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Résumé

Les hélicases sont des protéines qui utilisent I'énergie fournie par I'hydrolyse de I'ATP ou du
GTP pour catalyser le déroulement des doubles hélices d'ADN ou d'ARN. Cette activité
confére a ces enzymes un role essentiel dans le métabolisme des acides nucléiques, le
maintien de la stabilit¢ du génome et les processus de signalisation cellulaire. Par conséquent,
ces enzymes sont impliqués dans des processus aussi divers que le vieillissement, 1'apparition
de cancers, I'immunité innée. Cette thése porte sur la compréhension de la fonction et des
mécanismes moléculaires de deux hélicases différentes et le manuscrit est donc divisé en deux

parties.

La premicre partie est dédiée a 1'hélicase RIG-I (Retinoic acid-Induced Gene I) spécifique de
I'ARN. RIG-I est une protéine hautement conservée chez les vertébrés qui appartient a la
famille des RLR (RIG-I Like Receptors) qui sont des hélicases a DExD/H-box de la
superfamille des hélicases SF2. RIG-I posséde comme toutes ces protéines un domaine
helicase central dont le fonctionnement dépend de 1’hydrolyse de I’ATP suivi d’un domaine
C-terminal régulateur interagissant avec des ARN de petite taille. Mais RIG-I possede
¢galement deux domaines CARD (Caspase Activation and Recruitment Domain) en tandem a
I’extrémité N-terminale. Ce domaine est essentiel pour 1’activation de la production d’INF-j,
par interactions homotypiques essentiellement. L’induction du son geéne de RIG-I (Ddx58) a
été initialement observée lors du traitement a I’acide rétinoique de la lignée cellulaire NB4,
dérivée de la moélle osseuse d’une patiente atteinte de Leucémie Promyélocytaire Aigué
(APL). Lors de ce traitement, les myeloblastes NB4 cessent de proliférer en promyélocytes
pour se différentier en granulocytes (Yu M et al., 1997; Liu TX et al. , 2000). Par ailleurs,
RIG-I est également associé a l'infection virale en raison de la découverte de son induction
par le virus du Syndrome Dysgénésique et Respiratoire du Porc (SDRP) (Zhang X et al.,
2000) et son role indispensable dans la reconnaissance de I'ARN double brin des virus ainsi
que ’initiation de la protection des cellules contre la réplication des génomes viraux. Des lors,
RIG-I a suscité un intérét croissant puisqu'il s'est avéré jouer un role crucial dans I'immunité
innée et dans la détection de différents acides nucléiques viraux, des ARN simple brin
(ARNSsb) porteurs de 5'triphosphate (5'ppp) ou des ARN double brin (ARNdb) (Yoneyama M
et al., 2004; Hornung V et al., 2006; C et al., 2010; Pichlmair A et al., 2006; Wang Y et al.,



2010; Baum A et al., 2010), avec une préférence pour les ARN de taille courte (10-25
nucléotides de long) (Kato H et al. , 2008).

RIG-I est donc impliqué dans deux aspects cruciaux de la vie cellulaire qui sont la réponse
immunitaire et la différenciation cellulaire. Le mécanisme d'action de RIG-I est bien décrit
dans le contexte de l'infection virale. Mais dans le cas de la différenciation des cellules
my¢loides, son intervention et son réle dans la balance prolifération / différenciation restent
partiellement compris. Les interactions de RIG-I notamment avec des ligands cellulaires ne
sont pas totalement ¢lucidées. La premiére partie de ce travail a donc consisté a tenter d'isoler
et de caractériser les partenaires de RIG-I lors de la différenciation des cellules leucémiques
NB4. Le but a d'abord été d'identifier des ligands spécifiques de I'hélicase au cours du
traitement par I’ATRA qui déclenche la différenciation et le blocage de la prolifération. Cette
identification se réalisant par co-immunoprécipitation et séquencage haut débit ou analyse
protéomique. Apres identification, la deuxiéme étape du travail concerne la caractérisation
biochimique de l'interaction puis sa vérification dans la cellule suivie de l'effet sur la
différenciation et la prolifération des cellules. La possibilité¢ d'une étude structurelle a méme
¢été envisagée.

