RBP interactions
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Figure 23. Examples of RNA-based strategies.

(A) Patisiran is a 21-nt siRNA that targets transthyretin (TTR) mRNA and prevents its detrimental accumulation (2018, EMA).
(B) Nusinersen is an 18-mer ASO splicing modulator. It prevents survival motor neuron 2 (SMN2) exon 7 exclusion by
occlusion of the splice repressor hnRNPs and the pre-mRNA binding (2016, FDA).
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The major advantage of RNA-based therapies is the reliance on nucleotide complementarity for gene
silencing. In practical terms, this feature expands the prospective targets to roughly any expressed RNA
transcript. In addition, the design and production of lead compounds for novel targets is straightforward,
which shortens the time from target identification to preclinical studies, a feature especially attractive
for ultra-rare or n-of-1 diseases. This fast-development potential is well-illustrated by milasen, an ASO
therapy that could be designed and administered in less than a year after the identification of the

patient’s mutation (Kim et al., 2019).

The two main roadblocks for RNA therapeutics to become the gold standard treatment lie in (i) their
toxicity, concerning immunogenic reactions and molecular, cellular, and tissue off-target toxic effects,
(extensively discussed in Setten et al., 2019); and (ii) their delivery, despite significant advancements
in recent years, thoroughly reviewed elsewhere (Paunovska et al., 2022; Roberts et al., 2020). Compared
to RNA agents, whose pharmacokinetic and pharmacodynamic properties still pose these considerable
limitations, small molecules offer up until now unique possibilities to directly target RNA or the

interface of ribonucleoprotein quaternary structures.

4.5.RNA is an effective small molecule target

As opposed to RNA-based therapies, small molecules have overall convenient chemical and biophysical
tunability, lower toxicity, superior stability, and suitable cellular and tissue permeability. RNA targeting
potential has been under-explored until very recently, mainly owing to its four-nucleotide, highly
charged, hydrophilic composition (Disney, 2019; Ursu et al., 2019; Warner et al., 2018). However, the
last two decades have witnessed encouraging progress and further studies have demonstrated that RNA

can be targeted by small molecules.

One such example is HIV: the interactions between TRE RNA loop and Tat protein (Mei et al., 1998)
and RRE RNA element and Rev protein (Kjems et al., 1991) were identified as targets of small molecule
inhibitors. Nevertheless, stem-loop motifs are secondary structures that typically contain small or
shallow grooves, features that do not meet the common standard of ligand-binding pockets. By contrast,
rigorous characterization of RNA structures has revealed druggable pockets for some RNA species. For
instance, ribocil targets the bacterial flavin mononucleotide riboswitch (Howe et al., 2015), and X1 is
able to recognize the structural Xist A-repeat and arrest RBP binding (Aguilar et al., 2022) (Fig.24A).
Last, linezolid binds the large subunit of bacterial ribosomal RNA (Wilson et al., 2008), and constitutes
the only approved drug class that binds RNA alone to date. The compounds described, however,

accommodate complex, buried, cleft-like motifs that might not be present in other RNA transcripts.

Structural information of the RNA of interest, together with computational tools, can accelerate the
rational design in drug discovery. More precisely, structure-driven strategies can predict, identify, and

even optimize small molecules targeting RNA motifs of interest using 3D structural data (Davidson et
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al., 2009; Stelzer et al., 2011), though posterior validation through classical binding assays is required.
Nevertheless, these computer-aided methods depend entirely on the availability of the target structure,
which is rarely documented in the RNA world. Similarly, in silico approaches can integrate ligand
information for virtual screening of novel targeting small molecules (Leelananda & Lindert, 2016;
Schreyer & Blundell, 2012). Needless to say, they rely on previous knowledge of compounds that bind

to the target of interest.

In fact, as discussed in Chapter 1, most RNA molecules are highly flexible and adopt multiple
conformations (Bevilacqua & Blose, 2008; Ganser et al., 2019). This feature might provide transitory
structures that might accommodate or be stabilized by small molecules, but also presents difficulties for
drug design. Admittedly, taking into consideration the binding of RBPs broadens the targetable

chemical space.

A small molecules targeting RNA B small molecules targeting RNA-RBP interactions
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Figure 24. Examples of small molecule approaches.

(A) The small molecule X1 is able to disrupt Xist A-repeat, displace SPEN and PRC2 and stop X chromosome inactivation
(XCI). (B) Risdiplam binds to two distinct sites of the SMN2 pre-mRNA and stabilizes the splicing ribonucleoprotein (RNP)
complex, resulting in exon retention (2020, FDA).
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4.6.Small molecules target RNA-RBP interactions

The molecular recognition process of RBPs constitutes a substantial source of small molecule target
sites. RNA-protein interactions are also very dynamic and structural rearrangements occur in both
molecules during binding (Ganser et al., 2019; Hainzl et al., 2005; Leulliot & Varani, 2001). The
interaction might perturb RNA stem loops and at the same time expose protein residues (Matthews et
al., 2016; Yang et al., 2002). These changes in conformation, both in the RNA and the protein, can
create transient pockets that are not discernible when considering only static structures. Thus, targeting
the interaction itself, and not its individual components, constitutes an additional approach. The
paradigm of small molecules that accommodate within RNA—protein macromolecular complexes are
SMN2 splice modulators, like risdiplam (Palacino et al., 2015; Sivaramakrishnan et al., 2017)
(Fig.24B). This alternative-splicing modulator selectively binds to a pocket of the quaternary structure

formed between SMN2 pre-mRNA and U1 snRNP and stabilizes the interaction.

Despite the success of these proof of concept small molecules targeting RNA and RNA-protein

interactions, their discovery does not provide guidance for a rational targeting design. The examples
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above were identified without prior knowledge of the nature of the target using phenotypic screens
(Howe et al., 2015; Naryshkin et al., 2014; Palacino et al., 2015; Wilson et al., 2008) and only after

their functional mechanism was determined.

Novel in vitro systems have recently been described as an emerging alternative for screening RBP-RNA
complex formation inhibitors (Ursu et al., 2019; P. Wu, 2020). However, biochemical in vitro methods
are limited as they do not recapitulate the cellular environment that affects the binding of RBPs to their
RNA targets (Childs-Disney & Disney, 2016). Indeed, the identification of small molecules that target
RNA-protein interactions in-cell is currently limited by the absence of unbiased scalable screening

methods.

4.7.0bjectives

As described above, targeting RNP complexes with small molecules provides a solution to the
complexity of drugging RBPs, and constitutes an important alternative to oligonucleotide-based
therapies that target RNA in a sequence-specific way. Because of its suitability as a therapeutic target
against AML, 1 aimed to identify small molecules specifically inhibiting YTHDF2 binding to m®A-
methylated RNAs. Since the methods to screen for chemical compounds targeting RNA-protein
interactions in-cell are limited, I sought to fill this technological gap by adapting our quantitative
incPRINT technique to a drug screening platform. As the inhibition occurs in a cellular system,
incPRINT-Drug can overcome the disadvantages of in vitro assays, like the stability of the RNA and
the protein or drug crystallization, while providing the cell environment for contextual RNA-protein
interactions. In addition, the assay does not rely on phenotypic changes and interrogates a pure
molecular interaction, thereby emerging as a promising alternative for the identification of inhibitors of

ribonucleoprotein complexes in cellulo.
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S.RESULTS

The quantitative nature of incPRINT luciferase assay allows, theoretically, to measure a perturbation of
RNA-protein interaction. The disruption of binding either by a mutation in the RNA, in the protein, or
due to its inhibition by small molecules would be measured by a decrease in the luciferase activity
intensity. However, whether incPRINT has enough resolution to detect the impact of such perturbations

had never been tested so far.

To adjust incPRINT to a drug screening method, hereafter referred to as incPRINT-Drug, I sought to
find proof of concept RNA-protein interactions that are (i) targetable and (ii) clinically relevant. I started
with HIV’s RRE — Rev binding, a longstanding paradigm of targetable RNA — RBP interaction (Kjems
et al., 1991). Later, given the crucial biological role of YTHDF2 in AML development, I assessed the
binding between YTHDF2 and mC®A-containing RNAs. Combining several point mutations and
disruptions in both the RNA and the protein, I profiled this interaction and selected it as an ideal proof
of principle for subsequent experiments. Finally, I followed a standardized drug development pipeline.
I first performed a high-throughput screen (HTS) and identified seven hits as candidates for inhibitors
of m®A-modified RNA — YTHDF2 interaction. Later, I validated the hit compounds and tested the
specificity of the lead molecules. And as the last step, I tried to some degree a lead optimization phase
using fragment-based and an in silico-based approach. This strategy allowed me to demonstrate that

YTHDEF2 can be targeted by small molecules.
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5.1.Optimization of incPRINT-Drug conditions

To perform the initial incPRINT-Drug experiments, I selected the well-studied RRE — Rev interaction
as a proof of principle since it has been demonstrated to be targetable using Neomycin B (Zapp et al.,
1993). I first cloned the RNA and the peptide to their respective incPRINT plasmids (Fig.25A).
However, a 2-hour-long, 200 uM treatment of the cells with this antibiotic led to no detectable changes

neither in the interaction intensity nor in Rev expression levels (Fig.25B).

The concentrations and time of incubation I used were chosen based on the literature, despite being
applied to other techniques. For this reason, I proceeded with optimization of the duration of the drug
treatment step in incPRINT-Drug conditions. Because most of the drugs are dissolved in dimethyl
sulfoxide (DMSO), I subjected the transfected cells to a standard 10 puM DMSO treatment for 30
minutes, 2, 16, and 24 hours. Longer treatments resulted in decreased protein expression (Fig.25C),

most likely due to cell toxicity. Consequently, I set the maximum drug incubation period at 2 hours.

I then focused on YTHDEF2 and the interaction with one of its targets, tumor necrosis factor receptor
superfamily 2 (Tnfrsf2) (Paris et al., 2019). Their binding could be efficiently and reproducibly detected
by incPRINT, showing a nine-fold difference when compared to GFP (Fig.25D,25E). Aiming to
determine the dynamic range of a binding inhibition detectable by incPRINT, I followed a mutagenesis
approach. The 3’UTR of Tnfrsf2 transcript contains up to 32 DRACH motifs, potentially methylated
and therefore recognizable by YTHDF2. Using available CLIP data on this protein (Ivanovaetal.,2017;
Paris et al., 2019), the 15 motifs present within the three peaks found in the 3’UTR of Tnfrsf2 were
selected as effective YTHDF2 binding sites and thereby mutated in our Trnfrsf2.mut-MS2 plasmid
(Fig.25D). With such mutagenesis-based approach, I was unable to detect any interaction changes

between mutated and wild type Tnfrsf2 by incPRINT (Fig.25E).

Because the m®A binding site disruption at the RNA level did not prove to be successful, we shifted our
attention to a protein-centric mutagenesis approach. It has been demonstrated that W491A point
mutation in the three-tryptophan aromatic pocket of YTHDF2, which constitutes the m°A recognition
site, significantly decreases by ten-fold its binding affinity in vitro (Li et al., 2014). Thus, I compared
the ability of YTHDF2 wild type (YTHDF2WT) or YTHDF2W491A to interact with Tnfrsf2, to test if a
significant decrease of binding can be detected by incPRINT. The interaction intensity of Tnfrsf2 and
the mutated protein decreased more than two-fold compared to the wild type, while the protein
expression levels remained unchanged (Fig.25F). Detected remaining binding of the mutant protein
likely results from unspecific binding to 10xMS?2 loops. These data demonstrate that Tnfrsf2 — YTHDF2

constitutes a good proof of concept interaction to assess the application of incPRINT-Drug.
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Figure 25. Tnfrsf2 — YTHDEF2 is an optimal interaction for incPRINT-Drug proof of concept.

(A) Schematic representation of plasmids containing MS2-tagged RRE with 500 bp upstream and downstream adjacent
sequence and 3xFLAG-tagged Rev protein. (B) Interaction intensity and protein expression levels after 200 uM treatment for
2 h, detected by incPRINT and ELISA respectively. (C) Rev protein expression changes upon 10 pM DMSO treatment, for
the indicated amount of time detected by ELISA. (D) Schematic representation of plasmids containing MS2-tagged Tnfrsf2
and 3xFLAG-tagged YTHDF2 and their mutated counterparts. m°A in 15 DRACH motifs were replaced by a T. (E) Interaction
intensity and protein expression levels, detected by incPRINT and ELISA respectively. Transfected RNA plasmids are
indicated on the x axis, and protein plasmids and treatments are indicated in the legend. Data from four biological replicates
are presented as mean + s.e.m. All values are given in Relative Light Units (x1075). P values were calculated by unpaired t-
tests. *P < 0.05; **P <0.01; ***P < 0.001; ns = not significant.

