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Introduction

1. L’apoptose

La mort cellulaire est un processus physiologique essentiel aux organismes. Elle
permet I'élimination des cellules endommagées, inutiles ou en excés et contribue, avec
la synthése de nouvelles cellules par mitose, au développement puis au maintien de
’homéostasie cellulaire. Ainsi, en moyenne dix milliards de cellules sont produites par

jour afin de remplacer les cellules qui meurent quotidiennement (Renehan et al., 2001).

La compréhension de cette balance entre synthése et élimination des cellules est
d’autant plus importante que des déséquilibres de cette balance conduisent a des
pathologies. C’est le cas de cancers ou le cycle cellulaire et/ou la mort cellulaire ne
sont plus a un niveau physiologique. L'un des principaux mécanismes de résistance
des cancers consiste a prévenir leur propre mort, les rendant a la fois moins
susceptible a la mort cellulaire mais entrainant également une résistance au traitement
visant a éliminer ces cellules (Jin et al., 2004). A l'inverse, un excés de mort cellulaire
conduit a certaines pathologies, telles que des maladies auto-immunes ou des

maladies neurodégénératives (Ethell & Buhler, 2003).

L'apoptose est critique durant le développement du systéme nerveux et immunitaire.
Ces systémes sont développés a partir d’'une surproduction de cellules. Les cellules
nerveuses et immunitaires sont ensuite soumises a un contréle qualité qui va éliminer
par apoptose les cellules n’ayant pas de fonction synaptique ou n’ayant pas réussi a
produire des antigénes. La syndactylie est 'une des malformations héréditaires les
plus communes qui est provoquée par un défaut d’apoptose durant le développement
de I'embryon. Cette pathologie caractérisée par la fusion des doigts ou des orteils.
Bien que cette pathologie soit multifactorielle elle est toujours caractérisée par une
suppression de I'apoptose et de la dégradation de la matrice extracellulaire (Al-Qattan,
2019).

Différents types de mort cellulaire sont retrouvés dans I'organisme. Les deux morts
canoniques sont la mort cellulaire programmeée et la nécrose. Bien que conduisant

tous deux a la mort de la cellule, ces deux mécanismes different par les conséquences
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sur I'environnement des cellules mourantes. La nécrose se produit en réponse a des
stress physiologiques externes tels que l'inflammation ou I'hypoxie. Ce mécanisme
passif est régulé par des protéines de I'inflammation et conduit a la rupture de la
membrane plasmique. Le contenu cellulaire se retrouve alors dans l'espace
intercellulaire entrainant une inflammation et des dommages au niveau des tissus. A
'inverse de la nécrose qui impacte fortement son environnement, la mort cellulaire
programmée n’a pas d’effet sur celui-ci. Le mécanisme canonique de la mort cellulaire
programmée est celui de I'apoptose. Le terme d’apoptose fut choisi en 1972 par Kerr
et collaborateurs pour décrire un mécanisme d’élimination des cellules ayant un réle
complémentaire et opposé a la mitose conduisant a des changements moléculaires,
biochimiques et morphologiques en réponse a un stimuli interne ou externe (Kerr et
al., 1972). L'apoptose est caractérisée par une diminution de la taille de la cellule et
une condensation de son noyau et de la chromatine. S’en suit une fragmentation du
noyau, le décollement de la membrane plasmique et le bourgeonnement de corps
apoptotique a la membrane plasmique. Ces corps apoptotiques sont ensuite pris en
charge par les macrophages environnant afin d’étre recyclés (Kurosaka et al., 2003).
Puisqu’aucun matériel cellulaire n’est déversé dans I'espace intercellulaire, 'apoptose
est immunologiquement inerte. Le mécanisme d’apoptose est un mécanisme cellulaire
trés conservé qui s’active en réponse a différents stimuli. Elle peut étre activée par la
cellule elle-méme suite a la détection de dommages au niveau de senseurs
intracellulaires. En résulte I'activation de la voie intrinséque de I'apoptose. Cette voie
se distingue d’une seconde voie, la voie extrinseque qui résulte le plus souvent, d’'une
interaction entre une cellule endommagée ou anormale (par exemple infectée ou
tumorale) et une cellule du systéme immunitaire (figure 1). Ces deux voies
apoptotiques fonctionnent de fagon synergique afin d’assurer le développement

harmonieux, le maintien de ’homéostasie et le bon fonctionnement de I'organisme.
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Figure 1 : représentation schématique des voies extrinséque et intrinséque de 'apoptose d’aprées Ichim
et Tait 2016.

La voie extrinséque de I'apoptose est déclenchée par la liaison de ligands de mort (FasL) aux récepteurs
de mort (Fas). Aprés la trimérisation des récepteurs de mort, les protéines FADD, procaspases 8 et 10
sont recrutées pour former le complexe DISC. Ce complexe permet le clivage et donc I'activation des
procaspases 8 et 10 qui vont ensuite activer les procaspases 3 et 7 exécutrices de I'apoptose.

La voie intrinséque de I'apoptose débute par la détection d’'un stimulus interne tel que des dégats a
I'ADN, un stress du réticulum endoplasmique, I'hypoxie ou encore un stress métabolique. Ce stimulus
induit I'activation des protéines BH3-only et I'activation des protéines pro-apoptotique Bax et Bak qui
vont former des pores au niveau de la membrane externe de la mitochondrie. Par ces pores, va sortir
le cytochrome c, une molécule qui va s’oligomériser avec la protéine APAF1 pour former 'apoptosome.
Ce complexe va activer la procaspase 9 et déclencher la cascade d’activation des caspases et
'apoptose de la cellule. Les protéines BH3-only sont inhibées par les protéines anti-apoptotique Bcl-2,
Bcl-xL et Mcl-1 qui empéchent ainsi la perméabilisation de la membrane mitochondriale. La protéine
BH3-only Bid, fait le lien entre les deux voies de I'apoptose. Cette protéine BH3-only peut étre activée
lors des voies extrinséque ou intrinséque pour aboutir a la PEMME et donc a I'apoptose de la cellule.
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a. Voie extrinseque de |’apoptose

La voie extrinséque est la voie apoptotique médiée par les récepteurs de mort. Elle est
initiée par la liaison de facteurs externes a la cellule, tel que FasL (APO-1), a son
récepteur de mort associé, Fas (CD95), localisé a la membrane plasmique des
cellules. La liaison de FasL a Fas déclenche la trimérisation des récepteurs a la
membrane plasmique et la transduction d’un signal conduisant a 'apoptose (Papoff et
al., 1999). Suite a la formation de ce trimeére, les protéines FADD (Fas Associated
Death Domain) sont recrutées du cété cytoplasmique de la cellule. L'association des
protéines FADD avec les procaspases 8/10 et les protéines cFLIP conduit a la
formation du complexe DISC (Death Inducing Signaling Complex) (Kischkel et al.,
1995). Ce complexe permet le rapprochement et le clivage des procaspases 8/10 qui
vont se dimériser au niveau de leur domaine protéase C-terminal et ainsi s’activer. Ces
caspases initiatrices sont essentielles a I'activation de la voie extrinséque et vont
enclencher la cascade d’activation des caspases exécutrices 3 et 7 en les clivant, ce
qui conduit a la mort de la cellule par apoptose. Il est important de noter que la protéine
cFLIP est un composant particulier du complexe DISC. Cette protéine qui préente une
organisation similaire aux procaspases 8/10, a ceci prés que son domaine protéase
C-terminal est un pseudo-domaine protéase qui est dépourvu d’activité protéolytique.
Lorsque cette protéine est fortement exprimée dans le complexe DISC, elle va avoir
une fonction anti-apoptotique par un effet dominant-négatif et ainsi inhiber I'activation
des procaspases. Au contraire, lorsqu’elle est faiblement exprimée, cFLIP favorise
I'activation des procaspases. Ainsi, en fonction de son niveau d’expression, cFLIP peut

contrdler I'activation de la voie extrinséque et le déclenchement de 'apoptose.

Les caspases sont des protéases a cystéine qui clivent les peptides et les protéines
spécifiquement aprés un résidu aspartate. Elles coordonnent et exécutent le
processus de mort cellulaire. Les caspases sont dabord exprimées comme
précurseurs sous forme inactive et nécessitent une activité de protéolyse au niveau de
leurs résidus aspartates pour les activer. Cette particularité permet de controler
I'activité pro-apoptotique de ces protéines. Les caspases peuvent s’activer soit par
auto-protéolyse ou suite a un clivage par d’autres caspases ou protéases a cystéine
(Stennicke et al., 1998). Les caspases sont divisées en deux groupes. Les caspases

initiatrices (caspase 2, 8, 9 et 10) et les caspases exécutrices (3, 6 et 7). Les caspases
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initiatrices sont responsables de l'initiation de la cascade d’activation, leur activation
permet d’induire le clivage des caspases exécutrices qui sont responsables de
dégradation protéolytiques dans la cellule au cours de I'apoptose. Les caspases
exécutrices vont conduire au clivage d’endonucléases cytoplasmiques capables de
dégrader le matériel nucléaire ainsi que d’autres protéases. La caspase 3 est
particulierement importante puisqu’elle active 'endonucléase CAD responsable de la
dégradation de 'ADN chromosomique dans le noyau et de la condensation de la
chromatine (Sakahira et al., 1998). La caspase 3 est également responsable de la
réorganisation du cytosquelette et de la formation de corps apoptotique qui seront

ensuite recyclés par les macrophages (Kurosaka et al., 2003).

b. Voie intrinseque de |’apoptose

En plus de stimuli externes, I'apoptose peut étre activée par des stimuli internes qui
peuvent étre de nature physique ou chimique. Ainsi, un stress du réticulum
endoplasmique, des dégats a ’'ADN, ou I'hypoxie sont des stimuli capables d’activer
la seconde voie de I'apoptose, la voie intrinséque. Ces stimuli conduisent a la formation
de pores apoptotiques dans la membrane externe de la mitochondrie ainsi qu’'une
perte du potentiel de la membrane mitochondriale entrainant le relargage de
cytochrome c¢ dans l'espace cytoplasmique. L'efflux de cytochrome c dans le
cytoplasme conduit a la formation d’'un complexe moléculaire : I'apoptosome. Ce
complexe est a l'origine de linitiation de la cascade d’activation des caspases.
L'apoptosome est constitué de cytochrome c, d’APAF-1 et de la caspase 9. Dans une
cellule saine, la protéine cytoplasmique APAF-1 se trouve sous forme de monomeére.
Cette protéine agit comme senseur de dégats cellulaires en détectant la présence de
cytochromes c¢ dans le cytoplasme. La détection de cytochrome c¢ induit
'oligomérisation d’APAF-1 pour former I'apoptosome avec la procaspase 9
(Srinivasula et al., 1998). Cette caspase est alors clivée par APAF-1 pour prendre sa
forme active et pouvoir déclencher la cascade d’activation des caspases notamment

des caspase 3 et 7, responsables de I'apoptose de la cellule.

La régulation de cette la voie intrinséque est liée a la perméabilisation de la membrane

externe de la mitochondrie. Cette étape clef est régulée par les protéines de la famille
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Bcl-2 qui sont localisées a la membrane mitochondriale et dont les activités peuvent
étre anti- ou pro-apoptotique ce qui en fait des protéines régulatrices essentielles de

la régulation de I'apoptose.

2. Régulation de la voie intrinseque de |’apoptose

a. Perméabilisation de la membrane mitochondriale externe

La perméabilisation de la membrane mitochondriale externe (PEMME) est un
processus rapide qui en cinq minutes conduit au relargage de cytochromes c dans le
cytosol et en 15 minutes a l'activation compléte des caspases, aboutissant a
I'apoptose de la cellule (Goldstein et al., 2000). La PEMME est régulée par un réseau
de protéines appartenant a la famille des protéines Bcl-2. Ces protéines sont cruciales
a la régulation de I'apoptose et peuvent étre anti- ou pro-apoptotiques. Ces protéines
possédent des domaines d’homologie Bcl-2 (BH) qui facilitent l'interaction entre les
protéines de cette famille. Ces protéines sont classées en trois sous-familles en
fonction des domaines BH qui composent ces protéines : les protéines multi-domaines
anti-apoptotiques, les protéines pro-apoptotiques BH3-only et les-protéines

exécutrices pro-apoptotiques (figure 2) (Bock & Tait, 2020).
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Figure 2 : représentation de la régulation de la perméabilisation de la membrane mitochondriale externe
(PEMME) par les protéines de la famille Bcl-2.

L’activation des protéines pro-apoptotiques Bax et Bak est responsable de la PEMME qui conduit au
relargage de cytochrome c dans le cytoplasme et ainsi a I'apoptose. Les protéines pro-apoptotiques
possédent les domaines d’homologie Bcl-2 (BH) 1 a 3 et sont régulées par les protéines anti-apoptotique
possédant les quatre domaines BH (1-4). Enfin, les protéines BH3-only régulent la voie intrinséque en
inhibant I'activité des protéines anti-apoptotiques et en activant Bax et Bak.

Ce dernier groupe comprend les protéines Bax et Bak dont I'activation est directement
responsable de la PEMME (Wei et al., 2001). Ces protéines sont responsables de la
formation de pores mitochondriaux au niveau de la membrane mitochondriale ce qui
en fait des protéines centrales dans la régulation de la voie intrinséque de I'apoptose.
Bien que ces protéines possédent un réle redondant, elles possedent des différences.
Bak est principalement localisé a la membrane mitochondriale tandis que Bax est
majoritairement cytosolique avec une rétro-translocation constante de la mitochondrie
vers le cytosol (Edlich et al., 2011). Suite a des stress, Bax s’accumule a la
mitochondrie et est activée par des protéines BH3-only activatrices. La liaison des
protéines BH3-only activatrices a Bax conduit a des changements de conformation au
niveau du domaine transmembranaire de Bax permettant son insertion a la membrane
mitochondriale (Letai et al., 2002). Les protéines BH3-only vont également permettre

I'exposition du domaine BH3 de Bax et Bak permettant ainsi leur homodimérisation
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(Dewson et al., 2009, 2012). L'insertion dans la membrane mitochondriale externe et
I'activation de Bax/Bak par les protéines BH3-only présente le premier type d’activité
pro-apoptotique des protéines BH3-only. Une autre fonction pro-apoptotique de ces
protéines est portée par les protéines BH3-only, dites sensibilisatrices. Ces protéines
sont capables de séquestrer les protéines multi-domaines anti-apoptotiques qui
inhibent I'activation de Bax/Bak. Ainsi, ces protéines BH3-only vont-elles libérer
Bax/Bak de diméres avec les protéines anti-apoptotiques. De sorte, les protéines pro-
apoptotiques BH3-only sont des protéines essentielles a la régulation de I'apoptose en

assistant les protéines Bax et Bak pro-apoptotiques.

Suite a la dimérisation de Bax et Bak, ces protéines vont entrainer la formation de
pores lipidiques a la membrane mitochondriale formée par la fusion des feuillets de la
membrane externe et interne (Bleicken et al., 2013). Une fois ce processus initié, la
PEMME est renforcée par une boucle de rétroaction ou les caspases vont également
activer BID, une protéine BH3-only qui va accentuer le processus de PEMME par

I'activation de nouvelles protéines Bax et Bak.

b. Régulation de la perméabilisation de la membrane
mitochondriale externe par les protéines de la famille Bcl-2

Les protéines pro-apoptotiques Bax et Bak peuvent étre inhibées par les protéines
multi-domaines anti-apoptotiques. Ces protéines sont caractérisées par leur activité
anti-apoptotique, par la présence de quatre domaines BH ainsi qu’'un domaine
transmembranaire (TM) nécessaire pour la liaison a la membrane mitochondriale.
Cette sous-famille comprend les protéines Bcl-2, Bcl-xL, Bcl-W, BFL1 & Mcl-1. Le ratio
entre les protéines anti- et pro-apoptotiques est crucial pour déterminer si la cellule
entre en apoptose ou non. Pour décrire les interactions entre les trois sous-familles de

protéines Bcl-2, quatre modéles sont proposeés.

Dans le modéle d’activation directe, les protéines BH3-only sont divisées en deux
groupes : les protéines BH3-only activatrices, comprenant tBid, Bim et Puma, et les
protéines sensibilisatrices, comprenant Bad, Noxa, Bik, Bmf, Hrk et Bnip3. Les
protéines BH3-only activatrices sont capables de s’associer avec Bax et Bak pour les

activer et déclencher I'apoptose (Letai et al., 2002). Ces protéines sont également
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reconnues par les protéines anti-apoptotiques qui vont les séquestrer et ainsi prévenir
I'activation de Bax et Bak. Les protéines BH3-only sensibilisatrices ont la capacité de
se lier avec les protéines anti-apoptotiques et, par cette interaction, vont libérer les
protéines activatrices séquestrées par les protéines anti-apoptotiques. Dans ce
modele, I'inhibition de 'apoptose serait due a la séquestration des protéines BH3-only

activatrices par les protéines anti-apoptotiques (H. Kim et al., 2006).

Dans le second modéle, dit de déplacement, Bax et Bak seraient constitutivement
actives, mais séquestrées par les protéines anti-apoptotiques. Les protéines BH3-only
vont libérer Bax et Bak de la liaison avec les protéines anti-apoptotiques pour
promouvoir la PEMME. Les protéines BH3-only possédent un spectre d’interaction
limité a quelques protéines anti-apoptotique, aussi, pour initier I'apoptose, il faut un
ensemble de plusieurs protéines BH3-only (L. Chen et al., 2005). Ce modéle permet

ainsi d’expliquer la diversité des protéines BH3-only malgré une fonction redondante.

Dans le modéle incorpore, la membrane joue un réle crucial dans 'activation de Bax
et Bak et dans la formation de la PEMME. Linteraction de la membrane mitochondriale
avec les protéines de la famille Bcl-2 déclenche des changements de conformation
des protéines pro- et anti-apoptotique qui vont permettre I'insertion de ces protéines
dans la membrane mitochondriale. Dans ce modele les BH3-only activatrices jouent
un réle double dans lequel elles vont promouvoir I'insertion de Bax et Bak dans la
membrane ainsi que permettre leur oligomérisation en les libérant des protéines anti-

apoptotique (Lovell et al., 2008).

Enfin, Le modéle unifié vise a expliquer le role double des protéines BH3-only en deux
modes. Dans le mode 1, les protéines anti-apoptotique se lient aux BH3-only afin de
les séquestrer et d’inhiber I'activation des protéines pro-apoptotiques. Dans le mode
2, les protéines anti-apoptotique se lient a Bax et Bak pour les séquestrer et prévenir
leur oligomérisation. Dans ce modele, la séquestration de Bax et Bak est vue comme
un mécanisme d’inhibition de I'apoptose plus efficace que le mode 1 (Llambi et al.,
2011).
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3. Le gene régulateur de I’apoptose BCL-x

a. Bcl-xL, une protéine anti-apoptotique majeure

i. Réle de Bcl-xL dans la régulation de I'apoptose

Le contréle de I'apoptose par les protéines multi-domaines anti-apoptotiques est un
mécanisme essentiel a la survie des cellules et au développement des tissus. La
PEMME peut étre inhibée par la protéine Bcl-xL. Bcl-xL est capable d’inhiber
'apoptose en empéchant 'activation de Bax. Une fois intégrée a la mitochondrie, Bcl-
xL forme un hétérodimére avec Bax, ce qui bloque 'homodimérisation de Bax et donc
la formation de pore mitochondriaux. En outre, Bcl-xL régule de maniere continue la
quantité de protéines Bax a la membrane mitochondriale en la relocalisant depuis la
membrane vers le cytosol. Ces deux mécanismes font de Bcl-xL une protéine anti-
apoptotique majeur dans la régulation et l'inhibition de la voie intrinséque de

'apoptose.

La découverte de la famille des protéines Bcl-2 a suivi une analyse de la translocation
des chromosomes 14 a 18 dans les cellules B de lymphome montrant une
surexpression du gene BCL-2 leur conférant une résistance a la mort cellulaire (Cleary
et al., 1986; Galteland et al., 2005). Cette propriété a permis de définir Bcl-2 comme
une protéine anti-apoptotique. Le géne BCL-X fut cloné pour la premiére fois en 1993
(Boise et al., 1993). Ce géne conduit a la synthése de la protéine anti-apoptotique Bcl-
xL qui posséde, avec Bcl-2, la séquence la plus longue des protéines de la famille Bcl-
2. Bcl-xL contient les quatre domaines BH ainsi qu’'un domaine TM. Cette protéine
longue de 233 acides aminés partage le plus d’homologie avec les protéines anti-
apoptotiques Bcl-W (51%) et Bcl-2 (45%), et ne partage qu’entre 18 et 25%

d’homologie avec le reste des protéines de la famille Bcl-2.

La structure 3D de Bcl-xL fut déterminée en 1996 par cristallographie aux rayons X et
par résonance magnétique nucléaire (Muchmore et al., 1996). Du fait de la complexité
de produire les autres membres de cette famille protéique, I'étude de Bcl-xL a servi de
référence pour comprendre le role des domaines BH dans le contrOle de I'apoptose et
permis de comprendre comment les protéines de cette famille interagissent entre elles.
Comme toutes les protéines anti-apoptotique, Bcl-xL posséde les quatre domaines

d’homologie BH ainsi qu’'une région C terminale hydrophobe agissant comme une
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ancre transmembranaire. Cette protéine est composée de huit hélices a. Les hélices
5 et 6 forment une épingle a cheveux centrale entourée par les hélices 3 et 4 d’'un coté
et les hélices 1, 2 et 8 de l'autre. Les domaines BH participent aussi a la formation de
la structure tertiaire. Les domaines BH1 et BH3 forment une poche hydrophobe ou le
domaine BH3 d’autres protéines, notamment Bax, peuvent venir s’insérer. Ce domaine
BH3 est donc essentiel pour l'interaction de Bcl-xL avec Bak. Le domaine BH3 est
défini par une courte séquence de quatre résidus hydrophobes aux positions h1 a h4.
Par la présence de ce domaine de 16 nucléotides de Bcl-xL est ainsi capable de

séquestrer le domaine BH3 de Bax.

Bcl-xL est une protéine anti-apoptotique majeur, elle est capable d’inhiber la PEMME
en se liant a la protéine BH3-only tBid et a la protéine pro-apoptotique Bax intégrée a
la membrane mitochondriale (Edlich et al., 2011; Yao et al., 2009). Malgré une structure
trées similaire entre Bax et Bcl-xL, ces deux protéines ont pourtant une fonction
antagoniste sur le déclenchement de I'apoptose (Suzuki et al., 2000). Bax et Bcl-xL
fonctionnent de maniére similaire au point qu’elles agissent en compétition dans la
plupart des étapes conduisant a la PEMME, a la grande différence que Bcl-xL n’est
pas capable d’induire la perméabilisation de la membrane externe de la mitochondrie.

Par conséquent, Bcl-xL agit comme un dominant négatif de la protéine Bax.

Bax est une protéine cytoplasmique qui s’accumule a la mitochondrie suite a la
détection de stress cytotoxique (Wolter et al., 1997). Elle est alors soumise a un
changement de conformation lorsqu’elle interagit avec la membrane mitochondriale.
Ce changement de conformation permet l'intégration de Bax a la membrane externe
et une fois Bax intégrée, la protéine Bax va interagir avec la protéine BH3-only tBid
intégrée a la membrane. Cette interaction déclenche un nouveau changement de
conformation de Bax qui sera alors intégrée a la membrane dans une conformation qui
permet son oligomérisation (Czabotar et al., 2013). D’autres molécules Bax seront
ensuite activées par tBid. Bax peut aussi autoactiver d’autres protéines Bax
cytoplasmiques pour induire leur intégration a la membrane et permettre
'oligomérisation de Bax et la formation de pores mitochondriaux conduisant a la
PEMME (Tan et al., 2006).

De maniere similaire, Bcl-xL est une protéine cytoplasmique qui, suite a une interaction
avec la membrane mitochondriale, va subir un changement de conformation qui
permet son insertion dans la membrane. tBid va ensuite déclencher l'intégration de

19



Bcl-xL ainsi que son activation (Garcia-Saez et al., 2009). Contrairement a Bax, Bcl-
XL n’est pas capable de se dimériser, elle va alors séquestrer les protéines tBid
empéchant ainsi I'activation de Bax. En outre, Bcl-xL va se lier avec les protéines Bax
intégrées a la membrane pour empécher leur oligomérisation et bloquer le recrutement
et le mécanisme d’autoactivation de Bax. De la sorte, Bcl-xL agit comme un dominant
négatif de Bax. Enfin, une fois que Bcl-xL et Bax se sont dimérisés, Bcl-xL est capable
de rétro-transloquer Bax depuis la membrane mitochondriale dans le cytoplasme et de

stabiliser Bax dans une conformation inactive (Edlich et al., 2011).

ii. Bcl-xL et cancer :

L'importance des protéines de la famille Bcl-2 dans la régulation de I'apoptose fait que
ces protéines sont fréquemment retrouvées dérégulées dans des cancers. Bcl-xL est
considérée comme 'un des régulateurs majeurs de la voie intrinséque de I'apoptose.
Aussi, Bcl-xL est surexprimée dans de nombreux cancers dans lesquels sa
surexpression est associée a une résistance des cellules aux chimiothérapies et aux
radiothérapies (Liu et al., 1999; Scherr et al., 2016). |l a été montré que Bcl-xL est
surexprimée dans les chondrosarcomes et qu’inhiber I'activité anti-apoptotique de
cette protéine conduit a une augmentation de I'apoptose ainsi qu’une sensibilisation
des cellules cancéreuses aux chimiothérapies (de Jong et al., 2018). Bcl-xL est donc
considérée comme une cible thérapeutique pertinente pour traiter les cancers et

augmenter la sensibilité des cellules cancéreuses aux chimiothérapies.

Cette stratégie thérapeutique a donné naissance aux BH3 mimétiques, des molécules
capables de se fixer a la poche hydrophobe des protéines anti-apoptotique (Bcl-2, Bcl-
xL et Mcl-1) empéchant ainsi l'interaction des protéines anti-apoptotiques avec les
protéines pro-apoptotiques (Chin, 2001; Holinger et al., 1999). Cette stratégie permet
une augmentation de l'oligomérisation des protéines Bax et Bak et ainsi a une
activation de la PEMME. L'ABT-737 est une molécule identifiée en utilisant une
approche de prédictions bio-informatique basée sur la capacité du composé a se fixer
a la poche hydrophobe de Bcl-2 et de Bcl-xL (E. F. Lee et al., 2007). Son efficacité fut
avérée dans des lignées dérivées de lymphome et de leucémie ou son utilisation
conduit a une augmentation de I'apoptose des cellules cancéreuses. De plus, il est

possible d’associer cette molécule avec des chimiothérapies plus classiques afin
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d’augmenter les effets apoptotiques (van Delft et al., 2006). L'ABT-737 a ensuite été
améliorée afin d’augmenter la bio-accessibilité et la solubilité de la molécule. Ce
nouveau composé, nommé Navitoclax (ABT-263), présente également des effets
prometteurs pour augmenter I'apoptose des cellules (Skwarska & Konopleva, 2023;
Tse et al., 2008). Cependant, il a été montré que ces molécules conduisent a une
augmentation de la mort des plaquettes. En diminuant I'activité anti-apoptotique de
Bcl-xL, l'activité de Bax et Bak est augmentée et l'utilisation d’ABT-263 est associée
de maniére dose-dépendante a une diminution de la demi-vie des plaquettes et une
thrombopénie. Cet effet secondaire important a considérablement réduit 'utilisation de
ces composés en recherche clinique (de Vos et al., 2021). De plus, L'utilisation de BH3
mimétiques ciblant Bcl-2 et Bcl-xL est aussi fréquemment associée a des nouveaux
mécanismes de résistance des cancers. Dans ces cancers résistants aux BH3
mimétiques, la protéine anti-apoptotique Mcl-1 est surexprimé et abroge l'effet de
sensibilisation des cellules a I'apoptose par les molécules (B. Wang et al., 2014).
Toutefois, L'utilisation d’'un cotraitement basé sur des molécules visant a inhiber
lactivité de Mcl-1, tel que 'EGF-R, en association avec le Navitoclax permet de
contourner cette résistance aux BH3 mimétiques en cellule K562 et d’augmenter
'apoptose des cellules cancéreuses (Y.-C. Lee et al., 2020). Bien que le
développement de drogues basées sur I'inhibition de Bcl-xL présente des difficultés,
cibler Bcl-xL reste une stratégie pertinente dans le traitement de cancers notamment

en association avec d’autres thérapies.

iii. Autres fonctions biologiques de Bcl-xL

En plus d’étre un important régulateur de la voie intrinséque de I'apoptose, Bcl-xL est
aussi impliquée dans d’autres processus biologiques. Ainsi, Bcl-xL est également un
régulateur de 'autophagie, le processus qui permet le recyclage et 'autodégradation
de composés intra-cellulaires par les lysosomes. Bcl-xL interagit avec la protéine
Beclin-1, le régulateur clef de I'autophagie. Cette protéine posséde un domaine BH3
qui lui permet de se fixer dans la poche hydrophobe de Bcl-xL. De sorte, Bcl-xL est
capable d’inhiber l'autophagie médié par Beclin-1 en lisolant de hVps34 et en
réduisant l'affinité de Beclin-1 avec UVRAG en stabilisant Beclin-1 sous forme de
dimére (F. Zhou et al., 2011).
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Bcl-xL est principalement localisée a la mitochondrie et dans le cytoplasme. Elle peut
aussi étre localisée dans le réticulum endoplasmique ou elle régule le transport du
calcium. Dans le réticulum endoplasmique, Bcl-xL interagit avec IP3R3 et facilite le
transport du calcium depuis le RE jusqu’a la mitochondrie, participant ainsi de fagon
essentielle a ’'homéostasie de calcium ainsi qu’a la production d’énergie de la cellule
(Eno et al., 2012).

De par son importance dans la régulation de I'apoptose et dans le métabolisme du
calcium, la protéine Bcl-xL est impliquée dans le développement des neurones, du
systéme immunitaire et participe de maniere importante a la neuroprotection. Bcl-xL
est fortement exprimée dans [I'hypothalamus, I'hippocampe et le cortex. Son
expression est essentielle du développement des cellules nerveuses jusqu’a I'age
adulte ou Bcl-xL contribue a la protection des cellules du systéme nerveux central. Son
réle neuroprotecteur est lié a ses fonctions anti-apoptotique ainsi qu’a sa capacité a
augmenter la production d’ATP en modifiant I'apport de calcium. Ce réle est essentiel
puisque les neurones ont une demande importante en ATP, ainsi Bcl-xL participe
directement a la neuroprotection en régulant la production d’énergie de la cellule et en
prévenant I'hypoxie et la carence en glucose des neurones (Alavian et al., 2011). De
plus, Bcl-xL protége les cellules de la mort en régulant I'expression du Death Receptor
6 (DRG6), une protéine impliquée dans la dégradation des axones et 'apoptose des
neurones. Dans ces cellules, la délétion de Bcl-xL est associée a une activation de la
caspase 6 ainsi qu’a une augmentation de I'expression de DR6 (Park et al., 2015).
Bien que le mécanisme exact ne soit pas encore connu. Les auteurs de ces travaux
proposent un modele dans lequel, suite a un stimulus interne tel que I'’hypoxie, le
récepteur DR6 est activé par une interaction avec un ligand. Ceci conduit a la
séquestration de Bcl-xL par des protéines BH3-only et donc a I'activation de Bax qui
elle-méme conduit a la perméabilisation de la mitochondrie et I'activation des
caspases. Ce modeéle propose également I'existence d’une boucle de rétroaction
positive ou I'activation des caspases et/ou la séquestration de Bcl-xL conduirait a une
augmentation de I'expression de DRG et a la mort des neurones. Ainsi, Bcl-xL semble
protéger les neurones de l'activation de DR6 en empéchant I'oligomérisation de Bax

(figure 3).
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Figure 3 : modéle du rdle de Bcl-xL dans la régulation de la mort des neurones d’aprés Park et al 2014.

Suite a la détection d’un stimulus tel que I'’hypoxie, le récepteur DR6 (Death Receptor 6) est activé suite
a une interaction avec un ligand, ce qui va conduire a la séquestration de Bcl-xL par les protéines BH3-
only. La protéine pro-apoptotique Bax est alors libérée et activée et va alors pouvoir induire la PEMME
et le relargage de cytochrome c¢ dans le cytoplasme. Ceci déclenche l'activation des caspases
responsables de l'apoptose et induit des boucles de rétroaction positives qui vont conduire a
'augmentation de I'expression de DR6. Tout ceci aboutit a la mort des neurones.

Pendant le développement du systéme immunitaire, I'expression de Bcl-xL est variable
et permet, en association avec Bcl-2, d'assurer un contréle de I'apoptose pendant le
développement des lymphocytes B (LB). Cette régulation de I'apoptose pendant le
développement des LB est essentielle afin d’assurer la production de cellules
fonctionnelles et prévenir des maladies auto-immunes. Bcl-xL participe avec Bcl-2 au
développement des LB. Leurs profils d’expressions sont opposés pendant les
différents stades de développement des LB (figure 4). Ainsi, pendant le stade des
cellules Pro-B, Bcl-xL n’est pas exprimée tandis que Bcl-2 est fortement exprimée. Ces
différences d’expression, de deux protéines anti-apoptotiques de la méme famille,
suggérent des réles différents dans le développement des LB. De maniére
intéressante, Bcl-2 et Bcl-xL ne sont pas exprimées pendant la transition de cellule
Pré-B en cellules immature B. Ceci suggére que I'absence de deux protéines anti-
apoptotiques majeures est nécessaire pour induire la mort des LB non fonctionnel ne

passant pas le contréle qualité (Lopez-Hoyos et al., 1998).
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Figure 4 : expression des protéines anti-apoptotique Bcl-xL et Bcl-2 pendant le développement des
lymphocytes B (LB). Adapté de Lopez-Hoyos et al 1998.

Les protéines Bcl-xL et Bcl-2 sont exprimées différentiellement et differemment pendant le
développement des LB. Ainsi, il est suggéré que ces deux protéines ont des fonctions différentes et
complémentaires dans la sélection des LB. Pendant le stade de LB immature, Bcl-xL et Bcl-2 ne sont
pas exprimées. L'absence de ces deux protéines anti-apoptotiques majeurs est essentielle pour
permettre la sélection des LB et ainsi éviter 'apparition de maladies auto-immunes.

b. Bcl-xS, une protéine pro-apoptotique particuliere

La régulation de Bcl-xL est donc un processus essentiel qui permet le bon
fonctionnement de la cellule. De plus, cette protéine s’avére étre une cible
thérapeutique pertinente pour certaines pathologies. Aussi, il est important de
comprendre les mécanismes de régulation de Bcl-xL. Il est intéressant de noter que,
comme plusieurs génes de la famille des protéines Bcl-2, le géne BCL-x est régulé par
un évenement d’épissage alternatif (Warren et al., 2019). L'épissage alternatif est un
mécanisme qui permet la production de plusieurs ARNm matures a partir d’'un seul
pre-mRNA. Dans la plupart des cas, les isoformes alternatives conservent leurs
fonctions pro- ou anti-apoptotique. Cependant, I'épissage alternatif des génes MCL-1
et BCL-x conduit a la synthése de deux protéines aux fonctions antagonistes. Les
formes canoniques de ces génes possédent des propriétés anti-apoptotiques, tandis
que les isoformes synthétisées par épissage alternatif ont des fonctions pro-

apoptotiques. Lisoforme alternative du géne BCL-x est Bcl-xS. Cette protéine est
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produite suite a l'utilisation d’un site alternatif 5’ d’épissage dans I'exon 2. Bcl-xS est
une protéine de 170 acides aminés dépourvue des domaines BH1 et BH2, mais
posséde les domaines BH3, BH4 et TM (Boise et al., 1993). Bcl-xS posséde des
propriétés pro-apoptotiques ce qui en fait une protéine unique en son genre puisqu’il
s’agit de la seule protéine pro-apoptotique qui posséde le domaine BH4, aussi elle
n’appartient pas a la famille des protéines BH3-only. Bcl-xS est capable de former des
hétérodimeres avec les protéines anti-apoptotiques Bcl-xL et Bcl-2 afin d’inhiber leur
fonction anti-apoptotique (Lindenboim et al., 2001). Bcl-xS semble aussi étre capable
de former des hétérodimeres avec certaines protéines pro-apoptotiques afin de
déclencher 'apoptose de maniére similaire a celle de Bid qui est capable d’activer Bax.
L’équilibre entre la synthése de Bcl-xS et de Bcl-xL est donc essentiel a la décision de
la cellule a entrer, ou non, en apoptose. Cette balance est un mécanisme essentiel de
régulation de I'homéostasie cellulaire et également au cours du développement.
Pendant le processus de sélection des cellules T, le ratio Bcl-xS/Bcl-xL est augmenté
afin d’éliminer les cellules ne passant pas le contréle qualité. A I'inverse le ratio Bcl-
xS/Bcl-xL est plus bas dans les cellules qui doivent étre maintenues dans un état anti-
apoptotique. Comprendre et maitriser ce mécanisme d’épissage alternatif semble
donc étre une stratégie efficace pour limiter la synthése de Bcl-xL et contrbler

I'apoptose, notamment dans les cellules tumorales.

4. L’épissage des ARN

Les génes eucaryotes sont pour la majorité interrompus par les introns, des séquences
le plus souvent non codantes, qui doivent étre éliminées de 'ARN pré-messager afin
de produire un ARNm mature. Ainsi, les exons des genes représentent les portions qui
sont conservées et qui codent les protéines. Les exons doivent étre joints ensemble
afin de former TARNm mature. Dans les quelques 20.000 génes qui composent
'Homme, le nombre moyen d’introns est de 8, et ils sont le plus souvent éliminés du
transcrit principal par le mécanisme d’épissage (Roy & Gilbert, 2006). Le clivage des
introns se fait au niveau de séquences conservées qualifiées de sites d’épissage. Ces
séquences sont trouvées aux extrémités 5’ et 3’ des introns. Elles servent de point de

reconnaissance pour la définition d’introns et d’exons. Le plus souvent, ces séquences
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sont conservées et la séquence consensus qui définit I'extrémité 5 des introns est la
séquence GU, tandis que la séquence AG est le plus souvent retrouvée a I'extrémité
3’ des introns. Ces séquences sont trés importantes au point que la substitution au
niveau d’'une de leurs bases inhibe le plus souvent complétement I'événement
d’épissage. Le point de branchement (BP) est la troisiéme séquence essentielle pour
I'évenement d’épissage. Cette séquence est localisée entre 18 et 40 pb avant la fin 3’
de lintron et est toujours caractérisée par la présence d’'une adénine. Enfin, le point
de branchement est suivi par un tract polypyrimidines (PPT) de 15 a 20 nucléotides,

localisé en amont du site d’épissage 3.

a. La réaction d’épissage

L’épissage permet I'élimination des introns et la jonction des exons par deux réactions
de transestérification qui vont conduire a I'excision des introns du pré-mRNA (Moore
& Sharp, 1993). La premiére réaction de transestérification est I'étape de branchement
(branching en anglais). Le groupement hydroxyle (OH) de I'adénosine du BP va
« attaquer » le groupement phosphate de la guanine localisée dans le 5’ss (figure 5).
Cette attaque nucléophilique produit une extrémité 5 clivée et un lasso intronique
connecté au BP via une liaison phosphodiester. Dans la seconde étape de
transestérification, le groupement OH de la guanine du 5’ss va venir attaquer le
phosphate du site 3’. Cette modification conduit a la fusion des exons de maniere
covalente ainsi qu’a I'excision du lasso intronique qui est éliminé du pré-ARNm. Ces
deux réactions sont catalyseées par le splicéosome, un complexe macromoléculaire
composeé de cinq uridines rich small nuclear ribonucleic acids (SnRNP) et de plus de
200 protéines associées qui vont participer a la formation du splicéosome. Cette

machinerie s’assemble puis se dissocie aprés chaque événement d’épissage.
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Figure 5 : I'épissage des pré-ARNm est réalisé suite a deux réactions de transestérifications, d’aprés
Jacob et al 2022.

L'épissage est réalisé par deux réactions de transestérifications successives. La premiére réaction se
fait pendant I'étape de branchement. Le groupement hydroxyle du point de branchement (BP) va
attaquer le groupement phosphate de la guanine localisée dans le site d’épissage 5’ (5’ss), ce qui produit
une extrémité 5’ clivée et conduit a la formation d’un lasso intronique connecté au BP. Dans la seconde
réaction de transestérification, le groupement hydroxyle de la guanine du 5’ss attaque le groupement
phosphate du site 3’'ss ce qui aboutit a la fusion des exons de maniére covalente ainsi qu’a I'excision
du lasso intronique.

La formation du splicéosome s’effectue de maniére séquentielle aux travers de
nombreuses interactions entre les snRNPs et différents facteurs d’épissages (figure
6). Dans un premier temps, U1 snRNP est recrutée au niveau du site 5’ss. Les facteurs
non snRNP SF1 et U2AF vont se fixer au BP et au PPT respectivement. Ensuite, U2
snRNP s’associe avec le point de branchement. Ces deux premieres étapes
constituent le pré-splicéosome ou complexe A. L'ajout du tri-snRNP U4/U6.U5 au
splicéosome va permettre la formation du complexe pré-catalytique B. Ce tri-snRNP
est un complexe préassemblé ou U4 et U6 sont associées par appariement de bases
complémentaire. La DEAD-Box hélicase Prp28 va alors libérer U1 snRNP du site
accepteur 5’ pour que U6 vienne prendre sa place. L'hélicase Brr2 va ensuite séparer

U4 et UG, ce qui conduit a un changement de conformation de U6 qui va se replier et
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s’associer avec U2, aboutissant au complexe B actif composé de U2/U5/U6 qui est
catalytiquement actif. Ce complexe actif contient les deux ions métalliques Mg?*
nécessaires aux deux réactions de transestérifications (Fedor, 2002). Une fois U1 et
U4 libérés du splicéosome, la premiére étape de transestérification a lieu. Une fois
cette premiére réaction terminée, les snRNP U2 et U5 vont subir un réarrangement
pour former le complexe C afin d’effectuer la seconde étape de transestérification. Ala
suite de cette seconde réaction, les exons sont joints bout a bout tandis que lasso
intronique est libéré puis dégradé. Les trois derniers snRNP U2, U5 et U6 sont libérés
et tous les composés seront réutilisés pour un nouvel événement d’épissage. Cette
réaction constitue le premier splicéosome ou splicéosome « majeur » duquel dépend
la majorité des introns. Chez la plupart des eucaryotes, un second splicéosome dit
« mineur » prend en charge I'événement d’épissage dans moins d’1% des introns. Ce
second splicéosome est formé par 'assemblage des snRNP U11, U12, U4atac, U5 et
U6atac et reconnait généralement des sites d’épissages aux séquences alternative
(Sharp & Burge, 1997).
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Figure 6 : 'assemblage du splicéosome et I'’épissage d’un exon, d’aprés Bradley et Anczukéw 2023.

Le splicéosome, un complexe macromoléculaire, s’assemble de maniére séquentielle autour du pré-
ARNmM qui doit étre épissé avec I'aide de snRNP et de facteurs d’épissages. La premiére étape de la
formation du splicéosome est le recrutement de U1 snRNP au site 5’ d’épissage, ce qui forme le
complexe E. La formation de ce complexe active le recrutement de SF1 au BP et de UA1F2 au niveau
du tract de polypyrimidine (PPT), respectivement. U2 snRNP est ensuite recruté au niveau du BP et
forme le complexe A. Le recrutement du tri-snRNP U4/U6/U5 forme ensuite le complexe B qui est
catalytiquement activé aprés le changement de conformation de U6. Ce complexe B désormais actif va
réaliser la premiére étape de transestérification et la formation du lasso intronique. Les snRNP U2 et
U5 vont ensuite subir un changement de conformation qui va aboutir & la seconde étape de
transestérification et la jonction des deux exons. Le splicéosome est ensuite désassemblé et les
composants pourront étre réutilisés pour réaliser d’autres réactions d’épissage.
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b. L’épissage alternatif

Quand le Human Genome Project a été initié dans les années 1990, il était estimé que
100.000 génes seraient identifiés dans I'espéce humaines. Aprés une décennie, ce
nombre a été revu a la baisse et estimé a 26.000 génes. Aujourd’hui, ce nombre a
encore diminué et il est estimé que le génome humain contient environ 20.000 génes.
Ce nombre est relativement bas comparé aux 6.000 génes qui constituent la levure
(Saccharomyces cerevisiae), un organisme unicellulaire bien moins complexe que
'Homme. La différence entre les organismes ne réside pas tant dans le nombre de
genes que dans la présence d’introns dans le génome. Chez la levure, seulement 3%
des génes possedent des introns alors que chez 'homme, 97% des genes possédent
des introns (Clark et al., 2002). Ces différences sont corrélées avec la diversité du
protéome de chaque espéce. La levure exprime 6.050 protéines différentes tandis que
ce nombre est d’environ 80.000 dans I'espéce humaine. Ainsi, I'idée d’'un mécanisme
de base permettant une expansion importante de la diversité protéique chez les
eucaryotes a été proposée de maniére simultanée par Philip Sharp et Richard Roberts
en 1977. Cette idée implique qu’'un pré-ARNm puisse conduire a plusieurs ARNm
matures qui vont aboutir a des protéines aux structures et aux fonctions différentes.
De sorte, la proportion des genes sujets a un épissage alternatif est corrélée avec le
niveau de complexité de I'organisme qui est a son plus haut niveau chez les primates.
L'épissage alternatif ne conduit pas qu’a la synthése de variants mineurs, mais
également a la production d’isoformes qui peuvent agir comme des protéines
distinctes. Ce mécanisme aboutit ainsi a une augmentation du potentiel biochimique

d’'un géne.

L'épissage dépend de la sélection des différents sites d’épissage 5’ et 3’ présent dans
un géne, qui sont en compétition entre eux. En effet, ces séquences ne possedent pas
toutes la méme capacité a attirer la machinerie d’épissage et, lorsque certaines sont
moins souvent reconnues par le splicéosome, I'épissage devient alternatif. Les sites
dits « forts » ont généralement une séquence consensus de GU pour le 5’ss et AG
pour le site 3’ss. Ces séquences sont plus efficacement reconnues par les composants
du splicéosome, ce qui conduit le plus souvent a un épissage constitutif. Un site moins
bien reconnu par la machinerie d’épissage est alors qualifié de site « faible » et conduit

a un épissage produisant a un ARNm mature différent. L'épissage des ARN est assisté
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par des éléments réguleurs -cis et des facteurs d’épissage -trans. Les éléments -cis
sont des séquences présentes dans ’ARN-pré messager qui participent a la sélection
des sites 5’ et 3’. Ces séquences -cis peuvent, soit favoriser I'utilisation d’un site
d’épissage auquel cas il s’agit d'ISE (Intronic Splicing Enhancer) et d’ESE (Exonic
Splicing Enhancer), soit inhiber [l'utilisation d’'un site d’épissage, ce sont les ISS
(Intronic Splicing Silencer) et les ESS (Exonic Splicing Silencer). Ces séquences
spécifiques de I'’ARN sont reconnues par les facteurs -trans qui sont généralement
représentés par les protéines de la famille des SR (Serine Arginine Rich) et de la
famille des hnRNP. En général, les protéines SR ont tendance a favoriser la
reconnaissance d’exons au travers des ESE et des ISE, tandis que les hnRNP vont
interagir avec les ESS et les ISS afin d’inhiber la reconnaissance du site d’épissage.
Ces deux familles protéiques possédent donc des rdles opposés et doivent étre
finement régulées pour assurer I'épissage optimal pour les cellules (Caceres &
Kornblihtt, 2002).

L'épissage alternatif conduit a I'organisation différentielle d’exons d’un transcrit de
base de fagon a produire des ARNm distincts. Ces combinaisons différentielles
peuvent se produire de difféerentes maniéres. Soit par saut d’exon dans 40% des
événements d’épissage chez les eucaryotes, soit par l'utilisation d’'un 3’ss alternatif
dans 18,4% des cas, ou encore l'utilisation d’'un 5’ss dans 7,9% des cas et enfin la
rétention d’intron dans 5% des cas. Il est possible d’observer d’autres formes
d’épissage alternatif dans de plus rares cas comme des exons mutuellement exclusifs,

des promoteurs alternatifs ou des sites de polyadénylation particulier (figure 7).

En plus de pouvoir produire des ARNm aboutissant a des protéines aux fonctions
différentes, I'épissage alternatif peut agir comme un mécanisme on/off des génes par
I'introduction de codons stop prématurés. L'ajout de codons stop prématurés dans un
transcrit en fait des cibles pour le mécanisme de dégradation des ARNm non-sens
(NMD). La NMD agit comme mécanisme de contrdle qualité des nouveaux ARNm afin
de dégrader ceux qui présentent un codon stop prématuré. Ce mécanisme est
essentiel pour empécher la synthése de protéine tronqués qui pourraient avoir un effet
nocif sur 'organisme. Ainsi, couplée a I'épissage alternatif, la NMD permet un contréle
de la régulation de génes et de I'expression de protéines en diminuant la traduction de

la protéine (Lewis et al., 2003).
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Figure 7 : les différentes sortes d’épissage alternatif, adapté de Bradley et Anczukéw 2023.

