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Introduction



French summary

A. La réponse immunitaire

Les organismes cellulaires ont développé rapidement au cours de I'évolution une gamme variée
de réponses immunitaires pour se défendre contre les éléments étrangers. Les éléments
transposables ont été décrits comme les ancétres des virus 8 ADN (Krupovic and Koonin, 2015).
Un mécanisme développé pour bloquer les éléments génétiques envahissants est 1'utilisation
d'ARN antisens qui constitue une réponse immunitaire chez les organismes unicellulaires. Ce
systeme guidé par I'ARN a évolué¢ avec l'ajout de protéines ayant une activité enzymatique :
c'est ce qu'on appelle le systéme de restriction. C'est par exemple la base du céleébre systéme
CRISPR-Cas9 chez les bactéries, qui peut cibler spécifiquement des acides nucléiques étrangers
mais aussi maintenir des éléments d'acides nucléiques étrangers intégrés dans le génome de
'hote en tant que "mémoire immunitaire" (Barrangou et al., 2007; Jinek et al., 2012). Chez les
organismes eucaryotes, on peut distinguer trois couches de systemes de défense contre les
pathogénes : I'immunité intrinséque (apparentée a un systeme de restriction), I'immunité innée
et I'immunité adaptative. Le systtme immunitaire adaptatif repose sur une mémoire
immunitaire chez les vertébrés et sur la production d'anticorps spécifiques contre un pathogeéne.
Cela implique l'activité de deux types de cellules, les lymphocytes B et T, mais aussi
l'expression d'un modele spécifique de génes pour produire les anticorps adaptés. Les anticorps
peuvent reconnaitre spécifiquement un agent pathogéne afin d'induire sa dégradation par
d'autres acteurs immunitaires. Parmi les voies liées a I'immunité innée, on peut citer I'ARNi
antiviral, qui a été bien décrit chez les plantes et les invertébrés, et dont 1'importance dans les
cellules des vertébrés est encore débattue. Chez les chordés, I'immunité innée est basée sur la
reconnaissance d'éléments étrangers (acides nucléiques, protéines) appelés pathogen-associated
molecular patterns (PAMPs) par des récepteurs cellulaires, les pattern recognition receptors
(PRRs). Les PRRs déclenchent une cascade de signalisation transcriptionnelle conduisant a

l'expression de cytokines pour inhiber l'infection (tenOever, 2016).

Parmi les cytokines, les interleukines et les interférons sont les plus représentés dans les
cellules de mammiferes. Dans de nombreux cas ou I'ARNi antiviral est décrit comme inefficace
contre une infection, la réponse interféron (IFN) I'emporte expliquant en partie I'incompatibilité
entre les deux voies (Maillard et al., 2016). L'IFN a été découvert en 1957 avec l'étude de

9



l'interférence virale contre le virus de la grippe (Isaacs and Lindenmann, 1957). Depuis, 10
cytokines interféron différentes ont été¢ découvertes. La dérégulation de cette réponse ne
modifie pas seulement 1'immunité contre les pathogenes, mais peut également conduire a des
pathologies humaines appelées interféronopathies (Mogensen, 2019). L'IFN et 1'ARNi
partagent des facteurs de détection communs liés aux hélicases DExD/H-Box capables de
reconnaitre I'ARN (Fairman-Williams et al., 2010), respectivement les récepteurs RIG-I-like

(RLRs) et une endoribonucléase de type III nommée Dicer.

B. Dicer et la voie des microARN (miARN)

L'un des principaux roles de Dicer est la biogenese des microARN (miARN), qui sont
des régulateurs clés de 1'expression des génes. Le premier rapport sur un ARN régulateur court
est issu d'une étude réalisée chez Caenorhabditis elegans dans les années 1990 (Lee et al., 1993;
Reinhart et al., 2000). Ces petits ARN, dont on a découvert par la suite qu'ils existaient chez
d'autres animaux et qu'ils étaient appelés miARN, présentent une complémentarité imparfaite
avec leurs cibles, ce qui implique une activité dépendant de 1'inhibition de la traduction (Lau et

al., 2001; Lee and Ambros, 2001; Olsen and Ambros, 1999).

La voie des miARN a été largement caractérisée. Un transcrit d'ARN polymérase 11
(polIl) dérivé d'un ARNm primaire (pri-miARN) est reconnu par la ribonucléase de type III
DROSHA (Lee et al., 2004). DROSHA, aidée par son principal partenaire d'interaction
DGCRS, clive le pri-miRNA en un précurseur-miARN (pré-miARN) a boucle de 60 nt (Lee et
al., 2003). Le pré-ARNm est ensuite exporté vers le cytosol par un mécanisme actif ARN-
GTP/Exportine 5 (Yi et al., 2003). Une fois dans le cytoplasme, le pré-miRNA est transformé,
de manicre indépendante de I'ATP, en un duplex miRNA de 22 nt de long par Dicer, aidé par
son principal cofacteur, la TAR-RNA Binding Protein (TRBP) (Chendrimada et al., 2005). Un
brin du duplex est incorporé dans une protéine effectrice de la famille Argonaute (AGO)
(Hammond et al., 2001) pour former le complexe de silencing induit par I'ARN (RISC). Cette
opération nécessite I'aide de protéines chaperonnes (Iwasaki et al., 2010). Le petit ARN sert de
guide au RISC pour I'amener a ses ARNm cibles complémentaires. Chez I'animal, cela se traduit
dans la plupart des cas par une inhibition de la traduction, qui nécessite l'interaction des

protéines AGO avec la protéine adaptatrice TNRC6B (Meister et al., 2005). Dans de rares cas,
10



c'est-a-dire lorsqu'il y a une complémentarité parfaite entre ' ARN guide et I'ARN cible, I'ARN
cible peut étre clivé par le RISC (Yekta et al., 2004).

Avant d'étre impliquée dans la voie des miARN, Dicer a été identifiée comme I'enzyme
responsable de I'ARNi et a été nommée d'apres sa capacité a digérer les ARNdb en petits ARN
(siARN) (Bernstein et al., 2001).

La protéine Dicer est trés conservée au cours de I’évolution et se compose de 3
principales parties : une partie régulatrice et fixatrice de I’ARN, le domaine hélicase ; un cceur
catalytique, les domaines RNaselll ; et des domaines supplémentaires de fixation de I’ARN, les
domaines PAZ, DUF283 et dsRBD terminal. Le domaine hélicase est 1’¢lément régulateur de
I’activité de la protéine Dicer. Dans un premier temps, ce domaine hélicase DExD/H-Box est
incapable d'hydrolyser I'ATP et présente un effet auto-inhibiteur sur le traitement des ARNdb
longs chez I'homme (Ma et al., 2008; Zhang et al., 2002). Il a ét¢ démontré que la perte de
I'hydrolyse de I'ATP est corrélée a une perte de l'activité de clivage des longs ARNdb : en
examinant la phylogénie des Dicer, un lien clair entre ces deux aspects est apparu puisque le
Dicer ancestral a conservé ces deux caractéristiques (Aderounmu et al., 2023). Ainsi, des
changements dans le domaine hélicase pourraient modifier sa capacité a lier I'ARNdb et a

hydrolyser I'ATP, ce qui souligne I'importance de ce domaine dans I'activité du Dicer.

De plus, le domaine hélicase de Dicer semble étre une plaque tournante pour les
interactions, principalement en relation avec son role dans la biogene¢se des miARN. Dicer
interagit avec 1'hélicase A DExH/-Box RNA ou DHX9, qui est capable de dérouler a la fois
I'ARN et I'ADN dans le noyau et le cytosol. DHX9 est impliquée dans le chargement du RISC,
ce qui permet une meilleure association entre le siRNA et AGO2 (Robb and Rana, 2007).

Dicer interagit également directement avec la protéine ADAR1 (Adenosine Deaminase
Acting on RNA 1) dans le contexte du traitement des miARN. Il a ét¢ démontré qu'ADARI1
augmente le taux de traitement de Dicer et favorise le chargement des miARN sur AGO2 (Ota
et al., 2013). Pendant longtemps, ADARI a été considéré comme un antagoniste de la voie de
I'"ARN;, car I'édition A-to-I inhibe le traitement correct des ARNm pri ou modifie les cibles des
ARNm (Kawabhara et al., 2007b, 2007a). Cependant, lorsque Dicer interagit avec ADARI, la
désaminase induit des changements de conformation de Dicer et améliore le traitement des

précurseurs de miARN, I'assemblage du RISC et le chargement des miARN, tout comme
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TRBP. La encore, cette interaction est médiée en partie par le domaine hélicase de Dicer (Ota

etal., 2013).

Enfin, une autre dsSRBP homologue a TRBP, la protéine activatrice de la protéine kinase
activée par I'ARNdb (PACT), est un partenaire bien connu du domaine hélicase de Dicer. PACT
a été décrit pour la premicre fois a la fin des années 1990 pour son role d'activateur de la protéine
kinase activée par 'ARNdb (PKR). Dans ce cas, PACT interagit avec la PKR et active son
activité kinase normalement induite par I'ARNdb (Patel and Sen, 1998). Toutefois, PACT et
TRBP jouent un role différent in vitro dans le traitement de Dicer. Dicer associé¢ a PACT révele
des différences de spécificité de substrat par rapport a Dicer avec TRBP, car le premier induit
une diminution de la transformation de I'ARNdb par Dicer (Lee et al., 2013). Cependant, in
vivo, Dicer a besoin de I'hétérodimere PACT/TRBP pour traiter ' ARNdb, ce qui indique la
régulation complexe de ce complexe (Kok et al., 2007). Cette interaction est médiée par les
deux premiers dsRBD de PACT et de TRBP, laissant leur troisieme dsRBD libre pour les

interactions avec Dicer.

C. Laréponse interféron (IFN)

Dans les cellules de mammiferes, la réponse immunitaire contre les virus est basée
principalement sur la réponse IFN. La réponse IFN peut étre déclenchée par différents types
d'agents pathogenes : bactéries, parasites, virus et champignons. L'IFN est un systéme en deux
¢tapes, qui implique d'abord I'expression des cytokines IFN, suivie de leur action a la fois
autocrine et paracrine. Elles agissent en se liant a des récepteurs cellulaires pour induire la
transcription des genes stimulés par 1'IFN (ISG), qui sont les effecteurs cellulaires directs. Ce
systéme permet a I'organisme de mettre en place une réponse immunitaire globale grace a la
transmission du signal. Les deux principaux IFN communément impliqués dans la réponse
immunitaire sont les interférons de type I et de type III (IFN-I et IFN-III). Ces deux réponses
sont associées a des cytokines et des récepteurs cellulaires différents. Lors d'une infection par
un virus 8 ARN ou a ADN, I'IFN-I est décrit comme la réponse la plus large et est prédominant
dans les cellules immunitaires. L'IFN-III se trouve principalement dans les cellules épithéliales

(McNab et al., 2015).
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L'TFN-I est déclenché par différentes classes de PRR : les récepteurs Toll-like (TLR)
associés a la membrane, les récepteurs cytosoliques RIG-I-like (RLR) et les récepteurs d'ADN,
tels que la GMP-AMP synthase cyclique cytosolique (cGAS). Leur activation entraine la
phosphorylation par TBK1 de facteurs de transcription spécifiques, tels que les facteurs de
régulation de l'interféron (IRF) 3 et 7. Cette phosphorylation permet leur translocation nucléaire
(Mogensen, 2019). Ils agissent en tant qu'homo- ou hétéro-dimeres et peuvent étre associés a
d'autres facteurs de transcription, y compris NF-kB. IRF3 et 7 induisent la transcription de I'l[FN

a et B3, les deux groupes de cytokines de 1'lFN-I (Honda and Taniguchi, 2006).

Les cytokines produites peuvent alors agir de fagon paracrine et autocrine se fixant a
leur récepteur cellulaire, IFNAR. La fixation entraine le déclenchement d’une cascade de
signalisation moléculaire qui active la translocation nucléaire de facteurs de transcription,
principalement STAT1 et STAT2 qui sont capables d’activer I’expression de centaines de génes

stimulés par I’'IFN (ISGs) (Ivashkiv and Donlin, 2014).

Parmi les ISGs, une kinase activée par I’ARNdb, appelée protéine kinase R (PKR) est
un des premiers acteurs de la réponse immunitaire face aux virus. PKR est capable de
reconnaitre I’ARNdD qui va entrainer son activation via son homodimérisation (Lemaire et al.,
2008). La forme dimérique fixe I’ATP permettant I’autophosphorylation du dimére qui est alors
stablement actif. PKR peut phosphoryler divers substrats. Ainsi, PKR a été longtemps liée a la
régulation du cycle cellulaire via la phosphorylation de p53 (Cuddihy et al., 1999; Yoon et al.,
2009). Mais son rdle principal demeure la phosphorylation du facteur eucaryotique d’initiation
de la traduction elF2a. Une fois phosphorylé, p-elF2a ne peut plus initier la traduction
notamment a cause d’une incapacité a réaliser le transport de I’ARNt initiateur. Ainsi, PKR

permet le blocage de la traduction cellulaire (Krishnamoorthy et al., 2001).

Cependant, outre son role de kinase, PKR a aussi ét¢ li¢e a I’initiation de la réponse IFN
dans les cellules humaines. Ainsi, PKR est souvent retrouvée au niveau des granules de stress
formés par G3BP1 permettant alors le déclenchement de la réponse IFN-I (Onomoto et al.,
2012). En outre, PKR a aussi été associée a 1’activation de la voie NF-kB responsable de
I’expression de genes pro-inflammatoires et de I’immunité et cela sans besoin nécessaire de son

activité catalytique (M. C. Bonnet et al., 2000).

Néanmoins, PKR reste un acteur trés régulé dans la cellule, notamment par certains

cofacteurs lors de conditions de stress. Ainsi, deux cofacteurs précédemment associés a Dicer,
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TRBP et PACT, ont des roles antagonistes sur I’activit¢ de PKR. PACT est un activateur de
PKR, capable d’interagir avec sa partie N-terminale dans le but d’activer sa fonction de kinase
lors de stress (Ito et al., 1999; Ruvolo et al., 2001). A I’inverse, I’interaction de PKR avec TRBP
empéche cette derni¢re de reconnaitre et d’étre activée par de longs ARNdb lors de la mitose

(Kim et al., 2014).

D. Le virus de Sindbis, modéle des alphavirus

Les alphavirus sont un genre au sein de la famille des Togaviridae qui est composé de virus
possédant un génome a ARN simple brin positif. Ce genre contient notamment les virus du
Chikungunya ou la riviere Ross. Ils sont enveloppés et possedent un cycle exclusivement
cytoplasmique. Leur génome est coiffé en 5’ et polyadénylé en 3’ et possede deux cadres de
lecture, le premier encodant les protéines non-structurales impliquées dans la réplication et le
second, transcrit a partir d’un promoteur subgénomique, encodant les protéines structurales

nécessaires a la production des virions (Frolov et al., 2001).

Le virus de Sindbis (SINV) posseéde un cycle viral qui dure entre 4 et 6h et pendant
lequel, lors de la réplication de I’ARN génomique, de I’ARNdb apparait dans le cytoplasme.
Cet ARNdD est un signal de danger dans la cellule eucaryote et est le principal élément étranger
détecté par le systéme immunitaire. Ainsi, MDAS et RIG-I, deux RLRs, sont capables de
détecter la présence de SINV dans le cytoplasme (Akhrymuk et al., 2016).

Le role de Dicer dans la réponse antivirale contre les alphavirus a été étudié. Des petits
ARN interférents (siARN) dérivés du virus et produits par Dicer ont été détectés dans des
cellules somatiques infectées par le SINV (Zhang et al., 2021). En revanche, d'autres études
portant sur des cellules HEK293 infectées par le virus SINV n'ont pas pu mettre en évidence
l'accumulation de siARN, ce qui va a l'encontre d'un role antiviral de I'ARNi (Donaszi-Ivanov
etal., 2013; Girardi et al., 2013). Le fait que les cellules humaines HEK293 déficientes en Dicer
ne présentent pas d'infection accrue par le SINV renforce cette hypothese (Bogerd et al., 2014).
Enfin, un autre produit de Dicer peut participer a la modulation de l'infection : les miARN se
sont révélés Etre des acteurs clés en contrdlant soit I'expression des génes cellulaires, soit

directement le génome viral (revue dans (Girardi et al., 2018)). En effet, un criblage a haut débit

14



a montré que le miARN cellulaire neuronal, miR-124, peut augmenter la réplication du SINV

et du CHIKYV dans les cellules somatiques humaines (Lopez et al., 2020).

E. Etude du rdle de Dicer dans 'immunité antivirale humaine

Le role de Dicer pendant l'infection virale des cellules de mammiferes reste un sujet de
recherche débattu. Il a été démontré que Dicer est proviral dans certains cas. En effet, deux
¢léments limitent l'activité de Dicer dans les cellules humaines et sont incompatibles avec
I'ARNi antiviral. Premiérement, le domaine de I'hélicase Dicer humaine présente des
caractéristiques uniques qui rendent Dicer moins processif. Les trois sous-domaines (HELI,
HEL2i et HEL2) sont des freins majeurs a l'activité de traitement de Dicer sur les ARNdb longs.
En outre, le Dicer humain n'a pas besoin d'ATP pour traiter le pré-miRNA ou 'ARNdb. Un
autre probléme majeur pour l'activité antivirale de Dicer est l'existence dans les cellules
humaines d'une autre réponse immunitaire, la réponse IFN-I. Dans de nombreux cas, l'activité
antivirale de Dicer a été évaluée lorsque cette réponse était perturbée. De plus, Dicer partage
de nombreux facteurs avec cette réponse comme ADAR1, LGP2 ou PACT. Si Dicer joue un
role dans la réponse antivirale, il ne peut étre compleétement séparé de son interaction avec
I'TFN-I. Cependant, ce type d'interaction reste peu étudi¢. Puisque le domaine hélicase de Dicer
représente une plaque tournante pour I'effet d'auto-inhibition et pour les partenaires cellulaires

potentiels, les études se concentrent sur son rdle précis.

L'objectif principal de ce projet était d'étudier le role central du domaine hélicase de

Dicer humain lors d'une infection virale.

L'hypothése était que les fonctions antivirales de Dicer sont limitées par l'existence de
I'TFN-I et que sa position atypique a l'interface de I'ARNi et de I'IFN-I le rend moins enclin a
étre antiviral. Le projet s'est d'abord concentré sur l'alphavirus modele, le SINV. Ce virus
+ssRNA a déja été utilisé pour étudier le role de Dicer lors de l'infection et est capable de
générer un intermédiaire de réplication d'ARNdb qui constitue le principal substrat de Dicer.
Une version modifiée de SINV a été utilisée pour faciliter le suivi de l'infection : SINV-GFP

exprime la GFP a partir d'une duplication du promoteur sous-génomique.
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Pour étudier le rdle de Dicer lors d'une infection virale dans le contexte de l'interaction
entre les deux réponses, nous avons établi l'interactome de Dicer humain lors d'une infection
par SINV-GFP. De nombreux partenaires enrichis par l'infection ont été attribués a des acteurs
de la réponse IFN-I tels que la désaminase ADARI, I'hélicase ARN DHX9, la dsRBP PACT et
la kinase PKR.

Les objectifs de cette these, regroupés dans les deux chapitres suivants, étaient :

a- La caractérisation et la validation des partenaires de Dicer enrichis lors de l'infection par
SINV-GFP. L'étude s'est concentrée sur l'interaction entre Dicer et la kinase PKR. Les roles du
domaine hélicase dans cette interaction et dans la régulation de l'infection ont été étudiés.
Un mutant spécifique de Dicer, supprimé des deux premiéeres parties du domaine de I'hélicase,
N1 Dicer, a été étudié. Le rble de la kinase PKR a également été étudié dans le contexte du

Dicer N1.

b- La caractérisation du réle des différents sous-domaines du domaine hélicase de Dicer lors
de l'infection par SINV-GFP et leur lien possible avec l'activité de la PKR. A nouveau, les
différents mutants d'hélicase et leurs homologues mutants catalytiques ont été exprimés en
présence et en absence de PKR. Parallelement, le Dicer N1 a également été étudié pour son
réle potentiel dans la voie antivirale de I'ARNi en utilisant le séquencgage de petits ARN et un
mutant catalytique, N1-CM. Afin de déterminer l'implication de la réponse IFN dans le role de
N1 Dicer lors de I'infection par SINV-GFP, un séquencage de I'ARN total a été réalisé. L'activité
transcriptionnelle de I'IFN a été validée a l'aide de cibles génétiques spécifiques et de
I'activation du principal facteur de transcription a I'origine de la réponse immunitaire. Le
mécanisme sous-jacent a l'activité transcriptionnelle de I''IFN a été étudié plus en détail,
mettant en évidence un réle déterminant de la PKR. Ceci a été rendu possible par |'utilisation
de lignées cellulaires invalidées pour I'expression de la PKR et exprimant soit WT soit N1 Dicer
ainsi que par la complémentation de ces lignées cellulaires avec des mutants de la PKR.
Ensuite, I'étude de I'activité du Dicer N1 a été élargie a d'autres virus de différents groupes :
I'alphavirus SFV, I'entérovirus EV71, le rhabdovirus VSV (exprimant la protéine GFP dans son

génome, appelé VSV-GFP) et le coronavirus SARS-CoV-2.
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F. Principaux résultats et discussion

A la lumiére de la récente pandémie de COVID-19, le besoin de comprendre les
dynamiques hotes-virus s’est retrouvé au centre des études menées afin de développer des
traitements antiviraux et des vaccins. Mise a part le SARS-CoV-2, beaucoup de virus demeurent
une menace permanente pour la santé. Parmi eux, les alphavirus sont responsables de plusieurs
centaines de morts par an dans le monde. En plus d’étre maintenus dans des animaux sauvages
vertébrés, ces virus peuvent parfois infecter des hdtes humains. Chez les Hommes et les
animaux, les virus, en tant que parasites intracellulaires dépendant de la machinerie cellulaire
de I’hoéte, font face au systéme immunitaire inné qui repose principalement sur la réponse IFN-
I chez les mammiféres. De plus, de par leur réplication dans les vecteurs invertébrés, les
alphavirus font face au systéme immunitaire des arthropodes qui est principalement basé sur la

voix ARNI.

Ces deux réponses immunitaires permettent de controler I’infection et d’éliminer les
virus, ce qui les rendrait redondant ; ainsi, il a été proposé qu’elles sont mutuellement
exclusives. De ce fait, I’ARNi reposant sur 1’endoribonucléase de type III Dicer-2 a été décrite
comme la réponse immunitaire principale contre les virus chez les moustiques (Campbell et al.,
2008; Myles et al., 2008). Chez les mammiferes, 'IFN-I a été étudiée pour la suppression de
I’infection virale de fagons locale et globale. Ceci est dii au fait que ce systéme basé sur des
cytokines permet la signalisation immunitaire a travers tout le corps en plus d’une action dans

la cellule infectée elle-méme (Carpentier and Morrison, 2018; Schoggins et al., 2011).

Cependant, chez les moustiques, une balance finement régulée entre ARNi et d’autres
voies de signalisation immunitaires déclenchées par le systéme Toll-Imd existe (Lee et al.,
2019). La question demeure sur 1’existence de ces deux voies en paralléle chez les mammiferes.
De fagon intéressante, la principale fonction conservée de Dicer est dans la voie de biogenese
des miARN. Contrairement aux insectes, les mammiferes expriment seulement un géne pour
Dicer qui est dédi¢ au clivage des miARN, et ils n’expriment pas de second Dicer spécialisé
dans I’ARNi (Aderounmu et al., 2023). Le role 1ié¢ a 'immunité du Dicer humain a été le sujet
d’un intense débat pendant plusieurs années. Il y a eu plusieurs études, méme récemment, qui
ont proposé qu’une réponse ARNi antivirale efficace pourrait étre détectée dans les cellules
somatiques de souris et humaines, comme lors de I’infection avec des alphavirus tels que le
SFV (Adiliaghdam et al., 2020; Kong et al., 2023; Li et al., 2013; Yang Li et al., 2016). D’autres

groupes ont échoué a détecter des activités antivirales liées a Dicer dans les cellules somatiques,
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sauf dans certains cas en I’absence d’une voie IFN-I fonctionnelle (Girardi et al., 2013; Maillard

etal., 2016, 2013; Schuster et al., 2019).

Le projet de thése présenté ici se concentre sur les interactions qui pourraient moduler
le role joué par Dicer humain lors de I’infection virale. Dicer a déja été décrit comme un centre
d’interaction entre I’ARNi et ’IFN-I. Nous avons émis I’hypothése que ces interactions
pourraient avoir un effet négatif sur la fonctionnalité¢ de Dicer dans la défense antivirale. Ainsi,
en réalisant I’étude de I’interactome de Dicer lors de I’infection par SINV, nous avons
découvert des co-facteurs de Dicer qui étaient spécifiquement enrichis lors de 1’infection. Les
mémes partenaires Etaient aussi retrouvés avec un autre alphavirus, le SFV. De fagon
intéressante, plusieurs d’entre eux étaient déja liés a la réponse immunitaire : la kinase PKR, la
déaminase ADARI, I’hélicase DHX9 et la dsSRBP PACT. Ces interactions ont été confirmées
dans deux types cellulaires, les cellules embryonnaires humaines de rein HEK293T et les
cellules humaines de carcinome colorectal HCT116. Pour aller plus loin, j’ai développé la
technique de complémentation de fluorescence bimoléculaire basée sur la Vénus (BiFC) pour
visualiser la localisation exacte de I’interaction dans les cellules, ce qui a permis de confirmer

que toutes les interactions impliquant Dicer étaient localisées dans le cytoplasme.

Comme le domaine hélicase de Dicer est essentiel a la fois pour moduler directement sa
processivité et comme plateforme pour les interactions avec ses co-facteurs connues, je me suis
demandée si ce domaine était aussi impliqué dans la médiation de ces interactions. Méme si la
plupart d’entre elles était partiellement dépendante de I’ARN, j’ai aussi pu montrer que deux
mutants tronqués du domaine hélicase N1 et N3, délétés respectivement des deux premicres
parties et de I’intégralité du domaine hélicase, perdaient complétement les interactions lors de
I’infection. Inversement, le domaine hélicase seul était toujours capable d’interagir avec tous
les partenaires testés. Ainsi, le domaine hélicase de Dicer est important pour maintenir plusieurs
interactions avec des partenaires qui sont impliqués dans la réponse IFN-I dans les cellules

humains lors de I’infection par SINV.

Ensuite, nous avons regardé en détail la fonctionnalité du domaine hélicase. Dans les
cellules exprimant Dicer N1 et Dicer N3, nous avons observé un fort phénotype antiviral contre
les alphavirus SINV et SFV. Ceci était corrélé avec une forte baisse des ARN génomiques et
subgénomiques de SINV, indiquant un défaut dans la réplication virale dans ces cellules. Au
contraire, les cellules exprimant seulement le domaine hélicase étaient infectées autant, si ce

n'est méme mieux, que celles exprimant le Dicer WT.
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J’ai décidé d’approfondir nos recherches sur la fonctionnalité¢ du domaine hélicase de
Dicer en me focalisant sur I’activité antivirale de Dicer N1. Dicer N1 a déja été¢ décrit comme
étant plus processif contre les ARN db synthétiques (Kennedy et al., 2015). De plus, quelques
papiers décrivent que déléter une partie du domaine hélicase de Dicer est suffisant pour induire
un phénotype dépendant de I’ARNi, qui peut étre antiviral chez I’Homme (Flemr et al., 2013;
Poirier et al., 2021). En utilisant trois méthodes différentes, j’ai été capable d’écarter tout
implication de I’ARNi dans le phénotype antiviral. En effet, en absence d’AGO2 ou en rendant
Dicer N1 catalytiquement inactif, nous observons toujours une diminution de I’infection par
SINV dans les cellules exprimant Dicer N1. En addition, le séquengage des petits ARN a révélé
qu’il n’y avait pas d’accumulation accrue de siARN spécifiques a SINV dans les cellules
exprimant Dicer N1 comparées a celles exprimant Dicer WT. Cependant, quand nous avons
regard¢ les autres mutants du domaine hélicase, délétés individuellement de chacun des sous-
domaines, nous avons observé que le phénotype était dépendant de 1’activité catalytique de

Dicer.

En plus d’étre fonctionnellement différents, les mutants du domaine hélicase pourraient
aussi présenter une différence dans les partenaires d’interaction. Ainsi, le domaine HEL2i est
déja connu pour étre impliqué dans la médiation des interactions avec TRBP et PACT (Daniels
et al., 2009; Yoontae Lee et al., 2006). Comme énoncé précédemment, Dicer N1 ne peut plus
interagir avec PKR, le meilleur résultat de 1’interactome de Dicer WT dans les cellules
infectées. Ainsi, j’ai décidé d’étudier la fonctionnalit¢ de cette interaction en utilisant les
cellules NoDiceAPKR complémentées avec les différents mutants du domaine hélicase. La
présence de PKR dans ces cellules étaient nécessaire pour maintenir le phénotype antiviral dans
tous les cas. En effet, méme pour les mutants dont 1’activité antivirale était dépendante de
I’ ARNi, quand I’expression de PKR était invalidée, le phénotype antiviral n’était plus détecté.
Une hypothése concernant les mutants du domaine hélicase pourrait étre que PKR est impliquée
dans la liaison a I’ARN db par Dicer et/ou le clivage lors de I’infection, soit a cause de la liaison
directe soit car PKR pourrait aussi amener et/ou séquestrer d’autres protéines qui pourraient
moduler I’activité de Dicer. Il faudrait également tenir compte de la cinétique d’infection et du
fait que le délai de la réponse pourrait étre différents entre les deux réponses cellulaires (ARNi
et IFN-I). Nous pouvons imaginer que comme les deux réponses dépendent de la méme
molécule de signal, ’ARN db, elles doivent rivaliser pour la liaison a cette molécule.
Cependant, une différence majeure entre elles est que tous les composants de I’ARNi sont déja

exprimés et préts a détecter et agir contre I’ARN db, alors que la réponse transcriptionnelle
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induite par I'IFN-I peut prendre plus de temps pour entrer en jeu. Donc, apres 24h d’infection,
I’IFN a le temps de se mettre en place alors que dans les temps précoces (6h), I’ARNi pourrait
jouer un rdle antiviral. Mais qu’en est-il du réle jou¢ par PKR dans ce scénario ? PKR peut
détecter ’ARN db t6t lors de I’infection et bloquer la traduction cellulaire. En addition, SINV
est majoritairement insensible a I’inhibition de la traduction comme il utilise un mécanisme
alternatif de I’initiation (Ventoso et al., 2006). Ceci signifie que PKR doit étre impliquée dans

une voie différente que celle canonique de phosphorylation d’elF2a.

Dans les cellules exprimant Dicer N1, comme PKR est libre de son interaction avec
Dicer, je me suis demandée si cela pouvait augmenter son activité kinase. Cependant, cela ne
semble pas étre le cas car lorsque je marque la forme active phosphorylée de PKR, je vois une
diminution de I’activation de PKR. Ceci pourrait étre dii a une infection moins efficace avec
moins d’accumulation d’ARN db. J’ai confirmé plus en détail le fait que la capacité de
dimérisation et 1’activité canonique de kinase de PKR n’étaient pas nécessaires a I’activité
antivirale observée pour Dicer N1. Pour ce faire, j’ai stablement co-exprimé les mutants de
PKR avec Dicer N1. Les formes sauvages et mutantes de PKR ont pu complémenter 1’absence

de PKR et restaurer 1’effet antiviral de Dicer N1 contre SINV.

PKR peut également jouer un role antiviral grace a une activité de signalisation
moléculaire. PKR a ¢été liée a I'induction de la réponse IFN-I en permettant I’activation des
IRFs, STATs ou NF-kB lors d’infections virales (Marion C. Bonnet et al., 2000; Pflugheber et
al., 2002; Wong et al., 1997). De plus, dans les cellules exprimant Dicer N1, comme I’ARNi
n’était pas la cause de la baisse de I’infection par SINV, la seule autre voie antivirale restante
était la réponse IFN-I. De ce fait, j’ai réalisé le séquengage de I’ARN total dans les cellules
exprimant soit Dicer WT soit Dicer N1 infectées ou non avec SINV. Comme attendu lors de
I’infection par SINV dans les cellules exprimant Dicer WT, un blocage transcriptionnel a été
observé. Inversement, ce blocage n’a pas été détecté dans les cellules exprimant Dicer N1. En
examinant les cellules N1 mock, nous avons pu identifier les génes différentiellement exprimés
(DEGs) par rapport aux cellules WT mock. Plusieurs DEGs dans les cellules N1 mock ou N1
infectées avec SINV ont été retrouvés liés aux GO terms « Réponse interféron » et « Réponse
inflammatoire ». Ceci suggérait que dans les cellules N1 mock, les génes liés a I’'immunité
étaient déja exprimés a un niveau basal permettant alors aux cellules exprimant Dicer N1 de
mieux faire face a I'infection. De fagon intéressante, ils étaient contrdlés par des facteurs de

transcription liés a I’'immunité. Parmi eux, les génes régulés par NF-kB et STAT2 étaient
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fortement représentés dans les cellules exprimant Dicer N1 comparées a celles exprimant Dicer
WT. L’enrichissement de I’expression de ces génes pourrait étre expliqué par deux mécanismes.
Le premier est la régulation post-transcriptionnelle par les miARNs. Par exemple, les miARNs
sont bien connus pour controler I’expression de nombreux facteurs reliés a la voie NF-kB. Ceci
ne peut pas étre écarté considérant le fait que Dicer N1 n’interagit plus a la fois avec TRBP et
PACT qui sont partiellement responsables de la précision de clivage du pre-miARN (Kok et
al., 2007). De plus, de récentes structures de Dicer renforcent le fait que le domaine hélicase est
essentiel pour le bon placement et la précision de clivage des pre-miARNs (Zapletal et al.,
2022). Dicer N1 est alors plus prompt a générer des mirtrons qui ne seraient plus capable de
reconnaitre efficacement leurs cibles menant a une dérégulation de 1’expression.
Malheureusement, 1’analyse de I’accumulation des mirtrons dans les cellules exprimant Dicer
N1 n’a pas encore été réalisée. Ceci serait informatif pour de futures études sur 1’effet de la
délétion du domaine hélicase sur la maturation des miARNs dans les cellules exprimant Dicer
N1. Le second mécanisme de régulation est un controle transcriptionnel des cibles
immunitaires. La réponse IFN-I est une voie hautement régulée avec plusieurs couches de
régulation mais la principale est la phosphorylation et la translocation nucléaire des facteurs de
transcription liés a I’immunité. Dicer a déja été lié chez les plantes et les insectes a une induction
de la réponse immunitaire transcriptionnelle (Deddouche et al., 2008; Nielsen et al., 2023).
Dans ces cas, le domaine hélicase n’a pas été directement impliqué et le besoin d’autres facteurs
dans la cascade d’activation a été évoqué, méme si ils n’ont pas été identifiés. Nous pouvons
également émettre I’hypothése qu’un rdle nucléaire de Dicer pourrait étre impliqué, comme il
a été décrit dans le cas de la réduction des ¢léments ARN db endogeénes délétéres (Burger et al.,

2017). Mais aucun réle d’activateur transcriptionnel n’a été décrit.

Comme nous avons montré que l’activité kinase de PKR n’était pas nécessaire a
I’activité de Dicer N1, et qu’il est connu que c’est aussi le cas pour son rdle dans I’activation
de NF-kB (Marion C. Bonnet et al., 2000), j’ai décidé finalement d’étudier plus en détails
I’implication de cette voie. De fagon surprenante, bloquer la voie NF-kB avec une drogue
spécifique, BAY 11-7082, dans les cellules exprimant Dicer WT ne changeait pas 1’issue de
I’infection. Cependant, faire la méme chose dans les cellules exprimant Dicer N1 a réverté
I’effet antiviral montrant une forte corrélation entre ’activation de NF-kB et le phénotype
antiviral. Malheureusement, j’ai observé que le BAY 11-7082 induisait rapidement 1’apoptose
dans les cellules traitées, nous empéchant d’augmenter la concentration de drogue pour

observer un blocage complet de I’activit¢ de NF-kB. Ainsi, nous devrions considérer la
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réalisation d’une invalidation de I’expression transitoire ou définitive de NF-kB pour confirmer
son implication. De plus, je n’ai pas testé la dépendance du phénotype antiviral de Dicer N1
pour les autres facteurs tels que STAT1, STAT2 ou IRF3. En effet, les cibles de ces facteurs de
transcription étaient significativement enrichies dans les cellules mock exprimant Dicer N1,
nous laissant penser qu’il pourrait y avoir plusieurs couches de régulation impliquées. En
particulier, parmi les cibles de STAT2, plusieurs membres de la voie d’ISGylation étaient
fortement enrichis, comme par exemple ISG15 et OAS3. Tous les deux sont connus pour jouer
un fort réle antiviral contre des alphavirus et sont donc de bons candidats pour expliquer
I’activité antivirale contre SINV (Bréhin et al., 2009; Lenschow et al., 2007; Yize Li et al.,
2016). Pour mieux comprendre le mécanisme sous-jacent, nous pourrions imaginer la
réalisation d’un crible d’inactivation de cibles a petite échelle comme nous avons désormais

des génes cibles candidats qui sont enrichis dans les cellules exprimant Dicer N1.

PKR est I’acteur central dans ’activation immunitaire transcriptionnelle. Cependant, la
facon dont PKR est liée a I’activation transcriptionnelle reste a étre déterminée. Il y a toujours
un manque de connaissances concernant les partenaires de PKR lors de conditions de stress ou
d’infections virales. Dans des cas spécifiques, comme I’induction de NF-kB, PKR a été montrée
en interaction directe avec le complexe de kinases IKK (Bonnet et al., 2006). Nous pouvons
émettre 1’hypothése que dans les cellules Dicer N1, PKR a des partenaires spécifiques qui
permettent 1’activation transcriptionnelle de genes en aval. Pour aller plus loin, nous pourrions
mener 1’études des partenaires de PKR dans les cellules exprimant soit Dicer WT soit Dicer N1
an conditions mock et infectées pour relier les différences de partenaires avec la modulation de
I’activation transcriptionnelle. Nous pouvons aussi proposer que la libération de partenaires
spécifiques die a la délétion du domaine hélicase de Dicer pourrait moduler I’interactome de
PKR et donc sa fonction. Deux dsRBPs, des co-facteurs connus de PKR et Dicer, sont de
premier intérét : TRBP et PACT. Ils posseédent des propriétés antagonistes sur la fonction de
PKR. En effet, tandis que PACT est un activateur de PKR grace a une interaction directe, TRBP
se comporte comme un inhibiteur de PKR soit par interaction directe soit par la séquestration
de PACT (Chukwurah and Patel, 2018; Farabaugh et al., 2020; Gupta et al., 2003). Le lien entre
les formes libres de TRBP, PACT et PKR ainsi que I’activité antivirale de Dicer N1 devrait étre

étudié a la lumiére de ces interactions.

Malheureusement, je n’ai pas eu le temps d’aller plus loin dans I’é¢tude de la
fonctionnalité de I’interactome de Dicer lors de I’infection. Certains de ses partenaires au cours

de I’infection tels qu’ADARI1, PACT ou DHXO9 sont aussi li¢s a la voie des miARN, effacant
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encore une fois la frontiere entre les voies des miRNA et de I’'I[FN-I. comme nous avons
¢galement vu que Dicer N1 ne peut plus interagir avec ces partenaires, nous pouvons envisager
qu’ils jouent un role dans la réponse immunitaire différentielle des cellules exprimant Dicer
N1. Pour étudier ces partenaires, nous devrions aussi prendre en compte leur réle potentiel dans
les voies miARN et siARN. Par exemple, ADARI peut bloquer la potentielle voie antivirale
par son activité d’édition des miARN (Uhl et al., 2023). De plus, ADARI est aussi li¢ a la
limitation de la réponse inflammatoire principalement par I’édition d’ ARNdD soit exogenes soit
endogenes empéchant alors leur reconnaissance par PKR ou MDAS (Chung et al., 2018;
Pujantell et al., 2017). Il serait intéressant de voir si dans les cellules exprimant Dicer N1, la
fonctionnalit¢ d’ADARI est dérégulée. J’ai mentionné le role de DHX9 dans la voie des
miARN, mais elle est aussi connue pour sa possible localisation nucléaire qui est liée a
I’activation de STAT1 ou NF-kB (Liu et al., 2021; Ren et al., 2023). Finalement, PACT, aussi
connu pour réguler la précision de Dicer dans le clivage et le chargement de pre-miARN, est
lui-méme lié¢ a la signalisation immunitaire en tant que potentiel activateur de RIG-I lors de
I’infection virale (Kok et al., 2011). En résumé, il est clair que le domaine hélicase de Dicer
rassemble tous ces potentiels partenaires pro- ou anti-viraux, maintenant un équilibre
inflammatoire. L’étude de la localisation précise de PACT ou DHX9 dans les cellules exprimant

Dicer N1 pourrait aussi mettre en lumiere le mécanisme cellulaire en jeu.

La question demeure comment le domaine hélicase de Dicer est physiquement li¢ a la
réponse immunitaire te a tous ces partenaires. En regardant les autres partenaires de Dicer, j’ai
trouvé EDC4 (du complexe de décoiffage) et WDR48 (du complexe de dé-ubiquitination)
souvent trouvés dans les P-bodies et les granules de stress, et liés respectivement a la stabilité
de ’ARNm et des protéines. La localisation de Dicer devrait aussi étre explorée en regard de
ses interactions spécifiques avec ces deux composants. Dicer a déja été 1i¢ a une localisation
potentielle dans les P-bodies (Much et al., 2016). Des études plus approfondies doivent se
concentrer sur ’effet de la délétion du domaine hélicase sur la relocalisation de Dicer dans
d’autres compartiments a cause de la perte de partenaires impliqués dans la localisation. D’un
autre coté, nous devrions a nouveau nous intéresser au role potentiel d’EDC4 ou de WDR48 a
séquestrer le complexe entier avec Dicer dans des granules, renfor¢ant I’hypothése d’un blocage
éventuel de ’activité antivirale ARNi de Dicer par des partenaires protéiques. Il est important
de noter qu’EDC4 et WDR48 sont également impliqués dans la régulation des vois de
signalisation immunitaires, liant encore Dicer avec la régulation de la réponse IFN-I (Han et

al., 2021; Mikuda et al., 2018; Xing et al., 2023).
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Finalement, en regardant d’autres virus j’espérais obtenir plus d’informations
sur le mécanisme antiviral de Dicer N1. J’ai pu généraliser le phénotype a d’autres virus a ARN
simple brin de polarité positive tels que le SFV ou I’EV71 mais pas pour des virus a ARN
simple brin de polarité négative comme le VSV. Il semble donc qu’une molécule d’ARN double
brin accessible (ce qui n’est pas le cas pour les cellules infectées par le VSV) soit nécessaire
pour permettre 1’effet antiviral du Dicer N1. De fagon surprenante, le phénotype antiviral n’a
pas pu étre observé lors de I’infection par le SARS-CoV-2. Cependant, le Dicer AviD (AHEL21)
possédait un effet antiviral contre ce virus qui était dépendant de I’ARNi (Poirier et al., 2021).
Dans notre cas, Dicer N1 ne semble pas jouer de role dans I’ARNi antiviral mais plutot une
réponse liée a 'immunité. En faisant le lien entre toutes ces observations, j’ai émis I’hypothése
que la réponse pro-inflammatoire dans les cellules exprimant Dicer N1 pouvait devenir
provirale dans le cas de I’infection par le SARS-CoV-2. En effet, la voie NF-kB a été
extensivement montrée comme ¢étant importante pour le SARS-CoV-2 pour créer un
environnement pro-inflammatoire dans le but de mieux infecter les cellules humaines, ceci étant
utilisé désormais comme un marqueur diagnostique (Li et al., 2021; Nilsson-Payant et al., 2021;
Suetal., 2021). Ceci pourrait donc expliquer le phénotype inversé. Nous devrions donc regarder
I’issue de I’infection lorsque la voie NF-kB est bloquée avec I’inhibiteur BAY. Il a déja été
montré que dans d’autres types cellulaires, ceci avait un effet positif sur I’infection par le SARS-

CoV-2 (Nilsson-Payant et al., 2021).

Ainsi, le travail de thése présenté ici permet d’ajouter une nouvelle piéce dans le puzzle
de I’interaction entre ARNi et réponse IFN-I dans les cellules humaines, soulignant le rdle du
domaine hélicase de Dicer dans la maintenance d’un état immunitaire plus faible. Le réseau
complexe de partenaires autour du domaine hélicase joue un réle crucial dans la modulation de
la réponse immunitaire contre les alphavirus et les entérovirus. De plus, j’ai pu souligner un
nouveau role non-canonique du domaine hélicase de Dicer dans le blocage de la réponse
transcriptionnelle immunitaire induite par un de ses principaux partenaires lors de I’infection,
PKR. Ce travail donne plus d’informations sur 1’exclusivit¢é mutuelle entre deux voies

immunitaires conservées dans les cellules humaines.
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CHAPTER 1: Cellular immunity, a tale of RNAs

A. The eukaryotic DExD-Box helicases-based immunity

Cellular organisms developed rapidly upon evolution a diverse range of immune responses to
defend themselves against foreign elements. Transposable elements were described as the
ancestors of DNA viruses (Krupovic and Koonin, 2015). A mechanism developed to block
invading genetic elements is the use of antisense RNAs that stands as an immune response in
unicellular organism. This RNA-guided system evolved with the addition of proteins carrying
enzymatic activity: this is called the restriction system. It is for example the basis of the well-
known CRISPR-Cas9 system in bacteria, which can target specifically foreign nucleic acids but
also keep foreign nucleic acid elements integrated in the host genome as an “immune
memory” (Barrangou et al., 2007; Jinek et al., 2012). In eukaryotic organisms, one can
recognize three layers of defense systems against pathogens: the intrinsic immunity (akin to
a restriction system), the innate immunity and the adaptative immunity. The adaptative
immune system relies on an immune memory in vertebrates and on the production of specific
antibodies against a pathogen. This involves the activity of two cell types, the B and T
lymphocytes, but also the expression of a specific pattern of genes to produce the adapted
antibodies. The antibodies can recognize specifically one pathogen to induce its degradation
by other immune actors. Among innate immunity-related pathways, we can cite antiviral
RNAI, which has been well-described in plants and invertebrates, and whose importance in
vertebrate cells is still debated. In chordates, innate immunity is based on the recognition of
foreign elements (nucleic acids, proteins) called pathogen-associated molecular patterns
(PAMPs) by cellular receptors, the pattern recognition receptors (PRRs). PRRs trigger a
transcriptional signaling cascade leading to the expression of cytokines to inhibit the infection

(tenOever, 2016).

Among the cytokines, the interleukins and interferons are the most depicted in
mammalian cells. In many cases where antiviral RNAi is described as inefficient against an
infection, the interferon response (IFN) prevailed explaining partially the incompatibility
between the two pathways (Maillard et al., 2016). IFN was discovered in 1957 with the study
of viral interference against Influenza virus (Isaacs and Lindenmann, 1957). Since then, 10

different interferon cytokines have been discovered. Dysregulation of this response not only
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changes the immunity against pathogens but can also lead to human pathologies called
Interferonopathies (Mogensen, 2019). IFN and RNAi are sharing common sensing factors
related to the DExD/H-Box helicases able to recognize RNA (Fairman-Williams et al., 2010),

respectively the RIG-I-like receptors (RLRs) and a type lll endoribonuclease named Dicer.
1. Untangling the roles of RNA helicases in antiviral immunity

The following part describes the roles of DExD-Box helicases in antiviral immunity in eukaryotic
cells, especially in mammalian cells. The aim is to put the light on the specificities and the
similarities between helicases from two innate immune pathways: RNAi and the IFN response.

The manuscript was published in PLOS Pathogens and can be found below.

26



PLOS PATHOGENS

L)

Check for
updates

G

Citation: Baldaccini M, Pfeffer S (2021) Untangling
the roles of RNA helicases in antiviral innate
immunity. PLoS Pathog 17(12): €1010072. https://
doi.org/10.1371/journal.ppat. 1010072

Editor: Tom C. Hobman, University of Alberta,
CANADA

Published: December 9, 2021

Copyright: 2021 Baldaccini, Pfeffer. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Funding: Our work is funded by European
Research Council (ERC-CoG-647455 RegulRNA, to
SP) and Agence Nationale de la Recherche through
the Interdisciplinary Thematic Institute IMCBio, part
of the ITI 2021-2028 program of the University of
Strasbourg, CNRS and Inserm (ANR-10-IDEX-
0002 and ANR-17-EURE-0023, to SP). The funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

REVIEW

Untangling the roles of RNA helicases in
antiviral innate immunity

Morgane Baldaccini), Sébastien Pfeffer

Université de Strasbourg, Architecture et Réactivité de 'ARN, Institut de Biologie Moléculaire et Cellulaire du
CNRS, Strasbourg, France

* s.pfeffer@ibmc-cnrs.unistra.fr

Abstract

One of the first layers of protection that metazoans put in place to defend themselves
against viruses rely on the use of proteins containing DExD/H-box helicase domains. These
members of the duplex RNA—activated ATPase (DRA) family act as sensors of double-
stranded RNA (dsRNA) molecules, a universal marker of viral infections. DRAs can be clas-
sified into 2 subgroups based on their mode of action: They can either act directly on the
dsRNA, or they can trigger a signaling cascade. In the first group, the type Il ribonuclease
Dicer plays a key role to activate the antiviral RNA interference (RNAi) pathway by cleaving
the viral dsRNA into small interfering RNAs (siRNAs). This represents the main innate antivi-
ral immune mechanism in arthropods and nematodes. Even though Dicer is present and
functional in mammals, the second group of DRAs, containing the RIG-I-like RNA helicases,
appears to have functionally replaced RNAi and activate type | interferon (IFN) response
upon dsRNA sensing. However, recent findings tend to blur the frontier between these 2
mechanisms, thereby highlighting the crucial and diverse roles played by RNA helicases in
antiviral innate immunity. Here, we will review our current knowledge of the importance of
these key proteins in viral infection, with a special focus on the interplay between the 2 main
types of response that are activated by dsRNA.

Introduction

To ward off viral infections, cells rely on a large variety of mechanisms that have been refined
throughout evolution. During the initial response to an infection, the defense put in place will
mainly consist in detecting the invading pathogen via the sensing of specific molecular pat-
terns, which, in turn, will either trigger a signaling cascade or act directly on the detected mole-
cule to hamper its function and/or degrade it. Different danger signals exist, but the presence
of a foreign nucleic acid in the cell is one of the most prominent. Thus, the accumulation of
DNA in the cytoplasm of eukaryotic cells, or of aberrant RNA molecules that do not possess
the hallmarks of cellular RNAs, will immediately result in the onset of an innate immune
response. Among the molecular features that are commonly associated with these pathogenic
RNAs we can cite the presence of a 5’ triphosphate instead of a 5’ cap or of a double-stranded
structure. In fact, double-stranded RNA (dsRNA) accumulates in cells infected by almost all
viruses. While for RNA viruses, dsRNA is either generated during replication or by base
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pairing of single-stranded RNA regions within the genome, it can originate from convergent
transcription for DNA viruses [1]. Therefore, dsRNA is a potent pathogen-associated molecu-
lar pattern (PAMP), which is recognized by both cytosolic and membranous receptors named
pattern recognition receptors (PRRs). Upon dsRNA sensing, PRRs act in 2 different ways:
either directly as effector molecules or indirectly as signal transducers. These receptors can be
grouped into 3 different families: the Toll-like receptors (TLRs), the cytosolic NOD-like recep-
tors (NLRs), and the cytosolic RIG-I-like receptors (RLRs) [2], which will be the subject of this
review.

RLRs belong to a class of helicase-containing proteins able to sense nucleic acid to induce
an antiviral response. They use ATP to bind to and/or unwind nucleic acids, thereby altering
ribonucleoprotein complexes. Structural and sequence features that have been observed in
archaea, bacteria, and eukaryotic cells allowed to classify RNA helicases into different super-
families (SFs) [3]. Only SF1 and SF2 include helicases containing 2 bacterial RecA-like fold
domains. The DExD/H-box helicase proteins family we are interested in are found within the
SF2 subgroup [3]. This family is composed of RNA helicases involved in all aspects of RNA
metabolism but also in antiviral defense [4,5]. These proteins can either unwind RNA upon
ATP binding and hydrolysis or clamp around RNA to act as a platform to recruit other pro-
teins [6].

Within the DExD/H-box helicases family, the subgroup of duplex RNA-activated ATPases
(DRAs) is composed of SF2 helicases activated by dsRNA [7]. DRAs share the same activation
mechanism: upon dsRNA binding, they undergo conformational changes to become catalyti-
cally active [8]. However, due to significant differences in their protein domain organization
and their functions [6,8], we can distinguish signaling DRAs (sDRAs) and catalytic DRAs
(cDRAs). These proteins include RLRs and Dicer proteins, which share a similar helicase
domain [7,8] and participate in 2 main antiviral pathways, namely the RNA interference
(RNAI) and the type I interferon (IFN) response. Here, we will focus on metazoan DRAs and
more specifically on the 3 mammalian RLRs (RIG-I, MDA5, and LGP2), the mammalian
Dicer, the 2 Drosophila melanogaster Dicers (dmDicer-1 and dmDicer-2), the Caenorhabditis
elegans Dicer (ceDicer), and the 3 C. elegans Dicer-related helicases (DRH-1 to 3) [7]. We will
discuss the role of DRAs as direct effectors of the antiviral response, before reviewing their
roles as signaling molecules. Finally, we will elaborate on the noncanonical roles played by
DRAs during viral infection in the light of recently published data and will comment on the
possible crosstalk that can exist between pathways.

RNA helicases as direct effectors of the antiviral response

The best example of helicases acting directly on viral dsRNA upon sensing is without any
doubt the case of Dicer proteins, which are the primary effectors of antiviral RNAi. This ances-
tral defense mechanism is the main antiviral system in nematodes and insects [9,10], while in
mammals, this role is fulfilled by type I IFN response [11]. However, as we will see later, RNAi
has been shown to play a role in the fight against viruses in mammalian cells, and an IFN-like
antiviral response in invertebrates has been described [12-15], further blurring the boundaries
between these 2 major innate immunity mechanisms.

With the notable exception of Saccharomyces cerevirisiae [16], Dicer is conserved in most
eukaryotes. This enzyme is involved in the microRNA (miRNA) pathway and in RNAi
through the generation of small interfering RNA (siRNA) [17]. The origin of Dicer functional
diversity can be found in early branching metazoans [18]. Some organisms, such as Drosophila
melanogaster, present a duplication of the dicer gene, thus splitting the proto-function in 2.
One protein (dmDicer-1) is involved in the miRNA pathway, whereas the other one
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(dmDicer-2) is responsible of both exogenous and endogenous long dsRNA processing [9].
Phylogenetically, dmDicer-2 is closer to the common ancestral RNase III than dmDicer-1
[18]. Conversely, the nematode Caenorhabditis elegans genome encodes one single Dicer
(ceDicer), which is very similar to the proto-Dicer as it carries both functions in miRNA and
siRNA pathways [19]. Similarly, only one Dicer (hsDicer), involved in the miRNA pathway, is
present in humans [20]. The capacity of hsDicer to perform efficient antiviral RNAi is still a
matter of debate [14,21].