5.2.HTS of drug inhibitors of Tnfrsf2 — YTHDF2 interaction

Following the initial tests described above, I established the optimal conditions for incPRINT-Drug
screening purposes: I added a 2 h, 10 uM drug treatment step prior to cell lysis (Fig26A). To screen for
inhibitors of Tnfrsf2 — YTHDF2 binding, I used the Prestwick Chemical Library®. This collection of
~1,200 FDA-approved off-patent drugs has high chemical and pharmacological diversity and ensures
bioavailability and low cell toxicity. In turn, the reduced dimension of the library allowed me to perform

the hole screen in a single week.

Using this approach, I identified seven compounds that showed a decrease in the Tnfrsf2 — YTHDF2WT
interaction comparable to the level of the interaction with YTHDF2W491A (Fig.26B). To compare the
data across individual compounds, interaction scores were calculated considering both changes in
luminescence —representing interaction intensities— as well as differences in ELISA values —controlling

for effects of tested on protein expression levels— (see the Methods section for more details).
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Following the high-throughput identification of 7Tnfrsf2 — YTHDF?2 inhibitors, I validated the identified
hits by small-scale incPRINT-Drug (Fig.26C). This experiment confirmed the inhibition specificity and
discarded any potential artifacts of data normalization. These data also highlight the specificity of the

inhibition since most of the compounds did not inhibit the binding.
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Figure 26. Seven compounds inhibit Tnfrsf2 — YTHDF2 binding.

(A) Workflow of incPRINT-Drug. ELISA step is not shown for visualization purposes. (B) Screen of FDA-approved drugs
against Tnfrsf2 — YTHDF2YT. Positive hits are indicated in red and score for Tnfrsf2-YTHDF2V#!4 control is indicated in
black. Interaction score averaged from four biological replicates detected by incPRINT-Drug. (C) Small scale incPRINT-Drug
with the identified hits. Data from four biological replicates are presented as mean + s.e.m. P values were calculated by
unpaired t-tests; ***P < 0.001.

5.3.Hit-to-lead characterization: Study of the compounds’ specificity

To further validate the identified hits and ensure they do not act promiscuously, as well as to understand
the nature of their inhibitory effects, I established a series of rigorous controls in each of the incPRINT-

Drug steps.

Towards this end, I first performed concentration-dependency assays. A series of different
concentrations of each compound were tested, which confirmed a dose-dependency in the effect of five
out of seven hits (Fig.27A). Aminacrine and topotecan were discarded as further candidates since their
inhibitory effect on the Tnfrsf2 — YTHDEF2 interaction remained the same regardless of the

concentration used, suggesting that they are unlikely specific inhibitors of Tnfrsf2 — YTHDF2WT
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interaction. On the other hand, mitoxantrone, doxorubicin, daunorubicin, epirubicin, and haloprogin

presented dose-dependent inhibition, confirming their specificity.

Despite being FDA-approved, these small molecules could affect cell integrity. To rule out this potential
interference on the assay, I tested the cytotoxicity of the compounds. By observing cell death upon
different drug treatments, I identified no changes between the five compounds compared to the DMSO
control (Fig.27B). This result corroborated a cell death-independent effect of the decrease of the

interaction by the identified small molecules.

Notably, incPRINT-Drug can detect changes in protein expression levels that are posteriorly corrected
by the interaction score calculation (see the Methods section for details). However, despite the drug
treatment lasting 2h, the compounds could compromise RNA transcription or transcript stability and
result in an artifactual hit. A decrease in the amount of the MS2-tagged transcript would impact the
luminescence signal and be read out as inhibition of interaction, constituting a false positive. Since the
interaction score does not consider changes at the transcript level, I analyzed Tnfrsf2 levels by RT-
gPCR and excluded the effect of the drugs on RNA levels (Fig.27C). Together, these results validated

the lead status of five small molecules.

I then took advantage of the versatility of incPRINT-Drug and set RNA and protein specificity controls,
providing some insight into the cellular target these compounds engage with. I first assessed RNA
specificity by testing other known target and non-target transcripts of YTHDF2 (Paris et al., 2019). As
a negative control, I selected the poorly m®A -modified Ly6A RNA. Four of the small molecules showed
no decrease in Ly6A — YTHDF2WT binding (Fig.27D), suggesting an m°A -dependent inhibitory effect.
In turn, haloprogin showed a decrease in the interaction intensity, indicating a potential unspecific
effect. Next, the highly methylated transcript Gadd45G was used as an alternative for Tnfrsf2 interaction
and was expected to behave like such upon drug treatment. The five lead compounds inhibited

Gadd45G — YTHDF2WT in a similar manner compared to Tnfrsf2 (Fig.26C,27D).

Later, I tested the drugs using Tnfrsf2 — YTHDF2W491A as well as the mOA-unrelated Tnfrsf2 — MOV 10
interactions. YTHDF2W491A background interaction intensity was not reactive to the drug treatment of
four specific drugs, though haloprogin showed again artifactual decrease in the interaction intensity
(Fig.27E). Similarly, MOV10 binding was either mildly or not affected, except for haloprogin.
Together, these results indicate that four lead compounds inhibit specifically YTHDF2 — m°A specific
inhibition, and that incPRINT-Drug specificity tests can be used to discriminate true hits from false

positives.
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Figure 27. Four small molecules specifically inhibit m°A-modified RNA — YTHDF2 interaction.
(A) Dose-dependent inhibition of the interaction upon treatment with different concentrations of the indicated compounds and
their molecular structure. (C) RT-qPCR comparing levels of expression of Tnfrsf2 after drug treatment. (D) Small scale
incPRINT-Drug with selected hits. Compounds are indicated in the x axis, transfected RNA plasmids are indicated below, and
protein plasmids are indicated in the legend. Data from at least three biological replicates are presented as mean + s.e.m. P
values were calculated by unpaired t-tests. *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant.
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Importantly, the YTH domain of the three components of the YTHDF family is very similar in amino
acid sequence composition (Fig.28A). Structural studies identified the conserved near-identical
aromatic cage that recognizes the methyl moiety of méA modification, which is comprised of three
tryptophans (F. Li et al., 2014; Y. Li et al., 2020; Theler et al., 2014). In addition, as discussed above
YTHDF paralogs bind m®A transcripts in an equivalent manner. Thus, hypothesizing that the
compounds would not only recognize the pocket of all YTH domain proteins, I tested if the interaction

of Tnfrsf2 — YTHDF1WT and Tnfrsf2 — YTHDF3WT could be targeted by incPRINT-Drug.

I started testing the interaction of wild type and mutated proteins with 7nfrsf2, in the same fashion
YTHDEF?2 was first tested. Interaction intensities behaved similarly between the three cases (Fig.28B),
suggesting that a drop in the interaction due to drug treatments would indeed be detected. However, a
comparison of protein expression levels to YTHDF2 showed a four to seven-fold drop in the expression
of the other members of the family in the incPRINT setup (Fig.28B). A difference in the expression of

the mutated proteins compared to their respective wild type could also be observed.

Despite these conditions being sub-optimal, I tested if the four compounds could inhibit the interaction
with other YTH domains. Treatment of Tnfrsf2 — YTHDFIWT with three out of the four drugs
recapitulated the near-two-fold interaction depletion (Fig.28C). For Tnfrsf2 — YTHDF3WT, the low
protein expression encountered incPRINT-Drug’s resolution, hindering the detection of the interaction
in the case of mitoxantrone. These results indicate, to a certain extent, that the four lead compounds

inhibit the YTH domain interaction with méA-modified transcripts.

A YTHDF1 390- RVFIIKSYSEDDIHRSIKYSIWCSTEHGNKRLDSAFRCMSSKGPVYLLFSVNGSCGHECGVAEMKS PV
YTHDF2 411- RVFIIKSYSEDDIHRSIKYNIWCSTEHGNKRLDAAYRSMNGKGPVYLLFSVNGSGHFCGVAEMKSAV
YTHDF3 417- RVFTIKSYSEDDTHRS TKYN TWCSTEHGNKRLDAAYRSLNGKGPLYLLFSVNGSGHFCGVAEMKS VV

= tryptophan cage
recognizing m°A

YTHDF1 458 - DYGTSAGVWSQODKWKGKEDVOWIFVKDVPNNQLRHIRLENNDNKPVTNSRDTQEVPLEKAKQVLKIT
YTHDF2 479 - DYNTCAGVWSODKWKGRFDVRWIFVKDVPNSOLRHIRLENNENKPVTNSRDTQEVPLEKAKQVLKIT
YTHDF3 485 - DYNAYAGVWSODKWKGKEFEVRWIFVKDVPNNQLRHIRLENNDNKPVTNSRDTOEVPLEKAKQVLKIT
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Figure 28. YTHDF1 and 3 protein expression is suboptimal for incPRINT-Drug testing.

(A) Comparison of YTH domain sequences of the three YTHDF proteins. In green, conserved amino acid residues. (B)
Interaction intensity and protein expression levels, detected by incPRINT and ELISA respectively. Transfected protein
plasmids are indicated in the x axis, RNA plasmids are indicated below, status of each YTHDF sequence is indicated in the
axis. Values are given in Relative Light Units (x1075). (C) Small scale incPRINT-Drug with selected hits. Compounds are
indicated in the x axis and protein plasmids are indicated in the legend. All data from four biological replicates are presented
as mean + s.e.m. P values were calculated by unpaired t-tests. *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant.
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5.4.Lead optimization: compound modification and fragment screening

Doxorubicin, daunorubicin, and epirubicin belong to the rubicin family of natural compounds, also
called anthracyclines, and mitoxantrone is an artificially synthesized drug that resembles rubicins
(Fig.27A). To understand if the core structure of the rubicins is responsible for the m°A — YTHD
inhibition described above, I performed an indirect structure-function analysis. By testing additional
members of this family of compounds, I aimed to determine if the inhibitory effect was universal to all
members, as well as if chemical modifications of the rubicins confer the small molecules a higher

inhibitory effect.

I carried out incPRINT-Drug with three extra rubicins congeners. I identified idarubicin’s inhibition as
comparable to the lead compounds (Fig.29). Although a decrease in the interaction could be seen for
pirarubicin treatment, the effect was rather mild. This result excludes the core rubicins structural
subgroup as sufficient for Tnfrsf2 — YTHDF2WT inhibition and confirms that incPRINT-Drug is

sensitive to small compound modifications.
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Figure 29. incPRINT-Drug is sensitive to modifications of the same drug family.

Dose-dependent inhibition of the interaction of additional rubicins not included in the drug library and their molecular
structure. Data from four biological replicates are presented as mean + s.e.m. P values were calculated by unpaired t-tests. *P
<0.05; **P <0.01; ***P <0.001.

Remarkably, rubicins are used currently as the standard of care for leukemia (Dohner et al., 2017), that
has not changed substantially in recent years, although their mechanism has never been related to
YTHDEF2. Despite controversial, the proposed main target of rubicins is topoisomerase 2 poisoning
(Marinello et al., 2018; Nitiss, 2009). With the aim to uncouple the alternative YTHDF2-dependant
mechanism we propose from the above-described rubicin target, I followed a fragment-based drug
discovery approach. I hypothesized that simpler molecules or FRAGMENTS , defined as drugs that
contain less than 20 non-hydrogen atoms, would maintain the inhibition of Tnfrsf2-YTHDEF?2 interaction

or even better orientate within the binding site, as well as avoid off-target interactions.
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To identify the essential YTHDF?2 inhibitory-acting part of the rubicins, I tested ~500 chemotypes, or
chemical structure motifs. This Core-Set Fragment Library® includes diverse primary substructure
compounds derived from small molecules present Prestwick Chemical Library®. These fragments are
smaller and simpler than the ones I previously tested. This chemotheque included one fragment derived
from our four lead molecules (n° 1884). In addition, I tested five customized rubicin-derivative
fragments. None of the fragments from the library or the additional fragments showed an inhibitory

behavior comparable to the Tnfrsf2 — YTHDF2W#1A (Fig.30).
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Figure 30. No rubicin-derived fragments inhibit Tnfrsf2 — YTHDF2 interaction.

(A). Scatter plot of Fragment library screened against Tnfrsf2 — YTHDF2%T. Lead-derived fragment is indicated in red and
Tnfrsf2 — YTHDF2V#!A control is indicated in black. Data averaged from four biological replicates detected by incPRINT-
Drug and normalized to Tnfrsf2 — YTHDF2"T treated with DMSO, represented with a dotted line. (B) Dose-dependent
inhibition of the interaction of additional fragmented compounds not included in the fragment library and their molecular
structure. Data from four biological replicates are presented as mean + s.e.m.