Différentes sortes d’épissage alternatif sont possibles : épissage alternatif de I'exon cassette, site 5’
d’épissage alternatif, site 3’ d’épissage alternatif, exons mutuellement exclusif et rétention d’introns. Ces
différents épissages conduisent a des ARNm qui seront traduit en des protéines avec des séquences
et des fonctions différentes.

5.L’épissage de BCL-x

Le géne régulateur de 'apoptose BCL-x est 'un des nombreux génes régulés par un
épissage alternatif. Ce géne est constitué de trois exons, la traduction débute au début
de I'exon 2 et 'exon 3 contient le codon stop (figure 8). Depuis sa découverte en 1993,
il est connu que le géne BCL-x est régulé par un éveénement d’épissage alternatif au
niveau de I'exon 2 qui conduit a la synthése de deux protéines aux effets antagonistes
(Boise et al., 1993). La sélection du site 5’ canonique conduit a la synthése de la
protéine anti-apoptotique Bcl-xL qui contient I'exon 2 en entier et donc les quatre
domaines d’homologie BH. La protéine alternative pro-apoptotique Bcl-xS est produite
suite a la sélection du site 5’ alternatif. Cette protéine, plus courte de 63 acides aminés,
est codée par un ARNm dépourvu de la partie 3’ de I'exon 2, elle ne contient donc pas
les domaines BH1 et BH2. De sorte, Bcl-xS est capable de former des hétérodiméres
avec Bcl-xL ce qui a pour conséquence de libérer les protéines Bax et Bak séquestrées
par Bcl-xL et d’initier la PEMME. La sélection site 5’ d’épissage de BCL-x est donc un
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mécanisme essentiel dans la résistance a I'apoptose de la cellule puisque le ratio entre
Bcl-xS et Bcl-xL détermine la capacité d’'une cellule a entrer, ou non, en apoptose. En
outre, il a été montré que la surexpression de Bcl-xS entraine une augmentation de
I'apoptose des cellules cancéreuses. Dans certaines formes de diabéte du type 1, les
cellules 3 du pancréas présentent une apoptose excessive a la suite d’'un changement
dans I'épissage de BCL-x en faveur de Bcl-xS. Ainsi, pouvoir moduler I'épissage de
BCL-x représente une cible thérapeutique pertinente pour traiter différentes
pathologies, parmi lesquelles des cancers chimio-résistants ou encore certaines
formes de diabéte. C’est dans ce but que de nombreuses études ont cherché a
comprendre les facteurs capables d’influer sur la sélection du site d’épissage afin de
pouvoir mieux comprendre la régulation de ce géne qui est un régulateur majeur de
'apoptose. Aujourd’hui, de nombreux éléments régulateurs ont été montrés comme
capables d’influer sur le choix des sites d’épissage. Cela a permis l'identification de
facteurs d’épissage, mais également de voies de transduction qui sont impliquées
dans I'épissage de BCL-x (figure 9) (Dou et al., 2021).

ATG STOP
Exon 1 Exon 2 | Exon 3

BCL-x =

5'ss x(S) 5'ss x(L)

/ \

Bcl-x(S) pro-apoptotique Bcel-x(L) anti-apoptotique

Figure 8 : I'épissage (alternatif) du gene BCL-x.

Le géne BCL-x est constitué de trois exons. La traduction débute au début de I'exon 2. Deux sites &’
d’épissage sont localisés dans I'exon 2. Lorsque le site 5’ d’épissage canonique est sélectionné, la
protéine anti-apoptotique Bcl-x(L) est synthétisée. Lorsque le site 5 d’épissage alternatif est
sélectionné, TARNm mature est amputé de la partie 5’ de I'exon 2 et conduit a la synthése de la protéine
pro-apoptotique Bcl-x(S).
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a. Facteurs d’épissage influencant |I’épissage alternatif de BCL-x

L'épissage alternatif de BCL-x est régulé par des facteurs d’épissage nucléaires. Ces
facteurs peuvent augmenter ou diminuer l'utilisation de I'un ou l'autre des deux sites
d’épissage 5. L'expression de ces facteurs est variable et dépendante de
changements cellulaires qui peuvent conduire a des changements dans I'épissage de
BCL-x et donc dans le ratio Bcl-xS/Bcl-xL.

La plupart des protéines impliquées dans I'épissage de BCL-x sont des facteurs
d’épissage généraux. Les protéines hnRNPs A1, A2/B1, K, | (PTPB1) et F/H participent
a la sélection du site d’épissages 5 (Dominguez et al., 2010; Garneau et al., 2005a;
Revil et al., 2009). Le site de liaison de hnRNP | est localisé dans la région -cis
régulatrice B2G localisé aprés le site 5’ de Bcl-xS. Cet élément B2G sert également
de site de liaison pour la protéine hnRNP F/H qui une fois fixée sur cet élément, va
augmenter la synthése de Bcl-xS. Les protéines SR, SRSF1, SRSF2, SRSF3, SRSF7,
SRSF9 et SRSF10 sont également impliquées dans la sélection des sites d’épissages
5 (Bielli et al., 2014; Shkreta et al., 2016). Alors que SRSF1, SRSF7 et SRSF9
favorisent la sélection du site 5’ canonique, SRSF2, SRSF3 et SRSF10 favorisent elles

la sélection du site 5’ alternatif conduisant a la synthése de Bcl-xS.

SRSF9 est capable de se fixer a I'élément régulateur B3 localisé en amont du site 5’
d’épissage canonique. Cet élément sert généralement de point de liaison pour le
snRNP U1 qui va favoriser I'épissage de Bcl-xS. En se fixant a I'élément B3, SRSF9
est capable de déplacer U1 snRNP et in fine conduit a une augmentation de la
synthése de Bcl-xL (Michelle et al., 2012).

En plus des protéines hnRNPs et SR, d’autres facteurs d’épissage influent sur la
sélection des sites d’épissage de BCL-x, tel que RBM4, RBM10, RBM11, RBM25,
TRA2(3, SF3B1 (Inoue et al., 2014; Massiello et al., 2006; Pedrotti et al., 2012; Y. Wang
et al., 2014; A. Zhou et al., 2008). La protéine Sam68 s’associe a la protéine hnRNP
A1 pour se lier au pré-mRNA de BCL-x. La liaison de Sam68 au pré-ARNm conduit a
la sélection du site 5’ alternatif et a la synthése de Bcl-xS (Paronetto et al., 2007). Ces
facteurs d’épissage sont généralement en compétition pour des éléments de liaison
au pré-ARNm ou fonctionnent par association pour aboutir a la sélection d’'un des sites

d’épissages. Aussi, de nombreuses interactions ont été décrites entre les différents
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facteurs d’épissage. La liaison de hnRNP A1 a Sam68 est essentielle pour l'activité
d’épissage de Sam68, en absence de la protéine hnRNP A1 ou lorsqu’elle est mutée,
la synthése de Bcl-xS est significativement diminuée. SRSF10 fonctionne en
association avec les protéines hnRNP A1, A2 et Sam68 afin d’augmenter la synthése
de Bcl-xS en réponse a des dégat a 'ADN (Cloutier et al.,, 2018). RBM4 est en
compétition avec le méme site que SRSF1. Lorsque RBM4 utilise ce site, la synthése
de Bcl-xS est augmentée. hnRNP | augmente la synthése de Bcl-xS en se liant a un
site polypyrimidique localisé entre les deux sites 5’ss (Y. Wang et al., 2014). Suite a
cette liaison hnRNP | déplace SRSF1 de son site de liaison ce qui conduit a une
diminution de la sélection du site de Bcl-xL. En cellules saines, SRSF10 interagit avec
hnRNP K et F/H pour diminuer Bcl-xS. Cependant, suite a des dommages a I'ADN,
SRSF10 est déphosphorylée et perd sa capacité d’interagir avec hnRNP F/H. Ainsi,
hnRNP F/H est alors capable de se fixer dans la région B2G, un élément riche en G
localisé aprés le site d’épissage alternatif conduisant a la production de Bcl-xS, pour
augmenter sa synthése de en favorisant I'utilisation du site d’épissage 5’ alternatif
(Shkreta et al., 2016).

35



Exon 2

Figure 9 : régulation de I'épissage de BCL-x et facteurs connus influengant la sélection du site 5’
d’épissage.

Plusieurs facteurs d’épissages influencent la sélection des sites 5 d’épissage. Ces facteurs sont
représentés par des ronds rouges lorsqu’ils favorisent la sélection du site 5’ canonique d’épissage
conduisant a la forme longue Bcl-x(L), ou bleus lorsqu’ils favorisent la sélection de site 5 alternatif de
Bcl-x(S). Les voies de signalisation impliquées dans la sélection du site d’épissage sont représentées
avec des carrés avec le méme code couleur. En gris sont représentées les séquences cis régulatrices
du pré-ARNm de BCL-x. Enfin, deux G-quadruplex (rG4), le GQ-2 et le GQ-5, sont indiqués sur le
schéma. Le rG4 GQ-2 est localisé a proximité du site 5’ alternatif tandis que le rG4 GQ-5 est situé au
niveau du site 5’ d’épissage canonique de BCL-x.

b. Voie de signalisation influencant |’épissage alternatif de BCL-x

La liaison des protéines SR aux éléments régulateur de ’TARNm est régulée par la
phosphorylation par des protéines kinases telles que CLK1 et SRPK1. La
phosphorylation de SRSF1 par SRPK1 facilite le transport de SRSF1, sa localisation
dans les speckles et I'interaction avec les pré-ARNm pour réguler I'épissage des ARN
cibles (Serrano et al.,, 2016). Les voies de signalisation sont donc des facteurs
influencant I'épissage des génes. Une dérégulation récurrente des voies de
signalisation ainsi qu’'un épissage aberrant sont d’ailleurs retrouvés dans tous les

cancers.

La protéine kinase C (PKC) est une famille de sérine/thréonine kinases (des kinases
impliquées dans la phosphorylation des groupes hydroxyles des chaines latérales de
sérines et de thréonines de leurs protéines cibles. L'activité des PKC est associée avec

une diminution de l'utilisation du site 5’ alternatif de BCL-x, mais le mécanisme exact
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n'est pas encore connu aujourd’hui. Les PI3K sont une famille de lipide kinases
impliguées dans la croissance cellulaire, la prolifération et sont capables de
phosphoryler le groupe hydroxyle en position trois des phosphatidylinositols. Ces
kinases sont essentielles a I'épissage alternatif de BCL-x et sont associées avec une
augmentation de la protéine anti-apoptotique Bcl-xL dans les cancers NSCLC (Shultz
et al., 2012). La PKC atypique, PKC-n, régule quant a elle I'épissage de BCL-x en

modifiant 'expression de SF3B1, un des composants du spliceosome.

La tyrosine kinase Fyn appartient a la famille des Src kinases. Elle a un réle important
dans le fonctionnement neuronal ainsi que dans les processus inflammatoires. Fyn
peut phosphoryler le facteur d’épissage Sam68 afin de réguler I'épissage de BCL-x.
La protéine Sam68 a une localisation principalement nucléaire ou elle promeut
I'utilisation du site 5’ alternatif conduisant a la synthése de la protéine pro-apoptotique
Bcl-xS. Lorsque Sam68 est phosphorylée par Fyn, la protéine est relocalisée dans le
cytoplasme et perd sa capacité a réguler I'épissage de BCL-x. Cette phosphorylation
de Sam68 conduit a une augmentation de Bcl-xL en cellule. De plus, Fyn régule
'expression des hnRNP A2 et B. Fyn conduit a une surexpression de ces deux facteurs
qui vont favoriser la synthése de la protéine anti-apoptotique Bcl-xL (Paronetto et al.,
2007).

L'IL-6 est une cytokine pro-inflammatoire et une myokine anti-inflammatoire. Il a été
observé que le traitement de cellules K562 par I'lL-6 entraine une réduction de Bcl-xL.
Cependant, l'effet et les cibles de ces cytokines ne sont pas connus , aussi
I'identification des facteurs de d’épissage en aval reste a déterminer pour comprendre

I'effet des cytokines sur la sélection du site d’épissage (C. Y. Li et al., 2004).

Enfin, les céramides, des régulateurs importants de la réponse des cellules au stress
et aux mécanismes de croissance, sont impliquées dans I'épissage de BCL-x. Les
céramides sont capables de moduler I'activité des protéines SR en provoquant leur
déphosphorylation. Ainsi, I'activité des céramides est associée a une augmentation de
Bcl-xS ainsi qu’a une sensibilité accrue aux chimiothérapies. De plus, deux éléments
de réponse aux céramides, CRCE1 et CRCE2, ont été identifiés dans 'exon 2 de BCL-
x et sont nécessaires pour la sélection du site 5’ alternatif de BCL-x en réponse aux
céramides. SF3B1 est nécessaire pour la réponse aux céramides dans I'épissage de
BCL-x en se fixant au CRCE1 (Massiello et al., 2004, 2006).
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c. Structures secondaires influencant [|’épissage alternatif
de BCL-x

Les molécules d’ARN ont |la capacité de former des structures secondaires et tertiaires.
La formation de ces structures secondaires est un mécanisme essentiel de régulation
de nombreux processus des ARN tels que la transcription, I'épissage et la traduction.
Les structures secondaires qu’adoptent un pré-ARN messager influent sur la
perception des sites d’épissages et des exons de la machinerie d'épissage. Par
exemple, le saut de 'exon 7 du géne SMNZ2 est corrélé avec la stabilité d’'une structure
tige-boucle qui séquestre le site 5’ d’épissage (Singh et al., 2007). Ces structures
secondaires peuvent ainsi empécher la machinerie d’épissage d’accéder aux sites
d’épissage. Au contraire, certaines structures secondaires peuvent étre pergues par
des protéines et attirer le splicéosome. Au sein du pré-ARN messager de BCL-x
différentes structures secondaires ont été identifiées et influent sur I'épissage du géne.
Ainsi, dans la région régulatrice -cis E3b de I'exon 3 a été identifiée une structure tige-
boucle de 27 nucléotides. La présence de cette structure augmente I'utilisation du site
d’épissage 5’ alternatif. Des mutations visant a empécher la formation de la tige-boucle
conduisent a linverse a une augmentation de [l'utilisation du site d’épissage 5’
canonique et donc a une augmentation de Bcl-xL, validant ainsi I'importance de la

formation de cette structure dans I'épissage alternatif de BCL-x (J. Lee et al., 2012).

La région régulatrice -cis B2 est essentielle a la synthése de Bcl-xS. Lorsqu’elle est
manquante ou mutée, la synthése de Bcl-xS est totalement inhibé (Garneau et al.,
2005a). La présence de répétitions de guanine au niveau de lI'exon 2 et plus
particulierement au niveau de cette région B2 a abouti a des recherches sur la capacité
de 'ARN pré-messager de BCL-x a former des G-quadruplex d’ARN (rG4). Par une
technique de substitution des guanines en déazaguanines (FOLDER), deux rG4 ont
été identifiés dans TARNm de BCL-x au niveaux des deux sites 5’ d’épissages (figure
10) (Weldon et al., 2017).

Les G-quadruplex (G4) sont des structures secondaires non canoniques qui se
forment dans les acides nucléiques riches en guanines (partie détaillée dans la section
7 de l'introduction et dans la figure 11). Dans ces structures, quatre guanines sont liées
entre elles par des liaisons hydrogénes de type Hoogsteen, pour former un G-quartet,

'unité de base du G4 qui est stabilisé par un cation, généralement le potassium (K*).
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L’empilement d’au moins deux G-quartets permet la formation du G4. Ces structures
sont impliquées dans différents processus cellulaires dont la réplication, la

transcription, I'épissage et la traduction.

Dans I'épissage, les G4 sont des structures secondaires qui peuvent augmenter ou
diminuer l'utilisation de sites d’épissage. L’identification de rG4 au niveau des sites
d’épissages 5 de BCL-x pose la question de leur réle potentiel dans la régulation de
I'épissage alternatif de ce gene. En effet, la stabilisation de ces rG4 par des dérivés
d’éllipticines ou de quindolines affecte I'épissage de BCL-x (Weldon et al., 2018). De
plus, le rG4 localisé a proximité du site 5’ d’épissage alternatif, est localisé au niveau
du site -cis B2 ou se fixe hnRNP H/F. Il a été montré que la séquestration de motifs
GGG potentiellement capables de former des G4 par hnRNP H/F, empéche la
formation de rG4 (Dominguez et al., 2010). La liaison de hnRNP H/F est donc
mutuellement exclusive avec la formation de rG4. Le role potentiel de rG4 dans
I'épissage de BCL-x pourrait donc étre modulé par des protéines telles que hnRNP
H/F. Cependant, au moment ou cette thése a démarré, il n’était pas encore connu par

quels moyens ces rG4 pouvaient influencer la sélection des sites d’épissages 5'.
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Figure 10 : modéle des structures secondaires présentes dans 'TARNm du minigéne Bcl-x-681 d’aprés
Weldon et al 2017.

Modele généré par Mfold avec les contraintes générées par une expérience de footprinting. Les
différents sites d’épissages sont indiqués en vert. Les différentes tiges-boucles sont désignés de | a XI.
Les séquences des G-quadruplex potentiels prédit par QGRS Mapper sont indiqués de Q1 a Q6 en
bleu. Les domaines structurellement indépendants sont entourés et comprend les domaines XS, XL,
Intron et 3’SS.

6. Le facteur d’épissage RBM25 :
a. Structure de RBM25

RBM25 est une protéine appartenant a la famille des protéines RBP (RNA Binding
Protein) et a la sous-famille des protéines RBM (RNA Binding Motif). Les protéines
RBM sont des protéines intracellulaires essentielles, impliquées dans de nombreux
processus importants pour les ARN tels que I'épissage, le transport, la localisation et
la traduction. Cette sous-famille comprend généralement au moins un motif RRM (RNA
Recognition Motif) nécessaire pour l'interaction avec les ARN. A ce jour, plus de 50
RBM protéines ont été identifiées.
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RBM25, anciennement RED120 chez 'Homme ou Snu71 chez la levure, est une
protéine trés conservée au cours de I'évolution et est ainsi retrouvée dans de
nombreux modéles biologiques tels que les plantes, les levures et les mammiféres
(Ester & Uetz, 2008; Fortes et al., 2007; X. Li, 2017).

RBM25 a été pour la premiére fois identifiée en 2003 par la présence de son domaine
PWI du cété C-terminal, semblable a celui de la protéine SRm160 (Szymczyna et al.,
2003). Ce domaine particulier avait été identifi€ comme un domaine nécessaire pour
l'interaction avec les acides nucléiques et pour le traitement des ARN. Suite a
l'identification de ce domaine, RBM25 est classée comme protéine capable de réguler
le devenir des ARN. En plus de ce domaine PWI, RBM25 contient un domaine RRM,
un domaine riche en arginine et acide glutamique (RE) central, et un domaine riche en

proline du c6té N-terminal (figure 11).

La localisation de RBM25 est principalement nucléaire avec une localisation
subcellulaire au niveau des speckles qui est régulée par son domaine RE (A. Zhou et
al., 2008). Les speckles, sont des compartiments sans membrane du noyau. lls sont
riches en composants du splicéosome et en facteurs d’épissage. Ces zones du noyau
servent de zones de stockage ou d’assemblage pour fournir aux sites actifs de
transcription les facteurs d’épissage nécessaires a la formation du splicéosome. Ainsi,
les protéines localisées dans les speckles sont généralement associées avec une
fonction dans la régulation de I'épissage. De par sa localisation dans les speckles et
les domaines la constituant, RBM25 a rapidement été assimilée a une protéine de

I'épissage alors que sa fonction exacte n’est toujours pas clairement définie.
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Figure 11 : organisation fonctionnelle de la protéine RBM25

Le facteur d’épissage RBM25 est constitué d’'un domaine riche en proline (P-rich) situé a I'extrémité N-
terminale avec un domaine de reconnaissance des ARN (RRM) immédiatement adjacent. Le domaine
PWI (proline-tryptophan-isoleucine-rich) est localisé a I'extrémité C-terminale et est également un
domaine de reconnaissance des acides nucléiques. Un domaine riche en arginine et acide glutamique
(RE-rich) est retrouvé au centre de RBM25. La lysine en position 77 est essentielle pour l'interaction
avec le facteur d’épissage SRSF2. Lorsque cette lysine est méthylée, RBM25 perd sa capacité a
interagir avec SRSF2.

b. Fonctions de RBM25 :

RBM25 est principalement impliquée dans le processus d’épissage. De maniere
générale, il semble que RBM25 soit un facteur d’épissage permettant I'inclusion d’exon
alternatif (Carlson et al., 2017). De facon plus précise, le mécanisme de régulation de

I'épissage par RBM25 a été décrit pour différents génes.

Il a ainsi été montré que RBM25 régule I'épissage alternatif de BCL-x en favorisant la
sélection du site 5’ faible de BCL-x conduisant a la forme alternative pro-apoptotique
Bcl-xS. La liaison de RBM25 a proximité du site 5’ faible d’épissage activerait ce site
d’épissage par interaction avec la protéine Luc7A. Cette protéine a été montrée
comme capable de se lier directement avec la sous-unité U1 snRNP, qui est
nécessaire pour la reconnaissance du site d’épissage a la fois en levure et en cellule
humaine. |l semblerait que RBM25 puisse s’associer avec Luc7A par le biais de son
domaine RE qui, semblable aux domaines RS, permet les interactions protéine-
protéines. De plus, la partie C-terminale de Luc7A est constituée de répétitions RE et
RS permettant I'interaction avec RBM25 de maniere ARN-dépendante. L'interaction de
RBM25 avec le site d’épissage alternatif 5’ de BCL-x est essentielle a la synthése de
Bcl-xS ainsi, la surexpression de RBM25 est associée a une augmentation de la forme
pro-apoptotique Bcl-xS, tandis que la sous-expression est associée avec une
augmentation de la forme anti-apoptotique Bcl-xL (A. Zhou et al., 2008). Par cette

implication dans la régulation de Bcl-xS, RBM25 est considéré comme un géne
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suppresseur de tumeurs. La protéine RBM25 est également impliquée dans I'épissage
de BIN1. BIN1 est un géne suppresseur de tumeur produisant deux isoformes.
L'isoforme canonique Bin1 est une protéine cytoplasmique capable d’interagir avec
une région conservée de c-Myc, un oncogéne et facteur important pour la prolifération
cellulaire afin d’'inhiber son activité. La seconde isoforme est produite suite a 'inclusion
de I'exon 12 et conduit a I'ajout d’'un domaine a la protéine qui bloque la capacité
d’interagir avec c-Myc. En absence d’expression de RBM25, I'expression du variant
avec I'exon 12 inclus est fortement augmentée. RBM25 est donc capable de réguler
'exclusion de I'exon 12 dans le prée-ARNm de BIN1 et donc d’inhiber la synthése des
dominants négatif de BIN1 (Ge et al., 2019). La régulation de MYC par RBM25 est
donc une des fonctions principales de RBM25 et permet de maintenir indirectement
I'activité de MYC dans les cellules normales. L’effet suppresseur de tumeur de RBM25
est amplifié par le réle de RBM25 dans I'épissage alternatif de BCL-x. Ceci conduit a
un meécanisme de sécurité pour maintenir la cellule dans un état normal. Ainsi, cette
fonction double de RBM25 permet I'élimination des cellules malignes. RBM25 est
également impliquée dans I'épissage du géne du canal cardiaque au sodium en se
liant au pré-ARNm de ce dernier, et permet la sélection du site cryptique d’épissage

conduisant a une version non fonctionnelle de la protéine (Noyes et al., 2017).

RBM25 peut étre soumise a des modifications post-traductionnel qui vont impacter sa
capacité a interagir avec d’autres protéines. La méthylation au niveau de la lysine 77
de RBM25 semble étre essentielle pour l'interaction avec d’autres facteurs. Cette
mono-méthylation de la lysine située dans la région riche en proline de RBM25 permet
l'interaction avec le domaine RS de SRSF2. Lorsque cette lysine est méthylée, RBM25
perd la capacité d’interagir avec SRSF2. Cette modification permet ainsi une régulation
du réle de RBM25 dans I'épissage en modulant son interaction avec SRSF2, une
protéine cruciale dans la définition d’exon (Carlson et al., 2017).

c. Les pathologies associées a RBM25

Des déréglements dans I'épissage sont associés avec une susceptibilité aux cancers,
aux maladies cardiaques, a des maladies neurodégénératives ainsi qu’a des maladies

auto-immunes. Aussi, par son role essentiel dans le contrble de I'épissage et de
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'apoptose, RBM25 est un géne dont la dérégulation est associée au développement
de cancers ainsi qu’a un mauvais prognostique pour ces derniers. RBM25 est sous-
exprimée dans le carcinome hépatocellulaire, le cancer de la prostate et le cancer
colorectal (Guo et al.,, 2021). Dans les cellules tumorales des leucémies aigus
myéloides (LAM), la sous-expression de RBM25 est associée a une augmentation de
la prolifération des cellules. Inversement, maintenir RBM25 a un niveau physiologique

pourrait prévenir le développement de leucémies (Bramlett, 2023).

Le géne RBM25 est une des cibles du facteur de transcription p53 qui favorise
'expression de RBM?25. Ce facteur de transcription est retrouvé muté ou manquant
dans 50 % des cancers, aussi, 'absence de ce facteur important entraine une
diminution de I'expression de RBM25. Cette diminution de I'expression de RBM25 est
associée a une évolution vers des métastases dans les cancers de la prostate et les
cancers colorectaux. De plus, dans ces cancers, la diminution de RBM25 est associée
avec un épissage aberrant du géne AMOTLT1. En 'absence d’épissage par RBM25,
AMOTLT1 produit une version circulaire de son ARN, circAMOTLT1, qui est reconnue
par les miRNA-193a-5p entrainant la transition épithélio-mésenchimateuse (EMT) et
la progression métastatique dans le cas du cancer de la prostate. LEMT est un
meécanisme qui permet la transition de cellules épithéliales vers des cellules avec un
phénotype mésenchymateux défini par des marqueurs spécifiques tels que I'E-
cadhérine et la vimentine. Ce mécanisme est essentiel pendant le développement
embryonnaire et pendant la régénération des tissus a 'age adulte. LEMT peut étre
réactivé dans certains cancers ou il participe a la croissance des tumeurs, leur invasion

et I'activité des métastases.

De fagon surprenante, RBM25 peut également étre retrouvée surexprimée dans
certains cancers tels que le carcinome hépatocellulaire (Yang et al., 2019). Bien que
le mécanisme d’action ne soit pas encore compris, il semble que RBM25 interagisse
de facon excessive avec les genes CDCAS5 et INCENP qui sont impliqués dans le

controle de la division cellulaire.

Enfin, dans le cas d’ischémies cérébrales, la transcription de RBM25 est augmentée
par la liaison d’EGR1 au promoteur de RBM25. Cette surexpression de RBM25 dans
la cellule neuronale conduit a une augmentation du volume de l'ischémie ainsi qu’a
une augmentation de l'apoptose des cellules. Ce mécanisme est renforcé par la
surexpression et l'interaction du INcRNA NEAT1 avec EGR1. Lorsque NEAT1 se lie a
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EGR1, ce IncRNA empéche ['ubiquitinylation et donc la dégradation de EGR1.
L’accumulation de EGR1 facilite alors la transcription, 'expression de RBM25 et, in

fine, 'apoptose des cellules (Cao et al., 2022).

7. Les G-quadruplex

a. Définition

Dans les années 1960, des chercheurs ont montré que les guanines pouvaient
s’assembler entre elles afin de former des structures secondaires particuliéres, les G-
quadruplex (G4) (Gellert et al., 1962). Il fallut attendre les années 1990 pour que le
premier G4 d’ADN (dG4) soit identifié dans la séquence des télomeéres (F. M. Chen,
1992; Y. Wang & Patel, 1993). Depuis, les G4 font I'objet de nombreuses études et ces
structures particuliéres sont maintenant reconnues comme étant impliquées dans la
régulation de nombreux processus cellulaires. Les G4 sont qualifiés de structures
secondaires non canoniques. En effet, les G4 impliquent des liaisons hydrogéne de
type Hoogsteen a la différence des interactions canoniques de type Waston-Crick qui
impliquent des liaisons hydrogénes éponymes. Les liaisons de types Hoogsteen sont
caractérisées par l'utilisation des N7 et C6 pour la formation des liaisons hydrogénes
entre guanines. Ce type de liaison permet la formation de duplex, et plus fréquemment
de triplex et de quadruplex. La formation de quadruplex est unique a I'association de
guanines entre elles ce qui a donné le nom de G-quadruplex (figure 12). Les G4 sont
composeés de 'empilement de G-quartets, l'unité de base de G4. Ces G-quartets sont
des structures planes assemblées par la liaison de quatre résidus de guanine entres
elles. Dans les G-quartets, chaque guanine sert a la fois de donneur et d’accepteur de
deux liaisons hydrogéne de type Hoogsteen. Les G-quartets sont ensuite stabilisés
par des cations monovalents tels que le sodium (Na*) ou le potassium (K*), ce dernier
étant le cation le plus efficace pour stabiliser les G-quartet et les G4 (Hardin et al.,
1992). De fagon intéressante, le potassium est également l'ion métallique le plus
présent dans les cellules de mammiféres dans lesquelles sa concentration est de
I'ordre de 100 mM (soit la concentration optimale pour stabiliser les G4), ce qui permet

la formation des G4 dans les conditions physiologiques.
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Les G4 sont des structures polymorphiques qui peuvent adopter de nombreuses
conformations. Les liaisons entre les guanines peuvent étre intra- ou intermoléculaires.
Les G4 intramoléculaires nécessitent la présence de quatre guanines sur la méme
molécule d’acide nucléique tandis que les G4 intermoléculaires peuvent impliquer
entre deux et quatre molécules différentes d’acides nucléiques. Tandis que les G4
intramoléculaires (par exemple dans les ARN) adoptent uniquement une conformation
paralléle, dans laquelle les quatre molécules d’acides nucléiques sont orientées dans
la méme direction, les G4 intermoléculaires peuvent étre paralleles ou antiparalléles.
La diversité des G4 est accrue par la possibilité de former des boucles qui peuvent
étre de taille et de séquence extrémement variables. Ces boucles sont constituées
d’acides nucléiques qui séparent les répétitions de G nécessaires a la formation des

G-quartet. Ces boucles influent sur la structure et la stabilité des G4.
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Figure 12 : structure des G-quadruplex, adapté de Vashney et al 2020.

Les liaisons Hoogsteen impliquent les positions C6 et N7 de la purine tandis que les liaisons Waston-
Crick impliquent les positions N1 et C2 et C6. L'association de quatre guanines entre-elles par des
liaisons de type Hoogsteen forme un G-quartet, 'unité de base du G-quadruplex. Le G-quartet est
stabilisé par un cation, généralement le potassium (K*). L'empilement d’au moins deux G-quartet permet
la formation d’'un G-quadruplex (G4), une structure secondaire capable de se former dans les acides
nucléiques riches en guanine. En fonctions du nombre de molécules d’acide nucléique impliqués dans
la formation du G4, les G4 peuvent étre intra- ou inter-moléculaire. Enfin, en fonction de I'orientation
des molécules d’acides nucléiques, les G4 peuvent étre paralléles ou anti-paralléles.
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b. Outils pour identifier et caractériser les G-quadruplex

Durant ces derniéres décennies, la recherche sur les G4 en biologie s’est grandement
développée, aboutissant a l'identification du role régulateur de nombreux G4 dans
différents processus biologiques. En paralléle, différents outils ont été développés pour
identifier et caractériser ces structures. Une des premieres approches pour
l'identification de G4 est généralement l'utilisation de logiciels prédictifs, tels que
QGRS Mapper et G4 Hunter (Brazda et al., 2019; Frees et al., 2014). Ces logiciels
sont capables de prédire la propension de la séquence analysée a former un G4.
Cependant, ces logiciels ne sont pas capables d’'identifier tous les G4. De plus, les G4
identifiés ne sont que potentiels. C’est pourquoi cette méthode doit étre associée avec
d’autres approches pour confirmer la formation d’'un G4. Pour cela, de nombreuses
techniques biophysiques peuvent étre utilisées telles que le dichroisme circulaire, la
spectroscopie RMN ou encore des expériences d’UV melting (Luo et al., 2022; Mergny
& Lacroix, 2009; Strahan et al., 1998). Ces techniques permettent, a partir de courts
oligonucléotides, de déterminer si une séquence peut former un G4. Cette approche
biophysique permet d’avoir une forte indication quant a la capacité d’'une séquence
d’ADN ou d’ARN a former un G4. Cependant, ces techniques sont limitées a une
approche in vitro et ne permettent donc pas d’affirmer la formation d’'un G4 dans un

contexte physiologique.

Les ligands de G4, des petites molécules présentant une forte affinité pour les G4,
représentent des outils précieux pour I'étude des G4 et peuvent étre utilisés dans des
tests in vitro et in vivo. Ces molécules peuvent stabiliser, ou déstabiliser, des G4 et,
dans des tests in vivo, permettent ainsi de réaliser des études fonctionnelles. Ces
ligands de G4 sont notamment utilisés dans des études sur le rdle régulateur potentiel
des G4 dans les promoteurs. Stabiliser ces G4 avec des ligands accentue la capacité
inhibitrice de la transcription des G4 confirmant le réle du G4 comme inhibiteur de la
transcription (Dickerhoff et al., 2021). Cependant, ces ligands possédent généralement
un spectre large et sont donc capables de stabiliser de nombreux G4. Les effets
observés peuvent donc étre le résultat de off-target. De plus, ces ligands peuvent aussi
stabiliser la formation de G4 qui ne se formeraient pas dans des conditions
physiologiques. Enfin, certains seraient capables de déstabiliser les G4 (Mitteaux J...
Granzhan A et al JACS 2021 -référence 72 de ton papier NAR).
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Le développement d’anticorps présentant de [laffinité pour les G4 a permis
'observation de G4 dans des cellules (Biffi et al., 2013). Cet outil peut étre combiné
avec d’autres techniques telles que des tests de retards sur gel, des ELISA ou des
tests de Proximity Ligation Assay (PLA) afin d’étudier des G4. Plus récemment, la
technique de Footprinting Of Long 7-Deazaguanine-substituted RNAs (FOLDeR) a été
développée afin d’identifier la formation de G4 dans des longues séquences d’ARN
(Weldon et al., 2017). En remplagant les guanines par des 7-déazaguanine, il est
possible bloquer la formation des G4 sans empécher la formation d’autres structures
secondaires, ainsi en comparant deux oligonucléotides, un modifié et I'autre non, il est
possible de déterminer de la capacité d’'une séquence a former, ou non, des G4 dans

des conditions physiologiques.

c. Les G-quadruplex d’ADN (dG4)

En 1987, un premier dG4 est identifié in vitro dans la séquence ADN des téloméres
(Henderson et al., 1987). Les télomeres sont des complexes ADN-protéines localisés
a 'extrémité des chromosomes eucaryotes. lls sont caractérisés par des répétitions
en tandem de séquences riches en guanines, généralement GGGTTA. Les téloméres
sont des éléments essentiels aux chromosomes eucaryotes en les protégeant des
mécanismes de réparation aberrants et en prévenant la fusion des chromosomes,
ainsi que leur dégradation. A chaque cycle de réplication de 'ADN, environ 50 a 200
pb d’ADN télomérique sont perdues (Makarov et al., 1997). De la sorte, les télomeéres
raccourcissent avec I'age (le nombre division) des cellules jusqu’a devenir trop courts,
ce qui entraine la sénescence (le vieillissement) cellulaire. Les télomeéres sont
synthétisés par la télomérase, un complexe ribonucléoprotéique avec une activité de
rétro-transcription capable d’étendre le télomere. L'activité de cette télomérase est
surexprimée dans les cancers ou son activité ainsi augmentée permet la maintenance
des télomeéres et une division ininterrompue des cellules (N. W. Kim et al., 1994). La
richesse en guanines des séquences télomérique est propice a la formation de dG4.
Lorsque des dG4 se forment dans les séquences télomériques, leur structure est
capable de bloquer la liaison de la télomérase. Ainsi, la stabilisation des G4 dans les
téloméres est associée a une diminution de la taille des téloméres et donc a la

senescence des cellules. Pour cette raison, des stratégies anticancéreuses visant a
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stabiliser les G4 sont désormais en développement (Kosiol et al., 2021; Nakanishi &
Seimiya, 2020; Oganesian & Bryan, 2007). Elles visent a stabiliser les G4 des
téloméres, mais également les G4 présents dans les promoteurs d’oncogénes de
facon a interférer avec leur expression. En effet, plus de 40% des promoteurs de génes
humains contiendraient au moins un motif capable de former des G4 (Huppert &
Balasubramanian, 2007; Varshney et al., 2020). Les G4 présents dans les promoteurs
peuvent étre associés avec diminution ou une augmentation de la transcription. Dans
le cas de l'oncogéne c-MYC, la transcription est régulée par un élément NHE Il
(Nuclease Hypersensitivity Element) localisé dans le promoteur P1 qui est responsable
de 80% de la transcription du géne (Gonzalez & Hurley, 2010). L'élément NHE Il sert
de point de reconnaissance pour les facteurs de transcription SP1, CNBP et hnRNP K
afin d’activer la transcription de c-MYC. Cet élément contient une région riche en G
capable de former un G4 qui régule négativement la transcription. En se formant, le
G4 bloque la liaison de ces facteurs et entraine ainsi une diminution de la transcription
de c-MYC (Mathad et al., 2011). Al'inverse, empécher la formation du G4, par exemple
par des mutations substituant les guanines en adénines, conduit a une trés forte
augmentation de l'activité du promoteur de c-MYC. Ce mécanisme d’inhibition de la
transcription par les G4 est retrouvé dans d’autres génes liés aux cancers tels que
BCL2, VEGF, KIT, KRAS et RET. Enfin, dans d’autres cas, les G4 peuvent, au
contraire, augmenter la transcription des génes en servant de plateforme de
reconnaissance pour des facteurs de transcription. Ainsi, la déstabilisation du G4 dans
le promoteur du géne suppresseur de tumeur BAP1 par mutagénése dirigée entraine-
t-elle une diminution de sa transcription. Ce G4 régule donc de maniére positive

'expression de ce gene (Y. Li et al., 2018).

d. Les G-quadruplex d’ARN (rG4)

Les G4 d’ARN (rG4), bien que structurellement similaires aux G4 d’ADN (dG4),
présentent des différences notables par rapport a ceux-ci et sont généralement plus
stables que les dG4 (Joachimi et al., 2009). A la différence de 'ADN, 'ARN est simple
brin, aussi 'ARN adopte de nombreuses structures secondaires telles que des
épingles a cheveux (hairpins), des tiges-boucles (stem-loops), des bulges et des

pseudonoeuds (pseudoknots). Dans les ARN, le groupe 2’ hydroxyle du sucre ribose
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a plusieurs effets sur la stabilité du G4. Ce groupement, permet plus d’interactions
dans les rG4 ce qui conduit a une augmentation de la stabilité des rG4. En effet, il a
été montré que les rG4 ont une plus grande stabilité thermodynamique et thermique
que leur version dG4. De plus, le groupement 2’-OH supplémentaire dans I'anneau
ribose organise les liaisons hydrogénes et ainsi favorise une topologie paralléle stable
dans les rG4 (Collie et al., 2010; Fay et al., 2017). Intrinséquement, les rG4 présentent
une spécificité des cations stabilisateurs différente de celle des dG4. Ainsi, des études
sur les rG4 TERRA et NRAS ainsi que leur version dG4 ont montrées que si les deux
versions de G4 sont stabilisées par le potassium (K*), seuls les dG4 sont stabilisés par
le sodium (Na*) (Guiset Miserachs et al., 2016). Les rG4 représentent des structures
secondaires importantes dans la biologie des ARN et ont été impliquées dans
certaines maladies. Ainsi, les rG4 sont impliqués dans I'épissage, I'export, la

localisation et la traduction des ARN.

Suite a la transcription, 'ARN nouvellement synthétisé peut s’apparier avec 'ADN
complémentaire pour former des hybrides ARN:ADN. Ces structures sont connues
sous le nom de R-loops, et si deux molécules d’acides nucléiques contiennent des
guanines, elles peuvent aussi former des G4 intermoléculaires a base d’ARN et d’ADN
(Miglietta et al., 2020). Ces G4 hybrides inhibent la transcription et représentent des
éléments -cis régulateurs intégrés aux génes qui sont activés de maniére co-
transcriptionnelle. De plus, ces G4 sont impliqués dans l'inhibition de la terminaison

de la transcription et bloquent par encombrement stérique 'ARN polymérase II.

D’aprés une étude a grande échelle du génome, plusieurs centaines de milliers de G4
potentiels pourraient se former dans le génome humain (Tu et al., 2021). Les G4
localisés dans le pré-ARNm peuvent impacter I'épissage en modifiant les liaisons des
RBP aux sites d’épissages. Plusieurs mécanismes de régulation ont ainsi été
observés. Les rG4 peuvent soit bloquer de maniére stérique les éléments régulateurs,
soit interférer avec le recrutement de certaines protéines et ainsi inhiber I'épissage. A
linverse, les rG4 peuvent aussi recruter des protéines régulatrices de I'épissage et
favoriser le recrutement de la machinerie d’épissage. Des rG4 présents dans les pré-
ARNmM des génes TP53, BCL-2, BCL-x, FMRP1, NRAS, ont été montrés comme étant
impliqués dans I'épissage de ces génes (Didiot et al., 2008; Dumas et al., 2021; Marcel
et al., 2011; Varshney et al., 2020; Weldon et al., 2018). Cependant, peu d’'études font
état du mécanisme exact par lequel ces rG4 régulent I'épissage de ces génes.
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L'épissage alternatif du géne CD44 est régulé par un rG4 au niveau de I'un de ses
introns. Le géne CD44 est régulé par un événement d’épissage alternatif qui aboutit
a deux isoformes. La protéine canonique CD44v, est une molécule de surface
exprimée dans les cellules épithéliales. La forme alternative, CD44s conduit a un
changement de phénotype des cellules de l'état épithélial a un vers un état
mésenchymateux (transition épithélio-mésenchymateuse ou EMT en anglais). CD44
est régulée pendant 'TEMT, un programme de développement qui est anormalement
activé pendant la métastase des tumeurs. L'épissage de CD44 est régulé par un
élément cis-régulateur I-8 capable de former un rG4 qui stimule I'épissage alternatif
(Huang et al., 2017). Les auteurs de cette étude ont montré que le facteur d’épissage
hnRNP F est capable de potentialiser I'épissage alternatif de CD44. Sa surexpression
est associée a la synthése de CD44v et une inhibition de 'EMT. Aussi les auteurs de
cette étude proposent-ils que hnRNP F viendrait stabiliser le rG4 situé dans I'intron de
CD44 afin de favoriser I'épissage alternatif de ce gene. Cependant, cette hypothése
est en désaccord avec autre modele de régulation des rG4, le mécanisme de liaison-
dépliement-blocage (bind-unfold-lock) proposé par le groupe de Stéfania Millevoi
(Dumas et al., 2021; Herviou et al., 2020). Dans ce modéle, les rG4 peuvent étre
reconnus par des hélicases d’ARN telles que DHX36, qui vont dérouler le rG4. Une
fois le brin d’ARN linéarisé, la protéine de liaison hnRNP F vient se fixer au niveau de
la séquence capable de former le G4 afin de la maintenir dans sa conformation non
structurée. Dans ce mécanisme, les hélicases apparaissent comme des régulateurs
importants de rG4 et ce mécanisme a été observé dans la traduction de certains ARN
(Lyu et al., 2021; Millevoi et al., 2012).

L'intérét de la communauté des scientifiques pour les rG4 est en pleine essor,
cependant, les mécanismes de régulation précis par lesquels ces structures
secondaires non-canoniques des ARN exercent leur role régulateur sont encore mal
compris. Aussi, des études plus approfondies sur I'implication des rG4 dans I'épissage
sont-elles tout a fait pertinentes, notamment pour pouvoir cibler ces rG4 a des fins

thérapeutiques.
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e. Les protéines de liaisons aux G-quadruplex (G4BP)

Les G4 sont impliqués dans de nombreux processus physiologiques tels que la
régulation de la transcription, de I'épissage et de la traduction. Pour réguler ces
processus, les G4 sont souvent associés a des G4BP, des protéines présentant de
I'affinité pour eux. En interagissant avec les G4, ces protéines peuvent moduler la
stabilité et la conformation des G4. Ces protéines peuvent également reconnaitre les
G4 et s’en servir comme plateforme de recrutement pour d’autres protéines
régulatrices. Ainsi, les G4BP peuvent étre catégorisés en trois groupes, les protéines
stabilisatrices des G4, les protéines déstabilisatrices des G4, et enfin les protéines de
liaisons aux G4 (Shu et al., 2022).

Dans les téloméres, les dG4 qui se forment bloquent par encombrement stérique la
télomérase. Les protéines hnRNP A1 et UP1 ont été identifiées comme capables
d’interagir avec ces dG4 qui se forment dans les téloméres (Ghosh & Singh, 2018).
Ces protéines, une fois liées au G4, vont déplier ces structures, ce qui permet a la
télomérase de reprendre son activité et ainsi d’allonger les téloméres. Des études in
vitro ont montré que la protéine UP1 présente une trés forte affinité pour des
séquences linéaires et qu’elle peut linéariser les séquences capables de former des
dG4. Cependant, le mécanisme précis par lequel UP1 régule la stabilité des dG4 n’est
pas encore connu. Les protéines hnRNP sont en général associées a une capacité de
déstabilisation des G4. Ainsi, certaines hnRNP, sont-elles capables de déplier les dG4
qui se forment dans le promoteur des oncogénes KRAS et TRA2(3 (Paramasivam et
al., 2009). Les dG4 localisés dans le promoteur de ces génes agissent comme des
inhibiteurs de la transcription. L'expression des protéines hnRNP est associée a un
dépliement des G4 des promoteurs ainsi qu’a une reprise de la transcription de ces

genes.

Les hélicases de la famille des DEAD box sont des régulateurs importants des G4.
Ces protéines trés conservées sont impliquées dans de nombreux processus
métaboliques tels que I'épissage. Les hélicases sont capables de dérouler aussi bien
les G4 d’ADN que d’ARN (Mendoza et al., 2016). Elles sont notamment essentielles
pour maintenir I'intégrité du génome en agissant comme des protéines capables de
résoudre des structures secondaires telles que les R-loops et les G4. L’hélicase DDX5

est un régulateur transcriptionnel de ¢c-MYC dont une des fonctions est de déplier la
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séquence capable de former un dG4 dans le promoteur de c-MYC (Wu et al., 2019).
De fagon intéressante, ce mécanisme est conservé chez la levure, ou I'orthologue
Dbp2 est également capable de déplier aussi bien les G4 d’ADN que d’ARN (Yan et
al., 2021). Différents motifs de liaisons aux G4 ont été identifiés dans les G4BP. Un
des motifs de liaison aux G4 les mieux décrits aujourd’hui est le motif RGG qui est
compose de répétitions du tri-peptide arginine-glycine-glycine. Les arginines sont des
acides aminés chargé positivement connus pour établir des interactions
électrostatiques fortes avec le squelette phosphodiester des acides nucléiques ainsi
que de faciliter les liaisons hydrogénes. Le motif RGG conduit a des régions
intrinséquement désordonnées qui sont impliqués dans des interactions avec des

acides nucléiques et également d’autres protéines.

Le domaine RGG est un des domaines les plus conservés au cours de I'évolution et il
est retrouvé dans des protéines responsables de la maintenance des télomeres, de la
transcription ou encore de la traduction de régions d’ARNm contenant des rG4. Outre
les hélicases qui possédent un domaine RGG, la NCL fut la premiére protéine avec un
motif RGG identifiee (Thandapani et al., 2013). Cette protéine est localisée
essentiellement dans le nucléole ou elle est impliquée dans la maturation des ARN
ribosomiques (ARNr) et la synthése du ribosome. Elle est également impliquée dans
la transcription et I'apoptose. La NCL est une G4BP qui interagit avec le dG4 qui se
forme dans le promoteur du géne c-MYC. La NCL agit comme une protéine
stabilisatrice de ce dG4, ce qui entraine une diminution de la transcription de ¢c-MYC
(Gonzalez et al., 2009). La NCL est aussi capable d’interagir avec les G4 localisés
dans les promoteurs de BCL2, hTERT, VEGF, RET, PDFGF-1 et de c-kit afin de réguler
leur expression. Malgré de nombreuses études faisant état de l'interaction entre des
G4 et des G4BP, le rble fonctionnel exact de ces interactions G4/protéines, ainsi que
leur effet sur les rG4 eux-mémes, restent le plus souvent relativement flous, voire

indéterminés.

f. Les ligands de G4 comme pistes thérapeutiques potentielles

Avec l'identification de G4 dans les téloméres et dans les promoteurs d’oncogénes,

les G4 sont rapidement apparus comme des cibles thérapeutiques potentielles pour le
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traitement de certains cancers. Ainsi, l'utilisation de ligands de G4 capables de
stabiliser ou déstabiliser ces structures représente aujourd’hui un espoir pour traiter
les cancers. Plus de 900 ligands de G4 avec des structures variées ont aujourd’hui été
développés, tels que les ligands de la famille des porphyrines (TMPyP4), des dérivés
de phénanthroline (PhenDC3) ou encore des dérivés de pyridostatine (PDS). Ces
petites molécules présentent une spécificité pour les G4, et parfois pour I'un ou l'autre
type de conformation du G4. De la sorte, selon que le G4 adopte une structure paralléle
ou antiparallele, la liaison du ligand de G4 peut étre différente. L'effet stabilisateur des
ligands de G4 dépend aussi du mode de liaison du ligand au G4, certains ligands de
G4 établissent des interactions 1 sur les quartets terminaux du G4, d’autres avec les
boucles, d’autres encore avec les sillons du G4, ou bien encore utilisent une
combinaison de ces différents modes. Les G4 étant des structures trés dynamiques,
pouvoir stabiliser ces structures secondaires dans leur conformation permet
d’accentuer leurs effets. Cette propriété des ligands de G4 a permis de développer
plusieurs stratégies anticancéreuses basées sur la stabilisation de G4 localisés dans
les télomeres, dans les promoteurs d’'oncogénes ou pour encore pour induire une

instabilité génomique.