All these Dicer proteins share a similar organization in different domains, some of which
are conserved with the bacterial RNase III [22] (Fig 1A). From the N-terminal part, there is a
DExD/H-Box helicase split into 3 subdomains HEL1, HEL2i, and HEL2. Then, there is a
domain of unknown function DUF283, which was computationally predicted [23] and
recently structurally defined [22] as a dsSRNA-binding domain (dsRBD). It is followed by an -
helix connector, Piwi-Argonaute-Zwille (PAZ) and Platform domains involved in the recog-
nition of RNA with 3’-overhanging extremities [24]. Finally, toward the carboxyl-terminal
part, there are a conserved tandem RNase III domain (IIIa and IIIb) that forms an intramolec-
ular dimer to cleave RNA substrates [25] and a dsRBD able to bind the minor groove of
dsRNA [26,27]. One hypothesis is that the helicase domain is involved in auto-inhibiting the
proper function of Dicer. In Drosophila, the 2 Dicers differ by their helicase domain [28]. As
opposed to dmDicer-2, dmDicer-1 contains only a truncated version of the helicase with just a
HELICc motif (Fig 1A). By alignment of metazoans helicases, it can be observed that dmDi-
cer-1 is the least conserved among them with divergences in the ATP-binding and in the intra-
molecular interaction motives [29]. Conversely, the helicase domain of dmDicer-2 is more
conserved and is involved in its processivity as it hydrolyzes the ATP necessary for its translo-
cation along the dsRNA [29]. The ceDicer also hydrolyzes ATP to translocate, whereas the
hsDicer protein does not require ATP hydrolysis and seems to be closer to dmDicer-1 helicase
[19,22]. As such, the helicase domain has an auto-inhibitory effect on hsDicer activity [30]. In
addition, it is involved in the recruitment of regulatory co-factors such as TAR RNA-binding
protein (TRBP), protein activator of the interferon-induced protein kinase (PACT), and ATP-
dependent RNA Helicase A (DHX9) [31-34].

Recently, the determination of the 3D structure of hsDicer allowed novel features of its heli-
case domain to be uncovered. Cryo-electron microscopy revealed that hsDicer adopts an L-
shaped structure where the helicase domain is located in the shorter arm [22,35,36] (Fig 1B).
The 3 subdomains of the DExD/H-box helicase form a C-shaped structure in which HELL1 is at
the junction between the 2 parts of the “L” and interacts with DUF283 and RNaselIIb. HEL2 is
at the center of the “C-shaped” structure, while HEL2i is at the arm tip and is involved in medi-
ating the interaction with TRBP [31,32]. Finally, an -helix connects HEL1 and HEL2 forming
a pincer-like motif with a flexible HELI that can easily move around substrates (Fig 1B). Inter-
estingly, dmDicer-2 cryo-electron microscopy structure resembles the hsDicer “L-shaped”
structure [37].

In both C. elegans and D. melanogaster, Dicer proteins are involved in antiviral RNAi.
Despite several differences in the RNAi pathway of the 2 organisms, the key steps are con-
served (Fig 2). In the worm, Dicer is involved in viral siRNA production that, in turn, causes a
decrease in viral load [10,38]. ceDicer triggers RNAi against vesicular stomatitis virus (VSV)
[10,38]. These results were later confirmed with the Orsay virus (OrV), which is a natural path-
ogen of C. elegans [39-41]. The viral dsRNA is recognized by a complex composed of ceDicer,
the RNA helicase DRH-1, and the Argonaute protein RDE-1 [42-44]. The latter is not efficient
in RNA silencing, even though it can target specific RNAs. However, silencing can be ampli-
fied by secondary siRNAs, or 22G-RNAs, which are generated by an RNA-dependent RNA
polymerase RRF-1 and another RNA helicase, DRH-3 [45-47]. In somatic cells, these
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Fig 1. Domains organization and functions of Dicer proteins in metazoans. (A) Dicer carries a DExD/H-box helicase, which is
divided into 3 subdomains: HEL1, HEL2i, and HEL2. The domain of unknown function (DUF283) is regulating pre-miRNA
binding and the PAZ domain is involved in the recognition of the 3’-overhanged extremities. The catalytic core is composed of 2
RNase III domains that each processes one strand of the duplex. Finally, the terminal dsRBD is involved in the binding of the
dsRNA minor groove. (B) Position of the different domains in the tridimensional structure of human Dicer in complex with TRBP
determined by cryo-EM [22]. The color code used for the domains is the same as in A. TRBP is in orange (adapted from PDB
structure n°5ZAK). cryo-EM, cryo-electron microscopy; dsRBD, dsRNA-binding domain; miRNA, microRNA; PAZ, Piwi-
Argonaute-Zwille; siRNA, small interfering RNA; TRBP, TAR RNA-binding protein.

https://doi.org/10.1371/journal.ppat.1010072.9001
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Fig 2. Antiviral RNAi pathways in Caenorhabditis elegans and Drosophila melanogaster. Upon viral infection, dsRNA triggers RNAi after its recognition by
Dicer. In C. elegans, Dicer helped by the dsRBP RDE-4 and another DExD/H-box helicase, DRH-1, recognizes the dsSRNA and processes it into primary 22 nt
siRNA duplexes. These duplexes serve as a template for the generation of secondary 22G-siRNA by the polymerase RRF-1 and a third helicase called DRH-3.
They are finally loaded into an Argonaute protein, WAGO. In D. melanogaster, Dicer-2 recognizes and cleaves the viral dsRNA into 21nt-siRNA duplexes.
Strand selection occurs with the help of the dsRBP R2D2, and the passenger strand is sliced by Ago2 before being degraded by the nuclease C3PO. The guide
strand is then 2'-O-methylated at the 3’ end by HENI to be stabilized. For both worms and flies, the loaded Argonaute protein can then cleave viral
complementary sequences, resulting in the antiviral state. dSRNA, double-stranded RNA; RNAi, RNA interference; siRNA, small interfering RNA; vsiRNA,
virus-derived small interfering RNA.

https://doi.org/10.1371/journal.ppat.1010072.9002

secondary siRNAs are then loaded in another Argonaute protein, WAGO [46,48]. This ampli-
fication system is common to all siRNA pathways in C. elegans and allows to increase both the
siRNA pool and targeted sequences on RNAs [44]. A point mutation in ceDicer helicase
domain dramatically decreases virus-derived small interfering RNA (vsiRNA) and endoge-
nous small interfering RNA (endosiRNA) production but has no consequences on exosiRNA
production [49-51]. Moreover, this helicase domain is essential for siRNA production from
internal regions of blunt-ended dsRNA [52].

In the fly D. melanogaster, dmDicer-2 is involved in the recognition and cleavage of endog-
enous dsRNA, exogenous dsRNA, and viral dsRNA [15]. Since dmDicer-2 is not an essential
gene, it could be inactivated to show that RNAi is indeed a defense mechanism against many
(+) ssRNA viruses such as Flock house virus (FHV), Drosophila C virus (DCV), Cricket paraly-
sis virus, and Sindbis virus (SINV) [53-57]. In the viral dSRNA maturation process, the D iso-
form of the Loquacious protein (Logs-PD) is dispensable, whereas R2D2 is required for
vsiRNA loading into Ago2 [58]. In vitro, dmDicer-2 was shown to act independently from
other factors to process long dsRNA thanks to its helicase domain [59]. The generated siRNA
duplexes are then transferred from dmDicer-2 to another dsRBP, R2D2, to bring the duplexes
to Ago2 and allow the formation of a pre-RISC complex. To be active, Ago2 cleaves the passen-
ger strand, which is then degraded by the C3PO nuclease [60]. The guide strand is 2'-O-
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methylated at its 3’ terminal nucleotide to be stabilized and guides Ago2 to target RN As, which
are sliced and degraded [15]. The helicase domain in dmDicer-2 is multifunctional allowing
substrate recognition, cleavage efficiency, and discrimination of dsRNA extremities. How can
dmDicer-2 discriminate between viral dSRNA and other dsSRNA molecules? One hypothesis is
that viral dsSRNA carries specific structures recognized by Dicer, similar to what happens with
mammalian RLRs. Indeed, the helicase domain of dmDicer-2 is necessary for antiviral RNAi
and permits the recognition of noncanonical extremities on dsRNA [51]. This domain can be
found in 2 states, one of them allowing it to widen its range of recognizable dsRNA extremities
following conformational change induced by ATP binding [61].

RNA helicases with signaling antiviral activities

As opposed to the situation in arthropods and nematodes, the main antiviral response in
mammals is based on type I IFN. At the heart of this pathway are 3 cytosolic nucleic acid sen-
sors called RLRs. Retinoic acid-inducible gene I (RIG-I or DDX58) recognizes 5’ di- or tri-
phosphorylated dsRNA or ssRNA [62,63]. Melanoma differentiation-associated gene 5
(MDAS5 or Helicard or IFIH1) recognizes long dsRNA [62,63]. Laboratory of genetics and
physiology 2 (LGP2 or DHX58) modulates the functions of the 2 other RLRs instead of acting
as a signal transducer (reviewed in [64]). RIG-I and MDA5 are composed of 4 domains (Fig 3)
[65,66]: 2 N-terminal caspase activation and recruitment domains (CARDs), a central DExD/
H-box helicase domain, and a pincer domain that connects the helicase to the regulatory car-
boxyl-terminal domain (CTD). The latter is essential for the recognition of the RNA substrate
and autoinhibition of the protein when not RNA-bound. LGP2 is highly similar to RIG-I and
MDAS except it does not have CARD domains (Fig 3). Phylogenetic studies between all
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Fig 3. Domains organization of RLRs. RLRs are directly involved in the IFN-I response upon viral infection. RIG-I
and MDAS can activate the mitochondrial adaptor protein MAVS via their N-terminal CARD domains. Their central
DExD/H-box helicase domain shares the same organization as the Dicer one and, together with the CTD, is involved
in dsRNA recognition. LGP2 lacks the signaling CARD domains but possesses the whole helicase domain and the
CTD. CARD, caspase activation and recruitment domain; CTD, carboxyl-terminal domain; IFN, interferon; MAVS,

mitochondrial antiviral signaling adaptator; MDAS5, melanoma differentiation-associated gene 5; RIG-I, retinoic acid-
inducible gene I; RLR, RIG-I-like receptor; LGP2, laboratory of genetics and physiology 2.

https://doi.org/10.1371/journal.ppat.1010072.9003
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known PRRs show that the helicase domain of Dicer and RLRs are close in terms of sequence
and structure [67]. Both belong to SF2 helicases and share some specificities that put them in
the subclass of DRAs.

Like Dicer, RIG-I has a C-shaped DExD/H-box helicase domain composed of 3 subdo-
mains: HEL1, HEL2i, and HEL2. HEL1 and HEL2 form the core helicase with dsRNA binding
and ATPase functions. A flexible linker (HEL2i) with an autoregulatory role links these 2
domains [68]. The helicase and the CTD are involved in dsRNA and 5" PPP-RNA recognition
required for CARD-mediated signaling [68]. The CTD (also called repressor domain) together
with the helicase domain form a ring around dsRNA adopting a compact conformation that,
in absence of RNA substrates, is flexible and extended [68]. RIG-I can translocate along
dsRNA (like dmDicer-2) but, as all helicases in the DRAs subclass, it cannot unwind the
duplexes [69]. Under physiological conditions, RIG-I persists in the cytosol in an auto-inhibi-
tory closed state where the tandem CARD domains are in head-to-tail conformation and
directly interact with HEL2i to form an inactive structure [70]. dsSRNA binding leads to a con-
formational change and to the stabilization of RIG-I clamp around dsRNA [71,72]. An activa-
tion model was proposed where dsRNA first binds the CTD, which then brings together
several dSRNA molecules near the helicase domain. This increased dsRNA concentration per-
mits the cooperative fixation of dsSRNA and ATP on the helicase, thereby freeing the CARD
domains that mask the dsRBD and the K63 polyubiquitination site [70] (Fig 4). ATP hydrolysis
enhances RIG-I dissociation from dsRNA [66].

Although RIG-I and MDA?5 share structural similarities, MDAS5 is not activated by opening
a closed conformation between its CARD and HEL2i domains. After dsRNA recognition in
the cytosol, several MDA5 molecules gather and form helicoidal filaments along the dsRNA to
coalesce into an active fibrillar form [73] (Fig 4). The formation of this MDAS5 polar helix is
allowed by cooperative assembly of their CTD. The contacts between filaments are supposedly
mediated by HEL2i and CTD. ATP is involved in the disassembly of MDA5 oligomers, regu-
lating dsRNA binding affinities in a concentration-dependent manner [73,74].

LGP2 lacks CARD in the N-terminal part, but it has a CTD and a DEAD/H-box helicase
domain, which is highly conserved, showing a great selection pressure to maintain this domain
[75]. Interestingly, LGP2 is a perfect chimera of the 2 other RLRs, with its helicase domain
closer to the MDAS one, while its CTD is closer to the RIG-I one. It can act both as an activator
of MDAS5 and an inhibitor of RIG-I [76]. Similar to MDAS5, LGP2 can form helicoidal-like fila-
ments in the cytosol [76]. Crystal structure obtained from chicken LGP2 indicates that it can
adopt 2 conformations that are partially or fully closed [76]. These conformations are guided
by ATP binding and hydrolysis and directed by the HEL2 helicase subdomain that is flexible
and can orient its CTD [76]. The LGP2 structure after ATP hydrolysis is similar to the one
adopted by RIG-I after activation [76].

Upon dsRNA recognition, both RIG-I and MDAS5 interact with CARD-like domains of the
mitochondrial antiviral signaling adaptator (MAVS) [77,78] (Fig 4). MAVS then activates a
signal transduction cascade in 2 ways. On one hand, it interacts with TBK1 (TANK-binding
kinase 1) and IKK (IkB kinase ), which will phosphorylate and induce translocation of a
complex of transcription factors, IRF3 and IRF7 (IFN regulatory factor 3 and 7), which will
activate IFN-I genes expression [77,78]. On the other hand, MAVS activates the NF-kB path-
way leading to nuclear translocation of this transcription factor that induces expression of
antiviral cytokines [77,78]. Through a molecular cascade involving the Janus kinase Signal
transducer and activator of transcription (JAK-STAT) pathway, these cytokines finally activate
hundreds of ISGs to prevent viral spreading [78-80].

Despite their similarities, RIG-I and MDAS5 have nonredundant recognition capacities
upon viral infection. Since they are activated by different substrates, they are not necessarily
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Fig 4. Mode of action of RLRs upon viral infection. Both dsRNA replication intermediates and 5’ terminal motifs can be recognized by cytosolic RLRs. RIG-I detects 5
di- or tri-phosphorylated dsRNA via its CTD and helicase domains whereas MDA5 recognizes long dsRNA structures. Upon dsRNA binding, RIG-I opens and
homodimerizes to mediate interactions with MAVS CARD domains at the surface of mitochondria. By contrast, MDAS5 constantly shifts between open and close
conformations and when it is activated, it polymerizes along the dsRNA forming helicoidal filament to expose its CARD domains and activate MAVS. Once activated,
MAVS aggregates and triggers a signaling cascade through the TRAF protein that activates the TBK1 kinase. The latter then phosphorylates the cytosolic transcription
factors, IRF3 and IRF7, thereby allowing their dimerization and their translocation into the nucleus where they activate the transcription of IFN-I genes. CARD, caspase
activation and recruitment domain; CTD, carboxyl-terminal domain; dsRNA, double-stranded RNA; IFN, interferon; MAVS, mitochondrial antiviral signaling
adaptator; MDAS5, melanoma differentiation-associated gene 5; RIG-I, retinoic acid-inducible gene I; RLR, RIG-I-like receptor.
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induced by the same viruses [63,66,81,82]. Blunt-ended dsRNA, 5'di or tri P, uncapped or
2'0O-unmethylated 5" extremities are RIG-I substrates. It is activated by rhabdoviruses (VSV),
paramyxoviruses, orthomyxoviruses, filoviruses (Ebola), Epstein-Barr virus (EBV), hepatitis C
virus (HCV), Japanese encephalitis virus, Zika virus (ZIKV), and Dengue virus (DENV) [66].
Interestingly, host RNAs can also be recognized as PAMPs by RIG-I [66]. For instance, upon
infection by DNA viruses, such as Herpes simplex virus type I (HSV-1) and Kaposi sarcoma—
associated herpesvirus (KSHV), host-encoded small noncoding RNAs can be recognized by
RIG-I [83,84]. Rather, MDA?5 is involved in the recognition of the dsRNA replication
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intermediate of picornaviruses [85]. MDADS5 is also able to detect dsSRNA from HCV, norovirus,
encephalomyocarditis virus (EMCV), hepatitis B virus (HBV), herpes simplex virus, avian
Influenza virus H5N1, and hepatitis D virus [86-92]. In some cases, such as infection with fla-
viviruses and reoviruses, both RIG-I and MDAS5 seem to be recruited to trigger an IFN-I
response [82].

Noncanonical and interdependent actions of RNA helicases

In addition to performing the abovementioned activities, RNA helicases can also function in
an uncommon manner. Thus, RLRs can have direct antiviral activities and Dicer proteins can
exert signaling functions. In addition, such as in the case of mammalian Dicer, their role in
antiviral RNAi may depend on additional factors as indicated below.

There are at least 2 dmDicer-2-dependent pathways that do not rely on its canonical cata-
Iytic activity. First, both in Drosophila and mosquitoes, studies on persistent viral infection by
RNA viruses led to the discovery of a new viral genomic element in host-infected cells [93,94].
After vsiRNA biogenesis, a transposon-encoded cellular retrotranscriptase can amplify and
convert viral RNA into DNA (vDNA) [93]. In both insects, VDNA was retrieved either in lin-
ear or in circular forms (cvDNA). cvDNA are homologous to defective viral genome (DVG)
and can amplify the RNAi response in insects (Fig 5A, right part). Those cvDNA are sufficient
to trigger biogenesis of new siRNAs targeting the viral genome. Although the molecular mech-
anism has not been elucidated, vDNA synthesis is entirely dependent on dmDicer-2
DEAD-Box helicase domain, which would make it an insect RLR [93]. Indeed, this is reminis-
cent of the situation in mammalian cells, where DVGs are recognized by cytosolic RLRs and
trigger IFN-I responses against arboviruses [95,96]. Second, dmDicer-2 helicase domain is also
involved in another aspect of an IFN-like pathway, namely the capacity to induce cytokine
production after detection of PAMPs. Although there is no equivalent to mammalian IFN /3
cytokines in Drosophila, its genome encodes for a cysteine-rich protein named Vago, which
may be considered as a cytokine-like element [67]. Upon DCV infection, Vago expression is
increased and exerts antiviral effects against DCV in a manner depending on dmDicer-2
DEAD-Box helicase integrity (Fig 5A, left part). Vago expression is totally independent of
other RNAi pathway members, but when dmDicer-2 helicase domain is mutated, Vago expres-
sion is dramatically decreased [67]. However, to date, a little is known regarding the pathway
involved upon Vago induction by dmDicer-2 or its role in other viral infections.

The relevance of RNAi as an antiviral defense mechanism in mammals is still a matter of
debate, and many reports have tried to answer the issue pertaining to the evolution of Dicer
antiviral activity in metazoans [9,14,17,97]. VsiRNAs were found to be functional and to
reduce viral load in a sequence-dependent fashion in undifferentiated mouse embryonic stem
cells (ESCs) (Fig 5B) and somatic cells [98-100]. In oocytes, ESCs and generally, undifferenti-
ated cells, IFN-I is not set up yet to avoid inflammatory response and apoptosis during devel-
opment [101-103]. In MAVS- or IFNAR-deficient mouse somatic cells, sequence-specific
hsDicer- and Ago2-dependent siRNAs are detected when cells are transfected with an exoge-
nous long dsRNA [104]. Moreover, AGO4 was recently showed to be involved in antiviral
RNAi against influenza A virus (IAV), VSV, and EMCV in mouse macrophages [105]. It
seems also that viral suppressors of RNAi (VSRs) prevent Dicer from playing an antiviral role.
Indeed, in mammalian cells, a decrease in viral replication was observed with flaviviruses
deleted from their VSR [106].

On the other hand, other experiments on the detection of vsiRNA were not conclusive
enough to validate a functional antiviral RNAi. Indeed, hsDicer is less processive than Dro-
sophila dmDicer-2 to generate siRNAs from long-dsRNA [107,108]. This could explain the
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difficulty to detect vsiRNA in mammalian somatic cells infected with several viruses [109]. In
agreement with this hypothesis, in IFN-I-deficient human cells that express the regular Dicer
protein, no vsiRNA was detected when infected by SINV, Yellow fever virus (YFV), or EMCV
[110]. Besides, when hsDicer is genetically invalidated, no replication increase could be
observed for many RNA viruses [111].

Explanations on this defective RNAi pathway in mammals are now centered on the helicase
domain of Dicer. First, as opposed to dmDicer-2, hsDicer is not processive due to the fact that
it cannot hydrolyze ATP [30,59,108,112,113]. Dicer helicase domain appears to limit its func-
tionality. Indeed, in vitro studies on hsDicer revealed that siRNA production is performed less
efficiently than pre-miRNA to miRNA maturation [30,114]. Accordingly, in human somatic
cells, only the artificial expression of a helicase-truncated form of human Dicer, named Dicer-
N1, could produce functional siRNA from IAV genome with a moderate antiviral effect [115]
(Fig 5B). This helicase deletion was inspired from the specific case of murine oocytes, which
express a truncated version of Dicer, Dicer®, due to an insertion of a retrotransposon in the 5’
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part of the Dicer gene [116]. The part of the helicase domain missing in Dicer® is the same one
that was deleted in Dicer-N1, and indeed the shorter mouse Dicer lacking part of its helicase
domain has enhanced capacities in term of siRNA production from endogenous and exoge-
nous hairpin [116]. However, the role of Dicer® in antiviral defense has not been explored to
date. Interestingly enough, another Dicer isoform has been recently identified in human stem
cells. It also presents a deletion in its helicase domain; more precisely, it lacks the HEL2i sub-
domain. This splicing isoform, which has been coined Avid (for antiviral Dicer) shows
enhanced antiviral RNAi properties against several RNA viruses including ZIKV and the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (Fig 5B) [117].

Another possible and nonmutually exclusive explanation for the inhibition of Dicer-depen-
dent RNAi in mammalian cells could be its interaction with a protein with repressive activity.
Such a protein could be LGP2, which was shown to associate with Dicer to inhibit dSSRNA
cleavage (Fig 5C, right) [118]. One hypothesis to explain this observation is that there is a need
to prevent dsRNA degradation by Dicer and preserve it for sensing by other DRAs, thereby
suggesting a competition for substrate binding. This may be the main reason why there seems
to be a crosstalk between RNAi and IFN-I. As LGP2 is similarly involved in MDA5 oligomeri-
zation enhancement, LGP2 might also bring dsRNA substrate to MDAS5. Interestingly, the
helicase domain of LGP2 interacts with Dicer and several other proteins involved in antiviral
defense pathways including TRBP, PACT, and the dsRNA-activated protein kinase R (PKR)
[118].

Finally, Dicer itself might be involved in modulating the activity of other key antiviral pro-
teins. Dicer is already known to be involved in several interactions with cofactors via its heli-
case domain. Thus, 2 proteins that are known for their interaction with PKR interact with
Dicer during miRNA biogenesis: TRBP and PACT [33,119]. Upon HIV-I infection, TRBP
appears to bind the TAR RNA to inhibit PKR activation, thereby preventing an efficient antivi-
ral response. PACT, another dsRNA-binding protein, is also an activator of PKR upon stress
except when it interacts with TRBP [120-122]. Recently, our laboratory showed that Dicer is
part of a complex involving not only TRBP and PACT but also PKR. The direct interaction of
Dicer with PKR was specifically observed in cells infected with SINV and had a negative effect
on PKR antiviral activity (Fig 5C, left) [123]. Another indication of the crosstalk between
Dicer and PKR was reported in mouse ESCs, where Dicer represses the IFN response as well
as PKR activity upon dsRNA transfection [124]. As mentioned before, Dicer could interact
with ISGs but its role in the IFN-I response is not clear yet. Thus, other ISGs such as the deam-
inase ADARI or the RNA helicase DHX9 are part of the RISC assembly complex [125,126] but
are also found specifically enriched within a Dicer-containing complex upon SINV infection
[123]. This indicates that the helicase domain of Dicer could be involved in modulating the
IFN response by acting as a central interaction platform during viral infection.

RLRs as well can be involved in IFN-independent antiviral functions (Fig 5D). Upon HBV
infection, RIG-I recognizes the 5’ extremities of pre-genomic RNA and interferes with the ret-
rotranscriptase activity [127]. Upon IAV infection, RIG-I competes with capsid molecules for
the genomic RNA. Besides, both RIG-I and MDAD5 can, in an ATP-dependent fashion, dis-
place viral proteins from dsRNA including IAV NS1 [128]. Thus, this helicase-dependent
activity promotes dsRNA recognition by other antiviral proteins including PKR to enhance
the antiviral response [129]. Recently, RIG-I was also shown to be involved in an IFN-I inde-
pendent regulation of SARS-CoV-2 infection. It recognizes the 3’ untranslated region of the
SARS-CoV-2 RNA genome via the helicase domain, but not the CTD, and does not activate
MAVS-dependent pathways. Rather, it seems to prevent the viral RARp from initiating replica-
tion [130].
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Conclusions

DExD/H-box helicases are increasingly being recognized as key components of the innate
antiviral response in eukaryotes. Although they all share as a core component a helicase
domain able to bind dsRNA, they diverge into 2 main families characterized by their structural
organization and their mode of action. Indeed, they can act either in a catalytic mode, or by
triggering an antiviral signaling cascade, ultimately leading to an immune response. Here, we
mainly focused on a subset of these RNA helicases, which either participate in RNAi or in
IFN-I response. However, the boundary between the 2 types of response has become blurred
in the past years, while there is more and more evidence that they are rather interconnected.
Although Dicer is retrieved in almost all metazoans, its exact contribution to antiviral
responses varies from one organism to another. Dicer has a clearly defined catalytic activity
against long dsRNA in Drosophila and C. elegans but appears to be more limited in mamma-
lian cells. In the latter case, this restriction seems to be mediated by the helicase domain, since
its complete or partial deletion results in a more potent antiviral activity. The recent discovery
of a naturally occurring splicing isoform of Dicer in stem cells, lacking the Hel2i helical subdo-
main, is exciting and will likely reignite the interest in the field. In addition, Dicer could have
other roles during viral infection independent on dsRNA processing into siRNAs, such as the
regulation of antiviral proteins like PKR. So, we clearly do not have yet a complete picture of
its importance in different contexts. The tight regulation of mammalian Dicer activity is simi-
lar to what can be observed for RIG-I and MDAS5, which are both regulated by posttransla-
tional modifications or by the binding of proteins that can activate or inhibit their recognition
as well as their catalytic activities [66]. Even when the situation seems to be simple at first
glance, such as antiviral RNAi in C. elegans, other RNA helicases (DRH-1 to 3) were shown to
be essential to maintain a robust response and help Dicer to function properly. It goes without
saying that since helicases are the main immunity receptors, viruses developed counter mecha-
nisms to block dsRNA recognition or their catalytic function [131], an interesting aspect that
would require a review of its own.

In addition to the few helicases we discussed in this review, there is a large variety of other
DExD/H helicases that can be involved in antiviral defense (see [132] for a recent review). In
some cases, these proteins contribute to the RLRs function, but they also have the capacity to
function independently of the IFN response. Some of these helicases can also have a proviral
role in specific cases [133], an aspect that we did not develop here for the sake of brevity. It
would be especially interesting to decipher the full involvement of these RNA helicases in
modulating Dicer activity during viral infection either by modulating its ability to interact
with dsRNA or its processivity. Our recent determination of the Dicer interactome upon
SINV infection provides hints that this might be the case, but we need to expand the field of
investigation by looking into different cell types as well as viruses. Only then will we be able to
fully grasp the importance of RNA helicases in the cellular response to viral infections.
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2. Dicer helicase domain: an interacting hub

a. Role of Dicer in gene expression regulation

One of the main roles of Dicer is the biogenesis of microRNAs (miRNAs), which are key
regulators of gene expression. The first report of a short regulatory RNA was in a study
performed in Caenorhabditis elegans in the 1990s. The lin-4 gene was shown to produce a 22-
nt-long non-coding RNAs instead of an mRNA, another instance (Let-7) was published shortly
after (Lee et al., 1993; Reinhart et al., 2000). These small RNAs, which were later found to exist
in other animals and called miRNAs, have an imperfect complementarity with their targets
involving an activity dependent on translation inhibition (Lau et al., 2001; Lee and Ambros,

2001; Olsen and Ambros, 1999).

The miRNA pathway has now been extensively characterized (Figure 1). An RNA
polymerase Il (polll)-derived primary-miRNA (pri-miRNA) transcript is recognized by the type
Il ribonuclease DROSHA (Lee et al., 2004). DROSHA helped by its main interacting partner
DGCR8 cleaves the pri-miRNA into a 60-nt-stem-loop precursor-miRNA (pre-miRNA) (Lee et
al., 2003). The pre-miRNA is then exported to the cytosol via an active RNA-GTP/Exportin 5
mechanism (Yi et al., 2003). Once in the cytoplasm, the pre-miRNA is further processed, in an
ATP-independent manner, into a 22-nt-long miRNA duplex by Dicer helped by its main co-
factor the TAR-RNA Binding Protein (TRBP) (Chendrimada et al., 2005). One strand of the
duplex is incorporated into an effector protein of the Argonaute family (AGO) (Hammond et
al., 2001) to form the so-called RNA-induced silencing complex (RISC). This required the help
of chaperone proteins (lwasaki et al., 2010). The small RNA acts as a guide for RISC, to bring it
to its complementary target mRNAs. In animals, this results in most cases in translation
inhibition, which requires the interaction of the AGO proteins with the adaptor protein
TNRC6B (Meister et al., 2005). In rare cases, i.e. when there is a perfect complementarity
between the guide and the target RNA, the target RNA can be cleaved by RISC (Yekta et al.,
2004). In mammals, out of the four AGO proteins, only AGO2, and to a lesser extent AGO3,

have been shown to possess a slicing activity (Park et al., 2017; Valdmanis et al., 2012).

46



Before being implicated in the miRNA pathway, Dicer was identified as the enzyme
responsible of RNAi and was named after its ability to digest dsRNA into small RNAs (Bernstein

et al., 2001).
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Figure 1 — The microRNA (miRNA) pathway in the gene expression control.

An RNA polymerase Il (pol Il)-transcribed stem loop called the primary microRNA (pri-miRNA) is processed in the
nucleus by the type Il ribonuclease DROSHA helped by its cofactor DGCR8. The generated stem loop, called
precursor microRNA (pre-miRNA) is exported in the cytosol by the exportin 5 and taken in charge by another
type lll ribonuclease, Dicer and its cofactor, TRBP. Dicer cleaves out a small 22nt duplex of microRNA (miRNA).
The guide strand of the duplex is incorporated into an effector protein of the Argonaute (AGO) family to form
the RNA-induced silencing complex (RISC). Guided by the small RNA, RISC can then act upon its target mRNAs

and will either cleave them or inhibit their translation.

b. Dicer structure and TRBP function

As mentioned previously, the DExD/H-Box helicase domain of Dicer is unable to hydrolyze ATP
and exhibits an auto-inhibitory effect on long dsRNA processing in humans (Ma et al., 2008;
Zhang et al., 2002). The loss of ATP hydrolysis has been shown to be correlated to a loss of
long dsRNA-cleaving activity: by looking at Dicer phylogeny, a clear link between these two

aspects arose since the ancestral Dicer retained these two characteristics (Aderounmu et al.,
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2023). Hence, changes in the helicase domain could modify its ability to both bind dsRNA and

hydrolyze ATP, underlying the importance of this domain in Dicer activity.

This was further emphasized by the recent solving of the structure of the mouse Dicer
and of a mutant, deleted from the first part of the helicase domain, named AHEL1 (Zapletal et
al., 2022)(Figure 2). The helicase domain keeps Dicer in a closed state allowing the selection
of pre-miRNA only. To alleviate this selection, a deletion of part of the helicase domain is
required. This perturbs its selectivity but also uncovers an increased cleavage activity against
long dsRNAs. Indeed, the AHEL1 mutant loses its cleavage precision, which results in the over-

accumulation of Dicer-independent miRNA products.
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Figure 2 — Dicer structure reveals the importance of the helicase as a functional platform.

Dicer is an L-shaped ribonuclease. At the base of the L, the DExD/H-Box helicase domain is divided in three parts:
HEL1, HEL2i and HEL2. In mammals, the helicase domain does not hydrolyze ATP, it binds the pre-miR-15a
substrate and is also involved in the interaction with proteins, such as TRBP. The latter is a dsRBP formed of three
dsRBDs of which two are involved in the substrate binding and its accommodation in Dicer catalytic site whereas
the third one, the Medipal domain, is directly interacting with the HEL2i domain. Dicer DUF283 domain has a
dsRBD fold that is supposed to help the loop binding and accommodation in Dicer. At the top of Dicer, the
Platform and PAZ domains are responsible for binding the 5’ and 3’ extremities of the pre-miRNA respectively.
The connector links them to the RNAselll a and b catalytic domains. At their opposite and next to the PAZ domain
in the L-shaped structure there is the terminal dsRBD that maintains the substrate in the catalytic core. HEL,
helicase; DUF, domain of unknown function; PAZ, Piwi-Argonaute-Zwille; RNase, ribonuclease; dsRBD, dsRNA-

binding domain.
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Interestingly, the substrate selection and cleavage precision are two functions carried
by Dicer’s main co-factor, TARBP2 (TRBP) (Haase et al., 2005). TRBP homologs are found in
Drosophila with the Loquacious (Logs) proteins also interacting with DICER1 or DICER2 (Haac
et al., 2015). TRBP is an RNA-binding protein composed of three dsRNA-binding domains
(dsRBDs) of which the first two display a high affinity for dsRNA (Takahashi et al., 2013;
Yamashita et al., 2011) (Figure 3a). It was first discovered in HIV-1 infected cells and named
according to its ability to bind to the TAR RNA (Kozak et al., 1995). TRBP was later shown to
be associated with Dicer, and to participate in its recruitment to AGO2 in human cells
(Chendrimada et al., 2005). TRBP is a central actor ensuring Dicer accuracy in miRNA
processing (Fareh et al., 2016; Wilson et al., 2015). It was recently shown that TRBP allows
changes in Dicer conformation by binding to its helicase domain, thereby making it competent
for pre-miRNA cleavage (Zapletal et al., 2022)(Figure 2 and 3b). The interaction is mediated
by the third dsRBD in TRBP called Medipal (MERLIN-Dicer-PACT liaison) domain and the HEL2i
domain in Dicer (Daniels et al., 2009). TRBP, separately of its Dicer interaction, is also known
to be oncogenic and to promote cell growth. Hence, a nuclear TRBP is able to induce
transcripts degradation by promoting introns retention inducing lung cancer pathogenesis
(Fish et al., 2019). Independently, its overexpression has also been shown to induce
tumorigenesis (Benkirane et al., 1997; Zhong et al., 1999), which explains why it is tightly
regulated by the MERLIN protein but also by a transcriptional downregulation in the brain (J.
Y. Lee et al., 2006) (Figure 3c).
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Figure 3 — TARBP2 (TRBP) controls Dicer activity but is also a central regulatory dsRBP.

(a) TARBP2 or TRBP is composed of two canonical dsRBDs at the N-terminal part, which are involved in dsRNA
interaction. The last dsRBD, the Medipal domain, slightly differs in structure from the two other and is mediating
protein-protein interaction. (b) TRBP acts in the miRNA pathway by directly interacting with Dicer allowing the
precise pre-miRNA cleavage and the miRNA loading into AGO. (c) TRBP expression is cell-dependent. Hence, in
the brain TRBP expression is transcriptionally downregulated whereas its expression in epithelial cells is increased
changing its functions depending on the cell type. Blue: downregulated expression; red: upregulated expression.
Another regulation layer is its stability as TRBP is degraded after the binding of the cytoskeletal protein MERLIN
on its Medipal domain and recruitment of an ubiquitinoylation complex. dsRBD, dsRNA-binding domain; AGO2,

Argonaute 2.

c. Other partners of the helicase domain

Dicer helicase domain appears to be a hub for interactions mainly in relation to its role in
miRNA biogenesis. Dicer is interacting with the DExH/-Box RNA helicase A or DHX9, which is

able to unwind both RNA and DNA in the nucleus and the cytosol. DHX9 is involved in RISC
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loading allowing a better association between siRNA and AGO2 (Robb and Rana, 2007) (Figure

4a). This interaction involves DHX9 dsRBD | and Il, which can also bind the miRNA duplex.

Dicer is also directly interacting with the Adenosine Deaminase Acting on RNA 1
(ADAR1) protein in the context of miRNA processing. ADAR1 has been shown to increase Dicer
processing rate and to promote miRNA loading onto AGO2 (Ota et al., 2013) (Figure 4b). For
a long time, ADAR1 was considered to be an antagonist of the RNAi pathway since A-to-I
editing inhibits the correct processing of pri-miRNAs or change miRNA targets (Kawahara et
al., 2007b, 2007a) (Figure 4b). However, when Dicer interacts with ADAR1, the deaminase
induces Dicer conformational changes and enhances the processing of miRNA precursors, RISC
assembly and miRNA loading, just as TRBP. Again, this interaction is mediated partly by Dicer

helicase domain (Ota et al., 2013).

Lastly, another dsRBP homologous to TRBP, the protein activator of dsRNA-activated
protein kinase (PACT) is a well-characterized partner of Dicer helicase domain. PACT is also
composed of three dsRBDs of which the first two mediate dsRNA interactions and the third is
used for protein-protein interaction (Figure 4c). PACT was first described in the late 1990s for
its role of activator of the dsRNA-activated protein kinase (PKR). In that case, PACT interacts
with PKR and activate its kinase activity normally induced by dsRNA (Patel and Sen, 1998).
PACT also interacts via its third dsRBD with Dicer helicase domain, and can also be found in a
complex with AGO2 and TRBP (Y. Lee et al., 2006) (Figure 4c). However, PACT and TRBP show
a differential role in vitro on Dicer processing. Dicer associated with PACT reveals differences
in substrate specificity compared to Dicer with TRBP, as the former induces a decrease of
dsRNA processing by Dicer (Lee et al., 2013). However, in vivo, Dicer needs the PACT/TRBP
heterodimer to process dsRNA indicating the complicated regulation of this complex (Kok et
al., 2007) (Figure 4c). This interaction is mediated by the first two dsRBDs of PACT and of TRBP,

letting their third dsRBD free for Dicer interactions.
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Figure 4 — Dicer is an interaction hub for many dsRNA-binding proteins (dsRBPs).

(a) The DExH Box RNA helicase A (DHX9) carries a core helicase domain and two N-terminal dsRBDs allowing the

binding of si- or miRNA to favor their loading into AGO2. dsRBD, dsRNA-binding domain; NLS, nuclear localization

signal; HA2, helicase-associated domain 2; OB-fold, oligonucleotide/oligosaccharide-binding fold; RGG-box,

Glycine-rich. (b) The adenosine deaminase acting on RNA 1 (ADAR1) is composed of a Z-RNA binding domain, 3
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dsRNA-binding domains (dsRBDs) and the deaminase domain. The constitutive p110 isoform of ADAR1 directly
interacts with Dicer increasing its processing rate and helping the miRNA loading into AGO2. ADAR1 also uses its
adenosine deaminase activity to modulate processing of pre-miRNA or to change the repertoire of target mRNAs.
(c) The protein activator of dsRNA-activated protein kinase (PACT) is structurally homologous to TRBP with its
two canonical aRRBa dsRBD in N-ter and the C-ter Medipal domain. Thanks to the Medipal, PACT associates with
the RISC-loading complex formed by AGO2, Dicer and TRBP and help for the mi- and si-RNA loading. Besides,
PACT can heterodimerize with TRBP and both are interacting with Dicer increasing its processing activity on

dsRNA.
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B. Interferon responses

1. The type | interferon response

IFN response can be triggered by different types of pathogens: bacteria, parasites,
viruses and fungi. IFN is a two-step system, which involves first the expression of IFN cytokines
followed by their action in both an autocrine and paracrine fashion. They act by binding to
cellular receptors to induce the transcription of IFN stimulated genes (ISGs), which are the
direct cellular effectors. This system allows the organism to mount a global immune response
thanks to the signal transmission. The two main IFN commonly involved in the immune
response are the type | and type lll interferon (IFN-I and IFN-III). These two responses have
different associated cytokines and cellular receptors. Upon infection with an RNA or DNA
virus, IFN-I is described as the broader response and is predominant in immune cells. IFN-111 is

mostly found in epithelial cells (McNab et al., 2015).

IFN-I is triggered by different classes of PRRs: the membrane-associated Toll-like
receptors (TLRs) , the cytosolic RIG-I-like receptors (RLRs) and DNA sensors, such as the
cytosolic cyclic GMP-AMP synthase (cGAS). Their activation leads to the phosphorylation by
TBK1 of specific transcription factors, such as interferon regulatory factor (IRF) 3 and 7 (Figure
5). This phosphorylation allows their nuclear translocation (Mogensen, 2019). They act as
homo- or hetero-dimers and can be found associated with other transcription factors
including NF-kB. IRF3 and 7 induce the transcription of IFN o and 3, the two groups of IFN-I
cytokines. IRF3 is only responsible for IFN 8 production whereas IRF7 can elicit both IFN o and

B (Honda and Taniguchi, 2006).
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Figure 5 — The type | interferon response (IFN-I) is triggered by the detection of foreign elements by

cellular receptors.

Foreign pathogen-associated molecular patterns (PAMPs) are recognized by cellular pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs) and RIG-I-like receptors (RLRs). Via the adaptor protein TRIF
(TIR-domain-containing adapter-inducing interferon-B) TLRs trigger the activation of the TBK1 kinase (TANK-
binding kinase 1) that phosphorylates IRF3 and IRF7 (interferon regulatory factors) transcription factors. These
will then translocate to the nucleus to activate transcription of interferon o and B cytokines genes. The RLRs
MDAGS (melanoma differentiation-associated protein 5) and RIG-I (retinoic acid-inducible gene I) recognizes long
dsRNA and 5’ triphosphorylated-single-stranded RNA respectively. Once activated, they interact with the
mitochondria-associated MAVS (mitochondrial antiviral-signaling) adapter protein via their CARDS (caspase
activation and recruitment domains) domain. MAVS agglomerates at the mitochondria membrane and activates
the adaptor protein TRAF (TNF receptor associated factors) that will then activate the TBK1 kinase, resulting in

IFN production as previously described.

Once produced, IFN-I cytokines will bind to membrane-associated receptors, IFNAR1
and IFNAR2, on their extracellular part. IFNAR binding activates the JAK-STAT pathway (Janus

kinase — Signal transducers and activators of transcription) (Figure 6). The JAK family is
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composed of four members: JAK 1, 2, 3 and tyrosine kinase 2 (TYK2). STAT proteins are
transcription factors that once phosphorylated on a key tyrosine residue, can homo- or
hetero-dimerize and translocate in the nucleus to activate transcription of ISGs. The STAT
family is composed of 7 transcription factors: STAT1, 2, 3, 4, 5A, 5B and 6. STAT1, 2,3 and 6
are involved in the direct regulation of the immune response, whereas STAT4, 5A and 5B are
linked to the development of immune cells. JAK1 and TYK2 are associated to IFNAR and
phosphorylate STAT1 and 2 that are cytosolic (Figure 6). Once phosphorylated they can homo-
or hetero-dimerize, the latter happening with IRF9. Together with the two phosphorylated
STATs, IRF9 forms the IFN-stimulated gene factor 3 (ISGF3) complex that will bind IFN-
stimulated regulatory elements (ISRE) in the ISGs promoter sequence. This in turn leads to the
expression of hundreds of ISGs composed of direct cellular effectors but also STATs and IRFs
transcription factors themselves (Awasthi et al., 2021). Among the ISGs, several proteins have
direct effects on the foreign nucleic acids and proteins. Given its key role in regulating gene
expression, IFN-I must be tightly regulated to prevent unwanted effect due to a spurious
activation. This explains why transcriptional repressors can also be found among the induced
genes. When rightfully activated however, apoptosis can be an outcome of the IFN-I activation

to control the infection (lvashkiv and Donlin, 2014).

Among all the factors that are linked to IFN-I activation in response to RNA virus
infection, two are of special interest for this work: the dsRNA-activated protein kinase (PKR)
(see Chapter 2) and the 2’-5’-oligoadenylate synthetase (OAS)/RNasel pathway (Figure 6). In
the latter case, IFN-I-dependent induction is restricted to the OAS family, whereas RNasel is
constitutively expressed (Rusch et al., 2000). It is however activated by the recognition of 2’-
5’-linked oligoadenylate nucleotides (2-5A) synthetized by the OAS proteins (Figure 6). The 2-
5A nucleotides induce dimerization of RNasel, which is then able to cleave every RNA

molecule in the cell, resulting ultimately in cell death (Choi et al., 2015; Rusch et al., 2000).

Some OAS genes can bear antiviral activities that are independent from RNasel. Four
OAS genes are described: OAS1, OAS2, OAS3 can all activate RNasel to different extent and
can be activated differentially depending on the virus (Henrik Gad et al., 2012; Lin et al., 2009).
OAS-like protein (OASL) binds dsRNA but does not synthetize 2-5A. Nonetheless, it possesses
antiviral activity against several RNA viruses and is able to directly activate the RIG-I pathway

(Marques et al., 2008; Zhu et al., 2014).
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Mutations in OAS genes are linked to viral infection or disease susceptibility. Hence, in
humans, a simple mutation in the OASL gene increases the symptoms severity of flavivirus
infections (Yakub et al., 2005). More recently, a single mutation in the OAS1 gene was linked
to protection against SARS-CoV-2 in patients (Wickenhagen et al., 2021). Likewise, inborn
errors in OAS or RNaselL genes were linked to severe disease in SARS-CoV-2 patients with an

enhanced inflammatory response (Lee et al., 2022).
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Figure 6 — IFN-I involves a transcriptional cascade leading to the expression of hundreds of cellular

antiviral effectors.

The interferon a and R cytokines bind the IFNAR allowing the activation of the JAK/STAT pathway. JAK1 (janus
kinase 1) and TYK2 (tyrosine kinase 2) phosphorylate STAT1 and 2 leading to their homodimerization or
heterotrimerization with IRF9 to form the ISGF3 complex (interferon-stimulated gene factor 3). The complexes
then translocate to the nucleus to activate ISGs by binding to the ISRE (interferon-sensitive response element).
Among the activated ISGs are the dsRNA-activated protein kinase (PKR) and the ribonuclease L (RNaseL). The
activated PKR autophosphorylates and inhibits cellular translation. RNasel is activated by the binding of 2’-5’-
linked oligoadenylate nucleotides (2’-5’A) produced by OAS1-3 (oligoadenylate synthetase). RNaselL degrades

RNA in a non-specific way ultimately leading to apoptosis.
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2. The NF-kB pathway

The nuclear factor-kB (NF-kB) transcription factor family is part of an immune pathway
commonly induced by the different PRRs. It contains 5 members: NF-kB1 (p50), NF-kB2 (p52),
RELA (p65), RELB and c-Rel, which can form hetero- or homo-dimers to bind the kB promoting
sequence of immune and inflammatory genes. RELA, RELB and c-REL are transcriptional
activators whereas the two others are repressors that derive from longer precursor. The two
main dimers responsible for the immune signaling is composed of the ubiquitously expressed
RELA/p50 or RELA/p52 (Li and Verma, 2002). When in the cytosol, NF-kB proteins are
maintained in an inactive form by a protein inhibitor of the kB family (o, B or €). Their
interaction is mediated by the ankyrin domains in each partner. kB binding to NF-kB masks
one of the two nuclear localization domains (NLS). However, the second NLS allows the
complex to shuttle in the nucleus where the nuclear export signal (NES) contained in IkB
initiates the cytoplasmic return. This balance guarantees the inactivation of NF-kB
transactivation activity (Birbach et al., 2002; Huang et al., 2000). Only IkBR can mask both of
the NLSs, thereby inhibiting this shuttle movement. IkBa is the main inhibitor of RELA

associated dimers.

The NF-kB pathway is activated by multiple signals depending on RLRs, TLRs, cGAS
sensors, Tumor necrosis factor (TNF) or interleukins (IL-1) (Figure 7). In the canonical TLRs
activation, the adaptor protein MYD88 recruits and activate IRAK (IL-1-receptor-associated
kinase). IRAK interacts with the TRAF adaptor (TNF-receptor-associated factor 6), and the
complex relays the signal through another kinase complex, TAK1 (TGFRB-activated kinase 1)
and its two accessory proteins, TAB1 and 2 (TAK-1-binding proteins). This in turn activates the
IkB-kinase complex (IKK). This complex is composed of two kinases, IKK1 and 2 (or o and R)
and the regulatory subunit IKKy/NEMO (NF-kB essential modulator). The IKK complex is at the
center of all signaling pathways able to activate NF-kB and can phosphorylate all the IkB (Li
and Verma, 2002). Upon phosphorylation, IkBa. is ubiquitylated by the B-TRCP E3 protein and
sent to the 26S proteasome for degradation (Karin and Ben-Neriah, 2000) (Figure 7). NFkB

dimers are then released and translocate in the nucleus to activate their targets.

A last regulation step for NF-kB activity is direct phosphorylation (Figure 7). For
instance, p65 has been shown to be highly phosphorylated at different residues to display its
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transactivation functions. Hence, phosphorylation of S276 by PKA catalytic subunit (PKAc),
S529 by casein kinase Il (CKIl) or S529 and S536 by IKK2 are necessary for p65 activity (Sakurai
et al., 1999; Wang et al., 2000; Zhong et al., 1998). To avoid uncontrolled inflammatory
responses, the NF-kB pathway is self-regulated thanks to feedback loop involving activation
of the IkBa gene (NFKBIA) by RELA (Gao et al., 2005). This ensures the production of inhibitors

that will control the availability of NF-kB in the nucleus.

The NF-kB pathway plays an essential role to control the balance between the antiviral
immune response and an over-activation of the inflammation response leading to cell death.
Hence, this pathway has been frequently linked to auto-immune diseases but also to infection
severity (Liu et al., 2017; Santoro et al., 2003). Upon viral infection, the common features
activated by the NF-kB pathway are cell survival, cell proliferation but also the inflammatory

and immune actors (Oeckinghaus and Ghosh, 2009).
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Figure 7 — The Nuclear factor-kB (NF-kB) pathway is another way to trigger IFN-I response.

Toll-like receptors (TLR), interleukin (IL) receptor and Tumor necrosis factor receptor (TNFR) as well as RLRs
activate the NF-kB pathway. TLR and IL receptor signal to the MYD88 adapter (myeloid differentiation primary
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response 88) that activates IRAK (IL-1-receptor-associated kinase) and allow its interaction with TRAF6 (TNF-
receptor-associated factor 6). The signal is relayed by TAK1 (TGFR-activated kinase 1) and its two accessory
proteins TAB1 and 2 (TAK-1-binding proteins), which activate the IKK complex (IKK1 and 2 and NEMO (NF-kB
essential modulator)). IKK phosphorylates the cytosolic NF-kB inhibitor 1kBo. leading to its ubiquitylation and
proteasomal degradation. The released NF-kB dimer RELA/p50 undergoes further phosphorylation before being
translocated to the nucleus to activate the expression of pro-inflammatory genes. In a regulatory loop, 1kBa
expression is induced by NF-kB members. RELA possesses one NLS (nuclear localization signal), one phospho-site
in its DNA-binding domain, and two in its C-ter transactivation domain. The inhibitor IkBa is composed of 6

Ankyrin repeats and two N-ter phospho-sites.
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CHAPTER 2: PKR, a central IFN-l-induced kinase

A. Discovery and structure

PKR is one of the four elF2a kinases (EIF2AK), the other ones being general control
nonderepressible-2 (GCN-2), protein kinase R-like endoplasmic reticulum kinase (PERK),
heme-regulated inhibitor (HRI). HRI was first discovered in reticulocytes and is activated upon
heme-deprivation (Han et al., 2001) (Figure 8). PERK is a component of the endoplasmic
reticulum-linked stress response and is activated upon unfolded proteins detection. PERK is
also crucial in the pancreatic homeostasis (Harding et al., 2001). GCN-2 was discovered in yeast
where it is a stimulator of GCN4 mRNA translation. It is activated by amino-acids starvation

(Hinnebusch, 1993).
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Figure 8 — The elF2a kinases (EIF2AK) family.

All members of the family contain an ATP-dependent kinase domain and a stimulus-binding domain. HRI (heme-
regulated inhibitor) is composed of two heme binding sites and one kinase domain. PKR has two dsRBDs (dsRNA-
binding domains) and a kinase domain. In addition to its kinase domain, PERK (protein kinase R-like endoplasmic
reticulum kinase) contains three domains linked to its endoplasmic reticulum (ER) localization: a signal peptide,
an ER lumen domain and a transmembrane domain. GCN2 (general control nonderepressible-2) displays a kinase
and a pseudokinase domain surrounded by a N-ter RWD domain (RING finger-WD repeat) and a histidyl-tRNA

synthetase-like domain to sense the nutrients deprivation.
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PKR (EIF2AK2) was discovered as an ISG in human and mouse cells, where it was coined
respectively p68 and p65 based on its molecular weight (Galabru and Hovanessian, 1987). Its
activity depends on the detection of a dsRNA molecule (Lemaire et al., 2008). It can auto-
phosphorylate and phosphorylate the eukaryotic translation initiation factor elF2a. (Samuel,
1979; Samuel et al., 1984). The latter is directly responsible for translation arrest and cell
growth defects in yeast. PKR activation was then detected upon viral infection in mouse and
human cells and shown to display an antiviral activity (Meurs et al., 1992). PKR was further
characterized as serine-threonine kinase activated by dsRNA upon viral infection (Sadler and
Williams, 2007). PKR mode of action is now well-described (Figure 9). It is composed of two
dsRBDs in N-ter and a kinase domain in C-ter. Upon recognition of a minimal 30-bp-dsRNA by
the first dsRBD, PKR mononers accumulate on the substrate leading to their interaction
(Lemaire et al., 2008). PKR homodimerizes via a region between residues 244 and 296 of the
kinase domain (Dar et al., 2005). Hence, the mutant K296R deprived of ATP-binding and
phosphate transfer activity (Katze et al., 1991) can no longer homodimerize (Dey et al., 2005).
Afterward, the active part of the kinase domain is structurally rearranged to allow the auto-
phosphorylation of residues T446 (Dey et al., 2014) and T451 (Romano et al., 1998). This
results in a stable and fully functional dimer ready to engage its substrates. The
phosphorylation of elF2a depends on T487, a critical residue in the catalytic site of PKR (Dey
et al., 2005).
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Figure 9 — Mechanism of dsRNA activation and phosphorylation activity of PKR.

PKR dimerizes following its binding of dsRNA. The structural rearrangement allows the opening of the ATP
fixation site in the N-ter lobe of the kinase domain. One residue, K296, binds ATP and will transfer first one
phosphate on residue T446 in the C-ter lobe of the kinase domain. This is followed by a second phosphorylation
on residue T451, which definitely stabilizes the dimer and opens the catalytic site. T487 is one of the catalytic
residues that will allow the phosphorylation of elF2a on S51. As PKR functions as a dimer, 2 molecules of elF2a
can be phosphorylated at the same time. AMP, adenosine monophosphate; ADP, adenosine diphosphate; ATP,

adenosine triphosphate; p-PKR, phospho-PKR. Structures PDB: 6D3K, 2A1A and 2A19.