I then adopted a complementary ligand-based drug discovery approach by performing a computational
substructure searching. The active rubicin compounds contain a maximal common subgraph (MCS)
that can be truncated. To identify possible binding portions of the rubicin and to see if trimming is
possible, Steven Shave and Manfred Auer (University of Edinburgh) carried out substructure searching
(Schreyer & Blundell, 2012) on the conserved diol ring system and the tetrahydropyran portion. With
this in silico approach, 19 compounds were identified to contain a rubicin MCS. Four of them inhibited
YTHDF2 — m°A binding in incPRINT-Drug, and only mangiferin and licogliflozin did it significantly
(Fig.31). Of note, both inhibitions start to be significant at 33uM, compared to the 4 uM concentration
found on the lead compounds (Fig.27A).
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Figure 31. Rubicin-MCS-containing drugs fail to inhibit Tnfrsf2 — YTHDF2 interaction.
Dose-dependent inhibition of the interaction of a compound from additional rubicins not included in the drug library and their
molecular structure. Data from four biological replicates is presented as mean + s.e.m. P values were calculated by unpaired

t-tests. *P < 0.05.
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6. DISCUSSION

Since the discovery of the global transcriptomic méA modification (Dominissini et al., 2012; X. Wang
et al., 2014), major efforts have been put into understanding its precise mechanism. It is now well
established that a refined ensemble of RBPs regulates m°A deposition, removal, and reading. The m°A
interactome has been unexploited as a therapeutic target, mainly due to a lack of technology for drug
identification but also because it appeared as clinically relevant not long ago (Cully, 2019). From then
on, several biotech companies and academic laboratories are racing to find small molecules to drug

RNA modifying proteins (Berdasco & Esteller, 2021; Quattrone, 2020).

Recently, the Tnfrsf2 — YTHDF2 interaction has been identified as a key therapeutic target for AML
treatment (Paris et al., 2019). To further identify compounds inhibiting this binding, several approaches
could be followed. Because the crystal structure of its YTH domain is already available (T. Zhu et al.,
2014), virtual screening of molecular libraries has already been performed, attempting to
computationally target YTHDF2 (Bedi et al., 2020). Phenotypic cell-based screens are powerful drug
discovery tools that have brought small molecules targeting RNA-RBP interactions to the clinic (Moffat
et al.,2017). However, because of their target-agnostic nature, they cannot be used for the discovery of

inhibitors of a precise molecular interaction.

Recently-developed in vitro biochemical techniques, like Forster resonance energy transfer and other
fluorescent-based assays, are expanding the capacity of screening for RNA—RBP inhibitors (Ursu et al.,
2019; P. Wu, 2020). Likewise, biophysical or structure-based methods like Surface Plasmon Resonance
(SPR) or Nuclear Magnetic Resonance (NMR), classically used as validation methods, are being
extensively utilized and refined for HTS (Erlanson et al., 2016). Yet, each method has distinct caveats
which need to be kept in mind and only recently are being tailored for RNA-protein interaction drugging
(D’ Agostino et al., 2019). My work presents the customization of an in-cell screening methodology for
target-based drug discovery applied to targeting methylated RNA — YTHDF2 interactions, which

materialized into the identification of small molecule inhibitors for this RNA-protein interaction.
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6.1.Interaction quantification by incPRINT

First and foremost, to quantify the m®A-dependent binding of YTHDF?2 to highly methylated RNAs, I
conducted a series of small-scale incPRINT assays (Fig.25/Section5.1). A robust and reproducible

interaction between Tnfrsf2 and YTHDF2 was detected, which was nine-fold over the background.

Unexpectedly, the first mutagenesis approach I followed, deleting methylated sites of Tnfrsf2, did not
result in a decrease in the interaction measurable by incPRINT. There are several explanations for the
lack of a decrease in the luminescence signal. In the first place, A>T mutations were introduced solely
on the 15 sites identified by m°A immunoprecipitation to be preferentially methylated in pre-leukemic
mouse cells (Ivanova et al., 2017; Paris et al., 2019). The 3’UTR of Tnfrsf2, as well as GFP cDNA,
contains other DRACH motifs that can potentially be methylated (Fig.32). In the second place, this
chimeric transcript is ectopically expressed and does not reproduce the gene architecture of Tnfrsrf2, a
feature known to drive methylation patterns (Dominissini et al., 2012; Uzonyi et al., 2022). In the third
and last place, although there is general evolutionary conservation of m®A site overlap between mouse
and human (Batista et al., 2014; J. Liu et al., 2020; Meyer et al., 2012), the methylation machinery of
HEK?293T cells used for incPRINT-Drug might have specificities that do not equate those of pre-
leukemic cells in mice. My results suggest that a partial loss of the methylation sites of an RNA of
interest is not tangible in our system. The depletion of METTL3 methylation enzyme in HEK293T
incPRINT cells could circumvent this problem and unequivocally determine the m®A -dependent

binding of YTHDF?2 and other interactors.

CMV promoter eGFP mouse Tnfrsf2 3'UTR mutated 10xMS2 bGHpA

1 e A>T
(I 1 T 11 I A A | | I | non-mutated DRACH motifs

400bp

Figure 32. Tnfrsf2 mutagenesis design.

Mouse Tnfrsf2 3’UTR was cloned to pPCDNA3.1 MS2-containing vector together with eGFP cDNA to ensure proper export
to cytoplasm. 15 DRACH motifs were mutated (light red) based on m°®A immunoprecipitation read coverage. The coordinates
(mm10 — Tnfrsflb) of the three picks identified were the following: chr4:145,214,419-145,214,720 (highest peak),
chr4:145,214,823-145,215,179 (lowest peak), chr4:145,215,631-145,215,852 (second highest peak). Yet, this chimeric
transcript contains 29 non-mutated DRACH motifs (dark red).

On the contrary, by mutating one tryptophan of the m®A binding site of the YTH domain, I was able to
effectively detect a decrease by two-fold in the interaction intensity between the wild type and the
mutated protein. Beyond establishing a dynamic range of the m°A-dependent interaction for a
subsequent small molecule screen, these results also indicate that incPRINT and protein mutagenesis
can be combined for the study of the RNA-binding domains of RBPs in cells. In sum, I determined the

precise sensitivity of incPRINT in order to quantify RNA-RBP interaction inhibitions.
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6.2.Establishment of drug treatment and HTS conditions

The optimization of an appropriate drug treatment time (2 h) was then carried out by small-scale
incPRINT-Drug assays. Together with the appropriate drug concentration (10 uM), the suitable
conditions to target RNA-RBP interactions without perturbations of cell viability where established for

subsequent incPRINT-Drug scalability in a high-throughput format.

The selection of a suitable screening collection of compounds represents one of the major challenges of
the hit identification and lead discovery phase in drug discovery studies (Hughes et al., 2011; Macarron
et al., 2011). In order to identify RBP-RNA interaction inhibitors, some of our competitors performed
an in vitro screen using a library that contained 250,000 small molecules (Yankova et al., 2021), while
others started their HTS using a virtual approach to narrow down from 260,000 compounds to few
hundreds (Su et al., 2020), which were tested afterward in cells. For our in-cell proof of concept, we
prioritized a more compact, manageable library that could ensure low cell toxicity while maintaining a
heterogeneous composition. Eventually, we chose an FDA-approved chemical collection of ~1,200 off-
patent compounds. Regulatory approval appeared as an advantage more than a limitation: approved
molecules sometimes have unknown or multiple targets, and they offer the potentiality of being rapidly

repurposed (Ashburn & Thor, 2004; Pushpakom et al., 2018).

Next, I carried out the small molecule screen. The identification of only seven hits, that is, ~0,6% of the
compounds screened, substantiated the choice of time and drug concentration (Fig.26/Section5.2).
Additionally, the low micromolar range (10 pM) of activity of the identified compounds was in line
with RBP inhibitors found in other studies (Lim et al., 2016; Meisner et al., 2007; Minuesa et al., 2019).
Of note, some compounds showed an increased luminescence. It would be of interest to examine

whether a real boosting of the RNA-protein interactions in fact occurs.

A possible criticism of our approach may be that the ICso of these compounds is not provided. This
quantitative measure indicates the concentration of a molecule needed to inhibit a biological process by
50% and is used to compare drug potency (Y .-C. Cheng & Prusoff, 1973; Swinney, 2011). The 1Cso
metric does not apply to incPRINT, as this technique relies on living cells. At high concentrations,
where the saturation or maximal effect is detected, the compounds are cytotoxic. To analyze compound
affinity in a semi-quantitative fashion, I titrated down the concentration of the drug and determined the
effect on the interaction intensity (Fig.27/Section5.3). This experiment allowed to establish the
specificity for five of the seven hits, whose inhibition effect did not remain constant upon changes in

the concentration.

Altogether, the high-throughput identification of 7Tnfrsf2 — YTHDF2 inhibitory compounds

demonstrates the fast and scalable potential of incPRINT-Drug.
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6.3.Set up of small molecule specificity controls

To ensure that the decrease in the interaction intensity is not simply a product of the incPRINT system,
I integrated a hit assessment process (Fig.27/Section5.3). To exclude the possibility of the compounds
impacting cell integrity, I tested whether cell toxicity was impacted upon treatment with the small
molecules. All hits exhibited equivalent cell death levels. Later, I measured the Tnfrsf2 relative RNA
levels and ensured no variation in the expression would occur between the different compounds and the
DMSO vehicle. To gain insight into the specificity of the hits for the m°A — YTHDF?2 interaction, I
tested them in several combinations of RNA-protein bindings. It should be underlined that the m°A
mark enhances the affinity of YTHDF2 to RNA, but this binding can still occur in unmethylated
transcripts. Consistent with the fact that our small molecules inhibit the binding of YTHDF2 and
methylated RNAs, YTHDF2WT — Ly6A, a lowly methylated transcript, and YTHDF2W491A — Tyfirsf2,
highly m6A-modified, displayed comparably low interaction intensities. Conversely, the drugs inhibited
Gadd45G, another strongly methylated RNA, in a similar fashion compared to Tnfrsf2. Only

Haloprogin behaved promiscuously and was discarded as a specific inhibitor.

Worthy of note is the flexibility of this unbiased triage of hits. Additional RNA-RBP interactions can
be included to ensure the specificity of the lead compounds. In our case, MOV10 was tested, but
complementary m°A unrelated interactions like HNRNPC or PABPC3 could be evaluated as well.
Because the YTH domain is essentially identical between the family of proteins, I hypothesized that the
identified small molecules would also inhibit YTHDF1 and YTHDF3 binding to methylated RNAs
(Fig.28/Section5.3). Despite the decrease in the interaction of YTHDF1 — Tnfrsf2 being similar to that
of YTHDF2, the results highlight a limitation of incPRINT-Drug when FLAG-tagged RBPs are
expressed at low levels. Overall, these findings show the successful establishment of specificity controls

to discriminate hits from false positives

6.4.Nature of lead compounds and discovery of novel leads

But what is the exact identity of these four hits? As mentioned above, they belong to the same family
of compounds, called rubicins or anthracyclines. This class of natural small molecules has been known
for decades to act as topoisomerase inhibitors (Arcamone et al., 1961; Marinello et al., 2018; Nitiss,
2009). However, they have also been suggested to harbor alternative non-topoisomerase activity
(Gewirtz, 1999; Swift et al., 2006) as well as RNA binding properties (Marcheschi et al., 2009;
Velagapudi et al., 2018; S. Zheng et al., 2009). Of note, another compound from the rubicin family,
bisantrene, was found to inhibit FTO RNA demethylase (Su et al., 2020). Because many other rubicins

have been synthetized since their discovery, I examined the sensitivity of incPRINT-Drug to minor
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chemical modifications of the compounds (Fig.29/Section5.4). Three additional rubicins were tested

and showed different degrees of inhibitory activity.

Strikingly, rubicins are the current standard of care for AML patients (D&hner et al., 2017). One might
wonder, then, what is the relevance of having found drugs to target YTHDF2 — m°A if they are already
being used to treat AML. Individuals with this type of leukemia respond better to such treatment than
other cancer patients. Although purely conjectural, it is exciting to consider these compounds might
have been naturally selected to treat AML due to previously unidentified targets. Describing alternative
targets of approved drugs might not only be crucial for the understanding of the primary and secondary
effects these drugs have in AML patients but may also impact research. Some studies in non-coding
RNA biology use rubicins to induce DNA damage (Elguindy & Mendell, 2021; Ziv et al., 2021), and
this unknown target could have interfered with their results. In short, this novel target of rubicins

compounds has important consideration for researchers and clinicians.

Nevertheless, rubicins are far from being an ideal treatment. Patients are at high risk of cardiac damage
and some tumors develop resistance (Martins-Teixeira & Carvalho, 2020). In order to discover
alternative drugs to adequately address the pressing medical needs of AML patients, we resumed our

screening phase in order to identify undescribed compounds inhibiting YTHDF2-Tnfrsf2 interaction.

First, I tested fragments from approved drugs previously tested (Fig.30/Section5.4). No decrease in the
interaction intensity was observed for any of the fragmented compounds. It is known that smaller
compounds can form fewer interactions with their targets, leading to lower affinities. Hence, the
decision to perform the fragment-based screen at 10 pM might appear too conservative. Subsequent
tests with individual fragments with concentrations up to 33 uM did not detect any inhibitory effects of
the fragment molecules. To dissipate any doubt, and despite risking obtaining false positives, the library

could be used again to screen for inhibitors, augmenting the concentration to 100 uM.