Les ligands de G4 ont été envisagés dans le traitement de certains cancers,
notamment du pancréas. Le traitement de cellules par des ligands de G4 réduit la
viabilité des cellules cancéreuses et inhibe la croissance de ces cellules. Le ligand
TMPyP4 induit la mort de cellules cancéreuses du pancréas MIA Pa-Ca-2 mais n’a pas
d’effet sur les cellules normales. De plus, le ligand MM41 réduit de maniere
significative la croissance des tumeurs dans des xénogreffes de MIA Pa-Ca-2
(Ohnmacht et al., 2015). Ces ligands agiraient sur la stabilité des G4 présent dans les
promoteurs des genes KRAS et BCL-2 (Pattanayak et al., 2018). De plus, le traitement
de ces cellules par des ligands de G4 est associé a une augmentation de I'expression
des protéines pro-apoptotiques Bax et p53 ainsi qu’a une augmentation de I'apoptose.
Bien que I'utilisation des ligands de G4 semble prometteuse, ces molécules présentent
des limites. En effet, les molécules utilisées présentent généralement une capacité de
stabilisation de nombreux G4, tant d’ADN que d’ARN ce qui pose question quant a leur
spécificité d’action. En conséquence, il est difficile d’identifier la cause exacte des
effets observés par les ligands de G4. Ainsi, bien que l'effet des ligands de G4

semblent étre prometteuse dans des thérapies anticancéreuses, leur mécanisme
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d’action n’est pas encore bien compris et les effets peuvent généralement étre
attribués a la stabilisation des G4 dans les téloméres, de ceux des promoteurs
d’oncogénes ou encore a une induction de l'instabilité génomique. Ainsi, développer
des molécules capables de lier un G4 spécifique permettrait de développer des
thérapies plus précises et contrélées. Enfin, il semble pertinent d’identifier les protéines
capables d’interagir avec les G4. Ces protéines sont essentielles pour comprendre le
réle dans G4 dans les cellules et peuvent elles-mémes représenter des cibles ou des
moyens de réguler des G4 spécifiquement en ciblant la protéine elle-méme ou encore

son interaction avec le G4.
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Objectifs de la thése

L'identification de deux rG4 qui se forment a proximité étroite des deux sites alternatif
5 d’épissage dans le prée-ARNm de BCL-x souléve de nouvelles questions sur la
régulation du géne BCL-x. BCL-x produit par épissage deux isoformes alternatives aux
fonctions antagonistes. Bcl-xL, I'isoforme canonique pleine longueur qui est anti-
apoptotique et la forme alternative Bcl-xS qui, elle, est pro-apoptotique (Boise et al.,
1993). De sorte, I'épissage alternatif de BCL-x contrdle la balance entre la fonction
anti-apoptotique canonique de BCL-x et sa fonction alternative qui est au contraire
d’activer 'apoptose. Dans certains cancers, 'augmentation de Bcl-xL est corrélée a
une résistance des cellules a 'apoptose et est associée a une sensibilité moindre aux
chimiothérapies. A l'inverse, dans certaines formes de diabéte de type Il tout comme
de pathologies cardiaques, lisoforme alternative pro-apoptotique Bcl-xS est
surexprimée, ce qui engendre une apoptose accrue, par exemple des cellules des ilots
de Langerhans dans le cas du diabéte. Comprendre la régulation du géne BCL-x afin
d’exploiter la balance Bcl-xL/Bcl-xS comme cible thérapeutique a donc fait I'objet de
nombreuses études qui ont notamment permis le développement des BH3
mimétiques, des molécules capables d’inhiber |la fonction anti-apoptotique de Bcl-xL
(van Delft et al., 2006). Cependant, les effets secondaires importants de ces molécules
font que d’autres pistes doivent étre explorées. Pouvoir moduler I'épissage alternatif
de BCL-x représente donc une piste thérapeutique pertinente. De plus, l'identification
de rG4 au niveau des sites d’épissages 5 pose la question de leur réle potentiel dans
la régulation de I'épissage alternatif de BCL-x (Weldon et al., 2018). Les G4, font I'objet
de recherches poussées ces dernieres années et leurs implications dans de nombreux
processus biologiques en font des cibles intéressantes pour le traitement de certains
cancers. L'utilisation de ligands de G4 pour stabiliser ou déstabiliser certains G4 est
aujourd’hui envisagée pour traiter certains cancers, c’est le cas par exemple pour la
stabilisation de G4 dans les télomeéres ou dans les promoteurs d’oncogéne (Kosiol et
al., 2021). Les G4BP sont des partenaires importants des G4, notamment pour la
régulation de I'épissage. Identifier les partenaires spécifiques d’'un rG4 qui semble
impliqué dans la régulation de I'épissage, comme c’est le cas pour le géne BCL-x,
permet de mieux comprendre le réle de ces rG4 dans I'épissage ainsi que de s’en
servir pour réguler a fagon ce processus. Bien que de nombreux facteurs d’épissages
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aient été identifiés dans le pré-ARNm de BCL-x, aucun n’a pour le moment été identifié

comme interagissant avec les rG4 présents dans son pré-ARNm.

La protéine RBM25 est un facteur d’épissage régulant 'épissage alternatif de plusieurs
génes dont BCL-x. En effet, RBM25 favorise la production de lisoforme pro-
apoptotique Bcl-xS en augmentant la sélection du site alternatif 5’ d’épissage par la
machinerie d’épissage (A. Zhou et al., 2008). De plus, selon des données d’une étude
globale récemment publiée sur les potentielles protéines de liaisons aux G4, RBM25
serait aussi une G4BP potentielle (Su et al., 2021). Ainsi, I'objectif de départ de cette
thése était d’étudier un nouveau mécanisme potentiel de régulation de I'épissage
alternatif du géne BCL-x impliquant les rG4 de son pré-ARNm et de rechercher des
facteurs d’épissage présentant de l'affinité pour ces derniers, en premier RBM25 étant
donné son implication connue dans I'épissage alternatif de BCL-x et sa capacité
potentielle a lier des rG4. Si ce mécanisme impliquant RBM25 et les rG4 du géne BCL-
x existe, le but dans un second temps sera de I'exploiter, et d’utiliser l'interaction entre
les rG4 du prée-ARNm de BCL-x et RBM25 comme cible thérapeutique potentielle pour
identifier des composés, tels que des ligands de G4, capables de moduler I'épissage
alternatif de BCL-x. Ceci présenterait un intérét fort pour améliorer l'efficacité de
certaines thérapies anticancéreuses en interférant avec la résistance de certains
cancers aux chimiothérapies dont I'efficacité est limitée, en particulier dans les cancers
associés a une surexpression de la forme Bcl-xL. De fagon intéressante, I'identification
de composés qui, a linverse, favoriseraient la forme anti-apoptotique Bcl-xL
présenterait un intérét pour les pathologies associées a une surexpression de la forme

pro-apoptotique Bcl-xS, telles que le diabéte de type II.

Pour mener a bien ce projet, il faudra tout d’abord déterminer si la protéine RBM25
présente de I'affinité pour les rG4 de BCL-x, puis, si tel est le cas, déterminer I'effet de
la stabilisation des G4 sur I'épissage de BCL-x. Une fois cette interaction caractérisée,
il sera intéressant de déterminer quel domaine de RBM25 serait responsable de sa
liaison potentielle aux rG4 puisque cette protéine présente plusieurs domaines de
liaisons aux acides nucléiques (RRM, PWI, RE). Enfin, des ligands de G4 pourront
étre testés, d’abord comme oultils, pour caractériser 'interaction entre RBM25 et le G4,
puis pour déterminer I'effet de la stabilisation du G4 sur I'épissage de BCL-x. De sorte,
des ligands de G4 capables de moduler I'épissage de BCL-x en faveur de la forme
pro-apoptotique représenteraient des molécules anti-cancéreuses candidates
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intéressantes et leur effet potentiel sur la viabilité de cellules cancéreuses pourrait

alors étre testées.
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Résultats

Organisation des résultats :

La premiére partie des résultats décrit le coeur de mes travaux de thése qui portent sur
la régulation de I'épissage du géne anti-apoptotique BCL-x par un rG4 localisé dans
son pré-ARNm. Dans le cadre de ce travail, nous montrons que ce rG4, localisé a
proximité du site 5’ d’épissage alternatif, sert de plateforme de reconnaissance pour le
facteur d’épissage RBM25. Cette interaction entre le facteur d’épissage et le rG4 de
BCL-x est essentielle pour la sélection du site 5’ alternatif d’épissage et la synthése de
la protéine alternative pro-apoptotique Bcl-xS. Ces résultats ont fait I'objet d’une

publication trés récemment (29 aolt 2023) acceptée dans Nucleic Acids Research.

La seconde partie décrit ma participation a un autre projet de I'équipe qui n’est pas
directement reli€é a mon sujet de thése. Elle est constituée de deux articles
expérimentaux (publiés tous les deux en 2022 dans Nucleic Acids Research) plus un
article de synthése (publié en 2023 dans Biochimie). Ces trois articles portent sur
l'implication de la nucléoline dans la furtivité au systéme immunitaire de I'oncovirus
d’Epstein-Barr (EBV). Ce virus échappe a la détection par le systtme immunitaire en
limitant la traduction de ’ARNm viral codant sa genome maintenance protein (GMP)
EBNA1, une protéine essentielle a la réplication ainsi qu’a la maintenance de son
génome mais également trés antigénique, afin de minimiser la production de peptides
antigéniques dérivés de cette GMP. En effet, il est estimé que la grande majorité des
peptides antigéniques proviendraient de sous-produits de la traduction. Ainsi, en
limitant la traduction de TARNm viral codant EBNA1, le virus assure une production
minimale d’EBNA1, a un niveau suffisant pour que cette GMP assure sa fonction
essentielle, mais suffisamment bas pour minimiser la production de peptides
antigéniques, et donc sa détection par le systtme immunitaire. La GMP EBNA1 est
donc le talon d’Achille I’EBV et sa capacité a limiter son expression est cruciale pour
permette a EBV, qui infecte de fagon latente et qui persiste ainsi tout au long de la vie
de l'individu infecté, de persister. L'échappement de la GMP EBNA1 d’EBV au systeme
immunitaire dépend notamment de son domaine de répétition de glycine et d’alanine

(GAr). La nucléoline (NCL) interagit directement avec des G4 qui se forment dans
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'ARNm d’EBNA1 et permet ainsi linhibition GAr dépendante de la traduction
d’EBNA1.

Partie | : Régulation de |’épissage de BCL-x par le rG4 GQ-2
et la protéine RBM25

Présentation de |’article :

L'identification de rG4 dans le pré-ARNm de BCL-x suggére un nouveau mode de
régulation de I'épissage de ce géne (Weldon et al., 2017, 2018). Celui-ci pourrait
représenter une nouvelle cible thérapeutique pour traiter des pathologies ou
I'expression de BCL-x est dérégulée. Le réle des deux G4 présents dans le pré-ARNm
de BCL-x sur I'épissage de ce géne n’était pas encore bien compris quand j'ai démarré
mon travail de thése en 2019. De plus, méme si de nombreux facteurs d’épissage sont
décrits comme impactant I'épissage de BCL-x, dont des G4BP, aucun n’est connu pour
interagir avec les rG4 de BCL-x. D’aprés une étude globale récente, le facteur
d’épissage RBM25 pourrait étre une G4BP (Su et al., 2021). Ce facteur est connu pour
induire une augmentation de I'isoforme pro-apoptotique Bcl-xS et se lie a proximité du
site 5’ d’épissage alternatif. Ainsi, le premier objectif de cette thése était I'identification
de protéines, telles que RBM25, interagissant avec I'un des deux rG4 présents dans
le prée-ARNm de BCL-x, de fagon a mieux comprendre la régulation de ce géne par les
rG4.

Les résultats de cette étude ont été publiés dans Nucleic Acids Research en 2023.
Dans cet article, nous avons montré par des tests in vitro de RNA Pulldown que le
facteur d’épissage RBM25 se lie de maniére directe et G4 dépendante au rG4 GQ-2.
De plus, par des expériences de Proximity Ligation Assay (PLA), nous avons montré
que la protéine RBM25 interagit avec TARNm endogéne de BCL-x. Ainsi nous avons
montré que RBM25 est une nouvelle G4BP qui se lie de maniére directe au rG4 GQ-
2, le rG4 localisé a proximité du site 5’ d’épissage conduisant a la forme pro-

apoptotique Bcl-xS.

Afin d’étudier 'effet du rG4 GQ-2 sur I'épissage de BCL-x, nous avons utilisé deux

minigénes de BCL-x, un premier avec la séquence GQ-2 WT et un second muté avec

61



le minimum de mutation pour prévenir la formation du G4. Ainsi, nous avons montré
qu’empécher la formation du rG4 GQ-2 conduit a une inhibition de la sélection du site
5’ d’épissage alternatif. En outre, la surexpression de RBM25 induit une augmentation
dose-dépendante de la synthése de Bcl-xS dans le minigéne WT mais n’a aucun effet
sur I'épissage du minigéne muté. Par des tests de PLA entre la protéine RBM25 et
I’ARNm produits par les minigénes, nous avons montré qu’inhiber la formation du rG4
GQ-2 réduit de maniére importante l'interaction entre la protéine RBM25 et ’ARN issus
des minigénes. Ces résultats confirment ainsi que la protéine RBM25 interagit avec le
rG4 GQ-2 présent dans le prée-ARNm et que cette interaction est nécessaire pour la

production de Bcl-xS.

La protéine RBM25 comprend différents domaines d’interaction avec les acides
nucléiques. Aussi, nous nous sommes demandé quel domaine était nécessaire pour
l'interaction avec le rG4 GQ-2. Pour cela, différentes constructions ont été générées,
chacune manquant un des domaines d’intérét de RBM25. Puis, par des tests de RNA
pulldown, nous avons montré pour la premiére fois que le domaine RE est nécessaire
pour la liaison avec les rG4. Nous avons aussi montré qu’en absence de ce domaine,

la protéine RBM25 n’augmente pas la synthése de la forme pro-apoptotique Bcl-xS.

De parlimportance du rG4 GQ-2 sur I'épissage de BCL-x, nous avons déterminé I'effet
du composé PhenDC3, un ligand de G4, sur I'épissage de BCL-x. Nous avons montré
que cette molécule induit une augmentation de la forme Bcl-xS aussi bien dans le
modeéle du minigéne WT que sur le géne BCL-x endogéne. Nous avons alors émis
I'hypothése que le composé PhenDC3 stabilisait le rG4 GQ-2 sous sa conformation
de rG4, augmentant ainsi l'interaction de RBM25 avec 'ARNm de BCL-x ce qui
conduirait a 'augmentation de la forme pro-apoptotique Bcl-xS. Nous avons testé cette
hypothése par des tests biophysiques et montré que le composé PhenDC3 stabilisait
effectivement trés significativement le rG4 GQ-2 in vitro. Ensuite, par des tests de PLA,
nous avons montré que le composé PhenDC3 augmentait I'interaction entre la protéine
RBM25 et TARNm de BCL-x. En outre, nous avons montré que l'induction de Bcl-xS

par le composé PhenDC3 est corrélée avec une augmentation de I'apoptose.

Nous avons ensuite testé 90 ligands de G4 structurellement proches du composé
PhenDC3 afin d’identifier de nouveaux composés capables de moduler I'épissage de
BCL-x. De ce criblage, deux molécules capables d’augmenter encore plus

efficacement que le composé PhenDC3 le ratio de Bcl-xS/Bcl-xL ont été identifiées :

62



les composés PhenDH8 et PhenDH9. Comme pour le composé PhenDC3, ces deux
composés sont capables de stabiliser le rG4 GQ-2 et d’augmenter la synthése de Bcl-
xS au niveau ARN et protéique. Cette augmentation de la forme pro-apoptotique Bcl-
xS est dailleurs associée a une augmentation de I'apoptose dans des cellules

cancéreuses.

Nous avons donc montré non seulement une nouvelle régulation de BCL-x par
l'interaction entre le facteur d’épissage RBM25 et le rG4 GQ-2, mais également que
cette interaction peut étre ciblée par des ligands de G4 afin de stabiliser ce rG4 pour
augmenter la synthése de Bcl-xS. Cette approche représente une nouvelle cible
thérapeutique pertinente pour des pathologies ou la forme anti-apoptotique Bcl-xL est

surexprimée telles que les cancers chimiorésistants.
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Figure 13 : régulation de I'épissage de BCL-x par le rG4 GQ-2 et le facteur d’épissage RBM25.

Dans des cellules saines, la protéine pro-apoptotique Bcl-xS est minoritaire. Cette protéine est produite
lorsque le site 5’ d’épissage alternatif est sélectionné. La sélection de ce site 5’ d’épissage est renforcée
par la formation du rG4 GQ-2. Ce rG4 sert de plateforme de reconnaissance pour le facteur d’épissage
RBM25. Une fois RBM25 fixé au GQ-2, le snRNP U1 est recruté au niveau du site 5’ d’épissage
alternatif. La partie C-terminale de I'exon 2 est ensuite coupée par la machinerie d’épissage et se
retrouve absente de TARNm mature. La surexpression de RBM25 et la stabilisation du rG4 GQ-2 par
des ligands de G4 conduisent toutes deux a 'augmentation de la forme pro-apoptotique Bcl-xS ainsi
gu’a une augmentation de I'apoptose dans des cellules cancéreuses. A l'inverse, déléter le domaine RE
de liaison au G4 de RBM25 ou empécher la formation du rG4 GQ-2 conduit a une inhibition de la
sélection du site 5’ alternatif et a 'absence de synthése de la protéine Bcl-xS.
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Abstract

BClL:x is a master regulator of apoptosis whose pre-mRNA is alternatively spliced into either a long (canonical) anti-apoptotic Bcl-xL isoform, or
a short (alternative) pro-apoptotic Bcl-xS isoform. The balance between these two antagonistic isoforms is tightly regulated and overexpression
of Bcel-xL has been linked to resistance to chemotherapy in several cancers, whereas overexpression of Bcl-xS is associated to some forms
of diabetes and cardiac disorders. The splicing factor RBM25 controls alternative splicing of BCLx: its overexpression favours the production
of Bcl-xS, whereas its downregulation has the opposite effect. Here we show that RBM25 directly and specifically binds to GQ-2, an RNA
G-quadruplex (rG4) of BCl=x pre-mRNA that forms at the vicinity of the alternative 5’ splice site leading to the alternative Bcl-xS isoform. This
RBM25/rG4 interaction is crucial for the production of Bcl-xS and depends on the RE (arginine-glutamate-rich) motif of RBM25, thus defining a
new type of rG4-interacting domain. PhenDC3, a benchmark G4 ligand, enhances the binding of RBM25 to the GQ-2 rG4 of BCl=x pre-mRNA,
thereby promoting the alternative pro-apoptotic Bcl-xS isoform and triggering apoptosis. Furthermore, the screening of a combinatorial library of
90 putative G4 ligands led to the identification of two original compounds, PhenDH8 and PhenDH9, superior to PhenDC3 in promoting the Bcl-xS
isoform and apoptosis. Thus, favouring the interaction between RBM25 and the GQ-2 rG4 of BCL-x pre-mRNA represents a relevant intervention
point to re-sensitize cancer cells to chemotherapy.
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Introduction

ity of the proteome from a limited number of genes. In ad-
Alternative splicing (AS), discovered simultaneously with  dition, AS plays key roles in determining tissue- and species-
splicing >40 years ago (1-3), is prevalent in multicellular eu- specific differentiation patterns. AS is regulated by multiple
karyotes in which it is the main mechanism allowing one gene  co- and post-transcriptional regulatory mechanisms and can
to produce various proteins, thereby increasing the complex-
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play a causal role in various hereditary disorders as well as
cancers (4,5).

The BCL-x gene (aka BCL2-like 1, BCL2L.1) encodes
Bcl-x (6), a member of the Bcl-2 (B-cell lymphoma) family
of proteins that are major regulators of apoptosis, a highly
conserved and essential programmed cell death process that
eliminates unwanted cells, including damaged cells, lifelong
including during development (7). Bcl-x is a mitochondrial
transmembrane protein that regulates the intrinsic apoptosis
pathway. Owing to the existence of two alternative 5’ splice
sites (5’ss) in its exon 2, the BCL-x pre-mRNA is alternatively
spliced into either a long (canonical) anti-apoptotic Bel-xL iso-
form, or a short (alternative) pro-apoptotic Bcl-xS isoform
(6). The ability of Bcl-xL to inhibit apoptosis involves sev-
eral mechanisms that include inhibition of Bax-induced mito-
chondrial outer membrane permeabilization (MOMP), a key
step in apoptosis execution (8). Besides this canonical func-
tion, Bcl-xL has been also shown to remotely control apop-
tosis by inhibiting IP3R channels and therefore the release of
Ca?* from the endoplasmic reticulum (RE) (9,10), the trans-
fer of Ca?* from the RE to the mitochondria being also in-
volved in MOMP (11). Bcl-xS has been proposed to activate
apoptosis by inhibiting Bcl-xL via a direct interaction (8).
Hence, depending on the balance between Bcl-xL and Bcl-xS,
BCL-x can either be pro- or anti-apoptotic. As such, the bal-
ance between these two antagonistic isoforms is tightly reg-
ulated and overexpression of the anti-apoptotic Bcl-xL iso-
form has been linked to resistance to chemotherapy in several
cancers (12,13), whereas overexpression of the pro-apoptotic
Bcl-xS isoform is associated to some forms of diabetes and
cardiac disorders (14,15). Therefore, pharmacological means
to switch the splicing in favour of Bcl-xS may have therapeutic
benefits for a number of cancers, in particular those resistant
to chemotherapy due to Bcl-xL overexpression. Conversely,
favouring Bcl-xL represents a possible intervention point for
diseases linked to Bcl-xS overexpression such as some forms of
diabetes. In line, splice switching oligonucleotides (SSO) that
block the 5’ss leading to the long canonical Bcl-xL isoform
have been developed and shown to reduce the overall cell via-
bility of a variety of cancer cell lines (16-19). In addition, in-
hibitors of SR kinases that phosphorylate serine-arginine-rich
(SR) proteins, have been tested (20,21) with the inherent lim-
itation that alterations in the phosphorylation of SR proteins,
which play prominent roles in pre-mRNA constitutive and al-
ternative splicing decisions, are likely to have widespread ef-
fects on the splicing of many genes.

G-quadruplex (G4) are non-canonical secondary structures
that may assemble in guanine-rich (G-rich) DNA or RNA. G4
are formed by the stacking of at least two G-quartets, each rep-
resenting a planar arrangement of four guanines connected by
Hoogsteen hydrogen bonds and stabilized by a central cation,
most often K*. G4 structures within G-rich DNA or RNA have
been implicated in gene regulation where they can affect tran-
scription (22), splicing (23-25) or translation (26-32).

G4 have been shown to be involved in BCL-x alterna-
tive splicing (33,34). Indeed, the BCL-x pre-mRNA contains
a number of G-rich sequences that can potentially form at
least six RNA G4 (rG4) as predicted in silico. In addition,
thanks to FOLDeR, a new strategy based on footprinting of
long 7-deazaguanine-substituted RNA, the formation of two
of these rG4 was confirmed in vitro under functional condi-
tions: one (GQ-2) lying in close proximity with the 5’ss lead-
ing to the short (alternative) pro-apoptotic Bcl-xS isoform (xS
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5’ss) while the other (GQ-5) is overlapping the 5’ss leading to
the long (canonical) anti-apoptotic Bcl-xL isoform (xL 5'ss)
(33). In addition, the ability of GQ-2 to adopt a G4 confor-
mation has been recently confirmed by various biophysical ex-
periments (34,35).

Multiple splice factors and signalling pathways have been
implicated in the regulation of BCL-x pre-mRNA (alternative)
splicing. Most of these proteins are general splice factors
and include SRSF1 (36,37), SRSF2 (38), SRSF 3 and 7 (39),
SRSF9 (36) and SRSF10 (40). The following hnRNP have
also been involved: A1 (37), K (41), F/H (42,43) and PTBP1
(39) as well as other RNA-binding protein: Samé68 (37),
SF3B1 (44), TRA2 (39), RBM4 (45), RBM10 (46), RBM11
(47) and RBM25 (48). RBM25 (also known as RED120) be-
longs to a family of RNA-binding proteins whose members
share an arginine-glutamate-rich (RE) central region and a C-
terminal proline-tryptophan-isoleucine (PWI) motif. RBM235
also contains an N-terminal RNA recognition motif (RRM).
RBM2S5 associates with various splicing factors that include
SRm160/300 and U snRNAs, as well as with spliced RNA
(49). Overexpression of RBM25 has been shown to increase
the expression of the alternative pro-apoptotic Bcl-xS isoform
and to trigger apoptosis whereas its downregulation leads to
accumulation of the canonical anti-apoptotic Bcl-xL isoform
(48).

Here we show that RBM25 directly and specifically binds
in a G4 structure-dependent manner to the GQ-2 rG4 of the
BCL-x pre-mRNA, which forms in the vicinity of the alterna-
tive 5’ splice site that leads to the alternative Bcl-xS isoform
(xS §’ss). We also show that this RBM25/rG4 interaction is
crucial for the production of Bcl-xS and depends on the cen-
tral RE motif of RBM235, thus defining a new type of rG4-
interacting domain. This RBM25/rG4 interaction is drug-
gable as PhenDC3, a benchmark G4 ligand, stabilizes GQ-2
rG4 in vitro and enhances the binding of RBM2S5 to the GQ-2
rG4 of the BCL-x pre-mRNA, hence promoting the alterna-
tive pro-apoptotic Bcl-xS isoform and apoptosis. Therefore,
favouring the interaction between RBM235 and the GQ-2 rG4
of BCL-x pre-mRNA represents a relevant intervention point
to re-sensitize cancer cells to chemotherapy, whereas interfer-
ing with this interaction may represent a therapeutic avenue
for diseases associated with Bcl-xS overexpression, such as
some forms of diabetes. For this reason, we have also screened
a library of 90 putative G4 ligands related to PhenDC3 (50)
and identified PhenDH8 and PhenDH9, two original G4-
ligands, that are more potent than PhenDC3 to promote the
alternative pro-apoptotic Bcl-xS isoform and apoptosis.

Material and methods

In vitro characterization of RNA oligonucleotides

RNA oligonucleotides (Eurogentec, HPLC-purified) were dis-
solved in deionized water at a concentration of 100 uM and
further diluted to a concentration of 4 uM with a lithium ca-
codylate buffer (10 mM, pH 7.2) supplemented with 100 mM
KCl, 100 mM LiCl or their mixture to obtain the desired con-
centration of K*, in a sample volume of 1 mL. Thermal denat-
uration spectra (TDS) were recorded as described by Mergny
et al. (51) using sample temperatures of 20 and 80°C. Ultravi-
olet (UV) melting profiles were recorded using a heating ramp
of 0.2°C min~' and a detection wavelength of 295 nm on
a Cary 300 Bio spectrophotometer (Agilent) equipped with
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a Peltier-controlled multicell holder, and T,, values were ob-
tained by the first-derivative analysis of melting transitions.
FRET melting experiments were performed according to the
published procedure (52), using 5'-FAM / 3’-TAMRA labelled
GQ2 oligonucleotide (F-GQ2-T, Eurogentec).

Plasmid constructions

All the RBM25 plasmids were generated using standard pro-
cedures. The T4 DNA ligase was obtained from Promega and
the restriction enzymes were purchased from New England
Biolabs. RBM25 was amplified from complementary DNA
(cDNA) prepared from extracts of H1299 cells with primers
5'-GCGCGCGGTACCATGTACCCATACGATGTTCCAG
ATTACGCTTCTTTTCCACCTCATTTGAATCGC-3’ and
5-GCGCGCGCGGCCGCTTACTTCACAAGACCAATTT
TCTTGGC-3'. The PCR fragment was cloned into Kpnl and
Notl cloning sites of pcDNA 3.1(+) vector. The generated
construction was verified by PCR amplification, restriction
enzymes digestion and sequencing.

The Bcl-x 672 minigenes synthesis was carried out by Gen-
Script. On reception, the minigenes were amplified in bacte-
ria. Plasmid extraction was performed using the NucleoBond®
Xtra Midi EF kit protocol (Macherey-Nagel). The plasmids
were verified by PCR amplification and sequencing.

Cell culture, treatment and transfection

H1299 cells were derived from metastatic lymph node from
lung carcinoma. HeLa cells were derived from a cervical car-
cinoma. A549 cells were derived from a lung carcinoma.
H1299, HeLa and A549 cells were purchased from ATCC and
cultured in RPMI-1640 supplemented with 10% foetal bovine
serum and 2 mM 1L-glutamine. Transfections were performed
using GeneJuice® (Merck) or FuGENE® HD (Promega) trans-
fection reagent according to the manufacturers’ protocols.
Where indicated, cells were treated with various concentra-
tions of G4 ligands, doxorubicin (Sigma) or with DMSO
(compounds vehicle) for 24 or 48 hours.

Protein extraction from mammalian cells

Whole cells at 75-90% confluency were harvested, washed
with 1x phosphate buffered saline (PBS) and suspended
into lysis buffer (20 mM HEPES pH 7.5, 50 mM B-
glycerolphosphate, 1 mM EDTA pH 8, 0.5 mM Na3VOy, 100
mM KCl, 10% glycerol, 1% Triton and anti-proteases cocktail
(Roche 11697498001)). These cell suspensions were mechani-
cally lysed before centrifugation at 16 000g for 20 min at 4°C
and protein concentration was determined using a Bradford
assay.

Western blotting

Equal protein quantities and volumes of all samples were
loaded and run on Bolt or NuPAGE™ 10% Bis-Tris Protein
gels (Invitrogen), then transferred onto 0.45 uM nitrocellu-
lose membrane (GE Healthcare). Membranes were blocked
in 1x PBS, 0.1% Igepal and 3% bovine serum albumin
(BSA), and incubated with the indicated primary antibodies:
mouse anti-GAPDH (Abcam ab125247,1/5000), rat anti-HA
(Roche 11867423001, 1/2000), rabbit anti-RBM25 (Merck
HPA003025, 1/1000) or rabbit anti-Bcl-xL (CellSignaling
no. 2764, 1/500). The membranes were then washed with
fresh 1x PBS 0.1% Igepal and incubated with the indicated

secondary antibodies conjugated to horseradish peroxidase:
rabbit anti-mouse (Dako P0161, 1/3000), swine anti-rabbit
(Dako P0217, 1/2000) or goat anti-rat (Millipore AP136P,
1/3000). The membranes were washed afresh and analysed
by enhanced chemiluminescence in the following buffer (Tris-
base pH 8.5, 12.5 nM coumaric acid, 2.25 nM luminol and
0.15% H,0,) using a Vilber-Lourmat Photodocumentation
Chemistart 5000 imager. Relative proteins levels for each sam-
ple were normalized to GAPDH protein levels using the Im-
age]J software.

RNA and RNA pulldowns

RNA pulldowns experiments were performed as previously
described (27,31). Briefly, the following G-quadruplex form-
ing RNA oligonucleotides 3'-tagged with tetraethylene glycol
(TEG)-Biotin were used:

¢ GQ-1 GGGAGGCAGGCGACGAGUUUGAACUGCG
GUACCGGCGGGCA-3'-TEG-Biotin,

¢ GQ-2 GGGAUGGGGUAAACUGGGGUCGCAUUGU
GG-3'-TEG-Biotin,

e GM-2 GAGAUGAGGUAAACUGAGGUCGCAUUGU
GG-3'-TEG-Biotin,

¢ GQ-5 GGAUCCAGGAGAACGGCGGCUGG-3'-TEG-
Biotin and

e GM-5 GGAUCCAGAAGAACGGCGGCUGA-3'-TEG-
Biotin.

The G-quadruplexes were formed by heating the RNA
oligonucleotides at 95°C for 5 min then cooling down to 4°C
at a rate of 2°C per minute in folding buffer (10 mM Tris-HCI
pH 7.5, 0.1 mM EDTA) in the presence of 100 mM KCl, or
in the presence of 100 mM LiCl. To avoid unspecific bind-
ing, high affinity streptavidin Sepharose beads (GE Health-
care, 28985799) were incubated in 1 mL of blocking buffer
(10 mM Tris-HCL, pH 7.5, 100 mM KCl, 0.1 mM EDTA, 1
mM DTT, 0.01% Triton, 0.1% BSA, 0.02% S. cerevisiae tR-
NAs (Sigma-Aldrich 10109495001)) for 1 h at 4°C on a ro-
tating wheel. An amount of 10 pg of each batch of folded
biotinylated RNA oligonucleotides was incubated with 50 uL
of solution containing the streptavidin sepharose beads for 90
min at 4°C on a rotating wheel. Next, 500 ug of cell extracts or
200 ng of recombinant RBM25 were treated with 200 U/mL
of RNase Inhibitor (NEB, M0307S) for 90 min at 4°C on a
rotating wheel. These extracts were then incubated with the
RNA oligonucleotides bound to the streptavidin beads for 90
min at room temperature. Beads were then washed five times
with lysis buffer and then with lysis buffer with increasing
KCl or LiCl concentrations (200 to 800 mM). Protein still
bound to beads after the washes were eluted using 2x loading
buffer (2x Laemmli Buffer with 5% B-mercaptoethanol) and
analysed by western blotting with antibodies raised against
RBM25 or HA.

The same protocol was applied for DNA pulldowns, except
that G-quadruplex forming DNA oligonucleotides 3'-tagged
with TEG-Biotin were used.

Proximity ligation assay adapted to protein—-RNA
interactions

An adaptation of proximity ligation assay (PLA) to de-
tect protein—RNA interactions (31,53) has been used. Briefly,
cells were fixed in 1x PBS, 4% paraformaldehyde for
20 min and permeabilized for 10 min with 0.4% Tri-
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ton X-100, 0.05% CHAPS. The Bcl-x-mRNA-digoxigenin
probe (5-CCATTGTCCAAAACACCTGCTCACTCACTG
AGTCTCGTCTCTGGAAAAA-3') at a quantity of 100 ng
per well was denatured 5 min at 80°C. The probe hybridiza-
tion reaction was carried out in 40 pL of hybridization buffer
(10% formamide, 2X SSC, 0.2 mg/ml E. coli tRNA, 0.2
mg/ml salmon sperm DNA and 2 mg/ml BSA). Fixed cells
were washed and blocked in the blocking solution (1x PBS,
3% BSA, 0.1% Saponine) before incubation with the pri-
mary antibodies (anti-digoxigenin, Sigma 1/200 and anti-
RBM25, Merck 1/4000). The PLA reaction was performed
according to the manufacturer’s protocol using the Duolink®
PLA in situ kit, PLA probe anti-rabbit Plus, PLA probe anti-
mouse Minus and the FarRed in situ detection reagent, all
purchased from Sigma. The results were analysed using a
Zeiss Axio Imager M2 and the Image] software. All PLA ex-
periments were performed at least twice independently and
the following controls were implemented: with sense mRNA
probe or without primary antibodies. The PLA method with
the use of Flag Bcl-x minigene was carried out as follow:
H1299 cells were plated and transfected with 400 ng of Flag
Bcl-x minigene plasmid 24 h before the paraformaldehyde
fixation process described before was performed. The Flag-
Bcl-x-mRNA-digoxigenin probe (5'-CCATGGGGATCACC
TCCCGCTTGTCGTCATCGTCTTTGTAGTAAAAA-3) at
a quantity of 100 ng per well was denatured 5 min at 80°C
prior to the hybridization step. After the hybridization of
the probe, an incubation with the primary antibodies (anti-
digoxigenin Sigma 1/200 and anti-RBM25 Merck 1/1000)
was performed. The remaining steps of the protocol are as
described before. The PLA to assess the interaction between
RBM25 and G4s used the same protocol (without the hy-
bridization step) except that the anti-G4 (BG4) antibody
(Absolute Antibody, 1/200) was used together with the anti-
RBM2S5 antibody (Merck 1/4000).

RNA extraction and semi-quantitative RT-PCR

Total A549 or Hela cellular RNA were extracted using
the RNeasy Plus kit (Qiagen). cDNA synthesis was carried
out using 500 ng of RNA and the SuperScript™ IV Re-
verse Transcriptase (Invitrogen) together with oligo(dT);g
primer (Invitrogen). cDNA samples were analysed using semi-
quantitative PCR using the MasterMix OneTaq Polymerase
(NEB). Bands were quantified using the Image] software to
determine Bcl-xS percentage.

For Bcl-x 672 minigene splicing analysis, PCR was per-
formed using P1 primer specific to pcDNA 3.1 (+) plasmid
(5’-TAGAAGGCACAGTCGAGG-3') and P2 primer specific
to BCL-x (5-GGGAGGTGATCCCCATGGCAG-3').

For endogenous BCL-x splicing analysis, PCR was per-
formed using P2 primer (5'-GGGAGGTGATCCCCATGGCA
G-3’) and P3 primer specific to BCL-x (5'-GGCCACAGTCAT
GCCCGTCAG-3').

Immunofluorescence

H1299 cells were plated on 13 mm-diameter coverslips
in 24-well plates and transfected with HA-RBM2S5-FL or
HA-RBM2S5SARE plasmids. At 24 h post-transfection, cells
were fixed with 4% paraformaldehyde in PBS for 20 min
and permeabilized with PBS 0.4%, Triton X-100, CHAPS
0.05% for 10 min at room temperature. After incubation
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in blocking buffer (1x PBS, 3% BSA, 0.1% Saponin) for
30 min at room temperature, samples were incubated with
a mouse polyclonal anti-HA antibody (a kind gift from
Borek Vojtesek, Masaryk Memorial Cancer Institute, Brno,
Czech Republic) at 1/1000 and a rabbit anti-RBM2S5 an-
tibody (Merck HPA003025) at 1/500 for 2 h at room
temperature, followed by 1 h incubation with 1/500 dilu-
tions of the goat anti-mouse immunoglobulin G (IgG) sec-
ondary antibody conjugated to Alexa Fluor® 594 and of
the goat anti-rabbit immunoglobulin G (IgG) secondary an-
tibody conjugated to Alexa Fluor® 488 (both purchased from
Invitrogen). Both antibodies were diluted in blocking buffer.
4’,6-Diamidino-2-phenylindole (DAPI) was used for nuclear
counterstaining and the images were taken using a Zeiss Axio
Imager M2.

Caspase activity assay

About 4000 A549 cells were plated in 0.1 mL of medium per
well in 96-well flat-bottom plates. After 18 h, cells were ex-
posed to the indicated compounds at the indicated concentra-
tions or to dimethylsulphoxide (DMSO; vehicle) as a negative
control. After 48 h of treatment, the Caspase 3/7 activity was
determined using the Caspase Glo® 3/7 Assay (Promega) ac-
cording to the manufacturer’s protocol.

MTT assay

About 4000 A549 cells were plated in 0.1 ml of medium per
well in 96-well flat-bottom plates. After 18 h, cells were ex-
posed to the indicated compounds at the indicated concentra-
tions or to DMSO (vehicle) as a negative control. After 48 h
of treatment, 10 uL of MTT solution (5 mg/mL in PBS (pH
7.4), CT01-5, Merck Millipore) was added to each well and
cells were incubated for 4 h. Next, 100 uL of an isopropanol
solution containing 0.1 N HCI and 10% (v/v) Triton X100
was added to each well to dissolve the formazan crystals, and
the absorbance at 570 nm was then measured.

Results

RBM25 selectively binds to GQ-2 rG4 in a G4
structure-dependent manner

Whereas exons are enriched in guanines in eukaryotes (54),
the presence of G4 seems to have been counter selected
(55,56). However, as stated before, the formation of two rG4
from two potential quadruplex-forming sequences (PQS) in
the exon 2 of the BCL-x gene have been confirmed iz vitro un-
der functional conditions (33). One of these two rG4, GQ-2,
is localized at the close vicinity of the 5’ss leading to the short
alternative pro-apoptotic Bcl-xS isoform (xS 5’ss) whereas the
other, GQ-3, is overlapping the 5’ss leading to the long canon-
ical anti-apoptotic Bcl-xL isoform (xL 5’ss) (Figure 1A). The
sequence of these two PQS is shown in Figure 1B, together
with the sequence of GQ-1, a PQS upstream of GQ-2 whose
formation was not confirmed iz vitro under physiological con-
ditions, and of GM-2 and GM-5, two mutated versions of GQ-
2 and GQ-3, respectively, in which a minimal number of gua-
nines (3 and 2, respectively) involved in G4 formation were
replaced by adenines to prevent G4 formation, as predicted
using the G4Killer software that has been developed to de-
sign mutations crippling G4 propensity (57). The capacity of
GQ-2 fragment to form rG4 structure in vitro has recently
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Figure 1. GQ-2 is an rG4 that may form in close proximity to the alternative splice site that leads to the synthesis of Bcl-xS, the short alternative
pro-apoptotic isoform of Bcl-x. (A) Schematic representation of the BCL=x gene. The two alternative 5’ splice sites in the exon 2 are indicated (xS 5'ss is
highlighted in blue and xL 5’ss in red) as well as the two putative rG4 (GQ-2 and GQ-5) that may assemble at close proximity to these two splice sites.
GQ-1 (written in grey) is a putative quadruplex sequence (PQS), as predicted by G4-finder, which has not been confirmed in vitro. (B) Sequences of the
various RNA oligonucleotides that have been used for RNA pulldown experiments. The various sequences, together with their predicted propensity to
form G4 (as determined using two different software: G-score and G4-hunter) are indicated and the guanines potentially important for G4 formation are
underlined. (C) TDS (AAbs = Abs (80°C) — Abs (20°C)) of GQ-2 and GM-2 RNA oligonucleotides (4 uM) in 10 mM lithium cacodylate buffers
supplemented with 100 mM KCI (solid lines) or 100 mM LiCl (dashed lines). G4-characteristic peaks are indicated with asterisks. (D) UV-melting analysis
of GQ-2 (4 uM) in the presence of various concentrations of K* as indicated.
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been demonstrated by Bhogadia et al. through CD, 'H nu-
clear magnetic resonance and gel electrophoresis experiments
(35). Here, we additionally assessed the capacity of GQ-2
and its variants to form G4 structures in vitro using TDS
and UV melting experiments. In agreement with previously
published results and bioinformatics analysis (QGRS Mapper
(58) and G4Hunter (59), cf. the corresponding scores in Fig-
ure 1B), we found that, in the presence of K*, but not Li*,
GQ-2 adopted a G4 conformation evidenced by characteris-
tic negative TDS peaks at 295 and 260 nm, whereas GM-2
was unable to do so, even in the presence of K* (Figure 1C).
The UV-melting profile of GQ-2 featured a negative transi-
tion at 295 nm, with melting temperatures being strongly de-
pendent on K* concentration (T, = 37.4, 48.8 and 58.6°C
in the presence of 1, 10 or 100 mM KCl, respectively, Fig-
ure 1D), which is a strong hallmark of G4 formation (60).
To get preliminary insight into the rG4 structure formed by
GQ-2, we studied three additional sequence variants in which
isolated guanines G22 or/and G27 were replaced by adenines
(GQ2-A22,GQ2-A27 and GQ2-A22A27, respectively). Their
thermal difference spectra (Supplementary Figure 1) revealed
G4-characteristic negative peaks at 295 and 260 nm in the
presence of K*, but not Li*, giving evidence that these variants
were also able to form rG4 structures. In addition, UV-melting
analysis (Supplementary Figure 2) indicated that thermal sta-
bility of these variants was only marginally affected compared
to GQ-2, indicating that guanines G22 and G27 do not par-
ticipate in formation of the rG4 core. However, in the case
of GQ2-A27 and, especially, GQ2-A22A27, the amplitude of
G4-specific melting transition was reduced at low K* concen-
tration (1 mM), suggesting possible formation of alternative
structures in addition to rG4. Altogether, these observations
suggest that GQ2 forms a two-layer rG4 structure without
bulge.

Next, to identify protein(s) presenting potential affinity for
GQ-2 and/or GQ-5 rG4, we performed RNA pulldown assays
as previously described (31,61). Briefly, this assay is based on
the use of an RNA oligonucleotide containing a sequence that
can form G4, 3'-conjugated to biotin through a TEG spacer,
which can therefore be precipitated by magnetic sepharose
beads conjugated to streptavidin. This way, proteins with
affinity for the selected RNA-G4 can be precipitated and de-
tected by western blotting. Interestingly, RBM235 has recently
been identified in a comprehensive approach as one of 281 po-
tential G4-related proteins in MM231 cells, thanks to an orig-
inal method based on a photoactive G4 ligand (62). Hence, in
addition to regulate BCL-x alternative splicing as presented
in the introduction, RBM2S5 is a potential G4-binding pro-
tein. For these reasons we first determined, using RNA pull-
down assays, if endogenously expressed RBM25 binds, or not,
to one or the other of the following matrices: GQ-2, GM-2,
GQ-5 and GM-5 RNA oligonucleotides conjugated to biotin.
For this purpose, we used total protein extracts prepared from
H1299 cells. As shown in Figure 2A, an efficient binding of
endogenous RBM25 was observed only on the GQ-2 matrix.
This binding mostly depends on G4 since only a residual bind-
ing was observed with the GM-2 sequence unable to adopt a
G4 structure, similar to the residual binding observed with
GQ-5 and GM-5 matrices.

We then repeated these RNA pulldown experiments using
total protein extracts prepared from H1299 cells transfected
with a plasmid allowing expression of HA-tagged RBM25
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(HA-RBM25-FL) (Figure 2B). As an additional control, we
used biotin-conjugated GQ-1 RNA oligonucleotide. We found
that exogenously expressed HA-RBM235 efficiently binds to
GQ-2 whereas only a residual binding was observed on all
the other matrices.

The binding of RBM25 to the GQ-2 rG4 may be in-
direct and involve other protein(s). To determine whether
the specific binding of RBM2S is direct or indirect, we re-
peated the same RNA pulldown experiments using purified
recombinant His-tagged RBM235 produced in bacteria (His-
RBM25). We obtained the same result as His-RBM2S5 effi-
ciently binds to GQ-2, whereas only a residual binding was
observed on GM-2 control matrix that does not form G4
(Figure 2C). This result shows that RBM25 directly binds
to GQ-2 rG4. We also performed DNA pulldown experi-
ments to determine whether RBM25 is able to bind to DNA
G-quadruplexes (dG4). For this purpose, we have used the
same protocol than the one for RNA pulldown, except that
the following DNA matrices were employed: GQ-2, GM-
2, BCL-2, BCL-2mut, MYC and MYCmut DNA oligonu-
cleotides 3’-conjugated to biotin that contain, or not for the
mutants, a sequence that can form dG4. As shown in Supple-
mentary Figure 3, RBM2S is able, at least in vitro, to bind
to these various dG4, compared to their mutated versions
that cannot form dG4. Of note, the binding of RBM25 ap-
pears less efficient on GQ-2 dG4 than on GQ-2 rG4 suggest-
ing that RBM25 may have more affinity for rG4 than for
dG4.

To confirm that the binding on the GQ-2 matrix was G4-
dependent, we performed an additional control experiment
solely based on the GQ-2 matrix folded in the presence of K*
(100 mM KClI), which allows G4 formation, or Li* (100 mM
LiCl), which does not allow efficient G4 formation. As shown
in Figure 2D, the binding of recombinant His-RBM25 is more
efficient in the condition where G4 formation is favoured (K*),
thereby confirming that the interaction of RBM25 with the
GQ-2 rG4 is indeed G4 structure-dependent.

Finally, we performed PLA to assess whether, and where
in the cell, endogenously expressed RBM2S5 interacts with
endogenously expressed BCL-x mRNA. For this purpose,
we used a recently described adaptation of PLA to monitor
protein—-RNA interactions (53). As shown in Figure 2E, we
observed a clear nuclear signal (median value of six dots per
cell, most of them being nuclear, as compared to zero dots per
cell as a median value for the negative control). This confirms
in cellulo the interaction between RBM2S5 protein and BCL-
x RNA (both partners being expressed at their physiological
level) and indicates that this interaction takes place in the nu-
cleus, as expected for interactions between splice proteins and
pre-mRNA. In addition, to assess the ability of RBM25 to bind
G4s in cellulo, we performed an additional PLA using an an-
tibody raised against G4 (BG4, (63)) together with the anti-
body against RBM25 (Supplementary Figure 4). We observed
numerous PLA dots, which are mostly localized in the nucleus
(median value of 40 dots per nucleus as compared to one dot
per nucleus as a median value for the negative control), clearly
showing that RBM2S binds G4s in the cell, mostly in the
nucleus.