PKR is retrieved in many mammals and paralogous kinases are found in frog, fish and
chicken (Rothenburg et al., 2009). Interestingly, the kinase domains of PKR evolved more
rapidly than the ones in the other EIF2AKs, indicating that it is under selection pressure.
Indeed, positive mutation selection events in the kinase domain are directly linked to the
targeting of PKR by viruses. In addition, a recent study on bats PKR show that they are the

ones that undergo the most positive selection events, compared to other mammalian PKRs.
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Besides, an EIF2AK2 gene duplication is present in Myotis species, suggesting a diversification

of bats PKR in the antiviral response. (Jacquet et al., 2022).

B. A cellular hub

1. A kinase with multiple targets

PKR kinase activity is mainly directed to elF2a phosphorylation, resulting in translation
inhibition. elF2a is one of the three subunits of elF2 involved in the binding of Met-tRNAiMet
by the 40S ribosomal subunit to form the 43S scanning complex. Once the initial AUG is
recognized, elF2 drops the charged tRNA on the Met initiation codon thanks to GTP hydrolysis
by the elF5 GTPase. elF2-GDP has no affinity for the initiator tRNA and needs GDP recycling
into GTP. This is done by the guanine exchange factor elF2B. elF2-GTP is then able to initiate
again the cap-dependent translation (Liu et al., 2020). However, if the a regulatory subunit of
elF2 is phosphorylated (p-elF2a), its affinity for elF2B increases thereby sequestering elF2B in
cells (Krishnamoorthy et al., 2001). As a result, cap-dependent translation is inhibited since
elF2B levels are much lower than elF2 levels in cells. Thereby, since viruses rely on the host

translation machinery, inhibiting translation is an antiviral mechanism.

PKR is also a central kinase tightly regulating the cell cycle progression. It is activated
by cellular dsRNAs formed by Alu repeats during mitosis. Its kinase activity plays a role in the
c-Jun N-terminal kinase activation regulating cell cycle actors (Kim et al., 2014a) (Figure 10a).
In the same way, during cell cycle or upon stress, mitochondrial and nuclear dsRNAs can bind
to PKR and regulate its activity (Kim et al., 2018). This explains why PKR has been linked to the
p53 pathway and to cancer progression. PKR phosphorylates p53 regulating its transcriptional
activity. In return, upon genotoxic stress, p53 induces PKR expression favoring elF2a
phosphorylation and leads to apoptosis, partly explaining p53 tumor-suppressor activity

(Cuddihy et al., 1999; Yoon et al., 2009).

PKR is also able to phosphorylate other substrates such as the DNA/RNA helicase DHX9
upon poly(l:C) transfection (Figure 10b). When phosphorylated, DHX9 is no longer able to bind
dsRNA. Phosphorylated DHX9 loses its ability to activate HIV-1 LTR transactivation. Thereby,

PKR kinase activity reduces HIV-1 infection in a elF2a-independent way (Sadler et al., 2009).
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Another downstream effect of elF2a phosphorylation is the upregulation of ATF4, a

major player in integrated stress response (ISR) and neurodegenerative disorders. Indeed,

ATF4 mRNA is translated when p-elF2a levels are high by a cap-independent translation

mechanism. In a mouse Alzheimer’s disease model, the blocking of PKR by a chemical inhibitor

rescue the memory deficit at early stages of the pathology (Segev et al., 2015) (Figure 10c).

Another aspect of ISR is the formation of stress granules. Stress granules are composed of

mMRNA in translational pause due for instance to the phosphorylation of elF2a.. Stress granules

are formed upon viral infection and can be driven by phosphorylation of elF2a or by the direct

binding of an inactive PKR with a stress-granule component, G3BP1 (Onomoto et al., 2014;

Reineke and Lloyd, 2014).
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Figure 10 — PKR kinase activity involves other features than translation inhibition.

(a) During the cell cycle, PKR is activated by endogenous nuclear or mitochondrial dsRNAs. Besides blocking
translation initiation, it can also activate the c-Jun kinase to regulate cell cycle. (b) PKR can phosphorylate DHX9,
which affects its dsRNA- and HIV-1 TAR RNA-binding capacity, which results in a drop of HIV-1 mRNA activation.
(c) Upon stress, for example in Alzheimer disease, phosphorylation of elF2a. by PKR results in the cap-
independent translation of stress factors such as the transcription factor ATF4 that will induce the expression of

stress-related genes.

2. Interferon signaling

One of the main functions of stress granules is to modulate IFN signaling and the induction of
ISGs expression (Figure 11a). Upon infection with and NS1-deficient Influenza A virus, stress
granules are formed and contain both PKR and RIG-I cytosolic receptor. Deletion of PKR
inhibits IFN signaling but also stress granules formation. At the same time, deletion of the
stress granules component G3BP1 downregulates PKR activity on elF2a. PKR may be involved
in RIG-1 activation upon IAV infection (Onomoto et al., 2012). Another RLR-related role of PKR
is its involvement in MDA5-signal transduction upon Vaccinia virus infection (Pham et al.,
2016). PKR is able to trigger IRF3 nuclear translocation to activate IFN-I expression in a MAVS-
dependent manner (Figure 11b). MAVS also interacts and stimulates PKR activation and elF2a
phosphorylation upon dsRNA detection thus promoting the formation of stress granules
(Zhang et al., 2014). Lastly, upon Vaccinia virus infection, MAVS is required to activate PKR-

dependent IRF3 activation to restrict viral infection (Zhang and Samuel, 2008).

PKR was also found in complex with STAT1 and in response to IFN or dsRNA, PKR
dissociates from STAT1 to allow the expression of ISGs. This transcriptional regulation does
not depend on PKR catalytic activity and is even increased when a kinase-deficient PKR is
expressed (A. H.-T. Wong et al., 1997). Upon measles virus infection, PKR activity is essential

to activate the MAPK pathway leading to IFN response (Taghavi and Samuel, 2012).

Interestingly, PKR also plays arole in IFN  production in two different ways. First, upon
infection with viruses such as Semliki forest virus or encephalomyocarditis virus (EMCV), PKR
stabilizes the integrity of newly synthetized IFN B mRNAs (Schulz et al., 2010). PKR is also able

to induce the transcription of IFN B8 mRNA. Upon measles virus infection or synthetic dsRNA
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transfection, elF2a phosphorylation by PKR results in a decrease of IKBa, the NF-kB inhibitor,

and an increase of the NF-kB transcriptional response (McAllister et al., 2012) (Figure 11c).
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Figure 11 — PKR is involved in the immune signaling activation.

(a) Upon Influenza A virus infection, RIG-I is activated and is relocalized in stress granules formed by PKR and
G3BP1. These stress granules are known to be component of the IFN-I signaling cascade. It is also the case upon
vesicular stomatitis virus infection where this time, the interaction between activated MAVS and PKR triggers
PKR activity on elF2a necessary to form the G3BP1-induced stress granules. (b) PKR has also direct functions in
the IFN-I transcriptional activation. Upon vaccinia virus infection, the MDA5-MAVS activation leads to the
activation of PKR that is responsible for IRF3 activation and nuclear translocation enabling the IFN-I response. (c)
Finally, PKR can also control IFN 8 production by stabilizing its mRNA in the cytosol after MDAS activation by

Semliki forest virus and encephalomyocarditis virus. During measles virus infection, PKR induces translation
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inhibition that results in a decrease of protein accumulation of the inhibitor IkBa. thereby freeing RELA that will

transcriptionally activate IFN R.

The link between PKR and NF-kB is now firmly established and different activation
mechanisms have been described. The first occurrence of this link was the realization that the
NF-kB pathway was activated in several cell lines treated with dsRNA. PKR was shown in vitro
to phosphorylate 1kB leading to p65 activation (Kumar et al., 1994) (Figure 12a). However,
other activation pathways that depend or not on PKR catalytic activity have been reported.
Thus, PKR and its mutant K296R, which cannot phosphorylate but still binds RNA, were found
interacting with the IKK complex (Figure 12a). This enhances the kinase activity of the complex
and in the end, the NF-kB binding activity (Ishii et al., 2001). Other have shown that PKR
interaction with the kinase IKKR is sufficient to activate the IKK complex, with no requirement
for an active kinase activity (M. C. Bonnet et al., 2000). PKR has also been associated with a
regulatory action upstream of the IKK complex (Gil et al., 2000). These disparities on the
involvement of PKR catalytic activity in NF-kB activation highlight subtle differences depending

on the type of stress or cells considered.

NF-kB induction by PKR was further associated with many cellular events including
apoptosis, IRF1 induction, macrophages activation, metabolism defects (hyperosmotic stress),
cancer progression and viral infection (Farabaugh et al., 2017; Gil et al., 1999; Kirchhoff et al.,
1999; Li et al., 2001; Maggi et al., 2000; Zhu et al., 2021). Unexpectedly, in some cases, the
PKR transcriptional inducer activity can lead to an inflammatory state that will promote viral
infection. Thus, in HIV-1 infected cells, Tat protein activate the PKR-dependent NF-kB pathway
to enhance Tat transactivation activity (Demarchi et al., 1999). PKR-dependent pro-viral effect
also happens upon Zika virus infection, where the virus-mediated inhibition of mitophagy
activates PKR and its capacity to induce the expression of pro-inflammatory cytokines in an

elF2a-phosphorylation independent manner (Ponia et al., 2021) (Figure 12b).
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Figure 12 — PKR acts as a NF-kB inducer to mount the pro-inflammatory response.

(@) In vitro, PKR activity was shown to be essential for the phosphorylation of kBa allowing the NF-kB
transcriptional response. However, in vivo, even though PKR kinase activity is required, it seems to be acting
upstream of the activation of the IKK kinases complex. In another case, PKR catalytic activity was not required
for IkBa. phosphorylation by IKK complex but its interaction with IKK2 is essential to activate the NF-kB response
and the expression of pro-inflammatory genes. (b) The immune transcriptional activation by PKR is hijacked by
Zika virus that uses the inhibition of mitophagy to activate PKR and the expression of pro-inflammatory cytokines.

These cytokines display a pro-viral role and help the viral dissemination in the body.

69



3. Viral evasion and PKR inhibition

Given its implication in antiviral defense mechanisms, it is no surprise that many have
developed counter-measures against PKR activity. Many strategies have been reported such
as direct inhibition of PKR RNA-binding, pseudo-substrate formation, dsRNA masking, PKR
degradation or cap-independent translation mechanisms (Cesaro and Michiels, 2021) (Figure

13).

Poxviruses K3L protein is well-studied for its elF2ac mimicry. This allows the viral
protein to bind the kinase pocket in PKR and to block the interaction with elF2a (Dar et al.,
2005; Kawagishi-Kobayashi et al., 1997) (Figure 13a). Vaccinia virus encodes another PKR
inhibitor, E3L, which sequesters dsRNA. A similar strategy is adopted by HIV-1, which
sequesters PKR via its 23bp Tat-responsive region RNA (TAR). It is not long enough to activate
PKR as 30 bp are required to attract two PKR monomers leading to their activation (Gunnery
etal., 1990). The foot-and-mouth disease picornavirus is restricted by PKR but uses an efficient
countermeasure to avoid PKR antiviral activity: the 3C protease is able to induce its lysosomal

degradation (Li et al., 2017).

To overcome translation inhibition by PKR some viruses developed a genomic feature
enabling cap-independent translation (Figure 13b). For instance, Sindbis and Semliki viruses
possess a short stem-loop at the beginning of their subgenomic RNA, which directly attracts
the ribosome without requirement of the initiation complex (Carrasco et al., 2018; Ventoso et

al., 2006).

Conversely, some viruses, like hepatitis C virus, activate PKR to induce the translation
inhibition of IFN cytokines, thus indirectly down-regulating the immune signaling (Arnaud et

al., 2010).
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Figure 13 — PKR functions are inhibited by viruses via different mechanisms.

(a) Vaccinia virus adopts a pseudo-substrate strategy to counteract PKR. Its K3L protein shares a strong homology
with elF2a, competing for PKR binding in its catalytic pocket. Thus, elF2a. phosphorylation by PKR is abrogated.
PDB structure: elF2a, 1KL9; PKR + elF2a, 2A1A; K3L, 1LVZ. (b) Sindbis virus and Semliki forest alphaviruses use a
cap-independent translation mechanism to express their structural proteins. A stem-loop, called DLP

(downstream stem-loop), directly attract the 80S ribosome.
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4. PKR partners

PKR activity can be directly controlled by the binding of cellular factors, such as for instance
NF-90, Hsp90 or the ribosomal protein L18 (Donzé et al., 2001; Kumar et al., 1999; Wen et al.,
2014). Two dsRBPs, which are also partners of Dicer, have opposite effects on PKR activity.
First, PACT is known to be in most cases a PKR activator even in the absence of dsRNA binding.
PACT was discovered as an interactant of PKR in a yeast two-hybrid screen using the inactive
PKR K296R as a bait. This interaction occurs between the two first dsRBDs of PACT and PKR
dsRBDs (Patel and Sen, 1998). The third dsRBD in PACT, also known as the Medipal domain is
structurally different from the two others, lacks the amino-acids necessary for dsRNA binding,
and is involved in the direct activation of PKR (Peters et al., 2001) (Figure 14). The Medipal
domain interacts with the beginning of PKR kinase domain near the ATP binding site, therefore

allowing its opening to free the K296 and T446 residues (Li et al., 2006).
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Figure 14 — PACT binding to PKR releases its kinase domain.

PKR and PACT interact via their first two dsRBDs. In a latent state, PKR is in a close conformation hiding the
dimerization and ATP fixation sites. PACT fixation to the PKR dsRBDs allows its Medipal domain to open the N-
ter lobe of PKR kinase domain, which releases the dimerization site and K296 to activate PKR. Two phospho-sites

are found in the Medipal domain, S246 is constitutively phosphorylated and S287 is phosphorylated upon stress.

PACT is involved in the induction of PKR-dependent apoptosis in stressed cells (Peters
et al.,, 2001). Of note, PACT also plays many other roles as the direct activation of RIG-I-

mediated signaling upon infection (Kok et al., 2011). Cell treatment with diverse stress agents
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such as arsenite, thapsigargin, ceramide, hydrogen peroxide or even IL-3 deprivation induces
PKR in mouse cells (Ito et al., 1999; Ruvolo et al., 2001). Overexpression of PACT can also by
itself activate PKR without any external stimuli (Ito et al., 1999; Patel et al., 2000). Upon
tunicamycin-induced ER stress, PACT is also able to activate PKR and its role in the unfolded
protein response pathway (Singh et al., 2009). The activated PKR induces the expression of
the C/EBP homologous protein (CHOP) that will activate the transcription of stress-associated
genes (Figure 15a). In all these cases, PKR is activated, autophosphorylates and inhibits cellular
translation and cell growth. Upon hyperosmotic stress, PACT induces the PKR-dependent NF-
kB/p65 activation leading to an inflammatory state (Farabaugh et al., 2020) (Figure 15b). After
PKR activation, PACT dissociates from the phosphorylated PKR (Daher et al., 2009).

The PKR activation by PACT is also tightly regulated. TRBP is able to sequester PACT
away from PKR. Upon peroxide or arsenite treatment, the interaction between TRBP and PACT
is lost, while the interaction between PACT and PKR increases (Daher et al., 2009). Besides,
high TRBP expression levels alleviate PACT-mediated PKR activation without stresses (Daher
et al., 2009). Moreover, PACT can be phosphorylated on two serine residues in the Medipal
domain, which increases its affinity for PKR dsRBDs (Patel et al., 2000; Peters et al., 2006)
(Figure 15c). Under physiological conditions, phospho-S246 PACT is bound to TRBP in the
cytosol, therefore not available to interact with PKR. The phosphorylation of S287 residue
upon stress dissociates PACT from TRBP, allowing the formation of a PACT homodimer (Singh
et al., 2011) (Figure 15c). This homodimer is necessary for PKR activation (Singh and Patel,
2012).
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Figure 15 — PACT activates PKR functions upon stresses.
(a) ER stress promotes the PACT/PKR interaction leading to PKR activation and elF2a phosphorylation. The cap-

=

dependent translation inhibition uncovers the expression of stress-specific transcription factor CHOP (C/EBP
homologous protein). (b) Upon hyperosmotic stress, PACT interaction with PKR also promotes its transcriptional
induction activity of NF-kB leading to the activation of the pro-inflammatory response. (c) PACT is regulated by

two phosphorylations: a constitutive one on S246 and a stress-induced one on S287, which increases PACT
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affinity for PKR. The double phosphorylation also induces dissociation of the TRBP/PACT complex and allows

PACT to homodimerize and activate PKR.

TRBP can also directly interact with PKR with its first two dsRBDs. On PKR, the same
residues are involved in PACT and TRBP interactions (Gupta et al., 2003). The first dsRBDs of
PACT, TRBP and PKR share a strong sequence homology explaining the same interacting
platform. As opposed to PACT, the Medipal domain of TRBP is involved in PKR inhibition
(Gupta et al., 2003) (Figure 16a). In HIV-1 infected cells, TRBP both sequesters PKR and
competes with it for the binding of the TAR element thereby promoting HIV-1 infection
(Benkirane et al., 1997) (Figure 16b). Similarly to PACT, TRBP is phosphorylated by MAPK/ERK
on two key residues, S142 and S152, which reinforces its interaction with PKR (Nakamura et
al., 2015), increases its inhibitory effect and enhances cell survival (Chukwurah and Patel,
2018) (Figure 16¢c). During mitosis and in the presence of long dsRNAs, TRBP is
hyperphosphorylated by the JNK kinase and inhibits PKR activity. But this phosphorylation

does not alter its interaction with either Dicer or PACT (Kim et al., 2014).
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(a) TRBP competes with PACT for the binding of PKR. Once bound to the first two dsRBDs of PKR, TRBP uses its

Medipal domain to block the opening of the dimerization and ATP binding sites in PKR. Since TRBP also interacts
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with PACT, exchanges in the interacting complex are responsible for the control of PKR activity. (b) Upon HIV-1
infection, TRBP acts as a pro-viral factor by sequestering PKR and directly binding the TAR RNA. (c) Upon fatty
acids accumulation, TRBP is phosphorylated by the MAPK/ERK kinase at S142 and S152, which increases its PKR

binding activity and inhibition.

PKR is activated upon HIV-1 infection by the TAR-RNA to block the transactivation
(Clerzius et al., 2011). PACT is also retrieved in a multiprotein complex associated with ADAR1
and PKR and acts as a PKR inhibitor of an HIV-1 molecular clone expression in HEK293T cells
(Figure 17a). Loss of ADAR1 and PACT, drastically inhibits HIV-1 expression. This time, PACT-
mediated PKR inhibition is due to the direct binding of ADAR1 to PACT blocking its activity
(Clerzius et al., 2013). Besides, ADAR1 antagonizes PKR activity upon viral infection by editing
viral dsRNA masking it from PKR recognition (Pfaller et al., 2011) (Figure 17b). Outside of PACT
interaction, ADAR1 also binds directly PKR in vesicular stomatitis virus, HIV-1 and measles virus
infected cells, inhibiting its activity and enhancing viral replication (Clerzius et al., 2009; Li et

al., 2010; Nie et al., 2007) (Figure 17b).
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Figure 17 — ADAR1 acts as a pro-viral factor by inhibiting PKR activation.

(a) The deaminase ADAR1 antagonizes PKR upon HIV-1 infection. To do so, ADAR1 binds to the PACT/PKR
complex, reverting the PACT-induced PKR activation. (b) ADAR1 activity on dsRNA prevents its recognition by
PKR. This mechanism is used by many viruses that hijack ADAR1 to promote their replication. ADAR1 can also
directly bind to PKR blocking its activation upon vesicular stomatitis virus (VSV), HIV-1 and measles virus

infections.
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CHAPTER 3: Human emerging RNA viruses: from alphaviruses to

coronaviruses

A. Alphaviruses

1. General information and discovery

Alphavirus is the only genus of the Togaviridae family composed of enveloped positive
belonging to the group IV of the Baltimore classification (single-stranded RNA (+ssRNA)
viruses). Members of this genus have a genome size of 9.7 to 12kb. They infect vertebrate and
invertebrate hosts depending on their specific entry receptors. Some of them, called
arboviruses (arthropod-borne viruses), are transmitted between invertebrate vectors and
vertebrate hosts. They can cause several symptoms in infected animal, especially in humans,
including rash, fever, muscle pain, arthritis and in worst cases encephalitis. Alphaviruses are
divided into 4 clades according to their E1 and E2 envelope sequences similarities (Figure 18):
Semliki forest virus, Eastern equine encephalomyelitis virus, Venezuelan equine
encephalomyelitis virus and Western equine encephalomyelitis virus complexes. They are also
commonly referred to as Old World and New World viruses, which cause respectively arthritic
symptoms and encephalitis (Knipe and Howley, 2013). They are considered as emerging and
re-emerging threats as they can still cause epidemic outbreaks with severe human morbidity,
as we witness with the Chikungunya virus (CHIKV) since 2004. CHIKV was the first arthritogenic
virus identified in the United Republic of Tanzania in 1952 followed by other African and Asian
countries (Staples et al., 2009). The virus name is linked to its related symptoms, “kungunyala”
meaning to walk bent over in Kimakonde language (Bartholomeeusen et al., 2023). Since then,

many outbreaks have been reported in urban areas.

Many alphaviruses are found infecting non-human primates, humans and horses and
are transmitted via mosquitoes from the Aedes, Culex or Anopheles species depending on their
repartition areas. In that case, they are maintained through a sylvatic cycle in “reservoir host”
and are transmitted to a vertebrate host where symptoms are detected (Guzman et al., 2020).
Of note, the increasing proliferation of vector insects is linked to climate change (temperature,
precipitations), urbanization, demographic concentrations and travels (Guzman et al., 2020).

Other members of the genus do not cycle between arthropods and vertebrate hosts, e.g. the
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insect-specific Eilat virus (Nasar et al., 2012) or the salmonid alphaviruses causing pancreas
disease in Atlantic salmon (Deperasiriska et al., 2018). Interestingly, the discovery of the latest

raised the hypothesis of a marine origin for the alphaviruses genus (Forrester et al., 2012).

Figure 18 — Phylogeny of Alphaviruses members according to their glycoprotein sequences (E1 and

E2).

Adapted from (Zimmerman et al., 2023). The phylogenetic distances are calculated according to the sequence
alignment of the E1 and E2 sequences of the different alphaviruses. RRV, Ross river virus; SFV, Semliki forest
virus; UNAV, Una virus; MAYV, Mayaro virus; ONNV, O’nyong’nyong virus; CHIKV, Chikungunya virus; MADV,
Madariaga virus; EEEV, Eastern equine encephalomyelitis virus; VEEV, Venezuelan equine encephalomyelitis
virus; HJV, Highlands J virus; WEEV, Western equine encephalomyelitis virus; FMV, Fort Morgan virus; BCV, Buggy
Creek virus; BBKV, Babanki virus; OCKV, Ockelbo virus; SINV, Sindbis virus; WHAV, Whataora virus; AURV, Aura

virus.
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2. Classification

a. Old world alphaviruses

Members from this group are also referred to as arthritogenic or rheumatoid viruses because
of the joints-related symptoms they cause in humans. It includes Barmah Forest, Chikungunya,
Ross River, Semliki Forest, O’Nyong-nyong, Mayaro and Sindbis viruses (SINV). They are the
cause of recurrent endemic outbreaks as for Chikungunya since 2004 with a spread from Africa
to Indian Ocean (Kariuki Njenga et al., 2008; Powers and Logue, 2007). Many cases coming
from the East Central South African lineage are reported in almost 40 countries of which Italy
and France (Angelini et al., 2008; Delisle et al., 2015). Besides, a new strain emerged from the
recent Asian lineage and spread in the Caribbean Sea with an outbreak in 2013 that reached
South America (de Oliveira et al., 2021; Van Bortel et al., 2014). Chikungunya is still the most
watched and prevalent epidemic-causing arthritogenic alphavirus but other members are
often linked to persistent infection in populations with thousands of cases per year. It is the
case for Ross River virus causing around 4,000 cases each year in Australia and for Sindbis virus
with around a hundred of cases per year in Finland (Laine et al., 2004; Murphy et al., 2020).
Chikungunya virus is mainly retrieved in South America, Africa and Pacific areas whereas Ross

River virus stays endemic to Australia and SINV to Northern Europe (Figure 19a).

They are naturally amplified through a sylvatic cycle in “reservoir host” such as non-
human primates, birds, rodents, bats or kangaroos (for Ross River virus) and will once in while
spillover to humans (Guzman et al., 2020). Once in human, they are propagated in an urban
cycle between their final hosts bitten by the same mosquito (Figure 19b). For Chikungunya,
Aedes species are predominantly involved in the human transmission with A. albopictus and

A. aegypti being the cause of epidemic outbreaks (Singh and Unni, 2011).

The infection lasts 7 days and usually rapidly triggers the innate immune response
(mostly the type | interferon response) (Carpentier and Morrison, 2018). Yet, in some cases, it
can evolve in a chronic infection that can last for months. CHIKV RNA was detected in
macrophages up to 55 days after infection (Labadie et al., 2010). Alphaviruses have a large
range of symptoms due to their tropism infecting fibroblasts (dermal and synovial joints),

keratinocytes, endothelial cells, osteoblasts, neurons and macrophages (Suhrbier, 2019). This
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leads to the appearance of clinical symptoms in the acute phase: rash, fever, joint and muscle
pains and in some cases, a deficiency in the central nervous system and encephalitis (Suhrbier
et al., 2012). Alphavirus infections are usually considered as mild with a complete recovery.
Mortality is rarely observed, even during the 2004-2011 Chikungunya pandemics and is most

often associated with older age or comorbidities (Tandale et al., 2009).

Currently, no vaccine is approved by the FDA but they are under development. The
most promising is the live-attenuated VLA1553 against Chikungunya (Roques et al., 2022). The
only way to manage infections is by the use of symptoms-related drugs like paracetamol, anti-

pyretics and analgesics (WHO, 2023a).

(b)

Sylvatic cycle Urban cycle

Reservoir hosts Dead-end hosts
Bridge vector
Viral spill-over

Figure 19 — Worldwide repartition and transmission cycles of three old world alphaviruses.

(a) Repartition of listed cases of three old world alphaviruses on January 2020 adapted from (Baxter and Heise,
2020). CHIKV, Chikungunya virus; SINV, Sindbis virus; RRV, Ross river virus. (b) Representation of transmission
cycles. Alphaviruses are maintained in a sylvatic cycle fueled by mosquito bridge vectors. Spill-over infections
occur when mosquitoes bite humans. They can then fuel the urban cycle or come back to wild animals to create

a new sylvatic reservoir cycle.
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b. New world alphaviruses

These are zoonotic viruses are also called encephalitic viruses due to their neurological-linked
symptoms onset. They are mainly composed of Western-, Eastern- and Venezuelan equine
encephalomyelitis viruses (WEEV, EEEV and VEEV). They were the first alphavirus isolated
from horses in California, Virginia, and New Jersey and from a child in Venezuela in the 1930s.
They were then found in mosquitoes and in bats. VEEV was detected in a vampire bat in
Mexico in 1970 and EEEV was detected last year in neotropical Myotis species, raising the
concerns that bats could act as viral amplifiers (Correa-Giron et al., 1972; Moreira Marrero et

al., 2022) (Figure 20a).

As their name indicates, they are present in Americas: EEEV is found in Eastern North
America and Caribbean Seas, VEEV in Mexico and Northern Southern America, WEEV in
Canada, Central America and Western and Central United States (Guzman-Teran et al., 2020)
(Figure 20b). Mostly transmitted by mosquitoes from Culex and Culiseta species (Zacks and
Paessler, 2010), they are rarely mortal in humans but EEEV can cause death in up to 90% of

infected.

The associated symptoms are flu-like, WEEV and EEEV infections cause fever,
headache, muscle pain and malaise. In few cases, this can lead to encephalitis or
encephalomyelitis due to hemorrhages in the basal ganglia and thalamus (Reeves et al., 1958)
(Deresiewicz et al., 1997). VEEV is the only one that can be transmitted via aerosol causing
several laboratory accidents, it is less prone to cause encephalitis in humans and cause flu-like
symptoms but can often be associated with neurological sequelae in humans (Johnson and
Martin, 1974). After infection, encephalitic viruses replicate in the lymphoid tissues and then
reach the central nervous system, through the olfactory pathway. Viral particles can cross and
even breach the blood-brain barrier at later infection times (Schafer et al., 2011). Studies
showed that the neuronal axis was the main route for central nervous system infection for

VEEV and WEEV (Phillips et al., 2016).

There are currently no FDA-approved vaccines even though the US army developed a
live-attenuated vaccine in the sixties and later a formalin-inactivated vaccine to immunize
horses and protect laboratory and military personnel from VEEV (Cieslak et al., 2000; Pittman

et al., 1996). However, due to their short-term efficiency and high level of secondary effects,
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efforts are now focused on the development of new vaccines based on viral vector or DNA

strategies (Stromberg et al., 2020).

Urban cycle
Sylvatic cycle
Dead-end hogts
Reservoir hosts

* Bridge vector
Viral spill-over

(b)

Figure 20 — Transmission cycles and worldwide repartition of three new world alphaviruses.

(a) Representation of transmission cycles of new world alphaviruses. Alphaviruses are maintained in a sylvatic
cycle fueled by mosquito bridge vectors. Spill-over can occur through transmission to humans and horses. For
horses, this is often fatal. Once in urban areas, mosquitoes can fuel the urban cycle or come back to wild animals
to create a new sylvatic reservoir cycle. (b) Repartition of listed cases of three New World Alphaviruses on January
2020 adapted from (Baxter and Heise, 2020). WEEV, Western equine encephalomyelitis virus; VEEV, Venezuelan

equine encephalomyelitis virus; EEEV, WEEV, Eastern equine encephalomyelitis virus.

3. Sindbis and Semliki viruses

Sindbis virus (SINV) was isolated from Culex mosquitoes in 1952 in the village of Sindbis near
Cairo (Laine et al., 2004). The first human cases were observed in 1961 in Uganda (“Facts about

Sindbis fever,” ECDC, Europa 2017). SINV is widespread and was detected for the first time in
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Europe in ticks in Italy in 1975 (Gresikova et al., 1978). Few years later, it was isolated from
Russian and Norwegian mosquitoes leading to the conclusion that at least 3 SINV strains
emerged from Europe, Middle East and Africa (Norder et al.,, 1996). SINV strains are
phylogenetically closer to New World alphaviruses (Powers et al., 2001). Birds (fieldfare,
redwing, capercaillie) are the main reservoir host and spill-over to other vertebrate hosts,
mainly in Northern Europe, is mediated by Aedes, Culiseta and Culex mosquitoes (Brummer-

Korvenkontio et al., 2002).

SINV is linked to three diseases described by their symptoms linked to rash, fever and
arthritis: Ockelbo disease (Sweden), Pogosta disease (Finland) and Karelian fever (Russia), but
these symptoms are usually mild compared to other alphaviruses (Laine et al., 2004). In some
cases, it can also cause muscle pain and headache. In general, most infections are
asymptomatic and no fatal infections were reported by ECDC (“Facts about Sindbis fever,”

2017).

Semliki Forest virus (SFV) is another old world alphavirus, mainly found in Africa and
transmitted by mosquitoes. SFV was first isolated from Aedes abnormalis mosquito in the
Semliki forest in Uganda in 1942 (Smithburn and Haddow, 1944). SFV is considered as mildly
pathogenic in humans causing fever, myalgia and arthritis (Mathiot et al., 1990). However,
neurological related symptoms are close to the one observed with New World alphaviruses.
SFV causes specifical neurological symptoms reaching oligodendrocytes and is mostly studied
in encephalitis models in mice (Baxter and Heise, 2020). SFV is related to the same clinical

onset as the other arthritogenic alphaviruses.
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4. Structure, viral genome and viral cycle

a. Structure and genome
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Figure 21 — Particle and genome structure of SINV.

(a) SINV particle structure as determined by Cryo-EM. The enveloped spherical particle is composed from outside
to inside of envelope glycoproteins (blue), lipid bilayer coming from host cells (green), capsid (yellow) and the
RNA genome (red). (b) The +ssRNA genome of about 11 kb capped is polyadenylated and encodes two ORFs
(open reading frames) surrounded by a 5’ and 3’UTR (untranslated region) and separated by an intergenic region.
The genomic 49S RNA is translated into the non-structural proteins from the ORF1 and replicated into a negative
antigenome from which the 26S subgenomic promoter allows the expression of the structural proteins from the
ORF2. Although it is capped, ORF2 translation is cap-independent thanks to the DLP (downstream loop). nsP2 is
a protease, nsP1 the capping enzyme and nsP4 the RNA-dependent RNA polymerase. m7G, 7-methylguanosine;

nsP1 to 4, non-structural proteins 1 to 4; C, capsid; E1 to E3, envelope protein 1 to 3.
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The family name “Togaviridae” came from the particular morphology of the particle observed
in electron microscopy and that looks like a Roman cloak (“toga” in Latin). They are enveloped
spherical viruses with 240 capsid monomers forming a T=4 icosahedral symmetry. The virion
is about 60-70nm in diameter and composed of the structural proteins protecting the 10 to
12kb genomic RNA in the capsid (Figure 21a). The envelope is composed of E1/E2
glycoproteins heterodimers organized in trimers and a host-derived lipid bilayer membrane

(Strauss and Strauss, 1994).

The genome is composed of two open reading frames (ORFs) and 3 untranslated
elements: 5 and 3’-untranslated regions (UTR) and an intergenic element (Figure 21b). The
genome is polyadenylated and capped 5’ with a type 0 cap (N7mGpp) by the viral non-
structural protein nsP1. Overall, alphaviruses genomic RNA looks like a cellular messenger RNA
allowing its rapid translation after cell entry (Strauss and Strauss, 1994). The 5'UTR ranges
from 27 to 85nt and is structurally essential for the replication as it contains the promoter,
translation and evasion from the innate immune response (Hyde et al., 2015). The 3’UTR, 87
to 723nt-long, is also essential for replication as the replication of the positive strand 3’UTR
uncovers a promoter element in the generated minus strand. 5’ and 3’ UTR are also interacting
together to initiate replication and promoter elements for the positive and minus strand are
different (Frolov et al., 2001). Replication is also enhanced by two stem-loop structures in the
nsP1 coding region (Frolov et al., 2001). Between the two ORFs stands another stem-loop
structure called the downstream loop (DLP) essential to escape the host translational shutoff
and which allows the translation of the second ORF (Ventoso et al., 2006). Chikungunya virus
presents a specific 3’'UTR including a succession of direct repeats with lineage-specificities and
may be due to a fitness adaptation allowing a better replication in mosquitoes cells and

increasing its host range (Chen et al., 2013).

The first ORF encodes the non-structural proteins nsP1 to nsP4, which form the
replication complex early in the infection cycle (Figure 21b). The second ORF, translated later
after the first rounds of replication, includes the structural proteins, the capsid, the envelope
glycoproteins E1 to E3 and the 6k protein, which is essential for the formation of functional
viral particle. The second ORF is translated from the 26S subgenomic RNA in a capped-
independent manner. The DLP structure (as IRES for other viruses) directly binds the 40S

ribosomal subunit to start translation (Figure 21b). Interestingly, there is no identical PKR-
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dependent translation shut-off in invertebrate cells, making this DLP dispensable for SINV
replication in insect cells. This supports an evolutionary pressure on DLP selection in
alphaviruses genome to overcome the translational shut-off, allowing them to infect

vertebrate cells (Ventoso, 2012).

b. Virus attachment and entry
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Figure 22 — Alphaviruses infection cycle.

The first step is the binding of the viral particle via the E1/E2 glycoproteins to its receptors: C-type lectins, VLDLR,
APOER2, Heparan sulfate or phosphatidylserine (1). The viral particle enters via clathrin-dependent endocytosis
and its genome is released in the cytosol after an acidification-dependent fusion of the viral and the vesicle
membranes (2 and 3). Once in the cytosol the genomic RNA is directly translated to produce the non-structural
proteins further proteolytically matured by nsP2 (4). The assembled replication complex migrates to the cell
membrane forming a replication spherule where genome, antigenome and subgenome are produced (5 and 6).
The antigenome unveils the subgenomic promoter allowing the production of the structural proteins in a cap-
independent way (7 and 8). Capsid proteins associate with the genomic RNA via the encapsidation site in the
nspl-nsP2 sequence (9). Meanwhile, the glycoproteins and the 6k/TF protein are further matured and modified
via the endoplasmic reticulum-Golgi apparatus pathway to reach the host membrane where they assemble (10).

The nucleocapsid reaches the neo-envelope and buds out of the host cell (11).

The search for a specific alphaviruses receptor in vertebrate cells is a complex endeavor since
alphaviruses infect a large range of hosts and cell types. A family of receptors found in both
mammals and mosquitoes was shown to be involved in SFV entry partially explaining the
adaptation to the different hosts. Indeed, the very low-density lipoprotein receptor (VLDR)
and apolipoprotein E receptor 2 (ApoER2) can interact with the dimers E1/E2 from the
envelope of SFV, SINV and EEEV allowing their internalization (Figure 22 — 1). Their insect and
worm orthologs are also functional for viral entry (Clark et al., 2022). Other vertebrate specific
cellular receptors were also discovered, explaining the cell type range of alphaviruses. The
most common is the heparan sulfate, a glycosaminoglycan interacting with E1/E2 upon
Chikungunya, SINV or EEEV infection (Byrnes and Griffin, 1998; Gardner et al., 2011; Silva et
al., 2014). Mutating the heparan binding site in the E1/E2 of EEEV restrains its cell tropism
(Gardner et al., 2011). However, for instance upon SINV infection, heparan sulfate depletion
was not sufficient to completely block the entry highlighting the existence of other receptors
(Byrnes and Griffin, 1998). Another glycan-containing broad receptor is the C-type lectin, of
which DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin) and L-SIGN (liver/lymph node-specific intracellular adhesion molecule-3-grabbing
non-integrin) are known as entry receptors for SINV and are preferred by viruses produced in
arthropod vectors (Klimstra et al., 2003) (Figure 22 — 1). Phosphatidylserine receptors, such as

TIM-1, are also suspected to play a role in alphaviruses entry and promote attachment but
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this seems to be cell-dependent (Kirui et al., 2021). Other receptors are suspected to
participate in alphaviruses attachment to mammalian cells: the laminin receptor or NRAMP2
for SINV, CD147 for Chikungunya, class | major histocompatibility complex (MHC-I) for SFV or
MXRAS8 that is common for many arthritogenic alphaviruses (reviewed in (Kim and Diamond,

2022)).

The viral particle enters the cell via clathrin-dependent endocytosis (Figure 22 - 2). The
lower endosomal pH allows the disruption of E1 and E2 interaction, uncovering the E1
fusogenic activity. E1 induces the fusion of the viral and host membranes, freeing the
nucleocapsid in the cytosol (Leung et al., 2011) (Figure 22 — 3 and 4). The nucleocapsid

interacts with the ribosomes to be disassembled revealing the genomic RNA.

c. Non-structural proteins production

Translation of ORF1 into polyproteins nsP123 or nsP1234 happens from the genomic RNA in a
cap-dependent manner(Figure 22 — 4). The expression of nsP4 depends on the readthrough
of an opal STOP codon and thus, it accumulates to lower levels than the other nsPs (Myles et
al., 2006; Strauss et al., 1983). The polyprotein then, undergoes a self-proteolytic cleavage led
by nsP2 on nsP4 first (Figure 22 — 5). nsP4 in complex with the polyprotein P123 is then able
to initiate the replication of genomic RNA through the synthesis of a negative strand. nsP1 is
then cleaved from the polyprotein forming a complex nsP1-nsP23-nsP4 switching the
replication to positive-sense RNA. Finally, at a later stage, nsP2 and nsP3 are cleaved apart
and the whole replication complex is formed of individual nsPs (Utt et al., 2014). All the
replication cycle takes place in the cytosol, mainly at the cellular membrane where structural
rearrangement allow the formation of replication spherules connected to the cytoplasm by a
bottleneck structure (Pietild et al., 2018) (Figure 22 — 6). Upon replication, a highly
immunogenic double-stranded RNA intermediate is formed and is hidden in these complexes

to limit triggering of the immune response (Figure 22 — 6).

The nsP1 protein is constituted of a methyltransferase and guanylyltransferase domain
that directs the addition of the methyl-7-guanine at the 5’ extremity of newly generated

genomic and subgenomic RNAs (Ahola and Karlin, 2015). Right after this domain, there is an
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amphipathic helix and a palmitoylation motif that confer a membrane-anchoring function to
nsP1 (Laakkonen et al., 1996; Lampio et al., 2000). nsP1 is also necessary for the minus strand

synthesis although its precise mode of action is not fully understood yet (Lulla et al., 2006).

The nsP2 protein is composed of two domains that are essential for alphaviruses
replication. At the N-terminal part, is the NTPase/RNA triphosphatase domain (RTPase)
carrying a helicase function that unwinds RNA structures formed upon replication (Gomez de
Cedron et al., 1999). The RTPase activity is essential to remove the y-phosphate at the 5’
extremities of newly synthetized genomic and subgenomic RNAs, and allow nsP1-mediated
capping (Vasiljeva et al., 2000). The C-terminal part of nsP2 is a protease domain that acts in
cis and in trans on the non-structural polyprotein (Lulla et al., 2006). Early in the infection nsP2
preferentially acts in cis whereas upon increased concentrations of nsP2 in the cytosol, it can
act in trans (de Groot et al., 1990). Finally, nsP2 is also associated with an increased
subgenomic RNA synthesis by directly binding to the subgenomic promoter (Suopanki et al.,

1998).

The nsP3 protein is composed of three domains: the macrodomain, the alphaviruses
unique domain (AUD) and the hypervariable domain (HVD). nsP3 is essential for RNA
synthesis, more precisely for the minus-strand and subgenome synthesis (LaStarza et al.,
1994). The AUD domain, an ADP-ribosylhydrolase enzyme, is also essential for structural
protein expression (Gao et al., 2019). Besides, the HVD is associated with the formation of
replication complex at the host membrane favored by the direct interaction between G3BP
proteins from stress granules and the HVD. It is also true for their insect-homolog Rasputin
that acts in the same way with nsP3, conveying another adaptation to cover a large host

spectrum (Fros et al., 2015, 2012).

The nsP4 protein carries the RNA-dependent RNA polymerase activity (Hahn et al.,
1989). The construction of chimeras between nsP4 proteins in alphaviruses allowed to

highlight its importance in template selectivity (Lello et al., 2021).
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d. Viral particles formation and release

The synthesis of the minus-strand RNA uncovers the subgenomic promoter, composed of 19nt
upstream and 2nt downstream the beginning of the 26S subgenomic RNA (Levis et al., 1990;
Miller and Koev, 2000) (Figure 22 — 7). This subgenomic RNA is translated into the structural
polyprotein composed of the capsid, the 6k and TF proteins and the E1-E2-E3 glycoproteins
(Figure 22 - 8).

The capsid protein thanks to its serine protease activity is the first cleaved from the
polyprotein. After its release, the capsid directly interacts with the 49S genomic RNA, more
precisely on the encapsidation site overlapping the nsP1 and nsP2 sequences, to form
nucleocapsid particles (Kim et al., 2011) (Figure 22 — 9). A recent study uncovered multiple
binding sites on the genomic RNA, which increase the packaging selectivity (R. S. Brown et al.,

2020).

After its production, the structural polyprotein goes to the endoplasmic reticulum
thanks to the signal peptide located in E3 (Figure 22 — 10). Cellular signalases cleave out the
6k protein, E1 and the precursor E2/E3 (Garoff et al., 1978). The glycoproteins then follow the
endoplasmic reticulum/Golgi apparatus pathway to be glycosylated and palmitoylated (Ryan
et al., 1998). E1 and E2/E3 precursor heterodimerize and E2 is cleaved out by the furin
protease in the trans-Golgi (Zhang et al., 2003). The glycoproteins complex is finally embedded
in the host cell membrane thanks to a transmembrane helix in E2 and E1 (Strauss and Strauss,
1994). E2 interacts directly with the nucleocapsid with its C-terminal part and with the host
receptors thanks to its N-terminal domain (Byrnes and Griffin, 1998; Lopez et al., 1994).
Heterodimers assemble into a spike-like structure with the help of E3 (Lobigs et al., 1990). E3
is also responsible for the spike transport to the cell membrane (Parrott et al., 2009). Lastly,
the 6k gene encodes two different proteins thanks to a ribosomal frameshift: the 6k protein
and the transframe protein (TF) (Firth et al., 2008). The 6k protein is essential for E1
translocation in the endoplasmic reticulum. If TF is translated, no E1 glycoprotein is produced
(Firth et al., 2008). TF may function as a virulence factor and 6k as a viroporin allowing the
viral release (Dey et al., 2019; Ramsey and Mukhopadhyay, 2017). TF protein is incorporated
into viral particles and has been described to antagonize the IFN-I response (Rogers et al.,

2020).
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The 6k protein also helps particle assembly by mediating interactions between E2 and the
capsid and enhancing budding (Gaedigk-Nitschko and Schlesinger, 1991). Once the
glycoproteins are embedded in the membrane, the released viral particle is coated by the

surrounding membrane-derived lipids to form the envelope (Figure 22 — 11).

5. Alphavirus and immune response

SINV, SFV and Chikungunya viruses are often used to study the innate immune response in
human cells in particular the suppression of type | interferon response and host cell
translational shut-off (Breakwell et al., 2007; Carpentier and Morrison, 2018; Fros and Pijlman,
2016; Sanz et al., 2015). Studies on IFNAR1-deficient mice highlighted that type | interferon
response is the main immune response against alphaviruses (Ryman et al., 2000). Innate
sensing occurs through different sensors such as TLR3, which was proposed to restrict
Chikungunya infection in mice (Her et al., 2015). However, this is not the case for SINV since
TLR3-deficient mice do not show exacerbated neurological inflammation upon infection (Esen
etal., 2012). RLRs are also key immune sensors of alphaviruses infection. Both RIG-l and MDA5
are acting in this recognition within the first hours of infection (Akhrymuk et al., 2016). Using
non cytopathic mutants of VEEV and SINV, it was shown that type | interferon is induced in
NIH 3T3 cells and that at least one of the RLRs is sufficient to mount an efficient immune
response, which worked better if both of them are functional. Surprisingly, CHIKV and SFV are
less sensitive to RLR detection than VEEV and SINV, showing once again differences in the
same genus (Akhrymuk et al., 2016). MAVS-deficient NIH 3T3 cells are unable to mount an
efficient IFN-I response against CHIKV (Schilte et al., 2010). Alphavirus pathogenesis is also
influenced by the activation of NOD-like receptors (NLRs) that are less studied but seem to be
proviral. Indeed, patients infected by CHIKV expressed elevated levels of NLRP3 and pro-
inflammatory cytokines in blood, and these were shown to be proviral in a mouse model (Chen

etal., 2017).

Few ISGs have been characterized upon alphaviruses infection. Infection of mouse and
human primary fibroblasts by SINV, SFV and CHIKV activates PKR (Barry et al., 2009; Ventoso
et al., 2006; White et al., 2011) (Figure 23a). In the case of CHIKV, this is also accompanied by
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the blocking or IRF3-mediated transcriptional response (White et al., 2011) (Figure 23a).
However, PKR activation does not necessarily result in the decrease of viral load since no drop
of infectivity was detected upon SINV and SFV infection in PKR-deficient mice (Barry et al.,
2009). This can be explained by the presence of the downstream loop (DLP) at the beginning
of the 26S subgenomic mRNA, which allows the translation of structural proteins in an elF2a-
independent manner (Ventoso et al., 2006) (Figure 23a). Interestingly, another elF2a-kinase,
GCN2, normally activated by amino-acid deprivation, is also activated by alphaviruses
infection (Berlanga et al., 2006). GCN2 recognizes a bipartite sequence at the beginning of
SINV genomic RNA, overlapping the encapsidation signal. As a result GCN2-deficient mouse

fibroblasts are more susceptible to SINV infection (Berlanga et al., 2006).

The RNasel pathway was also showed to be involved in the immune response. RNaselL
and OAS genes are ISGs that act against SINV (Figure 23b). OAS3 overexpression in Hela cells
blocks SINV and SFV replication in an RNaselL-independent manner (Bréhin et al., 2009).
Nevertheless, this cannot be generalized since in A549 cells, OAS3, but not OAS1 or 2, is
essential for RNasel activation upon SINV infection (Bréhin et al., 2009; Yize Li et al., 2016). In
addition, RNaselL activity was involved in SINV genome cleavage in HEK293 and Vero cells

(Girardi et al., 2013)(Figure 23b).

Interferon-stimulated gene 15 (ISG15), a ubiquitin homolog, also plays a key role in
alphaviruses immunity. ISG15-deficient mouse are more susceptible to SINV (Lenschow et al.,
2007). Its action mechanism is not completely understood but seems to be independent from
its ubiquitin-like activity. Indeed, in mice lacking the ISG15 E1 ubiquitin enzyme, UbE1L, there
is no dramaticincrease in CHIKV infection. Conversely, in the absence of ISG15, CHIKV-infected
mice show an enhanced inflammatory response, pointing out a non-canonical role for ISG15

in immunomodulation (Werneke et al., 2011).

The role of Dicer in the antiviral response against alphaviruses has also been studied.
Virus-derived siRNAs produced by Dicer have been detected in somatic cells infected with
SINV (Figure 23c). This was reverted by the ectopic expression of the viral suppressor of RNAI
(VSR), B2, or of the RLR LGP2 (Y. Zhang et al., 2021). Conversely, other studies of SINV-infected
HEK293 cells, could not find evidence of vsiRNAs accumulation, in contrast with an antiviral

role of RNAi (Donaszi-lvanov et al., 2013; Girardi et al., 2013) (Figure 23c). The fact that
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HEK293 Dicer-deficient human cells do not show an increased infection by SINV and VEEV
reinforces this hypothesis (Bogerd et al., 2014) (Figure 23c). Finally, another Dicer product can
participate in the modulation of infection: miRNAs have been shown to be key players by
either controlling cellular gene expression or directly the viral genome (reviewed in (Girardi et
al., 2018)). Indeed, a high-throughput screen showed that the neuronal cellular miRNA, miR-
124, can increase SINV and CHIKV replication in human somatic cells (Lépez et al., 2020)

(Figure 23c).
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Figure 23 — Immune response to alphaviruses.

(a) Alphaviruses dsRNA is the main PAMP recognized by immune sensors. Hence, viral dsRNA is recognized by
PKR that is then activated to block the cap-dependent translation, which is bypassed by the DLP (downstream
loop). In addition, CHIKV diverts the activated PKR to block the IRF3-transcriptional induction, thereby dampening
the immune response. (b) SINV dsRNA is recognized by OAS3 that can directly block SINV replication or activate
RNasel to block the infection. Upon SINV infection, RNaseL cleaves the viral RNA into small RNAs participating in
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the antiviral defense. (c) In some reports, Dicer can recognize and cleave SINV dsRNA into small interfering RNAs
(siRNAs) duplexes in somatic cells. Conversely, in HEK293T cells, Dicer cannot produce siRNAs. Accordingly, the
absence of Dicer has no effect on SINV replication. However, SINV can hijack cellular miRNAs such as miR-124 to

promote its replication.

6. Suppression of the immune response by alphaviruses

Several alphaviruses proteins have been shown to counteract the immune response by

different mechanisms.

a. nsP1

SINV genome includes neurovirulence determinants that are located in nsP1 sequence
(Suthar et al., 2005). Interestingly, one particular residue in this position is involved in the
regulation of IFN-I. Mutating this residue in SINV (T538l) results in an increased IRF-3
activation. This mechanism is conserved in Ross River virus. The mechanism is not fully
understood but it may involve nsP1 role in capping and/or remodeling viral RNA structure,
mostly of the 26S subgenomic RNA (Cruz et al., 2010) (Figure 24a). Another nsP1 antagonist
function is linked to its palmitoylation modification. Indeed, upon CHIKV infection, nsP1 is
interacting with STING blocking signal transduction and allowing nsP1 stabilization and
palmitoylation (Webb et al., 2020) (Figure 24a). This palmitoylation is also essential for the

replication of some alphaviruses such as SFV (Zusinaite et al., 2007).

b. nsP2

The nsP2 protein is the main host response regulator. It directly participates in host
transcriptional shut-off for CHIKV, SFV and SINV. Even though it participates mainly in the viral
replication complex, a large fraction of nsP2 is found in the nucleus. Suppressing the nuclear
localization of SFV nsP2 significantly improved the IFN-I response in mouse cells. This could
indicate that the IFN-I suppression activity occurs after nuclear translocation of immune

transcription factors (Breakwell et al., 2007). However, CHIKV nsP2 can also act by blocking
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STAT1 phosphorylation and nuclear translocation (Figure 24b). This can be reverted by a single
point mutation, which restores the JAK-STAT signaling and renders the virus non-cytopathic
(Fros et al., 2010). SINV nsP2 is also responsible for degradation of the catalytic sub-unit of the
host RNA polymerase Il (RPB1), inhibiting the immune transcriptional response (Figure 24b).
RPB1 degradation occurs through ubiquitin-linked degradation pathway and requires integrity
of SAM-dependent methyltransferase-like domains. This degradation happens at early
infection stages (Akhrymuk et al., 2012). Mutations of two key residues in the protease
domain of nsP2 abrogates this activity and induce a strong IFNR induction in NIH 3T3 cells
(Akhrymuk et al., 2018). This allows the development of non-cytopathic SINV strains. nsP2
protein is also involved in host translational shut-off, decreasing translation of ISGs in a PKR-
independent manner (Gorchakov et al., 2004) (Figure 24b). nsP2 antagonist activity needs the
viral replication and is linked to the release of nuclear proteins. Lastly, CHIKV nsP2 is involved
in the suppression of gene expression linked to the unfolded protein response, based on the
activation of the PERK kinase upon infection. This inhibits expression of cellular chaperones,

degradation and apoptosis effectors (Fros et al., 2015).
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Figure 24 — Alphaviruses nsP1 and nsP2 block the immune response.