Ce travail est basé sur deux points: 1) la structure en domaines de RIG-I lui permettant de lier
les ARN et les protéines, 2) plusieurs travaux montrant que la spécificité¢ des hélicases a leurs
ligands est due a plusieurs facteurs tels que la localisation subcellulaire ou le profil
d'expression de la protéine en plus de la séquence nucléotidique. Ainsi, certaines hélicases
peuvent avoir de nouvelles fonctions participant aux processus de signalisation cellulaire.
Cette premiere partie de ma theése est donc divisée en deux parties: RIG-I étant une hélicase a
ARN, ce travail débute par la recherche de partenaire(s) ARN endogene(s). Dans la littérature,
non seulement des ARN viraux, mais plusieurs types d'ARN différents sont connus pour se
lier a RIG-I. Dans le cas des lymphocytes B murins, RIG-I marqué par His se lie a de
multiples ARNm endogenes tels que I'ARNm 3'UTR de NF-kbl (Zhang HX et al., 2013). Les
ARNsn Ul et U2 dans les cellules de carcinome colorectal peuvent également lier RIG-I
conduisant a l'activation de la voie IFN (Ranoa DR et al., 2016). Parmi les partenaires ARN
possibles, les miARN sont également de bons candidats. Plusieurs travaux ont montré que les
miARN affectent la progression tumorale et la différenciation cellulaire. Dans le cas de la
différenciation hématopoiétique, ils peuvent tous deux avoir un role de suppresseur de tumeur
ou des activités oncogenes (Schotte D et al., 2012). Plus tard, I'orientation du travail a été
réajustée a la recherche de partenaire(s) protéique(s) reposant sur la présence de deux

domaines CARD dans I'hélicase. Dans le cas de la différenciation my¢loide, seule la protéine



Src est actuellement connue pour interagir avec RIG-I (Li XY et al., 2014) Cette interaction a
lieu au niveau des domaines CARD et le linker entre les domaines CARD et Helicase de RIG-
I. Ces travaux sont interessants mais 1’é¢tude a été réalisée dans la lignée cellulaire
macrophagique (U937). Bien qu'il s'agisse d'une lignée my¢éloide, elle différe de notre lignée
cellulaire APL NB4 qui elle correspond a une situation pathologique réelle. Par ailleurs, les
auteurs affirment que cette interaction se produit d'une maniére indépendante de I'ARN,
puisque la transfection de petits ARN synthétiques Polyl:C ou 5'-pppARNsb inhibe
partiellement l'interaction. Mais ils ne prennent pas en compte le fait que ces ARN ne sont pas
des ARN endogenes, qui peuvent se comporter différemment. De plus, ils proposent un
modele d'interaction entre RIG-I et Src, qui libére complétement les domaines hélicase et
ATPase. La conformation de RIG-I ainsi modifiée rend ces deux domaines totalement
accessibles soit aux ARN, soit a d'autres protéines. Néanmoins, ces travaux révélant
I’identification de l'interaction entre Src et RIG-I, ont contribué¢ a la compréhension de la
position de RIG-I dans la cascade de signalisation du contrdle de la prolifération. En effet, ils
ont montré que I'hélicase interagit avec le processus de prolifération par un programme de
mort via une inhibition AKT-mTOR indépendante de I'apoptose et une activation
autophagique. En terme de recherche de ligands de RIG-I, un autre groupe a observé la
possibilité d'interactions de multiples protéines. Zhang HX et al.,, ont démontré par
immunoprécipitation et iTRAQ-MS que RIG-I interagit a la fois avec le 3'UTR de 'ARNm de
Nf-kbl / p105 et Rpl13, qui est un composant de la grande sous-unité 60S du ribosome. Dans
cette étude, il est également important de noter que d'autres protéines ont également été
identifiées par iITRAQ-MS. Seuls quelques-unes présentaient un intervalle de confiance total
du score ionique supérieur a 95%. Le groupe n'a pas davantage travaillé sur ces candidats.
Parmi ces protéines trois d'entre elles (IGFBPS, protéine apparentée a Hipl, et VLA-4)
auraient pu étre étudiées en raison de leur rdle intéressant dans la prolifération, différenciation
et adhésion cellulaire (Zhang HX et al., 2013).

Dans le cas de la recherche des partenaires de type ARN, grace a des expériences de CLIP
(cross-linking et immunoprécipitation) suivies de migration sur gel, un signal plus fort a été
observé chaque fois dans le cas du traitement a ’ATRA qu'avec le DMSO (le solvant de
I'ATRA) révélant la présence de complexes RIG-I-acide nucléique. Les échantillons étant
préalablement traités avec de la DNAse et l'observation de la diminution du signal apres
traitement a la RNAse, ont permis de considérer que des ARN ou des protéines endogenes en
plus de RIG-I sont présents dans les complexes. Le signal obtenu avec un traitement au

DMSO (le solvant de 'ATRA) pourrait étre 1i¢ comme déja mentionné par d'autres équipes