Taken together, all these results indicate that RBM25 selec-
tively binds in a G4-dependent manner to GQ-2, the rG4 that
forms at the vicinity of the 5'ss leading to the short alternative
pro-apoptotic Bcl-xS isoform (xS 5'ss).
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Figure 2. RBM25 selectively binds to GQ-2 rG4 in a G4-dependent manner (A) RNA pulldown of extracts from H1299 cells using the indicated RNA
oligonucleotide matrices. The proteins still bound after an 800 mM KCI wash were eluted and analysed by sodium dodecy! sulphate-polyacrylamide gel
electrophoresis (SDS—-PAGE) and western blot using an anti-RBM25 antibody to reveal endogenous RBM25. Gel represents n > 3. (B) Same RNA
pulldown experiment as in (A) except that extracts from H1299 cells transfected by a plasmid allowing expression of HA-tagged RBM25 (HA-RBM25-FL)
were used. Exogenous HA-RBM25-FL was revealed using an anti-HA antibody. Gel represents n > 3. (C) The same RNA pulldown experiment as in (A)
and (B) except that a recombinant polyhistidine-tagged RBM25 protein (His-RBM25) was used instead of extracts from H1299 cells. Gel represents

n > 3. (D) Control experiment using the GQ-2 matrix folded in the presence of 100 mM KClI (that favours G4 formation) or 100 mM LiCl (that does not
favour formation of G4), as indicated, and recombinant His-RBM25. Gel represents n > 3. (E) Adaptation of the PLA to monitor the RBM25 protein-BCl=x
mMRNA interaction performed in H1299 cells natively expressing RBM25 protein and BCL-x mRNA. Microscopy images of H1299 cells analysed using a
probe specifically hybridizing to the BCL-x RNA (lower panels) or not (upper panels, negative controls) as indicated. Nuclei were revealed by DAPI
staining and appear in blue. White dots (PLA signals) indicated interaction (close proximity) between RBM25 protein and BCL-x RNA. The graph on the
right indicates the number of PLA dots per cell in each condition. Data from three biological replicates, at least 250 cells per sample, were analysed by a
non-parametric Mann-Whitney's test using the GraphPad Prism 8 Software (***P < 0.0001).
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GQ-2 rG4 is required for both RBM25 binding and
the synthesis of the alternative pro-apoptotic
Bcl-xS isoform

We next designed two minigenes to monitor the alternative
splicing of BCL-x and the effect of suppressing the ability of
GQ-2 to form an rG4 structure on synthesis of the alterna-
tive product Bcl-xS and on the ability of RBM2S to interact
with BCL-x RNA. First, based on an already published mini-
gene (34,64,65), we constructed Bcl-x 672 WT (wild-type), a
wt minigene that encompasses most of exon 2 (80% includ-
ing all its 3’ part), part of intron 2 and the beginning of exon
3 (Figure 3A and B). Then, using site-directed mutagenesis
we created a mutated version of this WT minigene (termed
Bcl-x 672 GM-2, Figure 3B) by introducing the same modifi-
cations as in GM-2 (Figure 1B) making it unable of G4 for-
mation (Figure 1C). We first assessed, using semi-quantitative
RT-PCR, the alternative splicing from these two minigenes
transfected in HeLa cells. As shown in Figure 3C, Bcl-x 672
WT led to ~30% of Bcl-xS and ~70% of Bcl-xL, in line
with previously published results (34). By contrast, the Bcl-
x 672 GM-2 minigene exclusively led to the synthesis of the
canonical full length Bcl-xL isoform, readily suggesting that
GQ-2 rG4 is important for alternative splicing of BCL-x and
the synthesis of the alternative short pro-apoptotic Bcl-xS
isoform.

Next, to further evaluate the validity of our minigene and
the role of RBM25 binding on the GQ-2 rG4 in the pro-
duction of the RNA encoding the alternative Bcl-xS isoform,
we tested the effect of RBM2S5 overexpression on alternative
splicing from either Bcl-x 672 WT or Bcl-x 672 GM-2 mini-
gene. For this purpose, we transfected HeLa cells with both
a plasmid that allows expression of Bcl-x 672 WT or Bcl-x
672 GM-2 minigene and increasing quantities (1 or 3 pg) of
a plasmid allowing ectopic expression of a N-terminally HA-
tagged version of RBM25 (HA-RBM25-FL). As shown in Fig-
ure 3D, the fraction of Bcl-xS RNA produced from the Bcl-x
672 WT minigene increased from 22 to 42% (with 1 pg of
HA-RBM2S5-FL plasmid) and 60% (with 3 pg of HA-RBM25-
FL plasmid), in good correlation with the increase in RBM25
(as assessed by comparing to the GAPDH loading control)
and in line with previously published data (34,48). By con-
trast, irrespective of the level of RBM235, no Bcl-xS RNA was
detected from the Bcl-x 672 GM-2 minigene, suggesting that
the GQ-2 rG4/RBM2S5 interaction is required for synthesis of
the alternative Bcl-xS isoform. To further test this possibility,
we adapted the PLA shown in Figure 2E to specifically assess
the interaction between endogenously expressed RBM25 and
pre-mRNA expressed from either Bcl-x 672 WT or Bcl-x 672
GM-2 minigene transfected in H1299 cells. GFP was used as a
marker to detect transfected cells. As shown in Figure 3E, the
nuclei of GFP* cells transfected by the Bcl-x 672 WT mini-
gene contained multiple PLA dots (median value of 7.5 dots
per cell) whereas the nuclei of the non-transfected GFP~ cells
did not. By contrast, the nuclei of GFP* cells transfected by the
Bcl-x 672 GM-2 minigene contained only a few dots (median
value of 1 dot per cell), which in addition were less intense
and similar to the dots detected in non-transfected GFP~ cells.
Additional controls are shown in Supplementary Figure 5. Al-
together, these results further confirm that RBM25 interacts
with GQ-2 rG4 present in the BCL-x pre-mRNA and that this
interaction is necessary for the production of the alternative
Bcl-xS isoform.
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The RE domain of RBM25 is necessary for binding
to GQ-2 rG4 and defines a new rG4-binding motif

We next sought to identify which domain(s) of RBM2S5 is in-
volved in its ability to interact with the GQ-2 rG4 of BCL-x
pre-mRNA. As shown in Figure 4A, RBM235 contains three
domains that may potentially be involved in binding to nucleic
acids: an N-terminal RRM (RNA recognition motif) domain,
a central RE (arginine-glutamate-rich) motif and a C-terminal
PWI domain. To determine which of these three domains is im-
portant for binding of RBM25 to GQ-2 G4, we overexpressed
HA-tagged versions of RBM235 deleted, or not, for one of the
other of these three domains in H1299 cells (hence they are re-
spectively termed HA-RBM25-ARRM, HA-RBM25-APWI,
HA-RBM25-ARE-rich and HA-RBM25-FL, depicted in Fig-
ure 4A) and then tested their ability to interact with GQ-2
G4 using the same RNA pulldown assay used in Figure 2A to
C. Of note, the RE domain is composed of two sub-domains:
one that is RE-rich, whereas the other is significantly less en-
riched in RE (termed RE-poor in Figure 4A). To minimize the
size of the deletion, we choose to delete only the RE-rich part,
hence the name of the construct: HA-RBM25-ARE-rich. As
shown in Figure 4B, whereas HA-RBM25-FL, HA-RBM25-
APWI and HA-RBM25-ARRM interact in a G4-dependent
manner with GQ-2 G4, only a residual binding barely superior
to the residual binding on control GM-2 matrix was observed
for HA-RBM25-ARE-rich. To confirm this result, we repeated
this RNA pulldown experiment using protein extracts from
H1299 cells transfected with HA-RBM25-ARE-rich and used
an anti-RBM25 antibody to detect both endogenous and over-
expressed HA-tagged RBM25. As shown in Figure 4C, en-
dogenous RBM25 was clearly enriched on the GQ-2 matrix
and only a residual binding was observed on the control GM-2
matrix, whereas only a residual binding of HA-RBM25-ARE-
rich occurred on the GQ-2 matrix, which was barely superior
to the one observed on the control GM-2 matrix. These re-
sults indicate that the RE motif is important for the ability of
RBM2S5 to bind GQ-2 rG4 and readily suggests that the RE
domain is directly mediating this interaction. To test this pos-
sibility, we expressed the HA-tagged RE motif (HA-RE), the
RE-rich part only (HA-RE-rich) or HA-RBM2S5-FL (as a pos-
itive control) in H1299 cells and determined their ability to
bind to the GQ-2 matrix compared to the control GM-2 ma-
trix. As shown in Figure 4D, HA-RE is able to bind to GQ-2
in a G4-dependent manner, confirming that the RE motif is di-
rectly mediating the interaction of RBM25 with GQ-2 rG4. As
for the HA-RE-rich construct, perhaps because it is most prob-
ably an intrinsically disordered motif, only a weak binding to
GQ-2 RNA oligonucleotide was observed. However, even this
weak binding was G4-dependent as no significant binding was
observed with GM-2 oligonucleotide. Altogether, these results
suggest that RE motif represents a new rG4-binding domain.

Next, we determined the effect of overexpressing HA-
RBM25ARE-rich, as compared to HA-RBM25-FL, on splic-
ing from the Bcl-x 672 WT minigene, using similar experi-
ments as in Figure 3D. We observed that, although expressed
at a level similar to HA-RBM25-FL (as determined by com-
parison to the GAPDH loading control, lower panels of Fig-
ure 4E), overexpression of HA-RBM25-ARE-rich only had a
modest effect on alternative splicing (the proportion of Bcl-xS
increasing from 24% in the negative control transfected by
an empty plasmid to 27 and 35% in cells transfected with 1
or 3 pg, respectively, of the HA-RBM25-ARE-rich plasmid),
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Figure 3. GQ-2 rG4 is required for both RBM25 binding and synthesis of the alternative pro-apoptotic Bcl-xS isoform (A) Schematic representation of the
BClL=x gene with the two alternative 5" splice sites in the exon 2 indicated (xS 5’ss in blue and xL 5’ss in red) as well as the GQ-2 rG4. (B) Schematic
representation of the Bel-x 672 WT (upper panel) and Bcl-x 672 GM-2 (lower panel) minigenes. The only differences between the WT and the GM-2
minigenes are the replacement of three guanines critical for GQ-2 rG4 formation by three adenines (highlighted in red). (C) Semi-quantitative RT-PCR
experiment from Hela cells transfected by the WT or GM-2 minigene, as indicated, to determine the relative proportion of the Bcl-xS and Bel-xL
isoforms synthesized from the minigenes. The PCR products were analysed by electrophoresis in a 1% agarose gel, revealed by an ethidium bromide
staining and quantified by densitometry. An image of a resulting gel is shown (n > 3). (D) Same semi-quantitative RT-PCR experiment as in (C) except
that, in addition to the WT or GM-2 minigene, Hela cells were also transfected by the indicated quantities of a plasmid allowing expression of
HA-tagged RBM25 wt (HA-RBM25-FL) or, as a control, by an empty plasmid. The result of the semi-quantitative RT-PCR experiment is shown in the
upper panel and western blot analysis of the level of expression of HA-RBM25-FL, as compared to the loading control GAPDH, is shown in the two
lower panels (n > 3). (E) Same PLA experiments as in Figure 2E, except that H1299 cells were transfected by a GFP-encoding plasmid that also express
the WT or the GM-2 minigene, as indicated. Microscopy images of cells analysed using a probe specifically hybridizing to the BCL-x RNA transcribed
from the minigenes. GFP signal indicates cells that were efficiently transfected and nuclei were revealed by DAPI staining and appear in blue. White dots
(PLA signals) indicated interaction (close proximity) between the RBM25 protein and the BCLx RNA transcribed from the minigene. The graph on the
right indicates the number of PLA dots per cells in each condition. Data from two biological replicates, at least 35 GFP* cells per sample, were analysed
by a non-parametric Mann-Whitney'’s test using the GraphPad Prism 8 Software (*** P < 0.0001).
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Figure 4. The RE domain of RBM25 is necessary and sufficient for binding to GQ-2 rG4. (A) Schematic representation of the RBM25 protein with its
three motifs known to potentially interact with nucleic acids (RRM, RE and PWI) and of the various constructions used for the determination of the role
of each of these three domains in binding to GQ-2 rG4. All the constructs are N-terminally HA-tagged (HA tag written in grey and represented as a
hatched box). (B) Same RNA pulldown experiments as in Figure 2B using the GQ-2 or GM-2 matrices as indicated except that, in addition to H1299 cells
transfected with an HA-tagged RBM25 (HA-RBM25-FL)-encoding plasmid, H1299 cells transfected with one or the other of the plasmids expressing the
various HA-tagged forms of RBM25 deleted for one of its three domains were also used. The proteins still bound after an 800 mM KCI wash were
eluted and analysed by SDS-PAGE and western blot using an anti-HA antibody to reveal the exogenously expressed various forms of HA-tagged
RBM25. Gels represent n > 3. (C) Same experiment as in (B) using only the HA-RBM25-ARE-rich plasmid except that an anti-RBM25 antibody was used
for the western blot analysis to reveal both exogenously expressed HA-RBM25-ARE-rich and endogenously expressed RBM25 that thus serves as an
internal positive control. (D) Same experiment as in (B) except that a plasmid allowing expression of a HA-tagged full length RE motif (HA-RE) or only the
RE-rich part of RE motif (HA-RE-rich) was used. (E) Same experiment as in Figure 3D except that, in addition to the effect of overexpressing
HA-RBM25-FL on alternative splicing from the Bcl-x 672 WT minigene, the effect of overexpressing HA-RBM25-ARE-rich was also assessed. The result
of the semi-quantitative RT-PCR experiment is shown in the upper panel and the western blot analysis of the level of expression of HA-RBM25-FL or
HA-RBM25-ARE-rich, as compared to the loading control GAPDH, is shown in the two lower panels. Gels represent n > 3. (F) Immunofluorescence
analysis of H1299 cells expressing HA-RBM25-FL or HA-RBM25-ARE-rich, as indicated. Microscopy images of fixed cells analysed using anti-RBM25 or
anti-HA antibodies were shown as indicated. Merged images were also shown.
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which is in line with its limited ability to interact with GQ-
2 rG4, as compared to the strong effect of HA-RBM25-FL
(for which the proportion of Bcl-xS increased from 24% in
the negative control to 57 and 63% in cells transfected with 1
or 3 ug, respectively, of the HA-RBM25-FL plasmid) (Figure
4E, upper panel). We have also determined the effect of over-
expressing only HA-RE on splicing from the Bcl-x 672 WT
minigene and found it had no effect (Supplementary Figure
6), suggesting that other domains of RBM25 are required for
an effect on alternative splicing, most probably by recruiting
various splicing factors.

Because the altered ability of HA-RBM25-ARE-rich to in-
duce alternative splicing of RBM25 could be due to a change
in its intracellular localization, we determined, using im-
munofluorescence, the localization of both HA-RBM25-FL
and HA-RBM25-ARE expressed in H1299 cells. As shown
in Figure 4F, we found a similar nuclear localization for
both HA-RBM25-ARE and HA-RBM25-FL, in line with al-
ready published results (48). Hence, deleting the RE motif of
RBM23, in addition to interfering with its capacity to interact
with GQ-2 rG4 in BCL-x mRNA, also strongly affects its abil-
ity to induce alternative splicing of BCL-x. We conclude that
interfering with the ability of RBM235 to interact with GQ-2
rG4 by deleting its RE domain has the same effect as interfer-
ing with this interaction by preventing rG4 formation through
replacement of the three guanines critical for G4 formation in
GQ-2 with adenines. Altogether, these results clearly indicate
that the RE-mediated interaction between RBM25 and GQ-2
rG4 of BCL-x pre-mRNA is critical for the synthesis of the
alternative pro-apoptotic Bcl-xS isoform.

Effect of the G4 ligand PhenDC3 on RBM25/BClL-x
RNA interaction and the synthesis of the alternative
Bcl-xS isoform

Given the importance of GQ-2 rG4 on BCL-x alternative
splicing, we next tested the effect of PhenDC3, a benchmark
G4 ligand (66), on the splicing from the Bcl-x 672 WT mini-
gene transfected into HeLa cells. As shown in Figure 5A, treat-
ment with increasing concentration of PhenDC3 (from 0 to 40
uM) led to a dose-dependent increase (from 39 to 71%) in the
proportion of the alternative Bcl-xS isoform while having no
effect on Bcl-x 672 GM-2 minigene for which no alternative
splicing was observed with or without PhenDC3.

To assess whether this effect was also observed for the en-
dogenous BCL-x gene, we tested the effect of PhenDC3 on
the alternative splicing of BCL-x in A549 cells. In this cell
line, as in other cancer-derived cell lines, the level of alter-
native Bcl-xS is barely detectable using RT-PCR and repre-
sents only ~6% of total Bcl-x in this experiment. However,
increasing concentrations of PhenDC3 (from 0 to 40 uM) led
to a dose-dependent increase in the alternative Bcl-xS RNA
that reached ~15% at 40 uM PhenDC3 (Figure 5B), further
confirming that PhenDC3 induces the alternative splicing of
BCL-x and suggesting that this G4 ligand favours RBM25
binding to GQ-2 rG4 and thereby the production of the alter-
native pro-apoptotic Bcl-xS isoform. To test this hypothesis,
using similar PLA experiments as in Figure 2E, we determined
the effect of PhenDC3 on the interaction between endogenous
RBM2S5 and endogenous BCL-x RNA in H1299 cells. We ob-
served (Figure 5C) that a treatment with 20 pM PhenDC3
significantly increases the number of PLA dots (median value
of 11 dots per cell, most of them being nuclear, as compared

"

to a median value of six dots per cell for the DMSO-treated
cells). We concluded that the G4 ligand PhenDC3 favours the
binding of RBM25 to GQ-2 rG4 of BCL-x RNA, readily ex-
plaining its ability to boost alternative splicing of BCL-x.

We then tested the effect of PhenDC3 on the stability of
GQ-2 RNA G4. For this purpose, we performed UV-melting
experiments. In a buffer containing 1 mM K*, the addition
of 1 or 2 molar equivalents of PhenDC3 resulted in an in-
crease of melting temperature of GQ-2 from 37.4 to 71.3°C
(ATy = 33.9°C, Figure 5D) with 2 molar equivalents giving
evidence of a strong stabilizing effect. In buffers with higher
K* content (10 or 100 mM) the ligand-induced stabilization
prevented the melting of G4 at temperatures below 95°C,
prohibiting the precise determination of T,, values. This be-
haviour is in line with the known capacity of PhenDC3 to
strongly stabilize various DNA and RNA G4 (66-69). Hence,
it is likely that PhenDC3 also stabilizes GQ-2 rG4 in native
Bcl-x mRNA, or promotes the formation of an rG4 at the ex-
pense of alternative secondary structures, thereby favouring
RBM25 binding and consequently production of the alterna-
tive pro-apoptotic Bcl-xS isoform.

For this reason, we tested the effect of PhenDC3 on the in-
duction of apoptosis in A549 cells only expressing endoge-
nous Bcl-x. Using the Caspase Glo® 3/7 Assay which allows
to determine the relative caspase 3/7 activity, and using the
BH3-mimetics Navitoclax and ABT-737 (70,71) as positive
controls, we found that PhenDC3, in line with its ability to in-
duce Bcl-xS, does induce apoptosis (Figure SE), as compared
to the negative control (DMSO 0.4%; compound vehicle).

Screening of a library of 90 putative G4 ligands
leads to the identification of two original and more
active modulators of BCL-x splicing

The ability of PhenDC3 to enhance the binding of RBM25 to
rG4 in BCL-x pre-mRNA, and thereby to promote the alter-
native pro-apoptotic Bcl-xS isoform and apoptosis indicates
that favouring the interaction between RBM25 and the GQ-
2 rG4 in BCL-x pre-mRNA represents a relevant interven-
tion point to re-sensitize cancer cells to chemotherapy. Hence,
we screened a combinatorial library of 90 ‘as-synthesized’
cationic bis(acylhydrazones) Aa-Ji (Figure 6A and Supplemen-
tary Figure 7), structurally related to PhenDC3 and previously
validated as putative G4 ligands (50) using a fixed concen-
tration of ~10 uM and the splicing from the Bcl-x 672 WT
minigene transfected into HeLa cells as a readout (Figure 6B
and Supplementary Figure 8). From these 90 compounds, two
derivatives containing a phenanthroline fragment (chemical
structures: Figure 6C) significantly increased the Bcl-xS ratio
(Ef, or PhenDHS8: 53 % xS; Ei, or PhenDH9: 51% xS). Of note,
several structurally close phenanthroline derivatives, such as
Eb (PhenDH2), were inactive. We then tested pure samples
of PhenDHS, PhenDH9, PhenDC3 and PhenDH2 (as inactive
control) at various concentrations (from 0 to 40 uM) to rank
them in terms of efficacy. We found the following order of po-
tency: PhenDH8 > PhenDHY9 > PhenDC3 > PhenDH?2, the
latter being only weakly active at the highest concentration
tested (40 uM), whereas PhenDHS8 was already fully active
at the lowest concentration (10 uM) (Supplementary Figure
9). Next, we tested the effect of these four compounds on the
alternative splicing of the endogenous BCL-x gene in A549
cells. As shown in Figure 6D, we obtained similar results than
when using the minigene, with the same order of potency,
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Figure 5. Effect of the PhenDC3 G4 ligand on RBM25/BCL-x RNA interaction, synthesis of the alternative pro-apoptotic Bcl-xS isoform and apoptosis.
(A) Same semi-quantitative RT-PCR experiment as in Figure 3C to determine the relative proportion of the Bcl-xS and Bcl-xL isoforms synthesized from
the minigenes, except that Hela cells transfected by the WT or GM-2 minigene (as indicated) were also treated, or not, by various concentrations of the
benchmark G4 ligand PhenDCS3. Gel represents n > 3. (B) Same experiment as in (A) except that the alternative splicing of the endogenous BCL:x gene
was analysed in Ab49 cells. Gel represents n > 3. (C) Same PLA experiment as in Figure 2E except that cells were treated, or not, with 20 uM
PhenDC3. Microscopy images of H1299 cells analysed using a probe specifically hybridizing to the BCL-x RNA. Nuclei were revealed by DAPI staining
and appear in blue. White dots (PLA signals) indicated interaction (close proximity) between endogenous RBM25 protein and endogenous BCLx RNA.
The graph on the right indicates the number of PLA dots per cells in each condition. Data from three biological replicates, at least 200 cells per sample,
were analysed by a non-parametric Mann-Whitney's test using the GraphPad Prism 8 Software (***P < 0.0001). (D) Normalized UV-melting curves of
GQ-2 (4 uM in lithium cacodylate buffer supplemented with 1 mM KCI and 99 mM LiCl) in the absence (black) or in the presence of 1 molar equivalent
(orange) of 2 molar equivalents (red) of PhenDC3. (E) Determination, using the Caspase Glo 3/7 Assay, of the relative caspase 3/7 activity in Ab49 cells
treated with DMSO (vehicle, negative control), 40 uM PhenDC3 or 1 uM Navitoclax or 1 uM ABT-737 as positive controls. Data from four biological
replicates were analysed by ANOVA in conjunction with Tukey's test using GraphPad Prism 8 Software (***P < 0.0001).
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Figure 6. Screening of a library of 90 putative G4 ligands and identification of PhenDH2, 8 and 9. (A) Generic structure of the combinatorial library of 90
cationic bis(acylhydrazones) (Aa-Ji). (B) The effect of individual library members (at ~10 uM) on alternative splicing from the Bcl-x 672 WT minigene, as
determined by semi-quantitative RT-PCR experiments on Hel a cells transfected by the Bcl-x 672 WT minigene was determined. The percentage of
Bcl-xS obtained for each compound is indicated as a heatmap (% xS). PhenDC3 at the same concentration was used as a positive control. (C) Chemical
structures of hit compounds Ef (PhenDH8), Ei (PhenDH9) and the inactive analogue Eb (PhenDH2). (D) Semi-quantitative RT-PCR experiments to assess
alternative splicing of the endogenous BCL=x gene in Ab49 cells submitted to increasing concentrations of PhenDC3, PhenDH8, PhenDH9 or PhenDH2,
as indicated. PhenDH8 and 9 are more potent than PhenDCS3 to induce the alternative pro-apoptotic Bcl-xS whereas PhenDH2, although structurally
close, is inactive at all tested concentrations. Gel represents n > 3. (E) Ligand-induced stabilization of GQ2 observed in FRET-melting experiments,
performed with double-labelled oligonucleotide (FFGQ2-T, 0.2 uM) in the presence of the ligands (1.0 M each) and in the absence or in the presence of
double-stranded DNA competitor (ds26: 0, 3 or 10 uM). Experiments were performed in 10 mM lithium cacodylate buffer (pH 7.2) supplemented with 10
mM KCl and 90 mM LiCl.
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confirming that the Bcl-x 672 WT minigene is a relevant tool
to model BCL-x alternative splicing.

To rationalize the results obtained with these compounds,
we assessed their capacity to stabilize the rG4 structure
formed by GQ-2 by FRET-melting experiments. The results
(Figure 6E) indicated that PhenDH8 was as effective as
PhenDC3 in stabilizing rG4 (AT, = 37.5°C), PhenDH9 was
slightly more effective (AT, = 39.3°C), and PhenDH2 signif-
icantly less effective than PhenDC3 (AT, = 32.2°C). More-
over, and in contrast to PhenDC3, PhenDHS8 and PhenDH9,
the stabilization effect induced by PhenDH2 was further re-
duced when the experiment was performed in the presence of
double-stranded DNA (ds26) as a competitor, indicating that
in cellular conditions this ligand has poor capacity to stabilize
rG4 in BCL-x pre-mRNA. Taken together, these experiments
shed light on the relative capacity of the ligands to modulate
BCL-x splicing.

Next, we tested the effect of a range of lower concentra-
tions of the various G4 ligands on alternative splicing of the
endogenous BCL-x gene (Figure 7A). This allowed us to esti-
mate the ECs( (half-maximum effective concentration) for the
three active G4 ligands, thereby confirming their order of po-
tency: PhenDHS (ECso ~ 0.2 uM) > PhenDH9 (ECso ~ 0.7
uM) > PhenDC3 (ECso ~ 2 uM) (Figure 7B). Then, to de-
termine whether the effect of these G4 ligands on alternative
splicing of the endogenous BCL-x affects the anti-apoptotic
Bcl-xL protein level, we performed western blots using an an-
tibody specific for the Bel-xL isoform. As shown in Figure 7C,
PhenDHS8 and PhenDHO9 led to a significant decrease in the
level of Bcl-xL protein, which is consistent with their effect
on the alternative splicing of the BCL-x gene. By contrast,
PhenDH2 had no effect on Bcl-xL level, in line with its lack
of effect on splicing of BCL-x.

The ability of PhenDHS8, PhenDH9 and PhenDC3 to af-
fect the alternative splicing of BCL-x and to promote the al-
ternative pro-apoptotic Bcl-xS isoform being confirmed, we
then tested their ability to induce apoptosis, using PhenDH2
and DMSO (the vehicle) as negative controls and Navitoclax
and ABT-737, two BH3-mimetics (70,71), as positive controls.
For this purpose, we used the same Caspase Glo® 3/7 Assay
as in Figure SE, which allows to determine the relative caspase
3/7 activity. As shown in Figure 7D, we first confirmed that
PhenDC3 induces apoptosis. We also observed that PhenDHS8
and PhenDH9 were even more active, whereas PhenDH2 was
inactive. Importantly, we got the same order of potency than
for the ability of the compounds to induce the synthesis of the
alternative pro-apoptotic Bcl-xS isoform.

Finally, using the MTT assay, we measured the ability of the
compounds to induce cell death (Figure 7E). We obtained the
same result than in the two splicing assays and in the Caspase
Glo® 3/7 Assay. To determine whether the compounds have
the same order of potency than on alternative splicing, we re-
peated the MTT assays with a range of concentrations for each
of the three active G4 ligands (Figure 7F). This allowed us to
estimate the Gl (the concentration of the agent that inhibits
growth by 50%) for each of these compounds. We found again
that PhenDH8 was the most active compound, followed by
PhenDHY and then by PhenDC3.

Taken together, these results indicate that PhenDC3, a
benchmark G4-ligand, and its two derivatives PhenDH8 and
PhenDHY, induce both the alternative pro-apoptotic Bcl-xS
isoform and apoptosis and that the intensity of their effect on
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apoptosis and cell death is correlated with their effect on al-
ternative splicing.

Discussion

In this paper, using RNA pulldown and PLA adapted for mon-
itoring protein—RNA interactions, we first show that RBM25
binds directly and specifically to the GQ-2 rG4 of BCL-x
RNA. We also show that this interaction is G4 structure-
dependent and involves the central RE motif of RBM25,
thereby defining a new G4-interacting domain. In addition,
we found that this RBM25/GQ-2 rG4 interaction is necessary
for alternative splicing of BCL-x and is a limiting factor for
the synthesis of the pro-apoptotic Bcl-xS isoform. Indeed, in-
terfering with this interaction, either by preventing G4 forma-
tion (GM-2 mutant) or by deleting the RE motif of RBM235,
abolishes the synthesis of Bcl-xS, the pro-apoptotic alterna-
tively spliced form of Bcl-x. On the contrary, favouring the
RBM25/GQ-2 rG4 interaction by overexpressing RBM25 or
by using PhenDC3, a G4 ligand that strongly stabilizes GQ-2
rG4 in vitro, promotes the synthesis of Bcl-xS and apoptosis.
Importantly, this last result indicates that the RBM25/GQ-2
rG4 interaction represents an intervention point to modulate
the balance between Bcl-xL. and Bcl-xS, the two antagonis-
tic forms of Bcl-x. This is of particular interest for the vari-
ous disorders linked to overexpression of one or the other of
Bcl-x isoforms, in particular for cancers in which overexpres-
sion of the anti-apoptotic Bcl-xL isoform has been associated
to resistance to chemotherapy (15). Hence, small molecules
that promote the pro-apoptotic alternative Bcl-xS isoform
(such as PhenDC3, PhenDHS8 and PhenDH9) may represent
prototypes of candidate drugs to re-sensitize cancer cells to
chemotherapy. Importantly, the fact that PhenDC3, PhenDHS8
or PhenDH9 promote both the Bcl-xS isoform and apoptosis
is not a proof of a mechanism in which they would induce
apoptosis as a consequence of their effect on BCL-x alterna-
tive splicing as these two effects could be independent. How-
ever, the fact that the order of potency of these compounds on
apoptosis (PhenDH8 > PhenDH9 > PhenDC3 > PhenDH2)
is the same than on induction of the pro-apoptotic Bcl-xS
isoform, and that PhenDH2, their close chemical derivative,
is inactive on both processes suggest that a causal link ex-
ists between induction of Bcl-xS and of apoptosis by our
active G4 ligands. Of note, novel molecular tools have re-
cently been developed that rather destabilize G4 (72). Ac-
cording to the results presented here, these new compounds
may thus represent therapeutic options to interfere with the
production of the alternative pro-apoptotic Bcl-xS isoform
whose overexpression has been linked to various disorders
such as some forms of diabetes in which it has been asso-
ciated to exacerbated apoptosis of B cells in the islets of
Langerhans (15).

Important questions remain, such as the precise mechanism
of action of RBM2S5 in BCL-x alternative splicing. At least two
possible models could be envisioned. In the first model, the
GQ-2 rG4 may represent a protein-binding platform recog-
nized by the splicing factor RBM25 that itself might promote
the selection of the xS 5'ss by the splicing machinery, thereby
leading to the synthesis of the alternative pro-apoptotic Bcl-
xS isoform. In the second model, the main role of RBM25 in
BCL-x alternative splicing could be to promote and/or sta-
bilize GQ-2 rG4 formation which would be required for the
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Figure 7. Quantitative analysis of the effect of PhenDC3, PhenDH8 and PhenDH9 on alternative splicing of BCL=x, apoptosis and cytotoxicity. (A)
Semi-quantitative RT-PCR experiments to assess alternative splicing of the endogenous BCL-x gene in A549 cells submitted to increasing
concentrations of PhenDC3, PhenDH9 or PhenDHS8, as indicated. Gels represent n > 3. (B) Semi-logarithmic representation of the data shown in (A). (C)
Western blot analysis of the effect of a range of concentration of PhenDH2, PhenDH9 or PhenDHS8 (as indicated) on the protein level of the
anti-apoptotic isoform Bcl-xL (middle gels) as compared to GAPDH (loading control, lower gels). The impact of the various G4 ligands on the alternative
splicing of the endogenous BCL-x gene was determined in the same samples using semi-quantitative RT-PCR experiments (upper gels) as in (A). Gels
represent n > 3. (D) Effect of PhenDC3, PhenDH8, PhenDH9 or PhenDH2 (all at 40 M) on apoptosis as determined using the Caspase Glo 3/7 Assay
as in Figure 5E. DMSO (vehicle) was used as a negative control and Navitoclax and ABT-737 were used as positive controls. Data from three biological
replicates were analysed by ANOVA in conjunction with Tukey's test (***P < 0.0001). (E) Effect of PhenDC3, PhenDH8, PhenDH9 or PhenDH2 (all at 40
uM) on cell viability as determined using the MTT assay. DMSO (vehicle) was used as a negative control and Navitoclax and ABT-737 were used as
positive controls. Data from three biological replicates were analysed by ANOVA in conjunction with Tukey's test using GraphPad Prism 8 Software
(**P < 0.001, ***P < 0.0001). (F) Semi-logarithmic representation of the data obtained when testing the effect of a range of concentrations of
PhenDC3, PhenDH8, PhenDH9 or PhenDH2 on cell viability as determined using the MTT assay as in (E).
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selection of the xS 5’ss by the splicing machinery. The first
hypothesis is supported by the effects of G4 ligands such as
PhenDC3, which are likely to increase the lifetime and/or the
fraction of GQ-2 rG4 at the expense of alternative secondary
RNA structures, thereby enhancing the binding of RBM25.
At the same time, in favour of the second hypothesis, recent
invitro data (35) showed that the stabilizing effect of a G4 lig-
and (GQC-05, an ellipticin derivative) on GQ-2 rG4 could be
observed only in the presence of nuclear extract. This suggests
that the existence of this rG4 in cellulo requires the presence of
a nuclear factor, which may be an RNA binding protein such
as RBM235, that would promote its formation and thereby its
recognition and further stabilization by a G4 ligand. Clearly,
further investigations are required to decide between the two
hypotheses.

Importantly, whatever the precise mechanism of action of
RBM235 in promoting the alternative splicing of BCL-x, this
mechanism represents an intervention point at which to inter-
fere using notably G4 ligands (73,74). Indeed, several modes
of action are possible for G4 ligands: they can either stabilize
or destabilize G4, or they can prevent binding of a factor on
G4, as shown for PhenDC3, PhenDH2 and PyDH2 that have
been reported to compete with nucleolin for binding to rG4
that form in the Esptein-Barr virus-encoded EBNAT mRNA
and in the Kaposi’s sarcoma-associated herpesvirus-encoded
LANA1 mRNA, thereby interfering with immune evasion of
these two oncoviruses (30,31,75).

An inherent limitation in the use of G4 ligands may be their
potential lack of specificity given that, in addition to the nu-
merous rG4, there are hundreds of thousands potential DNA
G4 that may form in the human genome. Importantly, rG4 are
more stable than DNA G4, in particular because rG4 predom-
inantly adopt parallel structures, in contrast to DNA G4 that
may fold into either parallel, antiparallel of hybrid confor-
mations. In addition, due to the presence of the complemen-
tary strand, DNA G4 are in competition with the formation
of DNA duplex by canonical Watson—Crick pairing. Hence,
G4 ligands may preferentially target rG4. Also, RNA is in-
herently more flexible than DNA and may adopt a plethora
of alternative conformations involving G4 as well as other
structural features (76). Thus, G4 in the RNA context are of-
ten in a dynamic equilibrium with other structural isoforms,
and even low doses of G4 ligand may have a profound im-
pact on this equilibrium, preventing or leading to the recruit-
ment of the corresponding structure-specific binding factors.
Another important point is that, beside the G-quartets, which
are the constant elements constitutive of G4, there are other
structural characteristics, which vary from one sequence to
another: the loops and the flanking regions. These elements
ensure that each quadruplex is, in principle, unique within the
whole genome and, as such, could be exploited as key tar-
gets to gain specificity through, for instance, oligonucleotide
(or derivatives)-based approaches. Hence it is not excluded
that some specificity toward particular G4 may be reached
and various methods to assess G4 ligands specificity have
been described (77,78). In line, the screening of various li-
braries of G4 ligands against some particular G4 clearly indi-
cates that selectivity may be reached (34,52,78) and coupling
oligonucleotides complementary to the loops or the flanking
sequences to G4 ligands can direct them onto some specific
G4 (79). Importantly, the specificity issue is also encountered
in drug development programmes based on slicing factors or
splicing kinases such as CLK or DYRK1A as the developed
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compounds may, in principle, act on the (alternative) splicing
of thousands of genes.

Another important issue, when interfering with the Bcl-
xL/Bcl-xS balance, is the risk of potential side effects, for ex-
ample when promoting Bcl-xS, given its suspected role in var-
ious disorders such as some forms of diabetes or of cardiac
disorders. Also, promoting Bcl-xL may favour tumour forma-
tion. Hence, the targeting of drugs interfering with the Bcl-
xL/Bcl-xS balance to specific organs or to tumour cells is an
important point to consider in future drug development pro-
grammes.

Finally, other means to modify the Bcl-xL/Bcl-xS balance
have been developed, such as splice switching oligonucleotides
(SSO), splicing kinases inhibitors or BH3-mimetics (15,70,71).
Some of these drug candidates have shown promising effects
in various preclinical or clinical trials, in particular BH3-
mimetics, but their further development has been limited by
their side effects, in particular for BH3-mimetics such as ABT-
737 (80) and ABT-263 (Navitoclax, (81)). Hence, the possi-
bility to develop the use of G4 ligands such as PhenDHS8 or
PhenDHY in co-treatment with reduced quantities of these
drug candidates may represent an appealing possibility to
limit their side effects.
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Supplementary Figure 1

Oligonucleotide Sequence (5'—3')

GQ2 GGGAUGGGGUAAACUGGGGUCGCAUUGUGG
GM2 GAGAUGAGGUAAACUGAGGUCGCAUUGUGG
GQ2-A22 GGGAUGGGGUAAACUGGGGUCACAUUGUGG
GQ2-A27 GGGAUGGGGUAAACUGGGGUCGCAUUAUGG
GQ2-A22A27 GGGAUGGGGUAAACUGGGGUCACAUUAUGG
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Sequences and thermal difference spectra (AAbs = Absg, . — Abs,; ) of GQ-2 and its variants. TDS
were obtained with 4 uM oligonucleotides in 10 mM lithium cacodylate buffer (pH 7.2) supplemented with
100 mM KCI (solid lines) or 100 mM LiCl (dashed lines). G4-characteristic peaks are indicated with

asterisks.



Supplementary Figure 2
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UV-melting analysis of GQ-2 and its variants. UV melting profiles were obtained with 4 pM
oligonucleotides in 10 mM lithium cacodylate buffer (pH 7.2) supplemented with various concentrations
of KClI (as indicated) and LiCl to a total ionic strength of 110 mM.



Supplementary Figure 3

RNA G4 DNA G4 DNA G4 DNA G4

GQ-2 GM-2 GQ-2 GM-2 Input BCL-2 BCL-2mut MYC MYCmut

Recombinant His-RBM25 —— W— _— - - ¢ — .« | o7

RNA or DNA pulldown (as indicated) of a recombinant polyhistidine-tagged RBM25 protein (His-RBM25) using
the indicated RNA or DNA oligonucleotides matrices were performed as indicated in Figure 2. Recombinant
RBM25 protein still bound after an 800 mM KCI wash was eluted and analysed by SDS-PAGE and western blot
using and anti-RBM25 antibody. Three different DNA matrices were used: GQ-2 which has the same sequence
than the GQ-2 RNA matrix used in Figure 2 to compare the ability of RBM25 to bind to rG4 and dG4 of the same
sequence, BCL-2 and MYC (with their mutated versions, respectively BCL-2mut and MYCmut in which a minimal
number of guanines involved in G4 formation were replaced by adenines or thymidines to prevent G4 formation
as predicted using the G4Killer software, Brazda V et al, Bioinformatics 2020).

The following G-quadruplex forming oligonucleotides (RNA or DNA as indicated) 3’-tagged with TEG-Biotin were
used:
GQ-2
GM-2

RNA) GGGAUGGGGUAAACUGGGGUCGCAUUGUGG-3’-TEG-Biotin,

RNA) GAGAUGAGGUAAACUGAGGUCGCAUUGUGG-3-TEG-Biotin,

GQ-2 (DNA) GGGATGGGGTAAACTGGGGTCGCATTGTGG-3'-TEG-Biotin,

GM-2 (DNA) GAGATGAGGTAAACTGAGGTCGCATTGTGG-3-TEG-Biotin,

BCL-2 (DNA) AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-3'-TEG-Biotin,
BCL-2mut (DNA) AGGTGCGGGCGCGTGAGGAAGGTGGCGAGAGCGGAGCTG -3’-TEG-Biotin,
MYC (DNA) TGGGGAGGGTGGGGAGGGTGGGGAAGG -3-TEG-Biotin and

MYCmut (DNA) TGGAGAGAGTGGAGAGAGTGGTGAAGG-3-TEG-Biotin.

—~ o~ — —~



Supplementary Figure 4
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Proximity ligation assay (PLA) performed in H1299 cells to monitor in cellulo the interaction between
endogenously expressed RBM25 protein and G4 using a BG4 antibody and an anti-RBM25 antibody.
Microscopy images of H1299 cells analysed using both BG4 (anti-G4 antibody) and an anti-RBM25 antibody
(upper panels) or only the BG4 antibody (lower panels, negative controls). Nuclei were revealed by DAPI
staining and appear in blue. White dots (PLA signals) indicate interaction (close proximity) between RBM25
protein and G4 (that can be rG4 or dG4). The graph on the right indicates the number of PLA dots per cells in
each condition. Data from three biological replicates, at least 500 cells per sample, were analysed by a non-
parametric Mann-Whitney’s test using the GraphPad Prism 8 Software (*** P<0.0001 ).
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H1299 cells (a) and H1299 cells transfected with the minigene Bcl-x 672 WT (b) were analyzed by RNA in situ
hybridization-immunofluorescence (rISH-IF) to verify the specificity of the Bcl-x digoxigenin probe (a) and the
Flag Bcl-x digoxigenin probe (b) and to validate the detection of probe-mRNA complexes. (c) Adaptation of the
proximity ligation assay (PLA) to monitor the RBM25 protein-BCL-x mRNA interaction performed in H1299 cells
natively expressing RBM25 protein and BCL-x mRNA. Microscopy images of H1299 cells analysed using a
probe specifically hybridizing to the BCL-x RNA (lower panels) or not (upper panels, negative controls) with or
without PhenDC3 treatment as indicated. Nuclei were revealed by DAPI staining and appear in blue. White dots
(PLA signals) indicated interaction (close proximity) between RBM25 protein and BCL-x RNA. The graph on the
right indicates the number of PLA dots per cells in each condition. Data from three biological replicates, at least
250 cells per sample, were analysed by t-test in conjunction with Mann-Whitney’s test using GraphPad Prism 8
Software (*** P<0.0001).
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Bel-x 672 WT
HA-RBM25-FL plasmid (ug) - 1 3 - - - -
HA-RBM25ARE-rich plasmid (ug) - - - 1 3 - -
HA-RE plasmid (ug) - - - - - 1 3
Bcl-xS RT-PCR
% XS 28 35 44 26 23 20 28
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RE — C e ctm— — 51| Western blot
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H1299 cells were transfected with the Bcl-x 672 WT minigene and a plasmid allowing expression of RBM25wt
(HA-RBM25-FL), or a form of RBM25 deleted for its RE-rich motif (HA-RBM25-ARE-rich), or only the RE motif
(HA-RE) to assess the effect of overexpressing one or the other of these various forms of RBM25 on alternative
splicing from the Bcl-x 672 WT minigene. The result of the semi-quantitative RT-PCR experiment is shown in the
upper panel and the western blot analysis of the level of expression of HA-RBM25-FL, HA-RBM25-ARE-rich or
HA-RE, as compared to the loading control GAPDH, is shown in the two lower panels.
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Combinatorial matrix of 90 cationic bis(acylhydrazones) screened as Bcl-x splicing modulators.
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Screening of a combinatorial library of 90 "as-synthesized" cationic bis(acylhydrazones) structurally related to
PhenDC3 and previously validated as putative G4 ligands (Reznichenko O et al Chemistry 2023) using a fixed
concentration of ~10 uM and the splicing from the Bcl-x 672 WT minigene as a readout. The splicing from the
Bcl-x 672 WT minigene was assessed using semi-quantitative RT-PCR experiments. DMSO and RC (Reaction
Control, 1M AcOH in DMSO, a catalyst present in every sample) were used as negative controls.
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Effect of various concentrations of PhenD3, PhenDH2, PhenDH8 or PhenDH9 on the splicing from the Bcl-x 672
WT minigene as assessed using semi-quantitative RT-PCR experiments. DMSO (compounds vehicle) was used
as a negative control.



Partie Il : Régulation du mécanisme d’échappement d’EBV au
systéme immunitaire par sa protéine EBNA1

Préambule :

En plus du travail principal sur I'étude d’'un rG4 présent dans le pré-ARNm de
BCL-x, cette thése a fait I'objet de plusieurs collaborations, dont deux ont été
valorisées par deux articles tous les deux acceptés pour publication dans Nucleic Acids
Research en 2022. Ces articles sont présentés ci-aprés et précédés, pour chacun, par

une courte présentation.

Role du domaine RGG de la nucléoline dans |’inhibition GAr-dépendante de
la traduction de ’ARNm d’EBNA1 du virus d’Epstein-Barr

Le virus d’Epstein-Barr (EBV) est un virus de la famille des Herpesviridae et de la sous-
famille des Gammaherpesvirinae. En 1964, le virus EBV est identifi€ comme le premier
oncovirus humain (Epstein et al., 1964). Il est estimé qu’au moins 1% des cancers
dans le monde sont provoqués par le virus EBV. Ce virus est notamment associé aux
lymphomes de Burkitt et d’Hodgkin, aux carcinomes nasopharyngés et a certains
cancers gastriques. Comme de nombreux virus, EBV a développé des mécanismes
d’évasion du systéme immunitaire. EBV posséde une stratégie d’échappement
immunitaire basée sur le contréle de I'expression de sa protéine EBNA1 (Wilson et al.,
2018). Cette protéine de maintenance du virus est considérée comme le talon d’Achille
d’EBV. En effet, cette protéine est essentielle au virus pour la réplication et la
maintenance de son génome, mais EBNA1 est également hautement antigénique. De
sorte, des lymphocytes T dirigés contre cette protéine sont présents chez les individus
infectés par EBV. Afin de rester invisible au systéeme immunitaire et de limiter la
présentation de peptides antigéniques dérivés d’EBNA1, cette protéine inhibe la
traduction de son propre ARNm. De sorte, le niveau d’expression d’EBNA1 est
maintenu au niveau minimum pour assurer la réplication et la maintenance du génome
d’EBV (et donc la latence du virus) et en méme temps suffisamment bas pour échapper

au systéme immunitaire.
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Ce meécanisme est régulé par le domaine GAr présent dans 'ARNm d’EBNA1
(Levitskaya et al., 1995). Le domaine GAr est composé de répétitions de glycine et
d’alanine qui inhibent la traduction de son propre ARNm en cis. Ce mécanisme
représente donc un point d’intervention pertinent pour dévoiler les cellules infectées
par EBV au systéme immunitaire, en particulier les cellules tumorales des cancers liés
a EBV. Plusieurs rG4 ont été identifiés dans la séquence de 'TARNm codant le domaine
GAr ’EBNAT1 et il a été montré qu’empécher la formation de ces G4 aboutit a une
augmentation de l'expression d’EBNA1 ainsi que de la présentation de peptides
antigéniques dérivées d’EBNA1. En outre, la nucléoline (NCL) a été identifiée dans
'équipe comme le premier facteur de la cellule héte de linfection nécessaire pour
l'inhibition de la traduction GAr-dépendante d’EBNA1 (Lista, Martins, Billant, et al.,
2017). La NCL interagit de maniére directe avec les rG4 de TARNm d’EBNA1 et cette
interaction est nécessaire a l'inhibition de la traduction de TARNm d’EBNA1. La NCL
est composée quatre domaines RRM, un motif RGG C-terminal et un domaine acide
localisé du coté N-terminal. Dans le premier article présenté dans cette partie, nous
avons cherché a déterminer le ou les domaines de la NCL impliqués dans I'inhibition

GAr-dépendante de la traduction.