(a) nsP1is a neurovirulent factor able to remodel the subgenomic RNA structure preventing IRF3 activation upon
SINV and RRV (Ross river virus) infections. CHIKV nsP1 directly interacts with STING blocking the immune signaling
but also allowing a better palmitoylation of nsP1 necessary for its function. (b) nsP2 can block both transcription
and translation. Upon SINV, SFV and CHIKV infections, nsP2 induces the degradation of the catalytic RBP1 subunit
of the RNA polymerase |l blocking ISGs transcription. Besides, CHIKV nsP2 blocks STAT1 phosphorylation and

nuclear translocation impeding IFN-I response. SINV nsP2 inhibits translation blocking ISGs expression.

c. nsP3

SINV nsP3 inhibits translation thanks to its mono-ADP-ribosylhydrolase activity
(Akhrymuk et al., 2018) (Figure 25a). Besides, nsP3 is considered as an interacting hub for
cellular proteins. Hence, nsP3 interacts with G3BP1 protein in human cells (Nowee et al., 2021)
(Figure 25a). G3BP1 is a major component of stress granules that are also responsible for
translational arrest (White and Lloyd, 2012). Not only stress granules mediate the antiviral
response but they also constitute a necessary element for alphaviruses replication (Scholte et
al., 2015). These granules are associated with the whole replication complex. It seems also
that upon CHIKV infection, nsP3 sequesters G3BP1 from its other cellular partners in non-
functional granules, which may prevent its antiviral functions (Fros et al., 2012). Finally, in
SINV-infected cells, nsP3 forms membrane-associated complexes around G3BPs, that also
contain YBX1, HSC70 and TRBP proteins, favoring viral RNA replication (Gorchakov et al.,
2008). Sequestering YBX1 or TRBP may limit their role in the microRNA pathway and favor

viral RNA replication since they can bind dsRNA (Figure 25a).

a. Capsid

During the first replication cycle of CHIKV, fibroblasts and immune cells deficient for
both cGAS and STING have an increased viral load. Viral capsid was showed to antagonize the
CGAS-STING pathway by a rapid autophagy-induced degradation of cGAS leading to cytosolic
DNA accumulation (Figure 25b). The capsid protein can also directly block the induction of

IFN-I (Webb et al., 2020). In addition, it can also interact with IRAK1 to disrupt its signaling
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activity. This interaction happens upon viral entry and is conserved across arthritogenic and
encephalitic alphaviruses (Landers et al., 2021). EEEV capsid, similarly to other alphaviruses’
nsP2, directly decreases STAT1 expression and is located in the nucleus at early infection stage
(Aguilar et al., 2008) (Figure 25b). Apart from disrupting the immune signaling, alphaviruses
capsid protein is also able to antagonize direct antiviral effectors. Hence, SFV capsid acts as a

VSR by sequestering dsRNA away from Dicer (Qian et al., 2020) (Figure 25b).
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Figure 25 — Alphaviruses nsP3 and capsid proteins antagonize the immune response.

(a) Alphaviruses nsP3 antagonizes translation and is involved in stress granules formation. CHIKV nsP3 drives
stress granules formation by interacting with G3BP proteins. However, in this case their formation directly
impedes IFN response and promotes viral replication. Likewise, SINV nsP3 forms bigger stress granules containing
G3BP proteins but also other unrelated proteins such as YBX1, TRBP or HSC70, which prevent their normal

function. (b) The capsid protein is the only structural protein with a major role in IFN antagonism. CHIKV capsid
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induces autophagy-mediated degradation of the cytosolic receptor cGAS blocking STING-induction and leading
to cytosolic DNA accumulation. EEEV capsid is retrieved in the nucleus where it prevents STAT1 expression.

Finally, SFV capsid is described as a VSR as it binds the viral dsRNA impeding Dicer recognition.

B. Enteroviruses

1. History

The enterovirus genus is part of the Picornaviridae family, which also includes
coxsackieviruses. The genus name comes from the infection route that passes by the gastro-
intestinal tract. The first case was reported in New Zealand in 1957 and associated with the
hand, foot and mouth disease (HFMD) (Duff, 1968). The virus can be transmitted from person
to person via feces or saliva or indirectly by contaminated objects (Omafia-Cepeda et al.,
2016). Depending on the serotype, symptoms can range from lung infection to hemorrhagic
conjunctivitis and central nervous system failure. Enteroviruses are classified in serotypes and
genogroups (A-H). The most frequent enterovirus is the Enterovirus A71 (EV71) named as the
71°* detected human serotype. It is a neurotropic virus that affects mainly the brain stem by
breaching the blood-brain-barrier or via motor neurons (Ong et al., 2008). EV71-infected
patients, mainly children, show aseptic meningitis, rash, HFMD and encephalitis (Nayak et al.,
2022). EV71 circulates mostly in Asia, Oceania, Europe and the Americas, causing several
epidemics with the first major outbreaks described in 1997 in the Asia-Pacific region (WHO,
2023b). The recent cases were mostly observed in the Asia-Pacific region. Different vaccines
passed the phase Il of clinical trials and are based on inactivated virus and DNA vaccines
focusing mainly on the VP1 protein (Chong et al., 2012). Virus-like particles vaccines are
currently under development. Apart from EV71, other enteroviruses are circulating, mainly
Enterovirus B and Enterovirus D68 circulating respectively in Africa and North America (D. M.

Brown et al., 2020; Nayak et al., 2022).
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2. Genomic organization

Enterovirus is a non-enveloped icosahedral T=3 virus with a 20-30nm-diameter size (Figure
26a). The genome is about 7.5kb (Nayak et al., 2022). It is translated in a long polyprotein that
can be divided into three parts: P1 for the 4 structural proteins, P2 for 3 non-structural
proteins and P3 for 4 non-structural proteins. P2 and P3 form the proteases 2A, 3D and 3C
that cleave out the structural proteins (Figure 26b). EV71 capsid is composed of 60 copies of
repeated protomers of VP1-2-3-4 and VP1-2-3 are affecting the immune system (Nayak et al.,

2022).

The genome is protected by a viral protein VPg at the 5 extremity and is
polyadenylated at the 3’ (Figure 26b). The 5'UTR bears an IRES for cap-independent
translation (Fitzgerald and Semler, 2009). The IRES structure requires specific cellular factors
such as the T cell-restricted intracellular antigen 1 (TIA-1) that can also enhance viral

replication (Wang et al., 2015).
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Figure 26 — EV71 viral particle structure and genome organization.

(a) Cryo-EM structure of EV71 at 3A (adapted from (Baggen et al., 2018)). The non-enveloped icosahedral particle
is formed of 3 surface proteins: VP1 (orange), VP2 (light red) and VP3 (pink). VP4 (yellow) constitutes the capsid
core protecting the genomic +ssRNA (red). (b) The genomic RNA is protected in 5’ by a VPg, polyadenylated and
composed of one ORF surrounded by a 5’ and a 3'UTR. The translation occurs via an IRES-dependent mechanism.
The P1-2-3 polyprotein is cleaved by the viral 2A and 3C proteases. P1 encodes the structural proteins and is
further cleaved by the 3CD and 3C proteases into VPO, VP3 and VP1 before a last cleavage to obtain VP4 and VP2.
P2 is cleaved twice by the 3C protease to give the 2A, 2B and 2C proteins. P3 is cleaved three times by the 3C

protease and gives the 3A, 3C and 3D proteins and the VPg that will bind the 5’ extremity of the viral genome.

3. Immune response and viral counter-response

The IFN-I response plays an important role in the immunity against EV71 and directly inhibits
EV71 replication (Yi et al.,, 2011). EV71 is detected by the membrane-associated TLR3,
recognizes dsRNA generated upon replication and triggers the IFN-I (Chen et al., 2018). It can
also be sensed by TLR7, highly expressed in plasmacytoid dendritic cells, which directly detects
the genomic ssRNA and induces the production of pro-inflammatory cytokines via the NF-kB
pathway (Luo et al., 2017). Finally, the cytosolic RLR MDAGS is also able to detect dsRNA coming
from EV71 replication triggering the MAVS-dependent IFN-I response, especially through the

IRF3 activation (Kuo et al., 2013).

EV71 genome expresses two proteases that are directly involved in the suppression of
the immune response. Hence, the 2A cysteine protease is involved in the cleavage of MDA5S
and MAVS (Feng et al., 2014) and of TLR3 (Chen et al., 2018). 2A also reduces the IFNAR1
receptor protein levels inhibiting the STAT-dependent immune response while IFNR
transcription still occurs (Lu et al., 2012). The 3C protease can cleave IRF7 and members of the
TAK1/TAB1/TAB2/TAB3 complex involved in the NF-kB response, thereby down-regulating

IFN-I transcriptional response(Lei et al., 2014, 2013).

In other cases, the immune evasion is not mediated directly by the viral proteases.
Thus, EV71 also induces MDAGS cleavage by the caspase activities (Kuo et al., 2013). Likewise,
EV71 blocks the JAK/STAT pathway by inducing the caspase degradation of the karyopherin

responsible for the STAT1 nuclear translocation (Wang et al., 2017).
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Finally, the non-structural protein 2C can bind to NF-kB/p65 preventing its dimerization
with other NF-kB family members and blocking the antiviral response (Du et al., 2015). The 3D
polymerase also displays an immune evasion role by interacting with the MDA5 CARDs

blocking the MAVS-MDAS interaction (Kuo et al., 2019).

The IFN-I-induced kinase PKR is rapidly activated during EV71 infection resulting in
translational shut-off and stress granules formation, which promotes apoptosis (Zhu et al.,
2016). At the same time, PKR can also be degraded by the 3C, which generates a small N-

terminal fragment that promotes EV71 replication (Chang et al., 2017).

Dicer can also play a role upon EV71 infection. It has been shown to be involved in
antiviral RNAi against EV71 in human cells, and the 3A protein can act as a VSR by sequestering
dsRNA (Qiu et al., 2017) (Figure 27). EV71 is also able to affect and hijack cellular miRNA
expression. Thus, the expression of miR-146a is transcriptionally increased in infected cells,
which results in the down-regulation of IRAK1 and TRAF6. As a result, TLR signaling and the
IFN-I response are inhibited and this can be reversed by antisense inhibition of miR-146a (Ho

et al., 2014) (Figure 27).
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Figure 27 — EV71 and Dicer activity.

(a) Dicer is involved in antiviral RNAi against EV71. The 3A protein acts as a VSR by binding to the viral dsRNA,
physically blocking Dicer. (b) EV71 hijacks the miRNA pathway by upregulating the expression of the pri-miR-
146a, which targets IRAK1 and TRAF6 involved in the NF-kB triggering pathway.

C. Rhabdoviruses

1. History

Rhabdoviruses family belongs to the Mononegavirales, which also contains rabies, Ebola,
Nipah and Marburg viruses. The Rhabdoviruses are non-segmented negative ssRNA viruses (-
ssRNA) with a broad hosts range: vertebrates, invertebrates, plants, fungi. This family includes
two well-studied clades, the lyssaviruses that contain rabies virus and the vesiculoviruses that
contains the vesicular stomatitis virus (VSV). VSV is divided into two main serotypes: Indiana
(where it was isolated in 1925) and New Jersey (isolated in 1926). The Indiana stain is the one

commonly used in laboratories.

The first VSV infection was described in the United States in 1916 in cattle and horses.
Nowadays, VSV is almost exclusively retrieved seasonally in the Americas and is enzootic in
Central America (Whelan, 2008). VSV does not have a high mortality rate but is linked to
animal production loss, with a strong economic impact on the food industry (Rodriguez, 2002).
It mostly infects the central nervous system and is transmitted by direct contact, aerosols and
arthropod vectors, mostly mosquitoes (Aedes), sand flies, black flies and biting midges (Rozo-
Lopez et al., 2018; Whelan, 2008). Wild animals such as bats, rodents, bears or coyotes can
serve as natural host reservoirs even though the exact transmission cycle is not fully known
yet (TESH et al., 1969). Human infections are rare, mainly caused by contact with domesticated
animals. The most common symptoms are flu-like and the appearance of vesicular lesions
especially in the mouth, the naso-oral mucosa and the coronary bands (Letchworth et al.,
1999). One case of viral encephalitis has been described in a child in Panama (Quiroz et al.,

1988).
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VSV is now used in research for the design of vaccine vectors as its genome is easy to
manipulate and its replication rate is high (Bukreyev et al., 2006). Besides, VSV is an oncolytic
virus, which can target IFN-I-deficient cancer cells and is often used to develop anti-cancer
therapies (Hastie and Grdzelishvili, 2012). Recently, a VSV-based vaccine against Ebola virus

was approved (G. Liu et al., 2021).

2. Genomic organization

Rhabdoviruses are enveloped viruses with bullet-shaped particles of 45 to 100nm in diameter
(Figure 28a). VSV is about 65 nm in diameter. The envelope comes from the host lipid bilayer
and covers the core nucleocapsid (Ge et al., 2010). The genome is 11 kb in length. It is
sequentially transcribed into mRNAs coding for the nucleocapsid N, the phosphoprotein P, the
matrix protein M, the glycoprotein G and the RNA-dependent RNA polymerase (or large

protein) L (Banerjee et al., 1977) (Figure 28b).
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Figure 28 — VSV viral particle structure and genome organization.

(a) Model of the cryo-EM structure at 10.6A of the bullet-shaped VSV structure. The glycoprotein G (dark green)
forms the envelope with the lipid bilayer coming from the host membrane (brown). The matrix protein M (light
green) protects the nucleoprotein N molecules (orange) covering the -ssRNA. The large polymerase L (blue) and
phosphoproteins P are directly bound to the genomic RNA. (b) The negative single-stranded genomic RNA is
flanked by a 3’ leader sequence and a 5’trailer sequence. The genome needs to be replicated into the positive
sense antigenome to unveil the different ORFs that are sequentially transcribed. Each transcript bears a 5’ cap
and a 3’ polyA tail. L is the RNA-dependent RNA polymerase. N, nucleocapsid; P, phosphoprotein; M, matrix

protein; G, glycoprotein.
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3. Immune response

Mice are infected in the laboratory by intranasal injection. In that case, VSV causes severe
encephalitis and can trigger the IFN-I by several ways (Trottier et al., 2005). VSV G protein can
be detected at the cell surface by TLR4 and its ssSRNA genome is recognized in the endosome
by TLR7 (Georgel et al., 2007; Lund et al., 2004). RIG-I is able to detect the 5’ triphosphate on
VSV genomic RNA and trigger production of IFN o and B (Kato et al., 2006) (Linder et al., 2021).
Interestingly, VSV infection in microglia induces the expression of the three RLRs, RIG-I, LGP2

and MDAS (Furr et al., 2008).

VSV induces the NF-kB immune response allowing secretion of IFNa and B that will
activate the JAK1/STAT1 pathway (Kato et al., 2005; Zhang et al., 2010). This pathway is
predominant since STAT1-deficient mice die after VSV infection (Durbin et al., 1996). In mouse
brain, the absence of IFN-I is compensated by the induction of IFN y and TNF pathways,

through an IRF1-mediated pathway (Mishra et al., 2020).

The infection also induces a weaker inflammatory response and can inhibit the host
immune response via its M protein. The latter is the major immune modulator as it can
downregulate host gene expression, through direct targeting of TFIID independently from any
catalytic activity (Lyles, 2000). Thus, transcription of IFNa, 8 and numerous ISGs is down-
regulated upon VSV infection (Ferran and Lucas-Lenard, 1997). Besides, M protein inhibits the
transport of RNAs from the nucleus to the cytosol by blocking the Ran-GTPase TC4 (Her et al.,
1997; Stojdl et al., 2003). M protein is also able to directly block NF-kB activation at later

infection stages (Varble et al., 2016).

VSV can also activate PKR. PKR-defective mouse fibroblasts are more susceptible to VSV
infection (Durbin et al., 2002; Stojdl et al., 2000). PKR function may occur at the beginning of
the infection delaying translation of VSV proteins to let time to IFN-I to set up. Indeed, IFN-I is
necessary in cells expressing PKR to mount an efficient antiviral response (Balachandran et al.,

2000).

Even though no dsRNA is detected in VSV-infected mammalian cells, Dicer-based
antiviral immunity against VSV was shown to be active in Drosophila since deletion of RNAI

actors favors VSV infection (Mueller et al., 2010) (Figure 29). In mammalian cells, the immune
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response against VSV is restricted to the IFN-I response and does not rely on RNAI, as
expression of the Vaccinia VSR VP55 from the VSV genome does not enhance its replication
(Backes et al., 2014) (Figure 29). In addition, no VSV replication enhancement was observed
in human cells depleted from Dicer (Bogerd et al., 2014). However in mouse cells, Dicer
deficiency renders them more susceptible to VSV infection (Otsuka et al., 2007) (Figure 29).
This is not linked to a direct targeting of the viral RNA by Dicer, but is due to the targeting of
VSV mRNAs by cellular miRNAs (De Cock and Michiels, 2016; Otsuka et al., 2007). For instance,
miR-93 and miR-24 can target the P and L mRNAs respectively (Figure 29).
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Figure 29 — VSV and the Dicer-dependent immune response.

In Drosophila, the absence of the RNAi-specific DICER2 promotes VSV replication. In mammals, a VSV strain
expressing the vaccinia virus VP55 VSR blocks the generation of siRNA duplexes by Dicer but has no effect on VSV
replication, ruling out an antiviral role for Dicer. Conversely, the absence of the mouse Dicer promotes VSV

replication. This is indirectly linked to two cellular miRNAs, miR-93 and miR-24, which can target two viral mRNAs.
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D. Coronaviruses

1. History

Coronaviruses are associated to the subfamily of Orthocoronavirinae in the Coronaviridae
family. They are enveloped +ssRNA viruses known to infect a broad range of vertebrate hosts.
Four genera are found in the family, of which alpha- and beta-coronaviruses are the most
prevalent and the ones suspected to directly come from bat reservoirs (Woo et al., 2007). The
Betacoronavirus includes all the well-known pandemic viruses: Severe Acute Respiratory
Syndrome (SARS), Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) involved in the COVID-19 disease. The seasonal 0C43

respiratory virus is also part of this genus.

The first report of coronavirus infections was in the 1920s in North America in
domesticated chickens (Estola, 1970). Human coronaviruses were discovered later, in the
1960s. They were isolated in the United Kingdom and the United States, cultivated in human
embryonic trachea or in kidney cells and characterized in laboratories (Hamre and Procknow,
1966; Tyrrell and Bynoe, 1965). SARS-CoV-2 was first detected in Wuhan, China in December
2019 (Figure 30). Since January 2020 and the pandemic outbreak, the virus had spread from

China to all continents on March 2020 (Figure 30).

Outbreak I SARS-CoV-2
I SARS-CoV-2 I SARS-Cov-2

January 2020 - At least one March 2020 Between May 5th and 13th 2023 - Between 800
confirmed case and 30 000 reported cases

Figure 30 — Repartition of world cases of SARS-CoV-2 infections.

SARS-CoV-2 cases repartition at three different time point. The first one is at the beginning of the epidemic and

colored countries are the one with at least one detected case on January 2020. Data from WHO. The second one

110



is two months later, on March 2020, where lockdowns were systematically applied in all concerned countries.
(Data from WHO). The last one is the situation on one week at the beginning of May 2023. The colored countries
are the ones where between 800 and 30 000 cases were reported during the week (Data from CDC). The yellow

star represents the outbreak location.

SARS-CoV-2 induces flu-like symptoms with fever, cough, headache, fatigue and this
can be follows by loss of smell and taste. This can go to severe lung and heart troubles and in
worst cases to death caused by lung and multiorgan failures. Since 2019, almost 7 millions of
death were accounted for, which is thought to be underestimated (WHO, 2023c). Like other
respiratory viruses, SARS-CoV-2 infects preferentially upper respiratory tract cells,
pneumocytes and bronchial cells. But it was also detected in intestinal cells, kidney, brain

vascular tissues, pancreas and heart (J. Liu et al., 2021).

SARS-CoV-2 infects mammals and is transmitted by aerosols, saliva and direct contact.
SARS-CoV-2 is close to the bat coronavirus RaTG13, raising the possibility that bats are the
main natural reservoir (Singh and Yi, 2021). This cycle become recently more intricated as
domesticated animals or wild animals living near urban areas as deer or racoon dogs were also
found to carry this virus (Hale et al., 2022; Jairak et al., 2022). These intermediate hosts are a
motif of concerns as they may be at the origin of the appearance of new variants, maintaining

the viral circulation (Figure 31).
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Figure 31 — Transmission cycle of SARS-CoV-2.

Many wild mammals, bats in particular, could act as potential reservoir for the virus. The spill over vectors might
be pangolins, racoon dogs or more probably bats. The urban cycle between humans is maintained by the viral
propagation by aerosol and direct contacts. Many cases of back transmission to the wild animals are described,

often due to the ecological niche, close to the human urban area.

Vaccines were rapidly developed against the first SARS-CoV-2 serotype and allowed
the mRNA vaccine technology to be in the spotlight. Pfizer, the first one is used since
December 2020 followed by the Moderna one. They are composed of lipid nanoparticles
containing a nucleoside-modified mRNA coding for the SARS-CoV-2 spike, a protein directly at
the surface of the viral particle (Jackson et al., 2020). As for many vaccines, boosters are

recommended to preserve the immunity.

2. Genomic organization and host entry

The name coronavirus came from the Latin “corona” meaning crown and refers to the shape
of the virion as observed in electron microscopy (Figure 32a). The nucleocapsid has a diameter
of 80-120 nm. The genome size ranges from 26 to 32 kb. SARS-CoV-2 genome is about 30kb
and encodes 14 ORFs with four structural proteins: spike S, envelope E, membrane M and
nucleocapsid N (Singh and Yi, 2021). Each transcript is capped and polyadenylated. The
genome also encodes nine accessory proteins (ORF3a, 3b, 6, 7a, 7b, 8, 9, 10, 14) and 16 non-
structural proteins (Figure 32b). The first two ORFs, 1a and 1b, are translated into polyproteins
further processed by viral proteases to produce nsP1 to 16 (Arya et al., 2021). nsP3 and nsP5
are the proteases, nsP12 is the RNA-dependent RNA polymerase and some nsPs complexes
around nsP12 to form the replication complex in membrane-formed compartments called

“double-membrane vesicles” (DMV) linked to the endoplasmic reticulum (Arya et al., 2021).

S protein at the surface of the viral particle possesses a receptor-binding domain that
will contact directly the host membrane receptor Angiotensin-converting enzyme 2 (ACE2)

(Lan et al., 2020).
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Figure 32 — SARS-CoV-2 viral particle structure and genome organization.

(a) Cryo-EM structure and model of SARS-CoV-2 viral particle at 5A. Adapted from (Yao et al., 2020). The spike
protein S (orange), the membrane protein M (pink) and the envelope protein E (yellow) form the viral envelope
and surface glycoproteins. Inside, the nucleocapsid proteins N (dark red) surrounds the positive single-stranded
RNA (light red). (b) Genome organization of SARS-CoV-2. The genomic RNA is capped, polyadenylated and
composed of two ORF encoding the non-structural proteins, ORFla and 1b, and 12 ORFs encoding the structural
and accessory proteins. The non-structural proteins are translated in polyproteins and cleaved by the action of
two viral proteases, nsP3 (Plpro, for papain-like protease) and nsP5 (3CLPro for 3C-like protease). In the 5’ leader
sequence, SARS-CoV-2 has a structured sequence composed of several stem-loops (SL) able to bypass the
translational arrest imposed by the viral nsP1. nsP12 is the RNA-dependent RNA polymerase and nsP13 is a

helicase. nsPs assemble into the replication complex.
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3. Immune response

COVID-19 disease is known to be characterized in some fatal cases by a “cytokine storm”
showing an uncontrolled immune response that aggravates the inflammatory symptoms with
a high concentration of cytokines. This is correlated with immune cells dysfunctions in patients
(Lee et al., 2020; D. Zhang et al., 2021). The SARS-CoV-2 immune sensing is mainly done by the
RLR MDAS, helped by LGP2, that recognizes the dsRNA replication intermediate. In turn, it
triggers the IFN-I response led by the activity of IRF3, IRF5 and NF-kB/p65 (Yin et al., 2021). To
a lesser extent, TLR3 and TLR7 are also activated upon infection. TLR3 acts on the production
of pro-inflammatory cytokines through the IRF3 and NF-kB pathways during the first 24 hours
of infection, whereas TLR7 mainly acts at 48 hours of infection via the NF-kB pathway to induce
IFN production (Bortolotti et al., 2021). Another dsRNA sensor, OAS], is also able to detect a
dsRNA structure in the 5’UTR of SARS-CoV-2 and to mount an antiviral response based on its
property to activate RNaseL (Wickenhagen et al., 2021). The importance of the later has been
confirmed by the discovery that inborn mutations in the OAS-RNasel pathway led to an
exacerbated inflammatory response in children upon SARS-CoV-2 infection (Lee et al., 2022).
SARS-CoV-2 dsRNA is also able to activate PKR in lung cells even in the absence of IFN induction
but without a strong antiviral effect (Y. Li et al., 2021). Moreover, in non-airway related cells,
SARS-CoV-2 N protein can inhibit the PKR-induced stress granules formation, promoting viral
replication. It seems therefore that, depending on the cell type and the type of immune
response, SARS-CoV-2 is keeping a low level of activated PKR to replicate in cells at later

infection stages.

The role of Dicer during SARS-CoV-2 infection has been studied as well. First, a helicase-
deletion mutant of Dicer called AviD restricts SARS-CoV-2 infection in human cells reinforcing
a possible role of Dicer in the antiviral RNAi pathway (Poirier et al., 2021) (Figure 33a).
Additionally, SARS-CoV-2 encodes for a miRNA-like small RNA dependent of Dicer processing.
This miRNA can modulate the immune response as it targets BATF2 or LAMP3 (Figure 33b)
(Pawlicaetal., 2021; Singh et al., 2022). Moreover, CLEAR-CLIP of AGO-bound miRNAs in SARS-
CoV-2-infected human cells uncovered viral RNA-binding sites for cellular miRNAs.
Interestingly, they have a limited effect on the viral RNA accumulation itself and on virus

production. Instead, this targeting is used to sequester miR-15a away from its cellular targets,
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de-repressing the expression of T-cell differentiation and cell death-associated genes (Fossat

et al., 2023) (Figure 33c).
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Figure 33 — SARS-CoV-2 and the Dicer-related pathways.

(@) In human cells, a natural Dicer isoform deleted from the HEL2i part of the helicase domain and called AviD
(Antiviral Dicer) generates siRNA duplexes from SARS-CoV-2 dsRNA. (b) SARS-CoV-2 encodes a miRNA-like
structure in its ORF7a that is matured by Dicer in human cells. The resulting miRNA, miR-O7a, has two main
cellular targets involved in the immune response, BATF2 and LAMP3. (c) SARS-CoV-2 disrupts the function of one
cellular miRNA, miR15a-5p, by sequestering the miRNA. This has no effect on SARS-CoV-2 replication but rather
on cellular gene expression, as the sponge-effect results in the expression of T-cell differentiation and apoptosis-

related genes.

An interesting feature of SARS-CoV-2 infection is the balance between excessive and
controlled inflammation. Indeed, the pathogenesis rely on both aspects. This explains why in
some cases, viral proteins will over-activate the immune response, instead of downregulating
it. This is mostly mediated by the activation of the NF-kB pathway. Hence, S, nsP14 and ORF7a
proteins all activate the transcription of pro-inflammatory cytokines (T. Li et al., 2021; Olajide
et al., 2022; Su et al., 2021). This pattern is often retrieved in severe COVID-19 patients and is

beneficial to SARS-CoV-2 replication.

Conversely, SARS-CoV-2 delays, and sometimes attenuates the immune response. Most of the
structural, non-structural and accessory proteins are involved in innate immune evasion
(Minkoff and tenOever, 2023). Figure 34 provides a few examples of how SARS-CoV-2 evades
immune response. It acts on all the immune sensors and signaling pathways but mostly at the
first steps: the recognition and activation of the transcription factors NF-kB, STAT1/2 and IRF3
(Minkoff and tenOever, 2023). SARS-CoV-2 is also able to hide its dsRNA from MDAS5, while
inducing MDAS degradation at the same time. nsP1 induces cellular translation shut down
(Thoms et al., 2020) and is also involved in the direct blocking of the IFN-I response by
preventing IRF3 phosphorylation and degrading TYK2 and STAT2 (Kumar et al., 2021). nsP3
and nsP5 proteases cleave IRF3 (Moustaqil et al., 2021). nsP5 cleaves RIG-I and promotes
MAVS degradation (Y. Liu et al., 2021). nsP5 also prevents NF-kB activation by cleaving NEMO
and TAB1 involved in the phosphorylation complex of IkBa (Chen et al., 2022) The helicase
nsP13 prevents STAT1 phosphorylation by JAK1 (Fung et al., 2022) and blocks TBK1 activity in
the NF-kB and IRF3 signaling pathways (Vazquez et al., 2021).
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Thesis objectives

The role of Dicer during viral infection of mammalian cells remains a debated research topic.
Dicer has been shown to be proviral in specific cases. Indeed, two elements restrain Dicer
activity in human cells and are incompatible with antiviral RNAIi. First, the human Dicer
helicase domain has unique features that render Dicer less processive. The three sub-domains
(HEL1, HEL2i and HEL2) are major brakes to Dicer processing activity on long dsRNA. Besides,
human Dicer does not need ATP to process pre-miRNA or dsRNA. Another major issue for
Dicer antiviral activity is the existence in human cells of another immune response, the type |
interferon response (IFN-I). In many cases, Dicer antiviral activity was assessed when this
response was disrupted. Moreover, Dicer is sharing many factors with this response such as
ADAR1, LGP2 or PACT. If Dicer has a role in the antiviral response, it cannot be completely
separated from its interplay with IFN-I. However, this kind of interplay stays poorly studied.
Since Dicer helicase domain stands as a central hub for the auto-inhibitory effect and for the

potential cellular partners, studies are focusing on its precise role.

The main objective of this project was to study the central role of human Dicer helicase
domain upon viral infection. The hypothesis was that Dicer antiviral functions are restricted
by the existence of IFN-I and its atypic position at the interface on RNAi and IFN-I rendered
him less prone to be antiviral. The project first focused on the model alphavirus, SINV. This
+ssRNA virus has been already used to study Dicer role upon infection and is able to generate
dsRNA replication intermediate that stands as the main Dicer substrate. An engineered
version of SINV was used to facilitate the monitoring of the infection: SINV-GFP expresses GFP

from a duplication of the subgenomic promoter.

To study Dicer role upon viral infection in the context of the interplay between the two
responses, we established the human Dicer interactome upon SINV-GFP infection. Many
infection-enriched partners were attributed to be actors of the IFN-I response such as the

deaminase ADAR1, the RNA helicase DHX9, the dsRBP PACT and the kinase PKR.

The objectives of this thesis, regrouped in the two following chapters, were:
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1-

The characterization and the validation of the Dicer partners enriched upon SINV-GFP
infection. The study focused on the interaction between Dicer and the top hit in its
partners, the kinase PKR. The roles of the helicase domain in this interaction and in the
regulation of the infection were investigated. A specific Dicer mutant, deleted from
the two first part of the helicase domain, N1 Dicer, was studied. The role of the kinase

PKR was also further investigated in the context of the N1 Dicer.

The characterization of the role of the different subdomains of Dicer helicase domain
upon SINV-GFP infection and their possible link with PKR activity. Once again, the
different helicase mutants and their catalytic mutant counterparts were expressed in
the presence and the absence of PKR. In parallel, N1 Dicer was also studied for its
potential role in the antiviral RNAi pathway using small RNA-sequencing and a catalytic
mutant, N1-CM. To determine any involvement of IFN response in N1 Dicer role upon
SINV-GFP infection, total RNA-sequencing was performed. IFN transcriptional activity
was further validated with both specific gene target and the activation of the main
transcription factor leading to the immune response. The mechanism underlying the
IFN transcriptional activity was further studied highlighting a determinant role of PKR.
This was allowed by the use of cell lines invalidated for PKR expression and expressing
either WT or N1 Dicer as well as the complementation of these cell lines with PKR
mutants. Then, N1 Dicer activity study was enlarged to other viruses from different
groups: the alphavirus SFV, the enterovirus EV71, the rhabdovirus VSV (expressing the

GFP protein in its genome, so called VSV-GFP) and the coronavirus SARS-CoV-2.
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Results
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First part
Human Dicer helicase domain recruits PKR and

modulates its activity

The following chapter describes the results obtained for the identification of Dicer partners
upon SINV infection. Briefly, the manuscript, published in PLOS Pathogens, describes the
interactions between Dicer and IFN actors as the kinase PKR. Moreover, the interaction
between Dicer and PKR was further investigated, regarding the loss of the interaction between
Dicer and PKR with a specific Dicer helicase-deletion mutant called N1 Dicer. Finally, N1 Dicer

showing an antiviral activity, | focused on PKR role in this antiviral phenotype.
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Abstract

The antiviral innate immune response mainly involves type | interferon (IFN) in mammalian
cells. The contribution of the RNA silencing machinery remains to be established, but sev-
eral recent studies indicate that the ribonuclease DICER can generate viral siRNAs in spe-
cific conditions. It has also been proposed that type | IFN and RNA silencing could be
mutually exclusive antiviral responses. In order to decipher the implication of DICER during
infection of human cells with alphaviruses such as the Sindbis virus and Semliki forest virus,
we determined its interactome by proteomics analysis. We show that DICER specifically
interacts with several double-stranded RNA binding proteins and RNA helicases during viral
infection. In particular, proteins such as DHX9, ADAR-1 and the protein kinase RNA-acti-
vated (PKR) are enriched with DICER in virus-infected cells. We demonstrate that the heli-
case domain of DICER is essential for this interaction and that its deletion confers antiviral
properties to this protein in an RNAi-independent, PKR-dependent, manner.

Author summary

While RNAi has been recognized as an efficient antiviral defense system in organisms
such as plants and insects, its physiological importance in mammals remains to be deter-
mined. DICER is an enzyme involved in cleaving long double-stranded RNAs and is
essential for RNAi induction. Using mass spectrometry analysis, we determined its inter-
actome in human cells and showed that RNA binding proteins such as PKR are specifi-
cally enriched upon infection with the Sindbis virus or the Semliki forest virus. We
determined that the N terminal helicase domain of the DICER protein acts as a platform
to recruit these factors during infection and that its deletion confers an antiviral activity to
DICER.
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Introduction

In mammalian cells, the main antiviral defense system involves the activation of a signaling
cascade relying on production of type I interferon (IFN I). This pathway depends on the recog-
nition of extrinsic signals or pathogen associated molecular patterns (PAMPs) by dedicated
host receptors. Double-stranded (ds) RNA, which can originate from viral replication or con-
vergent transcription, is a very potent PAMP and can be sensed in the cell by various proteins
among which a specific class of DExD/H-box helicases called RIG-I-like receptors (RLRs) [1].
RLRs comprise RIG-I, MDA5 and LGP2 and transduce viral infection signals to induce
expression of IFN I cytokines that act in autocrine and paracrine fashions. These cytokines
then trigger the expression of hundreds of interferon-stimulated genes (ISGs) to stop the virus
in its tracks [2]. Among those ISGs, dsRNA-activated protein kinase R (PKR) plays an impor-
tant role in antiviral defense by blocking cellular and viral translation upon direct binding to
long dsRNA [3]. PKR is a serine-threonine kinase that dimerizes and auto-phosphorylates
upon activation. It then phosphorylates numerous cellular targets among which the translation
initiation factor eIF2 , which results in the inhibition of cap-dependent translation [4].
Accordingly, translation of many RNA viruses, including alphaviruses, is inhibited by PKR [5-
7]. PKR is also involved in other cellular pathways including apoptosis, autophagy and cell
cycle [3,8].

RNAI is another evolutionary conserved pathway triggered by long dsRNA sensing [9].
One key component in this pathway is the type III ribonuclease DICER, which is also essential
for micro (mi)RNA biogenesis [10,11]. These small regulatory RNAs are sequentially produced
by the two ribonucleases DROSHA and DICER, before being loaded into an Argonaute
(AGO) effector protein in order to regulate their target mRNAs [12]. Whatever its substrate,
be it long dsRNA or miRNA precursor, DICER relies on interacting with co-factors to be fully
functional. In mammalian cells, the TAR-RNA binding protein (TRBP), a dsRNA binding
protein (dsRBP), was shown to play a role in the selection of DICER substrates, its stabiliza-
tion, strand selection and incorporation into AGO2 [13]. The interaction with TRBP is well
characterized and depends on the helicase domain of DICER and the third dsRNA binding
domain (dsRBD) of TRBP [14]. Another dsRBP, the protein activator of interferon-induced
protein kinase R (PACT), was also described as an important cofactor of DICER. Although its
function is not fully understood, PACT seems to also participate in miRNA loading and strand
selection [15,16] via protein-protein interaction between the DICER helicase domain and the
third dsRBD of PACT [17].

It is now common knowledge that RNAi is the main antiviral defense system in several
phyla such as plants, arthropods and nematodes (reviewed in [18]). However, its exact contri-
bution in the mammalian antiviral response remains unclear [19-21]. Recent studies indicate
that a functional antiviral RNAi does exist in mammals in specific cases. An antiviral RNAi
response was first detected in undifferentiated mouse embryonic stem cells [22] lacking the
IFN response, suggesting that these two pathways could be incompatible. Indeed, in mamma-
lian somatic cells deficient for MAVS or IFNAR, two components of the interferon response,
an accumulation of DICER-dependent siRNAs derived from exogenous long dsRNA was
detected [23]. In addition, the RLR LGP2 was found interacting with both DICER and TRBP,
blocking respectively siRNA production and miRNA maturation [24-26]. Moreover, AGO4
was recently shown to be involved in antiviral RNAi against Influenza A virus (IAV), Vesicular
stomatitis virus (VSV) and Encephalomyocarditis virus (EMCV) [27]. Finally, viral suppres-
sors of RNAi (VSRs) have been shown to prevent DICER from playing an antiviral role in
mammalian cells [28,29]. Nonetheless, several studies reported no detection of viral siRNAs in
mammalian somatic cells infected with several viruses [30-32]. In somatic cells, only a
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helicase-truncated form of human DICER could produce siRNAs from IAV genome [33], but
it also turned out that these siRNAs cannot confer an antiviral state [34].

Based on these conflicting observations, we decided to study the involvement of DICER
during infection of human cells with the Sindbis virus (SINV). SINV is a member of the Toga-
viridae family in the alphavirus genus, which is transmitted by mosquitoes to mammals and
can induce arthritogenic as well as encephalitic diseases [35]. It is widely used as a laboratory
alphaviruses model as it infects several cell types and replicates to high titers. SINV has a posi-
tive stranded RNA genome of about 12 kb, which codes for two polyproteins that give rise to
non-structural and structural proteins, including the capsid. Moreover, upon viral replication,
along dsRNA intermediate, which can be sensed by the host antiviral machinery, accumulates.
Of note, SINV dsRNA can be cleaved into siRNAs in insects as well as in human cells express-
ing the Drosophila DICER-2 protein [36]. Nonetheless, although human DICER has the
potential to interact with the viral RNA duplex, we did not find evidence that SINV dsRNA
could be processed into siRNAs in somatic mammalian cells [30,36]. We thus hypothesized
that specific proteins could interfere with DICER during SINV infection by direct interaction
and limit its accessibility and/or activity. To address this hypothesis, we generated HEK293T
cells expressing a tagged version of human DICER that could be immunoprecipitated in mock
or SINV-infected cells in order to perform a proteomic analysis of its interactome. Among the
proteins co-immunoprecipitated with DICER and that were specifically enriched upon infec-
tion, we identified dsRBPs such as ADARI, DHX9, PACT and PKR. We further validated the
direct interaction between DICER and PKR upon SINV infection. We also demonstrated that
the interactions of the endogenous DICER with PKR, PACT and DHX9 could also be detected
in SINV-infected, but not mock-infected, HCT116 cells. We dissected the protein domains
necessary for this interaction and we found that DICER helicase domain plays a fundamental
role as a recruitment platform for PKR but also for other co-factors. Finally, we also show that
expression of a helicase-truncated version of DICER has a negative effect on SINV infection.
Importantly, this antiviral phenotype is independent of RN A, but requires the presence of
PKR. Our results indicate that DICER interactome is highly dynamic and directly link compo-
nents of RNAi and IFN pathways in modulating the cellular response to viral infection.

Results
Establishment of a HEK293T cell line expressing FLAG-HA tagged DICER

In order to be able to study the interactome of the human DICER protein during viral infec-
tion, we transduced Dicer knock-out HEK293T cells (NoDice 2.20) [37] with either a lentiviral
construct expressing a FLAG-HA-tagged wild type DICER protein (FHA:DICER WT #4) or a
construct without insert as a negative control (FHA:ctrl #1). After monoclonal selection of sta-
bly transduced cells, we first characterized one clone of both FHA:DICER WT and of the
FHA:ctrl cell lines. We first confirmed that the expression of the tagged version of DICER
restored the miRNA biogenesis defect observed in the NoDice cells (S1A Fig). We then moni-
tored the phenotype of these cells during SINV infection by using as a readout of viral infec-
tion the modified version of SINV able to express GFP from a duplicated sub-genomic
promoter (SINV-GFP) [38]. At 24 hours post-infection (hpi) and a multiplicity of infection
(MOI) of 0.02, the GFP fluorescence observed in FHA:DICER WT #4 cells and HEK293T cells
was similar. However, the NoDice FHA:ctrl #1 cells displayed a decrease in GFP signal (Fig
1A). Western blot analysis of GFP expression confirmed the observations by epifluorescence
microscopy, i.e. a significantly lower accumulation of GFP in the absence of the DICER pro-
tein (Fig 1B). We therefore wished to confirm the effect of DICER loss on SINV-GFP infection
in another NoDice cell line, i.e. the NoDice clone 4.25 [39], and in another clone of the NoDice
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Fig 1. Analysis of SINV infection in HEK293T cells and characterization of FHA:DICER WT cell lines. A. GFP fluorescent microscopy pictures of HEK293T,
NoDice FHA:ctrl #1 and FHA:DICER cell lines infected (polyclonal and two clones, #4 and #17) with SINV-GFP at an MOI of 0.02 for 24 h. The left panel corresponds
to GFP signal from infected cells and the right panel to a merge picture of GFP signal and brightfield. Pictures were taken with a 5x magnification. hpi: hours post-
infection. B. Western blot analysis of DICER (DICER and HA) and GFP expression in SINV-GFP-infected HEK293T, NoDice FHA:ctrl #1 and FHA:DICER cell lines
shown in A. Gamma-Tubulin was used as loading control. C. Mean (+/- SEM) of SINV-GFP viral titers in the same cell lines as in A infected at an MOI of 0.02 for 24 h
(n = 3) from plaque assay quantification. ns: non-significant, ordinary one-way ANOVA test with Bonferroni correction. D. Western blot analysis of DICER (DICER
and HA) and AGO2 expression in HEK293T, NoDice FHA:ctrl #1 and FHA:DICER cell lines. Gamma-Tubulin was used as loading control.

https://doi.org/10.1371/journal.ppat.1009549.9001

2.20 FHA:ctrl cells (NoDice FHA:ctrl #2). We observed a similar decrease of SINV-GFP infec-
tion in NoDice 2.20 cells and two independent NoDice FHA:ctrl clones compared to
HEK293T cells as shown by GFP microscopy (S1B Fig), by titration of the virus (S1C Fig) and
by western blot analysis (S1D Fig). However, the independent NoDice 4.25 Dicer knock-out
clone appeared mostly unaffected compared to HEK293T cells in term of GFP accumulation
and viral titer (S1B, S1C and S1D Fig). This suggests that, despite the observed slight effect on
SINV-GFP in NoDice 2.20 cells (Fig 1), DICER proviral effect is not reproductible in an inde-
pendent clone and therefore could not be generalized.

In order to evaluate whether different expression levels of DICER in a NoDice background
could rescue the SINV infection phenotype observed in HEK293T cells, we also infected both
the FHA:DICER WT polyclonal and an independent FHA:DICER WT clone (FHA:DICER
WT #17) with SINV-GFP (Fig 1A, 1C and 1D). We confirmed that the GFP fluorescence
observed by microscopy (Fig 1A), as well as the viral titers and the GFP protein accumulation
(Fig 1C and 1D) in all tested FHA:DICER lines were comparable to the ones observed in
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HEK?293T cells. Moreover, there was no striking difference in AGO2 expression between the
FHA:DICER lines (Fig 1D).

Altogether, these results indicate that the FHA-tagged DICER protein can functionally
complement the lack of DICER in terms of miRNA biogenesis (S1A Fig) and can therefore be
used for proteomics studies. Moreover, because we could not observe significant differences in
terms of SINV infection (Fig 1) between the different FHA:DICER clones tested, we decided
to select one line, namely FHA:DICER WT #4, for further analysis.

Analysis of DICER interactome during SINV infection by mass
spectrometry

Our molecular tool being validated, we then focused on determining the interactome of FHA:
DICER during SINV infection. We wanted to look at DICER interactome at an early infection
time point to isolate cellular factors that could potentially modulate either DICER accessibility
or its effect on viral dsRNA. As SINV replicates quickly upon cellular entry, we chose to set up
the infection conditions to a duration of 6 hours at an MOI of 2.

We performed an anti-HA immunoprecipitation experiment (HA IP) coupled to label-free
LC-MS/MS analysis in FHA:DICER WT #4 cells either mock-infected or infected for 6 h at an
MOTI of 2 with SINV-GFP. In parallel, we performed an anti-MYC immunoprecipitation as a
negative control (CTL IP). The experiments were performed in technical triplicate in order to
have statistically reproducible data for the differential analysis, which was performed using
spectral counts. Prior to the detailed analysis of the results, we verified that there was no con-
founding factor in the experimentation by performing a Principal Component Analysis
(PCA). This allowed us to see that the replicates were very homogenous and that the different
samples were well separated based on the conditions.

To check the specificity of the HA immunoprecipitation, we first compared the proteins
identified in the HA IP with the ones identified in the CTL IP in mock-infected cells. Differen-
tial expression analysis allowed us to calculate a fold change and an adjusted p-value for each
protein identified and to generate a volcano plot representing the differences between HA and
CTL IP samples. Applying a fold change threshold of 2 (abs(LogFC)>1)), an adjusted p-value
threshold of 0.05 and a cutoft of at least 5 spectral counts in the most abundant condition, we
identified 258 proteins differentially immunoprecipitated between the two conditions out of
1318 proteins (Fig 2A and S1 Table). Among these, 123 proteins were specifically enriched in
the HA IP. The most enriched protein was DICER, followed by its known co-factors TRBP
and PACT (also known as PRKRA) [13,17]. We were also able to retrieve AGO?2, indicating
that the RISC loading complex was immunoprecipitated and that proteins retrieved in our HA
IP are specific to DICER immunoprecipitation.

We next performed the differential expression analysis of proteins retrieved in the HA IP in
SINV-GFP compared to mock-infected cells. Among 1342 proteins, 296 were differentially
retrieved between conditions (Fig 2B and S2 Table). Of these, 184 proteins, including viral
ones, were at least 2-fold enriched in SINV-GFP-infected cells. GO-term analysis showed a sig-
nificant enrichment in RNA binding proteins including double-stranded RNA binding pro-
teins and RNA helicases (Fig 2C). We then generated a functional protein association network
using STRING on the top 100 proteins enriched in SINV-infected compared to mock-infected
cells (Fig 2D). The resulting STRING network confirmed that a limited number of these pro-
teins are known to be interacting with DICER, but that they are all engaged in other complexes
(e.g. DHX9, DDX18) that could partly explain the presence of some candidates in the mass
spectrometry data. In addition, a large number of these proteins are involved in RNA meta-
bolic processes (Fig 2D, in red), or in their regulation (Fig 2D, in blue), while a whole cluster is
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Fig 2. LC-MS/MS analysis of DICER interactome during SINV infection. A. Volcano plot for differentially expressed proteins (DEPs) between HA IP and CTL IP
in FHA:DICER mock-infected cells. Each protein is marked as a dot; proteins that are significantly up-regulated in HA IP are shown in red, up-regulated proteins in
CTL IP are shown in blue, and non-significant proteins are in black. The horizontal line denotes a p-value of 0.05 and the vertical lines the Log2 fold change cutoff (-1
and 1). DICER and its cofactors (TRBP, PACT, AGO?2) are highlighted in yellow. B. Volcano plot for DEPs between SINV-GFP (MOI of 2, 6 hpi) and mock fractions
of HA IP in FHA:DICER cells. Same colour code and thresholds as in A have been applied. Proteins that are discussed in the text are highlighted in yellow and SINV
proteins in purple. C. Gene Ontology (GO) term enrichment of proteins up-regulated in SINV-GFP fraction of HA IP using Enrichr software [89,90]. The graph
displays the GO term hierarchy within the "biological process” branch sorted by p-value ranking computed from the Fisher exact test. The length of each bar represents
the significance of that specific term. In addition, the brighter the colour is, the more significant that term is. Viral proteins have been excluded for this analysis. D.
STRING interaction network of the top 100 proteins enriched in SINV-infected vs. mock-infected cells. Proteins involved in RNA metabolic processes or the
regulation thereof are indicated in red and blue respectively, proteins with a known dsRNA binding function are indicated in green. DICER is indicated by a red circle.
E. Summary of the differential expression analysis of SINV-GFP vs mock fractions from HA IP in FHA:DICER cells. The analysis has been performed using a
generalized linear model of a negative-binomial distribution and p-values were corrected for multiple testing using the Benjamini-Hochberg method.

https://doi.org/10.1371/journal.ppat.1009549.9002

composed of dsSRNA binding proteins (Fig 2D, in green). Among the RNA binding proteins
retrieved, the top and most specific DICER interactor is the interferon-induced, double-
stranded (ds) RNA-activated protein kinase PKR (also known as E2AK2), which is enriched
more than 250 times in virus-infected cells (Fig 2B and 2E). We were also able to identify the
dsRNA-specific adenosine deaminase protein ADAR-1 (also known as DSRAD), as well as
PACT, which were enriched 5.9 and 4.2 times respectively in SINV-GFP-infected cells com-
pared to mock-infected cells (Fig 2B and 2E). Among the isolated RNA helicases, we identified
the ATP-dependent RNA helicase A protein DHX9, which is implicated in Alu element-derived
dsRNA regulation and in RISC loading [40,41]. In order to verify if the observed interactions
were specific to SINV we performed the same experiments with another virus of the Togaviridae
family, the Semliki forest virus (SFV). In this analysis, we were able to retrieve ADAR-1, DHXO9,
PACT and PKR, specifically enriched in SFV-infected samples (S2 Fig and S3 and S4 Tables).
These results show that these interactions can be retrieved in Togaviridae-infected cells.

Taken together, our data indicate that several proteins interacting with DICER in virus-
infected cells are involved in dsRNA sensing and/or interferon-induced antiviral response.

DICER and PKR interact in vivo in the cytoplasm during SINV infection

To validate the LC-MS/MS analysis, we performed a co-immunoprecipitation (co-IP) followed
by western blot analysis in FHA:DICER WT #4 cells infected with SINV-GFP at an MOI of 2
for 6 h. Whereas TRBP interacted equally well with FHA:DICER in mock and SINV-GFP-
infected cells, ADAR-1, PKR, DHX9 and PACT were only retrieved in the HA IP in
SINV-GFP-infected cells (Fig 3A). We verified that these interactions could also be observed
at a later time post-infection by performing the HA IP in FHA:DICER WT #4 cells infected
with SINV-GFP for 24 h at an MOI of 0.02. This indicates that the specific interactions
between DICER and ADAR-1, DHX9, PACT or PKR occur at an early stage of the SINV infec-
tion and remain stable in time in virus-infected cells (S3A Fig).

In order to verify whether these interactions were mediated by RNA, we performed an anti-
HA co-IP experiment on an RNase A/T1 treated total extract from FHA:DICER WT #4 cells
infected with SINV-GFP at an MOI of 2 for 6 h. Since the RNase treatment was performed at
relatively low salt concentration (140 mM NaCl), RNase A should cleave dsRNA [42,43] and
we should therefore assess both ss and dsSRNA-dependency in these conditions. We confirmed
the efficiency of the RNase treatment by ethidium bromide staining visualisation of total RNA
on an agarose gel (S3B Fig). TRBP equally interacted with FHA:DICER, with or without
RNase treatment, in mock and SINV-GFP-infected cells (Fig 3B). Instead, the virus-induced
interactions between DICER and PKR or PACT upon SINV-GFP infection were almost totally
lost in the RNase-treated samples. Upon virus infection, PKR is phosphorylated to be activated
and exert its antiviral function [4]. Using an antibody targeting the phosphorylated form of
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Fig 3. Confirmation of LC-MS/MS analysis by co-IP and BiFC. A. Western blot analysis of HA co-IP in mock or SINV-GFP-infected (MOI of 2, 6 hpi) FHA:DICER
WT #4 cells. Proteins associated to FHA:DICER were revealed by using antibodies targeting endogenous ADAR-1, PKR, TRBP, DHX9 or PACT proteins. In parallel,
an HA antibody was used to verify the IP efficiency and GFP antibody was used to verify the infection. Ponceau was used as loading control. B. Western blot analysis of
HA co-IP in mock or SINV-GFP-infected (MOI of 2, 6 hpi) FHA:DICER WT #4 cells. The lysate was treated or not with RNase A/T1. Proteins associated to FHA:
DICER were revealed by using antibodies targeting endogenous DHX9, p-PKR, PKR, TRBP, or PACT proteins. In parallel, an HA antibody was used to verify the IP
efficiency and GFP antibody was used to verify the infection. Ponceau was used as loading control. C. Western blot analysis to validate the interaction of PKR with
DICER (upper panel) and PACT (lower panel) in mock or SINV-GFP-infected HEK293T cells (MOI of 2, 6 hpi). Immunoprecipitated proteins obtained from PKR
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with SINV at an MOI of 2 for 6 h or not. The different combinations are indicated on the left side. Reconstitution of Venus (BiFC) signal was observed under
epifluorescence microscope. For each condition, the left panel corresponds to Venus signal and the right panel to the corresponding brightfield pictures. Scale bar:
100 pm. hpi: hours post-infection. E. BiFC experiment on fixed NoDice PKR cells treated as in D. After fixation, cells were stained with DAPI and observed under
confocal microscope. Only a merge picture of BiFC and DAPI signals of SINV-infected cells is shown here. A higher magnification of picture showing cytoplasmic
localization of the interaction represented by a red square is shown in the bottom left corner. Scale bars: 20 pm and 10 pm.

https://doi.org/10.1371/journal.ppat.1009549.9003

PKR (p-PKR), we looked for p-PKR before and after RNase treatment. The virus-enriched
interactions between DICER and p-PKR or DHX9 were completely lost upon RNase treat-
ment. These results therefore indicate that RNA molecules (either single- or double-stranded)
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facilitate DICER interaction with DHX9, PACT and PKR and its active form, although the
complex may also partially interact in an RNA-independent manner.

Because of the involvement of PKR in antiviral response [44] and the fact that it shares
common co-factors with DICER, namely TRBP and PACT [45,46], we decided to focus our
analysis on the DICER-PKR interaction. To confirm the biological relevance of this interac-
tion, we first performed a reverse co-IP to immunoprecipitate the endogenous PKR protein in
HEK?293T cells infected or not with SINV-GFP. While PACT interacted with PKR both in
mock and in SINV-GFP-infected cells as expected (Fig 3C), DICER co-immunoprecipitated
with the endogenous PKR only in virus-infected cells thereby confirming the specificity of the
interaction between the two proteins (Fig 3C).

To further determine whether DICER and PKR could directly interact in vivo, we set up a
bi-molecular fluorescent complementation assay (BiFC) experiment [47]. To this end, we
fused the N- or C-terminal half of the Venus protein (N"*"Venus or ©**Venus) to DICER and
to PKR but also to TRBP and PACT. Since we showed above that an N-terminally tagged
DICER was functional, we fused the Venus fragments at the N-terminal end of DICER. For
the other three proteins, we fused the Venus fragments at the N- or C-terminus and selected
the best combination. To avoid interaction with the endogenous DICER and PKR proteins, we
conducted all BiFC experiments in NoDice PKR HEK293T cells [33]. In order to control the
BiFC experiments, we chose to exploit the well characterized DICER-TRBP interaction, which
is known to occur via the DICER DEAD-box helicase domain [14]. We therefore used the
wild-type DICER protein as a positive control and a truncated version of DICER protein lack-
ing part of this helicase domain and called DICER N1 [33] as a negative control (S3C Fig). We
first confirmed the expression of the tagged proteins by western blot analysis (S3D Fig) and
then, we tested the interactions between DICER and TRBP or PACT or PKR. We co-trans-
fected the Venus constructs for 24 h and then infected cells with SINV or not for 6 h at a MOI
of 2. A comparable fluorescent signal was observed both in mock- and SINV-infected cells
Nteryenus:DICER was co-transfected with either PACT or TRBP fusion construct (Fig
3D). Although we initially expected an increase of the Venus fluorescence in SINV-infected
cells, overall we observed a similar signal for the DICER-PKR interaction both in mock- and
SINV-infected cells, probably due to the fact that both proteins are transiently overexpressed
in this experiment. The same holds true for the DICER-PACT interaction that can also be seen
both in mock- and SINV-infected cells.