Later, I followed a ligand-based drug discovery approach, using the composition of our four hits as a
baseline for the identification of a common subgroup or chemotype that could be present in other
compounds. Some of these shared building blocks were pinpointed in 19 additional small molecules,
that were subsequently tested on incPRINT-Drug (Fig.31/Section5.4). Together, these results

demonstrate incPRINT-Drug can be combined with in-silico approaches for novel compound discovery.

6.5.What is the méA — YTHDF2 inhibitory mechanism?

Based on the results obtained, it is hard to infer the mechanism of inhibition of the hits. On incPRINT-
Drug conditions, a compound could be deemed a hit on three occasions: (i) if it binds to the intended
RNA target, competing with the RBP (Zapp et al., 1993), or disrupting its structure (Aguilar et al.,
2022); (ii) if it interacts with the protein RNA-binding site, competing with the RNA molecule (Minuesa
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et al., 2019) or an allosteric pocket that blocks a conformational change required for molecular
recognition of RNA (Clingman et al., 2014; S. Zhang et al., 2018); and (iii) if it recognizes the RNA-

protein interacting interface (Sivaramakrishnan et al., 2017).

To confirm the binding of the rubicins to the YTH domain, we aimed at recapitulating the inhibition
using orthogonal methods. In turn, this validation would allow mapping the interaction of the
compounds, gleaning information on their mechanism of inhibition. Because YTHDF2 had been
previously crystalized (F. Li et al., 2014), we sought to confirm the interaction using X-ray
crystallography of the protein soaked in different concentrations of our compounds of interest.
However, because no YTHD crystals were achieved with published protocols (T. Zhu et al., 2014) (in
collaboration with Dénal O’Carroll and Atlanta Cook laboratories, University of Edinburgh, UK), we
decided to pursue an alternative strategy. Another partner laboratory (Schofield laboratory, Oxford,
UK) is currently performing a set of secondary validation experiments of the identified small molecules
employing Mass Spectrometry-, SPR- and NMR-based methods. If this turns out to be more challenging
than anticipated, we will proceed with RIP experiments prior to incubation of our incPRINT transfected
cells with the rubicins (Minuesa et al., 2019). These experiments will constitute the final confirmation

of the inhibition of the interaction between YTHDF2 and m®A-modified RNAs.

6.6.Relevance and perspectives

The results above demonstrate the fast and robust capability of incPRINT technique to quantify in-cell
RNA-RBP interactions. The luciferase detector system is shown here as a sensitive approach for the
detection of changes in RNA-protein binding. Our findings also evidence the first-in-class potentiality
of incPRINT-Drug as a rapid in cellulo method for the discovery of small molecules inhibiting RNA-

protein interactions.

The same pipeline could be used to identify compounds stimulating the RNA-binding of RBPs, like the
anti-tumorigenic interaction between CASC15 and the proteins DDX50 and DUSP12 (Section3.8). As
a matter of fact, these applications are just the tip of the iceberg of a whole wave of alternative
implementations incPRINT-Drug might serve as a blueprint for. It is attractive to speculate that this
method could be used to screen for nucleotide-based agents targeting specific disease-causing RNA-
protein interactions. Theoretically, incPRINT-Drug could also be employed for the study and target a
broader spectrum of interactions, like RNA sensing proteins localized in the membrane, also responsible

for many pathological processes (G. J. Brown et al., 2022; P. Wu, 2020; S. Zhang et al., 2018).

As regards the work presented here, once scalability and cost-effectivity of incPRINT are resolved, the
identification of novel compounds targeting 7nfrsf2 — YTHDF2 interaction and subsequent

pharmacological inhibition assessment in vivo will certainly become a reality.
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Cell culture. HEK293T cells expressing NanoLuc-MS2CP fusion protein (Graindorge et al., 2019)
were maintained in DMEM (Gibco, #41965062) and 501mel cells (Lionel Larue laboratory, Institut
Curie) were cultured in RPMI 1640 (Gibco, #21875091). Both medias were supplemented with 10%
fetal bovine serum (Gibco, #10270106) and 1% penicillin/streptomycin (Gibco, #15140). Cells were
grown at 37 °C in a humidified incubator with 5% CO2 and tested regularly for mycoplasma
contamination by PCR. Transfected plasmids or endoribonuclease prepared siRNAs (esiRNA) were

resuspended in Opti-MEM I reduced serum medium (Gibco, #31985).

Genome editing of melanoma cells. All 501mel cell line alleles were generated using CRISPR/Cas9
gene editing technology. For h.CASC15 knockout generation, two single guide RNAs were cloned into
pSpCas9 (BB)-2A-eGFP vector (Rapha&l Margueron laboratory, Institut Curie, Addgene plasmid
#48138). Cells were lipofected with 500 ng of each sgRNA with lipofectamine 2,000 (Invitrogen,
#11668). 48 hr after transfection the GFP high population of cells was collected by FACs and individual
cells were seeded to each well of a 96 well plate. Sorted cells genotyped as wild type were used as a

negative control.

To generate HA-tagged DUSP12 or DDX50 cell lines, an HA-PreScission-6xHis tag (Pérez-Rico et al.,
2020) was inserted in-frame after the start codon for C-terminal tagging and before the stop codon for
N-terminal tagging. 501mel cells lipofected with the DUSP12 or DDX50 HA template vectors,
containing the tag flanked by two 400nt homology arms, cloned into pUCS7 (synthesized by
GenScript), together with the pSpCas9(BB)-2A-Puro vector (Addgene plasmid #62988) containing a
gRNA sequence targeting each of the proteins, promoting homologous recombination. Transfected

clones were selected with 1 pg/mL of puromycin for 48 h.

In both cases, individual clones were expanded and genotyped for the integration of the tag at the correct
genomic location by PCR and DNA sequencing to ensure no deletions or mutations in the protein-
coding sequence, or for the deletion. Genomic DNA was extracted by lysing the cells with lysis buffer
(10 mM Tris-HCI1 pH 7.5, 10 mM EDTA, 10 mM NacCl, 0.5% SDS) supplemented with 0.1mg/ml
proteinase K (Roche, #03115828001) at 55 °C for 3 h, followed by ethanol precipitation and
resuspension in nuclease-free water. All relevant oligonucleotides and tag sequences are listed in the

Supplementary Table.

CRISPR guide RNA cloning. Guide RNAs were designed using CRISPick portal from Broad Institute
or using the IDT gRNA design tool (Schubert et al., 2021) and cloning to the respective plasmids was
done following Zhang Lab General Protocol (Zhang Lab, 2013).

Cellular assays. For the proliferation assay, 30,000 cells were plated in a 35 mm dish at day O and
counted (Vi-cell XR, Beckman Coulter) each day until day 5. For the clonogenic assay, 35 mm dishes

were seeded with 500 cells. After 10 days of growth, colonies were fixed with 4% PFA, stained with
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Crystal violet in 10% ethanol, and counted. For invasion assay, transwell Boyden chambers with 8 pm
pore size (Falcon, #353097) were coated with GFR Matrigel matrix (Corning, #354230). A cell
suspension of 200,000 cells in serum-free media was added to the Matrigel-coated upper chamber and
FBS-supplemented media was added to the lower chamber as chemoattractant. Cells were allowed to
invade for 24 h, then fixed with 4% PFA, and stained with Crystal violet in 80% methanol, 10%
formaldehyde, and counted. For the wound healing assay, 30,000 cells were seeded on each side of
silicone inserts (Ibidi, #80209). After 24 h, inserts were removed, and migration was recorded by
imaging cells every 1 hour for 24 hours using an IncuCyte Live Cell Imaging System (Essen,
Bioscience) with a 4x magnification. Wound closure was evaluated by measuring the size of the wound
with ImageJ software using an edge detection macro (Gallagher et al., 2019). All experiments were

performed in 3 biological replicates of each mutant and wild type clones in technical triplicates.

Generation of zebrafish melanoma model. pDEST-Tol2-mitfa:humanNRASG!2P plasmid (Adam
Hurlstone laboratory, Manchester University) was modified by inserting in Clal site the
mitfa:h.CASC15 amplified from FirstChoice Human brain Total RNA (Ambion, #6050) and
mitfa:h.CASC15-short amplified from 501mel cDNA, or their antisense counterparts with Gibson
assembly (New England Biolab, #E2621). An artificial intronic sequence was inserted at cDNA
exon/exon junction to insure the correct subcellular localization of the transcript. h.CASC15Aexoni?2
was cloned by Mattieu Petitjean. To produce Tol2 transposase mRNA, pCS-TP plasmid (Adam
Hurlstone laboratory, Manchester University, UK) was digested by Notl and RNA synthesized using
HiScribe SP6 RNA Synthesis Kit (NEB, #E2070) and RNA was purified with the RNeasy Mini Kit
(QIAGEN, #74104).

Zebrafish embryos were co-injected at one-cell stage with 50 ng/uL. Tol2 mRNA, 50 ng/uL of
respective melanoma induction plasmid, and PhenolRed (0.01%). A minimum of 2 independents

injections were performed to generate a population of fish presenting melanoma in each condition.

All zebrafish were bred and maintained at the Institut Curie, Paris in accordance with the current
European Directive 2010/63. Experimental procedures were specifically approved by the ethics

committee of the Institut Curie (APAFIS#28477-2020120112502053-v2) in compliance with the

international guidelines.

Melanoma monitoring procedure. Injected embryos were selected for mVenus expression in the eye
lens at 72 hpf. Zebrafish larvae were bred in standard conditions (28-29 °C under a 14 h light, 10 h dark
cycle in a filtered freshwater recirculation system). Starting from 5 to 21 weeks post-fertilization,
melanoma-induced zebrafish were individually observed each week and classified according to their
melanoma progression stage: No Lesion; Stage I = pigmentation defects; Stage II = localized nevi;

Stage III = extended nevi (radial growth progression); Stage IV = tumor (vertical growth progression).
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All animals presenting tumor, nodule, or hyperplasia covering more than 10% of body surface,

epidermic lesion, weight loss, and/or feeding/swimming troubles were sacrificed immediately.

esiRNAs. Gene knockdown was achieved using esiRNAs (Kittler et al., 2007) (Eupheria Biotech)
directed against indicated proteins, using RLUC as a negative control. Cells in each of the two sides of
the IBIDI inserts were lipofected with 0.05 ug of esiRNAs and 0.5 pl of lipofectamine 2,000 24 h before

the start of the migration assay.

RT-qPCR. Total RNA from zebrafish tissue, esiRNA-treated or plasmid-transfected 501mel human
cells or RIP samples was isolated using TRIzol (Invitrogen, #15596) according to manufacturer’s
instructions. Extraction was followed by DNAse treatment (TURBO DNA-free, Invitrogen #AM?2238)
and ethanol precipitation. 900 ng of total RNA or 200 ng in case of RIP samples were reverse-
transcribed using SuperScript IV kit with oligo-dTs (Invitrogen, #18091), followed by qPCR using
SYBR Green (Applied biosystems, #4767659) according to manufacturer’s instructions. RNA
expression levels were normalized to GAPDH, 3-actin (human cell line studies) or eif/a mRNA (in
vivo studies) using the comparative 2-AACT method. The number of biological replicates is stated in
the figure legends, each biological replicate was run with four technical replicates. Primers are reported

in the Supplementary Table.

Generation of incPRINT expression constructs. Customized pCDNA3.1 plasmid containing MS2
loops (Graindorge et al., 2019) was modified by inserting in BstBI site /.CASCI5 amplified from
FirstChoice Human brain Total RNA (Ambion, #6050), zf.cascl15 amplified from zebrafish embryo
cDNA and h.CASCI5-short amplified from 501mel cDNA, and their truncated and antisense
counterparts with Gibson assembly (New England Biolab, #E2621). RRE was amplified from pTRIP
vector (Nicolas Manel, Institut Curie). Rev protein was cloned by Antoine Graindorge and YTHDF
wild type and mutated proteins, Tnfrsf2 wild type and mutated, Ly6A and Gadd45G were cloned by
Azzurra Laura De Pace. YTHDF proteins were cloned to the N-term 3XxFLAG containing plasmid. All

relevant oligonucleotides are listed in the Supplementary Table.

incPRINT. incPRINT was carried out as described previously (Graindorge et al.,2019): 384-well plates
(Greiner Bio-One, #781074) were coated overnight with the anti-FLAG M2 antibody (Sigma, #F1804;
10 pg/ml in 1x PBS) and blocked for two hours in 1% BSA, 5% sucrose, 0.5% Tween-20 in 1xPBS.
Plasmids encoding RNA-MS2 and 3xFLAG-tagged test proteins were co-transfected using
Polyethylenimine (PEI) (MW 40,000, Polysciences, #24765) into a HEK 293T stable cell line
expressing the NanoLuc luciferase fused to MS2CP. The day before transfection, cells were seeded in
96-well plates (30,000 cells per well). Co-transfections were performed using 300ng and 600ng of the
protein and RNA plasmid respectively. Two days after transfection, cells were washed twice with ice-
cold 1x PBS and lysed in ice-cold RQ1-HENG buffer (20 mM HEPES-KOH pH 7.9, 150 mM NaCl,
10 mM MgClI2, 1 mM CaCl2, 5% glycerol, 1% Triton X-100), supplemented with protease inhibitors

-89 -



(aprotinin, leupeptin and pepstatin, 1 ug/ml each, PMSF 0.5 mM), 40 U/ml of RNaseOUT Ribonuclease
Inhibitor (Invitrogen, #10777-019) and 30 U/ml of RQ1 DNase (Promega, #M6101). After lysis (10
min, 4 °C) and DNase incubation (30 min, 37 °C), the lysates were transferred to 384-well plates
previously coated. Following a three-hour incubation at 4 °C, plates were washed seven times with
RQI1-HENG buffer. A 1:200 dilution of furimazine substrate (Promega, #N1110) was added to the
plates and luminescence in each well was measured with a plate reader (TECAN Spark). Following
luminescence measurement, HRP-conjugated anti-FLAG antibody (Abcam, #ab1238, 1:10,000
dilution) in ELISA buffer (1x PBS, 1% goat serum, 1% Tween-20) was added to each well. After 30
min of incubation at room temperature, plates were washed with 1x PBS, 0.05% Tween-20,
SuperSignal™ ELISA Pico Chemiluminescent Substrate (Thermo Fisher Scientific, #37069) were
added and ELISA signals were detected with the microplate reader. All 96- and 384-well plate washes
were performed with a microplate washer (Biotek 405LSUVS). Data was normalized as previously

described.