(Khanna-Gupta A et al., 1994; Qiu H et al, 2011) a l'initiation du processus de
différenciation. Aussi en l'absence d'ATRA et de DMSO, un fort signal a pu étre observé.
Dans cette situation expérimentale les cellules sont en état de prolifération et ce signal peut
correspondre a la présence des ARNr ou des ARNt connus pour étre abondants et "collants",
"contaminant" les échantillons. Nous savons en effet que la capacité¢ de croissance et de
prolifération des cellules est couplée a la transcription de 'ARNr qui est alors abondant. Au
cours de la différenciation, I'expression de la protéine proto-oncogeéne c-Myc est diminuée en
réponse a la transition de 1'état proliférant a I'état non proliférant. Cette régulation négative de
c-Myc diminue I'expression des facteurs de transcription liés a Pol I conduisant a la régulation
négative de la transcription de 'ARNr (Hayashi Y et al.,, 2014). Par conséquent, cette
différence de niveau d'ARNr entre I'état de prolifération et de différenciation peut expliquer le
signal fort en absence de traitement, mais il peut aussi masquer la présence d'autres candidats
ARN intéressants. Finalement 1'observation d'un signal compacte nous amene a envisager de
gros complexes RIG-I-ARN-protéines. Dans un deuxiéme temps, le travail a consisté a
démasquer les partenaires protéiques de RIG-I selon la méme approche de co-
immunoprécipitation sans crosslinking cellulaire. Avant d'effectuer une approche
protéomique une migration SDS page et une coloration a l'argent ont été réalisés. Comme on
pouvait l'attendre, le signal RIG-I a été obtenu de maniére satisfaisante en présence d'ATRA.
En gel 1D il a été tres difficile de voir des différences de migration et d'intensité de bande
entre les différentes conditions de traitement. Seule une migration en gel 2D aurait pu

permettre de visualiser des différences et de poursuivre le projet.

La seconde partie de la these a été consacrée a 1'étude du mécanisme moléculaire sous-jacent
au déroulement des G-quadruplexes par I'hélicase BsPifl. Les hélicases sont des enzymes qui
se déplacent a travers des acides nucléiques appariés sous forme bicaténaire pour catalyser la
séparation des brins et permettre la réplication ou la transcription de la molécule d'ADN.
Cette translocation se produit initialement grace a la liaison entre les acides nucléiques et
'hélicase permettant un changement conformationnel de 'hélicase conduisant a I’hydrolyse de
I’ATP. L'hydrolyse de I'ATP déclenche un état d'oscillation entre un état d'affinité maximale
et un état d'affinité faible dans le site de liaison a I'ADN, ce qui entraine la translocation a
travers I'ADN. Dans le cas des structures d'ADN non canoniques formées par 1'empilement de
plusieurs G-quartets appelés G-quadruplex (G4), le mécanisme moléculaire sous-jacent a leur
déroulement est plus complexe a cause de la présence de plusieurs quartets G générant une

conformation spécifique caractérisée par des propriétés électrophysiques particulicres,



maintenues par l'appariement Hoogsteen et des cations monovalents. Les G-quadruplexes sont
présents dans les télomeres, les origines de réplication de I'ADN, les régions régulatrices de la
transcription des genes, les promoteurs de certains oncogenes et également les régions de
commutation des immunoglobulines. Leur formation peut influencer les processus
biologiques tels que la réplication de I'ADN, la traduction et le maintien de l'intégrité des
télomeres. Pour contrer la formation de G4, certaines hélicases spécifiques ont la capacité de
les résoudre, telles que (Pifl et DNA2 dans la famille SF1, FANCJ, DDX11, RTEL1, BLM,
WRN et DHX9 dans la famille SF2, SV40T-ag dans la famille SF3, Twinkle dans la famille
SF4 et RHAU pour la famille SF5) (Mendoza O et al., 2016), mais le mécanisme moléculaire
n'est pas encore complétement compris. Parmi les questions qui se posent, il n'est pas
clairement établie: 1) si les hélicases résolvant les G4 possédent un site spécifique de liaison
de ces structures qui soit différent du site de liaison classique des ADN simple et double brin,
2) si le déroulement des G-quadruplexes dépend de I'ATP et 3) comment I'hélicase utilise
I'énergie dérivée de 1'hydrolyse de 'ATP pour effectuer le dépliement des G-quadruplexes.
Afin de répondre a ces questions un homologue de Piflp de S cerevisiae, BsPifl (de
Bacteroides sp. 3_1_23) a été utilisé.