As a control and to rule out any aspecific interactions between the different proteins tested,
we also monitored the DICER-N1-TRBP interaction by BiFC. As expected, no fluorescent sig-
nal was observed in cells co-transfected with ¥ **"Venus:DICER N1 and TRBP:Venus“ ™" (S3E
Fig), confirming that DICER helicase domain is required for its interaction with TRBP [14]
and validating the specificity of the BiFC approach.

To further confirm that the absence of PKR did not influence the interactions of TRBP or
PACT with DICER, we also performed a BiFC analysis in HEK293T cells. After verifying that
in this context as well, fusion proteins were expressed as expected (S3F Fig), we observed that
the results were similar as in NoDice PKR cells (S3G Fig).

To gain more insight into the subcellular localization of these interactions during SINV
infection, we performed the BiFC experiments, fixed the cells and observed them under a con-
focal microscope. We observed a cytoplasmic fluorescent signal for DICER-TRBP and
DICER-PACT interactions (Fig 3E upper and middle panels), which is in agreement with their
canonical localization for the maturation of miRNAs [10,48]. Similarly, co-transfection of
DICER and PKR led to a strong Venus signal homogeneously distributed in the cytoplasm
(Fig 3E lower panel).

when

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009549 May 13, 2021 9/32


https://doi.org/10.1371/journal.ppat.1009549

PLOS PATHOGENS

Regulation of PKR by DICER in viral infection

Collectively, these results formally confirm that DICER interacts with several RNA helicases
and dsRNA-binding proteins in virus-infected cells, among which PKR, and that for the latter
this interaction occurs in the cytoplasm.

DICER interactome changes upon SINV infection are not cell-type specific

To further validate our DICER interactome results and generalize them to another biological
system, we performed co-IP experiments on the endogenous DICER in a different cell type.
To this end, the FLAG-HA-GFP tag was knocked into (KI) the Dicer locus in human colon
carcinoma cells (HCT116) by CRISPR-Cas9-mediated homologous recombination (S4A, S4B
and S4C Fig). A guide RNA (gRNA) targeting the region corresponding to Dicer ATG and a
DNA template for homologous recombination bearing the FLAG-HA-GFP sequence sur-
rounded by the upstream and downstream arms of Dicer were used to generate the resulting
cell line referred to as HCT116 KI-DICER cells. The expected insertion of the tag in one of the
two Dicer alleles was assessed by PCR amplification and Sanger sequencing (S4A, S4B and
S4C Fig). In agreement, we could detect two bands for DICER protein by western blot in the
HCT116 KI-DICER cells, which confirmed that this cell line is heterozygous (Fig 4A).

We additionally verified the expression of specific DICER-interacting proteins, such as
AGO2, PKR or TRBP, in HCT116 KI-DICER cells compared to the parental HCT116 cells and
to HEK293T cells (Fig 4A). We also measured the production of mature miRNAs, such as
miR-16, by northern blot analysis and confirmed that miRNA expression is maintained in
HCT116 KI-DICER cells (Fig 4B). Of note, the GFP inserted at the Dicer locus could not be
detected by epifluorescence microscopy in the HCT116 KI-DICER cells, which probably
reflects the low abundance of the DICER protein.

We then determined whether SINV-GFP infection was comparable in HCT116 cells and
HEK293T cells. We infected HCT116, HCT116 KI-DICER and HEK293T cells with
SINV-GEFP at three different MOI (0.02, 0.1 and 1) and measured GFP fluorescence by micros-
copy at 24 hpi (Fig 4C). Both HCT116 and HCT116 KI-DICER cells expressed GFP upon
infection with SINV-GFP, although with a lower intensity than HEK293T cells. We also veri-
fied by western blot analysis the accumulation of GFP and the phosphorylation of both PKR
and eIF2 upon SINV-GEFP infection of HCT116 KI-DICER and HEK293T cells (S4D Fig)
and chose as optimal SINV-GFP condition of infection in HCT116 KI-DICER cells the MOI
of 0.1 for 24 h.

To validate the DICER interactions observed in HEK293T FHA:DICER cells, we then per-
formed anti-HA co-IP experiments followed by western blot analysis in HCT116 KI-DICER
cells infected or not with SINV-GFP. We successfully retrieved TRBP interacting with DICER
in both mock and infected cells, whereas DHX9, PKR (phosphorylated or not) and PACT
were only retrieved in the HA IP in infected cells (Fig 4D). These results not only confirm that
the endogenous DICER specifically interacts with DHX9, PACT and PKR upon SINV infec-
tion, but also that these interactions are not restricted to one specific cell type.

The helicase domain of DICER is required for its interaction with PKR

Even though DICER and PKR are likely brought together by RNA, specific protein domains
might be involved in stabilizing the complex. Therefore, we next determined the domain of
DICER required for its interaction with PKR. Since its helicase domain was previously shown
to be involved in the interaction with TRBP and PACT [14,17], we speculated that it could also
be implicated in binding PKR. To test this hypothesis, we cloned several versions of DICER
proteins wholly or partly deleted of the helicase domain (Fig 5A DICER N1 and N3). In addi-
tion, we also cloned the helicase domain alone (Fig 5A DICER Hel.) and a DICER variant
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https://doi.org/10.1371/journal.ppat.1009549.9004

deleted of its C-terminal dsRNA binding domain (Fig 5A DICER dsRBD) since this domain
could also be involved in protein-protein interaction [49,50]. We then transfected the different
versions of DICER WT and the deletion mutant constructs in NoDice cells. In mock and
SINV-GEFP infected cells, whole cell extracts were subjected to anti-HA and anti-MYC (CTL)
IP. TRBP was retrieved in both conditions with DICER WT, Hel. and dsRBD (Fig 5B and
5C). In mock cells, PACT and PKR were only found weakly interacting with DICER WT (Fig
5B). In SINV-infected cells, we observed that similar to TRBP and to a lesser extent PACT, N1
and N3 mutations strongly reduced the binding of DICER with PKR (Fig 5C lanes 2-3 and
7-8). Importantly, we also noted that the helicase domain alone could bind PKR, TRBP and
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https://doi.org/10.1371/journal.ppat.1009549.9005
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PACT (Fig 5C lanes 4 and 9). Moreover, the deletion of the dsSRNA binding domain of DICER
did not affect its interaction with TRBP, PACT and PKR (Fig 5C lanes 5 and 10). We also
looked for p-PKR in our co-IP (Fig 5C panel p-PKR). We noticed that only WT DICER and its
helicase domain were able to interact with p-PKR (Fig 5C lanes 1&6 and 4&9). The fact that
DICER dsRBD did not interact with p-PKR (Fig 5C lanes 5&10) is striking but could indicate
that the phosphorylation of PKR may induce conformational changes preventing its interaction
with some domains of DICER. These results reveal that, like for TRBP and PACT, the helicase
domain of DICER is required for DICER-PKR/p-PKR interaction during SINV infection.

In order to confirm these co-IP experiments, we next decided to perform BiFC experiments
using the same conditions as previously. In both mock and SINV-infected cells, only the combi-
nations of DICER WT-PKR and DICER dsRBD-PKR showed a strong Venus signal, while
neither DICER N1 nor N3 constructs revealed an interaction with PKR (Fig 5D). In contrast,
the DICER Hel. construct did not seem to interact with PKR in mock-infected cells but
appeared to do so in SINV-infected cells as a faint Venus signal could be observed. These results
therefore confirmed the co-IP observations for the DICER-PKR interaction. In addition, we
also performed a BiFC experiment using the different DICER constructs with TRBP or PACT.
Altogether, the BiFC results mostly fitted with the co-IP experiments for the DICER-TRBP
(S5A Fig) and DICER-PACT (S5B Fig) interactions. TRBP indeed did not seem to interact with
the DICER N1 and only slightly with the DICER N3. However, PACT interaction was lost with
DICER N1, but not with DICER N3 in mock- and SINV-infected cells (S5B Fig third panel).
This result may be explained by the fact that DICER interacts with PACT via the helicase and
DUF domains, whereas only the DICER helicase domain is required for its interaction with
TRBP [14,17]. In agreement, the Venus signal observed between the DICER Hel. and PACT
seemed weaker than the one we observed with TRBP (S5A and S5B Fig fourth panels).

Taken together these results indicate that DICER interacts with both PKR and its phosphor-
ylated form during SINV infection, and that this interaction requires the helicase domain of
DICER.

Functional importance of DICER helicase domain during SINV infection

We then sought to study the functional role of DICER-PKR interaction during viral infection.
For this purpose, we decided to use DICER helicase deletion mutants to study SINV infection.
To do so, we first generated NoDice HEK293T cells stably expressing FHA-tagged DICER N1
(FHA:DICER N1) by lentiviral transduction. As for the FHA:DICER WT cell line, we first
selected a clone expressing the tagged DICER N1 at a level similar to the endogenous DICER
protein in HEK293T cells (Fig 6A). DICER N1 protein has been shown to still be able to pro-
duce miRNAs [33]. We thus verified by northern blot analysis that DICER N1 is indeed able to
process miRNAs similarly to WT DICER in HEK293T and FHA:DICER cells, thereby validat-
ing the functionality of the tagged protein (Fig 6B). We next infected HEK293T, FHA:DICER
WT #4 and FHA:DICER N1 #6 cells with SINV-GFP and measured virus accumulation by
assessing GFP expression by microscopy analysis. Interestingly, the GFP protein level was
drastically reduced in FHA:DICER N1 #6 cells compared to FHA:DICER WT #4 and
HEK293T cells (Fig 6C). Encouraged by this observation, we decided to infect with SINV-GFP
additional DICER deletion mutants, namely N3 and Hel. We generated stable cell lines for
these various mutants by lentiviral transduction in the NoDice 2.20 background and infected
those cells with SINV-GFP at an MOI of 0.02 for 24 h. We verified by western blot analysis
that all selected DICER mutant clones, namely N1 #6, N3 #2.13 and Hel. #2.6, expressed the
tagged protein at the expected size and at levels mostly similar to the FHA:DICER WT #4 cell
line (Fig 6D, first two panels). We also verified the DICER mutants contribution to the
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Fig 6. Analysis of the importance of Dicer helicase domain on SINV-GFP infection in FHA:DICER mutant stable cell lines. A. Expression of
DICER (DICER, HA), TRBP and AGO2 was analysed by western blot in HEK293T, NoDice FHA:ctrl #1, FHA:DICER WT #4 and FHA:DICER N1
#6 cell lines. Gamma-Tubulin was used as loading control. B. Northern blot analysis of miR-16 expression in the same samples as in A. Expression
of snRNA U6 was used as loading control. C. Representative GFP fluorescent microscopy images of HEK293T, FHA:DICER WT #4 and FHA:
DICER N1 #6 cell lines infected with SINV-GFP at an MOI of 0.02 for 24 h. The left panel corresponds to GFP signal and the right panel to a merge
picture of GFP signal and brightfield. Pictures were taken with a 5x magnification. hpi: hours post-infection. D. Western blot analysis of DICER
(DICER and HA), AGO2, PKR, and GFP expression in SINV-GFP-infected cells in the same condition as in C. Gamma-Tubulin was used as
loading control. The asterisk correspond to aspecific bands E. Mean (+/- SEM) of SINV-GFP viral titers fold change over HEK293T cells in
HEK293T, NoDice 2.20, FHA:DICER WT #4 and FHA:DICER mutants cell lines infected at an MOI of 0.02 for 24 h (n = 3) from plaque assay
quantification. * p < 0.05, ns: non-significant, ordinary one-way ANOVA test with Bonferroni correction.

https://doi.org/10.1371/journal.ppat.1009549.9006

endogenous miRNA biogenesis by performing a northern blot analysis on miR-16 accumula-
tion (S6A Fig).

We additionally verified the impact of these DICER mutants on SINV-GFP infection by
measuring the GFP intensity of fluorescence by microscopy (S6B Fig). Our results indicate
that GFP accumulation is similar in HEK293T, NoDice 2.20, FHA:DICER WT, Hel. and ctrl
cells. However, almost no fluorescence was detected in FHA:DICER N1 #6 and N3 #2.13 cells
compared to HEK293T cells (S6B Fig). The reduction of virus-encoded GFP accumulation
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and viral production were confirmed by western blot (Fig 6D) and by plaque assay, respec-
tively (Figs 6E and S6C).

Altogether, these results therefore indicate that expressing a helicase truncated version of
DICER, which is unable to interact with PKR, appears to confer an antiviral phenotype against
SINV infection.

The antiviral phenotype of the helicase-truncated DICER mutants is
independent of AGO2

We finally carried out a functional analysis of the helicase-domain-truncated DICER N1 and
N3 mutants to investigate the mechanism of the antiviral phenotype. First, to investigate a
potential implication of the RNAi pathway, we performed a knock-down of the AGO2 protein
prior to the infection of NoDice cells expressing either WT, N1 or N3 FHA:DICER. AGO2 is
the main effector protein in RNA silencing pathways [51] and has been previously shown to be
a crucial antiviral RNAI factor against Influenza A virus in mouse embryonic fibroblasts
(MEFs) [52]. We transfected either control siRNAs, or siRNAs targeting AGO2 for 48 h in
NoDice cells stably expressing either an empty vector (FHA:ctrl #2) or WT, N1 or N3 FHA:
DICER constructs. Cells were then infected with SINV-GFP at an MOI of 0.02 for 24 h, and
virus accumulation was first assessed by looking at GFP expression by microscopy analysis
(Fig 7A). In all cell lines, no major difference in GFP fluorescence could be observed when
comparing cells transfected with the control siRNA or AGO2-specific siRNAs. We verified the
knock-down efficiency by western blot analysis and confirmed the microscopy observation by
measuring GFP protein accumulation (Fig 7B). Finally, we measured virus accumulation by
plaque assay, and we observed that the antiviral phenotype was clearly visible in FHA:DICER
N1 #6 and FHA:DICER N3 #2.13 cell lines but was not complemented upon AGO2 knock-
down (Fig 7C).

Altogether, these results indicate that the antiviral phenotype against SINV observed in
cells expressing helicase-truncated mutant DICER proteins does not depend on the presence
of AGO2, thereby ruling out an involvement of RNAi.

The antiviral phenotype due to the DICER helicase-domain deletion
requires PKR

In order to determine the functional role of the PKR-DICER interaction in the antiviral
response to SINV, we generated NoDice PKR cells stably expressing either the full length
FHA:DICER WT or the helicase deletion mutants FHA:DICER N1 or N3, or the empty vector
as a control (FHA:ctrl) by lentiviral transduction. After monoclonal selection of each cell line,
we infected them with SINV-GFP at an MOI of 0.02 and assessed virus accumulation by look-
ing at GFP fluorescence by microscopy analysis (Fig 8A). As expected, an increase in GFP fluo-
rescence was observed in NoDice PKR FHA:ctrl cells compared to HEK293T cells at 24 hpi.
In contrast we could not observe any difference in GFP fluorescence between NoDice PKR
FHA:ctr] cells and those expressing FHA:DICER WT, FHA:DICER N1 or N3 proteins. To ver-
ify whether any significant difference in terms of virus accumulation could be observed in
NoDice PKR cells expressing WT or helicase truncated DICER proteins, we measured GFP
protein levels by western blot analysis (Fig 8B) and virus production by plaque assay (Fig 8C).
As opposed to the observations done in NoDice cells expressing PKR (Fig 6), both GFP accu-
mulation and viral titers remained unchanged between NoDice PKR FHA:ctrl cells and those
expressing FHA:DICER WT, N1 or N3 constructs. Taken together, these results demonstrate
that the antiviral phenotype of helicase-truncated DICER mutants depends on the presence of
PKR. Therefore, our data suggest that the helicase domain of DICER sequesters PKR and
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Fig 7. The antiviral effect of helicase-deleted DICER mutants is independent of AGO2. A. GFP fluorescent microscopy pictures of NoDice
FHA:ctrl #2, NoDice FHA:DICER WT #4 and NoDice FHA:DICER mutant cell lines treated with two doses of siAGO2 at 20 nM for 48 hours
before a 24-hour-SINV-GFP infection at an MOI of 0.02. The left panel corresponds to GFP signal from infected cells and the right panel to a
merge picture of GFP signal and brightfield. Pictures were taken with 5x magnification. hpi: hours post-infection. B. Western blot analysis of
DICER, AGO2 and GFP expression in SINV-GFP-infected NoDice FHA:ctrl #2, NoDice FHA:DICER WT #4 and NoDice FHA:DICER mutant
cell lines shown in A. Cells were treated with two doses of siAGO2 at 20 nM for 48 hours before a 24-hour-SINV-GFP infection at an MOI of
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0.02. Gamma-Tubulin was used as loading control. C. Mean (+/-SEM) of SINV-GEFP viral titers in the same cell lines as in A. infected at an
MOI of 0.02 for 24 h (n = 3) from plaque assay quantification. ns: non-significant, two-tailed unpaired parametric t-test.

https://doi.org/10.1371/journal.ppat.1009549.9007

when this interaction is lost, the antiviral effect of PKR is exacerbated, thereby explaining the
phenotype observed in cells expressing helicase-truncated DICER mutants.

Discussion

The role of DICER in antiviral defense in human cells remains a topic of intense discussion
[21,22,53,54]. In particular there have been contradictory reports regarding its capacity to pro-
duce siRNAs from viral RNAs [31,37,55,56]. These observations could be due to the fact that
several mammalian viruses potentially encode VSR proteins, thereby masking the effect of
RNAI [22,28,29,52,57]. Another putative but non-exclusive explanation could be that there is a
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Fig 8. The antiviral effect of helicase-deleted DICER mutants requires PKR. A. GFP fluorescent microscopy pictures
of HEK293T, NoDice PKR:ctrl and FHA:DICER mutant cell lines infected with SINV-GFP at an MOI of 0.02 for 24 h.
The left panel corresponds to GFP signal from infected cells and the right panel to a merge picture of GFP signal and
brightfield. Pictures were taken with 5x magnification. hpi: hours post-infection. B. Western blot analysis of DICER
(DICER and HA), AGO2, PKR and GFP expression in SINV-GFP-infected HEK293T, NoDice PKR FHA:ctrl and FHA:
DICER mutant cell lines shown in A. Gamma-Tubulin was used as loading control. C. Mean (+/-SEM) of SINV-GFP
viral titers in the same cell lines as in A. infected at an MOI of 0.02 for 24 h (n = 3) from plaque assay quantification. ns:
non-significant, ordinary one-way ANOVA test with Bonferroni correction.

https://doi.org/10.1371/journal.ppat.1009549.9008
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mutual regulation of type I IFN and RNAi pathways [58,59]. Thus, it has already been shown
that PACT can regulate MDA5 and RIG-I during virus infection and therefore the induction
of type I TFN response [60,61]. To date, it is not clear whether the activity of the DICER protein
as well could be regulated by potential interactors, or inversely whether it could itself modulate
the activity of proteins involved in the IFN pathway. To answer this question, we determined
the changes in the interactome of human DICER upon SINV and SFV infections. This analysis
allowed us to reveal that a lot of proteins associating with DICER during viral infection are
dsRNA-binding proteins and RNA helicases. A number of these proteins are known to be
involved in antiviral defense pathways, thereby indicating the possible formation of one or sev-
eral complexes between DICER and these proteins, which are very likely brought together by
the accumulation of dsRNA during virus infection.

Among these proteins, we chose to focus on the well-known ISG PKR, which is involved in
many cellular pathways such as apoptosis, cellular differentiation, development and antiviral
defense [4,8,62,63]. PKR is one of the main actors of the Integrative Stress Response (ISR) in
human cells, and its activation or inhibition needs to be tightly regulated in order to have a prop-
erly balanced response to stress. Our results indicate that DICER interacts via its helicase domain
with PKR in the cytoplasm during SINV infection. The helicase domain of DICER, which is also
required for its interaction with TRBP and PACT, belongs to the helicase superfamily 2, which is
also found in RLRs such as RIG-I, MDA5 or LGP2 [64,65]. These proteins act as sensors of viral
infection and through the activation of proteins such as MAVS, mediate the induction of type I
IFN pathway [65]. We hypothesize that even though the human DICER helicase has evolved
mainly to act in miRNA/siRNA pathways, it still retained the capacity to act as an RLR. However,
as opposed to RIG-I and MDAS5, our data suggest that DICER would act more as an inhibitor
rather than inducer of the immune response. Therefore, we propose that this domain serves as a
platform for the recruitment of different proteins to diversify the functions of DICER.

One such regulatory effect appears to be on the antiviral activity of PKR, as cells expressing
a truncated form of DICER unable to interact with PKR become resistant to SINV infection.
This is in agreement with previous observations that ectopic expression of the Drosophila
DICER2 protein in human cells perturbs IFN signaling pathways and antagonizes PKR-medi-
ated antiviral immunity [36]. Although the precise molecular mechanism involved will require
further work to be fully deciphered, it seems that the two proteins are likely brought together
via their interaction with RNA, most probably of viral origin. Indeed, we showed that the co-
IP interaction was partially RNase sensitive. However, we confirmed that the interaction is not
artificially created during the co-immunoprecipitation procedure, since we could show that
DICER and PKR interact in BiFC assay, a technique that favors the detection of direct interac-
tions [47]. Most of the time, the inhibition of PKR activity relies on its inhibition to bind to
dsRNA or to auto-phosphorylate. For example, the human tRNA-dihydrouridine synthase 2
(hDus2) binds the first dsRBD of PKR and prevents its activation [66]. TRBP binds dsRNAs
but also PKR directly hindering its dimerization. In normal condition, TRBP is also associated
with PACT thus preventing PKR activation by PACT [67-70]. Since we showed that DICER
can bind the activated phospho-PKR, we hypothesize that this interaction does not result in
the inhibition of PKR autophosphorylation. In fact, in condition of infection with a high virus
dose, we showed that phospho-PKR levels are similar in cells expressing DICER WT or heli-
case deletion mutants N1 and N3, but the activated PKR does not associate with these trun-
cated versions of DICER. Therefore, one possibility could be that DICER interaction with PKR
prevents the latter from acting upon some of its targets, which remain to be identified, to fine-
tune the antiviral response.

As of now, we cannot formally rule out that the effect of DICER on PKR is mediated by
other proteins. TRBP and PACT have been shown to regulate PKR activity, the former

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009549 May 13, 2021 18/32


https://doi.org/10.1371/journal.ppat.1009549

PLOS PATHOGENS

Regulation of PKR by DICER in viral infection

normally acting as a repressor and the latter as an activator [46,68,70]. Interestingly, in lym-
phocytic Jurkat cells infected by HIV-1, PACT can also act as a repressor of PKR [71]. It is
thus tempting to speculate that these two proteins participate in the formation of the
DICER-PKR complex. However, our results show that this may not necessarily be the case.
Indeed, in the BiFC experiment, the DICER N3 mutant still interacted with PACT but not
with PKR indicating that PACT binding is not sufficient to confer the association with PKR.

Besides PKR, other proteins were specifically enriched upon viral infection in the DICER
IP. These are also interesting candidates to explain the putative regulatory role of DICER.
Among these proteins, DHX9 and ADAR-1 are especially intriguing. DHX9, also known as
RNA helicase A (RHA), associates with RISC, helping the RISC loading [41]. Moreover,
DHXO is directly involved in removing toxic dsRNAs from the cell to prevent their processing
by DICER [40]. It has also been implicated in HIV-1 replication and knockdown of DXH9
leads to the production of less infectious HIV-1 virions [72-74]. Finally, DXH9 interacts with
and is phosphorylated by PKR in MEFs. This phosphorylation precludes the association of
DHX9 with RNA, thus inhibiting its proviral effect [75]. In light of these observations and
ours, we can speculate that the inhibitory effect of DICER on PKR activity could also be linked
to DHX9 phosphorylation. ADAR-1 is one of the well-known RNA-editing factors [76].
ADAR-1 is linked to both miRNA biogenesis [77-79] and virus infection. Indeed, ADAR-1
has an antiviral effect against Influenza virus, but most of the time, its depletion leads to a
decrease of the viral titer, as was reported for VSV or HIV-1 [80,81]. It has been shown that
ADAR-1 and PKR interact directly during HIV-1 infection. This interaction triggers the inhi-
bition of PKR activation, and thus a reduction of eIlF2 phosphorylation leading to an increase
of virus replication [5,82]. Interestingly, over-expression of ADAR-1 enhances drastically the
replication of the alphaviruses Chikungunya virus (CHIKV), and Venezuelan equine encepha-
litis virus (VEEV) most likely by interfering with the IFN induction [83].

One hypothesis to explain the virus resistance phenotype of the DICER N1 and N3 cell
lines could be an increased processivity of these truncated proteins on long dsRNA substrates
[33], which would render DICER RNAIi proficient. However, our results are not in favor of
this hypothesis, since we show that knocking-down AGO2 does not allow to make cells
expressing DICER N1 or N3 more sensitive to SINV infection. AGO2 being the only slicer-
proficient Argonaute protein expressed at physiological levels in HEK293T cells, we can confi-
dently conclude that the observed phenotype is RNAi-independent.

Finally, we demonstrated that the phenotype of helicase-truncated DICER isoforms
depends on PKR expression, because it was completely lost in PKR knockout cell lines. We
therefore propose that, at least during infection with SINV, DICER prevents PKR to be fully
active by interacting with and potentially sequestrating it. Deciphering the exact molecular
mechanism at play will require additional studies in order to get the full picture. Nevertheless,
by assessing the interactome of DICER during SINV infection, we have unveiled a new, PKR-
dependent, role for the helicase domain of DICER in regulating the cellular response to viral
infection.

Material and methods
Plasmids, cloning and mutagenesis

Plasmids used for BiFC experiments were a gift from Dr. Oliver Vugrek from the Ruder Bos-
kovi¢ Institute and described in [47]. The cDNAs of TRBP, PACT and PKR were respectively
amplified from (pcDNA-TRBP Addgene #15666) [16], (pcDNA-PACT Addgene #15667) [16],
(pSB819-PKR-hum Addgene #20030) [84], and cloned into the four pBiFC vectors by Gateway
recombination. DICER N1, N3, Hel. and dsRBD were generated by PCR mutagenesis from
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pDONR-DICER described in [36] and cloned into the four pBiFC and pDEST-FHA vectors
by Gateway recombination. plenti6 FHA-V5 vector was modified from plenti6-V5 gateway
vector (Thermo Fisher Scientific V49610) by Gibson cloning. DICER WT, N1, N3 and Hel.
from pDONR plasmids were cloned into plenti6 FHA-V5 by Gateway recombination. All
primers used are listed in S5 Table.

Cell lines

HEK293T, HEK293T/NoDice (2.20 and 4.25), and HEK293T/NoDice PKR cell lines were a
gift from Pr. Bryan Cullen and described in [33,39]. HCT116 cell line was a gift from Dr.
Christian Gaiddon.

Generation of Flag-HA-GFP-DICER knock-in cell line by CRISPR/Cas9

To generate the knock-in cell line, the sequence of Flag-HA-GFP was amplified by PCR from
the Flag-HA-GFP plasmid [85]. DNA sequences corresponding to 1 Kb upstream (left homol-
ogy arm) and downstream (right homology arm) the starting codon (ATG) of DICER gene
were amplified from HCT116 cell genomic DNA using primer pairs listed in S5 Table. The
three PCR products were gel-purified and cloned into a linearized pUC19 by In-fusion cloning
(Clontech) to obtain the template for homologous recombination
(LarmDICER-FlagHAGFP-RarmDICER).

Design of the guide RNA targeting the region between Dicer 5-UTR and its first coding
exon for CRISPR/Cas9 mediated knock-in was carried out using the CRISPOR Design Tool
[86]. Annealed oligonucleotides corresponding to the gRNA (S5 Table) were cloned into the
vector pX459 (Addgene #48139) which also encodes S. pyogenes Cas9 with 2A-Puro.

The sequence of the donor plasmid was additionally mutagenized to disrupt the PAM
sequence of the right homology arm to avoid its cleavage by the gRNA.

To obtain the knock-in (KI) cell line, 5 x 10> HCT116 cells were seeded in a 6 well plate
with Dulbecco’s modified Eagle medium (DMEM, Gibco, Life Technologies) supplemented
with 10% fetal bovine serum (FBS, Clontech) in a humidified atmosphere of 5% CO, at 37°C
and transfected after 24 hours with the pX459-gRNADicerNterm-Cas9-2A-Puro plasmid and
the Leftarm-FlagHAGFP-RightarmDICER donor plasmids at the ratio of 1 to 1 (6 micrograms
plasmids in total) using Lipofectamine 2000 according to the manufacturer’s instructions. 24
hours later, puromycin (1 mg/mL) was added to the cells to increase the KI efficiency and
genomic DNA was isolated from individual colonies few days later.

The presence of the Flag-HA-GFP tag in frame with hDICER coding sequence was con-
firmed by sequencing PCR amplicon from KI cell gDNA. Expression of Flag-HA-GFP N-ter-
minal tagged Dicer protein in the KI cells was confirmed by western blot.

Cell culture and transfection

Cells were maintained in Dulbecco’s modified Eagle medium (DMEM, Gibco, Life Technolo-
gies) supplemented with 10% fetal bovine serum (FBS, Clontech) in a humidified atmosphere
of 5% CO, at 37°C. Transfection was performed using Lipofectamine 2000 (Invitrogen,
Thermo Fisher Scientific) according to the manufacturer’s instructions.

Lentivirus production and generation of stable cell lines

The lentiviral supernatant from single transfer vector was produced by transfecting HEK293T
cells (ATCC CRL-3216) with 20 pg of the transfer vector, 15 ug of pMDLg/p RRE and 10 pg of
PRSV-Rev packaging plasmids (Addgene #12251 and Addgene #12253) and the pVSV
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envelope plasmid (Addgene #8454) using Lipofectamine 2000 reagent (Invitrogen, Thermo
Fisher Scientific) according to the manufacturer’s protocol. Standard DMEM medium (Gibco,
Life Technologies) supplemented with 10% Fetal bovine serum (FBS, Gibco, Life Technolo-
gies) and 100 U/mL of penicillin-Streptomycin (Gibco, Life Technologies) were used for grow-
ing HEK293T cells and for lentivirus production. One 10 cm plate of HEK293T cells at 70-
80% confluency was used for the transfection. The medium was replaced 8 hours post-trans-
fection. After 48 hours the medium containing viral particles was collected and filtered
through a 0.45 pm PES filter. The supernatant was directly used for transfection or stored at
-80°C. A 6 well plate of HEK293T/NoDice or HEK293T/NoDice PKR cells at 80% confluency
was transduced using 600 pL of lentiviral supernatant either expressing FHA:DICER, N1, N3,
Hel. or empty vector, supplemented with 4 ug/mL polybrene (Sigma) for 6 hours. The trans-
duction media was then changed with fresh DMEM for 24 hours and the resistant cell clones
were selected for about 6 weeks with blasticidin (15 pg/mL for NoDice or 10 ug/mL for NoDi-
ce PKR) and subsequently maintained under blasticidin selection.

Viral stocks, virus infection

Viral stocks of SINV or SINV-GFP were produced as described in [36]. Cells were infected
with SINV or SINV-GFP at an MOI of 0.02, 0.1, 1 or 2 and samples were collected at different
time points as indicated in the figure legends.

Analysis of viral titer by plaque assay

Vero R cells were seeded in 96-well plates format and were infected with 10-fold serial dilu-
tions infection supernatants for 1 hour. Afterwards, the inoculum was removed, and cells were
cultured in 2.5% carboxymethyl cellulose for 72 hours at 37°C in a humidified atmosphere of
5% CO,. Plaques were counted manually under the microscope and viral titer was calculated
according to the formula: PFU/mL = #plaques/ (Dilution* Volume of inoculum). All data and
statistics pertaining to plaque assay analysis can be found in S6 Table.

Western blot analysis

Proteins were extracted from cells and homogenized in 350 uL of lysis buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% SDS and Protease Inhibitor Cocktail
(complete Mini; Sigma Aldrich). Proteins were quantified by the Bradford method and 20 to

30 pg of total protein extract were loaded on 4-20% Mini-PROTEAN TGX Precast Gels (Bio-
Rad). After transfer onto nitrocellulose membrane, equal loading was verified by Ponceau stain-
ing. For PVDF membrane, equal loading was verified by Coomassie staining after transfer and
blotting. Membranes were blocked in 5% milk and probed with the following antibodies: anti-
hDicer (1:500, F10 Santa Cruz, sc-136979) and anti-hDicer (1:1000, A301-937A, Bethyl), anti-
TRBP (1:500, D-5 Santa Cruz, sc-514124), anti-PKR (1:2500, Abcam ab32506), anti-PACT
(1:500, Abcam, ab75749), anti-HA (1:10000, Sigma, H9658), anti-DHX9 (1:500, Abcam,
ab26271), anti-p-elF2 (1:1000, Ser-52 Santa Cruz, sc-601670), anti-hADAR-1 (1:500 Santa Cruz,
sc-271854) anti-p-PKR (1:1000 Abcam ab81303) anti-GFP (1:10000, Roche, 11814460001) and
anti-Tubulin (1:10000, Sigma, T6557). Detection was performed using Chemiluminescent Sub-
strate (Pierce, Thermo Fisher Scientific) and visualized on a Fusion FX imaging system (Vilber).

RNA extraction and northern blot analysis

Total RNA was extracted using Tri-Reagent Solution (Fisher Scientific; MRC, Inc) according
to the manufacturer’s instructions. Northern blotting was performed on 10 pug of total RNA.
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RNA was resolved on a 12% urea-acrylamide gel, transferred onto Hybond-NX membrane
(GE Healthcare). RNAs were then chemically cross-linked to the membrane during 90 min at
65°C using 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Sigma
Aldrich). Membranes were prehybridized for 30 min in PerfectHyb plus (Sigma Aldrich) at
50°C. Probes consisting of oligodeoxyribonucleotides (see S5 Table) were 5’'-end labeled using
T4 polynucleotide kinase (Thermo Fisher Scientific) with 25 pCi of [ -32P]dATP. The labeled
probe was hybridized to the blot overnight at 50°C. The blot was then washed twice at 50°C
for 20 min (5% SSC/0.1% SDS), followed by an additional wash (1x SSC/0.1% SDS) for 5 min.
Northern blots were exposed to phosphorimager plates and scanned using a Bioimager FLA-
7000 (Fuji).

Immunoprecipitation

Immunoprecipitation experiments were carried out either on tagged proteins or on endoge-
nous proteins.

Tagged proteins. Cells were harvested, washed twice with ice-cold 1x PBS (Gibco, Life
Technologies), and resuspended in 550 pL of lysis buffer (50 mM Tris-HCl pH 7.5, 140 mM
NaCl, 1.5 mM MgCl,, 0.1% NP-40), supplemented with Complete-EDTA-free Protease Inhibi-
tor Cocktail (complete Mini; Sigma Aldrich). Cells were lysed by 30 min incubation on ice and
debris were removed by 15 min centrifugation at 2000 g and 4°C. An aliquot of the cleared
lysates (50 uL) was kept aside as protein Input. Samples were divided into equal parts (250 uL
each) and incubated with 15 pL of magnetic microparticles coated with monoclonal HA or
MYC antibodies (MACS purification system, Miltenyi Biotech) at 4°C for 1 hour under rota-
tion (10 rpm). Samples were passed through p Columns (MACS purification system, Miltenyi
Biotech). The u Columns were then washed 3 times with 200 pL of lysis buffer and 1 time with
100 pL of washing buffer (20 mM Tris-HCl pH 7.5). To elute the immunoprecipitated pro-
teins, 95°C pre-warmed 2x Western blot loading buffer (10% glycerol, 4% SDS, 62.5 mM Tris-
HCI pH 6.8, 5% (v/v) 2- -mercaptoethanol, Bromophenol Blue) was passed through the pu Col-
umns. Proteins were analyzed by western blotting or by mass spectrometry.

Endogenous proteins. mock or SINV-GFP-infected HEK293T cells (MOI of 2) were
lysed 6 hours post-infection using immunoprecipitation buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 5 mM EDTA, 0.05% SDS, 1% triton) supplemented with Complete-EDTA-free
Protease Inhibitor Cocktail (complete Mini; Sigma Aldrich). Lysates were treated for 20 min at
37°C with 1 pL of DNase I (Thermo Fisher Scientific) using its buffer (10 mM MgCl,, 5 mM
CaCl, and 1 pL of ribolock). Lysates were cleared by centrifugation at 16000 g, 10 min at 4°C.
Supernatants were precleared 1 h at room temperature with magnetic beads blocked with BSA
(Thermo Fisher Scientific) to avoid aspecific binding. Lysates were incubated overnight on
wheel at 4°C with immunoprecipitation buffer containing magnetic Protein A DynaBeads
(Invitrogen, Thermo Fisher Scientific) conjugated with human PKR antibody (Abcam) or neg-
ative control rabbit IgG (Cell signaling, Ozyme). Beads were washed 3 times with immunopre-
cipitation buffer, 3 times with wash buffer (50 mM Tris-HCI [pH 7.5], 200 mM NaCl, 5 mM
EDTA, 0.05% SDS, 1% triton, supplemented with Complete-EDTA-free Protease Inhibitor
Cocktail (complete Mini; Sigma Aldrich) and twice with cold PBS 1X (Gibco, Life Technolo-
gies). Beads were eluted with 2x western blot loading buffer and incubated for 10 min at 95°C
under agitation. Proteins were analyzed by western blotting.

RNase treatment followed by co-IP

On tagged proteins: Cells were harvested, washed twice with ice-cold 1x PBS (Gibco, Life Tech-
nologies), and resuspended in 550 pL of lysis buffer (50 mM Tris-HCI pH 7.5, 140 mM NaCl,
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1.5 mM MgCl,, 0.1% NP-40), supplemented with Complete-EDTA-free Protease Inhibitor
Cocktail (complete Mini; Sigma Aldrich). Cells were lysed by 30 min incubation on ice and
debris were removed by 15 min centrifugation at 2000 g and 4°C. Lysate was treated or not
with RNase A/T1 mix (Thermo Fisher Scientific) and place at 37°C 30 min. An aliquot of the
cleared lysates (25 uL) was kept aside as protein Input and another aliquot (25 pL) was kept to
assess RNase treatment efficiency. Co-IP was led as previously described.

Total RNA was extracted using Tri-Reagent Solution (Fisher Scientific; MRC, Inc) accord-
ing to the manufacturer’s instructions. RNA integrity upon treatment was verified on an 1%
agarose gel containing ethidium bromide 10 mg/mL (Invitrogen, Thermo Fisher Scientific)
and revealed under UV on Gel DocEZ system (Bio-Rad).

siRNA transfection

20 nM of human AGO?2 or non-targeting control siRNA (Horizon discovery) were transfected
in 130000 NoDice FHA:ctrl #2, NoDice FHA:DICER WT #4, N1 #6 or N3 #2.13 cells using
Lipofectamine 2000 transfection reagent (Invitrogen, Thermo Fisher Scientific) according to
the manufacturer’s instructions. After 24 hours, the cells were again transfected with 20 nM of
the same siRNA and incubated overnight. Cells were infected or not with SINV-GFP at an
MOI of 0.02 for 24 h. Proteins and supernatants were collected and analyzed by western blot-
ting and plaque assay, respectively.

BiFC assay

Experiments were carried out in two different ways. For non-fixed cells, NoDice PKR or
HEK293T cells were seeded at the density of 1.2 x 10° cells per well in a 24-well plate. After 16
hours, cells were transfected with equimolar quantities of each plasmid forming BiFC couples.
After 24 hours, cells were infected with SINV at an MOI of 2 and pictures were taken 6 hours
post-infection using ZOE fluorescent cell imager (Bio-Rad). Proteins were collected with lysis
buffer (50 mM Tris-HCI pH 7.5, SDS 0.05%, Triton 1%, 5 mM EDTA, 150 mM NacCl) supple-
mented with Complete-EDTA-free Protease Inhibitor Cocktail (complete Mini; Sigma
Aldrich), and subjected to western blot analysis. For fixed cells, NoDice PKR cells were seeded
at the density of 8.10* cells per well in 8-well Millicell EZ Slides (Merck Millipore), transfected
and infected as described previously. At 6 hours post-infection, cells were fixed with 4% form-
aldehyde and 0.2% glutaraldehyde for 10 min. Cells were then washed with 1x PBS (Gibco,
Life Technologies) and stained with 10 pg/uL DAPI (Invitrogen, Thermo Fisher Scientific) in
1x PBS solution (Invitrogen, Thermo Fisher Scientific) for 5 min. Fixed cells were mounted on
a glass slide with Fluoromount-G mounting media (Southern Biotech). Images were acquired
using confocal LSM780 (Zeiss) inverted microscope with an argon laser (514x nm) and with
x40 immersion oil objective. All pictures obtained from BiFC experiments were treated using
Figure] software (NIH).

Mass spectrometry analysis

Protein extracts were prepared for mass spectrometry as described in a previous study [87].
Each sample was precipitated with 0.1 M ammonium acetate in 100% methanol, and proteins
were resuspended in 50 mM ammonium bicarbonate. After a reduction-alkylation step
(dithiothreitol 5 mM-iodoacetamide 10 mM), proteins were digested overnight with sequenc-
ing-grade porcine trypsin (1:25, w/w, Promega, Fitchburg, MA, USA). The resulting vacuum-
dried peptides were resuspended in water containing 0.1% (v/v) formic acid (solvent A). One
sixth of the peptide mixtures were analyzed by nanoLC-MS/MS an Easy-nanoLC-1000 system
coupled to a Q-Exactive Plus mass spectrometer (Thermo-Fisher Scientific, USA) operating in
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positive mode. Five microliters of each sample were loaded on a C-18 precolumn (75 pm

ID x 20 mm nanoViper, 3 um Acclaim PepMap; Thermo) coupled with the analytical C18 ana-
lytical column (75 pm ID x 25 cm nanoViper, 3 pum Acclaim PepMap; Thermo). Peptides were
eluted with a 160 min gradient of 0.1% formic acid in acetonitrile at 300 nL/min. The Q-Exac-
tive Plus was operated in data-dependent acquisition mode (DDA) with Xcalibur software
(Thermo-Fisher Scientific). Survey MS scans were acquired at a resolution of 70K at 200 m/z
(mass range 350-1250), with a maximum injection time of 20 ms and an automatic gain con-
trol (AGC) set to 3e6. Up to 10 of the most intense multiply charged ions (>2) were selected
for fragmentation with a maximum injection time of 100 ms, an AGC set at 1e5 and a resolu-
tion of 17.5K. A dynamic exclusion time of 20 s was applied during the peak selection process.

Database search and mass-spectrometry data post-processing

Data were searched against a database containing Human and Viruses UniProtKB sequences
with a decoy strategy (GFP, Human and Sindbis Virus SwissProt sequences as well as Semliki
Forest Virus SwissProt and TrEMBL sequences (releases from January 2017, 40439
sequences)). Peptides were identified with Mascot algorithm (version 2.3, Matrix Science, Lon-
don, UK) with the following search parameters: carbamidomethylation of cysteine was set as
fixed modification; N-terminal protein acetylation, phosphorylation of serine / threonine /
tyrosine and oxidation of methionine were set as variable modifications; tryptic specificity
with up to three missed cleavages was used. The mass tolerances in MS and MS/MS were set to
10 ppm and 0.02 Da respectively, and the instrument configuration was specified as “ESI--
Trap”. The resulting .dat Mascot files were then imported into Proline v1.4 package (http://
proline.profiproteomics.fr) for post-processing. Proteins were validated with Mascot pretty
rank equal to 1, 1% FDR on both peptide spectrum matches (PSM) and protein sets (based on
score). The total number of MS/MS fragmentation spectra (Spectral count or SpC) was used
for subsequent protein quantification in the different samples. All data have been deposited to
the ProteomeXchange Consortium [88].

Exploratory and differential expression analysis of LC-MS/MS data

Mass spectrometry data obtained for each sample were stored in a local MongoDB database
and subsequently analyzed through a Shiny Application built upon the R/Bioconductor pack-
ages msmsEDA (Gregori ], Sanchez A, Villanueva J (2014). msmsEDA: Exploratory Data
Analysis of LC-MS/MS data by spectral counts. R/Bioconductor package version 1.22.0) and
msmsTests (Gregori J, Sanchez A, Villanueva J (2013). msmsTests: LC-MS/MS Differential
Expression Tests. R/Bioconductor package version 1.22.0). Exploratory data analyses of
LC-MS/MS data were thus conducted, and differential expression tests were performed using
a negative binomial regression model. The p-values were adjusted with FDR control by the
Benjamini-Hochberg method and the following criteria were used to define differentially
expressed proteins: an adjusted p-value < 0.05, a minimum of 5 SpC in the most abundant
condition, and a minimum fold change of 2 (abs(LogFC) > 1). GO term analysis was per-
formed using the EnrichR web-based tool (http://amp.pharm.mssm.edu/Enrichr). The direct
interaction network for proteins enriched in SINV-infected cells was generated using the
STRING database (https://string-db.org).

Supporting information

S1 Fig. Analysis of SINV-GFP infection in FHA:DICER cell lines at different MOI and
time points. A. miR-16 expression analyzed by northern blot in HEK293T, NoDice FHA:ctrl
#1 and FHA:DICER WT #4 cell lines. Expression of snRNA U6 was used as loading control. B.
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Representative GFP pictures of HEK293T, NoDice 2.20, NoDice 4.25, NoDice FHA:ctr] #1
and NoDice FHA:ctrl #2 cells infected with SINV-GFP at an MOI of 0.02 for 24 h. The left
panel corresponds to GFP signal and the right panel to a merge of GFP signal and the corre-
sponding brightfield. Pictures were taken with a 5x magnification. hpi: hours post-infection.
C. Mean (+/- SEM) of SINV-GFP viral titers in cells infected at an MOI of 0.02 for 24 h (n = 3)
from plaque assay quantification. * p < 0.05, ns: non-significant, ordinary one-way ANOVA
test with Bonferroni correction. D. Western blot analysis of DICER, AGO2 and GFP expres-
sion in SINV-GFP-infected cells shown in B. Gamma-Tubulin was used as loading control.
(TIF)

$2 Fig. LC-MS/MS analysis of DICER interactome during SFV infection. A. Volcano plot
for differentially expressed proteins (DEPs) between HA IP and CTL IP in FHA:DICER
mock-infected cells. Each protein is marked as a dot; proteins that are significantly up-regu-
lated in HA IP are shown in red, up-regulated proteins in CTL IP are shown in blue, and non-
significant proteins are in black. The horizontal line denotes a p-value of 0.05 and the vertical
lines the Log2 fold change cutoff (-1 and 1). DICER and its cofactors (TRBP, PACT, AGO2)
are highlighted in yellow. B. Left panel: Volcano plot for DEPs between SFV (MOI of 2, 6 hpi)
and mock fractions of HA IP in FHA:DICER cells. Same colour code and thresholds as in A
were applied. Proteins that are discussed in the text are highlighted in yellow and SFV proteins
in purple. C. Summary of the differential expression analysis of SFV vs mock fractions from
HA IP in FHA:DICER cells. The analysis has been performed using a generalized linear model
of a negative-binomial distribution and p-values were corrected for multiple testing using the
Benjamini-Hochberg method.

(TIF)

$3 Fig. Confirmation of LC-MS/MS analysis by co-IP and BiFC controls. A. FHA:DICER
WT #4 cells were infected with SINV-GFP at an MOI of 0.02 for 24 h and a HA co-IP was per-
formed. Eluted proteins were resolved by western blot and IP efficiency was assessed using an
HA antibody. In parallel, co-IPed proteins were visualized using appropriate antibodies. GFP
antibody was used to verify the infection and Ponceau staining serves as loading control. B.
1% agarose gel analysis of RNA extracted from INPUT of the co-IP in Fig 3B. Ribosomal RNA
integrity was compared to a control HEK293T cell line. RN As were revealed using ethidium
bromide under UV. C. Schematic representation of Human DICER proteins used for BiFC
positive and negative controls. The different conserved domains are shown in colored boxes.
DUF283: Domain of Unknown Function; PAZ: PIWI ARGONAUTE ZWILLE domain;
dsRBD: dsRNA-binding domain. hDICER WT is the full-length protein. hDICER N1 is
deleted of the first N-terminal 495 amino acids. D. Expression of BiFC plasmids was assessed
by western blot. DICER proteins (WT and N1) and PKR were visualized using antibodies tar-
geting endogenous proteins, whereas TRBP and PACT were detected using GFP antibody.
Antibody targeting the SINV coat protein (CP) was used as infection control. Ponceau staining
was used as loading control. E. Positive and negative BiFC controls on fixed NoDice PKR
cells. After co-transfection, cells were infected with SINV at an MOI of 2 for 6 h and fixed.
After fixation, cells were stained with DAPI and observed under confocal microscope. Merge
pictures of BiFC and DAPI signals of SINV-infected cells are shown. A higher magnification
of images showing the interaction represented by a red square is shown in the bottom left cor-
ner. Scale bars: 20 um and 10 pm. F. Expression of BiFC plasmids was assessed by western
blot. DICER, PKR, TRBP and PACT were detected using GFP antibody. Antibody targeting
the SINV coat protein (CP) was used as infection control. Gamma-Tubulin was used as load-
ing control. The asterisk corresponds to an aspecific band. G. Interactions between DICER
and TRBP, PACT or PKR were visualized by BiFC. Plasmids expressing ™ **Venus:DICER
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and TRBP:, PACT: or PKR:Venus“ " were co-transfected in HEK293T cells for 24 h and cells
were either infected with SINV at an MOI of 2 for 6 h or not. The different combinations are
indicated on the left side. Reconstitution of Venus (BiFC) signal was observed under epifluor-
escence microscope. For each condition, the left panel corresponds to Venus signal and the
right panel to the corresponding brightfield pictures. Scale bar: 100 pm.

(TIF)

$4 Fig. Confirmation of DICER interactome upon SINV infection in HCT116 KI-DICER
cells. A. Schematic representation of DICER WT and Flag-HA(FHA)-GFP knocked-in (KI)
alleles. FHA sequence is in purple, GFP in green, DICER 5’UTR in orange and DICER coding
region in yellow. The gRNA used to generate the KI was designed to target the first coding
exon of DICER gene. B. PCR on genomic DNA extracted from WT and KI cells. C. An oligo
outside the homologous recombination region and an oligo within the GFP tag were used to
verify the presence of a 1040 bp amplicon in HCT116 KI-DICER clone. Sequencing results
corresponding to this region are shown. D. Western blot analysis of DICER, p-PKR, PKR and
p-elF2 expression in mock or SINVGFP-infected HEK293T and HCT116 KI-DICER cell
lines at an MOI of 2 for 6 h or 16 h and 0.02 for 24 h. GFP antibody was used to verify the
infection. Ponceau and gamma-Tubulin were used as loading controls.

(TTF)

S5 Fig. Interaction analysis between the different versions of DICER and TRBP or PACT
using BiFC assay. NoDice PKR cells were co-transfected for 24 h with plasmids expressing
the different versions of DICER proteins fused to the N-terminal part of Venus and either
TRBP:Venus“ " (A) or PACT:Venus© ' (B). Cells were then infected with SINV at an MOI
of 2 for 6 h and Venus signal was observed under epifluorescence microscope. The left panel
corresponds to Venus signal and the right panel to the corresponding brightfield picture. Pic-
tures were taken with a 5x magnification. hpi: hours post-infection. Scale bar: 100 um.

(TIF)

S6 Fig. Analysis of the importance of Dicer helicase domain on SINV-GFP infection in
FHA:DICER mutant stable cell lines. A. Northern blot analysis of miR-16 expression in
HEK?293T, NoDice 2.20, NoDice FHA:ctrl #2, FHA:DICER WT polyclonal, FHA:DICER N1
#6, FHA:DICER Hel. #2.6, and FHA:DICER N3 #2.13. Expression of snRNA U6 was used as
loading control. B. Representative GFP fluorescent microscopy images of HEK293T, NoDice
2.20, FHA:DICER mutants cell lines infected with SINV-GFP at an MOI of 0.02 for 24 h. The
left panel corresponds to GFP signal and the right panel to a merge picture of GFP signal and
brightfield. Pictures were taken with a 5x magnification. hpi: hours post-infection. C. Mean
(+/- SEM) of SINV-GFP viral titers over FHA:DICER WT #4 cells in FHA:DICER N1 #6,
FHA:DICER N3 #2.13, NoDice FHA:ctrl #2 and NoDice 2.20 cell lines infected at an MOI of
0.02 for 24 h (n = 3) from plaque assay quantification. *** p < 0.001, ns: non-significant, ordi-
nary one-way ANOVA test with Bonferroni correction.

(TIF)

S1 Table. Top 100 proteins that are differentially immunoprecipitated in mock-infected
FHA:DICER cells by the HA and Myc (CTL) antibodies. Related to Fig 2.
(XLSX)

S2 Table. Top 100 proteins that are differentially immunoprecipitated with the HA anti-
body in SINV-infected vs mock-infected FHA:DICER cells. Related to Fig 2.
(XLSX)
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S3 Table. Top 100 proteins that are differentially immunoprecipitated in mock-infected
FHA:DICER cells by the HA and Myc (CTL) antibodies, in the SFV infection experiment.
Related to S2 Fig.

(XLSX)

S$4 Table. Top 100 proteins that are differentially immunoprecipitated with the HA anti-
body in SFV-infected vs mock-infected FHA:DICER cells. Related to S2 Fig.
(XLSX)

S5 Table. List of primers used in this study.
(XLSX)

S6 Table. Data and statistical tests details used in plaque assays shown in Figs 1, 6, 7, 8, S1
and S6.
(XLSX)
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Second part
Canonical and non-canonical contributions of human

Dicer helicase domain in antiviral defense

The following chapter describes the results obtained for the investigation on Dicer helicase
domain contribution to the innate immune response. This section has been organized as a
manuscript that we aim to submit in August. Briefly, the manuscript describes, first, the RNAi
contribution to the N1 Dicer antiviral phenotype. Moreover, | investigated the role of the
helicase subdomains in the immune response. Finally, | focused on N1 Dicer activity, as it
displays an RNAi-independent antiviral phenotype against alphaviruses and an enterovirus. |
focused on the transcriptomic analysis of N1 cells, uncovering an upregulation of IFN-related
genes controlled by immune transcription factors as STAT2 and NF-kB. Finally, | showed the
PKR catalytic-independent role in this antiviral phenotype through the contribution of the NF-

kB pathway.