HTS of small molecule inhibitors and cell cytotoxicity assay. The Prestwick Chemical Library and
Prestwick Drug-Fragment Library Core Set (Prestwick Chemical Inc.) were used for the drug screening,
with compounds coming dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM. Two
hours prior cell lysis, compounds were solved in DMEM at the appropriate concentration and added to
the cells. DMSO treatment was used as a negative control and each experiment was performed in 4
replicates. Pirarubicin (#HY-13725A), Valrubicin (#HY-13772), Idarubicin (#HY-17381),
Isomangiferin (#HY-NO0772), Mangiferin (#HY-N0290), Aloin (#HY-NO0123), Aloin B (#HY-NO0886),
Licogliflozin (#HY-109092), Puerarin (#HY-NO145), Forskolin (#HY-15371), Tofogliflozin (#HY-
13413). Ipragliflozin (#HY-14894), Aloesin (#HY-N2460) and Lancerin (#HY-N2159) were purchased
in Clinisciences. CAS n° 14049-11-7 (#Amb10845051), 99907-84-3 (#Amb18667086), 16144-91-5
(#Amb6357187), 17648-03-2 (#Amb533070), 60660-75-5 (#Amb33871605), 81991-99-3
(#Amb34936865) and 108032-11-7 (#Amb33780108) were purchased in GreenPharma. CAS n°
1225897-51-7 (#NS-01845) was purchased in KeyOrganics. To compare the interaction intensities
among different drug treatments, an interaction score was calculated: the ratio between treatment and
DMSO luminescence intensities was used as normalization and was adjusted using the ratio between

each treatment and the control protein expression values.

Cell death assay. To control for cell toxicity among different drug treatments, LDH-Glo™ Cytotoxicity
Assay (Promega, #J2380) was used according to the manufacturer’s protocol. Data was normalized with

10% SDS treated cells as 100% cell death.

RNA immunoprecipitation. RIP experiments were performed using corresponding HA-tagged
DDX50 and DUSP12 501mel cell lines. Approximately 9 million cells seeded in a 15 cm dish were

washed once with ice-cold 1x PBS and UV-crosslinked using 800 mJ/cm?2, at 254 nm (Stratalinker,
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Stratagene). Cells were then collected and lysed for 10 min on ice in 200 ul of RIPA buffer (50 mM
Tris-HCI pH 8, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) with freshly
added 1x cOmplete EDTA-free protease inhibitor cocktail (Roche, #11873580001) and 100 U/ml
RNAseOUT (Invitrogen, #10777019). Cell lysates were sonicated using a Bioruptor (Diagenode) (6
cycles; 15 s on, 30 s off, M) and centrifuged for 10 min at 15,000 x g. Supernatant were collected and
diluted in RQ1- HENG buffer to 1 ml, and 1% was saved as total cell lysate input for western blot
analysis. Fifty microliters of anti-HA bead slurry (Pierce, #88836) were washed twice with 1ml of RQ1-
HENG buffer and incubated with the cell lysate for 2 h at 4 °C. Following the incubation, beads were
washed four times with 1 ml of RQI-HENG. Proteins were then eluted from the beads in elution buffer
(10 mM Tris pH 8, 1 mM EDTA, 1% SDS) for 2 min at 90 °C, followed by proteinase K (Roche,
#03115828001) treatment for 30 min at 37 °C. 20% of each eluate was collected for further analysis by
western blot. RT-qPCR data was normalized to a housekeeping gene and RNA enrichment in the eluate

was displayed relative to input.

Western blot. Protein samples collected from RIP were heat-denaturated at 95 °C for 5 min, resolved
on 4-12% NuPAGE gels, and transferred to a nitrocellulose membrane (Amersham Protran, GE
Healthacre Life Sciences, #10600002) using the wet-transfer system. After blocking with 5% nonfat
milk in TPBS (PBS with 0.1% Tween-20) for 1 at room temperature, the membranes were incubated
with a primary antibody detecting HA-tag (Cell Signaling, #C29F4, 1:1,000 dilution) at 4 °C overnight.
Membranes were washed thrice with TPBS followed by incubation with the secondary antibody
conjugated with horseradish peroxidase (Promega, #W401B, 1:5,000 dilution) for 1 h at room
temperature and three more washes. Signal was detected using (Amersham Protran, GE Healthacre Life

Sciences, #RPN2232) on the Chemidoc MP imaging system (BioRad).

Protein domain analysis. A list of the Pfam domains of each protein was downloaded from the
Ensembl site and manually revised. Enrichment of each domain in the set of interactors of a particular

RNA vs. the protein library was calculated using the Exact Fisher test and adjusted using FDR.

RNA-seq Data Processing and Differential Expression Testing. Following RNA extraction, 1pg of
total RNA was used for RNA-seq library preparation using Stranded mRNA prep Ligation-
Illumina according to the manufacturer’s recommended protocol. The libraries were sequenced on an
Illumina NovaSeq-S1-PE100. For analysis, reads were mapped to Hg19. The differentially expressed
genes were analyzed using DESeq?2 (1.32.0) (Anders & Huber, 2010) with default settings, and lowly
expressed transcripts were removed from the analysis (sum of the number of counts <10 in all
samples). Significantly differentially expressed genes were defined as genes with log2 fold-change 0.5
with an adjusted p-value < 0.05. Enrichments analyses were performed with ClusterProfiler (v4.0.5

package) (T. Wu et al., 2021) with an adjusted p-value (FDR) at 0.05.
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Motif Analysis. Promoter motif enrichment was performed using HOMER (v4.11). The list of genes
was obtained from the significant differentially expressed genes, the promoters were downloaded using

Hg19.

HiC and CHIP-seq data. HiC data from human NHEK (GSE63525) and RPMI-7951 (GSE106022)
was visualized using HiGlass. CHIP-seq data from transcription factors (GSE61967) and histone marks
(GSE94488) was visualised in UCSC Genome Browser.

SUPPLEMENTARY TABLE

Primers for 501mel transcript quantification by RT-qPCR:

GAPDH forward GAAGGTGAAGGTCGGAGTCAAC
GAPDH reverse TGATTTTGGAGGGATCTCGCTC
f3-actin forward TCCTTCCTGGGCATGGAGTC
J3-actin reverse CGGCAATGCCAGGGTACAT
SOX4 forward ACTCCTCCTCTTCCTCCTCC
SOX4 reverse TAAAATCCAGGTCCCGGTCG
h.CASC15 e9b-el1 forward TGCTTAACATGCATCTTACTGGT
h.CASC15 e9b-el1 reverse TTTTGATTTTGGCCTTCTGGTCTC
h.CASC15 ell forward CCAAAATCAAAAGTATGGGCAGGC
h.CASC15 el2 reverse CAGTTTTGTGGCAGGTAGGGG
h.CASC15 el2b reverse AAGAGGAGAGGGCTGAGCAC
DDX50 forward GGAACTGGCAAACCAAGTAGCC
DDX50 reverse GATACGACCAGGTGTTCCAACC
DUSP]I?2 forward AGACGGACCTACTCAGCCATCT
DUSPI2 reverse AGACGGACCTACTCAGCCATCT
CCDC86 forward AGAATGAGCGGAAGGCAGAGGT
CCDCS86 reverse GTGTCCCGCTTCTCAATGGAGC

Primers for transcript quantification in RIP experiments:

NEAT] forward AGTTAGCGACAGGGAGGGATGC
NEATI reverse TGTCCCCTGAAGCCCTGAGCTA
NORAD forward GATTCATCTTGCCTCGCTGT
NORAD reverse TGTTTGTGCAGTGGTTCAGG
PVTI forward TTACAGGCGTGTGCCACAAAGC
PVTI reverse GCCTGTAATCCCAGCACGTTGA

Primers for RNA-MS2 transcript quantification by RT-qPCR:
MS?2 forward TTCTGCAGATATCCAGCACAGT
MS?2 reverse CAACAGATGGCTGGCAACTAGAAG
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Generation of h.CASC15 exon 12 deletion in 501mel cells:

gRNA 5’ forward TATTGCACCATGAGTAAGTG

gRNA 5’ reverse CACTTACTCATGGTGCAATA

gRNA 3’ forward TTTGTTACATACTTCTCCGT

gRNA 3’ reverse ACGGAGAAGTATGTAACAAA

genotyping inside forward GCCACTGTTTCAGCAACCTCAGCCA
genotyping inside reverse TGAGACAGCCAGGGAGTTAGCCAGG
genotyping outside forward GGCTGAATTGTCCCAACACTGAAGAGTTGG
genotyping outside reverse CCCATTTCTGCTGAGCCATACCACAACC

Generation of HA-tagged RBPs in 501mel cells:

HA-Precission-HIS tag N-term | TACCCATACGATGTTCCAGATTACGCTCTGGAGGTGCTGT
TCCAGGGCCCCCATCACCATCACCACCAC

HA-Precission-HIS tag C-term | CATCACCATCACCACCACCTGGAGGTGCTGTTCCAGGGCC
CCTACCCATACGATGTTCCAGATTACGCT

gRNA DDX50 N-term forward | TAATGCCTGGGAAACTCCTC
gRNA DDX50 N-term reverse GAGGAGTTTCCCAGGCATTA
genotyping DDX50 forward CTTCCTTTCACGCTGTCGCT
genotyping DDX50 reverse CTAAGAGGGCCAATGAAAACGAA
gRNA DUSPI12 N-term forward | TCTAGCCGGAGTCTACTCGA
gRNA DUSPI12 N-term reverse | TCGAGTAGACTCCGGCTAGA
genotyping DUSP12 N-t forward | AAGGATGTTCTAGCCGGAGTCTA
genotyping DUSP12 N-t reverse | CTCTCTTGGAAACACGCCTCC
gRNA DUSP12 C-term forward | CCTGTTTTGGGATCACAAAC
gRNA DUSPI12 C-term reverse | GTTTGTGATCCCAAAACAGG
genotyping DUSP12 C-t forward | TATGCCACATCCATGAAACCTTC
genotyping DUSP12 C-treverse | TATCATCTGCAAGTTTCTTCCCA

Primers for sequence amplification and subsequent cloning:

RRE forward GGGTCTCTCTGGTTAGAC

RRE reverse ATCAGCCAAAGTGGATCTC
h.CASC15-short forward GTGAGAATCAAATGATTCAAC
h.CASC15-short reverse CTCTGACTTACTCTCTGTTTC
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Résumé détaillé

CHAPITRE 1

Il y a vingt ans, le programme ENCODE a révélé qu'une fraction substantielle du génome humain est
transcrite, bien que moins de 2% de ces ARNs soient codant pour des protéines. Parmi ces transcrits
non codants majoritaires, les longs ARN non codants (IncRNAs) représentent I'un des groupes les plus
hétérogenes. Les projets de tri les plus récents, tels que FANTOM (v5) et GENCODE (v40), estiment
respectivement que le génome humain contient 27 919 et 18 805 génes IncRNA. Jusqu’a présent, parmi
ces IncRNA, seule une petite proportion a été caractérisée fonctionnellement. Dans la plupart des cas,

ils ne sont pas étudiés sous l'angle de 1'évolution.