La premiére étape de mon travail a consisté a analyser quantitativement et comparer la
stimulation des activités ATPase de BsPifl par différentes structures d'ADN: G-
quadruplexes, ADN double brin et ADN simple brin. Les résultats ont montré que seul
I'"ADNsb déclenche efficacement I'hydrolyse de 'ATP, mais cette activité est proportionnelle
a la longueur de brin. Un résultat similaire a été observé avec Pifl humain, qui nécessite un
minimum de 10 bases pour une liaison efficace de l'enzyme (Gu Y et al., 2013). Lorsque la
structure de I'ADN est plus complexe et en particulier dans le cas de l'appariement brin / base,
cette activité est fortement diminuée comme observé avec 'ADNdb. Dans le cas du G-
quadruplex, sa structure et sa conformation déterminent l'activité ATPase. Par dichroisme
circulaire j'ai pu observer une différence de stabilité entre deux G-quadruplexes utilisés: un
G4 monomere avec une conformation parallele et une structure trés stable, un G-quadruplex
antiparalléle de type télomérique plus instable. Le G4 stable conduit a une hydrolyse
négligeable de 1'ATP, alors que le G4 de type télomérique et moins stable permet une
récupération partielle de l'activité ATPase de BsPifl. D'autre part, lorsqu'un ADNsb est
présent a l'extrémité 5' des G-quadruplex 1’activité spécifique de I’ATPase est restaurée, et
comparable a celle de 'ADNsb. La nécessité d'une queue a l'extrémité 5' du G-quadruplex
pour l'activit¢é ATPase a également été rapportée avec Pifl humain (Sanders CM, 2010). Ces

résultats montrent que le G-quadruplex ne stimule pas 1’activit¢ ATPase de BsPifl de maniére



efficace. En combinant l'activité ATPase et des tests de liaison de BsPifl a d'ADN, et par des
expériences de compétition entre ADNsb et G-quadruplex, on observe que 'ADNsb et 'ADN
G4 se lient a des sites distincts avec une affinité de liaison similaire (nM). La réalisation d'une
carte de potentiel ¢lectrostatique de surface de la structure de BsPifl a permis de déterminer
deux régions chargées positivement et adaptées pour héberger le G-quadruplex. Mais une
¢tude plus approfondie doit étre effectuée afin de discriminer les deux sites de liaison
possibles. Aprés avoir clarifi¢ la relation entre la liaison du G-quadruplex a l'enzyme et
l'activité ATPase, le lien entre le déroulement de I'ADN et I'hydrolyse de 'ATP a été étudié.
En présence du G-quadruplex stable aucune de ces deux activités n'a été observée. En
revanche, le méme G-quadruplex avec une queue d'ADNsb a I'extrémité 5' stimule l'activité
ATPase et peut étre déroulée par BsPifl. Le motif G4 stable est donc un obstacle physique et
plus d'énergie est nécessaire pour résoudre la structure G4. Dans le cas du G4 moins stable
l'activité d'ATPase est modérée avec une activité de déroulement qui augmente quand une
queue simple brin en 5' est ajoutée. L'ensemble des résultats démontrent que BsPifl nécessite
une queue simple brin en 5' pour résoudre les G4 et cette activit¢ de déroulement est

déterminée par la stabilité¢ du G4.
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General Objectives

Helicases are proteins that utilize the energy provided by the hydrolysis of ATP or GTP to
catalyse the disjunction of double DNA or RNA helices. This double strand unwinding
activity gives them an essential role in the metabolism of nucleic acids, the maintenance of
the genome stability and cell signalling processes. As a result, they are involved in processes
as diverse as aging, the appearance of cancers, innate immunity. This thesis is focused on the
understanding of the function and the molecular mechanisms of two different helicases and
the manuscript is therefore divided in two parts. The first one is dedicated to the RIG-I
helicase, an RNA helicase, expressed when leukemic cells stop proliferate and are induced to
differentiate in granulocytes, which are essential in the recognition of double-stranded RNA
of viruses, initiating the protection of the cells against the replication of the viral genomes.
The mechanism of action of RIG-I is well described in the context of viral infection. But in
the case of the differentiation of myeloid cells, the intervention of RIG-I and its influence on
the equilibrium proliferation / differentiation remains incomplete. Indeed, RIG-I interactions
in particular with cellular ligands are not fully understood. The first part of my work consisted
in an attempt to isolate and characterize RIG-I partners during differentiation of NB4
leukemic cells. The second one is devoted to the study of mechanisms underlying G-
quadruplexes resolving by helicases. Several questions remain about the interactions between
the particular structure of G-quadruplexes and these enzymes. A Bacteroides sp 3_1_23
helicase, BsPifl, was chosen to compare and characterize the interaction between G-
quadruplexes and canonical Watson-Crick DNA. In the two parts of the work, the interactions
were investigated by biochemical techniques using either a cell line or purified protein and

synthetic nucleic acids.



Introduction

1. Helicases
1.1. Discovery and definition

Helicases are enzymes discovered in E. coli in the late 1970s, firstly described as DNA-
stimulated ATPases (Denhardt et al., 1967; Abdel-Monem M et al., 1976). In the presence of
DNA, RNA hybrid duplexes and DNA-DNA partial duplexes, the enzyme purified by Abdel-
Monem M was found to denature the duplexes in an ATP-dependent reaction without any
degradation of the duplexes (Abdel-Monem M et al., 1976). The authors assumed that after
binding to the DNA molecule, the enzyme unwinds the double-strand DNA in a processive
fashion, thanks to ATP hydrolysis. Three years later, Takahashi demonstrated that the enzyme
discovered earlier in 1967 by Denhardt, had helicase properties (Takahashi S et al., 1979).
Later, it was established that helicases function as molecular motors that transfer the chemical
energy derived from binding and hydrolysis of ATP into mechanical force to drive directional
translocation along nucleic acid duplex and separate it into individual single strands (Lohman
TM and Bjornson KP, 1996; Caruthers JM and McKay DB, 2002; Tanner NK and Linder P,
2001; von Hippel PH and Delagoutte E, 2001).