167



10

11

12

Canonical and non-canonical contributions of human Dicer helicase domain

in antiviral defense

Morgane Baldaccini, Léa Gaucherand, Béatrice Chane-Woon-Ming, Mélanie Messmer,

Floriane Gucciardi, Sébastien Pfeffer*

Université de Strasbourg, Architecture et Réactivité de I’ARN, Institut de Biologie Moléculaire

et Cellulaire du CNRS, 67000 Strasbourg, France

* To whom correspondence should be addressed: s.pfeffer(@ibmc-cnrs.unistra.fr




13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

ABSTRACT

In mammals, the co-existence of RNAi and the type I interferon response in somatic cells begs
the question of their compatibility and relative contribution during viral infection. Previous
studies provided hints that both mitigating co-factors and self-limiting properties of key
proteins such as Dicer could explain the apparent inefficiency of antiviral RNAi. Indeed, the
helicase domain of human Dicer limits its processing activity and acts as an interaction platform
for co-factors that could hinder its function. We studied the involvement of several helicase-
truncated mutants of human Dicer in the antiviral response. We show that all deletion mutants
display an antiviral phenotype against alphaviruses and an enterovirus. While only one of them,
Dicer N1, is antiviral in an RNAi-independent manner, they all require the expression of PKR
to be active. To elucidate the mechanism underlying the antiviral phenotype of Dicer N1
expressing cells, we analyzed their transcriptome and found that many genes from the interferon
and inflammatory response were upregulated. We could show that these genes appear to be
controlled by transcription factors such as STAT-1, STAT-2, and NF-kB. Finally, we
demonstrated that blocking the NF-kB pathway in Dicer N1 cells abrogated their antiviral
phenotype. Our findings highlight the crosstalk between Dicer, PKR, and the IFN-I pathway,
and suggest that human Dicer may have repurposed its helicase domain to prevent basal

activation of antiviral and inflammatory pathways.



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

INTRODUCTION

RNAI is an evolutionary conserved cellular defense mechanism against invading nucleic acids.
It is based on the detection and cleavage of a trigger molecule, double-stranded (ds) RNA, by
Dicer, a type III ribonuclease. The resulting small interfering (si) RNAs act as guides for
effector Argonaute proteins that will act on target RNAs in a sequence specific manner (Meister
& Tuschl, 2004). By its nature, RNAi has been shown to be a prominent defense mechanism
against viruses in plant and invertebrate organisms (Guo et al, 2019; tenOever, 2016), but its
exact contribution to the innate antiviral response in mammals remains to be firmly established.
Although antiviral RNAi appears to be active in specific conditions, in particular in pluripotent
stem cells (Maillard et al/, 2013), it also seems to be incompatible with other innate immune
defense pathways that rely on the type I interferon response (IFN-I). As a result, certain studies
have shown that inactivating then IFN-I response allows RNAIi to take over. The pattern
recognition receptors that are inactivated in these studies are members of the RIG-I like
receptors (RLR) family and they are also activated by dsSRNA (Ahmad & Hur, 2015; Pichlmair
& Reis e Sousa, 2007). However, as opposed to Dicer, they do not act by cleaving dsSRNA but
rather by inducing a phosphorylation cascade that will ultimately result in the production of the
autocrine- and paracrine-acting interferon o and B cytokines followed by the transcriptional
activation of hundreds of interferon stimulated genes (ISGs) (Ivashkiv & Donlin, 2014). Thus,
in mammalian somatic cells deficient for MAVS or IFNAR, the production of long-dsRNA-
derived siRNAs can be detected and are shown to be dependent on Dicer activity (Maillard et
al,2016). Besides, the RLR LGP2 has been shown to be directly interacting with Dicer blocking
siRNA production and along with TRBP preventing the correct miRNA maturation (Takahashi
et al,2018b, 2018a; van der Veen et al, 2018). Thus, in mammalian cells RNAi and IFN-I seem
to be functionally mutually exclusive and IFN-I is suggested to tone down Dicer involvement

in antiviral RNAI.
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One interesting observation is that the N-terminal helicase domain is quite conserved
between RLRs and Dicer, which might indicate a functional replacement during evolution
(Baldaccini & Pfeffer, 2021). In mammalian Dicer, the helicase domain exerts some molecular
constraints that limit Dicer’s processivity for cleaving long dsSRNA molecules (Ma et al, 2008).
Accordingly, a synthetic Dicer lacking the first two domains of the helicase, Hell and Hel2i,
and named Dicer N1 displays better cleavage properties of an artificial dsSRNA than the full-
length version of Dicer (Kennedy et al., 2015). More recently, a naturally occurring isoform of
Dicer, lacking the Hel2i domain, has been identified in human stem cells and showed to possess
some antiviral properties in an RNAi-dependent manner (Poirier ez al, 2021). Similarly, a Hel1-
truncated version of Dicer, coined Dicer?, is specifically expressed in mouse oocytes and is
better adapted to cleave long dsRNA molecules than pre-miRNAs (Flemr et al, 2013).
Uncovering the structure of Dicer® isoform revealed that the N-terminal part of the helicase
domain plays an important role for the correct positioning of the pre-miRNA and that removing
it potentially increases the affinity for longer dsRNA structures (Zapletal et al, 2022). On top
of having a molecular self-limiting effect, this helicase domain also allows Dicer to interact
with proteins that regulate its activity. We have recently shown that during Sindbis virus (SINV)
infection the helicase domain of human Dicer specifically interacts with proteins that are
involved in the IFN-I response such as PACT, the RNA helicase DHX9, the adenosine
deaminase ADAR1 and the dsRNA-activated protein kinase PKR (Montavon et al/, 2021). In
addition, we reported in the same study that the expression of the helicase-truncated Dicer N1
confers a strong antiviral activity against SINV, and that this phenotype is dependent on the
presence of PKR. Similarly, another study shows a genetic link between Dicer and PKR in
mouse embryonic stem cells and proposes that Dicer can hinder PKR activity in a non-canonical
manner (Gurung et al, 2021). Dicer thus seems to have an additional antiviral activity linked to

PKR that is limited by its helicase domain.
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In this study, we sought to uncover the mechanism underlying Dicer N1 antiviral
activity. By using HEK293T NoDice cells (Bogerd et al, 2014) stably expressing either Dicer
WT or N1, we showed that Dicer N1 cells are more resistant than Dicer WT cells to infection
with alphaviruses SINV and Semliki forest virus (SFV), and human enterovirus 71 (HEV71).
However, this antiviral effect was virus-dependent, as Dicer N1 had no impact on vesicular
stomatitis virus (VSV) infection, and we even observed a pro-viral effect of Dicer N1 on SARS-
CoV-2 infection. Interestingly, we found that the antiviral effect of Dicer N1 is RNAi-
independent, as cells expressing a catalytically inactive Dicer N1 were equally protected against
SINV infection. We also tested other helicase-truncated mutants of Dicer and observed that
individual deletion of each subdomain (Hell, Hel2i or Hel2) also conferred an antiviral property
to Dicer. However, as opposed to Dicer N1, this phenotype appeared to be partially due to
RNAI. Nevertheless, all of the helicase-deletion mutants also required the presence of PKR to
maintain their antiviral effect. We thus focused our investigations on the implication of PKR in
the phenotype of Dicer N1 and showed that it is required for its antiviral activity independently
from its kinase function. Transcriptomic analysis of mock- or SINV-infected cells uncovered
that Dicer N1 expressing cells have a higher basal expression of a large subset of genes,
including a number that are involved in the antiviral response. We further show that those genes
are under the control of transcription factors such as STAT1, STAT2 and NF-kB/p65. Finally,
we confirmed the importance of the latter pathway in the phenotype of Dicer N1 cells by
alleviating the antiviral effect in cells treated with a chemical inhibitor of NF-kB. Based on
these results, we propose that one reason for human Dicer to have maintained a self-limiting

helicase domain is to prevent basal activation of antiviral and inflammatory pathways.
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RESULTS

Effect of Dicer N1 expression on SINV viral cycle

We previously showed that a partial helicase-deletion mutant of human Dicer expressed in
HEK293T NoDice cells presented an antiviral activity against SINV (Montavon et al, 2021).
We used the two monoclonal cell lines NoDice FHA-Dicer WT #4 and NoDice FHA:Dicer N1
#6 (afterward respectively referred to as Dicer WT and Dicer N1 cells) to better characterize
the impact of Dicer WT or Dicer N1 expression on SINV cycle. We used a non-modified SINV
strain and two different GFP-expressing strains that either express the fluorescent protein from
a duplication of the subgenomic promoter (SINV-GFP) or from a fusion with the capsid protein
(SINV-2A-GFP) (Thomas et al., 2003), the latter expressing GFP at higher levels than the
former (Supp. Fig. 1A). We infected Dicer WT or Dicer N1 cells with increasing MOIs of all
three viruses and measured the accumulation of infectious particles by plaque assay 24 hours
post-infection (hpi) (Fig. 1A). For all viruses, we observed a significant antiviral effect at every
MOl in cells expressing Dicer N1 compared to cells expressing Dicer WT. The effect was more
pronounced in cells infected with the SINV-2A-GFP, which seems to be attenuated at lower
MOIs compared to the two other viral strains (Fig. 1A). We also monitored viral protein
accumulation as well as PKR activation in cells infected for 24h at an MOI of 0.02. In Dicer
N1 cells, both the Capsid and GFP proteins accumulated to lower levels, or even below
detection limits for SINV-2A-GFP, compared to Dicer WT cells (Fig. 1B). PKR
phosphorylation could be detected to roughly similar levels in Dicer WT and N1 cells infected
with SINV or SINV-GFP. However, it was only detectable in Dicer WT cells but not in Dicer
N1 cells, infected with the SINV-2A-GFP, which reflected the attenuation of this virus
compared to the two others (Fig. 1B). We also monitored double-stranded (ds) RNA
accumulation during infection as a proxy for viral replication. We used the dsRNA-specific J2

antibody (Richardson et al, 2010) to perform immunostaining of cells infected for 24h at an
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MOI of 0.02 with either of the three SINV strains. Compared to Dicer WT cells, dsSRNA
accumulation decreased in Dicer N1 cells for all three viruses, with a stronger effect for the
SINV-2A-GFP virus (Fig. 1C). Finally, to further confirm the impact of Dicer N1 expression
on viral replication, we finally measured the accumulation of genomic RNA by RT-qPCR in
cells infected with SINV-GFP at an MOI of 0.02 for 24h. In agreement with the previous results,
Dicer N1 cells showed a very strong decrease of SINV genomic RNA accumulation compared
to Dicer WT cells (Fig. 1D). In parallel, we also performed semi-quantitative strand-specific
RT-PCR on the same samples and observed that the anti-genomic viral RNA accumulated to
lower levels in Dicer N1 cells than in Dicer WT cells. (Supp. Fig. 1B). Collectively, these data

indicate that the antiviral activity of Dicer N1 leads to a defect in SINV viral replication.

Dicer N1 is antiviral against other positive-strand RNA viruses

To see whether the antiviral activity of Dicer N1 could be generalized to other viruses, we
infected Dicer WT and Dicer N1 cells with viruses from different families. We first tested
another Togaviridae, Semliki forest virus (SFV), and observed a lower viral titer in the
supernatants of Dicer N1 cells than in Dicer WT cells infected for 24h at an MOI of 1.10* (Fig.
2A, top panel). In addition, dsSRNA accumulation, as assessed by J2 immunostaining, was
barely detectable in Dicer N1 cells, whereas it was very high in Dicer WT cells (Fig. 2A, bottom
panel). We then infected Dicer WT and N1 cells at an MOI of 0.1 with a (+) RNA virus from
the Picornaviridae family, human enterovirus 71 (EV71), and measured viral titer in the
supernatant by TCIDS50 at 24 hpi. We observed that the EV71 titer was again lower in Dicer
N1 compared to WT cells (Fig. 2B, top panel). J2 immunostaining also confirmed a lower
accumulation of dsRNA in Dicer N1 cells compared to WT cells (Fig. 2B, bottom panel). We
also tested the effect of Dicer N1 on a single-stranded negative-sense RNA virus from the

Rhabdoviridae tfamily, i.e. vesicular stomatitis virus (VSV). We infected Dicer WT and N1



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

cells at an MOI of 1.107° for 24h with an engineered VSV expressing the GFP protein and
titrated the virus in the supernatant by plaque assay. We did not detect any significant difference
in viral titers between Dicer WT and N1 cells (Fig. 2C, top panel). As previously reported
(Weber et al, 2006), we were not able to detect dSRNA accumulation by J2 immunostaining, in
either Dicer WT or N1 cells infected with VSV-GFP. Since dsRNA is a canonical Dicer
substrate upon infection, this result indicates that the absence of dSRNA during VSV infection
might prevent the activation and antiviral activity of Dicer N1.

Finally, we infected the two cell lines with the single-stranded positive-sense RNA virus
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). In order to be able to use
this virus in the HEK293T cells we work with, we first transduced them with a lentiviral vector
expressing human ACE2 (hACE2), which is an essential receptor for SARS-CoV-2 infection
(Hoffmann et al, 2020). We verified hACE2 expression by western blot with a specific antibody
(Fig. 2D). We infected both hACE2-expressing Dicer WT and Dicer N1 cells with SARS-CoV-
2 at an MOI of 1.10° for 48h, and measured viral nucleocapsid expression by western blot
analysis. Nucleocapsid expression could be detected in both Dicer WT and N1 cells and seemed
to be slightly higher in the latter (Fig. 2E). We also monitored PKR phosphorylation in this
experiment and observed a higher signal in Dicer N1 compared to WT cells. Then, we measured
viral titer in the supernatant by TCID50 at 48 hpi. We observed that the SARS-CoV-2 titer was
higher in Dicer N1 compared to WT cells (Fig. 2F). We also performed J2 immunostaining on
SARS-CoV-2 infected cells, and saw that dSRNA was detected equally well in both Dicer WT
and N1 cells (Fig. 2G). Finally, we also measured viral RNA accumulation by RT-qPCR, and
saw that both ORF1a and Spike RNAs accumulated to higher levels in Dicer N1 than in Dicer
WT cells, although the increase was not significant for Spike RNA (Fig. 2H).

Altogether, these last results suggest that Dicer N1 expression can have an antiviral effect

for two different (+) RNA viruses (SFV and EV71), but not for a third one (SARS-CoV-2).
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This antiviral property does not seem to be active in the case of a (-) RNA virus, VSV, which

might be related in this case to the difference in dsSRNA accessibility.

RNA interference is not involved in Dicer N1 phenotype

We showed that Dicer N1 expression prevents the accumulation of viral genomic and
antigenomic RNA during SINV infection and of dsRNA during SINV, SFV and EV71
infection. Since it was previously shown that Dicer N1 was more active than Dicer WT to cleave
an artificial dsRNA into siRNAs (Kennedy et al., 2015), we first hypothesized that the
ribonuclease activity of Dicer N1 was responsible for its antiviral activity. To test this
hypothesis, we therefore used an affinity-based purification approach (Hauptmann et al, 2015)
to isolate Ago-associated small RNAs from Dicer WT or N1 cells infected with SINV-GFP at
an MOI of 0.02 for 24h and deep-sequenced them. We first mapped the reads to the human and
SINV-GFP genomes and observed that the vast majority of small RNAs had a cellular origin
(Supp. Fig. 2A). Only 0.2 to 1.2% of sequences could be mapped to the viral genome.
Interestingly, the percentage of viral reads was four-to-five-fold lower in Dicer N1 cells than in
WT cells. We further analyzed the viral reads and determined their size distribution. Small
RNAs mapped to both the genomic and to the antigenomic RNA, with a bias in favor of the
former, and showed a peak at 22 nt, consistent with a Dicer-mediated cleavage (Fig. 3A, Supp.
Fig. 2B). However, there was no real difference in size distribution or strand origin between
Dicer WT and N1 cells. Mapping the small RNAs to the viral genome showed a strong
enrichment at the 5° extremity of the genomic RNA in both Dicer WT and N1 cells (Fig. 3B,
Supp. Fig. 2C), in agreement with previous reports (Kong et al/, 2023; Zhang et al, 2021). The
number of reads that mapped to both strands of the viral RNA was however higher in Dicer
WT than in N1 cells. It therefore appears that both Dicer WT and Dicer N1 are competent for

the generation of what looks like viral siRNAs that are loaded in Argonaute proteins, but we
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did not see an increase in their number in Dicer N1 expressing cells. At this stage, we therefore
cannot say that the observed antiviral phenotype of Dicer N1 is linked to a stronger RNAi
activity.

To further confirm that the Dicer N1 phenotype was independent of its role in RNAi, we
generated a catalytic-deficient version of Dicer N1 by introducing mutations in both of its
RNAse III domains (Fig. 3C). As previously, we used the HEK293T NoDice 2.20 cell line
(Bogerd et al, 2014) that we transduced with lentiviral vectors expressing a Flag-HA-tagged
version of Dicer N1 with mutations in the catalytic domain (N1-CM). We then selected a clone,
NoDice FHA:Dicer N1-CM #2.17 (afterwards called Dicer N1-CM), that expressed Dicer at
levels similar to the Dicer WT and Dicer N1 cell lines previously generated (Fig. 3D). The
levels of PKR and TRBP were mostly similar to the ones in Dicer N1 cells. By blotting AGO2
expression in these cell lines, we observed that it was absent in the Dicer N1-CM cells, which
is expected for a miRNA-free Argonaute protein and is consistent with previous observations
(Gibbings ef al, 2012). We confirmed the defect in miRNA processing in the Dicer N1-CM
cells by measuring miR-16 accumulation by northern blot analysis. As expected, we saw no
mature miR-16 form and the accumulation of its precursor in Dicer N1-CM cells (Fig. 3E). We
then infected Dicer WT, N1 and N1-CM cells with SINV-GFP at an MOI of 0.02 for 24h and
measured the infection rate by western blot analysis and plaque assay. The level of the capsid
protein was strongly reduced in both Dicer N1 and Dicer N1-CM cells compared to Dicer WT
cells (Fig. 3F). In addition, we could not detect PKR or elF2a phosphorylation in neither Dicer
N1 nor Dicer N1-CM cells. To confirm these observations, we titrated the infectious viral
particles in the supernatant and observed a strong and significant decrease of viral titers in both
Dicer N1 and Dicer N1-CM compared to Dicer WT cells (Fig. 3G). To rule out any clone-
dependent effect, we performed the same experiment in polyclonal cells expressing Dicer WT,

N1 or N1-CM. As for the monoclonal cell lines, Dicer N1 and N1-CM cells displayed a drop
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in Capsid protein accumulation and an absence of PKR activation compared to Dicer WT cells
(Supp. Fig. 2D). Accordingly, the viral titer was strongly reduced in Dicer N1 and N1-CM cells
compared to Dicer WT cells (Supp. Fig. 2E). We showed previously that Dicer N1 could no
longer interact with the Dicer co-factors TRBP and PACT and with the kinase PKR (Montavon
et al,2021). Thus, we verified by co-immunoprecipitation the interaction of Dicer N1-CM with
these proteins. The results confirmed that Dicer N1-CM behaved similarly to Dicer N1
regarding the loss of these interactions (Supp. Fig. 2F).

Taken together, these results clearly show that the antiviral phenotype of Dicer N1 does
not depend on its catalytic activity, and therefore on RNAi, which is in agreement with our
previous observations that the antiviral effect of Dicer N1 did not depend on AGO2 (Montavon

etal,2021).

Impact of Dicer helicase subdomain deletions on viral infection

The region deleted in Dicer N1 contains both the Hell and Hel2i domains of the helicase, and
was designed based on the presence of an alternative initiation codon at this position (Kennedy
et al., 2015). Other deletion mutants have been reported in the literature, such as the rodent-
specific Dicer®, which is naturally expressed in oocytes (Flemr ef al, 2013). Similar to Dicer
N1, this truncated Dicer was shown to be more potent at generating siRNAs, and was further
functionally and structurally studied under the name Dicer AHell (Zapletal et al, 2022). Finally,
another Dicer isoform has been recently reported in human embryonic stem cells and was
coined antiviral Dicer (AviD) for its RNAi-related antiviral property against different viruses
(Poirier et al, 2021). This isoform lacks the Hel2i connector domain. To test the behavior of all
these deletion mutants during SINV infection, we generated lentiviral constructs expressing a
Flag-HA tagged version of Dicer AHell, AHel2i and a version lacking the third helicase domain

AHel2 (Fig. 4A). We used these lentiviral constructs, as well as catalytically inactive version
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of them called CM, to generate monoclonal NoDice cell lines. We first verified the correct
expression of the Dicer isoforms and checked their impact on AGO2, TRBP, PACT and PKR
expression (Supp. Fig. 3A). We also checked that the catalytically inactive versions of the
constructs were indeed impaired in miRNA biogenesis by measuring miR-16 expression by
northern blot analysis (Supp. Fig. 3B). We then infected cells expressing Dicer WT, AHell,
AHel2i, AHel2 or their catalytically inactive versions (CM) with SINV-GFP at an MOI of 0.02
for 24h and monitored Capsid protein accumulation by western blot analysis. The levels of
Capsid were lower in all cell lines expressing helicase truncated versions of Dicer compared to
Dicer WT cells, but seemed to go up when the RNAse III activity was mutated, although slightly
less so in the case of AHel2 (Fig. 4B). To really assess the impact of the expression of these
mutants on viral production, we titrated by plaque assay the supernatants of the previous
experiment, using Dicer N1 cells as control. We observed that expression of all helicase
deletion mutants, Dicer AHell, AHel2i and AHel2, resulted in a significant drop in viral titer,
although slightly less than in Dicer N1 expressing cells, and that this effect was lost in cells
expressing the CM versions of the mutants (Fig. 4C). Altogether, these results suggest that
deleting any helicase subdomain confers an antiviral activity to human Dicer.

We previously showed that Dicer N1 antiviral phenotype was dependent on the
expression of PKR (Montavon et al, 2021). We therefore tested the impact of the expression of
the various helicase deletion mutants on viral infection in NoDice compared to NoDiceAPKR
cells. We transduced the aforementioned cell lines with Dicer WT, N1, AHell, AHel2i and
AHel2 to generate polyclonal cell lines. We again made sure that these cell lines expressed the
different Dicer constructs, that they expressed similar levels of interacting proteins such as
AGO2, TRBP and PACT (Supp. Fig. 3C), and that they were also competent for miRNA
production (Supp. Fig. 3D). We then infected all those cell lines with SINV-GFP at an MOI of

0.02 for 24h and measured the expression of the Capsid protein by western blot analysis. We
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could observe a lower accumulation in NoDice cells transduced with Dicer AHell, AHel2 and
AHel2i compared to cells transduced with Dicer WT (Fig. 4D), although the effect was less
evident for cells expressing Dicer AHel2. On the contrary, in NoDiceAPKR cells transduced
with Dicer AHell, AHel2 and AHel2i, we did not observe such a strong decrease in Capsid
protein levels. We then determined the viral titers produced upon SINV-GFP infection of
NoDice or NoDiceAPKR cells expressing Dicer WT, N1, AHell, AHel2i or AHel2. While we
confirmed the antiviral effect of the helicase deletion mutants compared to the WT Dicer in
NoDice cells, we saw that this effect was completely abrogated in NoDiceAPKR cells (Fig.
4E). We can therefore conclude that the antiviral phenotype of Dicer N1 can also be observed
with smaller deletion mutants lacking individual subdomains of the helicase. However, as
opposed to Dicer N1, it seems that in the case of Dicer AHell, AHel2i or AHel2, this phenotype
is dependent on the catalytic activity of Dicer, and thus is likely RNAi-dependent. Yet, the
phenotype is also lost in cells that do not express PKR, a property which is also seen with Dicer

N1. We thus decided to look more into the role of PKR.

PKR, but not its catalytic activity, is directly involved in the Dicer N1 antiviral phenotype
As shown above, the antiviral phenotype of Dicer helicase mutants seems to be strictly
dependent on the expression of PKR. To validate the implication of PKR, we decided to re-
express it in NoDiceAPKR cells to see whether this would complement the antiviral phenotype
of Dicer N1. We also designed mutant versions of PKR as indicated in Figure 5A. These
mutants are: K296R, which is not able to bind ATP, homodimerize, autophosphorylate or
phosphorylate its targets (Dey et al, 2005), and T451A, which is still able to form homodimers
but loses its ability to autophosphorylate the T451 residue and to phosphorylate its targets
(Taylor et al, 2001). We first transduced constructs expressing a MYC:CTRL, MYC:PKR WT,

MYC:PKR K296R or MYC:PKR T451A in NoDiceAPKR FHA:Dicer WT cells and infected
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them with SINV-GFP at an MOI of 0.02 for 24h. We analyzed the expression of PKR and its
phosphorylated form by western blot analysis, which confirmed that all constructs were
expressed at high levels, but only WT PKR could be phosphorylated upon SINV infection (Fig.
5B). Interestingly, there was some basal level of phosphorylated PKR in the mock-infected
cells expressing WT PKR, which could be due to a higher expression of PKR in transduced
cells compared to WT cells. The activation of the MYC:PKR WT construct in the infected
condition resulted in an increase in eiF2a phosphorylation compared to the CTRL or mutant
PKR constructs. Even in the absence of PKR or in the presence of catalytically inactive version
of it, some levels of eiF2a phosphorylation could be detected in the SINV-infected conditions,
probably due to the activity of the GCN2 kinase as previously reported (Berlanga et al, 2006).
In terms of viral capsid accumulation, no real difference could be detected between the different
conditions (Fig. 5B). We measured viral particles production by plaque assay in SINV-GFP
infected cells, and could not detect any difference between samples (Fig. 5C). This result
indicates that in the presence of Dicer WT, expression of a WT or inactive mutant PKR has no
significant impact on SINV infection. We then transduced the same MYC:CTRL or PKR
constructs as above in NoDiceAPKR FHA:Dicer N1 cells and performed the same analysis after
infection with SINV-GFP. The western blot analysis was consistent with the previous one and
confirmed the correct expression of the PKR constructs as well as activation of only the WT
PKR version (Fig. 5D). However, we noted a small reduction of Capsid protein accumulation
in cells expressing MYC:PKR WT, K296R or T451A compared to the MYC:CTRL condition
(Fig. 5D). This was confirmed by the plaque assay analysis that revealed a significant drop in
viral titer in NoDiceAPKR Dicer N1 cells expressing WT or inactive PKR compared to cells
expressing the negative control (Fig. SE). We could thus restore the antiviral phenotype of Dicer
N1 by re-expressing PKR in cells where its expression was ablated. Interestingly, this did not

require a catalytically active or homodimerization competent PKR since the same
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complementation could be observed with two different mutants that were both unable to
phosphorylate their substrates. Overall, these results suggest that the antiviral activity of Dicer
N1 is linked to PKR, but does not require the canonical activation of PKR through

homodimerization and phosphorylation.

Expression of Dicer N1 induces major changes in the transcriptome

To decipher the mechanism behind Dicer N1 antiviral property, we performed total RNAseq
analysis on both Dicer WT and Dicer N1 cells either mock-infected, infected with SINV-GFP
at an MOI of 2 for 12h or infected with SINV-GFP at an MOI of 0.02 for 24h. We first verified
the percentage of viral reads in the libraries and observed that it was higher (about 8-fold for
the genomic RNA) in Dicer WT than in Dicer N1 cells (Supp. Fig. 4A). This confirmed the
antiviral effect of Dicer N1 at the level of viral replication. Next, we compared the overall
profiles of gene expression in the different conditions (Fig. 6A). The analysis identified 5
groups of genes according to their expression patterns. The first group was composed of genes
overexpressed in N1 cells compared to WT cells. The second one was composed of genes
specifically downregulated in WT cells upon infection, whereas the third one represented genes
downregulated upon infection in both cell lines. Finally, the fourth and fifth groups comprised
genes that are upregulated in both WT and N1 cells or in WT cells only, respectively. The first
two groups were of interest as several genes were upregulated in Dicer N1 cells no matter
whether there were infected or not. We then performed a differential gene expression analysis
of mRNAs using DEseq2 (Love et al, 2014) to determine the impact of the infection on the cell
transcriptome. The results confirmed that in Dicer WT cells, infection by SINV resulted in
major changes in the expression levels of a large number of mRNAs, which were visible both
at 12 and 24 hpi (Fig. 6B, Supp. Fig. 4B). However, in Dicer N1 cells, these changes were

substantially more limited at both time points of infection (Fig. 6C, Supp. Fig. 4B), consistent
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with the fact that the infection was attenuated in these cells and therefore did not result in a
strong cellular response. Strikingly, when we compared the transcriptomes of mock-infected
Dicer WT and Dicer N1 cells, we found that there was a large number of up-regulated mRNAs,
as well as a smaller number of down-regulated mRNAs (Fig. 6D). It seems therefore that the
expression of Dicer N1 results in changes at the transcriptional level, so we set out to examine
whether any of these perturbations could explain the phenotype we observed in these cells. To
better characterize the phenotypical dynamics underlying differentially expressed genes
(DEGs), we looked at gene set enrichment analysis (GSEA) against the Hallmark biological
states and processes gene sets (Fig. 6E, Supp. Fig. 4C, D). In Dicer N1 cells, processes linked
to interferon alpha and gamma, and to inflammatory and NF-kB responses were significantly
enriched (Fig. 6E). Interestingly, the interferon alpha and gamma pathways were already
enriched in mock cells, whereas those pathways were not enriched in WT cells upon SINV
infection. This was confirmed by the increased number of genes linked to interferon and
inflammatory pathways in Dicer N1 cells compared to WT cells, denoting a basal IFN-I
signature linked to a subset of genes in N1 cells (Supp. Fig. 4C). Conversely, those pathways
were not detected in WT cells upon infection (Supp. Fig. 4D).

Altogether, these results highlight transcriptomic differences in Dicer N1 compared to
WT cells in mock and SINV infected cells. Globally, immune-related pathways seem to be

enriched in Dicer N1 cells, and this, even in the steady state.

Dicer N1 expression increases the activation of immune-related transcription factors
Given the seemingly increased RNA Pol II transcription in the Dicer N1 cells, we looked

for transcription factors that are known to play important roles in innate immunity and analyzed

the expression levels of their target genes in the different samples. We retrieved the known

targets of NF-kB/p65, STAT1, STAT2, IRF2 and IRF3 and extracted from these lists genes that
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were differentially expressed either during infection in Dicer WT or Dicer N1 cells, or between
mock-infected Dicer WT and Dicer N1 cells. We then computed the cumulative frequencies of
de-regulated transcripts by comparing i) Dicer WT SINV-GFP 24hpi vs. Dicer WT Mock, ii)
Dicer N1 SINV-GFP 24hpi vs. Dicer N1 Mock and iii) Dicer N1 Mock vs. Dicer WT Mock.
This calculation was done for NF-kB/p65 (Fig. 7A) and STAT2 (Fig. 7B), which were the ones
with the greater changes, but also for IRF2 (Supp. Fig. 5A), IRF3 (Supp. Fig. 5B) and STAT1
(Supp. Fig. 5C). The results indicate first that when comparing Dicer WT SINV-infected vs.
Mock and Dicer N1 SINV-infected vs. Mock, there were more target genes either up or down-
regulated in the Dicer WT cells than in the Dicer N1 cells, which again reflects the lower
response of Dicer N1 cells to the infection. Surprisingly, there were significantly more
upregulated transcripts when comparing Dicer N1 Mock to Dicer WT Mock than when
comparing Dicer WT SINV-infected to Dicer WT Mock conditions (see the red vs. black curves
in Fig. 7A, B). A global representation in the form of heatmaps for the same set of genes that
are known targets of NF-kB/p65 or STAT2 also allowed to visualize the stronger changes
induced by the infection in Dicer WT cells compared to Dicer N1 cells, and that a number of
transcripts were more expressed in Dicer N1 Mock than in Dicer WT Mock condition (Fig. 7C,
D). We also represented DEseq2 data on volcano plots for NF-kB/p65 and STAT?2 for the Dicer
WT infected vs mock and Dicer N1 mock vs Dicer WT mock comparisons (Supp. Fig. 5D, E).
As seen previously, genes under the control of NF-kB and STAT2 appeared to be more
upregulated in Dicer N1 mock cells than in WT cells either mock or SINV-infected.

We validated the increased expression of some selected target genes by RT-qPCR and
could confirm that PTGS2, APOBEC3B, MX1, OAS3, and IFIT3 mRNAs were indeed
significantly upregulated in mock-infected Dicer N1 compared to Dicer WT cells (Fig. 7E).
Conversely, very mild or no expression increase and sometimes a decrease in expression was

detected for the selected target genes in Dicer N1 infected compared to mock cells, consistent
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with the RNAseq analysis (Supp. Fig. 5F). Besides, the expression decrease observed in WT
cells upon infection was expected as SINV blocks RNA Pol II transcription via its nsP2 protein
(Akhrymuk et al, 2018).

Overall, the transcriptome changes induced by Dicer N1 expression, which we validated
for selected transcripts by RT-qPCR, allow us to postulate that these cells are in a pre-activated

state that might explain their increased resistance to SINV infection.

The NF-kB pathway is implicated in the antiviral phenotype of Dicer-N1

We showed above that the presence of PKR but not its canonical kinase activity was needed for
the Dicer N1 antiviral phenotype. It has been reported that PKR can be involved in activating
the immune response in a non-canonical manner. In particular, PKR has been described as an
inducer of NF-kB/p65 transcriptional activity independently of its kinase function (Bonnet ef
al, 2000). Since we also found that targets of NF-kB are induced specifically in Dicer N1 cells,
we investigated whether this pathway was involved in the antiviral phenotype of these cells.
NF-kB/p65 is known to be phosphorylated once IkBa is released from the complex, which
results in NF-kB/p65 activation upon translocation into the nucleus (Christian et al, 2016;
Kanarek & Ben-Neriah, 2012). We looked at the expression and phosphorylation levels of NF-
kB/p65 in Dicer WT and N1 cells during a time course of SINV-GFP infection at an MOI of 2
from 3 to 24 hpi (Fig. 8A). In Dicer WT cells, we observed an increase in p65 phosphorylation
at 6 hpi, which corresponds to the end of the first replication cycle. However, at 12 hpi the
phosphorylation decreased and became undetectable at 24 hpi. In Dicer N1 cells, the level of
phosphorylated p65 was already quite elevated in the mock-infected condition and remained
high, independently of PKR phosphorylation, until 12 hpi where it slightly decreased until 24
hpi (Fig. 8A). At the same time, we noticed a higher level of NF-kB/p65 protein at both 12 and

24 hpi.
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Given the higher activation levels of p65 in Dicer N1 cells, we then decided to block the
NF-kB pathway to test its role during SINV infection. To do so, we used the chemical
compound BAY 11-7082, which inhibits IkBa phosphorylation by the IKK kinases and thus
prevents NF-kB/p65 activation (Pierce et al, 1997). We treated Dicer N1 cells with two
different concentrations of BAY 11-7082 during 1h. Then, we infected cells with SINV-GFP
at an MOI of 0.02 for 24h and evaluated the impact of the drug treatment on the infection
efficiency. As shown in Figure 8B (top panel), we observed a decrease in the phosphorylation
of p65 in mock-infected cells treated with 5 uM of BAY 11-7082 compound compared to cells
treated with DMSO only. Conversely, the level of IkBa was increased in cells treated with the
inhibitor compared to the control (Fig. 8B, lower panel). These results indicate that the
treatment was effective. We further validated that the inhibitor worked as expected by analyzing
the levels of one of the previously validated NF-kB target mRNAs, PTGS2, by RT-qPCR. In
Dicer N1 cells treated with 5 uM of BAY 11-7082, the level of this mRNA was significantly
reduced compared to the control condition (Fig. 8C). The effect of the NF-kB inhibitor on viral
infection could be visualized first by the increased detection of the Capsid protein in SINV-
GFP infected cells treated with 5 uM of BAY 11-7082 compared to DMSO-treated cells (Fig.
8B). Finally, we measured the effect of NF-kB inhibition on viral particles production, and
observed a significant increase in viral titers in Dicer N1 cells treated with 5SuM of BAY
compared to the negative control (Fig. 8C). The BAY 11-7082 treatment had no effect on
SINV-GFP infection in Dicer WT cells, as assessed by western blot analysis of the Capsid
protein and by plaque assay (Supp. Fig. 6A, B). Overall, these results indicated that by blocking
the NF-kB/p65 pathway with BAY 11-7082, the antiviral activity of Dicer N1 could be
reverted, suggesting that the antiviral activity of Dicer N1 is partially mediated through the NF-

kB/p65 pathway.
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DISCUSSION
In this study, we examined the role played by Dicer during viral infection in human cells. We
specifically focused on the importance of its helicase domain, as it is known to play important
roles in modulating its activity. Indeed, some of the deletion mutants that we used in our
analysis, such as Dicer N1, Dicer AHell or Dicer AHel2i have been reported to display an
increased RNAI activity either directed against artificial dsSRNA substrate or specific viruses
(Kennedy et al., 2015; Poirier et al., 2021; Zapletal et al., 2022). Our results confirmed that
helicase-truncated Dicer proteins displayed an antiviral phenotype against some, but not all,
viruses. While we observed that the catalytic activity of Dicer was involved for some deletion
mutants, we also showed that the presence of the PKR protein was an essential feature for this
phenotype. In particular, the Dicer N1 variant, which was shown to be capable of RNAi activity
in cells that did not express PKR (Kennedy et al., 2015) was in our hands antiviral only in the
presence of PKR, and remained antiviral when rendered catalytically inactive. A link between
Dicer and PKR was also proposed in mouse embryonic stem cells where Dicer appears to
prevent the PKR-induced IFN-I response (Gurung et al, 2021). However, no mechanism was
proposed, and the authors hypothesized that it might be linked to miRNA production. Our data
seem to indicate that the PKR-mediated antiviral effect observed in cells expressing helicase-
truncated Dicer proteins is dominant over the RNAi-mediated effect. One would expect that
RNAi would be more potent when PKR is not expressed since it should compete with Dicer for
dsRNA binding. The fact that it is not the case during the antiviral response raises interesting
perspectives.

PKR is a key effector protein involved in pathways such as apoptosis, autophagy, cell
cycle control and immunity (Williams, 1999). Besides its well-known role in translation control
via phosphorylation of the elF2a factor (Donnelly et al/, 2013) it also plays key roles in

modulating IFN-I signaling pathways and can negatively regulate STAT1 and STAT3
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transcriptional activity in a kinase-dependent manner (Raven et al, 2006). It has also been
involved in the NF-kB pathway, but in this case it can do so both in a catalytic-dependent (Gil
et al, 2001) and independent way, via the IKK kinase (Bonnet et al, 2000; Ishii et al, 2001).
Here, we showed that Dicer N1 expressing cells had a different transcriptome from Dicer WT
expressing cells and that the differentially expressed genes are mostly involved in the interferon
alpha/gamma and inflammatory/NF-kB pathways. Specifically, we could identify among those
a substantial fraction of targets of key immune transcription factors such as STAT2 and NF-
kB. We retrieved and validated the differential expression levels for known antiviral effectors
such as PTGS2, APOBEC3B or OAS3 (Jiang et al, 2008; Lehman et al, 2022; Manjunath et al,
2023; Ryman et al, 2002). This observation is reminiscent of other studies that showed that
Dicer could be involved in non-RNAIi related signaling pathways. For instance, Drosophila
Dicer-2 can induce the expression of a small antiviral peptide, Vago, in a tissue- and virus-
specific manner (Deddouche et al, 2008). More recently, plant DCL2 was involved in auto-
immunity activation upon DCL4 loss and in the activation of defense gene expression such as
nucleotide-binding domain/leucine-rich repeat immune receptors (Nielsen et al, 2023). We
showed that by treating Dicer N1 expressing cells with an NF-kB inhibitor, we could abrogate
their antiviral phenotype. We thus partially validated our hypothesis that the transcriptional
deregulation of key genes involved in the innate immune response was responsible for the
observed effect on virus infection. Furthermore, the fact that Dicer N1 cells were not protected
against SARS-CoV-2 infection is also in favor of an involvement of NF-kB or STAT1/2
signaling pathways. Indeed, SARS-CoV-2 is known to benefit from the upregulation of the
inflammatory response, mainly through the NF-kB pathway, which is essential for the
replication and propagation of the virus (Nilsson-Payant et al, 2021).

Our study reinforces the non-canonical roles of Dicer in immune signaling pathways and

its interplay with the IFN-I response. Dicer helicase domain sequesters PKR away from its
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unconventional signaling function. We showed that Dicer N1 antiviral activity only depends on
the presence of PKR but not on its dimerization or catalytic activity. Even though we cannot at
this stage formally conclude on the mechanism at play, we can speculate that PKR cofactors
TRBP and/or PACT might be involved. Indeed, PKR can be activated by PACT upon stress
(Farabaugh et al, 2020; Ito et al, 1999). Conversely, TRBP can inhibit PKR directly or sequester
PACT away from PKR (Chukwurah & Patel, 2018; Daher et a/, 2009). Since both proteins are
also interacting with Dicer, via its helicase domain, and thus cannot interact with it anymore in
the Dicer N1 cells, they are therefore expected to preferentially interact with other partners such
as PKR in the Dicer N1 background and they could limit or change its canonical function. This
could in theory explain the activation of the NF-kB pathway in a PKR-dependent manner in the
presence of a helicase-truncated Dicer. Interestingly, it was previously shown that the NF-kB
pathway could promote SINV infection, but only in mature non-dividing neurons (Yeh et al,
2019). In the proliferating cell line that we used, we rather showed that the basal activation
level of NF-kB in Dicer N1 cells is antiviral. In agreement with this observation, inhibiting NF-
kB in Dicer WT cells has no effect on SINV, which is similar to what has been reported in the
Yeh et al. study. Our results therefore indicate that in actively dividing cells, the NF-kB status
dictates the fate of SINV infection, and this can be in part controlled by the Dicer isoform
expressed. This also means that in cells that naturally express isoforms of helicase-truncated
Dicer, i.e. oocytes and stem cells, it would be important to check whether signaling pathways
are deregulated and whether this contributes to the antiviral effect that has been reported for the
AviD isoform (Poirier ef al, 2021).

Overall, our study reinforces the idea of a crosstalk between IFN-I and RNA1 highlighting
a non-canonical function of human Dicer upon infection. We showed that Dicer helicase
domain is linked to the prevention of the immune signaling pathway, and can therefore prevent

basal activation of this pathway. PKR, free from its interaction with human Dicer, displays an
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MATERIAL & METHODS

Plasmids, cloning and mutagenesis

N1 DICER, N1-CM DICER, AHEL1 DICER and AHEL1-CM DICER were generated by PCR
mutagenesis from pDONR-DICER described in (Girardi et al, 2015). AHEL2i and AHEL2
DICER and their catalytic mutants (CM) were generated by InFusion mutagenesis (Takara Bio)
on pDONR-DICER and pDONR-DICER catalytic mutant vectors. pLenti Flag-HA-V5 vector
was modified from pLenti6-V5 gateway vector (Thermo Fisher scientific V49610) by Gibson
cloning. WT, N1, N1-CM, AHEL1, AHEL2i, AHEL2, AHEL1-CM, AHEL2i-CM and AHEL2-
CM DICER from pDONR plasmids were cloned in pLenti flag-HA-V5 by Gateway
recombination.

pLenti MYC:PKR and pLenti human ACE2 vectors were purchased from VectorBuilder.
pLenti MYC:CTRL vector was modified from pLenti MYC:PKR by InFusion cloning (Tanaka
Bio). PKR K296R and PKR T451A were obtained by InFusion mutagenesis (Takara Bio) on
pLenti MYC:PKR vector.

All primers used are listed in Supplementary Table 1.

Cell lines
HEK293T, HEK293T/NoDice (2.20), HEK293T/NoDiceAPKR cell lines were a gift from Pr.
Bryan Cullen (Duke University, Durham NC, USA) and described in (Bogerd et al, 2014;

Kennedy et al, 2015). Vero E6 cells were bought at ATCC (CRL-1586).

Cell culture and transfection

Cells were maintained in Dulbecco’s modified Eagle medium (DMEM, Gibco, Life

Technologies) supplemented with 10% fetal bovine serum (FBS, Clontech) in a humidified
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atmosphere with 5% CO; at 37°C. Transfections were performed using Lipofectamine 2000

(Invitrogen, Fisher Scientific) according to the manufacturer’s instructions.

BAY 11-7082 treatment

NoDice FHA:DICER WT #4 and N1 #6 cells were treated with BAY 11-7082 (Merck) by
replacing the culture medium with a medium containing the indicated BAY 11-082
concentrations at 1pM or 5uM or the corresponding volume of DMSO only in the control
conditions. Treatment was maintained for 1h and media was changed with the infection media
with SINV-GFP at an MOI of 0.02 for 24h. Proteins, RNA and supernatants were then collected

and analyzed.

Lentivirus production and generation of stable cell lines

The lentiviral supernatant from single transfer vector was produced by transfecting HEK293T
cells with 1.7ug of the transfer vector (either pLenti6 FHA-VS5 or pLenti MYC), 0.33 pg of the
pVSV envelope plasmid (Addgene #8454) and 1.33ug of pSPAX2 packaging plasmid
(Addgene #12260) using Lipofectamine 2000 (Invitrogen, Fisher Scientific) reagent according
to the manufacturer’s protocol. HEK293T were maintained in DMEM (Gibco, Life
Technologies) medium supplemented with 10% Fetal bovine serum (FBS, Clontech). One well
from a 6-well-plate at 70% confluency was used for the transfection. The medium was replaced
6 hours post-transfection. After 48 hours, the medium containing viral particles was collected
and filtered through a 0.45um PES filter. Different cell lines were transduced: NoDice (for N1,
NI1-CM, AHEL1, AHELI-CM, AHEL2i, AHEL2i-CM, AHEL2 and AHEL2-CM),
NoDiceAPKR (for WT, NA, AHEL1, AHEL1-CM, AHEL2i, AHEL2i-CM, AHEL2 and
AHEL2-CM), NoDiceAPKR FHA:CTL or FHA:DICER WT #2 or FHA:DICER N1 #6 (for

CTRL, PKR, K296R, T451A), NoDice:FHA DICER WT #4 or N1 #6 (for ACE2). One well of
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a 6-well-plate was transduced using 500uL of filtered lentiviral supernatant either expressing
DICER or PKR or ACE2 constructs, 500uL of DMEM supplemented with 10% FBS and
4ug/mL polybrene (Merck, Sigma Aldrich) for 6 hours. Then, the medium was changed with
DMEM supplemented with 10% FBS for 24 hours and the resistant cell clones were selected
with the right antibiotic and subsequently maintained under the selection. For NoDice, the
selection lasted for 2 weeks with blasticidin at 15ug/mL (Invivogen). For NoDiceAPKR, the
selection lasted for 2 weeks with blasticidin at 10pg/mL (Invivogen). For NoDiceAPKR
FHA:CTL or DICER WT #2, the selection lasted 11 days with hygromycin at 100pg/mL and
for NoDiceAPKR FHA:DICER N1 #6 it was the same but with hygromycin at 150pg/mL
(Invivogen). Lastly, the ACE2-tranduced cells were selected for 10 days with zeocin at

15pg/mL (Invivogen).

Viral stocks, virus infection

Viral stocks of SINV WT, SINV-2A-GFP and SINV-GFP were produced as described in
(Girardi et al, 2015). SINV-2A-GFP was described in (Thomas et al, 2003). Cells were infected
with SINV (strain AR339), SINV-2A-GFP and SINV-GFP at an MOI of 0.02 or for SINV-GFP
at an MOI of 2 and samples were collected at the different indicated time points.

Viral stocks of SFV were propagated in Vero E6 cells from the initial stock (strain
UVE/SFV/UNK/XX1745; EVAg 001V-02468). Cells were infected at an MOI of 1.10** for 24
hours.

Viral stocks of EV71 were produced by one passage in BHK21 cells from the initial stock
(ATCC VR-1432). Cells were infected at an MOI of 0.1 for 24 hours.

Viral stocks of VSV-GFP were propagated in BHK21 cells from the initial stock (strain Indiana
isolate P110; described in (Mueller ef al, 2010)). Cells were infected at an MOI of 1.10 for 24

hours.
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Viral stocks of SARS-CoV-2 were produced by two passages in Vero E6 cells from the initial
stock (strain human/DEU/HH-1/2020; EVAg 002V-03991). Cells were infected at an MOI of

0.01 or 0.001 for 24 or 48 hours.

Analysis of viral titer by plaque assay

For SINV, SINV-2A-GFP and SINV-GFP, Vero E6 cells were seeded in 96-well plates and
infected with 10-fold serial dilutions of infection supernatants for 1 hour. The inoculum was
removed and cells were covered with 2.5% carboxymethyl cellulose and cultured for 72 hours
at 37°C in a humidified atmosphere of 5% CO,. Plaques were counted manually under the
microscope and viral titer was calculated according to the formula: PFU/mL = #plaques/
(Dilution*Volume of inoculum).

For SFV and VSV-GFP, Vero E6 cells were seeded in 24-well plates format and were infected
with 10-fold serial dilutions of infection supernatants for 1 hour. The inoculum was removed
and cells were covered with 2.5% carboxymethyl cellulose and cultured for 48 hours at 37°C
in a humidified atmosphere with 5% CO.. For plaques visualization, the carboxymethyl
cellulose was removed. Cells were fixed with 4% formaldehyde (Merck, Sigma Aldrich) in
PBS (phosphate buffered saline, Gibco) for 20 minutes at room temperature (RT). Cells were
then stained with a 1X crystal violet solution for 20 minutes at RT (2% crystal violet, Sigma;
20% ethanol; 4% formaldehyde, Merck). Plates were washed with clear water and plaques were
counted manually. The viral titer was calculated according to the formula: PFU/mL = #plaques/

(Dilution*Volume of inoculum).

Analysis of viral titer by TCIDS0

For EV71 and SARS-CoV-2, Vero E6 cells were seeded in 96-well plates already containing

10-fold serial dilutions of infection supernatants. Cells were maintained three to four days at

27



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

37°C in a humidified atmosphere with 5% CO,. Wells containing dead cells were counted

manually under the microscope and viral titer was calculated according the Spearman-Kaerber

50% lethal dose formula described in (Wilham et al, 2010; Wulff et al, 2012).

Western blot analysis

Proteins were extracted and homogenized in the appropriate volume of ice-cold lysis buffer
(50mM Tris-HCI1 pH 7.5, SmM EDTA, 150mM NaCl, 0.05% SDS, 1% Triton X-100 and
protease inhibitor cocktail (complete Mini, Merck)). Proteins were quantified using the
Bradford method (Bio-Rad) and 30ug of total protein extract were loaded on 10% acrylamide-
bis-acrylamide gels or 4-20% Mini-PROTEAN TGX Precast Gels (Bio-Rad). Proteins were
separated by migration at 135V in 1X Tris-Glycine-SDS buffer (Euromedex). Proteins were
electro-transferred on a nitrocellulose membrane in 1X Tris-Glycine buffer supplemented with
20% ethanol. Equal loading was verified by Ponceau S staining (Merck). Membranes were
blocked for 1 hour at RT under stirring in 5% milk (Roth) diluted in PBS-Tween 0.2% (PBS-
T). Membranes were probed with the following antibodies overnight at 4°C under stirring: anti-
hDICER (1:1000, A301-937A, Euromedex, Bethyl), anti-PKR (1:1000, ab32506 Abcam), anti-
PKR (1:1000, #12297 Cell signaling), anti-p-PKR (1:1000, ab 81303 Abcam), anti-PACT
(1:500, ab75749 Abcam), anti-TARBP2 (1:500, sc-514124, Cliniscience, Santa Cruz), anti-
HA-HRP (1:10000, 12013819001 Merck, Sigma Aldrich), anti-c-Myc (1:1000, ab32072
Abcam), anti-p-elF2a (1:1000, #9721 Cell signaling), anti-o.-Tubulin-HRP (1:10000, 1E4C11
Fisher Scientific), anti-SINV capsid (1:5000, kind gift from Dr. Diane Griffin, Johns Hopkins
University School of Medicine, Baltimore, MD), anti-GFP (1:1000, 11814460001 Merck,
Sigma Aldrich), anti-GAPDH-HRP (1:10000, G9545 Merck, Sigma Aldrich), anti-SARS-CoV-
2 Nucleocapsid (1:1000, ab273167 Abcam), anti-AGO2 (1:250, kind gift from Pr. Gunter

Meister, University of Regensburg), anti-ACE2 (1:1000, AF933 Bio-Techne), anti-NF-kB/p65
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(1:1000, #8242 Cell signaling), anti-p-NF-kB/p65 (1:1000, #3033 Cell signaling) and anti-
IkBa (1:1000, #4812 Cell signaling). The detection was performed using a specific secondary
antibody coupled to the horseradish peroxidase (HRP): anti-mouse-HRP (1:4000, A4416
Merck, Sigma Aldrich), anti-rabbit-HRP (1:10000, #31460 Fisher Scientific), anti-rat-HRP
(1:10000, #31470 Fisher Scientific) and anti-goat-HRP (1:10000, #A15999 Invitrogen).
Detection was done using Chemiluminescent Substrate or SuperSignal West Femto maximum

sensitivity substrate (Pierce, Fisher Scientific) and visualized with a Fusion FX imaging system

(Vilber).

RNA extraction
Total RNA was extracted using TRI Reagent solution (Invitrogen, Fisher Scientific) according

to the manufacturer’s instructions.

Northern blot analysis

5 micrograms of total RNA were loaded on a 17.5% acrylamide-urea 4M gel and resolved in
1X Tris-Borate-EDTA buffer. Small RNAs were electro-transferred onto a nylon Hybond-NX
membrane (GE Healthcare) in 0.5X Tris-Borate-EDTA buffer. RNAs were chemically cross-
linked to the membrane for 90 minutes at 65°C wusing 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Merck, Sigma Aldrich). The
membrane was pre-hybridized for 30 minutes in Perfect Hyb plus (Merck, Sigma Aldrich) at
50°C in rotation. Oligodeoxyribonucleotide probes (see Supp. Table 1) were labeled at the 5°-
end with 25 pCi of [y-32P]dATP using T4 polynucleotide kinase (Fischer Scientific). The
unbound [y-32P]dATP was removed with MicroSpin G-25 column (GE Healthcare) and the
probe was incubated overnight at 50°C with the membrane in rotation. The membrane was

washed twice with 5X SSC (Saline-Sodium citrate buffer, Euromedex), 0.1% SDS for 15
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minutes at 50°C and once with 1X SSC (Euromedex), 0.1% SDS for 5 minutes at 50°C. The
membrane was exposed on a phosphorimaging plate in a cassette and the signal was recorded

using a Typhoon FLA-7000 laser scanner (GE Healthcare).

RT-qPCR analysis

DNasel treatment was performed on 1pg of extracted RNAs (Invitrogen). DNase treated RNAs
were then retro-transcribed using a random nonameric primers with the SuperScript IV (SSIV)
reverse transcriptase according to the manufacturer’s instructions (Invitrogen, Fisher
Scientific). Real-time quantitative PCR was performed on 1/10 dilution of cDNA using SYBR

green PCR master mix (Fisher Scientific) and the primers listed in Supp. Table 1.

Strand-specific semi-quantitative RT-PCR on SINV antigenome

Negative-strand-specific reverse transcription was performed using a primer specific to the 5’
region of the SINV plus-strand genome (nucleotides 1 to 42 — Supp. Table 1). 100 ng of RNA,
1uL of 2uM specific primer, 1pL of 10mM dNTPs and water up to 13uL final volume were
mixed and incubated at 65°C for 5 min. 4uL of 5X SSIV Buffer (Invitrogen), 1uL of 0.1M
DTT (dithiothreitol), 1uL of RNase inhibitor (Ribolock, Fisher Scientific) and 1uL of SSIV
reverse transcriptase (Invitrogen) were added and the mix was incubated at 55°C for 10 min
then 80°C for 10 min. 1/20 of the cDNA was amplified by PCR using the GoTaqg DNA
polymerase mix (Promega) with specific antigenome primers (Supp. Table 1). PCR products
were loaded on a 1% agarose gel and gel pictures were taken with a Fusion FX imaging system

(Vilber).