L'un de ces IncRNA, CASCI5, est un transcrit connu pour étre impliqué dans le mélanome et le
neuroblastome. Le CASCI/5 humain (h.CASCI5) a des IncRNA syntologues chez de nombreuses
especes de vertébrés. Malgré une faible conservation de la séquence au niveau des nucléotides, le
laboratoire Shkumatava a décrit que les orthologues du CASC15 du poisson zebre (zf.cascl5) et de
I’humain sont conservés fonctionnellement, car tous deux inhibent l'initiation et la progression du
mélanome in vivo. Mes travaux se concentrent sur l'origine de cette équivalence fonctionnelle, en
émettant I'hypothese que les deux transcrits remplissent la méme fonction par le biais d'un mécanisme
d'action moléculaire conservé. Puisque les protéines de liaison a 1'ARN (RBP) définissent et
transmettent la fonction des IncRNA, j'ai supposé que les deux transcrits interagissent avec un ensemble

similaire de protéines qui instruisent un role biologique compatible dans le contexte du mélanome.

Pour examiner mécaniquement #.CASC15, j'ai d'abord cherché a générer un allele de perte de fonction
dans les cellules de mélanome afin d'obtenir des informations précises sur sa fonction dans un contexte
cellulaire. Pour générer des clones avec une perte homozygote de 1'exon 12 de h.CASC15, j'ai utilisé la
technologie CRISPR/Cas9. Un examen détaillé du locus, a l'aide des données transcriptomiques des
cellules 501 mel obtenues ultérieurement, a révélé que l'isoforme principale dans cette lignée cellulaire
humaine utilise un site de départ de la transcription (TSS) en aval du TSS principal, ressemblant a
l'isoforme zf.cascl5 spécifique du cerveau. Le transcrit qui en résulte, plus court, ne contient que les
trois derniers exons et est similaire a ceux précédemment décrits comme CASCI5-S ou CASC15-004,
désignés ici comme h.CASCI15-short. En ce qui concerne les effets de la délétion de I'exon 12 sur la
stabilité du transcrit, j'ai observé une abrogation incompléte de 1'expression de h.CASC/5. Un transcrit
tronqué résiduel est exprimé a ~30%, générant un mutant hypomorphe #.CASC15, ci-apres dénommé
h.CASC15-/-. L'expression n'est pas entierement abolie, probablement en raison de 1'utilisation de 1'exon
12b, épissé de maniere inefficace dans des conditions non modifiées, ce qui stabilise finalement le

transcrit apres 1'élimination de 1'exon 12.
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Les IncRNA et les facteurs de transcription situés dans le voisinage génomique ont tendance a se réguler
mutuellement au niveau transcriptionnel. Par conséquent, j'ai étudié une fonction potentielle de
régulation cis locale du transcrit /.CASCI5. Lors de la délétion de l'exon 12 de h.CASCI5, aucun
changement d'expression n'a été détecté dans le gene codant pour la protéine SOX4, récapitulant ce qui
a été observé chez le poisson zebre zf.casc15-/-. L'insertion aléatoire dépendante de la transposase Tol2
de h.CASC15 pendant les expériences de sauvetage in vivo soutient également la fonction trans-active
de ce IncRNA. Ensemble, ces données montrent que la délétion de I'exon 12 diminue largement

l'expression de 1.CASC15 dans les cellules de mélanome.

Pour caractériser davantage le role de #.CASC15 dans les cellules 501mel, j'ai examiné 1'impact de la
délétion de l'exon 12 sur les propriétés oncogenes de 1'allele cellulaire nouvellement généré. Pour ce
faire, j'ai soumis les cellules 501mel a une série de tests cellulaires standard. J'ai d'abord testé l'effet de
la délétion sur le comportement prolifératif, invasif et clonogene des cellules 501mel. Cependant,
aucune différence n'a été observée en comparant les cellules #.CASC15-/- et h.CASC15+/+. Enfin, j'ai
utilisé le test de cicatrisation pour examiner la migration cellulaire. Dans ce test, deux populations de
cellules sont ensemencées a 500 um de distance et enregistrées afin de mesurer le temps de fermeture
de la plaie, ce qui permet de définir leurs capacités de migration respectives. Les cellules h.CASC15-/-
ont montré un comportement migratoire accru par rapport aux cellules #.CASC15+/+, ce qui rappelle
l'effet de l'inactivation de zf.cascl5 sur la progression du mélanome chez le poisson zeébre. Pris
ensemble, ces résultats indiquent que #.CASCI5 inhibe la migration cellulaire dans le contexte du

mélanome.

Pour étudier l'effet global de la déplétion de h.CASCI5 sur l'expression des genes des cellules de
501mel, j'ai effectué un RNA-seq sur trois clones de contrdle et trois clones knockout, qui se sont
regroupés. Avec Florian Constanty, doctorant de 1'équipe, nous avons identifié 873 génes exprimés de
maniere différentielle. L'analyse des processus biologiques des genes régulés a révélé que les cellules
de la créte neurale et les processus de migration sont des termes sur-représentés. Par exemple, BMP4,
EMCI10 et ENPP2 ont été impliqués dans la migration et la motilité des cellules dans différents modeles
de développement et de cancer. En conclusion, I'analyse transcriptomique de nos cellules mutantes est
cohérente avec les changements comportementaux observés dans les cellules mutantes 7.CASCI5,

révélant une réactivation des signatures génétiques de la créte neurale et de la migration.

J'ai ensuite voulu aborder le mécanisme moléculaire a 1'origine de la conservation fonctionnelle de
h.CASCI5 et zf.cascl5. Le transcrit n'a pas de sites de liaison miRNA prédits et des expériences
précédentes constituent des preuves in vivo et in cellulo que les orthologues de CASCI5 régulent la
progression du mélanome en trans. J'ai donc émis I'hypotheése que les deux IncRNA se lieraient a des
RBP équivalents qui piloteraient leur fonction. Pour caractériser fonctionnellement les orthologues de
CASC15, j'ai cherché a identifier de maniére impartiale l'interactome protéique complet des deux

transcrits synténiques. Pour ce faire, j'ai utilisé la technique développée au laboratoire nommée in cell
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protein-RNA interaction ou incPRINT. Elle est basée sur une immunoprécipitation a haut débit des
RBP suivie d'une détection et d'une quantification par luciférase de leurs interactions avec 'ARN
d'intérét. Cette technique permet de cribler la liaison intracellulaire de 3 000 protéines humaines, dont

des RBP, des facteurs de transcription et des modificateurs de la chromatine.

Jai testé h.CASCI5 et zf.cascl5 avec la bibliotheque de RBP humaines en utilisant incPRINT. En
comparant les deux ensembles de données, 15 protéines ont été détectées pour interagir spécifiquement
avec h.CASC15 et zf.cascl5. Ensuite, j'ai cherché a déterminer si l'un des 15 interacteurs protéiques
communs était essentiel a la fonction de ' ARNmc. Pour ce faire, j'ai délété individuellement chacune
des RBP dans les cellules 501mel #.CASC15+/+ et j'ai testé leur comportement migratoire a l'aide du
test de cicatrisation. La déplétion de DDX50 et de DUSP12, mais pas des autres interacteurs, a
récapitulé la migration cellulaire accrue des cellules 501mel h.CASCI15-/-. Cela suggere que ces
protéines sont impliquée dans la fonction d’inhibiteur du mélanome exercer par h.CASC15. Ensemble,
ces résultats démontrent que DDX50 et DUSP12 sont des partenaires fonctionnels de h.CASI5 et
zf.cascl5. Dans le but de savoir si la liaison se produit également dans les conditions natives du
mélanome, j'ai commencé par une validation orthogonale de l'interaction dans des conditions
endogenes. Pour ce faire, je réalise actuellement une immunoprécipitation d'ARN (RIP) suivie

d'analyses RT-qPCR.

L'interaction des RBP communes avec les syntologues de CASC15 se produit malgré un manque de
conservation des séquences nucléotidiques alignables. Ainsi, j'ai émis I'hypothése que de courtes
séquences conservées représentant des motifs d'ARN fonctionnels dans les deux transcrits IncRNA
orthologues sont responsables de la liaison des RBP, permettant leur fonctionnalité équivalente. Afin
d'identifier les éléments d'ARN qui sont conservés de zf.cascl5 a h.CASCI5, avec Caroline Ross et Igor
Ulitsky (Weizmann Institute of Science, Rehovot, Israél), nous avons effectué une analyse des motifs
d'ARN par LncLOOM (IncRNA linear ordered conserved motifs). Cet algorithme récemment
développé utilise les séquences des IncRNA synténiques de différentes especes pour rechercher des k-

mers courts, ordonnés et conservés au cours de 1'évolution.

L’identification et le tri des séquences orthologues de CASC15 provenant de huit especes de vertébrés,
localisées a 1'aide de données RNA-seq, et I'exploration ultérieure a I'aide de LncLOOM ont révélé
quatre motifs conservés de séquences d'ARN. Le troncon super-conservé situé au niveau du premier
exon est susceptible d'interférer avec la découverte d'éléments pertinents distribués le long du transcrit.
Il convient de noter que le transcrit 7.CASC15-MS?2 utilisé pour I'expérience de sauvetage du poisson
zebre et dans incPRINT ne contenait pas le premier exon. Nous avons ensuite effectué¢ une analyse
LncLOOM des orthologues de CASC15 avant la suppression du premier exon dans toutes les especes,
ce qui n'a donné aucun motif conservé, excepté pour le poisson zebre. Dans le but d'affiner la recherche,

nous avons cherché a utiliser h.CASCI15-short ainsi que les isoformes équivalents plus courts

spécifiques de l'ectoderme chez d'autres especes. Cependant, le fait que certains isoformes aient été
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épissés de maniere inefficace, comme le Cascl5 de 20 kb de la souris, a rendu impossible la détection
par l'algorithme LncLOOM de motifs de séquence d'’ARN conservés. Ensemble, les résultats ci-dessus
indiquent l'impossibilité actuelle d'identifier les motifs d'ARN conservés entre h1.CASC15 et zf.cascl5

en raison des limites de l'algorithme.

Pour résumer, afin d'aborder le mécanisme d'action moléculaire des orthologues de CASCI5 dans le
cadre du mélanome, j'ai cherché a identifier les RBP interagissant avec zf.cascl5 et h.CASCI5 qui
pourraient finalement sous-tendre leur fonctionnalité conservée. Grace a la caractérisation des
protéomes d'ARN interagissant avec le poisson zebre et 'hnomme et a une comparaison entre especes,
j'ai identifié un ensemble de quinze protéines comme interacteurs commun des orthologues de CASC15.
Sur la base de ces résultats, j'ai cherché a savoir si la liaison de l'une de ces protéines était suffisante
pour assurer la fonction de CASCI5. Pour ce faire, j'ai effectué un knockdown de chaque RBP
respectivement dans des cellules de mélanome et caractérisé leur migration. J'ai observé que le
knockdown de DDX50 et de DUSP12 était suffisant pour provoquer une augmentation de la migration
cellulaire et qu'elles étaient donc considérées comme des interacteurs fonctionnels de CASC15. Alors
que DDX50 et DUSP12 interagissent avec notre transcrit d'intérét, le mécanisme précis par lequel ces
RBP médient la fonction inhibitrice du mélanome CASCI5 reste a explorer. Au cours des prochains

mois, nos efforts seront dirigés vers une compréhension précise de ce mécanisme.

Pour affirmer avec certitude que le mécanisme d'action moléculaire est conservé entre les orthologues
CASC15 du poisson zebre et de 'homme, d'autres expériences sont nécessaires pour caractériser
completement zf.cascl5. 1l reste a décrire si la localisation subcellulaire du IncRNA du poisson zebre
differe de celle de I'numain. En ce qui concerne les interacteurs protéiques, I'une des limites de cette
étude est 'utilisation des RBP humaines pour l'identification de l'interactome des IncRNA d'autres
especes. Comme le poisson zebre ne possede pas d'orthologue de DDXS50, 'interaction in vivo entre
zf.cascl5 et le paralogue de Ddx21 du poisson zebre doit encore €tre étudiée. Il en va de méme pour le
zebrafish dusp12. De plus, 1'évaluation du comportement migratoire des cellules 501mel lors de la
déplétion de DDX21, qui est également un des principaux interacteurs de #.CASC15, pourrait permettre

d'aborder les différences entre les deux paralogues dans les cellules humaines.

Les LncRNAs sont des cibles thérapeutiques inexploitées et pourraient offrir des opportunités pour de
nouvelles stratégies médicamenteuses. Ceci est particulierement pertinent pour les transcrits oncogenes
ou favorisant le cancer. Il a ét¢ démontré que la structure en triple hélice de MALAT] peut étre ciblée,
ce qui entraine la déstabilisation et la régulation négative du IncRNA. Il a également été démontré que
le ciblage du IncRNA SAMMSON supprime la croissance et la prolifération d'un modele de mélanome
dérivé de patients sous forme de xénogreffe. Mais bien qu'ils soient considérés depuis longtemps
comme des cibles médicamenteuses, aucun médicament ciblant les IncRNA n'est encore entré dans les

essais cliniques.
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Dans la nouvelle ére de la médecine par ARN, le potentiel de 1'utilisation du transcrit CASCI5 comme
ARN thérapeutique pour ralentir la progression du mélanome ne peut étre sous-estimé. Un exemple
remarquable de thérapie basée sur les IncRNA est le HULC. On a découvert que ce transcrit facilite
l'activité des enzymes du métabolisme de la phénylalanine, et le traitement avec un agent thérapeutique
ARN basé sur HULC a réduit l'exces de phénylalanine dans un modele de phénylcétonurie chez la
souris. Dans ce sens, étant donné la fonction inhibitrice du mélanome de CASC15, on pourrait envisager
une thérapie a base d' ARN CASC15 administrée topiquement en attendant la résection de la tumeur, qui
pourrait étre utilisée aussi bien comme traitement préventif. Certes, cette stratégie devrait étre évaluée

dans des modeles murins de mélanome.