Afin d’identifier le domaine d’intérét, nous avons utilisé un modéle de levure qui
récapitule les aspects de l'inhibition GAr-dépendante de la traduction (Lista, Martins,
Angrand, et al., 2017; Lista, Martins, Billant, et al., 2017; Voisset et al., 2014). Ce
modeéle est basé sur la fusion d’'un domaine GAr de 43 acides aminés (43GAr) avec le
géne rapporteur ADE2. Quand le niveau d’expression d’Ade2 est optimal, les colonies
prennent une coloration blanche. A l'inverse, sans expression d’Ade2, les colonies
apparaissent rouges. Enfin, lorsque I'expression est intermédiaire, les colonies
prennent une coloration rose dont l'intensité de coloration est proportionnelle au niveau
d’expression d’Ade2. La souche 43GAr-Ade2 qui est utilisée dans cette étude conduit
a une inhibition partielle de I'expression d’Ade2p et ainsi une coloration rose des
colonies. Ce modele permet ainsi d’identifier des éléments capables d’augmenter ou
d’inhiber I'effet de GAr sur la traduction en se basant sur la coloration des colonies.
C’est dans ce modéle de levure que nous avons réintroduit des constructions de Nsr1
délétés de I'un ou lautre de ses différents domaines afin d’identifier le domaine
nécessaire pour linhibition GAr-dépendante de la traduction. Cette expérience a

conduit a l'identification du domaine RGG C-terminal de Nsr1 comme le domaine de
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la nucléoline essentiel a I'inhibition GAr-dépendante de la traduction. De plus, par des
expériences de RNA pulldown, nous avons montré que le domaine RGG de Nsr1 était
nécessaire pour son interaction avec les rG4 de TARNm d’EBNA1. Ces expériences
ont ensuite été reproduites avec la nucléoline humaine et ont confirmé le role essentiel
du domaine RGG C-terminal de la nucléoline dans la liaison avec les rG4 de ’TARNm
d’EBNA1 et donc dans l'inhibition GAr-dépendante de la traduction.

Les motifs RGG sont les principales cibles des protéines arginines méthyltransférases
(PRMTs ; notamment des PRMTs de type I) qui vont catalyser I'ajout de groupements
méthyles au niveau des atomes d’azote des arginines. Aussi, nous avons regardé si
la méthylation des arginines de la NCL était nécessaire pour linhibition GAr-
dépendante de la traduction. Pour cela nous avons délété HMT1, le géne codant la
principale PRMT de type | chez la levure qui est responsable de la majorité de la
meéthylation des arginines chez cet organisme eucaryote modéle. Nous avons alors
observé que, en réponse a cette délétion d’HMT1, I'inhibition de la traduction ' EBNA1
était significativement diminuée. De plus, la délétion d’HMT1 réduit également la
capacité de Nsr1 d’interagir avec les rG4 d’EBNA1. Ces résultats montrent que le
domaine RGG de Nsr1 doit étre méthylé afin d’induire I'inhibition GAr-dépendante de
la traduction. Ces résultats ont été reproduits en cellules humaines en utilisant des
ARNi dirigés contre les principales PRMTs de types | ou des inhibiteurs
pharmacologiques de ces enzymes et ont permis d’identifier les PRMTs de type |
comme nécessaires pour linhibition GAr-dépendante de la traduction EBNA1
définissant ainsi de nouveaux points d’intervention possible pour interférer avec le réle
de la nucléoline dans l'inhibition GAr-dépendante de la traduction, et donc avec

I'échappement d’'EBV au systéme immunitaire.

Ma contribution dans cette publication a été de tester si les arginines du motif RGG
étaient, ou pas la cible, des PRMT de type |. Pour cela, nous avons tiré parti du fait
que la nucléoline de levure Nsr1 n’est pas essentielle pour cet organisme eucaryote
modeéle. Nous avons donc utilisé une souche délété pour le géne NSR1 (nsr1A). Jai
ensuite construit, par mutagénése dirigée, des versions mutées de Nsr1 dans
lesquelles chacune des 8 arginines du motif RGG C-terminal ont été remplacées soit
par des alanines (qui ne peuvent étre méthylées, mutant nsr1-8A), soit par des
phénylalanines (qui miment des arginines constitutivement méthylées, mutant nsr1-

8F) puis exprimées ces différents mutants de nsr1 dans la souche nsr1A. Nous avons
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ainsi montré que les levures exprimant nsr1-8A expriment un niveau élevé d’'une
protéine de fusion 43GAr-Ade2 de fagon similaire a la souche nsr1A dans laquelle
l'inhibition GAr-dépendante de la traduction n’est plus opérante, tandis que ce niveau
est plus faible dans les levures exprimant le mutant nsr1-8F. Ces résultats ont ensuite
été confirmés avec la nucléoline humaine avec des mutations de ses 10 arginines soit
en alanines, soit en phénylalanines. La NCL avec les mutations en phénylalanine
(NCL-10F) agit de maniére similaire a la protéine WT sur l'inhibition GAr-dépendante
de la traduction tandis que la NCL-10A est totalement inactive. En conclusion, ces
résultats montrent que la méthylation des arginines du domaine RGG de la NCL est

nécessaire pour l'interaction avec les rG4 de TARNm d’EBNA1.

D’aprés ces résultats, deux modeles sont proposés pour expliquer la régulation entre
la NCL et les rG4 d’EBNA1. Le premier modeéle, dit direct, propose que la méthylation
des arginines de la NCL par la PRMT | soit nécessaire pour que la protéine interagisse
avec les rG4 d’EBNA1, favorisant ainsi I'inhibition de la traduction et 'échappement au
systéme immunitaire I’EBV. Le deuxieme modeéle propose un rdle indirect de la
méthylation. Dans ce modéle, la NCL serait séquestrée par une protéine partenaire
qui empécherait ainsi l'interaction de la NCL avec les rG4 de TARNm d’EBNA1. La
méthylation du domaine RGG viendrait dissocier la NCL de sa protéine partenaire et
donc la libérer, pour lui permettre d’aller s’associer avec les rG4 de TARNm d’EBNA1,
ce qui conduirait a linhibition de la traduction de TARNm d’EBNA1, et donc a

I'échappement d’EBV au systeme immunitaire.
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Figure 14 : modéles de l'interaction entre la NCL et les rG4 de TARNm d’EBNA1.

L'interaction de la NCL avec les rG4 de TARNm d’EBNA1 est nécessaire pour permettre I'inhibition GAr-
dépendante de la traduction et ainsi I'échappement au systéme immunitaire d’EBV. La méthylation des
arginines du domaine RGG de la NCL par la PRMT | est essentielle pour I'interaction de la NCL avec
les rG4. Aussi, deux modéles sont proposés pour expliquer la régulation par la PRMT |, un modele direct
et un modele indirect. Dans le modéle direct, la méthylation des arginines du domaine RGG de la NCL
favorise directement linteraction avec les rG4 et linhibition de la traduction ce qui conduit a
I'échappement au systéme immunitaire du virus.

Dans le modéle indirect, la NCL et son domaine RGG non méthylé sont séquestrés par une protéine
partenaire (protéine X), ce qui empéche la liaison de la NCL avec les rG4. Dans ce cas, il n’y a pas
d’inhibition de la traduction. Les arginines du motif RGG doivent étre méthylées par la PRMT | pour que
la NCL soit libérée de la protéine X pour pouvoir ensuite aller se lier aux rG4 de TARNm d’EBNA1 et
permettre ainsi I'échappement d’EBV au systéme immunitaire.
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ABSTRACT

The oncogenic Epstein-Barr virus (EBV) evades the
immune system but has an Achilles heel: its genome
maintenance protein EBNA1. Indeed, EBNA1 is es-
sential for viral genome maintenance but is also
highly antigenic. Hence, EBV seemingly evolved a
system in which the glycine-alanine repeat (GAr)
of EBNA1 limits the translation of its own mRNA
to the minimal level to ensure its essential func-
tion, thereby, at the same time, minimizing immune
recognition. Therefore, defining intervention points
at which to interfere with GAr-based inhibition of
translation is an important step to trigger an immune
response against EBV-carrying cancers. The host
protein nucleolin (NCL) plays a critical role in this
process via a direct interaction with G-quadruplexes
(G4) formed in the GAr-encoding sequence of the vi-
ral EBNA1 mRNA. Here we show that the C-terminal
arginine-glycine-rich (RGG) motif of NCL is crucial
for its role in GAr-based inhibition of translation
by mediating interaction of NCL with G4 of EBNA1
mRNA. We also show that this interaction depends
on the type | arginine methyltransferase family, no-
tably PRMT1 and PRMT3: drugs or small interfering
RNA that target these enzymes prevent efficient bind-

ing of NCL on G4 of EBNA1 mRNA and relieve GAr-
based inhibition of translation and of antigen pre-
sentation. Hence, this work defines type | arginine
methyltransferases as therapeutic targets to interfere
with EBNA1 and EBV immune evasion.

INTRODUCTION

The Epstein-Barr virus (EBV) is the first oncogenic virus
described in human (1-3). EBV is linked to at least 1%
of cancers worldwide (4), which include Burkitt’s and
Hodgkin’s lymphomas, nasopharyngeal carcinoma, 10%
of gastric cancers and potentially gliomas (5-7). Like the
other gamma herpesviruses, EBV is a latent virus that
evades the host immune system. However, EBV presents
an Achilles heel: its virally encoded genome maintenance
protein EBNA1 (Epstein-Barr nuclear antigen 1), which
is both essential for the virus (for the maintenance of its
genome) and highly antigenic. In addition, infected indi-
viduals may contain T cells raised against EBNA1 (8-10).
Hence, EBV evolved a mechanism by which EBNA1 self-
inhibits the translation of its own mRNA, thereby minimiz-
ing the production of EBNA1-derived antigenic peptides
(11,12). Although not fully elucidated, this mechanism criti-
cally involves the Gly—Ala repeat (GAr) of EBNAT1 which is
encoded by a guanine-repeat-containing mRNA sequence
that was shown to be able to form clusters of up to thirteen
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G-quadruplexes (G4) that have been involved in GAr-based
inhibition of translation (13). G4 are non-canonical sec-
ondary structures that may assemble in guanine-rich DNA
or RNA. G4 are formed by the stacking of at least two
G-quartets which consist of a planar arrangement of four
guanines connected by Hoogsteen hydrogen bonds and sta-
bilized by a central cation, most often K*. G4 structures
within G-rich DNA or RNA have been implicated in gene
regulation where they can affect transcription, splicing or
translation (14-19). Recently, the host cell nucleolin protein
(NCL in human, Nsrl in the budding yeast Saccharomyces
cerevisiae) has been shown to directly mediate EBV im-
mune evasion through binding to G4 of the GAr-encoding
sequence of EBNAT mRNA (20,21). Indeed, the binding
of NCL to G4 of EBNA1 mRNA is required for GAr-
based inhibition of both translation and antigen presenta-
tion. Importantly, this protein—-RNA-G4 interaction is a rel-
evant intervention point to interfere with EBNA1 immune
evasion, as several G4 ligands, which include the bench-
mark compound PhenDC3 as well as the new derivatives
PyDH2 and PhenDH2, are able to interfere with both this
interaction and, consequently, with GAr-based limitation
of translation and antigen presentation (21,22). Hence G4
that form in the GAr-encoding sequence of EBNA1 mRNA
constitute a recognition platform for the binding of the
host cell NCL, a mechanism which is critically involved in
EBNAI immune evasion. However, several important ques-
tions remain such as about the precise role of NCL in GAr-
based translation inhibition, or the identification of the do-
main of NCL that is involved in binding of G4 of EBNAI1
mRNA.

NCL is a multifunctional nucleolar DNA/RNA-binding
protein widely conserved among eukaryotes, whose major
role is in RNA metabolism, in particular rRNA maturation
(23-25). NCL also plays additional roles in chromatin re-
modelling, cell cycle control, transcription and apoptosis.
NCL is one of the first G4-interacting proteins identified
(26). One of its best documented mechanisms of action on
G4 is its role as a repressor of transcription through sta-
bilization of DNA-G4 in the c-Myc promoter (27). Later,
NCL was shown to recognize DNA-G4 within the long ter-
minal repeat (LTR) promoter of human immunodeficiency
virus (HIV), thereby silencing the provirus transcription
(28). More recently, in addition to its role in the immune
evasion of EBV through binding to G4 of EBNA1 mRNA
(21), NCL has been involved in suppressing hepatitis C
virus (HCV) replication through binding to the viral core
RNA-G4 structure (29). NCL is ubiquitous and is there-
fore likely to interact at many G4 loci of DNA or RNA.
The structural determinants of G4-NCL interactions are
not precisely known but, recently, a strong preference of
NCL for binding G4-DNA harbouring a long central loop
has been reported by several groups (30-32). NCL is com-
posed of three main domains: (i) the N-terminal domain
that contains four acidic stretches; (ii) the central region that
contains four tandem RNA recognition motifs (RRMI1-
RRM4); and (iii) the arginine/glycine/glycine (RGG) motif
at the C-terminus. Importantly, most nucleolin homologues
known to date share the same organization, with some vari-
ations in the number of RRMs; for example, the yeast nucle-

olin Nsrl contains only two RRMs but possesses the acidic
N-terminal domain as well as the C-terminal RGG mo-
tif (Figure 1A). RGG motifs represent low complexity se-
quences which can lead to disordered regions (33) and have
been involved in interaction with nucleic acids or various
proteins (34).

Methyl groups can be attached to the nitrogen atoms
of arginine within polypeptides, a process termed arginine
methylation. This post-translational modification is con-
ducted by protein arginine methyltransferases (PRMTs)
(35). PRMTs catalyse the transfer of a methyl group from
S-adenosylmethionine (SAM) to the guanidino nitrogen
atoms of arginine, resulting in the formation of methylargi-
nine and S-adenosylhomocysteine. Arginine can be methy-
lated in three different ways on its guanidino group: it can
be monomethylated, symmetrically dimethylated or asym-
metrically dimethylated, each of which has potentially dif-
ferent functional consequences (36). There are nine PRMTs
in human that are divided into three groups: type I, type
IT and type III (37). PRMTY7 is the single type III PRMT
and only catalyses the formation of monomethylarginine
(MMA), whereas both type I and type II PRMTs catal-
yse the formation of MMA first, and then, from this inter-
mediate, of dimethylarginine (DMA). Starting from MMA,
type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4,
PRMT6 and PRMTS) catalyse the formation of asym-
metric dimethylarginine (aDMA), whereas type Il PRMTs
(PRMT5 and PRMTY9) catalyse the formation of symmetric
dimethylarginine (sSDMA). Arginine methylation occurs on
a variety of protein sequence motifs, but the RGG motifs
are the most commonly reported (38,39) and, in budding
yeast, it is estimated that the majority of arginine methyla-
tion occurs in RGG motifs (40). This is in line with the fact
that RGG is the canonical motif substrate established for
Hmtlp, a type | PRMT and the main budding yeast PRMT,
which is responsible for 66% of arginine monomethylation
and 89% of asymmetric dimethylation of intracellular pro-
teins in S. cerevisiae (41).

Here, we have first determined that the C-terminal RGG
motif of nucleolin is essential for both its ability to bind G4
of EBNA1 mRNA and its role in GAr-based inhibition of
translation. This is true for both Nsrl, the yeast nucleolin,
and for NCL, the human nucleolin. We also show that the
ability of nucleolin to interact with G4 of EBNA1 mRNA,
as well as the GAr-based limitation of both translation and
antigen presentation, depend on type I PRMTs, in particu-
lar on PRMT1 and PRMT3.

Hence, the RGG motif of the host protein NCL is crit-
ically involved in the binding of G4 of the viral EBNAI1
mRNA, and this interaction depends on type I arginine
methyltransferases that thus represent relevant therapeutic
targets to interfere with EBNA1 and EBV immune evasion.

MATERIALS AND METHODS
Yeast strains, genetic manipulation and culture media

All the strains used in this study are derived from the W303a
WT K699 strain (42): MATa, leu2-3, 112 trpl-1, can 1-100,
ura3-1, ade2-1, his3-11, 15.
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Y32: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-1, ade2-
1:: hisS Srombe his3-11,15, metl5:: HA-ade2

Y33: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-1, ade2-
1:: his5 SPombe pis3-11,15, metl5:: HA-43GAr -ade2

Y32 nsrlA: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Spombe  his3-11.15, metl5::HA-ade2,
nsrl:: KANMX6

Y33 nsrlA: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-
1, ade2-1:: his5 Spombe pis3-11,15, metl5:: HA-43GAr-ade2,
nsrl:: KANMX6

Y32 nsrl ARGG: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Srombe his3-11.15, metl5::HA-ade2,
nsrl ARGG:: KANMX6

Y33 nsrl ARGG: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 5P his3-11,15, metl5:: HA-43GAr-
ade2, nsrl ARGG:: KANM X6

Y32 hmtlA: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Spombe  his3-11,15, metl5:: HA-ade2,
hmtl::KANMX6

Y33 hmtlA: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-
1, ade2-1:: his5 SPo"be his3-11,15, metl5:: HA-43GAr-ade2,
hmtl::KANMX6

Yeasts were growth on the following media: YPD (10 g/1
yeast extract, 20 g/1 peptone, 20 g/1 D-glucose) and DO-
TRP (6.7 g/l yeast extract without amino acids, 0.74 g of
CSM-TRP, 20 g/l D-glucose). For solid media, agar was
added at a final concentration of 20 g/1.

Plasmid construction

All the plasmids were generated using standard procedures.
The T4 DNA ligase was obtained from Promega and the
restriction enzymes were purchased from New England
Biolabs. Plasmids maintenance and amplification were
carried out in a chemically competent Escherichia coli
strain. The plasmids pRS414 containing NSR1 and parts
of the coding sequence were constructed as follows: the
DNA fragments were amplified by the forward primers
5-CGCGGATCCATGGCTAAGACTACTAAAGTAAA
AGGTAAC-3 or 5-GCGCGCGGATCCATGTCTTC
CAACAAGAAGCAAAAA-3, and the reverse primers
5-CCGCTCGAGCGGTTAATCAAATGTTTTCTTT
GAACCAG-3¥, 5Y-CGGCCGCTCGAGTTACTCTTCG
TCTTCTTCTTCTTC-3, 5-CGGCCGCTCGAGTTAC
TTGGCACGATCGTTGTTAC-3 or 5-CGGCCGCT
CGAGTTAACCATCGTTGTTTGGTCTTGG-3. The
corresponding polymerase chain reaction (PCR) fragments
were cloned into BamHI and Xhol cloning sites of the
pRS414-ADH vector.

All generated constructions were verified by PCR am-
plification on clones, restriction enzyme digestion and se-
quencing.

Yeast protein extraction

A 4 ml aliquot of exponentially growing yeast of 0.7-0.8
ODgponm Was harvested, washed in 1x TE, pelleted and
then suspended into 300 wl of lysis buffer [25 mM Tris—HCI
pH 6.8, 10% glycerol, 5% B-mercaptoethanol, 5% sodium
dodecylsulphate (SDS), 8 M urea, 0.02% bromophenol
blue)
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Cell culture and transfection

H1299 cells are derived from metastatic lymph node from
lung carcinoma. Mutu-1 cells are derived from an EBV-
positive Burkitt lymphoma. Raji cells are from a type III
latency EBV-infected Burkitt’s lymphoma. B3Z T cells are
from a hybridoma expressing a T-cell receptor (TCR) that
specifically recognizes ovalbumin (OVA; 257-264: SIIN-
FEKL) in the context of H-2Kb. H1299, Mutu-1 and Raji
cells were cultured in RPM1-1640 supplemented with 10%
foetal bovine serum and 2 mM L-glutamine. B3Z cells were
cultured in the same medium supplemented with 50 uM
B-mercaptoethanol. Transfections were performed using
GeneJuice® transfection reagent (Merck), or by electro-
poration using the Amaxa Cell Line Nucleofector® kit V
(Lonza) for Raji and Mutu-1 cells, in both cases according
to the manufacturer’s protocol.

Small interfering RNA (siRNA)-mediated knockdown

A total of 50 000 cells per well were seeded in 6-well plates
and transfected the following day with 0.75 wg of EBNA1
or EBNATAGATr expression vectors using Genejuice ac-
cording to the manufacturer’s protocol (Merck). Trans-
fected cells were treated with the indicated concentration
of control siRNA or FlexiTube GeneSolution for PRMT
1, 3 and 5 (Qiagen). siRNAs were implemented according
to the manufacturer’s protocol using HiPerFect transfection
reagent (Qiagen). Cells were collected for western blot anal-
ysis 48 h after expression vector transfection.

Protein extraction from mammalian cells

Whole cells of 75-90% confluence in 6-well plates were har-
vested, washed in 1x phosphate-buffered saline (PBS) and
suspended in lysis buffer [20 mM HEPES pH 7.5, 50 mM
B-glycerolphosphate, ] mM EDTA pH 8, 0.5 mM Na3; VO,
100 mM KCl, 10% glycerol, 1% Triton, anti-protesase cock-
tail (Roche 11697498001)]. These cell suspensiosn were me-
chanically lysed before centrifugation at 16 000 g for 20 min
at 4°C, and the protein concentration was determined using
the Bradford assay.

Western blotting

Equal protein quantities and volumes of all samples were
loaded and run on Bolt or NuPAGE (polyacrylamide
gel electrophoresis) 10% Bis-Tris Protein gels (Invitro-
gen) then transferred onto a 0.45 uM nitrocellulose mem-
brane (GE Healthcare). Membranes were blocked in 1x
PBS, 0.1% Igepal and 3% bovine serum albumin (BSA),
and incubated with the indicated primary antibodies:
mouse anti-Actin (Abcam ab3280, 1/5000), mouse anti-
glyceraldehyde phoshate dehydrogenase (GAPDH; Abcam
ab125247, 1/5000), mouse anti-EBNA1 (Cytobarr OTX1-
EBNAI1, 1/2000), rat anti-haemagglutinin (HA; Roche
11867423001, 1/2000), rabbit anti-NCL (Abcam ab70493,
1/5000), mouse anti-NSR1 (Abcam ab4642, 1/5000), rabbit
anti-PRMT1 (Merck 07-404, 1/2000), rabbit anti-PRMT5
(Merck 07-405, 1/2000) and rabbit anti-PRMT3 (Abcam
ab191562, 1/10000). The membranes were then washed
with fresh 1x PBS, 0.1% Igepal and incubated with the
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indicated secondary antibodies, conjugated to horseradish
peroxidase: rabbit anti-mouse (Dako P0161, 1/3000), swine
anti-rabbit (Dako P0217, 1/2000) and goat anti-rat (Milli-
pore AP136P, 1/3000). The membranes were washed again
and analysed by enhanced chemiluminescence in buffer
(Tris-base pH 8.5, 12.5 nM coumaric acid, 2.25 nM luminol
and 0.15% H,0,) using a Vilber-Loumart Photodocumen-
tation Chemistart 5000 imager. All the experiments were re-
peated at least three times. Relative proteins levels for each
sample were normaliazed to GAPDH or Actin protein lev-
els as indicated, using Image J software.

T-cell proliferation assay

A total of 50 000 H1299 cells were seeded in 6-well plates
and co-transfected the following day with 0.5 g of Kb ex-
pression vector and 0.25 g of 235GAr-OVA, OVA or con-
trol plasmids using Genejuice according to the manufac-
turer’s protocol (Merck). Forty-eight hours later, the trans-
fected cells were seeded in 24-well plates at a density of 1 x
10° in the presence of 1 x 10° cells of the B3Z T hybridoma
in 2 ml final volume. After 48 h, the supernatant was with-
drawn for an enzyme-linked immunosorbent assay (ELISA)
to evaluate the interleukin-2 (IL2) production in order to
estimate T-cell activation and therefore antigen presenta-
tion. IL2 levels were measured using the IL2 ELISA MAX™
Standard kit (Biolegend, USA) according to the manufac-
turer’s instructions.

RNA pulldown

Yeast protein extracts. A 50 ml aliquot of 0.8-1.0 ODggo nm
exponentially growing cells was collected and cell pellets
were suspended in 2 ml of lysis buffer [25 mM Tris—HCI,
pH 7.4, 100 mM NaCl, 100 mM EDTA 0.1% Triton, an-
tiprotease cocktail (Roche, 11697498001)]. After addition
of 450-600 wm glass beads (Sigma-Aldrich, G8772), cells
were lysed by six cycles of vortexing for 30 s followed by
30 s ice-cooling, shaken for 2 min at 25 Hz in a mixer mill
(Retsch MM400) and centrifuged for 3 min at 800 g at
4°C. Supernatants were recovered and protein concentra-
tions were determined using the Bradford assay.

Mammalian cell protein extracts. Cells were collected 48 h
post-treatment and suspended in 200 .l of lysis buffer [20
mM HEPES, pH 7.5, 50 mM B-glycerophosphate, | mM
EDTA, pH 8, 0.5 mM Na3;VO,, 100 mM KCl, 10% glycerol,
1% Triton, antiprotease cocktail (Roche, 11697498001)].
Cells were lysed as mentioned above. Supernatants were re-
covered and protein concentrations were measured using
the Bradford assay.

RNA pulldown experiments. Yeast extracts or mam-
malian cell extracts were used for pulldown assays
with the following G4-forming oligonucleotides: GQ
5-GGGGCAGGAGCAGGAGGA-3-Biotin-TEG, GM
5-GAGGCAGUAGCAGUAGAA-3-Biotin-TEG  and
ARPC2 5-AGCCGGGGGCUGGGCGGGGACCGG
GCUUGU-3'Biotin-TEG. G4 were formed by heating
the RNA oligonucleotides at 95°C during 5 min then
cooling them down to 4°C at a rate of 2°C/min in the

presence of 100 mM KCI to favour G4 formation. To avoid
unspecific binding, high-affinity streptavidin—Sepharose
beads (GE Healthcare, 28985799) were incubated in 1 ml
of blocking buffer [10 mM Tris—-HCI, pH 7.5, 100 mM KClI,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), 0.01% Triton,
0.1% BSA, 0.02% S. cerevisiae tRNAs (Sigma-Aldrich,
10109495001)] for 1 h at 4°C on a rotating wheel. A 10
pwg aliquot of each folded biotinylated RNA oligonu-
cleotide was incubated with 50 wl of solution containing
the streptavidin—Sepharose beads for 90 min at 4°C on a
rotating wheel. Then 500 g of cell extracts (mammalian or
yeast) or 200 ng of recombinant NCL were treated with 200
U/ml of RNase inhibitor (NEB, M0307S) for 90 min at 4°C
on a rotating wheel. These extracts or recombinant NCL
were incubated with the RNA oligonucleotides bound to
the streptavidin beads for 90 min at room temperature.
Beads were then washed five times with lysis buffer and
lysis buffer with increasing KCI concentrations (200-800
mM). Proteins still bound to beads after the washes were
eluted using 2x loading buffer (2x Laemmli buffer with
5% B-mercaptoethanol) and analysed by western blotting
against NCL or Nsrl.

Proximity ligation assay (PLA)

Cells were fixed in 1x PBS, 4% paraformaldehyde for
20 min and permeabilized for 10 min with 0.4% Triton
X-100, 0.05% CHAPS. The EBNAl-digoxigenin probe
mRNA (5-CTTTCCAAACCACCCTCCTTTTTTGCGC
CTGCCTCCATCAAAAA-3) at 50 ng/well was denat-
urated for 5 min at 80°C. The probe hybridization reac-
tion was carried out in 40 wl of hybridization buffer (10%
formamide, 2x SCC, 0.2 mg/ml E. coli tRNA, 0.2 mg/ml
salmon sperm DNA and 2 mg/ml BSA). The fixed cells were
washed and blocked into the blocking solution (1 x PBS, 3%
BSA, 0.1% saponin) before incubation with the primary an-
tibodies (anti-digoxigenin, Sigma 1/200 and anti-NCL, Ab-
cam 1/1000). The PLA reaction was performed under the
manufacturer’s protocol using the Duolink PLA in situ kit,
PLA probe anti-rabbit plus, PLA probe anti-mouse Minus
and the in situ detection reagent FarRed, all from Sigma.
The results were analysed using a Zeiss Axio Imager M2.
All the PLA experiments were performed at least three times
independently, and the following controls probes were im-
plemented: without mRNA probe or without primary anti-
bodies.

RNA extraction and quantitative reverse transcription-PCR
(RT—qPCR)

Total H1299 or Mutu-1 cellular RNA was extracted us-
ing NucleoSpin® RNA Plus (Macherey Nagel). cDNA
synthesis was carried out using 1 pg of RNA and M-
MuLV Reverse Transcriptase (NEB) together with ran-
dom primer. cDNA samples were analysed by qPCR us-
ing Master Mix PCR Power SYBR™ Green (Applied
Biosystems™). The relative abundance of target mRNA
was normalized using GAPDH as an endogenous con-
trol. Quantification of gene expression was determined
using the 2724CT method. The primers used for PCR
were GAPDH-forward, 5-GAGTCAACGGATTTGGTC

2202 19quianoN /| uo Josn WHISNI AG 671 1.89/G L 69BNB/IBU/EE0 | 0 /10P/9[011Ie-00UBAPE/IEU/WOD dNO"OIWLBPEDE//:SARY WOy POPEOJUMOQ



GT-3'; GAPDH-reverse, 5-CACAAGCTTCCCGTTCTC
AG-3’; EBNAl-forward, 5-GGCAGTGGACCTCAAA
GAAGAG-3; and EBNAIl-reverse, 5- CAATGCAACT
TGGACGTTTTTG-3. All the experiments were per-
formed in duplicate and repeated twice.

MTT assay

About 15 000 Mutu-1 cells were plated at 0.1 ml per well
in 96-well, flat-bottom plates and exposed to the indicated
compounds at the indicated concentrations or dimethyl-
sulphoxide (DMSO; vehicle). After 48 h, 10 pnl of MTT
solution [5 mg/ml in PBS (pH 7.4), CT01-5, Merck Mil-
lipore] was added to each well and cells were incubated for
4 h. A mixture of isopropanol/0.1 N HCI/10% Triton X-
100 (0.1 ml) was added to each well to dissolve the for-
mazan crystals, and the absorbance was then measured at
540 nm.

Immunofluorescence

H1299 cells were plated on 13 mm diameter coverslips in
24-well plates and were transfected with HA-NCL-wt, HA-
NCL-R10A or HA-NCL-R10F plasmids. At 24 h post-
transfection, cells were fixed with 4% paraformaldehyde in
PBS for 20 min and permeabilized with 0.4% PBS, Triton
X-100, 0.05% CHAPS for 10 min at room temperature. Af-
ter incubation in blocking buffer (1x PBS, 3% BSA, 0.1%
saponin) for 30 min at room temperature, samples were
incubated with a mouse polyclonal anti-HA antibody (a
kind gift from Borek Vojtesek, Masaryk Memorial Can-
cer Institute, Brno, Czech Republic) at 1/1000 for 2 h at
room temperature followed by incubation with a 1/500 dilu-
tion of the goat anti-mouse immunoglobulin G (IgG) sec-
ondary antibody conjugated to Alexa Fluor® 594 (Invit-
rogen). Both antibodies were diluted in blocking buffer.
4’,6-Diaminidino-2-phenylindole (DAPI) was used for nu-
clear counterstaining and the images were taken using a
Zeiss Axio Imager M2. The experiments were repeated
twice.

NCL methylation

NCL recombinant protein was prepared and purified as
previously described (32). Methylation of purified NCL re-
combinant protein was performed in a buffer containing 50
mM TrispH 7.5, 1 mM EDTA, 200 mM NaCl. NCL (5 pM)
was incubated with 50 nM SAM (Sigma-Aldrich, Saint-
Quentin-Fallavier) and 240 pg/ml of recombinant human
PRMT1 protein (ab89007, Abcam) at 30°C for 3 h. The con-
ditions of the methylation reaction i.e. time, buffer and sto-
ichiometry of the partners (SAM:NCL:PRMT = 10:1:1),
were previously determined through preliminary qualita-
tive experiments using [*’H]SAM followed by nitrocellulose
membrane filtration (Bio-dot). Methylated NCL was puri-
fied by using a HiLoad Superdex® column and stored in 50
mM Tris pH 8, 200 mM NacCl buffer at —80°C. Mass spec-
trometry analysis was performed to identify the number and
sites of methylation.
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Electrophoretic mobility shift assay

The annealed EBNA1 and EBNAI1-2rep were prepared
by mixing 5'-radiolabelled [y-*’P]oligonucleotide with non-
radiolabelled oligonucleotide (100 nM) in K-100 buffer [10
mM LiCaco2, 100 mM KCI (pH 7.2)], then heating at 95°C
for 5 min followed by slow cooling. For protein or peptide
binding, the annealed RNAs (final concentration of 20 nM)
were incubated with proteins or peptides in the desired con-
centration range (0—1 wM for proteins and 0-56 nM for pep-
tides) in 1x binding buffer [10 mM Tris—HCI (pH 7.5), 1
mM EDTA, 100 mM KCI, 0,1 mM DTT, 5% glycerol and
0.01 mg/mL BSA] at room temperature for 1 h. The sam-
ples were loaded on a 10% or 15% polyacrylamide native
gel (37.5:1 acrylamide:bis ratio) for recombinant proteins
or peptides, respectively. After electrophoresis, the gels were
exposed in a phosphoimager cassette and scanned on a Ty-
phoon Trio Variable mode imager. The quantitative gel was
fitted in GraphPad Prism7 with the Hill slope. Representa-
tion of means and standard deviation (SD) values are from
three independent experiments.

Sequences of peptides and oligonucleotides for EMSAs

RGG, H-EGGFGGRGGGRGGFGGRGGGRGGRGG
FGGRGRGGFGGRGGFRGGRGGGGD-OH

RGG-met; H-EGGFGG(ADMA)GGG(ADMA)GG
FGG(ADMA)GGG(ADMA)GG(ADMA)GGFG
GADMA)G(ADMA)GGFGG(ADMA)GGFADM
A)GG(ADMA)GGGGD-OH (where ADMA is asymmet-
rically dimethylated arginine); EBNA1, GGG-GCA-GGA-
GCA-GGA-GGA; EBNAI-2repeat, GGG-GCA-GGA-
GCA-GGA-GGA-GGG-GCA-GGA-GCA-GGA-GGA

Oligonucleotides were purchased from FEurogentec
(HPLC purification). Peptides were synthesized by Pepscan
(HPLC purification).

Statistics analyses

Data were analysed by analysis of variance (ANOVA) in
conjunction with Tukey’s test using GraphPad Prism 5
Software. Data shown are the mean + SD. *P <0.05;
*#% P <0.0001; ns, not significant.

RESULTS

The C-terminal RGG motif of yeast nucleolin Nsr1 is neces-
sary for its role in GAr-based inhibition of translation and for
the ability of yeast and human nucleolin to bind G4 of EBNA1
mRNA

As stated above, Nsrl, the budding yeast (S. cerevisiae) nu-
cleolin, shares the same domain organization as NCL, the
human nucleolin, apart from the fact that Nsrl contains
only two central RRMs, instead of four in NCL, which
probably correspond to RRM3 and 4 of NCL (Figure 1A).
In addition, GAr-based inhibition of translation is fully op-
erational in budding yeast (43) where it also involves nucle-
olin (20). This explains the relevance of the yeast-based ge-
netic screen that led to the identification of nucleolin as the
first host cell factor critically involved in GAr-based inhibi-
tion of translation (21). This study also shows that human
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Figure 1. The C-terminal arginine—glycine rich (RGG) motif of yeast nucleolin Nsrl is necessary for its role in GAr-based inhibition of translation. (A)
Schematic representation of the various domains of the human (NCL) and yeast (Nsrl) nucleolin. Note that the two proteins share the same organization,
in particular central RRMs (four for NCL and only two for Nsrl which are probably orthologues of RRM3 and 4, hence the colour code) and the C-
terminal RGG motif. Both RRM and RGG are known as RNA-binding motifs. (B) Schematic representation of the various constructions used for the
domain analysis of the yeast nucleolin Nsrl. (C) Analysis of the ability of these various constructs to complement the role of Nsrl in GAr-based inhibition
of translation in a Y33 nsrl A strain, as compared with the wild-type Nsrl. Serial dilutions of the various transformed strains were spotted onto agar-based
solid medium. The colour of yeast colonies is used as the readout. Note that all the constructs that lack the C-terminus that contains the RGG motif are
unable to complement the deletion of the NSRI gene, as indicated by the white colour of the yeast colonies. (D) Ability of a form of yeast nucleolin deleted
of its C-terminal RGG motif (nsr] ARGG) to complement the role of Nsrl in GAr-based inhibition of translation in a Y33 nsr/ A strain as compared
with the wild-type Nsrl. Briefly, a yeast strain that expresses HA-43GAr-Ade2 or, as a control, HA-Ade2 as sole source of Ade2, and deleted for the
NSRI gene was transformed with either an empty vector (negative control), or a plasmid allowing expression of full-length Nsrlwt (positive control), or
of nsrl ARGG, as indicated. Serial dilutions of the various transformed strains were spotted onto agar-based solid medium and the colour of the resulting
transformed strains was assessed. A full level of expression of HA-Ade?2 leads to the formation of white colonies, whereas the reduced level of HA-43GAr-
Ade2 due to the GAr-based inhibition of translation leads to pink colonies. (E) Western blot analysis of the level of Ade2 or HA-43GAr-Ade2 in the
same strains. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels. (F) Y33 nsr/ ARGG, a yeast strain in which only the
sequence encoding the RGG motif was deleted from the endogenous chromosomal NSR/ gene, displays the same pink phenotype as Y33 nsrl A regarding
GAr-based inhibition of translation but grows like a Y33 NSRIwt strain, indicating that nsr]1 ARGG is functionally expressed. (G) Western blot analysis
of the level of Ade2 or HA-43GAr-Ade2 in the same strains. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels.
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NCL can complement the effect of the loss of yeast Nsrl
on GAr-based inhibition of translation in yeast. Taken to-
gether, these results indicate that yeast is a relevant system
to model NCL- and GAr-based inhibition of translation.
Importantly, and in contrast to NCL in human cells, Nsrl
is not an essential gene, as yeast nsrl A strains, although
growing quite poorly, are viable (21,44). For all these rea-
sons, we decided to use yeast nsrl A strains to determine the
involvement of the various domains of nucleolin in GAr-
based inhibition of translation, as this cellular context al-
lows clear-cut situations where the only source of nucleolin
is either full-length Nsrl, or parts of it, that were expressed
back in yeast. We also made use of the yeast model for GAr-
based inhibition of translation which we recently created
(43). This model is based on a fusion between a GAr do-
main of 43 amino acids (43GAr) and the yeast Ade2 re-
porter protein. Because GAr is able to self-inhibit the trans-
lation of its own mRNA in yeast, this leads to a reduc-
tion in Ade2 level (43). This can easily be monitored as
yeast which express Ade2 at a functional level form white
colonies, whereas yeast that do not express Ade2 readily
form red colonies, and any intermediate level of Ade2 leads
to the formation of pink colonies whose intensity of col-
oration is inversely proportional to the level of Ade2 ex-
pressed. Hence, a yeast strain expressing the HA-43GAr-
ADE? construct (Y33 strain) forms pink colonies and ex-
hibits an intermediate level of HA-43GAr-Ade2 protein,
whereas a control strain expressing HA-ADE2 from the
same promoter (Y32 strain) forms white colonies that con-
tain a higher level of HA-Ade2 protein (43). Importantly,
the deletion of the NSRI gene in the Y33 strain (hence
termed Y33 nsrlA) led to the formation of white colonies
that express a high level of HA-43GAr-Ade2 as, in yeast
too, the GAr-based inhibition of translation depends on
nucleolin. In contrast, the deletion of the NSRI gene had
no effect on HA-Ade2 expression in Y32 strains (hence
termed Y32 nsrlA), demonstrating that the effect of nu-
cleolin on protein expression is GAr dependent (21). Start-
ing from the Y33 nsrlA, we first determined the effect of
re-expressing, from a low copy number centromeric plas-
mid, full-length Nsrl, or various parts of it (Figure 1B),
on the GAr-based inhibition of translation, using as read-
outs the colour of the various yeast strains and the level of
expression of 43GAr-Ade2 or Ade2. As shown in Figure
1C and D, as expected, reintroduction of full-length Nsrl
(1-414) led to pink colonies that express a reduced level of
HA-43GAr-Ade2, similar to the original Y33 strain. The
same pink colour was obtained when expressing a form of
Nsrl deleted of its N-terminal acidic domain (154-414), in-
dicating that this domain is not required for the involve-
ment of Nsrl in GAr-based inhibition of translation (Fig-
ure 1C). In contrast, the Y33 nsrl A strain expressing vari-
ous forms of Nsrl that all lack the C-terminal end contain-
ing the RGG motif [1-351, that lacks only the C-terminal
RGG motif (hence termed nsr1 ARGG in the following); 1—
256, that lacks both RRM2 and RGG; and 1-153, that lacks
RRMI1, RRM2 and RGG] remains white, suggesting that
the inhibitory effect of GAr on protein expression was not
restored (Figure 1C). This was checked for the Y32 nsriA
and Y33 nsrl A expressing nstl ARGG (Figure 1D, E), in-
dicating that the RGG motif is necessary for the crucial
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role of Nsrl in GAr-based inhibition of translation. To con-
firm this result, we deleted only the RGG motif-encoding
sequence from the endogenous chromosomal copy of the
NSRI gene in the Y33 strain (to yield Y33 nsrl ARGG), and
in the Y32 strain (to yield Y32 nsrl ARGG) as a control.
As shown in Figure 1F and G, the Y33 nsrl ARGG strain
displays the same phenotype (white colonies expressing a
higher level of 43GAr-Ade2) than the Y33 nsrl A strain re-
garding GAr-based inhibition of translation. Of note, the
Y33 nsrl ARGG strain grows like the Y33 NSRIwt strain,
whereas the Y33 nsrl A strain exhibits a significant growth
defect as reported by us and others (21,44). This shows that
the RGG motif is necessary for the role of Nsrl in GAr-
based inhibition of translation, but not for its other func-
tions required for an optimal yeast growth, in good agree-
ment with recently published results (45). In contrast, the
results shown in Figure 1C suggest that the two RRMs
(RRM1 and 2) are necessary for optimal yeast growth of the
Y33 nsri A strain as only the forms of Nsrl that lack RRM 1
or both RRM1 and 2, in addition to the C-terminal RGG
motif, display the same small colony phenotype as the con-
trol strain transformed with an empty vector. Importantly,
this result also indicates that the defect in GAr-based inhibi-
tion of translation of the yeast strains deleted for the NSR/
gene cannot be attributed to their slow growth phenotype.
It also shows that the role of Nsrl in GAr-based inhibition
of translation can be genetically separated from its central
role in cell fitness.

Because the C-terminal RGG motif of Nsrl is required
for its role in GAr-based inhibition of translation, and as we
previously showed that the direct interaction between hu-
man nucleolin NCL and G4 of EBNA1 mRNA is required
for the GAr-based limitation of both translation and anti-
gen presentation (21), we then compared the ability of the
Nsrl and nsrl Argg proteins to interact with G4 of EBNA1
mRNA. For this purpose, we performed RNA pulldown
assays as previously described (21,46). Briefly, this assay is
based on the use of an RNA oligonucleotide containing a
sequence that can form G4, conjugated to biotin, which can
therefore be precipitated by magnetic Sepharose beads con-
jugated to streptavidin (Figure 2A). In this way, proteins
which present affinity for the selected RNA-G4 can be pre-
cipitated and detected by western blotting. We first deter-
mined if yeast nucleolin Nsrl does bind to G4 of EBNAI
mRNA, as has been shown previously for human nucleolin
NCL (21), and if this binding depends on the presence of
its C-terminal RGG motif. For this purpose, lysate from
Y32 or Y32 rggA cells was applied to the following ma-
trices: streptavidin-coupled beads either together with GQ
(containing the most probable G4 of the GAr-encoding se-
quence of EBNA1 mRNA), GM (negative control: same
sequence except that four guanines critical for G4 forma-
tion were replaced by adenine or uracil) or ARPC2 (posi-
tive control containing a G4 present in A RPC2 mRNA and
that has been shown to bind NCL) RNA oligonucleotides
(Figure 2A). As shown in Figure 2B, an efficient binding of
Nsrl to the prototypical G4 found in EBNA1 mRNA was
observed, which is fully in line with the already described
binding of human nucleolin NCL on the same matrix (21).
As for NCL, this binding mostly depends on G4 since only a
residual binding was observed on GM control that cannot
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Figure 2. The C-terminal RGG motif of yeast nucleolin Nsrl is necessary for its binding to G4 of EBNA1 mRNA which also depends on the main
yeast type I arginine methyltransferases Hmtl. (A) Scheme depicting the principle of the RNA pulldown experiment. The sequence of the various RNA
oligonucleotides used is shown and the guanines (G) implicated in the formation G4 are highlighted in blue. GQ: RNA oligonucleotide containing the
prototypal repeated sequence which forms the most probable G4 in GAr-encoding sequence of EBNA1 mRNA. GM (negative control): mutated version of
GQ in which four guanines were replaced by adenine or uridine to prevent formation of G4. ARPC?2 (positive control): RNA oligonucleotide containing
the sequence of ARPC2 mRNA that forms a G4 known to bind NCL (46). (B) RNA pulldown of extracts from yeast cells expressing Nsrlwt [1: Y32
(NSRIwt)] or nst1ARGG [2: Y32 rggA (nsrl ARGG)] as the sole source of nucleolin. The protein still bound after an 800 mM KCIl wash were eluted
and analysed by SDS-PAGE and western blot. Like the human nucleolin NCL, the yeast nucleolin Nsrl binds to G4 of EBNAI and ARPC2 mRNA,
and this binding is G4 specific as only residual binding was found on GM beads. In contrast, only residual binding is observed for nsr1 ARGG. The blot
represents n >3. (C) The same experiment as in (B), except that RNA pulldowns were performed using extracts from nsrl A yeast cells expressing human
HA-tagged wild-type nucleolin, HA-NCL (1: Y32 nsrlA + HA-NCL) or a version deleted of its C-terminal RGG motif, NCLARGG (2: Y32 nsriA +
HA-NCLARGQG) as the sole source of nucleolin. In contrast to NCL which binds to G4 of both EBNA1 and ARPC2 in a G4-dependent manner, only
residual binding is observed for NCLARGG. The blot represents n >3. (D) A similar experiment to that shown in Figure 1C was performed and indicates
that the ability of GAr to limit protein expression is lower in an smtl A yeast strain (Y33 hmtl A) as compared with the HMTIwt Y33 strain. (E) The
same yeast strain as in (D) was grown in synthetic liquid medium up to stationary phase and photographed. In addition, western blot analysis of the level
of Ade2 or HA-43GAr-Ade2 was performed. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels. The blot represents
n >3. This experiment confirms that the ability of GAr to limit protein expression is less in an simtl A yeast strain (Y33 hmtl A) as compared with the
HMTIwtY33 strain. (F) The same RNA pulldown experiment as in (B) and (C) was performed except that the following yeast extracts were used: 1: Y32
(HMT1wt) or 2: Y32 hmtl A. The binding of the yeast nucleolin Nsrl on G4 of EBNA1 mRNA is significantly decreased when the HMTI gene is absent.
The deletion of the HMT1 gene also affects the binding of Nsrl on ARPC2 mRNA G4 (positive control).
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form G4, whereas a significant binding was also observed
on ARPC2 matrix (positive control that forms RNA-G4
that binds NCL). Importantly, only a residual binding on
GQ, comparable with the binding of Nsrl on GM, was ob-
served for nsrl Argg, whereas Nsrl and nsrlArgg (which
were expressed from the NSRI endogenous promoter in
their normal chromosomal context) were both expressed
at a similar level (input, two first lanes). The same result
was observed with ARPC2 RNA oligonucleotide, confirm-
ing that the binding of yeast nucleolin Nsrl on RNA-G4
depends on its C-terminal RGG motif.

We then performed the same experiments with human
nucleolin NCL. For this purpose, we expressed NCL,
or NCLARGG, from the constitutive ADH promoter in
the Y32 nsrlA strain. We chose to express NCL, or
NCLARGG, in an nsrlA yeast strain to ensure that the
sole source of nucleolin is the one we expressed. Indeed, in
human cells in which NCL is an essential gene whose level
of expression cannot be significantly modified, dealing with
a mixture of NCL and NCLARGG would be inevitable,
thereby complicating the analysis. Hence, here again, we
made use of yeast genetics and of the fact that nucleolin
is not essential in yeast. The ADH promoter was chosen
because it leads to expression of human nucleolin NCL
which is comparable with that of yeast nucleolin Nsrl. As
shown in Figure 2C, we obtained the same result with NCL
and NCLARGG as when using yeast nucleolin Nsrl and
nsrlArgg: NCL bound efficiently to the GQ matrix whereas
only a residual binding was observed for NCLARGG, al-
though it was repeatedly more expressed than NCL in yeast
(input, first two lanes). The same result was observed with
ARPC2 RNA oligonucleotide, confirming that the binding
of human nucleolin NCL on RNA-G4, in particular on G4
of EBNA1 mRNA, also depends on its C-terminal RGG
motif.

Hence, we concluded that the binding of both yeast and
human nucleolin (Nsrl and NCL, respectively) on the G4
of the GAr-encoding sequence of EBNA1 mRNA requires
their C-terminal RGG motif. The residual binding observed
for wild-type Nsrl and NCL on the GM matrix, or for
NCLARGG and nsrlArgg on the GQ or ARPC2 matrix,
is probably due to the RRM domains which possess an
intrinsic RNA binding affinity, whereas the RGG motif
seems to be crucial for the specific affinity of nucleolin for
RNA-G4.