1.2. Helicases classifications and families

In 1988, Gorbalyena and Koonin performed sequence analysis of several helicases allowing a
classification based on conserved motifs (Figure 1). They identified 3 superfamilies (SFs) and
2 smaller families (Fs), called SF1 to SF5 (Gorbalenya AE et al., 1988; Hodgman TC, 1988;
Gorbalenya AE et al., 1989; Gorbalenya AE et al., 1990; Gorbalenya AE and Koonin EV,
1993). All the superfamilies possess the Walker A and Walker B motifs (motifs I and II).
These motifs are involved in the binding and hydrolysis of NTP (Walker JE et al., 1982).
They are common to the large family of translocases which couple NTP hydrolysis to nucleic
acid translocation. Therefore helicases constitutes a subset of translocases. A sixth
superfamily has been identified and consists of helicases containing the AAA+ conserved
module (ATPases Associated with diverse cellular Activities). This last helicase family is also
characterized by the presence of the Walker A and Walker B motifs (Erzberger JP and Berger
IM, 2006). All the superfamilies also possess an “arginine finger” (R), which helps to couple
the NTP hydrolysis to conformational change (Rittinger K et al., 1997; Scheffzek K et al.,
1997; Nadanaciva S et al., 1999).



RecA 1 RecA 2

atlambicn mfA v vvaww
SF1 N—{] (AL LI Ief I Bl O ISR IR[ - C

Q | Ja bl Il I v A8 V Vavb VI
sF2 N—{] [JALI LI 1Bl B Ho LU L IRL - C

SF5 N IR| — c

S1 S2
sFe N -{Ja[Bl I Rl | —C

Figure 1. Helicase classification. The “core domains” and the positions of the signature
motifs are shown for each class of helicase. The N-terminal RecA domain (RecAl) is
represented by a blue cylinder and the C-terminal RecA domain (RecA2) is shown as a red
cylinder. The conserved amino acid motifs are colored according to their helicase function.
The motif involved in NTP binding/hydrolysis is shown in yellow, the motif associated with
translocation appears in green and the nucleic acid interacting motif is colored in blue. The
motif that are unique to specific superfamilies are highlighted with a red oval. The Walker A
("A"), Walker B ("B") and arginine finger ("R") motifs are conserved across all helicase
superfamilies. In the family SF6 de RecA represented by a blue cylinder is named AAA+.
Adapted from Jackson RN et al., 2014.

Other classifications of helicases are also used and they are based on their substrate specificity
(RNA, DNA or DNA-RNA hybrids), their polarity (5°-3” or 3°-5’), or their oligomerization.
Structurally, helicases are classified in two categories: hexameric proteins forming a ring
which are members of SF3 to 6 (Figure 2B) and non toroidal proteins belonging to SF1 and 2
(Figure 2A). These different tridimensional structures share a common module called “RecA-
like” referring to the RecA protein present in bacteria which was the first enzyme with

ATPase activity and whose tridimensional structure was determined (Story RM and Steitz



TA, 1992). The RecA-like module consists of a beta-sheet sandwiched by alpha helices
(Singleton MR et al., 2007). Two RecA-like domains can be linked in tandem by a flexible
linker of varying length (SF1 and SF2 helicases) (Figure 2A) or can be present in different
subunits arranged in an hexameric ring (SF3 to 6) (Figure 2B).

A B

Figure 2. Representative core structures. (A) Secondary structure of the tandem RecA-like
(RecAl colored in blue and the RecA2 in red) folds observed in SF1 and SF2 helicases. The
RecA-like domains form a cleft that contains an NTP binding pocket in yellow and a nucleic
acid binding site in blue. The NTP binding and hydrolysis causes the cleft to cycle between
the closed and open states. (B) SF3, SF4, SF5 and SF6 secondary structure consists in six
individual RecA- or AAA+-like domains (RecAl colored in blue) arranged into toroidal
hexamers that radially array the bipartite NTP binding sites in yellow and a nucleic acid

binding site in blue in the center. Adapted from Jackson RN et al., 2014.

During my PhD, I was interested in DNA/RNA helicases, which are members of SF1 and 2.
Therefore I will mainly introduce these two families.