Immunoprecipitation
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Immunoprecipitations were done on tagged proteins. Cells were harvested, infected at the
corresponding MOI and time and washed once with ice-cold PBS (Gibco, Life Technologies)
and resuspended in 600uL of ice-cold lysis buffer (S0mM Tris-HCI pH 7.5, 140 mM NaCl, 1.5
mM MgCly, 0.1% NP-40 and protease inhibitor cocktail (complete Mini, Merck, Sigma
Aldrich). Cells were lysed for 10 min incubation on ice and lysates were cleared with a 15 min
centrifugation at 12 000g and 4°C. 25uL of the lysates were kept as protein INPUT. Then,
samples were divided in two and 40uL of magnetic beads coated with monoclonal anti-HA or
anti-MY C antibodies were added (MACS purification system, Miltenyi Biotech). The samples
were incubated for 1 hour at 4°C under rotation. Samples were sequentially loaded onto
pColumns (MACS purification system, Miltenyi Biotech). The columns were washed 4 times
with 200uL of lysis buffer. The elution was done with 95°C-pre-heated 2X Laemmli buffer
(20% glycerol, 4% SDS, 125mM Tris-HCI pH 6.8, 10% (v/v) 2-B-mercaptoethanol, 0.004%

Bromophenol Blue). Proteins were analyzed by western blot.

Immunostaining

Cells were plated on Millicell EZ 8-well slide (Merck Millipore) and infected with the different
viruses at the corresponding MOI and infection time. Then, cells were fixed for 10 minutes at
RT with 4% formaldehyde (Merck, Sigma Aldrich) diluted in PBS 1X (Gibco). Cells were
incubated with a blocking solution (5% normal goat serum, 0.1% Triton X-100, PBS 1X) for
1h at RT. Primary J2 antibody diluted in blocking solution was added at 1:1000 dilution for 3h
at RT. Cells were washed three times with PBS 1X-0.1% Triton X-100 (Phosphate buffered
saline- Triton, PBS-T) and incubated 1h at RT in the dark with a secondary antibody solution
containing goat anti-mouse Alexa 594 (A11032, Invitrogen, Fisher Scientific) fluorescent-
coupled antibody diluted to 1:1000 in PBS-T solution. After three washes with PBS-T, cell

nuclei were stained with DAPI diluted to 1:5000 in PBS 1X for 2 minutes at RT in the dark
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(Life technologies, Fischer Scientific). Slides were finally mounted on coverslips and the
Fluoromount-G mounting media (Southern Biotech). Images were acquired using an
epifluorescence BX51 (Olympus) microscope with a mercury source illuminator (U-RFL-T,

Olympus) and with x40 immersion oil objective.

Small RNA cloning and sequencing

NoDice FHA:DICER WT #4 or N1 #6 cells were plated in P150mm petri dishes at 25 000 000
cells per dish and infected the following day with SINV-GFP at an MOI of 0.02 for 24h. Cells
were collected in 1.3mL of ice-cold lysis buffer (50mM Tris-HCI pH 7.5, 150 mM NaCl, 5SmM
EDTA, 1% NP-40, 0,5mM DTT, 0,1U/mL of RNase inhibitor and protease inhibitor cocktail
(complete Mini, Merck, Sigma Aldrich)). Cells were lysed by putting the extract on ice for
15min. First, human AGO proteins were immunoprecipitated from whole extract to enrich for
loaded small-RNAs. AGO-IP was done following the protocol described in (Hauptmann et al,
2015). Briefly, 50uL of magnetic Dynabeads coupled to G protein (Invitrogen, Fisher
Scientific) were coupled to anti-Flag M2 antibody (F1804, Merck, Sigma Aldrich) overnight at
4°C under rotation. The day after, Flag-TNRC6B WT or mutant (with Tryptophans mutated to
Alanines; called TNRC6B Ala) peptides were incubated with the coupled beads for 3h at 4°C
under rotation. Meanwhile, lysates were cleared with a centrifugation step at 10 000g for 10min
at 4°C and 100pL were kept as INPUT (20uL for proteins and 80uL for RNAs). Then, lysates
were divided in two and put on the beads coupled to the peptides and incubated at 4°C for 3h
under rotation. After 4 washing steps with 300uL of ice-cold washing buffer, beads were split:
280uL were eluted with 1mL of TRI Reagent solution (Invitrogen, Fisher Scientific) and RNAs
were isolated according to the manufacturer’s instructions; 20uL were kept for proteins analysis

of IP efficiency by western blot and 20uL of 95°C-pre-heated 2X Laemmli buffer were added
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(20% glycerol, 4% SDS, 125mM Tris-HCI pH 6.8, 10% (v/v) 2-B-mercaptoethanol, 0.004%
Bromophenol Blue).

For small RNA libraries preparation, Illumina TruSeq small RNA library preparation kit was
used according to the manufacturer’s protocol (RS-200-0012, [llumina).

Samples were analyzed with a Bioanalyzer device, and only AGO-IPs with TNRC6B wild-type
peptide in infected conditions in triplicates were analyzed for both cell lines, while only one
AGO-IP TNRC6B Ala control was analyzed for each cell line.

Libraries were sequenced on an Illumina HiSeq 4000 sequencer as single-end 50 base reads at
the GenomEast platform at the Institute of Genetics and Molecular and Cellular Biology
(Illkirch, France). Image analysis and base calling were performed using RTA version 2.7.7

and bcl2fastq version 2.20.0.422.

mRNA sequencing

NoDice FHA:DICER WT #4 or N1 #6 cells were plated in P100mm petri dishes at 5 000 000
cells per dish and infected the following day with SINV-GFP at an MOI of 2 for 12h or 0.02
for 24h. Cells were collected in Trizol reagent (Invitrogen, Thermo Fisher Scientific) and RNAs
were isolated according to the manufacturer’s instructions.

Library preparation and sequencing were performed at the GenomEast platform at the Institute
of Genetics and Molecular and Cellular Biology (Illkirch, France). RNA-Seq libraries were
generated according to the manufacturer’s instructions from 250 ng of total RNA using the
[llumina Stranded mRNA Prep, Ligation kit (Reference Guide - PN 1000000124518) and IDT
for Illumina RNA UD Indexes Ligation (Illumina, San Diego, USA). Briefly, Oligo(dT)
magnetic beads were used to purify and capture the mRNA molecules containing polyA
tails. The purified mRNA were then fragmented at 94°C for 2 min and copied into first strand

complementary DNA (cDNA) using reverse transcriptase and random primers. Second strand
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cDNA synthesis further generated blunt-ended double-stranded cDNA and incorporated dUTP
in place of dTTP to achieve strand specificity by quenching the second strand during
amplification. Following A-tailing of DNA fragments and ligation of pre-index anchors, PCR
amplification was used to add indexes and primer sequences and to enrich DNA libraries (30
sec at 98°C; [10 sec at 98°C, 30 sec at 60°C, 30 sec at 72°C] x 12 cycles; 5 min at 72°C).
Surplus PCR primers were further removed by purification using SPRIselect beads (Beckman-
Coulter, Villepinte, France) and the final libraries were checked for quality and quantified using
capillary electrophoresis.

Libraries were sequenced on an Illumina HiSeq 4000 sequencer as paired-end 100 base reads.
Image analysis and base calling were performed using RTA version 2.7.7 and bcl2fastq version

2.20.0.422.

Bioinformatics analysis of small RNA sequencing data

Sequencing reads of sRNA-seq libraries were processed and analyzed with the following
workflow. Cutadapt v1.16 (Martin, 2011) was first run to trim the 3' adapter (command:
cutadapt -a TGGAATTCTCGGGTGCCAAGG -e 0.1 --no-indels -O 6 -m 18 --discard-
untrimmed -0 <name>-cutadapt.fastq <name>.fastq) and an additional filter was applied to only
keep 18- to 32-nt long trimmed reads for further analyses. Sample quality checks were
performed before and after these preprocessing steps using FastQC v0.11.8
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Preprocessed reads were then
mapped simultaneously to the human (GENCODE Human (GRCh38.p13) release 41) and
SINV-GFP (private sequence derived from NC_001547.1 — RefSeq database) genomes, using
Bowtie v1.3.1 (Langmead et al, 2009) (command: bowtie -q --phred33-quals -v 2 -y -a --best -
-strata -m 30 -x hg38coreGencodeSINVGFP <name>-preprocessed.fastq <name>-

hg38coreGencodeSINVGFP.bwtmap). Only alignments from the lowest mismatch stratum
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with at most 2 mismatches were reported for each read, provided that their number was not
exceeding 30. For each library, small RNA reads deriving solely from SINV-GFP were
computationally extracted and further characterized. Representations of their length distribution
and localisation along the viral genome were both made in R with the ggplot2 and Bioconductor

Gviz (Hahne & Ivanek, 2016) packages respectively.

Bioinformatics analysis of mRNA sequencing data

RNA-seq data were processed and analyzed using the following workflow. The first 5'-end base
of each read, a T-overhang added during the library preparation with the Illumina Stranded
mRNA protocol, was first trimmed, before using Skewer v0.2.2 (Jiang et al, 2014) in paired-
end mode for average quality read filtering and adapter trimming (command: skewer -Q 25 -x
CTGTCTCTTATACACATCT -y CTGTCTCTTATACACATCT -1 31 -m pe -t 2 -0 <name> -
-quiet <name> R1.fq <name> R2.fq). Sample quality checks were performed before and after
these preprocessing steps using FastQC v0.11.8
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then, human full-length
protein-coding transcripts (GENCODE Human (GRCh38.p13) release 41) and SINV-GFP both
genomic and subgenomic transcripts (private sequence derived from NC 001547.1 — RefSeq
database) were quantified using Salmon v1.10.0 (Patro ef al, 2017) in mapping-based mode
with the selective alignment algorithm and a decoy-aware transcriptome (command: salmon
quant -p 6 -i index/gencode41.hg38.sinv.decoys index --libType A --seqBias --gcBias --
numBootstraps 30 -1 data/<name> preprocessed R1.fq.gz -2
data/<name> preprocessed R2.fq.gz -0 salmon-quants/<name>). Transcript-level abundance
and count estimates thus obtained were next imported into R and further analyzed with the
tximport (Soneson et al, 2016) and DESeq2 (Love et al, 2014) packages. Briefly, original

transcript-level counts were summarized to gene-level estimated counts and an offset was
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produced from transcript-level abundance estimates to correct for changes to the average
transcript length across samples. Differential expression analyses between tested conditions
were then conducted at the gene-level, and statistical significance was defined with an adjusted
p-value < 0.05 and an absolute log2 fold change > 1 thresholds. Finally, gene set enrichment
analysis (GSEA) studies were performed using the GSEA 4.3.2 Mac application, as made
available by the Broad Institute and the University of California, San Diego (https://www.gsea-
msigdb.org/gsea/index.jsp) (Mootha et al, 2003; Subramanian et al, 2005). These analyses were
conducted on the DESeq2 normalized counts of each comparison dataset against the Hallmark
Gene Sets (v2023.1) provided by the Molecular Signatures Database (MSigDB), and by using
the Human Ensembl Gene ID MSigDB.v2023.1.Hs.chip annotation file and all other
parameters by default, except the permutation type which was set to gene_set.

Heatmaps and volcano plots of RNA-seq differential expression data were generated in R using
respectively the pheatmap package and a custom Shiny application based on the ggplot2 and
ggrepel packages, while the global gene set enrichment dot plot was adapted from

VisualizeRNAseq (https://github.com/GryderArt/VisualizeRNAseq).

Analysis of transcription factor enrichment

Lists of NF-kB/p65, STAT1, STAT2, IRF2 and IRF3 regulated genes were downloaded from
Harmonizome (Rouillard et a/, 2016). Genes from these lists that were differentially expressed
between the indicated RNAseq experimental conditions were selected, and their mRNA
expression log2 fold change was plotted as cumulative distribution histograms. The two-
sample Kolmogorov-Smirnov test was used to assess whether each distribution was statistically
different from the distribution of WT DICER cells infected with SINV vs. mock infected. p-

values are indicated on each histogram.
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Statistical analysis

All the plaque assay statistical analysis was done with PRISM 9 (GraphPad) using One-way
ANOVA with a p-value threshold at p<0.05 on the logarithmic values.

All the qPCR statistical analysis was done with PRISM 9 (GraphPad) using One-way ANOVA
with a p-value threshold at p<0.05 on the log2 values or unpaired t-test on the log2 values.

Detailed statistical analysis for each figure can be found in Supplementary Table 2.

Data availibility
The sequencing data discussed in this publication have been deposited in NCBI’s Gene
Expression Omnibus (Edgar ef al, 2002) and are accessible through GEO Series accession

numbers XXX and YYY (attribution pending).

SUPPLEMENTARY DATA
Supplementary data accompany this manuscript, they consist of Supplementary Figures and

Tables Legends, six Supplementary Figures and two Supplementary Tables.
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FIGURE LEGENDS

Figure 1. Analysis of Dicer N1 effect on SINV replication

A, Mean (+/- SEM) of SINV, SINV-GFP and SINV-2A-GFP viral titers in NoDice
FHA:DICER WT #4 and N1 #6 infected at an MOI ranging from 0.001 to 1 for 24h (n = 3)
from plaque assay quantification. Ordinary two-way ANOVA test with Bonferroni correction.
K p <0.001; ****: p <0.0001. B, Western blot analysis of DICER, p-PKR, PKR, CAPSID
and GFP expression in SINV, SINV-GFP and SINV-2A-GFP infected NoDice FHA:DICER
WT #4 and N1 #6 cells at an MOI of 0.02 for 24h. Gamma-Tubulin was used as loading control.
C, Immunofluorescence analysis on NoDice FHA:DICER WT #4 and N1 #6 cells in mock,
SINV, SINV-GFP and SINV-2A-GFP infected cells at an MOI of 0.02 for 24h. J2 antibody
(red) was used to detect dSRNA upon infection. DAPI was used to stain the nuclei (blue).
Magnification 40X; scale bar = 100 pm. D, RT-qPCR on SINV genome in NoDice
FHA:DICER WT #4 and N1 #6 cells infected with SINV-GFP at an MOI of 0.02 for 24h. Mean

(+/- SEM); n = 3. Unpaired t-test. ****: p <0.0001.

Figure 2. Dicer N1 activity against several viruses

A, (Top) Mean (+/- SEM) of SFV viral titers in NoDice FHA:DICER WT #4 and N1 #6 infected
at an MOI of 1.10** for 24h (n = 3) from plaque assay quantification. Unpaired t-test. *: p <
0.05. (Bottom) Immunofluorescence analysis on NoDice FHA:DICER WT #4 and N1 #6 cells
in SFV infected cells. J2 antibody (red) was used to detect dsSRNA upon infection. DAPI was
used to stain the nuclei (blue). Magnification 40X; scale bar = 100 um. B, (Top) Mean (+/-
SEM) of EV71 viral titers in NoDice FHA:DICER WT #4 and N1 #6 infected at an MOI of 0.1
for 24h (n = 3) from TCID50 quantification. Unpaired t-test. *: p < 0.05. (Bottom)
Immunofluorescence analysis on NoDice FHA:DICER WT #4 and N1 #6 cells in EV71

infected cells. J2 antibody (red) was used to detect dSRNA upon infection. DAPI was used to
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stain the nuclei (blue). Magnification 40X; scale bar = 100 pm. C, (Top) Mean (+/- SEM) of
VSV-GFP viral titers in NoDice FHA:DICER WT #4 and N1 #6 infected at an MOI of 1.107
for 24h (n = 3) from plaque assay quantification. Unpaired t-test. ns: non-significant. (Bottom)
Immunofluorescence analysis on NoDice FHA:DICER WT #4 and N1 #6 cells in VSV-GFP
infected cells. J2 antibody (red) was used to detect dSRNA upon infection. DAPI was used to
stain the nuclei (blue). Magnification 40X; scale bar = 100 um. D, Western blot analysis of
human ACE2 expression in NoDice FHA:DICER WT #4 and N1 #6. Gamma-Tubulin was used
as a loading control. E, Western blot analysis of DICER, p-PKR, PKR and NUCLEOCAPSID
expression in SARS-CoV-2 infected NoDice FHA:DICER WT #4 and N1 #6 cells at an MOI
of 0.001 for 48h. GAPDH was used as loading control. F, Mean (+/- SEM) of SARS-CoV-2
viral titers in NoDice FHA:DICER WT #4 and N1 #6 infected at an MOI of 0.001 for 48h (n =
3) from TCID50 quantification. Unpaired t-test. *: p < 0.05. G, Immunofluorescence analysis
on NoDice FHA:DICER WT #4 and N1 #6 cells in SARS-CoV-2 infected cells at an MOI of
0.001 for 48h. J2 antibody (red) was used to detect dsSRNA upon infection. DAPI was used to
stain the nuclei (blue). Magnification 40X; scale bar = 100 um. H, RT-qPCR on SARS-CoV-2
genome (ORFIA and SPIKE) in NoDice FHA:DICER WT #4 and N1 #6 cells infected with
SARS-CoV-2 at an MOI of 0.001 for 48h. Mean (+/- SEM); n = 3. Unpaired t-test. *: p <0.05;

ns: non-significant.

Figure 3. Analysis of the importance of Dicer N1 catalytic activity in its antiviral
phenotype

A, Representative histograms of the distribution of viral reads (in percent) per RNA length upon
small RNA sequencing in NoDice FHA:DICER WT #4 (left) and N1 #6 (left) cells infected
with SINV-GFP at an MOI of 0.02 for 24h. Blue: positive strand; red: negative strand. B,

Representative graphs of the mapping of 22-nt-reads on SINV-GFP genome in NoDice
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FHA:DICER WT #4 (left) and N1 #6 (right) cells. On the bottom: magnification of the mapping
for the first 1000nt. Blue: positive strand; red: negative strand. C, Schematic representation of
two Dicer mutants, N1 and N1-CM (catalytic mutant). In N1-CM, the two catalytic mutations
are highlighted in red. D, Western blot analysis of DICER, HA, AGO2, PKR and TRBP
expression in the monoclonal cell lines NoDice FHA:DICER WT #4, N1 #6 and N1-CM #2.17.
Gamma-Tubulin was used as a loading control. E, Northern blot analysis of mirR-16 expression
in the same samples as in D. Expression of snRNA U6 was used as a loading control. F, Western
blot analysis of DICER, p-PKR, PKR, p-elF2a and CAPSID expression in SINV-GFP infected
cells at an MOI of 0.02 for 24h. Gamma-Tubulin was used as loading control. G, Mean (+/-
SEM) of SINV-GFP viral titers in the same samples as in D, infected at an MOI of 0.02 for 24h
(n = 3) from plaque assay quantification. Ordinary one-way ANOVA test with Bonferroni

correction. **: p <0.01.

Figure 4. Analysis of the importance of the helicase sub-domains for Dicer antiviral
activity

A, Schematic representation of the different Dicer helicase subdomain mutants. B, Western blot
analysis of HA (for Dicer) and CAPSID expression in SINV-GFP infected cells at an MOI of
0.02 for 24h. Monoclonal NoDice FHA:DICER helicase mutant and their respective catalytic
mutant cells are represented: WT #4, AHEL1 #15, AHEL1-CM #1, AHEL2 #9, AHEL2-CM
#21, AHEL21#27 and AHEL2i-CM #21. Gamma-Tubulin was used as loading control. C, Mean
(+/- SEM) of SINV-GFP viral titers in the same samples as in B, infected at an MOI of 0.02 for
24h (n = 3) from plaque assay quantification. Ordinary one-way ANOVA test with Bonferroni
correction. ***: p < 0.001; ****: p < (0.0001; ns: non-significant. D, Western blot analysis of
HA (for Dicer) and CAPSID expression in SINV-GFP infected cells at an MOI of 0.02 for 24h.

Polyclonal NoDice FHA:DICER (left) and NoDiceAPKR FHA:DICER (right) helicase mutant
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cells are represented. Gamma-Tubulin was used as loading control. E, Mean (+/- SEM) of
SINV-GFP viral titers in the same samples as in D, infected at an MOI of 0.02 for 24h (n = 3)
from plaque assay quantification. Ordinary one-way ANOVA test with Dunnett correction. *:

p <0.05; **: p <0.01; ***: p <0.001; ns: non-significant.

Figure 5. Importance of PKR dimerization and/or catalytic activities in Dicer N1 antiviral
activity

A, Schematic representation of PKR and its two point mutants: K296R and T451A. B, Western
blot analysis of DICER, p-PKR, PKR, p-elF2a and CAPSID expression in SINV-GFP infected
NoDiceAPKR FHA:DICER WT #2 with a MYC:EMPTY CTRL vector, MYC:PKR, MYC
K296R or MYC:T451A cells at an MOI of 0.02 for 24h. Gamma-Tubulin was used as loading
control. C, Mean (+/- SEM) of SINV-GFP viral titers in the same samples as in B, infected at
an MOI of 0.02 for 24h (n = 3) from plaque assay quantification. Ordinary one-way ANOVA
test with Dunnett correction. ns: non-significant. D, Western blot analysis of DICER, p-PKR,
PKR, p-elF2a and CAPSID expression in SINV-GFP infected NoDiceAPKR FHA:DICER N1
#6 with a MYC:EMPTY CTRL vector, MYC:PKR, MYC K296R or MYC:T451A cells at an

MOI of 0.02 for 24h. Gamma-Tubulin was used as loading control. E, Mean (+/- SEM) of

SINV-GFP viral titers in the same samples as in D, infected at an MOI of 0.02 for 24h (n = 3)
from plaque assay quantification. Ordinary one-way ANOVA test with Dunnett correction. *:
p <0.05.

Figure 6. Transcriptomic analysis of Dicer N1 and WT cells

A, Z-score hierarchical clustering heatmap of genes identified by RNA sequencing analysis as
differentially expressed between WT vs. N1 cells, either mock or SINV-infected cells (MOI 2

12 hpi or MOI 0.02 24 hpi). Gene clusters are delimited with black brackets and numbered from
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I to V. B-D, Volcano plot for differentially expressed genes (DEGs) between SINV-infected
(MOI of 0.02 for 24h) and mock NoDice FHA:DICER WT #4 cells (B); SINV-infected and
mock NoDice FHA:DICER N1 #6 cells (C); mock NoDice FHA:DICER WT #4 and mock
NoDice FHA:DICER N1 #6 cells (D). Each gene is marked as a dot (red: upregulated > 2-fold,
blue: downregulated < 2-fold, grey: unchanged). The horizontal line denotes an adjusted p-
value of 0.05 and the vertical ones the Log2 fold change cut-off (-1 and 1). E, Biological states
and processes associated terms enrichment performed with GSEA using the hallmark gene sets.
Colors indicate NES (normalized enrichment score) that are either positive (red) or negative

(blue). Dot size corresponds to -logl 0(FDR g-val) of enrichment.

Figure 7. Analysis of the transcription factors involvement in Dicer N1 and WT cells
transcriptomic changes

A-B, Histograms representing the cumulative probability of differentially expressed genes
controlled by the transcription factors NF-kB/p65 (A) or STAT2 (B), plotted according to their
Log? fold change. The vertical lines stand for the Log?2 fold change cut-off (-1 and 1). The two-
sample Kolmogorov-Smirnov test was used to assess whether each distribution was statistically
different from the distribution of NoDice FHA:DICER WT #4 cells infected with SINV vs.
mock. p-values are indicated on each histogram. Red: WT SINV-002-24h vs WT MOCK; blue:
N1 SINV-002-24h vs N1 MOCK; black: N1 MOCK vs WT MOCK. C-D, Z-score hierarchical
clustering heatmap of genes identified by RNA sequencing analysis as differentially expressed
between WT vs. N1 cells, either mock or SINV-infected cells (MOI 2 12 hpi or MOI 0.02 24
hpi). Each heatmap represents differentially expressed genes controlled by one transcription
factor: NF-kB/p65 (C) or STAT2 (D). E, RT-qPCR on upregulated genes in the N1 MOCK vs
WT MOCK condition and controlled by either NF-kB/p65 or STAT2. Mean (+/- SEM); n = 3.

Unpaired t-test. **: p <0.01; ***: p <0.001; ****: p <0.0001.
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Figure 8. NF-kB/p65 involvement in Dicer N1 antiviral phenotype

A, Western blot analysis of DICER, p-p65 and p65 (left) and DICER, p-PKR, p-elF2a and
CAPSID (right) expression in SINV-GFP infected NoDice FHA:DICER WT #4 and N1 #6
cells at an MOI of 0.02 between 3 and 24h. Gamma-Tubulin was used as loading control. B,
Western blot analysis of DICER, p-p65, p65 and CAPSID (top) and DICER and IkBa (bottom)
expression in SINV-GFP infected NoDice FHA:DICER N1 #6 cells at an MOI of 0.02 for 24h.
Before infection, cells were treated with the NF-kB/p65 inhibitor, BAY 11-7082 or the vehicle
(DMSO) at the indicated concentrations for 1 h. Gamma-Tubulin was used as loading control.
C, RT-qPCR on PTGS2 (NF-kB/p65 target) in NoDice FHA:DICER N1 #6 mock cells treated
with BAY 11-7082 or the vehicle (DMSO) at the indicated concentrations for 1h. Mean (+/-
SEM), n = 3. Ordinary one-way ANOVA with Sidak correction. **: p < 0.01; ns: non-
significant. D, Mean (+/- SEM) of SINV-GFP viral titers in the same samples as in C, infected
at an MOI of 0.02 for 24h (n = 3) from plaque assay quantification. Ordinary one-way ANOVA

test with Dunnett correction. **: p < 0.01; ns: non-significant.

49



Figure 1

200 kDa

70 kDa

70 kDa

35 kDa
25 kDa

35 kDa
25 kDa

55 kDa

® NoDice FHA:DICER WT #4
= NoDice FHA:DICER N1 #6

Viral Titer PFU/mL

SINV 24 hpi

*rk *k

Akkk

1064 *xkk

T
0.01 0.1 1
MOl range

T
0.001

NoDice FHA:DICER WT #4 NoDice FHA:DICER N1 #6

MOCK SINV GFP 2A-GFPMOCK SINV GFP 2A-GFP SINDBIS

" R B e os o) amms  DICER

e e p-PKR

PKR

CAPSID

GFP

TUBULIN

PONCEAU

MOI 0.02 24 hpi

1.5+

SINV genome/GAPDH

SINV-GFP 24 hpi
109_
7 108+ )
> ik
E 1074 [e rhkk
o dekkk
E 105+
E
T 105+
LT
103 T T T T
0.001 0.01 0.1 1
MOl range
C MOCK

NoDice FHA:DICER
WT #4

NoDice FHA:DICER
N1 #6

SINV-GFP MOI 0.02 24 hpi

*kkk

A __4

1091
1084
1074
1064

1054

Viral Titer PFU/mL

1044

SINV-2A-GFP 24 hpi

sk

wkkk

A

SINV

T ik
FHA:DICER WT #4 FHA:DICER N1 #6

NoDice

T
0.01 0.1 1
MOl range

T
0.001

SINV-GFP SINV-2A-GFP



Figure 2
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Figure 3
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Figure 6
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Figure 7
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Figure 8
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SUPPLEMENTARY FIGURES AND TABLES LEGENDS

Supplementary Figure 1. Analysis of Dicer N1 effect on SINV replication

A, Schematic representation of SINV-GFP and SINV-2A-GFP genome organization and
representative fluorescent pictures of GFP expressed by the two viruses upon infection of
NoDice FHA:DICER WT #4 cells at an MOI of 2 for 12h. Scale bar = 50um, magnification
20X. ORF: Open reading frame, nsP: non-structural proteins, C: capsid, E1 to E3: envelope
proteins. B, Agarose gel of RT-PCR on SINV antigenome in SINV-GFP infected NoDice

FHA:DICER WT #4 and N1 #6 cells at an MOI of 0.02 for 24h.

Supplementary Figure 2. Analysis of the importance of Dicer N1 catalytic activity for its
antiviral phenotype

A, Representation of small RNA reads distribution (in percent) upon AGO-IP in the three
replicates for NoDice FHA:DICER WT #4 and N1 #6. Green: only human; Red: only viral;
grey: both human and viral. B, Representative histograms of distribution of viral reads per
length (in percent) upon small RNA sequencing for replicates 2 and 3 in NoDice FHA:DICER
WT #4 (Top) and N1 #6 (Bottom) cells infected with SINV-GFP at an MOI of 0.02 for 24h.

Blue: positive strand; red: negative strand. C, Representative graphs of the mapping of 22-nt-
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reads on SINV-GFP genome for replicates 2 and 3 in NoDice FHA:DICER WT #4 (Top) and
N1 #6 (Bottom) cells. D, Western blot analysis of DICER, p-PKR, PKR, p-elF2a and CAPSID
expression in SINV-GFP infected polyclonal NoDice FHA:DICER WT, N1 and N1-CM cells
at an MOI of 0.02 for 24h. Gamma-Tubulin was used as loading control. E, Mean (+/- SEM)
of SINV-GFP viral titers in the same samples as in D, infected at an MOI of 0.02 for 24h (n =
3) from plaque assay quantification. Ordinary one-way ANOVA test with Bonferroni
correction. ****: p < (0.0001. F, Western blot analysis of Dicer interacting partners upon HA-
IP in NoDice FHA:DICER WT #4, N1 #6 and N1-CM #2.17 cells, in mock (left) or SINV-GFP
infected (right) conditions at an MOI of 2 for 6h. Anti-HA antibodies were used to validate the

immunoprecipitation and Ponceau was used as a loading control.

Supplementary Figure 3. Analysis of the importance of the helicase sub-domains for Dicer
antiviral activity

A, Western blot analysis of DICER, HA, AGO2, PKR, TRBP and PACT expression in the
monoclonal cell lines NoDice FHA:DICER WT #4, N1 #6, AHEL1 #15, AHEL2i #27 and
AHEL2 #9 (left) and AHEL1-CM #1, AHEL2i-CM #21 and AHEL2-CM #21 (right). Gamma-
Tubulin was used as a loading control. B, Northern blot analysis of mirR-16 expression in the
same samples as in A. Expression of snRNA U6 was used as a loading control. C, Western blot
analysis of DICER, HA, AGO2, PKR, TRBP and PACT expression in the monoclonal cell lines
NoDiceAPKR FHA:DICER WT, N1, AHEL1, AHEL2i and AHEL2. Gamma-Tubulin was used
as a loading control. D, Northern blot analysis of mirR-16 expression in the same samples as in

C. Expression of snRNA U6 was used as a loading control.

Supplementary Figure 4. Transcriptomic analysis of Dicer N1 cells
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A, Histograms representing SINV-GFP genomic and subgenomic distribution detected by
RNA-sequencing analysis in NoDice FHA:DICER WT #4 or N1 #6 cells uninfected (NI, grey)
or infected at an MOI of 2 for 12h (orange) or 0.02 for 24h (purple). Here is represented the
percentage of viral reads compared to the total mapped reads in each condition. TPM:
transcripts per million. Ordinary two-way ANOVA test with Bonferroni correction. ****: p <
0.0001; ns: non-significant. B, Volcano plot showing for each gene the log2 fold change and
adjusted p value between SINV-infected (MOI of 2 for 12h) and mock NoDice FHA:DICER
WT #4 cells (right), or SINV-infected and mock NoDice FHA:DICER N1 #6 cells (left). Each
gene is marked as a dot (red: upregulated, blue: downregulated, grey: unchanged). The
horizontal line denotes an adjusted p-value of 0.05 and the vertical ones the Log2 fold change
cut-off (-1 and 1). C-D, GSEA enrichment plots for selected biological states and processes
linked to inflammatory and antiviral pathways for mock NoDice FHA:DICER N1#6 mock vs
mock NoDice FHA:DICER WT #4 (C) vs. SINV-infected (MOI of 0.02 for 24h) vs. mock

NoDice FHA:DICER WT #4 cells (D).

Supplementary Figure 5. Analysis of the transcription factors involved in Dicer N1 cells
mRNAs deregulation

A-C, Histograms representing the cumulative probability of differentially expressed genes
controlled by the transcription factors IRF2 (A), IRF3 (B) or STAT1 (C), plotted according to
their Log2 fold change. The vertical lines stand for the Log2 fold change cut-offs (-1 and 1).
The two-sample Kolmogorov-Smirnov test was used to assess whether each distribution was
statistically different from the distribution of NoDice FHA:DICER WT #4 cells infected with
SINV vs. mock. p-values are indicated on each histogram. Red: WT SINV-002-24h vs WT
MOCK; blue: N1 SINV-002-24h vs N1 MOCK; black: N1 MOCK vs WT MOCK. D-E,

Volcano plot for differentially expressed genes (DEGs) under the control of NF-kB/p65 (D) or
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STAT?2 (E). Each gene is marked as a dot and plotted based on its log2 fold change and adjusted
p values comparing SINV-infected (MOI of 0.02 for 24h) vs mock NoDice FHA:DICER WT
#4 cells (left), or mock NoDice FHA:DICER WT #4 vs mock NoDice FHA:DICER N1 #6 cells
(right). The horizontal line denotes an adjusted p-value of 0.05 and the vertical ones the Log?2
fold change cut-offs (-1 and 1). F, RT-qPCR on selected differentially expressed genes (DEGs)
controlled by either NF-kB/p65 or STAT2 in NoDice FHA:DICER WT #4 and N1#6 cells
inefected or not with SINV-GFP at an MOI of 0.02 for 24h and controlled by either NF-kB/p65
or STAT2. Mean (+/- SEM); n = 3. Ordinary one-way ANOVA with Dunnett correction. *: p

<0.05; **: p<0.01; ****: p <0.0001; ns: non-significant.

Supplementary Figure 6. NF-kB/p65 involvement in Dicer N1 antiviral phenotype

A, Western blot analysis of DICER, p-p65, p65 ad CAPSID (left) and DICER and IkBa (right)
expression in SINV-GFP infected NoDice FHA:DICER WT #4 cells at an MOI of 0.02 for 24h.
Before infection, cells were treated with the NF-kB/p65 inhibitor, BAY 11-7082 or the vehicle
(DMSO) at the indicated concentrations for 1 h. Gamma-Tubulin was used as loading control.
B, Mean (+/- SEM) of SINV-GFP viral titers in the same samples as in 1, infected at an MOI
of 0.02 for 24h (n = 3) from plaque assay quantification. Ordinary one-way ANOVA test with

Dunnett correction. ns: non-significant.

Supplementary Table 1. List of primers

Supplementary Table 2. Summary of statistical analysis in RT-qPCR and plaque assay

experiments
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Supplementary Figure 2
A

Distribution of mapped reads (2mm max) per reference genome
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Supplementary Figure 3
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Discussion/Perspectives

In light of the recent COVID-19 pandemic, the need to precisely understand the host-virus
dynamics became a major issue to rapidly develop vaccines and antiviral treatments. Besides
SARS-CoV-2, many viruses remain a constant health threat. Among those, alphaviruses are
responsible for hundreds of deaths per year worldwide. These viruses besides being
maintained in vertebrate wild animals can sometimes spill over into human hosts. In both wild
animals and humans, viruses, as obligatory intracellular parasites depending on the host
cellular machinery, face the innate immune system that relies mainly on the IFN-I response in
mammals. In addition, because they also replicate in invertebrate vectors, alphaviruses have

to face the arthropod immune system that mostly relies on the antiviral RNAi pathway.

These two immune responses ultimately allow to control the infection and clear the
organism of viruses, which would make them redundant in a given system and it has therefore
been proposed that they were mutually exclusive. Hence, RNAi relying on the type lll
endoribonuclease Dicer-2 was described as the main immune response against viruses in
mosquitoes (Campbell et al., 2008; Myles et al., 2008). In mammals, IFN-1 was deeply studied
for its localized, but also global, viral infection suppression since this cytokine-based system
allows the signaling through the whole body in addition of acting in the infected cell itself

(Carpentier and Morrison, 2018; Schoggins et al., 2011).

However, in mosquitoes, a fine-tuned balance between RNAi and other immune
signaling pathways triggered by the Toll-Imd system exists (Lee et al., 2019). The question
remains whether mammals can also sustain the existence of these two pathways.
Interestingly, the main conserved function of Dicer is in the miRNA biogenesis pathway. As
opposed to insects, mammals only express one Dicer gene, which is dedicated to miRNA
cleavage, and do not express a second RNAi-dedicated Dicer (Aderounmu et al., 2023). The
immune-related role of mammalian Dicer has been a subject of intense debate for many years.
There have been several studies, even recently, which proposed that an efficient antiviral RNAi
response could be detected in mouse and human somatic cells, also upon infection with
alphaviruses such as SFV (Adiliaghdam et al., 2020; Kong et al., 2023; Li et al., 2013; Yang Li et

al., 2016). Other groups failed to detect Dicer-related antiviral activities in somatic cells,
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except in some cases in the absence of a functional IFN-I pathway(Girardi et al., 2013; Maillard

et al.,, 2016, 2013; Schuster et al., 2019).

The thesis project presented here focuses on this interplay that could modulate the
role played by human Dicer upon viral infection. Dicer is already described as an interaction
hub between the RNAi and IFN-l. We hypothesized that these interactions could have a
negative impact on Dicer functionality in the antiviral defence. Thus, by performing the study
of Dicer interactome upon SINV infection, we discovered Dicer co-factors that were
specifically enriched upon infection. The same partners were also retrieved with another
alphavirus, SFV. Interestingly, many of them were already linked to the immune response: the
kinase PKR, the deaminase ADAR1, the helicase DHX9 and the dsRBP PACT. These interactions
were confirmed in two cell types, the human embryonic kidney HEK293T cells and the human
colorectal carcinoma HCT116 cells. To go further, | developed the bimolecular Venus-based
fluorescence complementation assay (BiFC) to visualize the exact interaction localization in
cells, which allowed to confirm that all the interactions involving Dicer are localized in the

cytoplasm.

As Dicer helicase domain is essential both to directly modulate its processivity and as
a platform for the interactions with its known co-factors, | wondered whether this domain was
also involved in mediating these interactions. Even though many of them were partly RNA-
dependent, | could also show that two helicase-truncated mutant N1 and N3, deleted
respectively from the two first part and the whole helicase domain, were completely losing
the interactions upon infection. Conversely, the helicase domain alone was still able to
interact with all the tested partners. Thus, Dicer helicase domain is important to maintain
many interactions with partners that are involved in the IFN-I response in human cells upon

SINV infection.

Then, we looked further in the functionality of the helicase domain. In Dicer N1- and
N3- expressing cells, we observed a strong antiviral phenotype against alphaviruses SINV and
SFV. This was correlated with a strong decrease in both antigenomic and genomic SINV RNAs,
indicating a defect in viral replication in these cells. On the contrary, cells expressing only the

helicase domain were infected as well, if not better, than cells expressing Dicer WT.
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| decided to deepen our research on Dicer helicase domain functionality, focusing on
Dicer N1 antiviral activity. Dicer N1 was already described to be more processive against
synthetic dsRNAs (Kennedy et al., 2015). Besides, some papers described that deleting a part
of Dicer helicase domain is sufficient to induce a RNAi-dependent phenotype, which can be
antiviral in human (Flemr et al., 2013; Poirier et al., 2021). Using three different methods, |
was able to rule out any RNAi involvement in the antiviral phenotype. Indeed, in the absence
of AGO2 or when rendering Dicer N1 catalytically inactive, we still observe a decrease in SINV
infection in Dicer N1 cells. In addition, small RNA sequencing revealed that there was no
increased accumulation of SINV-specific siRNAs in Dicer N1 cells compared to WT cells.
However, when we looked at the other helicase mutants, deleted from individual helicase

subdomains, we observed that the phenotype was dependent on Dicer catalytic activity.

Besides being functionally different, the helicase mutants could also present a
difference in interacting partners. Hence, the HEL2i domain is already known to be involved
in mediating the interactions with TRBP and PACT (Daniels et al., 2009; Yoontae Lee et al.,
2006). As stated before, Dicer N1 no longer interacts with PKR, the top hit interacting partner
in infected cells. | thus decided to look into the functionality of this interaction by using
NoDiceAPKR cells complemented with the different helicase mutants. PKR presence in cells
was necessary to maintain the antiviral phenotype in all the cases. Indeed, even for the RNAI-
dependent mutants, when PKR was knocked-out, the antiviral phenotype was not seen
anymore. One hypothesis concerning the helicase mutants could be that PKR is somehow
involved in dsRNA binding by Dicer and/or cleavage upon infection either because of its direct
binding or because PKR could also bring and/or sequester other proteins that could modulate
Dicer activity. What we should take into account as well is the infection kinetics and the fact
that the timeframe of the response might be different between the two cellular responses
(RNAi and IFN-1). We can imagine that since they both depend on the same signal molecule,
dsRNA, they might compete for its binding. However, one major difference between them is
that all the RNAi components are already expressed and ready to detect and act against
dsRNA, whereas the transcriptional response induced by IFN-I might take longer to kick into
action. Therefore, upon 24h of infection, IFN has time to set up whereas in the early time
points (6h), RNAI could display some antiviral mechanism. But what about the role played by

PKR in that scenario? PKR can detect dsRNA early upon infection and block cellular translation.
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In addition, SINV is mostly insensitive to its translation inhibition since it can use alternative
mechanisms of initiation (Ventoso et al., 2006). This means that PKR might be involved in a

different pathway than its canonical elF2a-phosphorylation role.

In Dicer N1 cells, as PKR is free, | was wondering whether it can increase its kinase
activity. However, it does not seem to be the case since by blotting the phosphorylated PKR
active form | saw a decrease in PKR activation. This could be due to a less efficient infection
with less dsRNA accumulation. | further confirmed that the canonical PKR dimerization of
kinase activity was not necessary for the observed antiviral activity of Dicer N1, by stably co-
expressing PKR mutants and Dicer N1. Both the wild type and the mutant forms of PKR could

complement the absence of PKR and restore the antiviral effect of Dicer N1 against SINV.

The other means for PKR to play an antiviral role is a signaling activity. PKR was linked
to the induction of IFN-I pathway allowing IRFs, STATs or NF-kB activation upon viral infections
(Marion C. Bonnet et al., 2000; Pflugheber et al., 2002; A. H. Wong et al., 1997). Besides, in
Dicer N1 cells, as RNAi was not the reason for SINV infection drop, the main other antiviral
pathway left was IFN-I. So, | performed total RNA sequencing in Dicer WT and N1 cells infected
or not with SINV. As expected upon SINV infection in WT cells, a transcriptional shut-off was
observed. Conversely, that kind of shut-off was not detected in N1 cells. By looking at the N1
mock cells, we could identify differentially expressed genes (DEGs) compared to WT mock
cells. Several DEGs in N1 mock or SINV-infected cells were found linked to the GO terms
“Interferon response” and “Inflammatory response”. This suggested that in N1 mock cells,
immune-related genes were already expressed at a basal level then allowing N1 cells to better
face the infection. Interestingly, they were controlled by immune-related transcription
factors. Among them, NF-kB and STAT2 regulated genes were highly represented in Dicer N1
cells compared to WT cells. That kind of gene expression enrichment could be explained by
two mechanisms. The first one is a post-transcriptional regulation by miRNAs. For instance,
miRNAs are well-known to control the expression of many NF-kB pathway related factors. That
cannot be ruled out considering the fact that Dicer N1 does not interact anymore with both
TRBP and PACT that are partially responsible for pre-miRNA cleavage accuracy (Kok et al.,
2007). Moreover, recent Dicer structures reinforce the fact that helicase domain is essential
for the good fit and the accurate cleavage of pre-miRNAs (Zapletal et al., 2022). N1 Dicer is

then more prone to generate mirtrons that would not be able to recognize efficiently their
239



targets leading to an expression dysregulation. Unfortunately, analysis of mirtrons
accumulation in N1 cells was not performed yet. This could be informative for further studies
on the effect of the helicase deletion on miRNA processing in N1 cells. The second regulation
mechanism is by a transcriptional control of the immune targets. IFN-I is a highly regulated
pathway with multiple layers of regulation but the main one is the phosphorylation and
translocation of immune-related transcription factors. Dicer was already linked in plants and
insects to the induction of an immune transcriptional response (Deddouche et al., 2008;
Nielsen et al., 2023). In those cases, the helicase domain was not directly involved and the
need for other factors in the activation cascade was raised, although they were not identified.
We can also hypothesize that a nuclear role of Dicer could be involved, as it was described in
the case of the reduction of deleterious endogenous dsRNA (Burger et al., 2017). But no

transcriptional activator role was described.

Since we showed that PKR kinase activity was shown to be dispensable to Dicer N1
activity, and it is known that this is also the case for its role in NF-kB activation (Marion C.
Bonnet et al., 2000), | decided finally to study in more details the involvement of this pathway.
Surprisingly, blocking the NF-kB pathway with a specific drug, BAY 11-7082, in Dicer WT cells
did not change the infection outcome. However, doing the same thing in Dicer N1 cells
reverted the antiviral effect showing a strong correlation between NF-kB activation and the
antiviral phenotype. Unfortunately, | observed that BAY 11-7082 was rapidly inducing
apoptosis in treated cells, preventing us from increasing the drug concentration to observe a
complete blocking of NF-kB activity. Thus, we should consider performing knock-down or
knock-out of NF-kB to confirm its involvement. Besides, | did not test the dependency to other
factors such as STAT1, STAT2 or IRF3 in Dicer N1 antiviral phenotype. Indeed, these
transcription factors’ targets were significantly enriched in N1 mock cells, letting us thinking
that there might be multiple layers of regulation involved. In particular, among STAT2 targets,
some ISGylation pathway members were strongly enriched, such as for instance ISG15 and
OAS3. Both of them are known to play a strong antiviral role against alphaviruses and are
therefore good candidates to explain its antiviral activity against SINV (Bréhin et al., 2009;
Lenschow et al., 2007; Yize Li et al., 2016). To further understand the underlying mechanism,
one could imagine to perform a small-scale inactivation screen since we now have candidate

target genes that are up-regulated in Dicer N1 cells.
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PKR is the central actor in the immune transcriptional activation. However, the way
PKR is linked to the transcriptional activation remains to be determined. There is still in a gap
in the knowledge concerning PKR partners upon stresses or viral infections. In specific cases,
such as NF-kB induction, PKR was shown to interact directly with IKK kinases complex (Bonnet
et al., 2006). We can hypothesize that in Dicer N1 cells, PKR has specific partners that allow
transcriptional activation of downstream genes. To go further, we could carry out the study
on PKR partners in Dicer WT or N1 cells in mock and virus-infected conditions to correlate the
differences in partners with the transcriptional activation. We can also propose that the
release of specific partners by the deletion of Dicer helicase domain might modulate PKR
interactome and so, its function. Two dsRBPs, known cofactors of PKR and Dicer, are of prime
interest: TRBP and PACT. They have antagonist properties on PKR function. Indeed, whereas
PACT is a PKR activator by direct binding, TRBP behaves as a PKR inhibitor either by direct
binding or by PACT sequestration (Chukwurah and Patel, 2018; Farabaugh et al., 2020; Gupta
et al., 2003). The link between free TRBP, PACT and PKR and Dicer N1 antiviral activity should

be studied in the light of these interactions.

Unfortunately, | did not have time to go deeper into the functionality of the whole
Dicer interactome upon infection. Some of its partners upon infection such as ADAR1, PACT
or DHX9 are also linked to the miRNA pathway, blurring again the frontier between miRNA
and IFN-I response. Since we also observed that Dicer N1 could no longer interact with those,
we could envision that they might play a role in the differential immune response of Dicer N1
expressing cells. To study these partners, we should also take into account their potential role
in miRNA and siRNA pathways. For instance, ADAR1 can block the potential antiviral pathway
by its editing activity on miRNA (Uhl et al., 2023). Besides, ADAR1 is also linked to the limitation
of the inflammatory response mainly by editing either exogenous or endogenous dsRNAs
thereby preventing their recognition by PKR or MDAS5 (Chung et al., 2018; Pujantell et al.,
2017). It would be of interest to see whether in Dicer N1 cells, ADAR1 functionality is
deregulated. | mentioned the role played by DHX9 in the miRNA pathway, but it is also well-
known for its potential nuclear localization that is linked to the activation of STAT1 or NF-kB
(S. Liu et al., 2021; Ren et al., 2023). Finally, PACT, also known to regulate Dicer accuracy in
pre-miRNA loading and cleavage, is by itself linked to immune signaling as a potential RIG-I

activator upon viral infection (Kok et al., 2011). Overall, it is clear that Dicer helicase domain

241



gathers all of these potential pro- or anti-viral partners, maintaining an inflammatory
equilibrium. Precise localization studies of PACT and DHX9 in Dicer N1 cells could also shed

light on the cellular mechanism at play.

The question remains how Dicer helicase is physically linked to the immune response
and to all of these partners. By having a look at other Dicer partners, | found EDC4 (part of the
de-capping complex) and WDR48 (part of the deubiquitylation complex) often found in P-
bodies and stress granules, and linked to mRNA and protein stability respectively. Dicer
localization should be explored regarding its specific interaction with these two components.
Dicer was already linked to a potential localization to P-Bodies (Much et al., 2016). Further
studies have to focus on the effect of the helicase deletion to re-localize Dicer into other
compartments because of the loss of localization partners. On the other hand, we should again
look at the potential role of EDC4 or WDR48 to sequester the whole Dicer complex into
granules, reinforcing our hypothesis of a blocking of Dicer potential antiviral RNAI activity by
protein partners. Of note, EDC4 and WDRA48 are also involved into the regulation of immune
signaling pathways, linking again Dicer with the regulation of the IFN-I response (Han et al.,

2021; Mikuda et al., 2018; Xing et al., 2023).

Finally, by looking at other viruses | hoped to get insights into Dicer N1 antiviral
mechanism. | could generalize the phenotype to other +ssRNA viruses like SFV or EV71 but not
to -ssRNA such as VSV. It therefore seems that an accessible dsRNA molecule (which is not the
case in VSV-infected cells) is need to allow Dicer N1 antiviral effect. Surprisingly, the antiviral
phenotype could not be observed upon SARS-CoV-2 infection. Yet, AviD Dicer (AHEL2i)
displayed an antiviral effect against this virus in an RNAi-dependent manner (Poirier et al.,
2021). In our case, Dicer N1 does not seem to display antiviral RNAi but rather an immune-
related response. By making the link between all these observations, | hypothesize that the
pro-inflammatory response in Dicer N1 cells may turn pro-viral in the case of SARS-CoV-2
infection. Indeed, NF-kB pathway was extensively shown to be important for SARS-CoV-2 to
create a pro-inflammatory environment in order to better infect human cells, this being used
now as an infection marker for diagnosis (W. Li et al., 2021; Nilsson-Payant et al., 2021; Su et
al., 2021). This might explain the inverted phenotype. We should therefore look at the

infection outcome when we block the NF-kB pathway with the BAY inhibitor. It has already
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been reported that in other cell types, this had a positive effect on SARS-CoV-2 infection

(Nilsson-Payant et al., 2021).

Altogether, the thesis work presented here allows the addition of a new piece in the
puzzle that is the cross-talk between RNAi and IFN-I in human cells, emphasizing the role of
Dicer helicase domain in the maintenance of a lower immune state. The complex partners
network around the helicase domain displays a crucial role in the modulation of the immune
response against alphaviruses and enteroviruses. Moreover, | could highlight a new non-
canonical role of Dicer helicase domain in the blocking of the immune transcriptional response
induced by its main partner upon infection, PKR. This work is giving insights into the mutual

exclusivity between two evolutionary conserved immune pathways in human cells.
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Annex 1: RACK1 Associates with RNA-Binding Proteins Vigilin and

SERBP1 to Facilitate Dengue Virus Replication

The following annex describes a collaborative work with Ali Amara’s team in Paris where they
focused on the role of RACK1 and its interacting partners upon Dengue virus (DENV) infection.
They described RACK1 association with SERBP1 and Vigilin facilitating DENV translation and
replication. | participated in this work by performing high molecular weight northern blot
analysis on DENV genomic RNA stability upon treatment of either HAP1 WT or KO SERBP1 or
KO SERBP1 of KO Vigilin cells with MK0608 replication inhibitor (Fig. 6). This allowed to rule
out any involvement of the candidates in DENV genomic RNA stability while they keep to

promote DENV replication.
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ABSTRACT Dengue virus (DENV) is a mosquito-borne flavivirus responsible for den-
gue disease, a major human health concern for which no effective treatment is avail-
able. DENV relies heavily on the host cellular machinery for productive infection.
Here, we show that the scaffold protein RACK1, which is part of the DENV replication
complex, mediates infection by binding to the 40S ribosomal subunit. Mass spec-
trometry analysis of RACK1 partners coupled to an RNA interference screen-identified
Vigilin and SERBP1 as DENV host-dependency factors. Both are RNA-binding proteins
that interact with the DENV genome. Genetic ablation of Vigilin or SERBP1 rendered
cells poorly susceptible to DENV, as well as related flaviviruses, by hampering the
translation and replication steps. Finally, we established that a Vigilin or SERBP1 mu-
tant lacking RACK1 binding but still interacting with the viral RNA is unable to medi-
ate DENV infection. We propose that RACK1 recruits Vigilin and SERBP1, linking the
DENV genome to the translation machinery for efficient infection.

IMPORTANCE We recently identified the scaffolding RACK1 protein as an important
host-dependency factor for dengue virus (DENV), a positive-stranded RNA virus re-
sponsible for the most prevalent mosquito-borne viral disease worldwide. Here, we
have performed the first RACK1 interactome in human cells and identified Vigilin and
SERBP1 as DENV host-dependency factors. Both are RNA-binding proteins that interact
with the DENV RNA to regulate viral replication. Importantly, Vigilin and SERBP1 inter-
act with RACK1 and the DENV viral RNA (VRNA) to mediate viral replication. Overall,
our results suggest that RACK1 acts as a binding platform at the surface of the 40S ri-
bosomal subunit to recruit Vigilin and SERBP1, which may therefore function as linkers

between the viral RNA and the translation machinery to facilitate infection.
Editor Anice C. Lowen, Emory University

KEYWORDS dengue virus, host factors, RACK1, RNA-binding proteins, SERBP1, Vigilin School of Medicine
Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

engue virus (DENV) belongs to the genus Flavivirus of the family Flaviviridae, which Address correspondence to Ali Amara,
includes important emerging and reemerging viruses such as West Nile virus aliamara@insermfr.

(WNV), yellow fever virus (YFV), Zika virus (ZIKV), and tick-borne encephalitis virus )

(TBEV) (1). DENV is transmitted to humans by an Aedes mosquito bite and may lead to :i:::;ijgi'fﬂng:f;gigz]

a variety of diseases ranging from mild fever to lethal dengue hemorrhagic fever and Published 10 March 2022

dengue shock syndrome (2). Recent estimations indicate that half of the world’s
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RACK1 and Dengue Virus

population lives in areas where dengue fever is endemic (3), with 100 million sympto-
matic infections, including 500,000 cases of severe manifestations of the disease per
year (4). There are currently no approved antiviral therapies against DENV, although a
promising inhibitor targeting the viral NS3-NS4B interaction was recently described (5).
Conversely, the recently approved tetravalent live attenuated vaccine showed disap-
pointing efficacy (6, 7).