The main yeast type I arginine methyltransferase Hmtlp is
necessary for efficient GAr-based inhibition of translation
and binding of nucleolin to G4 of EBNA1 mRNA

In several instances, methylation of RGG motifs has been
reported to interfere, positively or negatively, with their abil-
ity to interact with other proteins as well as with nucleic
acids (34). RGG is the canonical substrate motif established
for Hmtlp, a type | PRMT which is the main yeast PRMT
and responsible for 66% of arginine monomethylation and
89% of asymmetric dimethylation of intracellular proteins
in this model eukaryote. Since it is estimated that, in bud-
ding yeast, the majority of arginine methylation occurs on
RGG motifs, we tested the impact of inactivating the HM T
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gene on the GAr-based inhibition of translation and on the
ability of Nsrl to interact with G4 of EBNA1 mRNA. For
this, we deleted the HMT1 gene in both Y32 and Y33 strains
to yield Y32 hmtl A and Y33 hmtl A strains, respectively. We
then observed the impact of HMT1 gene deletion on GAr-
based inhibition of protein expression using the same as-
say as in Figure 1C, D and F. As shown in Figure 2D and
E, the Y33 hmtl A strain presents a whiter phenotype than
the control Y33 strain, a phenotype that is comparable, al-
though less pronounced, with that of the Y33 nsrl A strain,
suggesting that the ability of 43GAr to inhibit expression
of 43GAr-Ade2 is partially compromised in the Y33 hmtl A
strain. As we observed no difference in colour in the control
strains Y32 and Y32 hmtl A, we concluded that the partial
loss of GAr-based inhibition of protein expression observed
in the Y33 hmtl A strain, as compared with the Y33 strain, is
GAr dependent. In addition, using western blot analysis, we
determined the level of Ade2 and 43GAr-Ade2 proteins in
hmtl A and nsrl ARGG strains, as compared with wild-type
controls in both Y32 and Y33 backgrounds (Figure 2E).
We found that 43GAr-Ade2 was slightly more expressed in
Y33 hmtl A as compared with Y33 HMTIwt, in good agree-
ment with the slightly whiter phenotype observed on plates
(Figure 2D) and in liquid culture (Figure 2E, upper panel).
This suggests that modulation of the methylation of the
RGG motif of Nsrl may interfere with its ability to interact
with G4 of the GAr-encoding sequence of EBNAI mRNA.
To test this hypothesis, we performed the same RNA pull-
down experiment as described in Figure 2B, except that we
compared the ability of Nsrl extracted from Y32 or Y32
hmtl A strains to interact with G4 of EBNA1 mRNA, the
G4 of ARPC2 mRNA (positive control) or the GM RNA
oligonucleotide (negative control). As shown in Figure 2F,
the ability of Nsrl to interact with both GQ and ARPC2
RNA oligonucleotides is significantly decreased when Nsrl
is extracted from the Y32 hmtl A strain as compared with
the Y32 strain. Of note, this decrease is not as strong as that
observed in Figure 2B, when comparing the binding of Nsrl
with that of nsr1Argg. This is in line with the partial loss of
GAr-based inhibition of protein expression observed in the
Y33 hmtl A strain and with the fact that Hmt1 is not the
sole PRMT in yeast, which implies that the effect on RGG
methylation might only be partial in imtl A strains.

We concluded that the requirement of the RGG motif of
Nsrl for the role of this protein in GAr-based inhibition of
translation and for its ability to interact with G4 of EBNAI
mRNA in yeast both depend on an optimal type I protein
arginine methyltransferase (PRMT) activity.

Inhibition of human type I protein arginine methyltrans-
ferases impacts GAr-based inhibition of protein expression

We next assessed if inhibition of human PRMTs, in par-
ticular type I PRMTs (since Hmtlp is a type I PRMT),
also affects GAr-based limitation of translation. For this
purpose, we first determined the effect of drug- or siRNA-
based inhibition of PRMTs, in particular type I PRMTs,
on GAr-based limitation of protein expression. Hence,
we tested the effect of 7,7'-carbonylbis(azanediyl)bis(4-
hydroxynaphthalene-2-sulphonic acid) (AMI-1) or 5-
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deoxy-5(methylthio)adenosine (MTA) molecules on the
level of EBNA1 or EBNATAGATr in H1299 cells. AMI-1
was the first identified pharmacological compound target-
ing endogenous methyltransferases and has been isolated
on the basis of its ability to inhibit both yeast and hu-
man type I protein arginine methyltransferases Hmt1p and
PRMT]1 (47). It is generally considered that AMI-1 selec-
tively inhibits type I PRMTs (PRMT]1, 3, 4 and 6), but it
has been suggested that it could also inhibit PRMTS, the
main type II PRMT (48). In contrast, MTA is a natural
metabolite that is considered to be a general inhibitor of the
three types of PRMTs (49), in particular of PRMTS5 (50,51).
As shown in Figure 3, treatment of H1299 cells transfected
with vectors allowing expression of EBNAI1 (Figure 3A),
or EBNA1AGATr (Figure 3B), by AMI-1 or MTA, led to a
GAr-dependent increase in EBNA1 expression which was
even more pronounced than that induced by PhenDH2 or
PyDH2, two G4 ligands which have been optimized for
binding to G4 of EBNAT mRNA as well as for their abil-
ity to outcompete NCL for binding on these G4 (22). These
results confirmed those obtained in yeast and indicate that
type I PRMTs are important for GAr-based inhibition of
protein expression.

To further test this hypothesis, we next examined the ef-
fect of MS023, a recently isolated PRMT inhibitor that
has been shown to specifically inhibit type I PRMTs (52).
MSO023 gave similar results to AMI-1 (Figure 3C), whereas
it had no noticeable effect on EBNA1AGATr (Figure 3D).
We have also tested the effect of MS023 on GAr-OVA or
OVA proteins as it has been shown that GAr is able to limit
expression of OVA. As shown in Figure 3E and F, MS023
strongly increased the expression of GAr-OVA whereas it
had no noticeable effect on OVA. As a control, we deter-
mined the effect of MTA and MS023 on NCL expression, as
a decrease in NCL level upon treatment with these PRMTs
inhibitors might readily explain their effect on EBNAI1 ex-
pression. Importantly, neither MTA nor MS023 had an
effect on the NCL protein level (Figure 3G). Finally, we
also determined that MS023 had no effect on EBNA1 and
EBNA1TAGAr mRNA levels (Figure 3H; Supplementary
Figure S1). Altogether, these experiments confirm that in-
hibition of type I PRMTs specifically interferes with GAr-
based inhibition of protein expression.

We then tested the effect of down-regulating various
PRMTs using siRNA. We first determined the effect of
down-regulating, independently or together, PRMT1 and
PRMT3, the two main type I PRMTs. As shown in Fig-
ure 4A and C, down-regulation of PRMT]1 alone, or of
PRMT3 alone, led to a significant and comparable increase
in EBNA1 expression, whereas down-regulation of both
PRMTI and 3 led to a slightly stronger effect. All these ef-
fects were GAr specific since no significant effect was ob-
served for EBNA1AGAr (Figure 4B, D). We also tested the
effect of down-regulating PRMTS, the main type Il PRMT,
and found that it had no significant effect on EBNA1 ex-
pression (not shown). In line with this, we found no ad-
ditive effect when down-regulating PRMTS together with
PRMTI.

Taken together, all these results confirm that inhibition
of type | PRMTs (by drugs or siRNA) interferes with GAr-
based inhibition of translation.

Inhibition of human type I protein arginine methyltrans-
ferases impacts the ability of NCL to interact with G4 of
EBNA1 mRNA

As inhibition of type  PRMTs impacts the GAr-based inhi-
bition of protein expression in both yeast and human cells,
we next determined, using RNA pulldown experiments and
proximity ligation assay (PLA), if inhibition of PRMTs also
interferes with the binding of human nucleolin NCL on
G4 of EBNA1 mRNA to confirm the results obtained for
yeast nucleolin Nsrl in Figure 2F. We first performed the
same pulldown experiments as in Figure 2 except that, in-
stead of yeast cell lysates, we used cell lysates from human
H1299 cells treated with MTA or MS023, or with vehicle
(DMSO) as a negative control. As shown in Figure 5A,
the treatment with MTA or MS023 decreases in a dose-
dependent manner the binding of NCL to G4 of EBNAI1
mRNA, whereas it had no significant effect on the steady-
state level of NCL (Figure 3G). This result indicates that
type I PRMT activity is required for efficient binding of
NCL on G4 of EBNA1 mRNA. Next, we wanted to ver-
ify if the inhibition of PRMTs affects the NCL-GAr G4
interaction in cellulo. Hence, we performed a PLA adapted
to protein—RNA interaction (53) to assess if MS023 (Figure
5B) interferes with the binding of endogenous NCL on en-
dogenous EBNA1 mRNA in EBV-infected Mutu-1 cells. As
previously reported (21,53), we observed PLA dots mostly
in the nucleus, or close to it, in Mutu-1 cells treated with ve-
hicle (DMSO), confirming that the NCL-EBNA1 mRNA
interaction essentially takes place in the nucleus or in the
cytoplasm in the vicinity of the nucleus. In contrast, treat-
ment with 1 wM MSO023 led to a significant decrease in the
number of PLA dots per cell, reaching a value comparable
with that obtained for the negative control without probe
(Figure 5B). Similar results were obtained with treatment
with 5 uM MTA (Supplementary Figure S2).

Taken together, these results indicate that type | PRMTs
are required, both in yeast and in human cells, for the in-
teraction between nucleolin and G4 of EBNA1 mRNA. As
this interaction is crucial for GAr-based inhibition of trans-
lation, this readily explains why inactivating type I PRMTs
interferes with GAr-based inhibition of translation.

Changing arginines of the RGG motif of both Nsr1 and NCL
to alanines suppresses GAr-based inhibition of protein ex-
pression and interaction of NCL with G4 of EBNA1 mRNA,
whereas replacement by the bulky hydrophobic phenylala-
nines mimicking methylated arginines maintains both these
phenomenon

Our results indicate that the binding of nucleolin to G4 of
EBNAI1 mRNA depends both on its C-terminal RGG mo-
tif and on an optimal type I protein arginine methyltrans-
ferase (PRMT) activity. The binding of nucleolin to the G4
of EBNA1 mRNA is direct (21). In addition, arginines of
RGG motifs are known to be the main substrate of type
I PRMT. Therefore, the most likely hypothesis is that type
I PRMTs methylate arginines of the C-terminal RGG mo-
tif of nucleolin, thereby favouring its interaction with G4
of EBNA1 mRNA. To test this possibility, we again made
use of the fact that the yeast nucleolin Nsrl is not essen-
tial and generated a yeast strain that expresses a mutant
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Figure 3. Inhibition of human type I arginine methyltransferases using specific inhibitors impacts GAr-based inhibition translation and has no effect on

NCL level. SDS-PAGE and western blot analysis of the level of EBNA1 or EBNA1AGALr in response to treatments with various inhibitors of arginine
methyltransferases. H1299 cells were transfected with EBNAI- (A and C) or EBNA1AGATr-expressing vectors (B and D) and treated, or not, with the
various drugs, as indicated. GAPDH was used as a loading control. EBNA1/GAPDH or EBNA1AGAr/GAPDH ratios are indicated below the gels. The
G4 ligands PyDH2 and PhenDH?2 were used as positive controls in (A) and (B). SDS-PAGE and western blot analysis of the level of GAr-OVA or OVA in
response to treatments with MS023. H1299 cells were transfected with GAr-OVA- (E) or OVA-expressing vectors (F) and treated, or not, with MS023, as
indicated. GAPDH was used as a loading control. GAr-OVA/GAPDH or OVA/GAPDH ratios are indicated below the gels. The NCL steady-state level
was determined in H1299 cells treated with various concentrations of MTA or MS023, as indicated (G). None of the drugs impacts NCL level. (H) Levels

of EBNA1 or EBNA1AGATr as determined using RT-qPCR.
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form of Nsrl in which all eight arginines of its RGG mo-
tif were replaced by alanines (nsr1-R8A) as the sole source
of nucleolin. As shown in Figure 6A, this strain (Y33 nsri A
+ nsri-R8A) behaves like a strain that expresses no nucle-
olin or only nsrlARGG (Y33 nsriA + nsrl ARGG) as it
forms white colonies, in contrast to the control strain that
expresses Nsrl (Y33 nsriA + NSRIwt) which forms pink
colonies due to the inhibitory effect of 43GAr on transla-
tion of its own mRNA. This is consistent with the possibil-
ity that the role of type I PRMT in GAr-based inhibition

of translation involves methylation of the arginines of the
C-terminal RGG motif of nucleolin, which may in turn reg-
ulate the ability of this motif to directly interact with the G4
of EBNA1 mRNA.

We then performed the same type of experiment with
the human nucleolin NCL. Using site-directed mutagenesis,
we replaced the 10 arginines of the C-terminal RGG mo-
tif of HA-tagged NCL (HA-NCL) by either alanine (HA-
NCL-R10A), lysine (HA-NCL-R10K) to prevent methyla-
tion while maintaining the positive charge, or phenylalanine
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Figure 5. Inhibition of human type I arginine methyltransferases impacts the ability of NCL to interact with G4 of EBNA1 mRNA. (A) The same RNA
pulldown experiments as in Figure 2 were performed except that extracts from human H1299 cells treated, or not (DMSO control vehicle), with various
concentrations of the two PRMT inhibitors MTA or MS023 as indicated were used. Either MTA or MS023 interferes with binding of NCL to G4 of
EBNAI1 mRNA. (B) Adaptation of the PLA to monitor protein-RNA interaction performed in Mutu-1 cells natively expressing EBNA1. Left and middle
panels: microscopy images of cells treated with DM SO (compound vehicle, control) or MS023 (1 wM) or negative control cells without probe, as indicated.
Nuclei were revealed by DAPI staining and appear in blue; white dots (PLA signals) indicate interaction between NCL and G4 of EBNA1 mRNA. Right
panel: number of nuclear PLA signals (dots) per cell in Mutu-1 cells treated with DMSO (control) or with MS023 (1 wM) or in cells of the negative control
(without probe). Data from two biological replicates, 200 cells per sample were analysed by ANOVA in conjunction with Tukey’s test using GraphPad
Prism 5 for Windows (GraphPad Software) (***P <0.0001).
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Figure 6. Changing arginines of the RGG motif of both Nsrl and NCL to alanines suppresses GAr-based inhibition of protein expression and interaction
of NCL with G4 of EBNA1 mRNA, whereas changing arginines of NCL to the bulky hydrophobic phenylalanine mimicking methylated arginine maintains
both of these phenomena. (A) The same experiments as that shown in Figures 1C and 2D were performed and indicate that the eight arginines of the RGG
motif of yeast nucleolin Nsrl are necessary for its function in GAr-based inhibition of protein expression. (B) SDS-PAGE and western blot analysis of
the level of endogenous EBNAL1 in the EBV-infected Raji cell line overexpressing wild-type or mutated versions of HA-tagged nucleolin (HA-NCL-wt,
HA-NCL-R10A, HA-NCL-R10F or HA-NCL-R10K as indicated), or not (empty vector). GAPDH was used as a loading control. EBNA1/GAPDH
ratios are indicated below the gels. (C) The same experiment as in Figure 2, except that RNA pulldowns were performed using extracts from H1299 cells
expressing HA-tagged wild-type nucleolin (HA-NCL-wt) or HA-NCL-R10A as indicated. In contrast to HA-NCL-wt which binds to G4 of both EBNA1
and ARPC2 in a G4-dependent manner, only residual binding is observed for HA-NCL-R10A. The blot represents n >3. (D) The same experiment as in (C),
except that RNA pulldowns were performed using extracts from H1299 cells expressing HA-tagged wild-type nucleolin (HA-NCL-wt) or HA-NCL-R10F
as indicated. Similarly to HA-NCL-wt, HA-NCL-R10F binds to G4 of both EBNA1 and ARPC2 in a G4-dependent manner, albeit less efficiently.
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(HA-NCL-R10F) as a mimic of methylated arginine. In-
deed, it is known that methylation of arginine alters charge
distribution and increases the volume and m-surface area
of the guanidinium moiety, making this residue more hy-
drophobic and more prone to m-stacking (54,55). Hence
it has been shown that phenylalanine may mimic methy-
lated arginine as phenylalanine carries a bulky hydropho-
bic aromatic moiety (56,57). We overexpressed these vari-
ous forms of NCL in Raji cells, which are type III latency
EBV-infected Burkitt’s lymphoma cells, to assess their ef-
fect on the endogenous EBNAL level. Indeed, overexpres-
sion of HA-NCL-wt has been shown to lead to a significant
decrease in the EBNA1 endogenous level in this cell line,
consistent with its role in GAr-based inhibition of transla-
tion (21). As shown in Figure 6B, whereas overexpression of
wild-type NCL (HA-NCL-wt, second lane) led to a signif-
icant decrease in EBNAT level as compared with GAPDH
and with the control with empty plasmid (first lane) as pre-
viously observed (21), both HA-NCL-R10A (third lane)
and HA-NCL-R10K (fifth lane) had no effect despite be-
ing expressed at a similar level as NCL-wt. In contrast,
HA-NCL-R10F (fourth lane) led to a decrease in EBNA1
level which is similar to that induced by overexpression of
wild-type NCL, suggesting that it is also able to decrease
EBNAI expression. Next we tested the ability of HA-NCL-
R10F and HA-NCL-R10A to interact with G4 of EBNA1
mRNA, as compared with HA-NCL-wt. For this, we per-
formed RNA pulldown experiments similar to those de-
scribed in Figure 2C. In line with the effect of the muta-
tions on EBNAI expression, we observed that HA-NCL-
R10A does not bind to G4 of EBNA1 mRNA (Figure 6C),
whereas HA-NCL-R10F does, albeit less efficiently than
HA-NCL-wt (Figure 6D). We have also tested the function-
ality of all the mutants of NCL and Nsrl in Y33 nsriA
and found that NCL-R10F and, to a lesser extent, nsrl-
RS8F are able to partially complement the GAr-based inhi-
bition of protein expression in yeast (Supplementary Figure
S3). In addition, we determined the cellular localization of
HA-NCL-wt, HA-NCL-R10A, HA-NCL-R10F and, as a
control, HA-NCLARGG, and found that all these forms
of NCL are mainly localized in the nucleus (Supplementary
Figure S4). All these results are consistent with the possi-
bility that the role of type | PRMT in GAr-based inhibition
of translation involves methylation of the arginines of the
C-terminal RGG motif of nucleolin.

Inhibition of human type I protein arginine methyltrans-
ferases impacts GAr-based inhibition of antigen presentation

Our results indicate that type I PRMTs are critically in-
volved in the interaction between NCL and G4 of the
GAr-encoding sequence of EBNA1 mRNA. As the GAr-
based limitation of both translation and antigen presen-
tation critically depends on this interaction (21), this sug-
gests that human type I PRMTs are therapeutic targets
to unveil the oncogenic EBV to the immune system. To
test this hypothesis, we determined if inhibition of type I
PRMTs by MS023 has an effect on GAr-restricted ma-
jor histocompatibility complex (MHC) class I antigen pre-
sentation. Indeed, as MS023 led to a GAr-dependent in-
crease in protein expression, it was also expected to stimu-
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late GAr-restricted antigen presentation. For this purpose,
we determined the effect of MS023 treatment on the GAr-
restricted presentation of the ovalbumin-derived antigenic
peptide SIINFEKL (OVAjs7_264) complexed to the murine
Kb MHC class I receptor using a previously described T-
cell assay (21,58). Once complexed to the murine Kb class
I receptor, SIINFEKL is specifically recognized by T cells
from the B3Z hybridoma, leading to their activation and
therefore to production of IL2. Hence, we measured, by
ELISA, IL2 produced by B3Z T-hybridoma cells cultured
with H1299 cells co-transfected with both Kb expression
vector and 235GAr-OVA or, as a control, OVA-expressing
plasmids. As previously reported (22), when mixed with
B3Z T cells, 235GAr-OVA-expressing H1299 cells led to a
much weaker IL2 production (~22 pg/ml), as compared
with OVA-expressing H1299 cells (~75 pg/ml) (Figure 7A).
This is due to the GAr-based limitation of translation and
antigen presentation. Strikingly, treatment of cells tran-
siently transfected with 235GAr-OVA with increasing con-
centrations of MS023 significantly increased the production
of IL2 in a dose-dependent manner, whereas no significant
effect was observed for OVA-expressing control cells (Fig-
ure 7A). These observations are in line with MS023’s ef-
fect on GAr-restricted protein expression as MS023 led to
a significant increase of GAr-OVA expression, whereas it
had no significant effect on OVA expression (Figure 7B).
This shows that inhibition of type I PRMTs increases GAr-
restricted antigen presentation by MHC-I, suggesting that
human type I PRMTs are potential therapeutic targets to
unveil the oncogenic EBV to the immune system.

DISCUSSION

In this paper we first show that the C-terminal RGG motif
of NCL is crucial for its interaction with G4 of the GAr-
encoding sequence of EBNA1 mRNA. This is fully consis-
tent with recent biophysical studies that assess a role for the
RGG motif of NCL in the binding to DNA G4 (32,59). This
is also in line with the recently described dependence on
the C-terminal RGG of Nsrl for its role in G4-associated
genome instability as well as its ability to bind DNA-G4
(45). In line with this, the N-terminal RGG motif of AVEN
has been shown to bind RNA-G4 within the coding re-
gion of MLLI and MLL4 mRNA, thereby increasing their
polysomal association and translation (60). Interestingly,
the role of AVEN was also described to be dependent on
arginine methylation (60). Of note, this does not mean that
one and/or the other of the various RRM domains of NCL
are not important for (or do not participate in) the binding
of NCL on RNA-G4.

Next, given that RGG motifs are among the main sub-
strates of type | PRMTs, particularly in yeast, this prompted
us to determine if these enzymes may modulate the ability
of NCL to interact with G4 of EBNA1 mRNA. Hence we
observed that the inhibition of type I PRMTs (by specific
inhibitors or by siRNA) in human cells does affect: (i) the
ability of NCL to interact with G4 of EBNA mRNA and (ii)
the GAr-based inhibition of protein expression. This is also
true in yeast, as we observed that the deletion of the HMT1
gene, which encodes the main yeast type | PRMT]1 that ac-
counts for the vast majority of arginine methylation (41)
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and whose main substrates are RGG motifs (40), interferes
with the ability of the yeast nucleolin Nsrl to interact with
G4 of EBNA1 mRNA and also with the GAr-based inhibi-
tion of protein expression. This led us to examine if inhibi-
tion of type | PRMTT1 could interfere with GAr-based lim-
itation of antigen presentation, a mechanism at the root of
immune evasion of EBNAT, and thus of EBV. Importantly,
we found that inhibition of type I PRMTs by MS023, which
was recently described as a specific inhibitor of this family of
PRMTs (52), suppresses the GAr-based limitation of anti-

gen presentation in a dose-dependent manner. Hence we
have identified type I PRMTs as new druggable therapeu-
tic targets to unveil EBNA1 to the immune system. Of note,
type I PRMTs may appear as relatively non-specific thera-
peutic targets as their inhibition could in principle disturb
methylation of many proteins, as has been initially consid-
ered for drugs inhibiting protein kinases or phosphatases.
However, since RGG motifs are the main substrates of these
enzymes, and as, in our various assays, type I PRMT in-
hibitors did not exhibit significant toxicity at concentration
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ranges in which they significantly affect both GAr-based
translation inhibition and the NCL/G4 of EBNA1 mRNA
interaction (Supplementary Figure S5), the lack of speci-
ficity may not be an issue.

The precise mechanism by which type I PRMTs control
EBNAI1 immune evasion remains unclear. However, given
that RGG motifs represent a major substrate for type I
PRMTs, and since we show here that the RGG motif of
NCL is crucial for its interaction with G4 of the GAr-
encoding sequence of the EBNA1 mRNA [an interaction
which is direct (21)], it is tempting to speculate that methy-
lation of arginines in the C-terminal RGG motif of NCL
by type I PRMTs favours this interaction. Fully consis-
tent with this possibility is our observation that replacing
the eight arginines of the RGG motif of yeast nucleolin
Nsrl by alanines abolishes its ability to participate in GAr-
based inhibition of translation. We obtained the same re-
sult when replacing the 10 arginines of the C-terminal RGG
motif of NCL by alanines or by lysines. Conversely, the re-
placement of the 10 arginines of the C-terminal RGG mo-
tif of NCL by the bulky hydrophobic constitutive methy-
lated arginine-mimetic phenylalanine restored GAr-based
inhibition of protein expression, suggesting that w-stacking
interactions of the arginines of the RGG motif are likely
to be involved in the ability of NCL to interact with G4
of EBNA1 mRNA and that these interactions might be
reinforced by arginine methylation. Indeed, arginines are
known to establish preferential interactions with guanine
rings through complex interactions involving w-cation, m-
w stacking and H-bonding (61). Hence it makes sense that
arginine—guanine pairs are determinant for binding to the
external guanine quartets of G4 structures which are recog-
nition elements for G4-binding proteins (32,59). In line with
this, we observed that inhibition of type I PRMTs (by small
molecular weight inhibitors or by siRNA) interferes with
the ability of both yeast and human nucleolin to bind to
G4 of EBNAI mRNA, as shown by RNA pulldown ex-
periments and PLAs. Postulating that methylation of the
arginines of the RGG motif of nucleolin is crucial for the
role of nucleolin in GAr-based inhibition of translation, the
question is now to determine if the role of RGG methyla-
tion is direct or indirect. In other words and as shown in
Figure 8, is the methylation of various arginines directly in-
volved by physically promoting the interaction between the
C-terminal RGG motif of NCL and G4 of EBNA1 mRNA,
or does it plays its role by preventing the interaction of NCL
with other partner(s), thereby releasing NCL which is then
free to interact with G4 of EBNA1 mRNA? In favour of the
first possibility (‘direct’ role of RGG methylation) data are
available that show that RGG methylation may interfere
with its ability to interact with some of its partners (that
can be proteins, DNA or RNA) (34). In favour of the sec-
ond possibility (‘indirect’ role of RGG methylation) are the
recent observations that Scd6, a yeast protein involved in
translation inhibition, is able to self-associate via its RGG
motif and that this self-association prevents its translation
repression activity and is negatively regulated by Hmtl-
dependent methylation (33). To test these two possibilities
(‘direct’ or ‘indirect’ role of RGG methylation), we have per-
formed two types of in vitro experiments. We first performed
in vitro arginine methylation of bacterially produced re-
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combinant NCL (hence being initially non-methylated) and
then assessed its ability to bind G4 of EBNA1 mRNA, as
compared with non-methylated recombinant NCL. The re-
sult of this new experiment is shown in Supplementary Fig-
ure S6. We found no significant difference between methy-
lated and non-methylated NCL for binding to the EBNA1
mRNA sequence forming one G4 (18-mer) and a slightly
stronger binding of methylated NCL when a two-repeat
EBNAI mRNA sequence forming two G4 (36-mer) was
used as a binding partner. This suggests that the effect of
arginine methylation on the ability of the C-terminal RGG
motif of NCL to bind G4 of EBNA1 mRNA could be in-
direct, by interfering with the interaction of the RGG motif
with unknown partner(s) whose binding may prevent the
RGG motif from interacting with G4 of EBNA1 mRNA.
The factor interacting with the RGG motif of NCL could
be a ribosomal protein as NCL has been reported to inter-
act with several ribosomal proteins through its RGG motif
(62). Alternatively, the binding partner could be NCL itself
as it has been reported to self-associate (63). However, in
this case, this self-interaction rather involves NCL’s central
RRM domains, and is therefore less likely to prevent its C-
terminal RGG motif from interacting with G4 of EBNAI
mRNA. In line with this, using two-hybrid, we were not able
to observe self-interaction for either yeast (Nsrl) or human
(NCL) nucleolin, even in a hmtl A strain (G.A. and M.B,,
unpublished observations).

Of note, one caveat with in vitro arginine methylation of
NCL is that the extent of methylation is difficult to control.
Hence, we obtained a heterogeneous mixture of NCLs har-
bouring various degrees of methylation (on average eight
arginines per protein featuring mono-methylation, or sym-
metrical or asymmetrical di-methylations, Supplementary
Figure S7) which may not reflect the biological situation. To
overcome this limitation, we have also performed another in
vitro experiment based on two NCL RGG peptides—one
being asymmetrically di-methylated on the 10 arginines,
while the other was non-methylated. We used these two pep-
tides to determine if arginine methylation may have a direct
effect on G4 binding. We found that both peptides display a
similarly high capacity to bind G4 of EBNA1 mRNA (kp in
the nM range with a slight difference in favour of the methy-
lated peptide, Supplementary Figure S8), which is fully in
line with the results of the experiment using the recombi-
nant protein. Taken together, these in vitro data suggest that
the effect of arginine methylation on G4 binding is most
probably indirect as methylation only displays a marginal
effect on the in vitro direct interaction between G4 and the
RGG motif of NCL. Importantly, the identification of the
putative binding partner of the NCL RGG motif that se-
questers it, thereby preventing its interaction with G4 of
EBNAI1 mRNA, is an important aspect that has not been
solved in the present study. Given the central role of NCL
in RNA biology, the identification of this factor should be
the subject of future studies. This will be an important step
as, beyond its involvement in EBNA1 immune evasion, this
mechanism may represent an original and general way to
regulate the ability of NCL to interact with RNA.

Apart from NCL, which is the first host factor crucially
involved in GAr-based inhibition of translation and of anti-
genic peptide production, an important question is to deter-
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interaction with protein X, thus releasing NCL and allowing its RGG motif to interact with G4 of EBNA1 mRNA. Our in vitro assays did not show any
significant difference between methylated and unmethylated RGG for the binding of EBNA1 mRNA G4, suggesting the indirect role is the most likely.
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mine if other proteins are involved in this process, through
binding to G4 of EBNA1 mRNA like NCL. Interestingly,
EBNAL itself contains two RGG motifs: one upstream of
GAr and one directly downstream, and these two RGG mo-
tifs have been shown to bind RNA-G4 (64), leaving the pos-
sibility that EBNA1 may contribute to the limitation of its
own expression by binding to G4 of its own mRNA. Impor-
tantly, this putative role of EBNAT1 could also be controlled
by type | PRMTs.

Finally, the deimination of arginine into citrulline, a pro-
cess called citrullination and which is catalysed by peptidy-
larginine deiminases, prevents their methylation. Interest-
ingly, it has been reported that the infection by EBV ac-
tivates several PRMTs, including PRMT]1, and inactivates
PADI4, the main peptidylarginine deiminase (65). This is
fully in line with the results reported here and it is tempt-
ing to speculate that the infection by EBV, by activat-
ing PRMT1 and inactivating PADI4, favours the methy-
lation of the RGG motif of NCL (and possibly of other
RGG motif-containing proteins such as EBNAT1), thereby
increasing their ability to bind to G4 of EBNAI mRNA,
which in turn leads to inhibition of EBNA1 mRNA trans-
lation, thus limiting the production of EBNA1-derived anti-
genic peptides, ultimately leading to immune evasion of
EBV.

The precise and comprehensive role of type I PRMTs in
GAr-based inhibition of translation, a molecular mecha-
nism at the root of EBNAI immune evasion and poten-
tially another role for NCL in RNA biology, clearly de-
serves deeper investigations and will be the subject of fu-
ture studies. Importantly, whatever the precise mechanism
(see Figure 8), our present work unambiguously defines
type I PRMTs as therapeutic targets to unveil EBV-infected
cells to the immune system, thereby providing new potential
therapeutic avenues to unveil EBV-related cancers to the im-
mune system.
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Le complexe NAC est nécessaire pour le recrutement de la NCL sur I’ARNm
d’EBNA1 et pour ’inhibition GAr-dépendante de la traduction

Bien qu’il ait été montré que linhibition de la traduction de TARNm d’EBNA1 est
dépendante de la séquence codant GAr, une étude a montré que des anticorps dirigés
contre GAr sont aussi capables d’inactiver son effet inhibiteur de la traduction (Yin et
al., 2003). C’est pourquoi, dans le second article présenté, nous avons cherché a
savoir si le peptide contenant le domaine GAr est aussi un élément de régulation de la
traduction de son ARNm. Notre hypothése est que ce mécanisme se produirait au
moment de la traduction, avant le départ de la protéine du ribosome. Généralement,
une fois la traduction terminée, le peptide nouvellement synthétisé rencontre le
complexe NAC situé a la fin du ribosome. Ce complexe est composé des protéines
NACA et BTF3. NACA est la premiére protéine chaperonne que rencontre le peptide

naissant qui est ensuite exporté et protégeé de la protéolyse par BTF3.

Pour tester I'effet du complexe NAC sur la traduction, nous avons inhibé I'expression
de NACA avec des siRNA. Ces expériences ont montré qu’inhiber I'expression de
NACA augmente I'expression d’EBNA1 sans changer son niveau d’/ARNm. De plus,
par des tests de présentation antigénique, nous avons aussi montré que l'inhibition de
NACA augmente la présentation antigénique des protéines possédant un domaine
GAr. En outre, par des expériences de PLA, nous avons montré que la protéine NACA
et la protéine EBNA1 interagissent dans le noyau des cellules. En revanche, lorsque
le domaine GAr est délété, l'interaction entre les deux protéines est significativement
diminuée.

Par une adaptation du protocole de PLA couplé avec un ELISA, nous avons ensuite
montré que le peptide contenant le domaine GAr, nouvellement synthétisé interagissait
avec NACA. Cependant, lorsque le domaine GAr est absent cette interaction est
fortement diminuée. Grace a I'ajout d’un site de clivage qui sépare le domaine GAr du
reste de la protéine, nous avons montré que le peptide GAr libeére NACA du ribosome.
Ces résultats montrent donc que les peptides contenant GAr nouvellement synthétisés
interagissent avec le complexe NAC afin de déplacer la protéine NACA. Cette protéine,
désormais libérée de son complexe NAC viendrait alors participer a l'inhibition de la
traduction ’EBNA1.
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Pour tester cette hypothése et rechercher un lien entre NAC et le recrutement de la
NCL a ’TARNm d’EBNA1, nous avons réalisé des co-immunoprécipitations entre la NCL
et des ARN contenant le domaine GAr. En absence d’expression de NACA, la capacité
de la NCL a se lier avec des ARN contenant le domaine GAr est fortement diminuée,
cependant lorsque ces ARN ne possedent pas de domaine GAr, 'absence de NACA

n’a pas d’effet sur la liaison de la NCL avec ces ARN.

Ma contribution a cet article a été de déterminer si I'interaction entre TARNm d’EBNA1
et NACA était directe par des tests de RNA pulldown. Nous avons ainsi montré que
NACA lie de maniére G4 dépendante aux rG4 de 'ARNm d’EBNA1. De plus,
I'utilisation du PhenDH2, un ligand de G4 a montré que celui-ci compétait NACA pour
la liaison aux rG4 et donc a 'TARNm d’EBNA1. NACA en interagissant avec les rG4
favoriserait la liaison de la NCL a ces rG4 a la maniere du mécanisme de liaison-
dépliement-blocage (bind-unfold-lock) ou une premiére protéine est nécessaire pour

la liaison d’une seconde a un G4 (Herviou et al., 2020).

L'expression des protéines contenant le domaine GAr semble nécessaire pour
l'interaction entre TARNm et la NCL. Pour tester cette hypothése, nous avons traité
des cellules avec des drogues inhibant la traduction. En réponse a un traitement par
ces molécules, l'interaction entre TARNm contenant le domaine GAr et la NCL est
fortement réduite alors qu’elle demeure inchangée en absence du domaine GAr. Des
tests supplémentaires, avec des plasmides ne contenant pas de codon d'initiation de
la traduction, mais dont le niveau ARNm est normal, montrent qu’en absence de
traduction, la NCL interagit moins avec ’ARNm contenant un domaine GAr et dépourvu
de codon START. En conclusion, TARNm contenant le domaine GAr doit d’abord étre
traduit afin de libérer la protéine NACA de son complexe. Celle-ci va alors interagir
avec les rG4 d’'EBNA1 et recruter la NCL au niveau des rG4, ce qui va conduire a
l'inhibition de la traduction de TARNm d’EBNA1 et permettre ainsi I'évasion d’'EBV au

systéme immunitaire.
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ABSTRACT

Protein aggregates and abnormal proteins are toxic
and associated with neurodegenerative diseases.
There are several mechanisms to help cells get rid of
aggregates but little is known on how cells prevent
aggregate-prone proteins from being synthesised.
The EBNA1 of the Epstein-Barr virus (EBV) evades
the immune system by suppressing its own mRNA
translation initiation in order to minimize the produc-
tion of antigenic peptides for the major histocompat-
ibility (MHC) class | pathway. Here we show that the
emerging peptide of the disordered glycine—alanine
repeat (GAr) within EBNA1 dislodges the nascent
polypeptide-associated complex (NAC) from the ribo-
some. This results in the recruitment of nucleolin to
the GAr-encoding mRNA and suppression of mRNA
translation initiation in cis. Suppressing NAC alpha
(NACA) expression prevents nucleolin from bind-
ing to the GAr mRNA and overcomes GAr-mediated
translation inhibition. Taken together, these observa-
tions suggest that EBNA1 exploits a nascent protein
quality control pathway to regulate its own rate of
synthesis that is based on sensing the nascent GAr
peptide by NAC followed by the recruitment of nucle-
olin to the GAr-encoding RNA sequence.

INTRODUCTION

The formation and persistence of protein aggregates is as-
sociated with numerous neurodegenerative diseases, includ-
ing Alzheimer’s disease with the development of B-amyloid
plaques, or in Huntington’s disease where the synthesis of
polyQ stretches in the huntingtin protein causes the for-
mation of assemblies through weak side-by-side interac-
tions (1). Apart from B-amyloids, aggregates are predom-
inantly composed of misfolded or unfolded proteins (2).
Upon acute stress, cells accumulate unfolded proteins that
are cleared by different cellular pathways, including au-
tophagy, secretion in exophers, or interactions with heat
shock proteins (HSPs). HSPs prevent the formation of ag-
gregates by supporting the proper folding or engaging with
misfolded or aggregate-prone proteins for refolding or to
target them for degradation (2-4). Ribosome stalling leads
to co-translational ubiquitination and degradation of the
nascent polypeptide via the ribosome-associated protein
quality control (RQC) pathway (5-8) but how the cell senses
and prevents the synthesis of aggregate-prone proteins is
still relatively unknown.

The nascent polypeptide-associated complex (NAC) is
present at the ribosome exit tunnel and is composed of
NAC alpha (NACA) and BTF3 (also called NAC beta
or NACB) (9,10). NAC is suggested to be the first chap-
erone the nascent polypeptide encounters and crystal-
lography studies show that the BTF3 N-tail is present
within the exit tunnel and escorts the nascent polypeptide
(11). It interacts with short nascent polypeptide sequences
and protects them from proteolysis and from interacting
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with other nascent polypeptide-associated factors, such as
the SRP (signal recognition particle) and the methionine
aminopeptidase (12,13). The flexible conformation of NAC
allows it to interact with a wide range of substrates and
NAC chaperone activity has been shown to prevent ag-
gregate accumulation outside of its ribosome-bound state
(14-16).

mRNA translation initiation is a tightly regulated dy-
namic process governed by multiple signalling pathways
and factors to allow a selection of mRNAs to be trans-
lated depending on cell type and conditions (17,18). RNA-
binding proteins (RBPs) are adaptable regulators that in-
teract with RNA sequences, or with RNA structures, and
play a key role in guiding translation (19,20). It has also
been suggested that translation drives the formation of
RNA structures (21). The binding of nucleolin (NCL) to
G-quadruplex (G4) structures in the glycine-alanine repeat
(GAr) domain of the Epstein-Barr virus (EBV)-encoded
EBNAI mRNA forms an essential part in the viral im-
mune evasion strategy by suppressing translation initiation
in cis in order to minimize the production of antigenic pep-
tides for the major histocompatibility (MHC) class I path-
way (22-25). The GAr-encoded peptide forms an aggregate-
prone disordered domain consisting of single alanines sep-
arated by one, two, or three glycines and varies in length de-
pending on viral strain but can reach over 200 amino acids
(Supplementary Table S1). The GAr-encoding mRNA sup-
presses mRNA translation initiation of every open reading
frame to which it is fused and introducing serine residues in
every eight amino acids alleviates GAr-mediated inhibition
of translation (24,26).

Here, we have used the GAr to show how a nascent dis-
ordered peptide acts together with G4 structures within the
encoding RNA to control mRNA translation initiation in
cis. Our results suggest that in order to minimise the synthe-
sis of antigenic peptides, EBNA1 exploits a nascent protein
quality control pathway that serves to prevent the synthe-
sis of aggregate-prone proteins and is based on the dislodg-
ment of NAC by the nascent peptide.

MATERIALS AND METHODS
Cell culture

Human carcinoma-derived cell line H1299, EBV carrying
Burkitt’s lymphoma cell line Raji, the in vitro transformed
B95.8 and nasopharyngeal carcinoma cell line NPC 666-
1 were all cultivated under standard conditions in RPMI
1640 medium containing 10% fetal calf serum, 2 mM
L-glutamine, and 100 IU/ml penicillin and streptomycin
(Gibco-BRL). NPC 666-1 was a kind gift from Pr. Kwok-
Wai Lo from the Chinese University of Hong Kong.

RNA G4 structures and solubility prediction of the polypep-
tides

RNA G4 structures predictions were realised using the web-
server QGRS mapper (27). Solubilities of the polypeptides
for E.coli expression were predicted using the webserver
SoluProt v1.0 (28).
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Western blotting

Cells were harvested 40h post-transfection and lysed in the
presence of a complete protease inhibitor cocktail (Roche
Diagnostics). Total cell extracts were fractionated by SDS-
PAGE, transferred to BioTrace®NT nitrocellulose blotting
membranes (Pall Corp.). After incubation with the appro-
priate primary antibodies and peroxidase-conjugated sec-
ondary antibodies (Dako), proteins were visualized by using
Pierce ECL, WestDura, or West Femto (ThermoFisher) and
quantified with the MyECL Imager system (Thermo Scien-
tific) and Imagel. The following primary antibodies were
used: mouse monoclonal anti-EBNA1 antibody (OT1X,
Cyto-Barr), mouse monoclonal anti-p53 antibody (DO-1),
mouse polyclonal anti-HA antobody (provided by Dr B.
Vojteések, Masaryk Memorial Cancer Institute, Brno, Czech
Republic), rabbit polyclonal anti-NACA antibody (Ab-
cam), anti-Ovalbumin whole serum (Sigma), rabbit poly-
clonal anti-NCL antibody (Abcam), rabbit polyclonal anti-
LC3B antibody (Sigma) and mouse monoclonal anti-actin
antibody (Sigma). Relative quantifications of the HRP sig-
nals normalised with the corresponding actin bands are
mentioned above the band.

RNA extraction, RT-qPCR, and RNA in vitro co-IP assay

Cells were washed in cold PBS and total RNA extraction
was performed using RNAeasy Mini Kit (Qiagen), follow-
ing the manufacturer’s instructions. cDNA synthesis was
carried out using the Moloney murine leukaemia virus M-
MLV reverse transcriptase and Oligo(dT);,.1g primer (Life
technologies). qPCR was performed using the StepOne
real-time PCR system (Applied Biosystems) with Perfecta
SYBR Green FastMix (Quanta Biosciences).

In vitro RNA co-IP was carried out as described else-
where (29). Briefly, 1ug of total RNA extracted from cells
was co-incubated under agitation with 100 ng of recombi-
nant NCL (provided by Dr. M.-P. Teulade-Fichou, Institut
Curie, Paris, France) in binding buffer (50 mM Tris pH7.5,
150 mM NacCl, 0.02 mg/ml yeast tRNA, 0.2 mg/ml BSA)
for 15 min at 37°C. After incubation, NCL-RNA complexes
were pulled down at 4°C using G-coated sepharose beads
(Sigma) with anti-NCL rabbit polyclonal antibody (Ab-
cam) according to standard conditions and purified using
the TRIzol (Life Technologies). Precipitated RNAs were
then analysed by RT-qPCR.

MHUC class I restricted antigen presentation

T-cell assays using the B3Z SIINFEKL:Kb-specific T cell
hybridoma were carried out as described previously (30).
Briefly, B3Z SIINFEKL:Kb-specific T cell hybridoma were
co-cultured with H1299 cells transfected with both Kb and
the reporter construct, or with the empty vector (EV), for
20 h. B3Z CD8+ T cell hybridoma expresses LacZ in re-
sponse to activation of T cell receptors specific for the oval-
bumin’s immuno-dominant SIINFEKL peptide in the con-
text of H-2Kb MHC class I molecules.

The cells were harvested and washed 2 times with 1X cold
PBS before lysis in 0.2% TritonX-100, 0.5M K,;HPO,4, 0.5M
KH;PO, for 5 min on ice. Supernatants from each condi-
tion were transferred into 96-well optiplate counting plates
(Packard Bioscience, Randburg, SA) and incubated for 1
h at room temperature, protected from light, and tested for
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B-galactosidase activity using the Luminescence assay (BD
Biosciences Clontech) on a FLUOstar OPTIMA (BMG
LABTECH Gmbh, Offenburg, Germany). The results are
expressed in luminescence units.

RNA FiSH

H1299 cell were seeded in 24-well plates (2 x 100 cells/ well)
and trasient transfections were carried out 24 h later us-
ing the Genejuice reagent (Merck Biosciences) according
to the manufacturer’s protocol. 24 h after transfection the
cells were briefly washed with ice-cold PBS, fixed with 4%
PFA during 20 minutes at room temperature, and washed
again with PBS. Cell were then incubated in 70% ethanol
for 4-24 h at 4°C. For rehydration, the cells were incubated
in 50% and 30% ethanol and further washed with PBS. Sub-
sequently, cells were permabilised with PBS 0.4% Triton
0.05% CHAPS for 5 minutes at room temperature. Cov-
erslips were incubated overnight in a wet chamber at 37°C
in FiSH hybridisation buffer supplemented with 10% dex-
tran sulphate and 100nM of FiSH Stellaris probes targeting
Ovalbumin or EBNA1 mRNAs (Biosearch Technologies).
Coverslips were washed twice 20 min in FiSH hybridisation
buffer and 5 min in FiSH Wash buffer and subsequently
stained with DAPI. Images were obtained using Zen soft-
ware (Zeiss) and the Costes colocalisation factor between
nuclei (DAPI channel) and targeted mRNAs (Cy3 channel),
called Correlation_Costes_Cy3_DAPI, were obtained using
the software CellProfiler (31), and later used for statistical
analysis.

Proximity ligation assay (PLA) protein—protein and im-
munostaining

Cells were cultured, fixed, and permeabilised as described
above. Primary antibodies incubation and PLA were car-
ried out using the Naveniflex MR kit (Navinci), follow-
ing the manufacturer’s protocol. The aggregates stain-
ing were realised using the Proteostat Aggresome detec-
tion kit (Enzo) following the manufacturer’s instructions.
PLA antibodies: mouse polyclonal anti-HA antibody, rab-
bit polyclonal anti-NACA antibody (Abcam), rabbit poly-
clonal anti-HA antibody (Sigma), mouse polyclonal anti-
NACA antibody (Abnova) and mouse monoclonal anti-
EBNAI1 antibody (OT1X, Cyto-Barr). Images were ob-
tained using Zen software and analysed using CellProfiler.
Data were processed by taking into account the difference
in targeted protein expression, meaning the number of PLA
dots were normalised with the corresponding cells inte-
grated immunofluorescence signal measured, and then the
mean relative difference between the different conditions
was calculated.

Protein co-immunoprecipitation (co-1P)

After centrifugation, cell pellets from Raji or B95.8 cul-
tures were lysed in buffer containing 20 mM Tris (pH 7.5),
150 mM NacCl, 1% NP-40 in the presence of complete pro-
tease inhibitor cocktail (Roche). Lysates were immunopre-
cipitated with anti-EBNAT1 goat antibody or goat IgG and
protein G-sepharose. The beads were washed with PBS and

lysis buffer x4 and boiled in SDS loading buffer. Immuno-
precipitates were analysed by SDS/PAGE using 4-12% pre-
cast gels (Invitrogen).

Polysome fractionation and PLEA

5-50% (w/vol) linear sucrose gradients were freshly cast on
SW41 ultracentrifuge tubes (Beckmann) using the Gradi-
ent master (BioComp instruments) following the manufac-
turer’s instructions. Polysome fractions were collected and
concentrated to 100 wl using the Millipore concentrating
falcon tubes. Protein concentration was measured by Brad-
ford and an equal amount of protein from each sample was
used for the PLEA experiment to study the interaction of
three molecules. 96-well ELISA plates were incubated with
the capture antibody at a dilution of 1:200, o/n, at 4°C.
Samples were incubated with the PLA secondary antibodies
and the PLA kit (Sigma) was used according to manufactur-
ers’ instructions. The fluorescence at 640 nm was measured
by the FLUOstar plate reader (excitation at 644 nm and
emission at 669 nm). The values were used for the prepa-
ration of a graph and for statistical analysis to calculate the
mean and the standard deviation using the GraphPad Prism
9 software. Each sample was tested in triplicates.