SF1 and SF2 helicases are the most characterized superfamilies and can translocate along
DNA or RNA. They are either monomers or dimers and their core domains share twelve
motifs out of thirteen (Q, I, Ia, Ib, Ic, II, III, IV, V, Va, Vb, VI), which fold RecA-like
domains, named RecAl and RecA2 (Figure 1). The domains RecAl and RecA2 are separated



by a deep cleft. The site for ATP binding is localized in this cleft, between the motifs Q, I, II
and VI, which are localized in the interface of the two RecA-like domains (Korolev S et al.,
1997). Motifs III and Va, which are important for the coordination between NTP and the
binding site of the substrate to determine the translocation, are less conserved within the two
families. Finally the domains Ia, Ib, Ic, IV, V and Vb are involved in nucleic acid binding
(Fairman-Williams ME et al., 2010).

Superfamily 1 members carry out different biochemical functions. They can be subdivided in
two groups according to the polarity of translocation along the DNA or RNA: SFIA helicases
(3’ to 5°) such as Rep, PcrA, UvrD and SF1B (5’ to 3°) helicases including RecD, Dda of T4
bacteriophage, Rrm3, Pif-1-like, Upfl (Subramanya HS et al., 1996; Korolev S et al., 1997;
Velankar SS et al., 1999; Tomko EJ et al., 2007; Saikrishnan K et al., 2008; Zhang DH et al.,
2006; Saikrishnan K et al., 2009).

Superfamily 2 is the largest helicase family, with members involved in various cell processes.
They present a specific motif IVa involved the interaction with the nucleic acid (Korolev S et
al., 1997). The SF2 family includes RNA helicases box DEXD/H as RIG-I-like (Cordin O et
al., 2006), RecQ helicase (Bachrati CZ and Hickson ID, 2003), Swi/Snf2-like helicases (Flaus
A et al., 2006; Flaus A and Owen-Hughes T, 2004). The members of this family are able to
move over nucleic acids, single or double strands. Some of them are even able to move in
both directions of migration (Cordin O et al., 2006).

SF3 share four conserved motifs: Walker A and B, B’ and C, the latter being SF3 specific
(Singleton MR et al., 2007). SF3 helicases translocate in the 3’ to 5’ direction (Thomsen ND
and Berger JM, 2009). SF4 is characterized by five conserved motifs: H1, Hla, H2, H3 and
H4 (H1 and H2 correspond to Walker A and B) (Ilyina TV et al., 1992). SF5 is the smallest
family and an important member is the transcription terminator Rho, which is related to SF4
but it has been included in a separate family on the basis of the sequence (Singleton MR et al.,
2007). They translocate in 5’ to 3’ direction (Thomsen ND and Berger JM, 2009). Finally,
SF6 includes the helicases containing the core AAA+ fold that do not fall into superfamily 3.

1.3. General mechanisms of helicases

Mechanisms of helicases have been widely discussed in the literature (Lohman TM and
Bjornson KP, 1996; Patel SS and Picha, KM 2000; Cordin O et al., 2006). The enzymes can
also be classified on the basis of their biochemical properties. But they have several common

properties namely the NTP binding and hydrolysis, the interaction with the nucleic acid



substrates, the translocation mechanism, the base pair separation, the coupling of NTPase to

translocation and unwinding, and the annealing, regulatory modules.

1.3.1. NTP binding and hydrolysis of NTP
NTP binding and hydrolysis drive the helicase activity leading the enzyme to go through
defined ligation state, triggering changes in the affinity of the enzyme for the nucleic acid and
bringing about power stroke for translocation and strand separation. The NTP binding at the
interface between two RecA domains is a common feature and the presence of a divalent
cation, normally Mg®", is required (Bennett RJ et al., 1999; Baec SH et al., 2001). Most
helicases preferentially hydrolyse ATP than the three other nucleotides (TTP, GTP and CTP).
Generally, the NTPase activity of helicases is stimulated by the binding of nucleic acid (DNA
or RNA). However several helicases display ATPase activity even in the absence of nucleic
acids like DnaB protein (Roychowdhury A et al., 2009). However, it is known that helicases
do not display specification sequence for ATPase activity, except of Dbpa. The binding of
NTP at the interface of 2 domains serves several purposes. After binding, changes occurring
in the pocket assume different ligation states and trigger the subunit movements thanks to the
contact between the NTP and the subunit. Crystal structures reveal highly conserved arginine
residues (arginine finger) in the helicase core domain which is involved in ATP hydrolysis
(Matson SW et al., 1994; Ren H et al., 2007). This conserved arginine residue senses the
change in the NTP binding state and transmits the change to cause subunit movement

(Singleton MR et al., 2000; Sawaya MR et al., 1999).