Une autre approche possible pour ralentir la progression du mélanome serait de cibler les interactions
CASCI15 - RBP. Ceci est bien illustré par le IncRNA GAS5 et la protéine UPF1, dont l'interaction induit
la dégradation du transcrit. Le blocage de la liaison de cette RBP a augmenté la demi-vie de GASS,
stimulant finalement le récepteur de 'insuline et induisant I'absorption du glucose. A la lumiére de nos
résultats, un composé pourrait théoriquement inhiber la progression du mélanome en stimulant la liaison
entre CASC15 et ses partenaires protéiques DDX50 ou DUS12. De tels stabilisateurs de 1'interaction
ARN-RBP ont déja été décrits pour d'autres ARN hélicases et facteurs d'épissage. De plus, l'absence
d'expression de CASCI5 dans les mélanocytes normaux assurerait une spécificité de cible de cette
stratégie. Comme nous le verrons en détail dans le chapitre suivant, le ciblage des interactions entre

I'ARN et les protéines apparait comme un scénario thérapeutique prometteur.

CHAPITRE 2

La leucémie myéloide aigu€ (LMA) est un cancer du sang agressif et trés répandu chez 'adulte. Les
cellules souches leucémiques (CSL) sont a l'origine de la maladie et la propagent, mais elles sont
souvent résistantes aux traitements : méme si la plupart des patients répondent initialement a la
chimiothérapie, les rechutes sont fréquentes et environ 75 % d'entre eux meurent dans les cinq ans
suivant le diagnostic. Par conséquent, l'identification de nouvelles cibles thérapeutiques spécifiques

pour I'élimination des CSL est un besoin clinique non satisfait.

Il a été récemment démontré que YTHDF2, 'une des protéines de lecture qui interagit avec les ARN
modifiés mOA, est surexprimée dans les LMA et est requise pour l'initiation et la propagation de la
maladie. L'inactivation génétique de la protéine de liaison a ' ARN YTHDF2 compromet sélectivement
la LSC in vivo tout en préservant I'hématopoiese normale, faisant de cette protéine une cible
thérapeutique unique. YTHDF2 est I'un des "lecteurs" de la N6-méthyl-adénosine (mCA), la
modification post-transcriptionnelle de I'ARN la plus abondante dans les ARNm et les IncRNA chez
les eucaryotes. Notamment, YTHDF2 a plus de 3 000 cibles ARN cellulaires qui contiennent la
séquence consensus [G/A/U] [G>A] m°A [C] [U>A>C], appelée motif DRACH. Malgré la fonction clé
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de YTHDF2 dans la LMA, aucun médicament n'a encore été identifié pour cibler YTHDF2. Compte
tenu de son ro6le biologique crucial dans la LMA, nous avons cherché a trouver des inhibiteurs des

interactions entre YTHDF2 et 'ARN modifié par m°A en utilisant notre technologie quantitative

incPRINT.

La nature quantitative du test de luciférase incPRINT permet, en théorie, de mesurer une perturbation
de l'interaction ARN-protéine. La perturbation de la liaison, soit par une mutation dans I'ARN, soit dans
la protéine, soit en raison de son inhibition par de petites molécules, serait mesurée par une diminution
de l'intensité de l'activité luciférase. Cependant, la question de savoir si la technologie incPRINT
possede une résolution suffisante pour détecter l'impact de telles perturbations n'avait jamais été testée
jusqu'a présent. Pour adapter I'incPRINT a une méthode de criblage de médicaments, ci-apres
dénommée incPRINT-Drug, j'ai cherché a trouver des interactions ARN-protéines de preuve de concept
qui soient (i) ciblables et (ii) cliniquement pertinentes. Etant donné le role biologique crucial de
YTHDEF2 dans le développement de la LMA, j'ai évalué la liaison entre YTHDF?2 et les ARN contenant
du moA.

Je me suis concentré sur YTHDF2 et sur l'interaction avec l'une de ses cibles, le récepteur du facteur de
nécrose tumorale de la superfamille 2 (Tnfrsf2). Leur liaison a pu étre détectée de maniere efficace et
reproductible par incPRINT, montrant une différence neuf fois supérieure a la GFP. Afin de déterminer
la gamme dynamique d'une inhibition de liaison détectable par incPRINT, j'ai suivi une approche de
mutagenese. Il a été démontré que la mutation ponctuelle W491A dans la poche aromatique a trois
tryptophanes de YTHDF2, qui constitue le site de reconnaissance de la m°A, diminue significativement
de dix fois son affinité de liaison in vitro. Ainsi, j'ai comparé la capacité¢ de YTHDF2 de type sauvage
(YTHDF2WT) ou de YTHDF2W491A a interagir avec Tnfrsf2, pour tester si une diminution
significative de la liaison peut étre détectée par incPRINT. L'intensité d'interaction de Tnfrsf2 et de la
protéine mutée a diminué de plus de deux fois par rapport au type sauvage, alors que les niveaux
d'expression de la protéine sont restés inchangés. La liaison restante détectée de la protéine mutante
résulte probablement d'une liaison non spécifique aux boucles 10xMS2. Ces données démontrent que
Tnfrsf2 - YTHDEF2 constitue une bonne interaction de preuve de concept pour évaluer 'application de

incPRINT-Drug.

Plus tard, j'ai établi les conditions optimales pour le criblage de incPRINT-Drug : j'ai ajouté une étape
de traitement médicamenteux de 2 h, 10 pM, avant la lyse des cellules. Pour cribler les inhibiteurs de
la liaison Tnfrsf2 - YTHDEF2, j'ai utilisé la bibliotheque chimique de Prestwick. Cette collection de
~1200 médicaments hors brevet approuvés par la FDA présente une grande diversité chimique et
pharmacologique et garantit une biodisponibilité et une faible toxicité cellulaire. Par ailleurs, la

dimension réduite de la bibliothéque m'a permis de réaliser le crible a trous en une seule semaine.
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En utilisant cette approche, j'ai identifié sept composés qui ont montré une diminution de 1'interaction
Tnfrsf2 - YTHDF2WT comparable au niveau de l'interaction avec Y THDF2W491A. Pour comparer les
données entre les différents composés, les scores d'interaction ont été calculés en tenant compte a la
fois des changements de luminescence - représentant les intensités d'interaction - ainsi que des
différences dans les valeurs ELISA - contrdlant les effets des tests sur les niveaux d'expression des
protéines. Apres l'identification a haut débit des inhibiteurs de Tnfrsf2 - YTHDF?2, j'ai validé les hits
identifiés par incPRINT-Drug a petite échelle. Cette expérience a permis de confirmer la spécificité de
l'inhibition et d'écarter tout artefact potentiel de normalisation des données. Celles-ci soulignent

également la spécificité de I'inhibition puisque la plupart des composés n'ont pas inhibé la liaison.

Pour valider davantage les hits identifiés et s'assurer qu'ils n'agissent pas de fagon promiscue, ainsi que
pour comprendre la nature de leurs effets inhibiteurs, j'ai établi une série de contrdles rigoureux dans
chacune des étapes d'incPRINT-Drug. A cette fin, j'ai d'abord effectué des tests de dépendance a la
concentration. Une série de concentrations différentes de chaque composé a été testée, ce qui a confirmé
une dépendance de 1'effet de cinq des sept composés a la dose. L'aminacrine et le topotécan ont été
écartés comme autres candidats car leur effet inhibiteur sur l'interaction Tnfrsf2 - YTHDF2 est resté le
méme quelle que soit la concentration utilisée, ce qui suggere qu'ils ne sont probablement pas des
inhibiteurs spécifiques de l'interaction Tnfrsf2 - YTHDF2WT. D'autre part, la mitoxantrone, la
doxorubicine, la daunorubicine, l'épirubicine et I'haloprogin ont présenté une inhibition dose-

dépendante, confirmant leur spécificité.

Bien qu'elles soient approuvées par la FDA, ces petites molécules pourraient affecter 1'intégrité
cellulaire. Pour exclure cette interférence potentielle sur le test, j'ai testé la cytotoxicité des composés.
En observant la mort cellulaire apres différents traitements, je n'ai identifié aucun changement entre les
cinq composés et le controle DMSO. Ce résultat corrobore un effet indépendant de la mort cellulaire de

la diminution de l'interaction par les petites molécules identifiées.

Notamment, incPRINT-Drug peut détecter des changements dans les niveaux d'expression des
protéines qui sont corrigés a posteriori par le calcul du score d'interaction. Cependant, bien que le
traitement médicamenteux dure 2h, les composés pourraient compromettre la transcription de I'ARN
ou la stabilité du transcrit et entrainer un résultat artéfactuel. Une diminution de la quantité¢ de
transcription marquée MS2 aurait un impact sur le signal de luminescence et serait interprétée comme
une inhibition de l'interaction, ce qui constituerait un faux positif. Comme le score d'interaction ne tient
pas compte des changements au niveau des transcriptions, j'ai analysé les niveaux de Tnfrsf2 par RT-
gPCR et exclu l'effet des médicaments sur les niveaux d'ARN. Ensemble, ces résultats ont définis

comme meilleurs candidats cinq petites molécules.

J'ai ensuite profité de la polyvalence de incPRINT-Drug pour établir des contrdles de spécificité de

I'ARN et des protéines, ce qui m'a permis de mieux comprendre la cible cellulaire avec laquelle ces
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composés s'engagent. J'ai d'abord évalué la spécificité de I' ARN en testant d'autres transcrits cibles et
non cibles connus de YTHDF2. Comme contrdle négatif, j'ai sélectionné 'ARN Ly6A faiblement
modifié par mbA. Quatre des petites molécules n'ont montré aucune diminution de la liaison Ly6A -
YTHDF2WT, ce qui suggére un effet inhibiteur dépendant de m°A -. En revanche, I'haloprogine a
montré une diminution de l'intensité de l'interaction, indiquant un effet non spécifique potentiel.
Ensuite, la transcription hautement méthylée Gadd45G a été utilisée comme alternative pour
l'interaction avec Tnfrsf2 et on s'attendait a ce qu'elle se comporte comme telle lors du traitement
médicamenteux. Les cinq composés principaux ont inhibé Gadd45G - YTHDF2WT de manicre

similaire par rapport a Tnfrsf2.

Ensuite, j'ai testé les médicaments en utilisant les interactions Tnfrsf2 - YTHDF2W491A ainsi que les
interactions Tnfrsf2 - MOV 10 non liées au m°A. L'intensité de I'interaction de fond YTHDF2W491A
n'a pas réagi au traitement médicamenteux de quatre médicaments spécifiques, bien que I'haloprogin ait
montré a nouveau une diminution artéfactuelle de l'intensité de l'interaction. De méme, la liaison de
MOV 10 était peu ou pas affectée, sauf pour I'haloprogine. Ensemble, ces résultats indiquent que quatre
composés principaux empéche spécifiquement l'inhibition YTHDF2 - m°A, et que les tests de

spécificité incPRINT-Drug peuvent €tre utilisés pour distinguer les vrais hits des faux positifs.

Il est important de noter que le domaine YTH des trois composants de la famille YTHDF est tres
similaire dans la composition de la séquence d'acides aminés. Des études structurelles ont identifié la
cage aromatique conservée quasi-identique qui reconnait la fraction méthyle de la modification m°A,
qui est composée de trois tryptophanes. De plus, comme discuté ci-dessus, les paralogues de YTHDF
se lient aux transcrits m°A de maniére équivalente. Ainsi, en faisant I'hypothése que les composés ne
reconnaitraient pas seulement la poche de toutes les protéines a domaine YTH, j'ai testé si l'interaction
de Tnfrsf2 - YTHDFIWT et Tnfrsf2 - YTHDF3WT pouvait étre ciblée par incPRINT-Drug.
YTHDF2WT

J'ai commencé a tester l'interaction des protéines de type sauvage et muté avec Tnfrsf2, de la méme
maniere que YTHDF?2 a été testé en premier. Les intensités d'interaction se sont comportées de maniere
similaire entre les trois cas, suggérant qu'une baisse de I'interaction due aux traitements médicamenteux
serait effectivement détectée. Cependant, une comparaison des niveaux d'expression de la protéine
YTHDEF?2 a montré une chute de quatre a sept fois de 1'expression des autres membres de la famille dans
la configuration incPRINT. Une différence dans l'expression des protéines mutées par rapport a leur

type sauvage respectif a également pu étre observée.