DENV is an enveloped virus containing a positive-stranded RNA genome of ~11 kb.
Upon entry into the host cell, the viral genome is released in the cytoplasm and trans-
lated by the host machinery into a large polyprotein precursor that is processed by host
and viral proteases. Co- and posttranslational processing gives rise to three structural
proteins: the C (core), prM (precursor of the M protein), and E (envelope) glycoproteins,
which form the viral particle and seven nonstructural proteins (NS) called NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 (8) that play central roles in viral genome replication,
assembly, and modulation of innate immune responses (9). Like other flaviviruses, DENV
genome replication takes place within virus-induced vesicles (Ve) derived from invagina-
tions of the endoplasmic reticulum (ER) membrane (10, 11). These structures consist of
90-nm-wide vesicles containing a =11-nm pore that allows exchanges between the Ve
lumen and the cytosol (11). Within the Ve, viral NS proteins, viral RNA (VRNA), and some
host factors assemble to form the viral replication complex (RC) that is essential for viral
RNA synthesis. We have recently purified the DENV RC in human cells, using a tagged
DENV subgenomic replicon, and determined its composition by mass spectrometry (12).
Our study provided an unprecedented mapping of the DENV RC host interactome and
identified cellular modules exploited by DENV during active replication. By combining
these proteomics data with gene silencing experiments, we identified a set of host-de-
pendency factors (HDFs) that have a critical impact on DENV infection and established
an important role for RACK1 (receptor for activated C kinase 1) in DENV vRNA amplifica-
tion (12), which was recently confirmed by others (13).

RACKT1 is a core component of the 40S ribosomal subunit (14, 15), containing seven
WD40 domains that mediate protein-protein interactions (16, 17). RACK1 is a scaffold
protein (18, 19) described to interact with many cellular pathways such as Sarcoma
(Src) tyrosine kinase (20, 21), cAMP/protein kinase A (PKA) (22), or receptor tyrosine ki-
nase (23). Ribosomal RACK1 has also been shown to be involved in the association of
mRNAs with polysomes (24), in the recruitment and phosphorylation of translational
initiation factors (25-27), and in quality control during translation (28). The nonriboso-
mal form of RACK1 is involved in innate immunity, by recruiting the PP2A phosphatase
(29) or by targeting the VISA/TRAF complexes (30), and participates in the assembly
and activation of the NLRP3 inflammasome (31). To date, only one proteomic study
aiming to identify RACK1 cofactors has been performed in Drosophila S2 cells (32).
RACK1 cellular partners in human cells are largely unknown.

Several viruses depend on RACK1 to complete their infectious cycle3'-3°. For
instance, RACK1 is involved in internal ribosome entry site (IRES)-mediated translation
of viruses possessing a type | IRES such as cricket paralysis virus or hepatitis C virus
(33). RACK1 also contributes to poxvirus infection through a ribosome customization
mechanism. Indeed, poxviruses trigger the phosphorylation of the serine 278 of RACK1
(34) to promote the selective translation of viral RNAs.

In this work, we have investigated the function of RACK1 during DENV life cycle. We
performed the first interactome of RACK1 in human cells. Functional studies revealed
that RACK1 interacts with the RNA-binding proteins Vigilin and SERBP1 to facilitate
DENV replication.

RESULTS AND DISCUSSION

RACK1 interaction with the 40S ribosomal subunit is required for DENV infection.
To confirm the role of RACK1 in DENV infection, we challenged parental and RACK1
knockout (RACK1K%) HAP1 cells with DENV2-16681 particles at different multiplicities of
infection (MOIs) and measured viral infection by quantifying the percentage of cells
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FIG 1 The interaction between RACK1 and the 40S ribosome is required for dengue virus (DENV) infection. (A)
Western blot analysis of RACK1 expression in control, RACK1%°, and RACK1*® HAP1 cells transcomplemented
with a hemagglutinin (HA)-RACK1 cDNA. Cell lysates were probed with the indicated antibodies. Shown is a
representative Western blot of n = 3 technically independent experiments. (B) Role of RACK1 in DENV infection.
Control, RACK1%®, or RACK1¥® cells transcomplemented with a cDNA encoding wild-type (WT) HA-RACK1 were
infected at different multiplicities of infection (m.o.i) with DENV2-16681. Levels of infection were determined by
flow cytometry using the 2H2 prM monoclonal antibody (MAb) at 48 h postinfection (hpi). The data shown are
the means * stardard error of the mean (SEM) of four independent experiments performed in duplicate.
Significance was calculated using two-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison
test. (C) Western blot analysis of RACK1 expression in RACK1%°® HAP1 transcomplemented with cDNA encoding
WT HA-RACK1 or the HA-RACK1 D/E mutant (HA-RACK1 DE cDNA). Cell lysates were probed with the indicated
antibodies. Shown is a representative Western blot of three independent experiments. (D) Impact of RACK1
association to the 40S subunit of the ribosome in DENV infection. Control, RACK1%®, and RACK1X® HAP1 cells
transcomplemented with ¢cDNA encoding WT HA-RACK1 or the HA-RACK1 DE mutant were infected at MOI 1
with DENV2-16681 and harvested at 48 hpi. Levels of infection were determined by flow cytometry as
described above. The data shown are the means = SEM of three independent experiments performed in
duplicate. Significance was calculated using one-way ANOVA with Dunnett’s multiple-comparison test. ****,
P < 0.0001; n.s, not significant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent
protein; NI, not infected.

expressing the DENV antigen PrM. In agreement with our previous studies (12), DENV
infection was severely impaired in HAP1 cells lacking RACK1 (Fig. 1A and B).
Importantly, transcomplementation of the HAP1 RACK1K® cells with a plasmid encod-
ing human RACK1 rescued cell susceptibility to DENV infection (Fig. 1A and B), ruling
out CRISPR-Cas9-mediated off-target effects and demonstrating that RACK1 is an im-
portant host factor for DENV.

RACKT is a component of the 40S subunit of the ribosome and is located near the
mRNA exit channel (17). To test whether DENV infection requires RACK1 association
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with the 40S ribosome, we transcomplemented RACK1K® cells with a RACK1 mutant
defective for ribosome-binding (RACK1R36D/K38E, DE mutant) (34, 35). The RACK1 DE
mutant, which displayed a wild-type (WT) expression level and was unable to associ-
ated with polysomes (data not shown and Ref. 36), failed to rescue DENV2-16681 infec-
tion (Fig. 1C and D). These results indicate that the interaction with the 40S ribosomal
subunit is important for RACK1 proviral function.

Mapping the RACK1 interactome. Because RACK1 is a scaffold protein, we hypothe-
sized that its proviral activity may rely on its ability to recruit host proteins near the ribosome
for optimal translation. To characterize the RACK1 interactome in mammalian cells, we trans-
fected 293T cells with a plasmid encoding an hemagglutinin (HA)-tagged version of human
RACK1. We pulled down RACK1 and its binding partners using HA beads and eluted purified
proteins with HA peptide according to the experimental procedures that we recently
described (12). Immunoprecipitated proteins were separated by SDS-PAGE, visualized by sil-
ver staining, and subjected to mass spectrometry (MS) analysis (Fig. 2A). By analyzing the
raw affinity purification-mass spectrometry (AP-MS) data set with SAINT express and MiST
softwares (37), we identified 135 high-confidence host factors that copurified with RACK1
and showed a SAINT express score greater than 0.8 (supplemental material). Next, we ana-
lyzed the list of 135 high-confidence interactors with DAVID 6.8 to identify statistical enrich-
ments for specific Gene Ontology (GO) terms from the “cellular component” (CC) annotation
(38, 39) (Fig. 2B) and built the corresponding interaction network using Cytoscape 3.4.0 (40)
(Fig. 2C). The 135 RACK1-interacting proteins were clustered into functional modules using
enriched GO terms as a guideline and literature mining (Fig. 2C). As expected, the RACK1
interactome was significantly enriched in proteins associated with ribosome/polysome and
MRNA translation (Rps3, elF3, elF4G, and elF4)), stress granules (G3BP2 and LARP1), P-Bodies
(Ago1 and 2), and RNA splicing factors (HNRNPA2B1 and U2AF2) (Fig. 2Q). Interestingly, sev-
eral proteins found in our study, such as Ago2, LARP1 and 2, and elF3A, were also identified
in a RACK1 interactome done in Drosophila S2 cells (32).

Vigilin, SERBP1, and ZNF598 are DENV host-dependency factors. To pinpoint
the function of the RACK1 binding partners during DENV infection, we silenced by RNA
interference (RNAI) the expression of the 49 highest ranked hits with an average pep-
tide count of more than 28 and determined the consequences on viral infection (Fig.
3A; supplemental material). Four proteins, namely HNRNPA2B1, Vigilin, SERBP1, and
ZNF598, whose silencing decreased infection by at least 50% without affecting cell via-
bility in the two cell lines were considered for further investigation (Fig. 3A; supple-
mental material). These factors are RNA-binding proteins (RBP) involved in RNA splicing
(HNRNPA2B1) (41) or translation regulation (Vigilin, SERBP1, and ZNF598) (28, 42, 43).
HNRNPA2B1 was already described to interact with the 3’-untranslated region (UTR)
part of the virus (44). Because HNRNPA2B1 is a nuclear protein (45), it was not further
considered in our study. Vigilin is a multiple K-homology (KH) domain protein impli-
cated in translation regulation and lipidic metabolism (24, 43, 46). This protein was
recently described to bind the DENV RNA and, in association with the ribosomal-bind-
ing protein 1 (RRBP1), to facilitate viral RNA translation and replication (47). However,
how this protein interacts with RACK1 to regulate DENV infection is still unknown.
SERBP1 is a RACK1 cofactor (48) that is located at the entry channel of ribosomes (49)
and enhances translation by promoting the association of mRNAs with polysomes (42).
SERBP1 was also described to interact with DENV RNA. However, its role in DENV repli-
cation remains unclear (50). Finally, ZNF598 is an E3 ubiquitin-protein ligase known to
interact with RACK1 and playing a key role in the ribosome quality control (28).
ZNF598 was also described to play a role in innate immunity (51). However, its role in
DENYV infection is unknown.

We first confirmed that endogenous Vigilin, ZNF598, and SERBP1 proteins coimmu-
noprecipitated with HA-RACK1 ectopically expressed in 293T cells (Fig. 3B). Next, we
validated the requirement of Vigilin, SERBP1, and ZNF598 using two approaches. On
one hand, we found that knocking down by RNA interference Vigilin, SERBP1, or
ZNF598 (Fig. 3C) significantly impaired DENV infection but not viability of primary
human fibroblasts, which are DENV target cells (Fig. 3D and E). On the other hand, we
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FIG 2 Global map of the RACK1 interactome in human cells. (A) Experimental scheme of our RACK1 immunoprecipitation approach. 293T cells expressing
RACK1 or HA-RACK1 were lysed, and extracts were purified with anti-HA-coated beads before SDS-PAGE and mass spectrometry (MS) analysis. (B)
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FIG 3 RNA interference (RNAI) screen-identified Vigilin, SERBP1, and ZNF598 are DENV host-dependency factors.
(A) Host-dependency factors (HDFs) found in our RNAi screen. The data shown are representative of three
independent experiments. Host-dependency factors are marked in green. The positive control (small interfering
RNA [siRNA] pool targeting RACK1) is highlighted in blue. (B) Validation of the interaction between RACK1 and
endogenous Vigilin or SERBP1 in 293T cells by immunoprecipitation. Cell extracts from 293T cells expressing
RACK1 or HA-RACK1 were subjected to affinity purification using anti-HA beads, and interacting proteins were
revealed by Western blotting. The data shown are representative of three independent experiments. (C) Human
primary fibroblasts were transfected with the indicated siRNA pools. RACK1, Vigilin, SERBP1, and ZNF598
expression in siRNA transfected cells was assessed by Western blot analysis 48 h posttransfection. (D) The viability
of siRNA transfected fibroblasts described in B was monitored by cell titer glow analysis. The data shown are the
means *= SEM of three independent experiments performed in triplicate. Significance was calculated using two-
way ANOVA with Dunnett’s multiple-comparison test. (E) siRNA transfected fibroblasts described for panel B were
challenged with DENV2-16681 at MOI 1. At 48 h posttransfection, the levels of infection were determined by flow
cytometry using 2H2 MAb at 48 hpi. The data shown are the means * SEM of three independent experiments
performed in duplicate. Significance was calculated using one-way ANOVA with Dunnett's multiple-comparison
test. RLU, relative light units; siNT, nontargeting siRNA.

used the CRISPR-Cas9 technology to edit the corresponding genes in HAP1 cells
(Vigilin ¥©, SERBP1 KO, and ZNF598 K°) (Fig. 4). Gene editing and knockout generation
were confirmed by genomic DNA sequencing (Fig. 4A) and Western blot analysis (Fig.
4B), respectively. In agreement with our previous findings, lack of RACK1, Vigilin,
SERBP1, and ZNF598 expression had no impact on cell growth and viability as assessed
by quantification of ATP levels in culture wells at different time points (Fig. 4C). HAP1
cells lacking Vigilin, SERBP1, or ZNF598 expression were poorly permissive to DENV
infection as shown by the quantification of viral progeny in supernatants of infected
cells (Fig. 4D), Western blot analysis of the DENV protein expression (NS3, E, and PrM)

FIG 2 Legend (Continued)

Journal of Virology

(C) Interaction network of RACK1-associated proteins identified by MS in 293T cells. Proteins were clustered into functional modules using enriched GO
terms as a guideline and manual mining of literature. This panel is a representative network of n = 3 independent experiments showing similar results. LC-

MS/MS, liquid chromatography-tandem MS.
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FIG 4 Impact of RACK1, Vigilin, SERBP1, and ZNF598 gene editing on infection by DENV and other enveloped viruses. (A) Sanger sequencing of VIGILIN,
SERBP1, and ZNF598 in control and Vigilin®®, SERBP1X°, or ZNF598*° HAP1 cells, respectively. (B) Validation of Vigilin, SERBP1, and ZNF598 gene editing by
Western blot analysis. Shown is a representative Western blot of three independent experiments. (C) Impact of RACK1, Vigilin, SERBP1, and ZNF598 gene
editing on cell viability in HAP1 cells by cell titer glow analysis. The data shown are the means = SEM of three independent experiments performed in
duplicate. Significance was calculated using two-way ANOVA with Dunnett’s multiple-comparison test. (D to G) Impact of RACK1/Vigilin/SERBP1/ZNF598
gene editing on DENV infectious cycle. The indicated cells were infected for 48 h at MOl 1 with DENV2-16681. (D) Supernatants from infected cells were
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(Fig. 4E), and quantification of the viral RNA (Fig. 4F). Parental (control) and HAP1 cells
transfected with a nonspecific single guide RNA (targeting the green fluorescent pro-
tein [GFP]) were used as negative controls (Fig. 4), while RACK1X® HAP1 cells were used
as positive controls (Fig. 4). We then investigated whether these phenotypes were spe-
cific to DENV2-16681 or could be observed with other flaviviruses. We found that
Vigilin, SERBP1, and ZNF598 mediate infection by other DENV serotypes (data not
shown), as well as by Zika virus (ZIKV), a related flavivirus (Fig. 4G). In contrast, infec-
tions by the Alphavirus chikungunya virus (CHIKV) or the vesicular stomatitis virus G
protein (VSV-G)-pseudotyped human immunodeficiency virus (VSVpp) were unaffected
in Viligink® and SERBP1*° cells (Fig. 4G). CHIKV infection but not VSVpp was signifi-
cantly reduced in RACK1X® and ZNF598K° cells (Fig. 4G). Altogether, our data indicate
that Vigilin, SERBP1, and ZNF598 are important host factors for DENV. ZNF598 is
required for DENV and CHIKV infection, while Vigilin and SERBP1 are exclusively
exploited by DENV and other related flaviviruses.

Vigilin and SERBP1 regulate DENV translation and replication. To determine
whether Vigilin and SERBP1 impact initial vVRNA translation or amplification, Vigilin®
and SERPB1KO cells were challenged with DENV2 Renilla luciferase (Luc) reporter virus
(DV-R2A) through a time-course experiment to monitor the kinetic of viral infection
(Fig. 5A). RACK1 *© cells were used as a positive control. A weak Luc activity was
detected at 6 h postinfection, reflecting the initial translation of the incoming vRNA.
This was followed by a marked increase in Luc activity caused by a combination of
translation and replication of the viral genome (Fig. 5A). Depletion of RACKT1, Vigilin,
and SERBP1 had no impact on initial translation step but strongly impaired DENV trans-
lation and replication at later time points (Fig. 5A). Importantly, viral genome replica-
tion was completely restored in KO cells transduced with RACK1, SERBP1, or Vigilin
cDNAs (Fig. 5A). CHIKV expressing the Gaussia luciferase replicated as efficiently in
Vigilin or SERBP1 ¥© cells as in control cells, while its replication in RACK1*® was
impaired (Fig. 5B). To assess further the effect of Vigilin and SERBP1 on DENV vRNA rep-
lication, we used a Renilla luciferase (Rluc) reporter subgenomic replicon (sgDVR2A),
which is a self-replicating DENV RNA containing a large in-frame deletion in the struc-
tural genes and represents a useful tool to exclusively monitor DENV translation and
RNA amplification. Control, Vigilin®®, SERBP1X°, and RACK1X® HAP1 cells were trans-
fected with the in vitro transcribed DENVR2A subgenomic RNA, and vRNA replication
was monitored over time by quantifying the Rluc activity in infected cell lysates (Fig.
5C). Depletion of RACK1, Vigilin, or SERBP1 had no impact during the early phase of
DENV RNA translation. At 12 h posttransfection, the RLuc signal increased over time in
control cells, while a strong reduction was observed (more than 10-fold reduction at
48 h postinfection [hpil) in Vigilink® and SERBP1K° cells (Fig. 5C). The RLuc signal was
restored in Vigilin®© or SERBP1%° transcomplemented with their corresponding cDNAs
(Fig. 50).

Vigilin has been previously shown to mediate, in association with the host factor
RRBP1, the stability of DENV VRNA (47). Since SERBP1 also binds the DENV RNA (50), we
reasoned that it might play a similar role. To assess this hypothesis, RACK1X°, Vigilin¥©,
or SERBP1X® HAP1 cells were challenged with DENV followed by treatment with
MKO0608 to inhibit viral replication (47). Then, we monitored the decay of the VRNA
overtime by Northern blotting analysis using a probe that targets the DENV 3'-UTR
(Fig. 6). We observed that the levels of the DENV genomic RNA were similar in control,

FIG 4 Legend (Continued)

Journal of Virology

harvested, and then the titer was determined by flow cytometry on Vero cells and expressed as fluorescence-activated cell sorter infectious unit (FIU)/mL.
(E) Infection was assessed by immunoblot using anti-NS3, anti-prM, and anti-E DENV MAbs. The data shown are representative of three independent
experiments. (F) Levels of infection were assessed by quantification of DENV viral RNA (vRNA) by quantitative reverse transcription-PCR using NS3 primers.
The data shown are the means *= SEM of three independent experiments performed in duplicate. Significance was calculated using one-way ANOVA. (G)
The indicated cells were infected with Zika virus (ZIKV) HD78 at MOI 2 (left), chikungunya virus (CHIKV) 21 at MOI 2 (middle), and vesicular stomatitis virus
G protein-pseudotyped human immunodeficiency virus (VSV-pp) at MOI 2 (right). Levels of infection were determined by flow cytometry at 48 hpi. The
data shown are the means *= SEM of at least two independent experiments performed in duplicate. Significance was calculated using one-way ANOVA

with Dunnett’s multiple-comparison test. n.s, not significant; ****, P < 0.0001.
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FIG 5 Vigilin and SERBP1 regulate DENV translation and replication. (A) The indicated cells were infected at MOI 1 with DENV-Luc. At the
indicated time points, Renilla luciferase activity reflecting RNA translation (1 to 8 hpi) and replication (12 to 72 hpi) was measured. The data
shown are the means + SEM of three independent experiments performed in triplicate. Significance was calculated using two-way ANOVA
with Dunnett’s multiple-comparison test. (B) The indicated cells were infected at MOl 1 with CHIKV-Luc. Gaussia luciferase activity was
monitored at the indicated time points. The data shown are the means = SEM of three independent experiments performed in triplicate.
Significance was calculated using two-way ANOVA with Dunnett’s multiple-comparison test. (C) Impact of RACK1/Vigilin/SERBP1 KO on DENV
life cycle in HAP1 cells transfected with a DENV replicon RNA expressing Renilla luciferase. Renilla luciferase activity was monitored at the
indicated time point. The data shown are the means = SEM of three independent experiments performed in triplicate. Significance was
calculated using two-way ANOVA with Dunnett’s multiple-comparison test. n.s, not significant; ****, P < 0.0001; AU, arbitrary units; Gluc,
Gaussia luciferase; Rluc, Renilla luciferase.
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FIG 6 Northern blot analysis of the impact of RACK1, Vigilin, and SERBP1 knockout on DENV genomic RNA (gRNA)
stability. (A) Indicated cells were infected at an MOI of 1 with DENV2-16681. Total RNA was extracted 48 h.p.i. at the
indicated time after treatment with MK0608 replication inhibitor. The data shown are the means = SEM of three
independent experiments performed in triplicate. (B) VRNA stability is expressed as a percentage relative to the signal
monitored at time point 0 h after MKO608 treatment. Ethidium bromide serves as a loading control, showing 28S and
18S rRNA. Statistics were performed using two-way ANOVA. hpt, h posttransfection; ns, nonsignificant.

RACK1%0, and SERBP1¥® HAP1 cells up to 24 h after MK0608 treatment (Fig. 6).
Surprisingly, a lack of Vigilin expression had a very mild effect on DENV RNA stability
(Fig. 6). Together, these results show that RACK1, Vigilin, and SERBP1 promote viral rep-
lication without a major impact on the stability of DENV vRNA.

Vigilin and SERBP1 interactions with RACK1 are important for DENV infection.
Scp160p and Asclp, the yeast homologs of Vigilin and RACK1, respectively, have
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been shown to interact each other (24). This interaction is thought to promote trans-
lation of specific mMRNAs linked to Scp160p by mediating their association with poly-
somes (24). Because Vigilin is very well-conserved among different species, a similar
interaction with RACK1 might occur in mammalian cells. Having established that
Vigilin and SERBP1 do not have a major influence on the stability of the VRNA, we
hypothesized that their proviral effect might be linked to their interaction with
RACKT1. Previous studies showed that Scp160p interacts with Asc1p via the KH 13 and
14 domains located in its C-terminal region (24, 52), while SERBP1 interacts directly
with RACK1 through a motif (amino acids [aa] 354 to 474) that contains the RGG
domain (48) (Fig. 7A). On the basis of these observations, we generated the corre-
sponding deletion mutants of FLAG-tagged Vigilin (FLAG-Vigilin Mut) and Myc-
tagged SERBP1 (Myc-SERPB1 Mut) (Fig. 7A) and tested their ability to interact with
RACK1 (Fig. 7B). Pulldown experiments showed that RACK1 binds both WT FLAG
Vigilin or WT Myc SERBP1 ectopically expressed in HEK-293T cells (Fig. 7B). In con-
trast, RACK1 failed to associate with mutant forms of Vigilin and SERBP1 (Fig. 7B). We
next assessed the ability of the mutant forms to interact with DENV vRNA by perform-
ing an RNA immunoprecipitation (IP) assay after UV irradiation (Fig. 7C). For both RNA-
binding proteins, the WT and mutant forms were able to specifically enrich the vRNA
(at least 10-fold more than actin enrichment). Furthermore, we did not observe any sig-
nificant differences in vRNA enrichment between the mutant and WT forms of the RBPs.
These data demonstrate that Vigilin Mut and SERBP1 Mut bind the DENV vRNA to the
same extent as their WT counterparts.

Finally, we investigated whether Vigilin and SERBP1 binding to RACK1 impacts DENV
infection. For this, we stably expressed Mut Vigilin or Mut SERBP1 in Vigilin *° or SERBP1 ¥©
cells, respectively (Fig. 8A). Infection studies showed that expression of Mut Vigilin or Mut
SERBP1 in Vigilin ¥° or SERBP1 *© cells did not restore DENV2-16681 infection in contrast to
their WT counterparts (Fig. 8B). Together, these data indicate that Vigilin and SERBP1 inter-
action with RACK1 is important for DENV infection

Conclusions. Our results provide new insights into the molecular mechanisms of
DENV replication. We performed the first RACK1 interactome in human cells and identi-
fied Vigilin and SERBP1 as host factors for DENV infection. Both are RNA-binding pro-
teins that interact with the DENV RNA and regulate viral replication. Importantly, our
data suggest that the interaction of Vigilin and SERBP1 with RACK1 are important for
DENV infection. The proviral function of RACK1 depends on its association with the
40S ribosomal subunit. Furthermore, mutants of SERBP1 or Vigilin that lost their ability
to interact with RACK1 were unable to support infection. We propose a model in which
RACK1 acts as a binding platform at the surface of the 40S ribosomal subunit to recruit
Vigilin and SERBP1, which may therefore function as linkers between the viral RNA and
the translation machinery to facilitate DENV infection. Strategies that interfere with
RACK1-ribosome association or disturb the RACK1-Vigilin-SERBP1 complex may repre-
sent new ways to combat DENV-induced disease.

MATERIALS AND METHODS

Cell lines. HAP1 cells (Horizon Discovery) and HAP1 RACK1¥° (provided by Gabriele Fuchs, University
at Albany) were cultured in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, 1% GlutaMAX, and 25 mM HEPES. HEK293T (ATCC), Vero
E6 (ATCC), BHK-21 (ATCC), and Hela (ATCC) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% GlutaMAX, and 25 mM HEPES.
Fibroblast BJ-5ta cells (ATCC) were cultured according to the manufacturer’s instructions. A final concen-
tration of 50 uM MK0608 was used in this study. All of the cell lines were cultured at 37°C and 5% CO,.

Virus strains and replicons. DENV1-KDH0026A (gift from L. Lambrechts, Pasteur Institute, Paris,
France), DENV2-16681 (Thailand/16681/84), DENV4 (H241), and ZIKV HD78788 were propagated in mos-
quito AP61 cell monolayers with limited cell passages. DENV2 Rluc reporter virus (DVR2A) was provided
by Ralf Bartenschlager (University of Heidelberg). The CHIKV Luc reporter virus was described previously
(53).To generate infectious virus, capped viral RNAs were generated from the Notl-linearized plasmids
using a mMessage mMachine T7 transcription kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. RNAs were purified (see RNA IP protocol), resuspended in DNase/RNase-free water,
aliquoted, and stored at —80°C until used. 30 g of purified RNAs were transfected in BHK21 cells using
Lipofectamine 3000 reagent. Supernatants were collected 72 h later and used for viral propagation on
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FIG 7 Characterization of Vigilin and SERBP1 mutants (Mut) deficient for RACK1 binding. (A) Schematic representations of Vigilin mutant (upper diagram)
and SERBP1 mutant (lower diagram) constructs. (B) Evaluation of FLAG-Vigilin mutant (left) or Myc-SERBP1 mutant (right) interaction with RACK1. Cell
extracts from 293T expressing the WT or mutated forms of Vigilin and SERBP1 were subjected to affinity purification using anti-FLAG- or -Myc-coated
beads, respectively. Input and eluates were resolved by SDS-PAGE, and interacting proteins were revealed by Western blotting using corresponding
antibodies. Shown is a representative Western blot of three independent experiments. (C) Analysis of Vigilin (WT and Mut) and SERBP1 (WT and Mut)
interactions with the DENV RNA by RNA immunoprecipitation assay (RIP). The cells were infected at MOl 1 by DENV2-16681 and harvested 48 hpi. Tagged
proteins were immunoprecipitated after UV cross-link at 254 nm using anti-FLAG- or -Myc-coated beads. The enrichment of DENV RNA or Actin RNA over
the negative-control condition were determined by quantitative reverse transcription-PCR using specific primers and quantified using the AACt method.
The data shown are the means = SEM of three independent experiments performed in triplicate. Significance was calculated using a two-way ANOVA with
Dunnett’s multiple-comparison test. Cter, C terminus; Nter, N terminus; n.s, not significant; ****, P < 0.0001.
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FIG 8 Vigilin and SERBP1 interaction with RACK1 is important in DENV infection. (A) Stable expression of Vigilin
WT or Mut and SERBP1 WT or Mut in Vigilin ¥° or SERBP1 *© HAP1 cells, respectively. Western blot analysis of
Vigilin or SERBP1 expression is shown. The data shown are representative of three independent experiments. (B)
The indicated cells were infected at MOI 1 with DENV2-16681. Levels of infection were determined by flow
cytometry at 48 hpi using the 2H2 MAb. The data shown are the means = SEM of three technically independent
experiments performed in duplicate. Significance was calculated using one-way ANOVA with Dunnett’s multiple-
comparison test. n.s, not significant; ****, P < 0.0001.

Vero E6 cells. For all of the viral stocks used in flow cytometry experiments, the viruses were purified
through a 20% sucrose cushion by ultracentrifugation at 80,000 x g for 2 h at 4°C. The pellets were
resuspended in HNE1X pH 7.4 (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA), aliquoted, and stored at
—80°C. Viral stock titers were determined on Vero E6 cells by plaque-forming assay and were expressed
as PFU/mL. Virus stocks were also determined by flow cytometry as described (54). Vero E6 cells were
incubated 1 h with 100 uL of 10-fold serial dilutions of viral stocks. The inoculum was then replaced
with 500 uL of culture medium, and the percentage of infected cells was quantified by flow cytometry
using the 2H2 anti-PrM monoclonal antibody (MADb) at 8 h after infection. Viral titers were calculated and
expressed as the number of fluorescence-activated cell sorter infectious units (FIU)/mL: titer = (average
percentage of infection) x (number of cells in well) x (dilution factor)/(mL of inoculum added to cells).

To establish a DENV replicon plasmid, based on the infectious DENV2-16681 cDNA clone, the region
encoding the structural proteins was mostly deleted and replaced by a cassette encoding ubiquitin-
Renilla luciferase-foot-and-mouth disease virus (FMDV) 2A. DENV replicon RNA was generated as previ-
ously described (12). Infection or replication was determined by measuring the luciferase activity using
TriStar LB942 microplate reader (Berthold Technologies). Red fluorescent protein (RFP)-expressing lenti-
viral vector pseudotyped with vesicular stomatitis virus glycoprotein G (VSV-G) were generated by trans-
fecting HEK293FT cells with pNL4.3 Luc RFP AEnv, psPAX2, and pVSV-G (4:3:1 ratio) using Lipofectamine
3000. The ;Supernatants were harvested 48 h after transfection, cleared by centrifugation, filtered, and
frozen at -80°C.

Polysome profiling. A total of 2 x 10° of indicated cells were incubated with 100 ug/mL of
cycloheximide (CHX) for 10 min at 37°C and washed twice with cold phosphate-buffered saline
(PBS) + 100 ug/mL CHX. The cells were pelleted by centrifugation at 4°C at 300 x g for 10 min and
washed once with cold PBS + 100 ug/mL CHX. The pellet was resuspended in 2 mL lysis buffer (10 mM
Tris-HCI, pH 7.5, 100 mM KCl, 10 mM magnesium acetate, 1% Triton X-100, 2 mM dithiothreitol [DTT])
containing 100 ug/mL CHX. The cells were pulverized by adding glass beads and vortexed for 5 min at
4°C. Cells debris were removed by centrifugation at 4°C at 3,000 x rpm for 10 min, and the supernatant
was transferred to a 2 mL cryovial. The determination of polysome concentration was done by spectro-
photometric estimation, based on the fact that ribosomes are ribonucleoprotein particles. Supernatant
was quickly flash-frozen in liquid nitrogen and stored in a —80°C freezer. The supernatant was loaded
on a 10 to 50% sucrose gradient (31% sucrose, 50 mM Tris-acetate, pH 7.6, 50 mM NH,Cl, 12 mM MgCl,,
1 mM DTT) and spun for 3 h at 39,000 rpm at 4°C in an SW41 swing-out rotor. The gradient was fractio-
nated by hand and analyzed by immunoblotting.

Mass spectrometry analysis. HAP1 cells (5 x 10%), expressing either the WT or the HA-tagged
RACK1 proteins, were lysed in Pierce IP lysis buffer (Thermo Scientific) in the presence of Halt protease
inhibitor cocktail (Thermo Scientific) for 30 min at 4°C and then cleared by centrifugation for 30 min at
6,000 x g. The supernatants were incubated overnight at 4°C with anti-HA magnetic beads. The beads
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were washed three times with B015 buffer (20 mM Tris-HCl, pH 7.4, 150 mM NacCl, 5 mM MgCl,, 10%
glycerol, 0.5 mM EDTA, 0.05% Triton, 0.1% Tween 20), and the immune complexes were eluted twice
with HA peptide (400 mg/mL) for 30 min at room temperature (RT). The eluates were concentrated on a
Pierce concentrator (PES 10K) and stored at —20°C until used. A total of three coaffinity purifications and
MS analysis experiments were performed with the HA-tagged RACK1 protein or the untagged RACK1
protein as a control in 293T cells. The samples were analyzed at Taplin Biological Mass Spectrometry
Facility (Harvard Medical School). Briefly, concentrated eluates issued from immunopurification of endoge-
nous and RACK1-HA-tagged protein were separated on 10% Tris-glycine SDS-PAGE gels (Invitrogen) and
stained with Imperial Protein Stain (Thermo Fisher). Individual regions of the gel were cut into 1-mm?
pieces and subjected to a modified in-gel trypsin digestion procedure (55). The peptides were desalted
and subjected to a nanoscale reverse-phase high-performance liquid chromatography (HPLC) (56). Eluted
peptides were then subjected to electrospray ionization and then tandem mass spectrometry (MS/MS)
analysis into an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA). The peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of spe-
cific fragment ions for each peptide. The peptide sequences were determined by matching protein data-
bases with the acquired fragmentation pattern by the Sequest software program (Thermo Fisher Scientific,
Waltham, MA) (57). All databases include a reversed version of all the sequences, and the data were filtered
to less than 2% peptide false discovery rate.

Network analysis. The AP-MS data set was analyzed with SAINTexpress and MIST software (37). Of
the 1,671 proteins selected in our pipeline, 193 of 1,671 showed a probability score greater than 0.80
with SAINTexpress, and 135 of 193 showed an average peptide count greater than 10. This list of 135
host proteins was analyzed with DAVID 6.8 to identify statistical enrichments for specific GO terms from
the cellular component (CC) annotation (38, 39). The interaction network was built using Cytoscape 3.4.0
(40), and the proteins were clustered into functional modules using enriched GO terms as a guideline
and manual curation of literature.

Small interfering RNA (siRNA) screen assay. An arrayed ON-TARGETplus SMARTpool siRNA library
targeting 49 of 135 proteins of our RACK1 network, which had an average peptide count great than 28, was
purchased from Horizon Discovery. To this end, HelLa or 293T cells were transfected with a 30 nM final con-
centration of siRNA using the Lipofectamine RNAiMax (Life Technologies). 48 h posttransfection, the cells
were infected with DENV2-16681 at MOI 5. Infection was quantified 48 h postinfection by flow cytometry
and viability by CellTiter-Glo 2.0 assay (Promega). Two siRNA controls were included in the screen: a nontar-
geting siRNA used as a reference (siNT) and a siRNA targeting RACK1 (siRACK1) as a positive control for host-
dependency factors (HDFs) (12). HDFs were defined as factors whose inhibition in both cell types decreases
infection by at least 50% compared to siNT and viability by at most 20% of the siNT.

Gene editing and transcomplementation experiments. Single guide RNA (sgRNA) targeting
Vigilin, SERBP1, and ZNF598 were designed using the CRISPOR software (58). Sequences for all the
sgRNAs are listed in Table 1. The sgRNAs were cloned into the plasmid lentiCRISPR v2 (Addgene) accord-
ing to the recommendations provided by the members of the Zhang's laboratory (Broad Institute,
Cambridge, MA). HAP1 cells were transiently transfected with the plasmid expressing sgRNAs and
selected with puromycin until all mock-transfected cells died. Clonal cell lines were isolated by limiting
dilution and assessed by DNA sequencing and immunoblot for gene editing. The human HA-RACK1 WT
and HA-RACK1 DE mutant plasmids were provided by Catherine Schuster (University of Strasbourg), the
FLAG-tagged Vigilin ¢cDNA was purchased from Genscript (clone OHu17734), and the Myc-tagged
SERBP1 cDNA was purchased from Genscript (clone OHu26811C). After PCR, amplification products were
cloned into a Spel-Notl-digested (RACK1), Notl-Xhol-digested (Vigilin), or EcoRI-BamHI-digested (SERBP1)
pLVX-IRES-ZsGreen1 vector. SERBP1 mutant and Vigilin mutant were obtained using the Q5 site-directed
mutagenesis kit (E0554) (NEB) with deletion primers using the WT cDNA in pLVX as the template. All of
the primers are listed in Table 1. Lentivirus-like particles for transduction were prepared in 293T cells by
cotransfecting the plasmid of interest with psPAX2 (from N. Manel’s lab, Curie Institute, Paris, France)
and pCMV-VSV-G at a ratio of 4:3:1 with Lipofectamine 3000 (Thermo Fisher Scientific). The supernatants
were collected 48 h after transfection, centrifuged (750 x g, 10 min), filtered using a 0.45-um filter, and
purified through a 20% sucrose cushion by ultracentrifugation (80,000 x g for 2 h at 4°C). The pellets
were resuspended in HNE1X, pH 7.4, aliquoted, and stored at —80°C. Cells of interest were transduced
by spinoculation (750 x g for 2 h at 32°C) and sorted for GFP-positive cells by flow cytometry if
necessary.

Flow cytometry analysis. The indicated cells were plated in 24-well plates and infected. At indi-
cated times, the cells were trypsinized and fixed with 2% paraformaldehyde (PFA) diluted in PBS for
15 min at room temperature. The cells were incubated for 1 h at 4°C with 1 ug/mL of 3E4 anti-E2 mono-
clonal antibody (CHIKV), 2H2 anti-prM monoclonal antibody (MAb) (DENV), or the anti-E protein MAb
4G2 (ZIKV). Antibodies were diluted in permeabilization flow cytometry buffer (PBS supplemented with
5% FBS, 0.5% saponin, 0.1% sodium azide). After washing, the cells were incubated with 1 wg/mL of
Alexa Fluor 488- or 647-conjugated goat anti-mouse IgG diluted in permeabilization flow cytometry
buffer for 30 min at 4°C. Acquisition was performed with an Attune NXT flow cytometer (Thermo Fisher
Scientific), and the data were analyzed by FlowJo software (TreeStar).

Infectious virus yield assay. To assess the release of infectious particles during infection, the indi-
cated cells were inoculated for 3 h with DENV2-16681, washed once with PBS, and maintained in the cul-
ture medium for 48 h. At the indicated time points, the supernatants were collected and kept at -80°C.
Vero E6 cells were incubated with 3-fold serial dilutions of supernatant for 24 h, and prM expression was
quantified by flow cytometry as previously described (54).
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TABLE 1 Antibodies and reagents®
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Reagent or resource Source or sequence Identifier

Antibodies
Mouse anti-RACK1 (B-3) Santa Cruz Biotechnology sc-17754
Rabbit anti-HA tag (C29F4) Cell Signaling 3724S
Mouse anti- B-tubulin (D-10) Santa Cruz Biotechnology sc-5274
Rabbit anti-Vigilin Bethyl A303-971A
Mouse anti-Vigilin (H-3) Santa Cruz Biotechnology sc-271523
Rabbit anti-ZNF598 Bethyl A305-108A
Mouse anti-SERBP1 (1B9) Santa Cruz Biotechnology sc-100800
Rabbit anti-RPS3 Bethyl A303-841A
Mouse anti-GAPDH (0411) Santa Cruz Biotechnology sc-47724
Mouse anti-dengue virus NS3 protein antibody GeneTex GTX629477
Rabbit anti-dengue virus envelope protein antibody GeneTex GTX127277
Rabbit anti-dengue virus prM protein antibody GeneTex GTX128093
Mouse anti-FLAG (M2) Sigma-Aldrich F1804
Mouse anti-Myc tag (9B11) Cell Signaling 2276S
Polyclonal rabbit anti-mouse immunoglobulins/HRP Agilent Technologies P0260
Peroxidase AffiniPure donkey anti-rabbit IgG (H + L) Jackson ImmunoResearch 711-035-152

Chemicals and reagents
DMEM Gibco 12440-053
IMDM Gibco 41966-029
Paraformaldehyde (32%) aqueous solution Electron Microscopy Sciences 15714
Lipofectamine RNAIMAX Invitrogen 13778150
Lipofectamine 3000 transfection kit Invitrogen L3000-015
Halt protease and phosphatase inhibitor cocktail Thermo Scientific 1861281
Bolt 4 to 12% Bis-Tris Plus gels Invitrogen NW04120BOX
Bolt 10% Bis-Tris Plus gel Invitrogen NWO00100BOX
Tampon RIPA Pierce lysis buffer Thermo Scientific 89900
20x Bolt MOPS SDS running buffer Invitrogen B00O1
Pierce 1-Step transfer buffer Thermo Scientific 84731
SuperSignal West Dura extended duration substrate Thermo Scientific 34076
Maxima first-strand cDNA synthesis kit for reverse transcription-gPCR Thermo Scientific K1671
RNase H, recombinant New England BioLabs MO0297S
TRIzol LS reagent Ambion 10296010
RNeasy minikit Qiagen 74106
Tampon RIPA Pierce lysis buffer Thermo Scientific 87788
Q5 site-directed mutagenesis kit NEB E0554S
7-Deaza-2'-C-methyladenosine (MK0608, 50 uM final concn) Biosynth Carbosynth ND08351
Power SYBR Green PCR master mix Life Technologies, Inc. 4367659

Critical commercial assay
Pierce Gaussia luciferase glow assay kit Thermo Scientific 16160
Renilla luciferase assay system Promega E2810
CellTiter-Glo 2.0 assay Promega G9242
Protein assay reagent A Bio-Rad 500-0113
Protein assay reagent B Bio-Rad 500-0114
Protein assay reagent S Bio-Rad 500-0115

gRNA for CRISPR/Cas9 KO
Control GAGCTGGACGGCGACGTAAA
Vigilin GTTTTGCTGAACACCGAAGTGGGGGG
SERBP1 AAGCCGGCGGGGGCGGCGTTGGG
ZNF598 GGGGGCCGGATCCCGGACCATGG

Plasmids
pLentiCRISPRv2 Addgene 98290
pLentiCRISPRv2 sgRNA Vigilin This paper NA
pLentiCRISPRv2 sgRNA SERBP1 This paper NA
pLentiCRISPRv2 sgRNA ZNF598 This paper NA
pLVX-IRES-ZsGreen1 Takara 632187
pLVX-IRES-ZsGreen1 HA-RACKT WT This paper NA
pLVX-IRES-ZsGreen1 HA-RACK1 D/E This paper NA
pLVX-IRES-ZsGreen1 FLAG-Vigilin This paper NA
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TABLE 1 (Continued)
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Reagent or resource Source or sequence Identifier
pLVX-IRES-ZsGreen1 FLAG-Vigilin Mut This paper NA
pLVX-IRES-ZsGreen1 Myc-SERBP1 This paper NA
pLVX-IRES-ZsGreen1 Myc-SERBP1 Mut This paper NA

Primers for site-directed mutagenesis
Vigilin Mut forward TAAGCGGCCGCGGATCCC
Vigilin Mut reverse TTCGTCCATGATTTTGCGAATGGCTTTG
SERBP1 Mut forward GGTGCTGATGGGCAGTGG
SERBP1 Mut reverse CTCTTTTGGACCCTCCTCTTTTAC

qPCR primers
DENV2 NS3 forward TGTGCACACTGGAAAGAAGC
DENV2 NS3 reverse TGCGTAGTTGATGCCTTCAC
Hs_GAPDH_2_SG QuantiTect primer assay Qiagen QT01192646

aDMEM, Dulbecco’s modified Eagle’s medium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; gRNA, genomic RNA; HA, hemagglutinin; HRP, horseradish peroxidase;
IMDM, Iscove’s modified Dulbecco’s medium; MOPS, morpholinepropanesulfonic acid; Mut, mutant; gPCR, quantitative PCR; RIPA, radio immunoprecipitation assay; sgRNA,
specific gRNA.

Immunoblots. The cell pellets were lysed in Pierce IP lysis buffer (Thermo Fisher Scientific) contain-
ing Halt protease and phosphatase inhibitor cocktails (Thermo Fisher Scientific) for 30 min at 4°C. Equal
amounts of protein, determined by DC protein assay (Bio-Rad), were prepared in 4x LDS sample buffer
(Pierce) containing 25 mM dithiothreitol (DTT) and heated at 95°C for 5 min. The samples were separated
on Bolt 4 to 12% Bis-Tris gels in Bolt morpholinepropanesulfonic acid (MOPS) SDS running buffer
(Thermo Scientific), and the proteins were transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad) using the Power Blotter system (Thermo Fisher Scientific). The membranes were blocked
with PBS containing 0.1% Tween 20 and 5% nonfat dry milk and incubated overnight at 4°C with pri-
mary antibodies (HA 1/5,000, RACK1 1/4,000, glyceraldehyde-3-phosphate dehydrogenase [GAPDH] 1/
5,000, Vigilin 1/500, SERBP1 1/2,000, NS3 DENV 1/4,000, 2H2 prM DENV 1/4,000, E DENV 1/5,000, FLAG 1/
2,000, Myc 1/1,000, tubulin 1/500, ZNF598 1/10,000, anti-mouse horseradish peroxidase [HRP] 1/5,000,
anti-rabbit HRP 1/10,000). Staining was revealed with corresponding HRP-coupled secondary antibodies
and developed using Super Signal West Dura extended duration substrate (Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. The signals were acquired with a Fusion Fx camera (VILBERT
Lourmat).

Coimmunoprecipitation assay. The indicated cells were plated in 10-cm dishes (5 x 10°) After 24 h,
the cells were transfected with a total of 15 ug DNA expression plasmids (7.5 ug of each plasmid in
cotransfection assays) using Lipofectamine 3000 (Thermo Fisher Scientific). After 24 h of transfection, the
cells were washed once with PBS, collected, and centrifuged (400 x g for 5 min). The cell pellets were lysed
in Pierce IP lysis buffer (Thermo Fisher Scientific) containing Halt protease and phosphatase inhibitor cock-
tails (Thermo Fisher Scientific) for 30 min at 4°C. Equal amounts of protein, determined by DC protein assay
(Bio-Rad), were incubated overnight at 4°C, with either anti-FLAG magnetic beads, anti-HA magnetic
beads, or anti-Myc magnetic beads. The beads were washed three times with BO15 buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 10% glycerol, 0.5 mM EDTA, 0.05% Triton X-100, 0.1% Tween 20)
before incubation. The retained complexes were eluted twice with either 3x FLAG peptide (200 wg/mL,
Sigma-Aldrich), HA peptide (400 ng/mL, Roche), or cMyc peptide (200 nwg/mL, Sigma-Aldrich) for 30 min at
RT. The samples were prepared and immunoblotted as described above. For input, 1% of whole-cell
lysates was loaded on the gel.

RNA immunoprecipitation. Indicated cells (2 x 10°) were plated in 10-cm dishes, transfected for
48 h with the corresponding plasmids using Lipofectamine 3000, and then infected with DENV2-16681
at MOI 2. The culture medium was removed 48 h postinfection, and the cells were washed twice with
cold PBS. The cells transfected with an empty plasmid and infected with DENV2-16681 were used as
negative control to assess the experiment background. Before UV cross-link, 10 mL of cold PBS were
added on the cell (2,000 mJ/cm?). The cells were collected and spun 5 min at 4°C at 2,000 rpm. The cell
pellets were lysed in 1 mL of Pierce IP lysis buffer (Thermo Fisher Scientific) containing Halt protease and
phosphatase inhibitor cocktails (Thermo Fisher Scientific) + 250 U of RNasin (Promega) for 30 min at
4°C. Lysates were incubated with 250 U of turbo DNAse for 30 min at 37°C, then centrifugated for 15
min at 15,000 rpm. The supernatant was then collected. The protein of interest was immunoprecipitated
and eluted (see the coimmunoprecipitation assay section). 100 ul of input and elution were incubated
with 150 uL of proteinase K buffer (117 wl NT-2, 15 uL SDS 10%, and 18 wL of proteinase K) 1 h at 56°C,
and then 750 ul of TRIzol reagent was added. RNA was extracted by phenol chloroform precipitation;
0.2 mL of chloroform per 1 mL of TRIzol reagent was added. The samples were vortexed vigorously for
15 s, incubated at room temperature for 3 min, and then centrifuged at 12,000 x g for 15 min at 4°C.
Following centrifugation, the upper aqueous phase was transferred carefully without disturbing the
interphase into fresh tube. The RNA from the aqueous phase was precipitated by mixing with 0.5 mL of
isopropyl alcohol per 1 mL of TRIzol reagent used for the initial homogenization. The samples were incu-
bated at RT for 10 min and centrifuged at 12,000 x g for 10 min at 2 to 4°C. The supernatant was
removed completely, and the RNA pellet was washed twice with T mL of 75% ethanol per 1 mL of TRIzol
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reagent used for the initial homogenization. The samples were mixed by vortexing and centrifuged at
7,500 x g for 5 min at 2 to 8°C. The RNA pellet was air dried for 5 to 10 min and then dissolved in RNase-
free water.

RNA preparation and quantitative reverse transcription-PCR. Total RNA extraction from the indi-
cated cells was performed using the RNeasy Plus minikit (Qiagen). RNA was quantified using a Nanodrop
One (Thermo Fisher Scientific) before cDNA amplification. cDNA was prepared from 100 ng total RNA
with Maxima first-strand synthesis kit (Thermo Fisher Scientific) including an additional step of RNase H
treatment after reverse transcription. Quantitative PCR (QPCR) was performed using Power SYBR green
PCR master Mix (Thermo Fisher Scientific) on a Light Cycler 480 (Roche). Quantification was based on
the comparative threshold cycle (Ct) method, using GAPDH as endogenous reference control. For RNA
immunoprecipitation assays (RIPs), cDNA amplification was performed on 2 ul of immunoprecipitated
and input RNA. To assess for vRNA and actin enrichment, the AACt values were calculated as previously
described (59). Briefly, we normalized each RIP fractions’ Ct to the corresponding input fraction Ct aver-
age for the same qPCR assay (ACt [normalized RIP]) to account for sample preparation differences. Then,
we adjusted the normalized RIP fraction Ct value for the normalized WT Ct value (AACt = ACt[normal-
ized RIP] — ACt[normalized negative control]). Finally, we performed a linear conversion of the AACt (2A
[—AACt]) to calculate the fold change over the negative-control condition.

Cell viability assay. Cell viability and proliferation were assessed using CellTiter-Glo 2.0 assay
(Promega) according to the manufacturer’s protocol. The cells (3 x 10%) were plated in 48-well plates. At
the indicated times, 100 uL of CellTiter-Glo reagent were added to each well. After 10 min of incubation,
200 uL from each well was transferred in an opaque 96-well plate (Cellstar, Greiner Bio-One), and lumi-
nescence was measured on a TriStar2 LB 942 (Berthold) with a 0.1-s integration time.

RNA stability measurement by high-molecular-weight Northern blot analysis. The indicated
cells (1 x 10° were plated on a 60-mm dish and infected with DENV2-16681. At 48 h postinfection, me-
dium was replaced by MK0608 (50 uM final concentration) containing medium to block viral replication.
At the indicated time posttreatment, the cells were washed twice with cold PBS and harvested in TRIzol
(Thermo Fisher Scientific). Total RNA extraction was performed as previously described in RIP protocol.
The DENV2-specific probe was obtained after PCR amplification of the 3'-UTR of the DENV2-16681 infec-
tious clone (from 10,205 to 10,704). The probes were then labeled with [a-*2P]dCTP using the Prime-a-
gene kit (Promega). For high-molecular-weight Northern blot analysis to detect DENV2 genomic RNA,
5 ng of total RNA were denatured for 5 min at 65°C in RNA sample buffer (32% deionized formamide,
4% formaldehyde, 1x MOPS, 1 ug/uL ethidium bromide). Then, RNA loading buffer (50% glycerol,
1 mM EDTA, 0.4% bromophenol blue) was added. RNAs were resolved in a 1% agarose gel containing
1x MOPS and 3.7% formaldehyde in 1x MOPS buffer, before being transferred overnight on a nylon
Hybond N* membrane (Cytiva) in a 20 x SSC solution (Euromedex). RNAs were UV cross-linked (120 mJ)
with Stratagene Stratalinker 1800 (LabX). The membrane was blocked and hybridized overnight at 42°C
using PerfectHyb Plus hybridization buffer (Sigma) with the corresponding labeled probe. The day after,
the membrane was washed using 2x SSC, 0.1% SDS solution twice at 42°C and 0.1x SSC, 0.1% SDS
twice at 50°C before being exposed on an imaging plate (Fujifilm) for 24 h. The plate was revealed using
Typhoon FLA 7,000 (GE Healthcare). Densitometry analysis of the bands was performed using Image
Quant TL 8.1 software (GE Healthcare).

Graphics and statistical analyses. The number of independent experimental replications is indi-
cated in the legends. Graphical representation and statistical analyses of mean and standard error of the
mean (SEM) were performed using Prism 8 software (GraphPad Software) as well as analysis of variance
(ANOVA).

Data availability. The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD030765 (https://www.ebi.ac.uk/
pride/archive/projects/PXD030765).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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Role of human Dicer helicase
domain upon viral infection

Résumé

Les cellules eucaryotes font face aux infections virales grace a deux réponses immunitaires : l'interférence a
I’ARN (ARNi) chez les invertébrés et les plantes et la réponse interféron de type | (IFN-I) chez les mammiféres.
Chez ces derniers, le role de ’ARNi dans la réponse antivirale est débattu, malgré la présence d’une machinerie
active. Dans le cadre de ce projet, j'ai étudié le réle du domaine hélicase du Dicer humain lors de l'infection
virale. Le domaine hélicase permet l'interaction avec de nombreux partenaires de la voie de I'lFN-I dont la
kinase PKR, qui est alors régulée. De plus, un mutant de délétion de ce domaine, Dicer N1, est antiviral contre
les alphavirus et les enterovirus et cela indépendamment de son activité catalytique. J’ai montré que la
présence de PKR mais pas de son activité catalytique est nécessaire a I’activité antivirale de N1. De plus, dans
les cellules N1 non infectées, un groupe de genes liés a la réponse antivirale est sur-exprimé et sous controle
de facteurs de transcription de I'immunité dont NF-kB. J’ai ainsi identifié un réle non-canonique du domaine
hélicase de Dicer qui renforce I'idée d’une connexion entre ARNi et IFN-I.

Mots-clés : Dicer, virus, ARNi, réponse interféron, PKR, NF-kB

Abstract

Eukaryotic cells face viral infections through two immune responses: RNA interference (RNAI) in invertebrates
and plants, and the type | interferon (IFN-I) response in mammals. In mammals, the role of RNAi in the antiviral
response is debated, despite the presence of an active machinery. In this project, | investigated the role of the
helicase domain of human Dicer during viral infection. The helicase domain allows interaction with numerous
IFN-I-derived partners, including the PKR kinase, which is thus regulated. In addition, a deletion mutant of this
domain, Dicer N1, is antiviral against alphaviruses and enteroviruses, independently of its catalytic activity. |
have shown that the presence of PKR but not its catalytic activity is necessary for the antiviral activity of N1.
Furthermore, in uninfected N1 cells, a group of genes linked to antiviral defense is over-expressed and under
the control of immune transcription factors including NF-kB. | have thus identified a non-canonical role for Dicer
helicase domain, reinforcing the idea of a crosstalk between RNAi and IFN-I.

Keywords: Dicer, viruses, RNAI, interferon response, PKR, NF-kB
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