1.3.2. Interaction with nucleic acid substrates
Helicase binding to nucleic acids is an important step towards nucleic acids separations. The
mechanism of binding can be different according to the helicase families. However most of
them need a single-stranded nucleic acid region to bind. Once loaded on the strand, they
translocate either 5’ to 3’ or 3’to 5°. The crystal structures of helicases bound to DNA or RNA
revealed that helicases bind to nucleic acids through their phosphate backbones or nucleotide
bases in the conserved motifs in the helicase core domain (Velankar SS et al., 1999; Lee JY
and Yang W, 2006; Saikrishnan K et al., 2008; He X et al., 2012; Chen WF et al., 2016). As
mentioned earlier, the NTP binding state causing a subunit movement, the nucleic acid
affinity changes. Moreover, there is a special domain named the zinc-binding motif, which
has also been found in some helicases to contribute to nucleic acid binding (Alberts IL et al.,

1998; Guo RB et al., 2005). The consequence is a significant conformational change in the



helicase domain. This change is absolutely necessary for ATPase and DNA/RNA unwinding.
For example, when the DEAD box helicase YxiN binds to RNA, it will induce the closer
conformational change of two helicase subdomains for RNA unwinding (Karow AR and
Klostermeier D, 2009). Similar structure changes also have been indicated in PcrA and Rep
helicases (Velankar SS et al., 1999; Korolev S et al., 1997). In addition, some helicases are
sensitive to chemical modifications of the nucleic acid substrate such as breaks
(discontinuities in sugar phosphate backbone; substituted with ethylene glycol), abasic sites,

or electrostatic disruptions (Eoff RL et al., 2005).

1.3.3. Translocation mechanism

Helicases are defined as enzymes that translocate through double-stranded nucleic acid to
catalyse the separation or unwinding of the complementary nucleic acid strands. Therefore
they need to unwind nucleic acids much longer than their binding sites. The unwinding occurs
in a stepwise manner. The helicase stays on the nucleic acid track and catalyzes repeated
cycles of base pair separation steps coupled to unidirectional translocation. But several
helicases can translocate along nucleic acids uncoupled from base pair separation (Soultanas
P et al., 2000). Therefore, translocation and base pair separation mechanisms can be
distinguished. Many different mechanisms have been proposed for translocation and base pair
separation. The diverse biochemical properties (the helicase oligomeric state, its binding
mode of the nucleic acid, the effect of the NTP binding state on nucleic acid binding
properties) are reflected in the proposed mechanisms. The translocation is characterized by
the polarity and the step-size.

Polarity is defined as the direction of helicase translocation along the double-stranded
nucleic acid (5' to 3' or 3' to 5') and unwinding. For example FANCJ, XPD and RecD unwinds
in direction 5' to 3', RecQ helicase family displays 3' to 5' polarity. However, some helicases
like RecBDC, PcrA they can show bipolar unwinding activity (Dillingham MS et al., 2003;
Naqvi A et al., 2003).

Step-size is defined as the number of steps resulting in the unwinding of a certain
number of base pairs during each reaction cycle, which is defined as sequence of chemical
and conformational states, such as ATP binding, hydrolysis, and product release. To date, the
reported step-size value of helicases varies largely; it is as small as 1 base pair for PcrA
helicase and large as 23 base pairs for RecBC (Wigley DB, 2000).

Actually, three models have been accepted to explain the mechanism by which

helicases translocate. These three models are named as 'rolling model', 'inchworm model' and



'Brownian model'. These models are illustrated by Figure 3.The inchworm and the rolling
models are stepping mechanisms in which two nucleic acid binding sites independently bind
and release nucleic acid in response to the signals received from the NTPase site (Wong I and
Lohman TM, 1992; Yarranton GT and Gefter ML, 1979; Velankar SS et al., 1999). In these
models, the helicase is always bound to the nucleic acid via one nucleic acid binding site.

The Inchworm model (Figure 3A) works with a monomer or oligomer state,

and both subdomains bind single strands. One helicase domain is bound tightly to the nucleic
acid and the second helicase domain is bound weakly to the nucleic acid. ATP binding and
hydrolysis cause that the protein goes through a serie of conformational states that move the
domains 1 and 2 closer or further apart relative to each other. The weak site dissociates from
the nucleic acid and in a power stroke motion moves away from the tight site to bind at a
position ahead. After the weak site has moved and made tight interactions ahead, the original
tight site becomes weak. The latter dissociates from the nucleic acid and in a power stroke
motion it moves forward to get close in distance to the site ahead. One cycle in an inchworm
stepping mechanism is completed in six conformational changes. This model has been
proposed by the observations of PcrA (Kim JL et al., 1998; Velankar SS et al., 1999).

The Rolling model (Figure 3B) requires a dimerized helicase and each

monomer presents different conformational state. One state has a high affinity for single stand
RNA/DNA and the other has higher affinity for double strand RNA/DNA. The
conformational states vary by NTP binding and hydrolysis. During the hydrolysis of ATP and
the ADP ejection, the two monomers change their conformation to adopt "that of the other"
allowing their migration. This model had been proposed from the observation of the Rep
helicase whose crystals revealed two different conformations (Korolev S et al., 1997).