Bien que ces conditions soient sous-optimales, j'ai testé si les quatre composés pouvaient inhiber
l'interaction avec d'autres domaines YTH. Le traitement de Tnfrsf2 - YTHDF1WT avec trois des quatre
médicaments a récapitulé la diminution de l'interaction de prés de deux fois. Pour Tnfrsf2 -

YTHDF3WT, la faible expression de la protéine a rencontré la résolution d'incPRINT-Drug, empéchant
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la détection de l'interaction dans le cas de la mitoxantrone. Ces résultats indiquent, dans une certaine
mesure, que les quatre composés principaux inhibent l'interaction du domaine YTH avec les transcrits

modifiés par m°A.

La doxorubicine, la daunorubicine et I'épirubicine appartiennent a la famille des rubicines de composés
naturels, également appelés anthracyclines, et la mitoxantrone est un médicament synthétisé
artificiellement qui ressemble aux rubicines. Pour comprendre si la structure centrale des rubicines est
responsable de 1'inhibition de la m®A - YTHD décrite ci-dessus, jai effectué une analyse structure-
fonction indirecte. En testant d'autres membres de cette famille de composés, j'ai voulu déterminer si
l'effet inhibiteur était universel pour tous les membres, et si des modifications chimiques des rubicines
conferent aux petites molécules un effet inhibiteur plus élevé. J'ai effectué incPRINT-Drug avec trois
congéneres supplémentaires des rubicines. J'ai identifié l'inhibition de l'idarubicine comme étant
comparable a celle des composés principaux. Bien qu'une diminution de l'interaction ait pu étre
observée pour le traitement par la pirarubicine, 1'effet était plutdt faible. Ce résultat exclut le sous-
groupe structurel central des rubicines comme suffisant pour l'inhibition de Tnfrsf2 - YTHDF2WT et

confirme que incPRINT-Drug est sensible aux petites modifications des composés.

Il est notable que les rubicines soient actuellement utilisées comme traitement standard de la leucémie,
ce qui n'a pas changé de maniere substantielle ces dernieres années, bien que leur mécanisme n'ait
jamais été li€é a YTHDF2. Quoique controversée, la cible principale proposée des rubicines est
I'empoisonnement de la topoisomérase 2. Afin de découpler le mécanisme alternatif dépendant de
YTHDEF2 que nous proposons de la cible décrite ci-dessus, j'ai suivi une approche de sélection de
médicaments basée sur les fragments. J'ai émis I'hypothése que des molécules plus simples, ou
fragments, définis comme des médicaments contenant moins de 20 atomes non hydrogene,
maintiendraient l'inhibition de l'interaction Tnfrsf2-YTHDF2 ou méme s'orienteraient mieux dans le

site de liaison, tout en évitant les interactions hors cible.

Pour identifier la partie essentielle des rubicines qui agit comme inhibiteur du YTHDF2, j'ai testé
environ 500 chémotypes, ou motifs de structure chimique. Cette bibliotheque de fragments Core-Set
comprend divers composés a sous-structure primaire dérivés de petites molécules présentes dans la
bibliotheque chimique de Prestwick. Ces fragments sont plus petits et plus simples que ceux que j'ai
testés précédemment. Cette chimiothéque comprenait un fragment dérivé de nos quatre molécules
principales (n° 1884). En outre, j'ai testé cinq fragments personnalisés dérivés de la rubicine. Aucun des
fragments de la bibliotheque ou des fragments supplémentaires n'a montré un comportement inhibiteur

comparable a celui de la Tnfrsf2 - YTHDF2W491A.

J'ai ensuite adopté une approche complémentaire de sélection de médicaments basée sur les ligands en
effectuant une recherche computationnelle de sous-structures. Les composés actifs de la rubicine

contiennent un sous-graphe commun maximal qui peut étre tronqué. Afin d'identifier les portions de
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liaison possibles de la rubicine et de voir si un découpage est possible, Steven Shave et Manfred Auer
(Université d'Edimbourg) ont effectué une recherche de sous-structure sur le systéme cyclique diol
conservé et la portion tétrahydropyrane. Grice a cette approche in silico, 19 composés ont été identifiés
comme contenant un sous-graphe commun maximal de rubicine. Quatre d'entre eux ont inhibé la liaison
YTHDF?2 - m°A dans I’incPRINT-Drug, et seules la mangiférine et la licogliflozine 1'ont fait de maniére
significative. A noter que les deux inhibitions commencent a étre significatives a 33uM, par rapport a

la concentration de 4 uM trouvée sur les composés principaux.

Depuis la découverte de la modification transcriptomique globale m°A, des efforts importants ont été
déployés pour comprendre son mécanisme précis. Il est maintenant bien établi qu'un ensemble raffiné
de RBP régule le dépot, I'élimination et la lecture de mOA. L'interactome m°A est resté inexploité en
tant que cible thérapeutique, principalement en raison d'un manque de technologie pour 'identification
des médicaments, mais aussi parce qu'il est apparu comme cliniquement pertinent il n'y a pas longtemps.
Des lors, plusieurs sociétés de biotechnologie et laboratoires universitaires se sont lancés dans une
course a la découverte de petites molécules permettant de traiter les protéines modifiant 'ARN.
Récemment, l'interaction Tnfrsf2 - YTHDF?2 a été identifiée comme une cible thérapeutique clé pour le
traitement de la LMA. Mon travail présente la personnalisation d'une méthodologie de criblage in
cellulo pour la découverte de médicaments ciblant des interactions ARN méthylés - YTHDF2, qui s'est

concrétisée par l'identification de petites molécules inhibitrices de cette interaction ARN-protéine.

Les résultats ci-dessus démontrent la capacité rapide et robuste de la technique incPRINT a quantifier
les interactions ARN-RBP dans les cellules. Le systeme de détection de la luciférase est présenté ici
comme une approche sensible pour la détection des changements dans la liaison ARN-protéine. Nos
résultats démontrent également le grand potentiel de incPRINT-Drug comme méthode rapide in cellulo
pour la découverte de petites molécules inhibant les interactions ARN-protéines. Le méme pipeline
pourrait &tre utilisé pour identifier des composés stimulant la liaison ARN des RBP, comme I'interaction

anti-tumorigene entre CASC15 et les protéines DDX50 et DUSP12.

En réalité, ces applications ne sont que le sommet de 1'iceberg d'une vague entiere d'implémentations
alternatives pour lesquelles incPRINT-Drug pourrait servir de modele. Il est intéressant de spéculer que
cette méthode pourrait étre utilisée pour cribler des agents a base de nucléotides ciblant des interactions
ARN-protéines spécifiques causant des maladies. En théorie, incPRINT-Drug pourrait également étre
utilisé pour étudier et cibler un spectre plus large d'interactions, comme les protéines de détection de
I'ARN localisées dans la membrane, également responsables de nombreux processus pathologiques. En
ce qui concerne le travail présenté ici, une fois que 1'évolutivité et la rentabilité d'incPRINT seront
résolues, I'identification de nouveaux composés ciblant 1'interaction Tnfrsf2 - YTHDF?2 et 1'évaluation

ultérieure de l'inhibition pharmacologique in vivo deviendront certainement une réalité.
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RESUME

L'importance des interactions ARN-protéines dans la biologie du cancer a été de plus en plus reconnue au cours des derniéres années.
Les protéines de liaison a 'ARN (RBP) régulent la maturation, la stabilité et la localisation subcellulaire des transcrits d'/ARN, et sont
également les moteurs de la fonction des ARN non codants impliqués dans de multiples processus biologiques. En outre, les interactions
ARN-RBP sont apparues comme des régulateurs de I'oncogenése et donc comme des cibles thérapeutiques potentielles.

Le long ARN non codant (IncRNA) humain CASC15 a été signalé comme étant dérégulé dans le mélanome métastatique humain. Notre
laboratoire a récemment identifié son orthologue chez le poisson zébre, dont la séquence primaire est peu conservée au cours de
I'évolution. A I'aide d'un modéle inductible de cancer de la peau chez le poisson zébre, qui correspond étroitement au processus humain,
nous avons démontré que CASC15 chez le poisson zébre atténue linitiation et la progression du mélanome. Ainsi, I'expression de
CASC15 humain chez le poisson zébre mutant pour ce INcRNA permet le sauvetage du phénotype de progression du mélanome. Nous
supposons que chez les deux orthologues, les mémes interactions ARN-RBPs expliquent leur conservation fonctionnelle. Dans mon
premier projet, j'ai étudié le mécanisme d'action moléculaire de CASC15 dans une lignée cellulaire humaine. Comme pour le poisson
zébre, la délétion de CASC15 dans les cellules de mélanome humain accélere leur migration. De plus, en combinant différentes
approches moléculaires et biochimiques, j'ai identifié un ensemble d'interacteurs protéiques commun chez les orthologues de CASC15
qui conduisent a leur conservation fonctionnelle. Ces résultats mettent en lumiére la relation entre le mécanisme d'action et la
compatibilité fonctionnelle entre les INcRNA de différentes espéces animales divergentes au niveau de leur séquence.

En paralléle, j'ai également étudi¢ YTHDF2, une RBP impliquée dans de multiples cancers humains. Cette protéine reconnait une
marque de méthylation présente dans des transcrits d'ARN spécifiques qui régule leur stabilité. La délétion de YTHDF2 empéche
I'apparition et le développement de la leucémie aigué myéloide tout en préservant I'hématopoiése normale in vivo. En raison de cette
spécificité cancéreuse, YTHDF2 est apparu comme une cible thérapeutique unique. Cependant, l'identification de petites molécules qui
ciblent les interactions ARN-RBPs dans les cellules est actuellement limitée par I'absence de méthodes de criblage non biaisées. Dans
mon deuxieme projet, j'ai adapté notre technologie d'interaction ARN-RBPs a une plateforme de criblage de médicaments. J'ai identifié
plusieurs composés approuvés par la FDA qui inhibent spécifiquement la liaison de YTHDF2 a ses ARN cibles et j'ai établi la procédure
pour contrdler la spécificité des résultats identifiés. Afin de trouver de nouvelles molécules, j'ai appliqué un crible computationnel basé
sur les ligands identifiés ainsi que des fragments de ces derniers. L’ensemble de ce travail démontre que la protéine YTHDF2 peut étre
traitée par des médicaments et corrobore la fiabilité de notre méthode pour l'identification d'inhibiteurs ciblant des interactions ARN-
RBPs spécifiques.

En conclusion, j'ai établi des modeéles in vivo, des systémes cellulaires et des outils moléculaires robustes, menant a l'identification et
au ciblage d'interactions fonctionnelles ARN-RBPs ayant des réles cruciaux dans les cancers humains.
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ABSTRACT

The importance of RNA-protein interactions in cancer biology has been increasingly acknowledged in the past years. RNA-binding
proteins (RBPs) regulate the maturation, stability, and subcellular localization of RNA transcripts. RBPs are also the drivers of the
function of long non-coding RNAs implicated in multiple biological processes. In addition, RNA-RBP interactions have arisen as
regulators of tumorigenesis and therefore as potential therapeutic targets.

The human long non-coding RNA (IncRNA) CASC15 has been reported to be dysregulated in human metastatic melanoma. Our
laboratory recently identified its zebrafish ortholog, whose primary sequence is poorly conserved throughout evolution. Using an
inducible zebrafish skin cancer model that closely parallels the human process, we demonstrated that the zebrafish casc15 attenuates
melanoma initiation and progression. Importantly, the expression of human CASC15 in the zebrafish INcRNA mutant rescued the
melanoma progression phenotype. We hypothesized that the same RBP interactions in both orthologous transcripts underlie their
functional conservation. In my first project, | investigated the molecular mechanism of action of CASC15 in a human cell line. Similar to
zebrafish, the depletion of CASC15 in human melanoma cells mutant increases their migration behavior. In addition, by combining
different molecular and biochemical approaches, | identified a common set of functional protein interactors that drive the functional
conservation of CASC15 orthologs. These findings shed light on the relationship between mechanism of action and functional
compatibility between IncRNA from different animal species divergent in sequence.

In parallel, | also studied YTHDF2, an important RBP implicated in multiple human cancers. This protein recognizes an abundant
methylation mark present in specific RNA transcripts and regulates their stability. YTHDF2 knockout compromises leukemic stem cells
while preserving normal hematopoiesis in vivo. Because of this cancer-specificity property, YTHDF2 has emerged as a unique
therapeutic target. However, the identification of small molecules that target RNA-protein interactions in cell is currently limited by the
absence of unbiased scalable screening methods. In my second project, | have adapted our RNA-protein interaction technology to a
drug screening platform. | identified several FDA-approved compounds that specifically inhibit YTHDF2 binding to its target RNAs and
established the pipeline to control for the specificity of the identified hits. In order to find novel small molecule inhibitors, | expanded the
collection of tested drugs by following a ligand-based computational screen as well as including fragments of the hit compounds. In
conclusion, this work demonstrates that YTHDF2 protein is druggable and corroborates the reliability of our method to be used for the
identification of inhibitors targeting specific RNA-protein interactions.
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