RNA pulldown assays

For the preparation of whole-cell extracts, confluent H1299
cells were collected after trypsin treatment and washed
twice with 1X PBS (Gibco). Cells were suspended in 500 .l
of lysis buffer 20mM Tris-HCI pH 7.5; 200mM NaCl
and 0.1% Igepal) containing 1 x protease inhibitor cocktail
(Roche). Cell lysis was performed by five series of vortex
followed by 10 min incubation on ice, and 3 series of 3s son-
ication at 20% amplitude. After lysis cells were centrifuged
at 4°C for 15min at 16 000g, and the supernatant was
quantified by Bradford. The whole-cell extracts or recom-
binant GST-NCL (Abnova) and His-tagged NACA (home-
made, Umea University) were used for pulldown assays
with the following G-quadruplex forming oligonucleotides:
GQ-18 5-GGGGCAGGAGCAGGAGGA-3'Biotin TEG.
The negative control for EBNAI G4 was the GM-18
5 GAGGCAGUAGCAGUAGAA-3'Biotin TEG oligonu-
cleotide which, according to the QGRS mapper soft-
ware (Ramapo College New Jersey https://bioinformatics.
ramapo.edu/QGRS/credits.php), is unable to form G4
structures. To avoid unspecific binding, high-affinity strep-
tavidin sepharose beads (GE Healthcare) were incubated in
1 ml blocking buffer containing 10 mM Tris—HCI pH 7.5;
100 mM KCI; 0.1 mM EDTA; 1 mM DTT; 0.01% Triton X-
100; 0.1% BSA; 0.02% S. cerevisiae tRNAs (Sigma), for 1h
at 4°C on a rotating wheel. An amount of 10 pg of each
folded biotinylated RNA oligos was incubated with 50 pl
of the solution containing the streptavidin sepharose beads
for 90 min at 4°C on a rotating wheel. Five hundred micro-
grams of cell extract were incubated with the RNA oligonu-
cleotides bound to the streptavidin beads for 90 min at room
temperature. Beads were washed with increasing KCl con-
centration (200-800 mM). Protein still bound to beads after
the washes were eluted using 2x SDS loading buffer and
analysed by WB against NACA or NCL, as previously de-
scribed. In the input lane of the WBs was loaded a fraction
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of the extract that was incubated with the beads for each
condition.

Statistical analysis

Data were analysed by unpaired Mann—Whitney’s test or
Student’s z-test on GraphPad Prism 9. On graphs, repre-
sented data are the mean and the standard deviation or
SEM of a minimum of three independent experiments. Sta-
tistical significance of the difference is stated as following:
P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**) and P < 0.001

RESULTS
NAC controls the synthesis of GAr-containing polypeptides

The gly-ala repeat (GAr) domain is located in the N-
terminal part of the EBNA1 and deleting this domain
(EBNAAGAY) increases mRNA translation and protein
expression (Figure 1A and B) (23-26,32). Previous stud-
ies have shown that the binding of nucleolin (NCL) to the
EBNAI mRNA is important for translation suppression
in cis (22). However, antibodies against the GAr domain
of EBNA1 overcome translation suppression in vitro (23),
showing that the peptide also plays a role in controlling
translation initiation. We wanted to know how the mRNA
and the encoded peptide both play a role in controlling
EBNALI synthesis. In order for both the RNA and the en-
coded peptide to control translation initiation in cis, we
reasoned that the mechanism of action should take place
before the protein leaves the translating ribosome. NAC
is described as a ribosome-associated chaperone target-
ing aggregate-prone proteins and we tested the impact of
NAC on GAr peptide-mediated protein synthesis control.
siRNA-mediated silencing of NAC subunit alpha (NACA)
in H1299 cells leads to a decrease in NACA mRNA and pro-
tein levels and this resulted in an increase of protein aggre-
gates and an increase in LC3 protein and polyQ-fused pro-
tein levels, showing that the reduced expression resulted in a
functional response (Figure 1C and Supplementary Figures
S1A, S1B and S1C) (16,33).This was accompanied by an
approximately 4-fold increase in EBNA1 expression with-
out affecting EBNAI mRNA levels (Figure 1C and Sup-
plementary Figure S1D). A similar increase in expression
following NACA knockdown was also observed when GAr
was fused to the N-terminus of p53 (GAr-p53) while only
a limited, or no, effect was observed on p53 alone (Figure
1D). Fusing the GAr to ovalbumin (Ova) (GAr-Ova) also
resulted in a NACA-dependent expression control (Sup-
plementary Figure S1E). These results show that silenc-
ing NACA interferes with GAr-mediated translation inhi-
bition. In addition, the GAr is known to be more efficient
in suppressing translation when placed in the 5’ of the cod-
ing sequence, as compared to the 3’ (23,26), and NACA
silencing had less impact when GAr was fused to the 3’
of the Ova (Ova-GAr), supporting the notion that NACA
acts on GAr-mediated translation control (Supplementary
Figure S1E). To further test that the effect of NACA on
EBNALI expression is at the level of mRNA translation,
we took advantage of the fact that fusing the 5’ untrans-
lated region (UTR) of c-Myc to the 5 UTR of EBNAI
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(cMyc_EBNA1) overcomes GAr-mediated translation inhi-
bition (Figure 1E) (26,32,34). When we knocked out NACA
we observed no effect on the expression of EBNA1 carry-
ing the cMyc sequence in the 5 UTR (Figure 1F). Similarly,
when we fused the ¢cMyc sequence to the 5 UTR of GAr-
p53 or GAr-Ova constructs, we did not observe any increase
in expression following NACA knockdown, validating that
the effect of NACA is indeed on the synthesis of EBNAI
and not on protein stability (Figure 1G and Supplemen-
tary Figure SI1F). Overexpressing an HA-tagged NACA did
not affect EBNA1 expression, indicating that the endoge-
nous NACA levels are sufficient to control EBNA1 synthe-
sis (Figure 1H). To ensure that endogenous EBNA1 expres-
sion is controlled by NAC, we also treated the EBV-carrying
NPC 666-1 and Raji cells with siRNA against NACA and
we observed a similar increase in EBNA1 expression (Fig-
ure 11 and Supplementary Figure S1G). The physiological
role of the GAr is to minimise the production of EBNA1-
derived peptide substrates for the MHC class I pathway and
we wanted to know if NACA affects the production of anti-
genic peptide substrates. The Ova includes an antigenic pep-
tide (SLS; see Figure 1A) that is presented on the murine Kb
class I molecules. When we expressed Ova, or GAr-Ova,
and exposed the cells to B3Z CD8 + T cells that are spe-
cific for SL8, we observed an increase in antigen presenta-
tion following NACA siRNA treatment in cells expressing
GAr-Ova but not in cells expressing Ova. Silencing SRP
(Signal Recognition Particle), another nascent polypeptide-
associated factor, had no impact on antigen presentation
(Figure 1J). Taken together, these results show that NAC
plays a key role in GAr-mediated suppression of mRNA
translation initiation and in the viral strategy to evade the
immune system.

NAC interacts with the GAr peptide domain

To address how NAC mediates GAr-dependent transla-
tion control, we performed Proximity Ligation Assay (PLA)
to see if endogenous NACA interacts with EBNA1 or
the EBNAAGATr in situ. We observed fewer interactions
with the EBNAAGATr, as compared to EBNAIL, despite
EBNAAGAr being expressed at four times higher levels.
The interactions were mainly observed in the nuclear com-
partment (Figure 2A). As a control we used the HA-polyQ-
p53 as poly-glutamine repeat (PolyQ) causes aggregates
and is known to interact with NAC (Supplementary Fig-
ure S2A). In line with previous studies, immunofluorescence
assays confirmed a cytoplasmic and nuclear localisation of
NACA (Supplementary Figure S2B) (35). After taking into
account the difference in expression levels between EBNA1
and EBNAAGAr (see Figure 1B), we estimated that delet-
ing the GAr significantly decreased the number of inter-
actions between endogenous NACA and EBNAI1 peptide
(Figure 2B). Overexpressing an HA-NACA construct to-
gether with EBNAI, or EBNAAGAr, showed an approxi-
mately 3-fold increase in the number of interactions between
NACA and EBNAI peptide, as compared to NACA and
EBNAAGAr (Figure 2C). Co-immunoprecipitation assays
from two EBV-carrying B cell lines (B95.8 and Raji) showed
that endogenous EBNA1 protein interacts with NACA
(Figure 2D). We also wanted to see if NACA interacts with
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Figure 1. (A) Cartoon illustrating the constructs used. Position of Ova-derived SIINFEKL antigenic MHC class I peptide (SL8) is indicated. (B) Western
Blot (WB) from H1299 cells transfected with EBNA1 cDNA or an EBNAI that lacks the gly-ala repeat (EBNAAGATr). (C) WB from H1299 cells trans-
fected with EBNA1 and treated with siRNAs control (-) or with siRNA against NACA (NAC subunit alpha) (+). (D) WB from H1299 cells transfected
with GAr-p53 or p53 constructs and treated with indicated siRNAs. (E) WB from H1299 cells transfected with EBNA1 or an EBNA1 construct carrying
cMycinits 5 UTR (cMyc_EBNAI). (F) WB from H1299 cells expressing cMyc_EBNA1 and treated with indicated siRNAs. (G) WB of H1299 expressing
the cMyc_GAr-p53 construct and treated with indicated siRNAs. (H) WB of H1299 cells transfected with an EBNA1 construct and increasing amounts of
HA-NACA-encoding plasmid. (I) WB of endogenous EBNA1 in EBV-carrying NPC 666-1 cells (upper panel) or Raji cells (lower panel) treated with indi-
cated siRNAs. (J) Antigen presentation assay performed using B3Z SIINFEKL:Kb-specific T cell hybridoma co-cultured with H1299 cells transfected with
Ova, GAr-Ova or empty vector (EV) and treated with siRNAs against NACA or SRP. Quantification of WBs is indicated on the top of each immunoblot.
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Figure 2. (A) Proximity ligation assay (PLA) (white arrows) shows interactions in H1299 cells between NACA and EBNA1 or NACA and EBNAAGAr.
Co-immunofluorescence of respective proteins shown in green. DAPI nuclear staining in blue. Scale bar represents 10 pm. (B) Relative number of in-
teractions of indicated reporter proteins with endogenous NACA detected by PLA and normalised with the expression of the corresponding reporter
proteins in H1299 cells expressing EBNA1 or EBNAAGAT. (C) Relative number of interactions between an exogenous HA-tagged NACA and EBNAI
or EBNAAGAL. (D) Co-IP using anti-EBNA1 or anti-IgG (negative control) antibodies in EBV-carrying B95.8 and Raji cell lysates. Data represent three
independent experiments. A minimum of 50 cells expressing indicated reporter protein was counted for each PLA experiment.

the newly synthesised EBNA1 peptide and we therefore per-
formed a metabolic labelling assay using S35 methionine in
order to visualise newly synthesised polypeptides that co-
immunoprecipitate with NACA. When comparing control
cells (EV) with cells transfected with EBNAT1, we observed
a band corresponding to the size of EBNAI in cell lysates
immunoprecipitated with NACA antibodies. The same size
band was detected in Western Blot (Supplementary Figure
S2C). These results indicate that NAC interacts with the
newly synthesized GAr peptide.

The nascent GAr peptide dislodges NAC from the ribosome

We next tested if NAC interacts with the nascent EBNA1
on the ribosome, as this would help explain how the in-
teraction between GAr and NAC controls EBNAI trans-
lation in cis. We expressed p53 and GAr-p53 and car-
ried out polysomal fractionation using sucrose gradients
on cycloheximide-treated cell lysates (Figure 3A). The iso-
lated polysomes were tested for the presence of GAr-p53

mRNA and nascent GAr-p53 derived peptides in order to
ensure that they were actively translating the GAr-p53 mes-
sage (Supplementary Figures S3A and S3B). The polysomes
were captured on 96-well plates using goat anti-RPLS5 sera.
We did an adapted PLA ELISA (PLEA) by adding increas-
ing amounts of polysomes followed by in vitro PLA us-
ing anti-p53 (rabbit) and anti-NACA (mouse) antibodies
(Figure 3B). The fusion of the GAr sequence with p53 re-
sulted in an average 3-fold stronger interaction between the
nascent GAr-p53 peptide and NACA, supporting the no-
tion that NAC interacts strongly with the nascent GAr at
the riboosme (Figure 3C). To test if the high affinity be-
tween GAr and NAC could lead to the dissociation of NAC
from the ribosome we designed a construct in which a TEV
protease cleavage site was inserted between the GAr and
the p53 (GAr-TEV-p53). The GAr peptide will, thus, exit
the ribosome and encounter NAC before the TEV and the
p53 sequence. To ensure that TEV cleaved the GAr-TEV-
p53 fusion protein we added TEV enzyme to cell lysates
for 60nbsp;min and we could observe that a major part of
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Figure 3. (A) Ribosomal fractionation of H1299 cells. Polysomal fractions collected and used for the PLEA experiments are indicated in blue. (B) Cartoon
illustrating the PLEA experiment. Polysomes were fixed with a goat anti-RPLS antibody and the PLA was performed on the captured polysomes and their
associated complex using anti-NACA (M = mouse) and anti-p53 (R = rabbit) antibodies. (C) The graph shows PLEA results where more interactions
between p53 and NACA were detected on GAr-p53, as compared to p53, expressing polysomes. The data show normalised fluorescence intensity for GAr-
p53 and p53 polysomes. T-tests were performed between GAr-p53 and p53 values for the same amount of polysomes. (D) WB of H1299 cells transfected
with a construct in which the TEV proteolytic cleavage site was inserted between GAr and p53 (GAr-TEV-p53). The lysates were treated, or not, with
TEV protease. (E) Cartoons illustrate the PLEA experiment to assess if GAr dislodges NACA from the ribosome. (F) Polysomes from H1299 cell lysates
expressing GAr-TEV-p53 and treated with TEV protease, or not, were captured using a chicken anti-p53 antibody. PLEA experiments were performed using
125.g of polysomes and PLA was carried out using anti-NACA(M = mouse) with anti-RPL5(R = rabbit) antibodies (white circles) or anti-NACA(M)
with anti-RPL11(R) antibodies (black squares). The graph shows the relative amount of NACA bound to GAr-TEV-p53 translating ribosomes before and
after treatment with TEV protease. The data represent three independent experiments.
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GAr was indeed cleaved from p53 (Figure 3D). We then ex-
pressed GAr-TEV-p53 and carried out ribosomal fraction-
ations on TEV-treated and non-TEV-treated lysates (Sup-
plementary Figure S3C). p53-carrying polysomes (125 pg)
were isolated and fixed to 96-well plates using chicken anti-
p53 antibodies and PLEA was performed against riboso-
mal proteins and NACA (see Figure 3C). If the GAr did
not affect NACA’s placement at the ribosome, we would
expect that TEV protease treatment would not make any
difference on the PLEA signal between NACA and riboso-
mal proteins (RPLS or RPL11) (Figure 3E; a and b). How-
ever, if the GAr sequence caused NACA to detach from the
ribosome, TEV treatment would result in reduced interac-
tions between NACA and RPLS5 or RPL11 (Figure 3E; c).
The TEV treatment indeed resulted in less PLA signal be-
tween NACA - RPL5/RPLI11 on GAr-TEV-p53-expressing
polysomes, in line with the notion that NACA’s recruitment
to the GAr sequence causes NACA to dissociate from the
ribosome (Figure 3F). These results show that the nascent
GAr peptide interacts strongly with NACA on the ribosome
and leads to NACA being dislodged from the ribosome, of-
fering a first insight into how NAC affects mRNA transla-
tion of GAr-carrying mRNAs in cis.

NAC is necessary for the interaction between the GAr-
encoding mRNA and NCL

The results show that the nascent GAr peptide plays an im-
portant role in GAr-mediated mRNA translation control.
However, previous works have demonstrated the impor-
tance of the GAr-encoding mRNA sequence in suppressing
mRNA translation (22,29). The effect of the GAr mRNA 1is
attributed to NCL binding G-quadruplex (G4) structures in
the GAr-encoding mRNA and we wanted to know if there is
a link between NAC and the recruitment of NCL to the GAr
mRNA. To test this, we carried out in vitro RNA-protein
co-immunoprecipitation (RNA-colP) assays using recom-
binant NCL together with RNA isolated from cellular ex-
tracts, followed by RT-qPCR for the indicated mRNAs. Si-
lencing NACA resulted in a dramatic decrease in the bind-
ing of NCL to the EBNAI and GAr-Ova mRNAs while no
significant change was observed for the already weak inter-
action between NCL and the EBNAAGAr or Ova mRNAs
(Figure 4A and B). NAC has been described to bind nucleic
acids and we next tested if this capacity can be the link be-
tween the GAr-encoding RNA sequence and the GAr pep-
tide (10). RNA-coIP using recombinant NACA and mR-
NAs isolated from cell lysates showed that NACA binds to
the EBNAI mRNA, but not to the EBNAIAGAr mRNA
(Figure 4C). To test if the NACA — EBNAI mRNA interac-
tion is direct, we carried out in vitro RNA pulldown assays
using recombinant NACA protein together with synthetic
oligos forming the RNA G4 structure of the GAr (GQ-
18) or a mutated version of GQ-18 that does not form a
G4 (GM-18) (22). This showed that NACA binds RNA oli-
gos in a G4-dependent manner (Figure 4D). Interestingly,
adding recombinant NCL did not prevent NACA interac-
tion, suggesting that they have different interaction sites
(Figure 4D). NACA binding to the G4 forming sequence of
the GAr (GQ-18) was further confirmed using endogenous
NACA protein pulled down from H1299 cell lysates (Fig-
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ure 4E). Addition of an increasing amount of the G4 lig-
and PhenDH2 (32) prevented the interaction of endogenous
NACA to the GQ-18, further confirming that NACA binds
to the G4 RNA structure of GAr-encoding mRNA (Figure
4F). Having observed that both NACA and NCL interact
with the GAr G4 RNA, we next tested if NACA and NCL
proteins interact with each other. In situ PLA showed that
endogenous NACA and NCL interactions were detected
in the nuclear compartment and that this is not limited to
EBNAI1 expressing cells, as it is also detected in cells trans-
fected with the EBNAAGATr construct or with the empty
vector (EV) (Figure 4G and Supplementary Figure S4A and
S4B). These results show that NACA in addition to binding
the GAr peptide also interacts with GAr mRNA sequence
and promotes the NCL-EBNAI mRNA interaction.

Translation is required for the interaction between GAr-
encoding mRNAs and NCL.

In line with the scenario that nascent GAr peptide dis-
lodges NAC from the ribosome and this results in the re-
cruitment of NCL to the GAr RNA G4 structure, the in-
teraction between NCL and the GAr RNA would require
GAr-encoding mRNAs to be translated. We tested this by
treating cells with cycloheximide (CHX) or harringtonine
(Harr), two drugs that prevent mRNA translation. As ex-
pected, both drugs suppress the expression of GAr-Ova,
Ova, and endogenous p21, while NCL and actin with longer
half-life were less affected (Figure 5A). Importantly, in vitro
RNA-coIP showed that the interaction between the GAr-
Ova mRNA and NCL was reduced by ~4-fold following
CHX or Harr treatment. However, the NCL-Ova mRNA
interaction was not affected by translation inhibitor treat-
ments (Figure 5B). To further test if translation is needed to
allow NCL to bind the GAr-encoding mRNA, we designed
Ova and GAr-Ova constructs lacking AUG start codons
(OvaAATG and GAr-OvaAATG) abrogating the expres-
sion of respective proteins (Figure 5C) and we observed that
NCL had a reduced affinity for the GAr-OvaAATG mRNA,
as compared to the GAr-Ova mRNA (Figure 5D). The dele-
tion of the AUGs had no significant effect on mRNA levels
(Supplementary Figure S5A) or on their respective subcel-
lular localisation (Supplementary Figure S5B and C). Thus,
the GAr-encoding mRNAs need to be translated for binding
NCL, in line with the notion that the interaction between
NAC and the nascent GAr peptide is required for the re-
cruitment of NCL to the G4 structure of the GAr-encoding
mRNA on the EBNAI polysome.

DISCUSSION

Our data support a cis-acting protein-quality control path-
way in which the disordered and aggregate-prone nascent
gly-ala repeat (GAr) peptide of the EBNA1 dislodges NAC
alpha (NACA) from the ribosome. NACA then interacts
with the encoding GAr RNA sequence and helps recruit
nucleolin (NCL) to the G-quadruplex (G4) structure of
the GAr RNA, which leads to the suppression of mRNA
translation initiation in cis. This illustrates how the EBV-
encoded EBNAL exploits a cis-acting cellular pathway for
post-transcriptional gene regulation. The effect of the GAr
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data represent a minimum of three independent experiments.
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Figure 5. (A) WB of lysates from H1299 cells expressing indicated constructs and treated with cycloheximide (CHX), harringtonine (Harr) or DMSO
control for Sh. (B) in vitro RNA colP experiments performed with recombinant NCL and Ova or GAr-Ova mRNAs extracted from H1299 transfected cells
treated with CHX, Harr or DMSO. The graph shows the relative fold change in NCL binding. (C) WB of H1299 transfected cells expressing constructs
where the +1 AUG has been deleted (OvaAATG and GAr-OvaAATG) . (D) In vitro RNA colP performed with recombinant NCL and mRNAs extracted
from H1299 cells expressing Ova, OvaAATG, GAr-Ova and GAr-OvaAATG. The numbers indicate relative protein expression levels. The graph shows
the relative fold change in NCL binding with the indicated mRNAs. Data presented are from three independent experiments.

on translation suppression is via initiation (26) and together
with the fact that neither the RNA, nor the peptide, are
degraded suggests that GAr-mediated translation control
is a regulated process. For example, EBNA1 binds its own
mRNA via a RGG-rich region and this could allow control
of its own synthesis (36). EBNAI is essential for viral sur-
vival but at the same time EBNA1 is immunogenic and this
self-regulation of translation serves to minimize the produc-
tion of antigenic peptides for the MHC class I pathway and
at the same time guarantee a functional level of EBNA1 ex-

pression. The scenario in which the nascent GAr peptide
serves as a trigger to suppress its own synthesis helps explain
the observation that the GAr is more potent in suppressing
synthesis when fused in the 5’ coding sequence rather than
in the 3’ (Supplementary Figure S1E) (32). It is more likely
that the presence of a disordered domain in the N-terminus,
rather than the C-terminus, activates this pathway, in line
with the fact that fusing a leader sequence to the N-terminus
of an insoluble protein facilitates expression and solubility.
There are few other examples of nascent peptides affecting
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protein expression but a more recent study on tubulin il-
lustrates how the nascent peptide affects protein expression
via the stability of the encoding mRNA, suggesting that the
nascent peptide can activate different pathways.

We show that NACA binds the GAr peptide sequence
as well as the encoding mRNA and, thus, providing the
link between the GAr peptide and the encoding mRNA
in controlling EBNAI1 synthesis. GAr mRNA forms RNA
G4 structures that interact with NCL and this is required for
GAr-mediated translation initiation inhibition in cis. The
observation that NACA binds the GAr G4 RNA structure
and recruits NCL to the GAr-encoding RNA suggests that
NACA makes the RNA structure NCL ‘friendly’. Previous
studies have shown that the G4 RNA structures are highly
dynamic in vivo with multi-functional properties and it is
plausible that NACA affects the G4 structure to suit NCL
binding (32). A similar ‘bind-unfold-lock’ mechanism was
proposed for USP1 translational regulation by hanRNP H/F
and DHX36 in glioblastoma or for the CNBP-targeted mR-
NAs (37,38).

An interesting aspect of NAC-mediated recruitment of
NCL to the mRNA is where in the cell this event takes
place. While NCL has a predominantly nucleolar localisa-
tion, NAC is present in the cytoplasm and the nuclear com-
partment. The PLA data show that the NACA — EBNA1
interaction takes place in the nucleus and it is an interesting
possibility that this nascent peptide control pathway takes
place during the ribosome-mediated RNA quality control
that precedes nonsense-mediated decay.

The mechanism whereby the RNA and the encoded pep-
tide act together via NAC to regulate mRNA translation in
cis 1s specific in terms of both the RNA and the peptide se-
quence. Introducing a single serine in every eight residues of
the GAr completely abolishes its translation inhibitory ca-
pacity (26) and introducing synonymous mutations also af-
fects the efficacy of translation suppression (23). The GAr-
mediated pathway of translation control is conserved in
yeast (39). It is, however, plausible that this pathway re-
flects a specific example of a broader concept of regulating
the synthesis of aggregate-prone proteins that includes the
nascent peptide and the encoding RNA sequence but not
necessarily via the same molecular mechanism.

Itis not clear why both the RNA sequence and the encod-
ing peptide should be required to suppress the synthesis of
aggregate-prone proteins. One could argue that the sensing
of a nascent disordered peptide should be sufficient to trig-
ger suppression of synthesis in order to protect the cell from
toxic aggregates. However, GC rich RNA sequences form-
ing G4 structures, or disordered peptide domains in the N-
terminus, are not uncommon and the fact that both peptide
and RNA need to act together to trigger this pathway en-
sures that neither RNA sequence alone, nor peptide, will
prevent synthesis. This could imply that aggregate-prone
proteins that do not fulfil this double criterion would be
more likely to be expressed at higher levels and accumu-
late aggregates. In the case of the aggregate-prone PolyQ
of Huntingtin protein (HTT), the encoding RNA does not
form G4 structures and it does not suppress translation
when fused to the N-terminus of p53 (Supplementary Ta-
ble S1) (26). It is also noteworthy that GC-rich sequences
forming G4 structures encode peptides that can form ag-

gregates, as is illustrated by patients suffering from Frag-
ile X Syndrome. These patients have a (CGG) expansion
that promotes alternative translation upstream of the clas-
sical FMRI ORF via repeat-associated non-AUG (RAN)
(40,41). RAN is an alternative initiation mechanism mostly
described for non-coding regions and introns and the en-
coded peptides cause toxic aggregates (42). Another exam-
ple is from amyotrophic lateral sclerosis (ALS) which is as-
sociated with a GC-rich sequences from the (GGGGCC)
repeats expansion in the C9ORF72 gene (43). Both (CGQG)
and (GGGGCCO) repeat expansions form G4 structures
(43-45) and the encoded polypeptides are prone to form ag-
gregates (46,47).
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infection, the virus persists lifelong in the memory B cells of the infected individuals. Under certain
conditions the virus can cause several human cancers, that include lymphoproliferative disorders such as
Burkitt and Hodgkin lymphomas and non-lymphoid malignancies such as 100% of nasopharyngeal
carcinoma and 10% of gastric cancers. Each year, about 200,000 EBV-related cancers emerge, hence ac-
Handling Editor: ].L. Mergny counting for at least 1% of worldwide cancers. Like all gammaherpesviruses, EBV has evolved a strategy
to escape the host immune system. This strategy is mainly based on the tight control of the expression of
its Epstein-Barr nuclear antigen-1 (EBNA1) protein, the EBV-encoded genome maintenance protein.
Indeed, EBNAT1 is essential for viral genome replication and maintenance but, at the same time, is also
highly antigenic and T cells raised against EBNAT1 exist in infected individuals. For this reason, EBNAL1 is
considered as the Achilles heel of EBV and the virus has seemingly evolved a strategy that employs the
binding of nucleolin, a host cell factor, to RNA G-quadruplex (rG4) within EBNA1T mRNA to limit its
expression to the minimal level required for function while minimizing immune recognition. This review
recapitulates in a historical way the knowledge accumulated on EBNA1 immune evasion and discusses
how this rG4-dependent mechanism can be exploited as an intervention point to unveil EBV-related
cancers to the immune system.
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1. Introduction

Although first observed at the beginning of the 20th century [1],
the Burkitt lymphoma (BL) was first described in 1958 as a preva-
lent lymphosarcoma affecting young children in sub-Saharan Africa
[2]. It was then rapidly realized that the zone of incidence of BL
coincided with the one of malaria, leading to the hypothesis that
malaria could be responsible, or at least a cofactor for BL. In this
context, Anthony Epstein and his student Yvonne Barr made the
first observation, thanks to electron microscopy, of the so-called
Epstein-Barr virus (EBV) in cultured lymphoblasts from Burkitt
lymphoma ([3,4]). A couple of years later, translocation and
resulting activation of the c-MYC oncogene was detected in BL [5,6].
Altogether these observations have paved the way for the current
model that EBV, ¢-MYC and malaria collaborate to cause BL
(reviewed in Ref. [7]). Indeed, shortly after its discovery in 1964, the
hypothesis that EBV may cause cancers has emerged, notably based
on the observation that almost 100% of BL in tropical Africa were
latently infected by the virus [8] and carry the viral genome as a
clonal extra-chromosomal episome [9]. This way, EBV was the first
oncogenic virus described in human and is one of the most efficient
method for transforming and immortalizing human B-cells. EBV
infects more than 90% of the human population worldwide with
geographical disparities. Most EBV infections are asymptomatic
even though, when the primary infection occurs during adoles-
cence or young adulthood, it can lead to an acute infection known
as infectious mononucleosis. After the primary infection, the virus
persists lifelong in the memory B cells of the infected individuals.
EBV has been associated to several human cancers, that include
lymphoproliferative disorders such as 100% of Burkitt lymphomas
and 40% of Hodgkin lymphomas, non-lymphoid malignancies such
as 100% of nasopharyngeal carcinoma, 10% of gastric cancers, rare T-
and NK-cells lymphomas as well as leiomyosarcoma [10—12] and,
potentially, gliomas [13]. EBV is therefore found in a variety of
human cancers whose localization mostly overlaps with the known
tissue tropism of the virus for B and epithelial cells. According to
some estimations, about 200,000 EBV-related cancers emerge per
year, hence accounting for at least 1% of cancer worldwide [14]. In
addition, a link between primary EBV infection and multiple scle-
rosis has been suspected for a long time and firmly confirmed
recently [15]. For all these reasons, EBV became one of the most
studied human viruses so far. As a latent virus, like all herpesvi-
ruses, EBV has evolved a strategy to escape the host immune sys-
tem. This strategy is mainly based on the strict control of the
expression of its Epstein-Barr nuclear antigen-1 (EBNA1) protein,
the EBV-encoded genome maintenance protein of the virus [16].
Indeed, EBNAT1 is considered as the Achilles heel of EBV due to the
fact that it is essential for viral genome replication and mainte-
nance but, at the same time, it is also highly antigenic and T cells
raised against EBNA1 exist in infected individuals [17—22]. This
review aims at recapitulating the knowledge about the EBNAT1-
based immune evasion of EBV and how the discovered mecha-
nisms can define original therapeutic targets to unveil EBV-related
cancers to the immune system.

2. EBNA1 is the genome maintenance protein (GMP) of EBV

EBNAT1 is a multifunctional EBV-encoded protein whose primary
function is to ensure EBV genome replication and maintenance,
hence being considered the genome maintenance protein (GMP) of
the virus [23,24]. As such, EBNAL is the only viral protein expressed
in all the latency programs of EBV [25]. In addition, EBNA1 plays a
role in transcriptional activation of the EBV latency genes in latent
infection [26,27]. EBNA1 is a multi-domain protein (Fig. 1a) that
contains, from residue 90 to 328 in its N-term part, a glycine-
alanine repeat (GAr) that consists of a stretch of single alanine
separated by one, two or three glycine(s). This GAr domain is
conserved across all EBV strains and plays a critical role in the
ability of EBNA1, and thereby of EBV, to evade the immune system
during the latent phase of viral infection (described in details later
in this review). Importantly, a natural polymorphism in the length
of GAr has been observed and the ability of GAr to allow immune
evasion of EBNA1 is GAr-length-dependent: the longer GAr, the
most efficient the immune evasion is. The GAr domain is flanked on
each side by a glycine-arginine-rich (RGG) motif. RGG motifs (aka
RGG boxes) are low complexity sequences that contain repetitions
of the arginine-glycine-glycine tripeptide. RGG motifs can lead to
intrinsically disordered regions [28] and have been involved in
interactions with nucleic acids and various proteins [29]. The first
RGG motif of EBNAL is located from residue 33 to 64 whereas the
second lies between residues 329 and 377 and both are responsible
for EBNA1 association to host cell metaphase chromosomes, hence
supporting EBV genome replication and maintenance [25,30,31].
The second RGG motif of EBNAT1 is followed by a monopartite nu-
clear localization signal NLS (KRPRSPSS, residues 379 to 386) and
then by a C-terminal DNA-binding and dimerization domain (from
residue 459 to 609), which is also responsible for the attachment of
the viral genome to the cellular chromatin to ensure the viral
replication [16,32].-

The function of EBNA1 in genome replication and maintenance
also relies on its capacity to bind to multiple sites on the origin of
DNA replication (OriP) of EBV genome [33,34]. The EBV OriP con-
tains two cis-acting components, a dyad symmetry (DS) element,
and a family of repeats (FR) [35,36]. The DS element is a repetition
of four EBNA1 binding sites divided in two by a 9-bp sequence, it is
responsible for DNA replication and it has also been shown to be
sufficient for EBNA1-dependent EBV replication [32,35,37]. The FR
element is composed of 20 tandem copies of a 30-bp sequence
containing an 18-bp palindromic element on which EBNA1 binds,
followed by a 12-bp AT-rich element [38]. This FR element is not
directly involved in DNA replication but, the mitotic segregation of
the EBV episome requires binding of EBNA1 to its multiple recog-
nition sites in the FR element for ensuring efficient attachment to
host cell chromosomes [32,39].

In addition, thanks to a yeast-based two-hybrid screen, EBNA1
was shown to specifically interact with a host cell nuclear protein,
the so-called Epstein-Barr binding protein 2 (EBP2). This protein-
protein interaction appears to be important for the role of EBNA1
in EBV episome stable segregation through association to host cell
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Fig. 1. Schematic representation of the EBV-encoded EBNA1 protein highlighting the essential role of the GAr domain in immune evasion of the virus. a. The first 32 amino acids of
EBNAT1 full length are not associated to a particular function. The two RGG (Arginine-Glycine-Glycine) motifs are highlighted in gold (from amino acids 33 to 64 and 329 to 377), the
GAr (Glycine-Alanine repeat) domain is shown in orange (from amino acids 90 to 328), the nuclear localization signal (NLS) is located between amino acids 378 and 386 and colored
in black. The DNA-binding and dimerization domain (amino acids 459 to 609) is colored in purple. As EBNA1 full length, EBNATAGATr is able to fulfill its essential functions for EBV
genome replication and maintenance. b. On the left is depicted the prototypal G-rich motif represented 13 times in the GAr-encoding sequence of EBNA1T mRNA. On the right is

represented a model of the parallel two-quartet RNA G4 that this G-rich motif may form.

chromosomes in metaphase [32,40,41]. EBNAT1 region that binds to
EBP2 has been mapped to the second RGG motif of EBNA1 (residues
329 to 377) whose deletion prevents interaction of EBNA1 with
EBP2 and consequently affects EBV genome maintenance [41]. This
EBNA1-EBP2 protein-protein interaction has been furthermore
reconstituted in the budding yeast Saccharomyces cerevisiae. This
way, EBP2 was demonstrated to be crucial for the maintenance of
an EBV FR element-containing plasmid maintenance [42—44].
EBNAL1 is therefore a crucial protein for EBV DNA replication and
episome maintenance, particularly in B cells which are actively
dividing cells.

As stated above, EBNA1 is also implicated in transcriptional
activation of the EBV latency genes in latent infection [26,27]. The
65—83 N-terminal EBNA1 residues [45,46] as well as the second
RGG motif (residues 329 to 377) [47—49] are required for tran-
scriptional activation. EBNA1 requires these two regions to activate
transcription, as deletion of one or the other abolishes its ability to
activate transcription [46,47]. Of note, a A61—83 EBNA1 mutant is
fully active for replication and segregation of the viral genome,
indicating that transcriptional activation is separable from the GMP
role of EBNA1 [46].

3. EBNAL1 is the Achilles heel of EBV and its central GAr
domain is crucial for its immune evasion

Like all herpesviruses, EBV is a latent virus that evades the im-
mune system. However, as said above, EBV possesses an Achilles
heel: its virally-encoded genome maintenance protein EBNA1
(Epstein-Barr nuclear antigen 1). Indeed, being essential for repli-
cation and maintenance of the viral genome, EBNA1 is required for
EBV persistence but, at the same time, highly antigenic. In addition,
T cells directed against EBNA1 epitopes exist in nearly all EBV-
infected individuals [17—22]. Hence, EBV seemingly evolved a
mechanism by which EBNA1 limits the presentation of EBNA1-
derived antigenic peptides. This ability of EBNA1 to evade the im-
mune system has been rapidly attributed to its GAr domain which
prevents EBNA1-derived antigenic peptides to be presented to the
MHC class I pathway [50]. Importantly, this in cis effect of GAr is

autonomous and transferable since, when fused to other proteins
such as EBNA4, ovalbumin (OVA), or the herpes simplex virus
thymidine-kinase, GAr also interfere with their antigenic presen-
tation [50—53]. Of note, the study by Maria Masucci and collabo-
rators represents a milestone since, not only it demonstrated the
crucial role of GAr in the immune evasion of EBNA1, but also rep-
resented a proof of principle that interfering with GAr-based im-
mune evasion of EBNA1 may represent an intervention point to
unveil EBV-infected cells, in particular tumoral cells from EBV-
associated cancers, to the immune system [20,50].

3.1. A historical perspective on the role of GAr in EBNA1 immune
evasion: the proteasome era followed by the ribosome era

At the time the role of GAr in immune evasion of EBNA1, and
therefore of EBV, was discovered, the main dogma was that most
antigenic peptides for the MHC class I pathway comes from 26S
proteasome-mediated degradation of full-length proteins
(reviewed in Ref. [54]). In this context, several teams have observed
that the GAr domain is able to efficiently inhibit in cis protein
degradation by the 26S proteasome. This has been shown by
observing that the fusion of GAr to several short half-life proteins,
that include p53 and IkPa, interferes with their 26S proteasome-
dependent degradation [55—57] and this effect has been shown
to be GAr-length-dependent [56,58,59]. It was thus quite logical, on
this ground, to infer that most of the capacity of GAr to inhibit
antigen presentation was due to its ability to inhibit 26S-dependent
proteolysis (Fig. 2, left part). However, at the same time, some
important problems associated to this model of antigenic presen-
tation, in particular regarding the kinetics of antigenic presentation
by the MHC class I pathway, have started to emerge [60—62]. In
line, as early as in 1996, Jonathan Yewdell proposed an alternative
hypothesis in which the most important source of antigenic pep-
tides would mainly originate from the so-called defective ribo-
somal products (DRiPs) [61,62]. DRiPs correspond to abortive
byproducts of the translation process that include defective, mis-
folded or prematurely terminated polypeptides. The first observa-
tion supporting this hypothesis is that most viral proteins are very
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stable, suggesting that the degradation of full-length proteins (the
so-called “retirees”) by the proteasome and the consecutive pre-
sentation of derived antigenic peptides by the MHC class I would
take long time, from hours to days, which is not consistent with the
experimental observations that the kinetic of presentation of
antigenic peptides by the MHC class I pathway following viral
infection is rather rapid (from a few minutes to a few hours) and
may happen even before the synthesis of mature full-length pro-
teins. In addition, there is a strong correlation between the incep-
tion of protein expression and epitope presentation for most
antigens, which represents a strong indication that antigen pre-
sentation is mostly associated to translation and not to degradation
of mature full-length proteins (retirees) [60,63]. Indeed, from a
number of T cell based-studies, it appears that numerous antigenic
peptides from multiple viruses are rapidly produced following
infection [64]. The strong kinetic link between viral gene trans-
lation and antigenic peptides production has been confirmed at the
proteomic level using mass spectrometry, for the vaccinia virus [63]
and recently for the influenza A virus (IAV) [65]. Hence, the idea
that most viral antigenic peptides come from the degradation of
full-length viral proteins did not seem anymore a viable hypothesis.
Finally, the ribosome hypothesis was further supported by data
showing that the inhibition of de novo protein synthesis rapidly
reduces the antigenic presentation by MHC class I molecules
[66,67]. All these findings suggest that antigenic peptides have a
main source from translation itself (Fig. 2, right part), in particular
from DRiPs [60,68]. Hence, the model in which the ability of the GAr
domain of EBNA1 to enable its immune evasion, and therefore
immune evasion of EBV, comes from its capacity to inhibit own
degradation by the 26S proteasome started to be fragilized. In
addition, several studies have found that EBNA1 protein, with or
without GAr, is a very stable protein [53,55,69] like most viral
proteins, although its stability may be tissue-dependent [69]. Also,
the steady-state level of EBNA1 protein was strongly increased in
cells expressing a version of EBNA1 deleted for its GAr domain
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(EBNA1AGAr) as compared to cells expressing the wild-type EBNA1
(EBNA1wt), which was not expected when removing a domain that
would inhibit proteasomal degradation [53,56]. Finally, when
expressing in the budding yeast Saccharomyces cerevisiae GAr do-
mains of various lengths fused to destabilized versions of the green
fluorescent protein (GFP), harboring N-end rule or ubiquitin fusion
degradation signals, the length-dependent effect of the GAr domain
on protein stability was confirmed. However, the steady-state level
of the different GAr-GFP fusions was inversely correlated to their
degree of stabilization: the longer the GAr domain, the stronger the
stabilizing effect on the reporter protein, but the smaller its steady-
state level, which is quite counterintuitive [59]. Altogether, all these
indirect data suggested that the ability of GAr to promote immune
evasion was not linked to its ability to inhibit the 26S proteasome-
mediated proteolysis and, even if GAr is able to inhibit in cis pro-
teasomal degradation when fused to unstable reporter proteins,
this effect is not operant in EBNA1 which is a stable protein.

3.2. The ability of GAr to interfere with EBNA1 immune evasion is
linked to its capacity to interfere in cis with the translation of its
own mRNA

In a seminal study published in 2003, the use of in vitro
expression systems and in cellulo metabolic labeling led to the
observation that the increase in EBNA1AGAr, as compared to
EBNA1wt, was due to an increase in EBNA1 synthesis [53]. Not only
this striking result explained all the previously described results
that did not fit with an effect of GAr on proteasomal degradation,
but, more importantly, it was the starting point for other studies
that unambiguously demonstrated that GAr does in fact inhibit in
cis the translation of its own mRNA (EBNA1T mRNA) or of any mRNA
to which it is fused, without affecting in trans the translation of
other mRNA [51,70]. This important demonstration was fully in line
with the growing role of translation and of DRIPs in the genesis of
antigenic peptides for the MHC class I pathway and readily
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Fig. 2. The proteasome and the ribosome era parallel with the two consecutive models for EBNA1 immune evasion. On the left (Proteasome era) is represented the former model in
which processing of the full-length EBNA1 protein by the 26S proteasome would be the main source of EBNA1-derived antigenic peptide. On this ground, the ability of GAr to inhibit
in cis 26S proteasome-mediated proteolysis gave a plausible explanation for its role in immune evasion of EBNA1. On the right (Ribosome era) is represented the current model in
which most of antigenic peptides would originate from byproducts of the translation (the so-called defective ribosomal products -DRIPs-) of EBNAT mRNA. Hence, in this model, the
ability of GAr to limit in cis the translation of its own mRNA fully explains its inhibitory effect on antigen presentation.
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explained the effect of GAr on immune evasion of EBNA1, and
therefore of EBV [71]. These important results have then been
confirmed [69] and converged to the model in which the endoge-
nous presentation of EBNA1-derived antigenic peptides is depen-
dent on the newly synthesized EBNA1 protein rather than on the
long-lived stable EBNA1 protein, hence highlighting the inhibi-
tory role of GAr on translation as the main mechanism explaining
its inhibitory effect on antigen presentation (Fig. 2, right part).
Importantly, the GAr-encoding sequence does not represent per se a
hurdle to mRNA translation by the ribosome since the insertion of
the c-Myc internal ribosome entry site (IRES) in the 5’ untranslated
transcribed region (UTR) of EBNA1 or GAr-OVA fusion-coding
mRNA abolishes GAr-based inhibition of both translation and an-
tigen presentation [51,70]. This result also indicated that the GAr-
inhibitory effect on translation requires cap-dependent trans-
lation initiation factors.

3.3. Tools to monitor the GAr inhibitory effect on translation: setup
of a yeast-based assay amenable to high throughput drug and
genetic screenings

Once the GAr inhibitory effect on translation firmly established,
it rapidly appeared as a relevant intervention point to unveil EBV-
infected cells, in particular tumor cells of cancers linked to EBV,
to the immune system, hence the need for robust cell-based sys-
tems allowing both drug and genetic screenings. For various rea-
sons, the budding yeast Saccharomyces cerevisiae has emerged as a
relevant model system: notably, the study by the Masucci group
already discussed above and based on the expression in yeast of
destabilized GFP fused to GAr domains of various lengths indirectly
suggested that the length-dependent inhibitory effect of GAr on
translation is operant in yeast [59]. In addition, the budding yeast
S. cerevisiae is a eukaryote as easy to handle as a prokaryote and is
most certainly the model system for which the most molecular
tools are available. Finally, for decades, yeast has been harnessed by
biomedical research, notably on the Epstein-Barr virus itself
(reviewed in Ref. [44]) and on virus immune evasion [72], and
widely used for modeling various pathophysiological mechanisms
responsible for a large variety of human disorders [73,74]. A num-
ber of these yeast-based models have been successfully used for
performing large-scale pharmacological screening that aimed at
identifying candidate drugs or chemical probes (for examples see
Ref. [75] or [76]) as well as genetic screenings that focused on
deciphering novel key factors involved in the considered diseases
(for examples see Ref. [77] or [78]). Therefore, a yeast model for
monitoring the GAr-based inhibition of the translation of its own
mRNA in cis has been set up [79]. In this model (described in
Fig. 3a), the yeast protein Ade2 belonging to adenine biosynthesis
pathway was used as a reporter protein since: (i) like EBNA1 it is a
stable protein, and (ii) a convenient colorimetric system allows to
easily (without any treatment) determine its steady-state level in
living yeast cells. Indeed, whereas yeast cells that express Ade2 at a
functional level form white colonies, yeast cells that do not express
Ade?2 (for example cells deleted for the ADE2 gene -termed ade24-)
readily form red colonies on rich YPD medium. In addition, any
intermediate level of Ade2 leads to pink colonies whose color in-
tensity is inversely proportional to the level of Ade2 expressed.
Hence, this simple reporter system allows to easily monitor subtle
changes in the level of Ade2. For this reason, and based on the fact
that GAr-based inhibition of translation is probably operant in
yeast, fusions of GAr domains of various lengths (21, 43 or
235 amino acids) to Ade2 were tested in yeast and led to the formal
demonstration that GAr inhibits in cis and in a length-dependent
manner the translation of its own mRNA in yeast, without any
significant effect on mRNA level nor on protein stability (which was
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expected given that Ade2 is a very stable protein). Hence, the
43GAr-Ade2 fusion leads to pink yeasts, thereby allowing to easily
monitor the effect of GAr and serving as a convenient readout for
various screening aiming at identifying compounds or genes able to
interfere with its in cis inhibitory effect on translation: modifiers
that counteract the GAr effect on translation would lead to whiter
yeast colonies, whereas those exacerbating the GAr effect would
lead to redder yeast colonies. This yeast-based assay has first been
used for drug screening using a drop test previously developed
[75,80] (Fig. 3b, left part) and led to the identification of doxoru-
bicin as a compound specifically counteracting the inhibitory effect
of GAr on the expression of GAr-Ade2. This effect was GAr-
dependent since doxorubicin had no effect on the expression of
Ade2. The yeast assay was then definitively validated when doxo-
rubicin was not only shown to stimulate EBNA1 expression in a
GAr-dependent manner in human cells, but also to overcome the
GAr-dependent restriction of MHC class I antigen presentation [79].
These results also suggested that, should host cell factors involved
in GAr-based translation inhibition exist, they would be function-
ally conserved from yeast to human. This conclusion was the
ground for the use of the yeast-based assay to perform a genetic
screening (Fig. 3b, right part) that aimed at identifying those po-
tential host factors. The same readout (changes in the pink color of
the 43GAr-Ade2 yeast strain) was used and the effect of over-
expressing every single yeast gene was thus tested and led to the
identification of the yeast NSR1 gene [78,81] which encodes the
Nsr1 protein, the yeast ortholog of the human nucleolin (NCL).
When overexpressed in yeast, Nsr1 or NCL led to a darker color of
the 43GAr-Ade2 yeast strain due to the exacerbation of the GAr-
based inhibition of translation, whereas the 43GAr-Ade2 yeast
strain deleted for the NSR1 gene form white colonies that express a
higher level of the 43GAr-Ade2 fusion protein. Similar results were
obtained when overexpressing or downregulating human NCL in
human cells expressing EBNA1 of GAr-OVA fusions [78]. Altogether
these results have highlighted nucleolin (NCL) as the first identified
host cell factor required for GAr-based inhibition of translation, the
mechanism at the basis of EBNA1 immune evasion. The question
that came next was the precise role of NCL in GAr-based inhibition
of translation.

3.4. Crucial role of RNA G-quadruplex (rG4) and of their interaction
with NCL in GAr-based inhibition of translation and of antigen
presentation

G-quadruplexes (G4) are non-canonical secondary structures
that may fold in guanine-rich DNA or RNA. At the basis of G4 are G-
quartets which consist of the planar arrangement of four guanines
connected by Hoogsteen hydrogen bonds and stabilized by a
central cation, most often potassium (K*). Then, the stacking of at
least two G-quartets forms a G4. G4 can thus represent kind of
“knots” in nucleic acids that may interfere with the progression of
processive enzymes such as polymerases. They can also constitute
binding platforms for a number of factors such as RNA-binding
proteins for RNA G-quadruplex (rG4). Hence, G4 may have bio-
logical regulatory roles and have notably been shown to affect
transcription, splicing or translation [82—86]. Importantly, the
central regions of most gamma herpesviruses genome mainte-
nance proteins are highly homologous in terms of nucleotide
sequence and are purine enriched [87]. At about the time NCL was
identified as the first host factor involved in GAr effect on trans-
lation, the ability of the GAr-encoding sequence of EBNAT mRNA
to form a cluster of up to thirteen rG4 was demonstrated and the
possibility that these rG4 could impede ribosome progression has
been proposed [88]. The prototypal repeated sequence which
forms the most probable rG4 in GAr-encoding sequence of EBNA1
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Fig. 3. Rationale of the yeast-based assay for GAr-based inhibition of translation and its use for both drug and genetic screenings. a. Rationale of the use of the Ade2 reporter protein
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(right panel) to identify host genes involved in GAr-based inhibition of translation.

mRNA is represented in Fig. 1b. In line, in the same study, it was
shown that destabilization of these rG4 by antisense oligonucle-
otides enhances both EBNA1 translation and presentation of
EBNA1-derived antigenic peptides. However, as stated above, the
fact that driving the translation initiation of a GAr-OVA mRNA by
the c-Myc internal ribosome entry site (IRES) abolishes GAr-based
inhibition of both translation and antigen presentation suggests
that the GAr-encoding sequence does not represent per se a hurdle
to the ribosome progression [51,70]. In addition, at a low con-
centration (less than 1 uM), EBNA1T mRNA was translated in vitro
as efficiently as the EBNATAGAr mRNA [10]. In line, GAr-based
inhibition of translation is not operant in a yeast nsri4 strain
deleted for nucleolin [78,81] also suggesting that the series of rG4
that may assemble in GAr-encoding RNA are not per se able to
significantly impede ribosome progression. Importantly, human
nucleolin (NCL) has long been known to interact with G-quad-
ruplexes [89,90], hence opening the possibility that NCL interacts
with rG4 of the EBNA1T mRNA and that this interaction is crucial
for GAr-based inhibition of EBNA1 translation and antigenic
peptides presentation. This potential NCL/rG4 of EBNA1T mRNA
interaction has been evidenced using both RNA pulldown [78,91]
and an adaptation of the proximity ligation assay (PLA) for
monitoring RNA/protein interactions [78,92]. Following these
various observations, the benchmark G4-ligand PhenDC3 was
tested and shown to interfere with NCL binding to rG4 of EBNA1
mRNA, thereby relieving GAr-based inhibition of both translation
and antigenic peptide presentation by the MHC class I [78]. This
result has motivated the screening of a series of 20 cationic
bis(acylhydrazone) derivatives and led to the identification of two
original G4-ligands, PyDH2 and PhenDH2, more active and less

cytotoxic than PhenDC3 and interfering with EBV immune evasion
also by disrupting the interaction between NCL and rG4 of EBNA1
mRNA [93]. Of note, doxorubicin, the compound isolated in the
yeast assay that models GAr-based inhibition of translation
described above [79] was recently shown to be a G4-ligand
[94,95], thus giving a plausible explanation for its ability to
interfere with EBNA1 immune evasion. In contrast, pyridostatin
(PDS), another benchmark G4-ligand, has been shown to decrease
EBNAT1 expression in an in vitro transcription-translation coupled
system [88]. Although this result was not verified in cellulo where
PDS had no effect on EBNA1 expression [78], which may due to the
possibility that PDS affects transcription rather than translation in
the in vitro transcription-translation coupled system, this suggests
at least three different possible mechanisms of action for G4-
ligands. Indeed, the binding of G4-ligands on G4 may stabilize
them and therefore increase the recruitment of G4-binding pro-
teins, or interfere with the binding of cellular partners, either by
direct competition or by remodelling G4 structure. Hence, tar-
geting G4 structures by G4-ligands is not a straightforward pro-
cess as the precise effect of the tested compounds may be difficult
to anticipate. Of note, BRACO19, another G4-ligand, has been
described to interfere with EBNA1-dependent stimulation of EBV
DNA replication [96]. Importantly, targeting G4 is not unique to
EBV as the genome of many viruses contain G4 [97] which may
represent intervention points and therapeutic opportunities
[98,99]. Of note, NCL has also been found to interact with G4 in the
LTR promoter of human immunodeficiency virus-1 (HIV-1),
thereby stabilizing them, which in turn silences HIV-1 viral
transcription [100]. NCL has also been involved in suppression of
hepatitis C virus replication by binding to rG4 of the viral genome
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[101]. Another example is the herpes simplex virus-1 (HSV-1)
whose genome contains multiple clusters of G4 that can be tar-
geted by G4-ligands for antiviral strategies [102,103].

Importantly, it has been recently observed that insertion of the
c-Myc IRES to the 5'UTR of GAr-OVA RNA prevents the interaction
between NCL and rG4 of the GAr-encoding RNA, thus readily
explaining its ability to abolish GAr-based inhibition of both
translation and antigen presentation [104]. In addition, this result
further confirms the importance of the NCL/rG4 of EBNAT mRNA
interaction for EBNA1 immune evasion.

Finally, the mRNA encoding LANA1, the genome maintenance
protein of the Kaposi's sarcoma-associated herpesvirus (KHSV),
another oncogenic herpesvirus that also evades the immune sys-
tem, has been proposed to also form rG4 in a central region pre-
senting sequence similarity with the one encoding GAr, readily
suggesting rG4 could represent a common feature that may allow
immune evasion of various stealthy oncoviruses [88,105]. The ex-
istence and the crucial role of the rG4 of LANA1T mRNA in immune
evasion of KHSV have recently been shown [106,107].

3.5. The C-terminal RGG motif of NCL is crucial for its role in GAr-
based inhibition of both translation and antigen presentation

The importance of the various domains of NCL protein for GAr-
based inhibition of translation has been tested. NCL is composed of
three domains: (i) an N-terminal domain containing acidic
stretches; (ii) a central region consisting of four tandem RNA
recognition motifs (RRM1 to RRM4); and (iii) a C-terminal RGG
motif (Fig. 4a). Nucleolin homologues share the same organization,
with some variation in the number of RRMs. Hence, the yeast
nucleolin Nsrl contains only two RRMs (RRM1 & 2) but does
possess the acidic N-terminal domain as well as the C-terminal RGG
motif. Importantly, and contrary to NCL in human, Nsrl is not
essential as yeast cells deleted for the NSR1 gene (nsr14 strains),
although growing rather poorly, are viable [108]. In addition, hu-
man nucleolin NCL can complement the effect of the loss of yeast
Nsr1 on GAr-based inhibition of translation in yeast [78,81]. For
these reasons, an approach combining the use of the yeast model
for GAr-based inhibition of translation in which the NSR1 gene has
been deleted (43GAr-ADE2 nsr14 strain) and the expression of
either Nsr1 or NCL, or of parts of them, has been exploited to
determine which domain of nucleolin is involved in this process
and has identified the C-terminal RGG motif of both yeast and
human nucleolin. Then, this RGG motif has been shown to interact
with the rG4 of EBNA1 mRNA, thus being essential for EBNA1 ability
to self-limit its expression [109].

One or two methyl groups can be attached to the nitrogen atoms
of arginine, a reaction termed arginine methylation. This post-
translational modification is performed by protein arginine meth-
yltransferases (PRMTs) [110]. These enzymes catalyze the transfer
of a methyl group from S-adenosylmethionine (SAM) to the gua-
nidino nitrogen atoms of arginine. In human there are nine PRMTs
that are distributed into three groups: type I, type Il and type III
which differ in the pattern of arginine methylation [111]. Arginine
methylation happens in a variety of protein domains, but the RGG
motifs are the most commonly reported [112,113] and, in
S. cerevisiae, the majority of arginine methylation was observed in
RGG motifs [114]. For these reasons, the potential role of PRMTs in
GAr-based inhibition of translation and antigen presentation has
been tested. Hence, using drug-based or siRNA-mediated inhibition
of PRMTs, it has been shown that type I PRMTs are required for the
crucial role of nucleolin in GAr-based inhibition of translation and
antigen presentation [109]. Next, the role of methylation of the
arginines of the RGG motif of both yeast and human nucleolins has
been directly evaluated by changing the eight arginines of the RGG
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motif of Nsr1, or the ten arginines of the RGG motif of NCL, by either
alanines (to prevent methylation), lysines (to prevent methylation
while maintaining the positive charge), or phenylalanines as
mimics of methylated arginines. Indeed, phenylalanine has been
shown to mimic methylated arginine as it carries a bulky hydro-
phobic moiety [115,116]. Changing arginines into alanines or lysines
suppress the interaction of NCL and Nsr1 with rG4 of EBNAT mRNA,
and thereby GAr-based inhibition of translation, whereas replace-
ment of arginines by phenylalanines maintains both these phe-
nomena [109]. Altogether, these results indicate that methylation of
the arginines of the C-terminal RGG motif of nucleolin is necessary
for its interaction with rG4 of the GAr-encoding sequence of EBNA1
mRNA, an interaction which is required for GAr-based inhibition of
translation and, as a consequence, for EBNA1 immune evasion.
Following these observations, two possible models for the role of
methylation of the arginines of the C-terminal RGG motif of
nucleolin could be envisioned: either this methylation directly
promotes the interaction of NCL with rG4 of EBNA1 mRNA, or this
methylation may interfere with the ability of the RGG motif of
nucleolin to interact, and thus to be sequestered, by some of its
partners (that can be proteins, DNA or RNA). In favor of this second
possibility is the recent observation that Scd6, a yeast protein also
acting in translation inhibition, self-associates via its RGG motif and
that this self-association abolishes its ability to inhibit translation.
Importantly, this self-association is prevented by arginine methyl-
ation catalyzed by Hmt1, the main yeast type I PRMT which is thus
required for Scd6-mediated translation inhibition [28]. In vitro ex-
periments based on arginine methylation of bacterially produced
recombinant NCL, or on either methylated or non-methylated RGG
peptides have shown that methylation of the arginines of the C-
terminal RGG motif of NCL does not significantly change its ability
to interact with rG4 of EBNA1 mRNA [109]. Hence, it seems that the
RGG motif of NCL may be trapped by an unknown partner, thereby
preventing its interaction with rG4 of EBNA1T mRNA and, upon type
I PRMTs-mediated arginine methylation, the RGG motif of NCL is
released and thus free to interact with rG4 of EBNA1 mRNA, hence
leading to immune evasion of EBNAT1 (Fig. 4b, left part). Of note, the
unknown partner of the RGG motif of NCL could be L3, a ribosomal
protein that has been shown to interact with the RGG motif of NCL
[117].

Finally, all these results reinforce the role of NCL in the persis-
tence of EBV in its host. Indeed, a role of NCL in EBV episome
maintenance and transcription has also been described. This role
involves a direct interaction of NCL with the EBNA1 protein [118].
Hence, NCL appears to be involved in both EBV episome mainte-
nance and transcription on the one hand, and the GAr-dependent
self-limitation of EBNA1 (the genome maintenance protein of
EBV) expression on the other. From the virus point of view, it makes
sense to have the same host cell protein regulating these two key
aspects of EBV's latency. Indeed, if NCL is weakly expressed in the
host of the infection, as a result, the maintenance and transcription
of EBV episome will be compromised but, as a direct consequence
of the role of NCL in GAr-based limitation of EBNA1 expression,
EBNA1 mRNA will be more efficiently translated, which may
compensate for its reduced level, thereby allowing the mainte-
nance of EBV genome. On the contrary, if NCL is strongly expressed,
then EBV episome will be efficiently maintained and transcribed,
hence leading to a high level of EBNA1T mRNA, but then, due to the
role of NCL in self-limitation of EBNA1 expression, its translation
will be further inhibited, thus limiting the level of EBNA1 protein
and thereby its detection by the immune system. Importantly, the
role of NCL in EBV episome maintenance and transcription involves
its interaction with EBNA1 protein, whereas its role in immune
evasion of EBV involves its interaction with EBNA1T mRNA. In
addition, both roles of NCL involve different domains: NCL role in
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and presentation of EBNA1-derived antigenic peptides.

EBNA1 immune evasion involves its C-terminal RGG motif (which
interacts with rG4 that form in the GAr-encoding sequence of
EBNA1 mRNA), whereas its role in episome maintenance and
transcription involves its central RNA recognition motifs (RRMs,
which interact with the N-terminal first 100 amino acids of EBNA1
protein) [118]. Therefore, targeting NCL /| EBNA1T mRNA interaction
should specifically affect EBNA1 immune evasion.

4. Therapeutic perspectives: potential intervention points
and therapeutic avenues

Based on the current model of GAr-based inhibition of both
EBNA1 expression and antigen presentation, two intervention
points may be envisioned to unveil EBV-infected cells, in particular
tumor cells of EBV-related cancers, to the immune system: (i) the
interaction between rG4 of EBNA1 mRNA and the C-terminal RGG
motif of NCL, and (ii) type I PRMTs (Fig. 5). Importantly, in both
cases proof-of-principles exist as G4 ligands that interfere with the
rG4/NCL interaction on the one hand, and drugs targeting type |
PRMTs on the other, interfere with the GAr-based inhibition of
translation and antigen presentation [78,93,109]. Of note, for both
these therapeutic avenues, selectivity may be an issue (as for most
of the drugs). Indeed, type I PRMTs may appear as relatively non-
specific therapeutic targets as their inhibition should impact on
the methylation of many proteins. Importantly, this limit is prob-
ably encountered with most of drugs targeting enzymes like, for
example, drugs inhibiting protein kinases or phosphatases. Of note,
this potential lack of specificity has not prevented the development
to the clinics of a number of kinase inhibitors [119], in particular in
the field of cancer, and several inhibitors of PRMTs are currently
being evaluated in clinical trials. Also, given that RGG motifs are the
main substrates of PRMTs and also that, at concentration ranges

where they affect both GAr-based translation inhibition and the
interaction between NCL and rG4 of EBNA1 mRNA, type I inhibitors
did not exhibit significant toxicity, the lack of specificity may not be
a hurdle for their potential developments to the clinics [109]. As for
G4 ligands, an inherent limitation in their development to the
clinics may also be their potential lack of specificity given that, in
addition to the numerous potential rG4 [120], there are hundreds of
thousands potential DNA G4 (dG4) that may form in the human
genome [121,122]. However, G4 in the RNA context are often in a
dynamic equilibrium with other structural isoforms, and even low
doses of G4 ligands may have a profound impact on this equilib-
rium, preventing or leading to the recruitment of the corresponding
structure-specific binding factors (nucleolin in the case of the rG4
of EBNA1 mRNA). Another important point is that, besides the G-
quartets, which are the constant elements constitutive of G4, there
are other structural characteristics which vary from one sequence
to another: the loops and the flanking regions. These elements
ensure that each G4 is, in principle, unique within the whole
genome or transcriptome and, as such, could be exploited as key
targets to gain specificity through, for instance, the coupling of
complementary oligonucleotides [123,124] or minor-groove
binders [125] to G4-ligands. Hence, it is not excluded that some
specificity toward particular G4, notably rG4, may be reached and
various methods to assess G4 ligands specificity have been
described [126,127]. Finally, the combined use of G4-ligands and
inhibitors of type I PRMTs may also help to solve the specificity
issue by potentially allowing the use of much reduced doses of both
types of drugs.

The citrullination of arginines of the RGG motif of NCL may also
be involved in the GAr-based mechanism of inhibition of both
EBNAI1 translation and antigen presentation. Indeed, deamination,
also called citrullination, is the process of conversion of arginine
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infected cells (in particular tumor cells of EBV-related cancers) to the immune system:

G4 ligands such as PhenDC3 that interfere with the binding of NCL on rG4 of EBNAT mRNA

(left) and compounds inhibiting type I PRMTs (right). By distinct modes of action, both types of drugs interfere with the binding of NCL on rG4 of EBNA1 mRNA, and thereby with the
ability of GAr to self-limit the translation of its own mRNA. This, in turn, relieves the limitation of the production of EBNA1-derived antigenic peptides, ultimately interfering with

immune evasion of EBNA1 and thus of EBV.

into citrulline through enzymatic activation of peptidyl arginine
deiminases (PADIs), notably PADI4 (aka PAD4), the main peptidyl
arginine deiminase in human, thus preventing their methylation by
PRMTs [128,129]. Citrullination of RGG motifs was observed in
several RGG-containing proteins, including NCL [130]. Interestingly,
it has been reported that EBV infection activates several PRMTS,
especially PRMT1, the main type I PRMTs, and at the same time
inactivates PADI4 [131]. Hence, a possibility exists that EBV infec-
tion, by activating PRMT1 as well as inactivating PADI4, favours
arginine methylation of the NCL C-terminal RGG motif, thus pro-
moting the interaction of this protein with the G4s of EBNA1 mRNA,
leading to limitation of its translation, and therefore to the evasion
of EBNA1/EBV from the immune system (Fig. 4).

Importantly, in addition to the GAr-encoding mRNA sequence,
the GAr peptide could also participate to the inhibition of its own
expression. For example, the addition of antibodies directed against
the GAr domain can enhance the translation of GAr-carrying
mRNAs, which supports the idea that the nascent GAr poly-
peptides could participate to the translation inhibition of its own
mRNA [51,70]. In addition, the nascent GAr peptides have recently
been shown to interact with the nascent polypeptide-associated
complex alpha (NACA) and displace it from the ribosome [132].
Endogenous NACA, in addition to bind to the GAr peptides, also
interacts with GAr mRNA sequence as well as with NCL in the cell
nucleus, thus facilitating NCL-EBNA1T mRNA interaction, thereby
favoring mRNA translation inhibition in cis. Importantly, siRNA-
mediated silencing of NACA expression interferes with the inter-
action between NCL and the rG4 of GAr mRNA and thus with GAr-
based inhibition of both translation and antigenic peptides pro-
duction [132]. Also, as stated above, the EBNA1 protein itself con-
tains two RGG motifs: one upstream and one downstream of the
GAr domain, and it has been shown that EBNA1 could bind to its
own mMRNA through its two RGG motifs [133] and also that these
two RGG motifs could bind to rG4 [96]. Moreover, these RGG do-
mains are encoded by G-rich sequences in the EBNAT mRNA that

also have potential to form G-quadruplexes. These observations
open two non-mutually exclusive possibilities that would implicate
the RGG domains of EBNA1 in the mechanism of regulation of its
expression. Firstly, like NCL, the EBNA1 protein could bind to the
rG4 of its own mRNA through its two RGG motifs, and thus
participate in the inhibition of its translation. The other possibility
would be that, like the GAr-encoding sequence, the EBNA1T mRNA
sequences encoding the two RGG motifs of EBNA1 would be
capable of forming rG4 that may also recruit NCL and/or EBNA1
protein(s) and would therefore participate to the inhibition of
EBNA1 translation as well as the production of EBNA1-derived
antigenic peptides, leading thus to the immune evasion of
EBNAT1/EBV. Of note, in both cases, type | PRMTs and PADIs may play
a regulatory role. Interestingly, NCL and EBNA1 proteins have been
reported to interact [118], hence opening the possibility of a
cooperative binding on rG4 of EBNA1 mRNA, and thereby of a
cooperative inhibitory effect of these two proteins on EBNAT mRNA
translation. All these possibilities clearly deserve detailed
investigations.

Importantly, in addition to its crucial role in EBV genome
replication and maintenance and in the virus immune evasion,
EBNA1 has also been linked to cell transformation and, if the
mechanism underlying its oncogenic activity is still unclear [16], it
may involve the c-Myc oncogene. Indeed, the ENEBNA1 mice that
express EBNA1 in their B-cells thanks to the immunoglobulin heavy
chain intronic enhancer (Ep) develop and succumb to B-cell lym-
phoma [134]. Importantly, the B cell tumours of these mice are
monoclonal and similar to those associated to transgenic c-Myc
expression (Eumyc transgenic mice [135,136]). However, contrary
to the characteristic translocations observed in the c-MYC locus
which are linked to the deregulation of its expression, in B cells
tumours arising from EWEBNA1 transgenic mice no 5’ rearrange-
ments were detected in the murine c-MYC locus, whereas the
expression of c-Myc was also deregulated [134]. Hence, EBNAT is
able to induce overexpression of the c-MYC oncogene and, as such,
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may participate to the oncogenicity of EBV. Interestingly, recently a
direct link between EBNA1 and C-Myc expression involving the GAr
domain of EBNAT1 has been described [137]. In this model, the in cis
GAr-mediated mRNA translation inhibition induces a translational
stress that in turn increases the E2F1 transcription factor expres-
sion via a phosphoinositide-3-kinase-3- (PI3Kd-) dependent sig-
nalling. The resulting increase in the level of E2F1 induces
expression of the c-MYC oncogne. In support of this model are the
observations that drug-based or siRNA-mediated specific inhibition
of PI3K3 abrogate EBNA1-dependent induction of both E2F1 and c-
Myec. In addition, a multi-omics approach has recently revealed that
EBNA1 binds directly to enhancer elements in a subset of genes that
notably include key reregulators of purine metabolism that are
crucial for proliferation of EBV-immortalized B-cells [138]. Hence,
in addition to be the GMP of EBV and to play a central role in the
ability of the virus to evade the immune system, EBNA1 participate
to the oncogenicity of EBV. Interestingly, both oncogenicity and
immune evasion of EBV depend on the GAr domain of EBNA1. For
this reason, pharmacological means that would result in exacer-
bating the GAr inhibitory effect on translation, by further
decreasing EBNA1 level, may also be of therapeutic value for EBV-
related cancers. In line, EBNA1 protein itself has been exploited as
an intervention point and various EBNA1 inhibitors have been
developed with potential to treat EBV-related cancers [139,140].

Finally, beyond cancer, EBV, and more particularly EBNA1, have
been involved in other diseases, notably multiple sclerosis (MS).
Indeed, the long-time suspected link between EBV and MS has
recently been firmly confirmed in a large-scale study in which the
authors analysed serum EBV antibodies from individuals who
developed MS among a cohort of more than 10 million young adults
in a more than 20 years follow-up, and have reported a 32-fold
increase in the risk of developing MS after EBV infection [15]. In
parallel, a role for EBNA1 in MS has been proposed, notably via
molecular mimicry leading to the development of cross-reactive
antibodies and T cells [141,142]. In line, a vaccine against EBNA1
appears a relevant therapeutic option to treat EBV-related disor-
ders, in particular EBV-related cancers and MS, and several exper-
imental vaccines have been developed against EBV, including
against EBNA1 [143—145]. Notably, vaccination against EBNA1 has
been shown efficient in inducing global CD4" and CD8™ T cell re-
sponses able to protect against EBV antigen-expressing lymphomas
[144,146].

5. Concluding remark

Beyond the clear interest of all the studies on EBNA1 biological
roles and immune evasion for defining intervention points and
novel therapeutic avenues to treat EBV-related diseases, in partic-
ular EBV-related malignancies, they also represent another illus-
tration that “viruses are the best cell biologists” in that their study
quite often leads to seminal discovery in cell biology.
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Discussion

L'épissage des ARN est un processus essentiel qui est régulé par de nombreux
éléments qui peuvent agir en cis ou en frans. L'épissage du géne BCL-x produit deux
isoformes aux fonctions antagonistes, une protéine canonique Bcl-xL qui est anti-
apoptotique et une protéine alternative Bcl-xS qui elle est pro-apoptotique. La
modification de la balance entre ces deux isoformes est associée a diverses
pathologies telles que des cancers, des pathologies cardiaques ou encore certaines
formes de diabéte de type Il. En ce qui concerne I'épissage de BCL-x, de nombreux
facteurs cis et frans ont déja été identifiés et influencent la sélection du site 5’ fort ou
du site 5’ faible d’épissage. Plus récemment, l'identification de deux G-quadruplex
d’ARN (rG4) dans le pré-ARNm de BCL-x a conduit a 'hypothése d’'un nouveau mode
de régulation possible de ce géne par ces rG4. De plus, ces deux rG4 sont localisés
dans I'exon 2 a proximité des deux sites 5 d’épissages de BCL-x ce qui tendait a
conforter cette hypothése. En effet, si les exons sont enrichis en guanines, la présence
de G4 semble y étre contre-sélectionnée et ils sont le plus souvent retrouvés dans les
introns. La présence de rG4 dans les introns est alors associée a une activité
régulatrice sur I'épissage dont I'effet est dépendant de la position du G4 par rapport au
site d’épissage. La présence de ces deux rG4 dans I'exon 2 de BCL-x suggére que
ces G4 ont été conservés au cours de I'évolution, ce qui est cohérent avec un réle
possible dans la régulation de I'épissage de BCL-x. Bien que ces rG4 aient déja été
caractérisés, par nos données et par d’autres publications, la question au début de
cette thése était de déterminer s’ils jouaient, ou non, un réle dans la régulation de
I'épissage alternatif de BCL-x puis, si tel était le cas, de comprendre leur réle et
comment ces structures secondaires sont régulées. L'identification et I'étude de
protéines se liant aux G4 (G4-binding proteins -G4BP-) représente un aspect important
de la compréhension de la régulation des rG4 et de leur réle potentiel. Aussi avons-
nous cherché a identifier des protéines ayant de I'affinité pour I'un ou 'autre des rG4
de BCL-x. En se basant sur les données d’'une étude globale qui avait identifié le
facteur d’épissage RBM25, déja connu pour jouer un réle dans la régulation de
I'épissage alternatif de BCL-x, comme une G4BP potentielle, nous avons testé si la
protéine RBM25 présentait, ou non, de I'affinité pour I'un des deux rG4 du pré-ARNm
de BCL-x.

146



La protéine RBM25, une protéine de liaison au G-quadruplex
qui régule |I’épissage de BCL-x

Grace a lutilisation d’oligonucléotides capables de former, ou non -du fait de
mutations-, les rG4 de BCL-x nous avons montré que la protéine RBM25 posséde une
affinité spécifique pour le rG4 GQ-2. De plus, nous avons montré que la protéine
RBM25 est capable de se lier avec le rG4 GQ-2 de maniére directe et dépendante de
la formation du rG4. Conformément a des données de la littérature, nous avons
observé que RBM25 est une protéine qui interagit avec ’ARN de BCL-x dans le noyau
des cellules par des expériences de PLA. L'adaptation de cette technique pour
observer l'interaction entre la protéine RBM25 et ’ARN produit par des minigénes nous
a permis de montrer qu’en mutant le GQ-2 pour empécher la formation du rG4, RBM25
ne se lie plus avec 'ARN de BCL-x. Ces données confirment que RBM25 est bien une
nouvelle G4BP. Nous montrons également que RBM25 est capable de lier des G4
d’ADN (dG4) en plus des rG4, avec toutefois une préférence pour les rG4 comme le
montre I'expérience de RNA pulldown entre la protéine RBM25 et le G4 GQ-2 dans sa
version rG4 versus sa version dG4 (Figure Supplémentaire 3 du m/s Le Sénéchal R et
al Nucleic Acids Research 2023).

RBM25, qui est une protéine peu étudiée, est composée de différents domaines de
liaison aux acides nucléiques (un domaine RRM, un domaine RE et un domaine PWI).
L'identification de la capacité de RBM25 a lier les rG4 souléve la question de savoir
par quel domaine RBM25 est capable d’interagir avec ces rG4. Grace a différentes
constructions de RBM25 délétées, ou pas, pour I'un ou l'autre de ces domaines, nous
avons identifié par RNA pulldown que le domaine RE est nécessaire et suffisant pour
la liaison avec le rG4 GQ-2. Le domaine RE représente donc un nouveau domaine de
liaison aux rG4. Cependant, bien que ce domaine seul puisse lier le rG4 GQ-2, il n’est
pas suffisant pour réguler I'épissage de BCL-x. Ceci indique que les autres domaines
de RBM25 sont nécessaires, trés certainement via le recrutement de la machinerie

d’épissage.

Dans la littérature, les domaines RE sont aussi qualifiés de domaines BAD (Basic-
Acidic-Dipeptide) (Bishof et al., 2018). Ces domaines désordonnés de faible

complexité sont impliqués dans de nombreux processus tels que la régulation des
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ARN, l'assemblage du splicéosome, le repliement des protéines et la formation du
ribosome. Il a également été suggéré que ces domaines BAD soient nécessaires pour
la localisation nucléaire des protéines. Dans le cas de RBM25, il semble que ce
domaine RE soit nécessaire plus précisément pour la localisation de la protéine dans
les nuclear speckles (figure 4f Le Sénéchal et al, Zhou et al., 2008). De plus, ce
domaine est nécessaire pour I'interaction de RBM25 avec la protéine LUC7L3 et le
recrutement de U1 snRNP (Bishof et al., 2018). D’apres les résultats de cette thése,
nous montrons un nouveau role de ce domaine RE, comme nouveau domaine de
liaison aux rG4. Il serait dés lors intéressant de rechercher si d’autres protéines avec
des domaines BAD sont également des G4BP. D’aprées I'étude globale de Su qui a
servi de base a notre travail sur RBM25, la protéine SRSF3, qui contient un domaine
BAD, serait une potentielle G4BP (Su et al., 2021). Il serait donc intéressant de
rechercher si SRSF3 présente de I'affinité pour le rG4 GQ-2, ou avec d’autres rG4. En
outre, il a déja été montré que cette protéine se lie dans la région ou se situe le GQ-2
(Bielli et al., 2014). Si tel est le cas, il serait également intéressant de savoir dans
quelle mesure cette protéine agit en compétition ou en coopération/association a la
protéine RBM25.

RBM25 régule donc I'épissage de BCL-x en interagissant avec le rG4 GQ-2. Le
mécanisme d’action de RBM25 sur I'épissage de BCL-x reste pour le moment inconnu.
Au moins deux mécanismes peuvent étre envisagés pour expliquer le role de RBM25
dans la régulation de BCL-x et du GQ-2 (figure 15). Dans le premier modéle, le rG4
GQ-2 représenterait une plateforme de reconnaissance pour RBM25. Le facteur
d’épissage RBM25 recruterait alors la machinerie d’épissage sur le site 5’ alternatif et
favoriserait ainsi la synthése de la protéine pro-apoptotique Bcl-xS. Cette hypothése
est soutenue par la capacité de RBM25 a recruter LUC7L3 et indirectement la snRNP
U1, un des composants essentiels a 'assemblage du splicéosome. De plus, ce modéle
est renforcé par les résultats que nous avons obtenus avec le composé PhenDC3
puisque celui-ci augmente la stabilité du rG4 GQ-2 et donc la liaison entre la protéine
RBM25 et TARNm de BCL-x. Dans le second modéle, RBM25 agirait directement sur
la stabilité et la capacité de la séquence GQ-2 a former un rG4. La formation de ce
rG4 serait nécessaire a I'épissage de BCL-x. Cette seconde hypothése est soutenue
par des travaux qui ont montré que la stabilisation du rG4 GQ-2 de BCL-x par un ligand

de G4 (GQC-05) est uniqguement observée en présence d’extraits nucléaires
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(Bhogadia et al., 2022). Ces résultats suggérent ainsi que I'existence du rG4 GQ-2
dans les cellules requiert un facteur nucléaire, qui pourrait étre RBM25. Récemment,
une étude a montré que certains ligands de G4 peuvent agir comme des chaperons
pour des rG4 (Lejault et al., 2023). Ces ligands chaperons facilitent et/ou stabilisent la
formation de rG4. lls pourraient ainsi permettre la formation de G4 qui ne se
formeraient pas dans les conditions physiologiques. Certaines protéines, comme
RBM25, pourraient ainsi agir de la méme maniére et seraient, par la-méme,

nécessaires a la formation de certains rG4.

Modéle 1
,‘ Reconnaissance du rG4 A
q Q%Lij ey
ARNm
de BCL-x _ Recrutement de U1snRNP
GQ-2rG4 par RBM25
Modéle 2
Recrutement de U1snRNP
\ 1 Induction du rG4 q N I A ﬂ ‘
ARNM par RBM25 V] [

de BCL-x Recrutement de U1snRNP
par le rG4 GQ-2

Figure 15 : modeles hypothétiques de la régulation du rG4 GQ-2 par RBM25.

Linteraction de la protéine RBM25 avec le rG4 GQ-2 est nécessaire pour le recrutement du splicéosome
sur le site 5’ d’épissage alternatif. Deux hypothéses sont proposées pour expliquer le réle de cette
protéine sur le rG4 et le recrutement de U1.

Dans le premier modéle, le rG4 GQ-2 sert de plateforme de reconnaissance qui est détectée par
RBM25. Une fois associé a TARNm de BCL-x, RBM25 est capable de recruter d’autres facteurs
d’épissage tels que LUC7L3, qui vont recruter U1snRNP sur le site 5’ faible.

Dans le second modéle, RBM25 se lie sur la séquence du GQ-2 de BCL-x. Cette interaction conduit a
la formation et la stabilisation du rG4 qui est nécessaire pour le recrutement du splicéosome sur le site
5’ alternatif.
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Le rG4 GQ-2 est essentiel pour la sélection du site 5’
d’épissage alternatif et la synthése de Bcl-xS

L'identification de la protéine RBM25 comme une nouvelle G4BP capable de se lier au
rG4 GQ-2 nous a ameneés a étudier le réle de ce rG4 dans I'épissage de BCL-x. Pour
cela nous avons synthétisé des minigénes capables, ou non, de former le rG4 GQ-2.
Avec ces outils, nous avons montré que la formation du rG4 du GQ-2 est essentielle
pour la synthése de lisoforme alternative pro-apoptotique Bcl-xS. De plus, en
'absence du rG4 GQ-2, la protéine RBM25 n’est plus capable de se lier a TARNm de
BCL-x. De sorte, nous avons identifié le rG4 GQ-2 comme un ESE (Exon Splicing
Enhancer) qui favorise l'utilisation du site 5’ d’épissage alternatif et la synthése de la

forme pro-apoptotique Bcl-xS.

Il est intéressant de remarquer que le rG4 GQ-2 est localisé au niveau de I'élément cis
régulateur B2, identifié pour la premiére fois en 2005 par I'équipe de Chabot (Garneau
et al., 2005b). Dans cette étude, les auteurs décrivent une séquence de 30 nucléotides
dans la région B2, nommée B2G, comme la région active pour I'épissage de B2 et
essentielle pour la synthése de Bcl-xS. Lorsque cette région est mutée au niveau de
deux guanines, I'épissage de la forme alternative est complétement aboli. Cette région
B2G correspond a la séquence GQ-2 étudiée dans cette thése. De plus, 'effet de la
substitution des guanines sur I'épissage observé dans I'étude de 2005 est similaire
aux résultats observés dans notre étude avec GM-2, la version mutante du GQ-2, qui
empéche la formation du rG4. Les effets régulateurs de la région B2 observés dans
I'article de 2005 et dans le nbtre, semblent donc étre le résultat de la formation du rG4
au niveau de GQ-2 qui agirait comme un ESE pour le site 5’ alternatif de BCL-x. Cette
hypothése est renforcée par une autre publication de 2008 qui caractérise une région
riche en guanine essentielle a I'épissage de la forme alternative Bcl-xS (Hai et al.,
2008). Encore une fois, cette région correspond a celle du GQ-2. En outre, les auteurs
de cette étude montrent que le réle du GQ-2 est variable en fonction de sa localisation
par rapport au site d’épissage. Introduite entre deux sites d’épissages de méme force,
le GQ-2 favoriserait le site d’épissage situé en amont de la séquence. Une hypothése
serait qu’en fonction de la position du G4, il puisse agir comme un ESE ou un ESS
(Exon Splicing Silencer) en fonction de sa position par rapport au site d’épissage. Cette

hypothése est déja vérifiee pour certains facteurs d’épissages dont l'effet sur
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I'épissage est dépendant du site de liaison du facteur par rapport au site d’épissage.
Ainsi, il a été montré que PTBP1 régule de maniére différente I'épissage et peut induire
soit I'inclusion d’exon, ou au contraire le saut d’exon, en fonction de la position de son

site de liaison par rapport aux sites d’épissage (Xue et al., 2009).

L'identification du rG4 GQ-2 comme un nouvel ESE de BCL-x ajoute un niveau de
régulation supplémentaire a I'épissage de ce géne. Cependant, le réle du r GQ-5 n’a
pas été exploré pendant cette these. Il est pourtant vraisemblable que le rG4 qui se
forme dans la séquence GQ-5 soit également un élément régulateur de BCL-x qui
mérite d’étre étudié. Ce rG4 est localisé sur le site 5’ d’épissage canonique, aussi il est
possible que la formation du rG4 entre directement en compétition avec 'assemblage
du splicéosome sur ce site, et donc qu’il régule de maniere négative la sélection du

site 5’ canonique.

D’apres les résultats présentés dans cette thése, le rG4 GQ-2 représente un
mécanisme essentiel pour la synthése de la forme alternative pro-apoptotique de BCL-
x. |l serait désormais intéressant de déterminer si des rG4 régulent la synthése de
formes alternatives d’autres génes régulateurs de I'apoptose. En effet, de nombreux
genes régulateurs de la voie intrinséque de I'apoptose produisent des versions
alternatives avec une fonction antagoniste a l'isoforme canonique. Ainsi, les caspases
2 et 3 sont capables de synthétiser des protéines alternatives anti-apoptotiques. A
linverse, et tout comme le géne BCL-x, le géne anti-apoptotique MCL-1 produit une
forme alternative pro-apoptotique (figure 16). De plus, d’aprés le logiciel G4 Hunter,
quatre PQS (Potential Quadruplex-forming Sequence) pourraient se former dans
'exon 1 et I'intron 1 de MCL-1 dont deux a proximité des sites d’épissage. L'étude de
ce géne et de sa régulation par des potentiels rG4 représente ainsi une piste
intéressante pour mieux comprendre a la fois la régulation de I'épissage par les rG4,
mais aussi I'implication de ces derniers dans la fonction de génes régulateurs majeurs

de 'apoptose.
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MCL-1L anti-apoptotique

PQS-1 PQS-2 Pas3 .7 T / -

| | |, - Fas-4

\ MCL-1S pro-apoptotique

PQS de MCL-1 Séquence G4 hunter Score
PQS-1 GTGGGGGGGCCGGCTTGGGGGCCGGCAGCGG 1,237
PQs-2 GGCCCGGCGAGAGATAGGGGGAGGGGAGGCCGGCGLGEG 1,089
PQS-3 GACGGGTTGGGGATGGCGTGCAGCG 1.2
PQsS-4 GGGTGGGATGTCAATTTCAAGTGGGG 1,308

Figure 16 : épissage alternatif du géne anti-apoptotique MCL-1, un régulateur majeur de I'apoptose aux
fonctions redondantes avec BCL-x

Le géne MCL-1 est constitué de trois exons. Le transcrit entier code la protéine anti-apoptotique et
canonique Mcl-1L. Le variant alternatif Mcl-1S est produit suite au saut de I'exon 2. Ce saut d’exon
conduit a un décalage du cadre de lecture et la perte de fonction des domaines localisés dans I'exon 3.
La protéine MCL-1S devient alors pro-apoptotique et s’associe a la protéine MCL-1L pour inhiber sa
fonction anti-apoptotique. Quatre PQS (Potentiel Quadruplex-forming Sequences) localisés dans I'exon
1 et dans l'intron 1 sont prédits par le logiciel G4 hunter.
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Les ligands de G4 : des outils pour étudier |’épissage de
BCL-x et des candidats médicaments potentiels pour traiter
les cancers chimiorésistants

D’aprés les résultats présentés dans cette thése, le rG4 GQ-2 est essentiel pour
I'épissage alternatif du géne BCL-x. Pour continuer d’étudier ce mécanisme, nous
avons étudié 'effet de différents ligands de G4 sur ce systéme. Ces molécules peuvent
stabiliser ou déstabiliser les rG4. Elles peuvent également agir en compétition avec
les G4BP qui interagissent avec ces rG4. Pour cette raison, nous avons observé les
effets du composé PhenDC3 sur l'interaction de RBM25 avec le rG4 GQ-2. En traitant
des cellules par le composé PhenDC3 nous avons observé une augmentation dose-
dépendante de la synthése de la forme alternative Bcl-xS, aussi bien dans le modéle
minigene, que sur le géne BCL-x endogéne. Nous avons ensuite montré par des tests
in vitro, que le PhenDC3 stabilisait le rG4 GQ-2, puis par des tests de PLA que le
composé PhenDC3 augmentait la liaison de la protéine RBM25 avec 'TARNm de BCL-
x. Ainsi, le composé PhenDC3 stabilise et/ou promeut la formation du rG4 GQ-2 et, en
conséquence, favorise la liaison de RBM25 a 'ARNm de BCL-x, ce qui, in fine,
augmente la sélection du site 5’ alternatif et la synthése de la forme pro-apoptotique
Bcl-xS.

L'identification de [linteraction RBM25/rG4 GQ-2 représente donc un point
d’intervention pour réguler la balance entre Bcl-xL et Bcl-xS. Cette piste est pertinente
pour de nombreuses pathologies ou la balance entre ces deux isoformes est
dérégulée, en particulier dans les cancers ou la forme anti-apoptotique Bcl-xL est
surexprimée, ce qui est associé a une résistance aux chimiothérapies. Contréler
I'épissage en faveur de la forme alternative pro-apoptotique Bcl-xS représente donc
un moyen de resensibiliser des cellules cancéreuses aux chimiothérapies. En outre,
nous avons testé I'effet du composé PhenDC3 sur I'apoptose de cellules. Ce test
réalisé sur des cellules cancéreuses, montre que le composé PhenDC3 induit une
augmentation de l'apoptose qui est corrélée avec 'augmentation de la forme pro-
apoptotique Bcl-xS. Ainsi, cibler l'interaction de RBM25 avec le rG4 GQ-2 représente
un point d’intervention pertinent pour sensibiliser les cellules cancéreuses aux
chimiothérapies. C’est avec cette idée que nous avons recherché des nouveaux

ligands de G4 capables de moduler I'épissage de BCL-x. Parmi la librairie de 90
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molécules structurellement proches du composé PhenDC3, nous avons identifié deux
nouveaux composeés, PhenDH8 et PhenDH9. Lidentification de ces deux molécules
est d’autant plus intéressante que ces ligands sont plus efficaces que le composé
PhenDC3 pour augmenter la synthese de Bcl-xS ainsi que pour induire I'apoptose des
cellules. Toutefois, bien que nous ayons observé une augmentation de la syntheése de
Bcl-xS et de I'apoptose, cela ne constitue pas une preuve que I'induction observée de
'apoptose soit une conséquence directe de l'augmentation de la forme pro-
apoptotique Bcl-xS. En effet, de nombreuses études utilisent déja les ligands de G4
pour induire la mort de cellules cancéreuses. Les ligands de G4 ayant une capacité de
se lier a de nombreux G4, aussi bien ADN qu’ARN, les effets peuvent étre attribués a
la stabilisation des ligands dans les téloméres, au niveau de promoteurs d’oncogenes,
a l'induction d’instabilité génomique ou méme a l'augmentation de la synthése de
protéines pro-apoptotiques. Ainsi, une des principales limites des ligands de G4 est
leur manque de spécificité. Développer des ligands de G4 avec une spécificité pour
des G4 précis permettrait de s’en servir comme outils. Dans le cas du GQ-2 cela
permettrait de confirmer le lien entre 'augmentation de Bcl-xS et 'apoptose. Bien que
les G4 sont structurellement similaires entre eux avec une base de G-quartet, de
nombreuses caractéristiques rendent chaque G4 unique, telles que les séquences
bornant le G4 ou les boucles qu'ils contiennent. Ces caractéristiques uniques peuvent,
en théorie, étre exploitées pour développer des ligands de G4 spécifiques a un G4
(Scalabrin et al., 2021). En outre, en plus d’étre des outils pour étudier spécifiquement
certains G4 dans un contexte cellulaire, de tels ligands représenteraient des candidats
meédicaments pertinents pour lutter contre certains cancers. A l'inverse, des nouveaux
composeés capables de déstabiliser des G4 ont recemment été développés. Dans le
cas de I'épissage du géne BCL-x, ils présenteraient un intérét thérapeutique pour
traiter des pathologies, telles que certaines formes de diabéte ou de maladie
cardiaque, ou la forme pro-apoptotique Bcl-xS est surexprimée (Mitteaux et al., 2021).

Pour terminer, il serait également intéressant de tester les composés PhenDC3,
PhenDH8 et PhenDH9 en co-traitement avec des molécules anti-cancéreuses dans
un premier temps dans un modéle de cellules résistantes aux chimiothérapies pour
observer si les effets sont intéressants, puis dans des modeéles in vivo. En effet, il est
possible d’envisager des stratégies basées sur le co-traitement de ligands de G4 avec

les BH3 mimétiques. Le mécanisme d’action des BH3 mimétiques est basé sur leur
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capacité a inhiber linteraction entre les protéines pro-apoptotiques et les protéines
anti-apoptotiques en interagissant avec les molécules anti-apoptotiques. Les protéines
Bax et Bak ne sont alors plus séquestrées et peuvent induire la perméabilisation de la
membrane mitochondriale externe et 'apoptose de la cellule. Le travail sur les BH3
mimétiques a conduit au développement de plusieurs composés dont le chef de file
est le Navitoclax (ABT-263), un composé présentant une forte affinité pour les poches
BH3 des protéines Bcl-2 et Bcl-xL. Les BH3 mimétiques sont capables d’induire la mort
cellulaire de cellules cancéreuses seules ou en association avec des molécules anti-
cancéreuses plus classiques (doxorubicine, cisplatine) en présentant un effet
synergique sur la diminution de la viabilité cellulaire. Cependant, des essais cliniques
réalisés avec les BH3 mimétiques ont montré des effets secondaires importants, dont

notamment des thrombopénies et 'apparition de résistance a ces molécules.

Ainsi, l'utilisation de ligands de G4 en co-traitement avec des BH3 mimétiques
représente une stratégie pertinente car, en modulant le ratio entre les protéines Bcl-xL
et Bcl-xS, les ligands de G4 devraient permettre d’utiliser des concentrations plus
faibles de BH3 mimétiques afin de minimiser les effets secondaires de ces derniers. Il
est aussi envisageable d'adapter cette stratégie avec d’autres molécules
anticancéreuses et de réaliser des co-traitements avec des ligands de G4 afin de
sensibiliser les cellules a ces chimiothérapies en rétablissant la balance Bcl-xL/Bcl-xS.
L'utilisation de ligands de G4 pourrait étre d’autant plus pertinente qu’il est possible
que ces molécules régulent également I'épissage d’autres génes régulateurs de

I'apoptose tels que MCL-1.
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Etude du réle d’'un G-quadruplex d’ARN dans I'épissage alternatif du géne anti-
apoptotique BCL-x et exploitation comme cible thérapeutique pour lutter contre les

cancers résistants aux chimiothérapies
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Résumé : L'apoptose joue un réle crucial
dans le contrdle de [I'homéostasie
cellulaire au cours du développement, tout
au long de la vie comme dans certaines
maladies comme les cancers pour
lesquels nombre de traitements visent
d’ailleurs a promouvoir l'apoptose des
cellules tumorales. La fonction principale
de la protéine Bcl-x est de réguler la voie
intrinséque de l'apoptose. Le géne BCL-x
est soumis a un épissage alternatif qui
produit deux isoformes aux fonctions
antagonistes : la forme longue Bcl-xL anti-
apoptotique, canonique, et la forme
alternative courte Bcl-xS qui, elle, est pro-
apoptotique. Dans certains cancers, la
surexpression de Bcl-xL est corréléee a
une survie augmentée des cellules et
associée a une sensibilité moindre aux

chimiothérapies. Récemment, des G-
quadruplex (G4) ont été identifies a
proximité étroite des deux sites 5
d’épissages de BCL-x conduisant aux
formes Bcl-xL et Bcl-xS. Nous avons mis
en évidence une interaction spécifique
entre le facteur d’épissage RBM25 et le
rG4 GQ-2 localisé a proximité du site 5
d’épissage conduisant a lisoforme pro-
apoptotique Bcl-xS. Cette interaction est
essentielle a la production de Bcl-xS et
peut étre ciblée par des ligands de G4 afin
de moduler I'épissage de BCL-x. Ces
résultats mettent en lumiére un nouveau
mecanisme de régulation de [|'épissage
alternatif de BCL-x et son utilisation
potentielle comme cible thérapeutique,
notamment pour les cancers reésistants
aux chimiothérapies.

Study of the role of an RNA G-quadruplex in the alternative splicing of the anti-
apoptotic BCL-x gene and exploitation as a therapeutic target for cancers resistant to

chemotherapy

Keywords: Alternative splicing, apoptosis, cancers, G-quadruplex, BCL-x, RBM25

Résumé: Apoptosis is a highly regulated
process involved in the control of cellular
homeostasis during development, as well
as lifelong or in some cancers for which
many treatments aim to promote
apoptosis of cancer cells. The main
function of the Bcl-x protein is to regulate
the intrinsic pathway of apoptosis. The
BCL-x gene undergoes alternative splicing
producing two isoforms with opposite
functions: the long canonical anti-apoptotic
Bcl-xL isoform, and the short alternative
pro-apoptotic Bcl-xS isoform. Bcl-xL
overexpression is frequently associated
with increased cell survival and decreased
sensitivity to chemotherapy in cancer.

Recently, two G-quadruplex (G4) have
been identified in close vicinity to either 5’
splice sites of BCL-x pre-mRNA and their
presence have been linked to alternative
splicing. In this context, we have identified
a specific interaction between the splicing
factor RBM25 and the rG4 GQ-2 lying in
close proximity with the splice site leading
to the pro-apoptotic isoform Bcl-xS, and
have demonstrated that this interaction
can be targeted by G4 ligands to modulate
BCL-x alternative splicing. Hence, we
identified an actionable mechanism
regulating BCL-x alternative splicing with
the potential to identify molecules able to
relieve chemoresistance of various
cancers.
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