The Brownian model (Figure 3C) is more recent than the others and comes from a

study of NS3 (Levin MK et al., 2005). It is based on two conformational states of the helicase
resulting from the different NTP binding states. In the absence of ATP, the helicase binds
tightly to DNA in its lowest energy state, unable to translocate. The binding of ATP weakens
the affinity of the helicase to DNA and the binding free energy is constant along the nucleic
acid length. The consequence is a random Brownian movement of the helicase, which can
slide along the length of the nucleic acid in either directions. This movement can lead to the
dissociation of the helicase from the DNA. The weak binding mode is characterized by a short
life time, since ATP hydrolysis takes place and the enzyme can rebind the DNA tightly. The
translocation of the helicase and unwinding of the DNA result from the combination of power

stroke and Brownian motion: if the helicase is in the forward position when ATP is



hydrolyzed and released, the helicase will end up one step forwards from its original position
upon tight binding to the nucleic acid; whereas, no net unidirectional translocation of the
helicase will occur if the helicase is in the backward position when ATP is hydrolyzed. This
model is applicable to helicases that function as monomers or oligomers. This mechanism is

very similar to the inchworm model but it does not explain the polarity.
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Figure 3. Models of Helicase Activity. (A) Inchworm model: the distance between domains
1 and 2 varies with NTP binding and hydrolysis. Adapted from Tanner NK and Linder P,
2001 (B) Rolling model: each monomer of the helicase has a different conformational state
and affinity for single-stranded and double-stranded nucleic acids. Adapted from Tanner NK
and Linder P, 2001 (C) Brownian model: the helicase undergo nucleic acid by affinity
changes (tight to weak). Adapted from Patel SS and Donmez 1, 2006.

1.3.4. Base pair separation or unwinding mechanism
Unwinding activity is characterized by the processivity, which is defined as the number of
unwound base pairs before the helicase dissociates from the substrate. It is shown that some
helicases exhibits a high processivity. It is normally the case of helicases involved in genome
replication. Others can only separate just few bases and are involved in some DNA repair or

in helping to prevent the breakdown of DNA replication. But it is important to note that many



helicases interact physically with other proteins in the cell, and this could regulate the
processicity (Lohman TM and Bjornson KP, 1996; Bennett RJ et al., 1999; Bianco PR et al.,
2001).

Base pair separation occurs at the junction of single-stranded and duplex regions. Long
stretches of duplex nucleic acids are unwound by coupling base pair separation to
translocation. Two base pair separation mechanisms are possible: an active or a passive
mechanism (von Hippel PH and Delagoutte E, 2001; Betterton MD and Julicher F; Lohman
TM, 1992) (Figure 4). In the case of the passive mechanism (Figure 4A), thermal fluctuation
allows spontaneous base pair opening before the helicase moves and binds to the newly
opened base. The opening of several base pairs at the same time is very unlikely near the
junction. In this case, to move and bind more than one base at a time, an active mechanism is
necessary (Figure 4B). Helicase translocate one strand while excluding the complementary
strand (Jezewska MJ et al., 1998; Kaplan DL 2000; Kaplan DL et al., 2003; Tackett AJ et al.,
2001; Kawaoka J et al., 2004; Ahnert P and Patel SS 1997; McGeoch AT et al., 2005). This
mechanism prevents re-annealing of the unwound strands. Duplex DNA can be destabilized
by other ways. For example helicases can interact and distort the duplex region near the
unwinding junction before separating the strands (Wong I and Lohman TM 1992; Velankar
SS et al., 1999).
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Figure 4. Passive and active mechanisms for helicase unwinding. (A) In the passive
mechanism, the helicase does not contact directly with the duplex. Instead, it operates by
trapping ssDNA at a thermally fraying ss—dsDNA junction. (B) In the active mechanism the
helicase interacts directly destabilizing the dsDNA by actively unwinding the strands.
Adapted from Soultanas P and Wigley DB, 2001.
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1.3.5. Annealing
Although helicase can separate nucleic acid duplexes, they also possess strand-annealing
activity. Several lines of evidence have shown that annealing activity is a result of oligomeric
state of helicases. Some laboratories found the C-terminal region of helicase is required for
the annealing ability (Muftuoglu M et al., 2008). The human RecQ5 (Ren H et al., 2008),
RECQ4 (Macris MA et al., 2006), the Bloom Syndrome helicase (BLM) (Cheok CF et al.,
2005), the Werner Syndrome helicase (WRN) (Brosh RM Jr et al., 2006) are examples of
helicases with significant strand annealing activity. The consequence can be the processing of
Okazaki fragments (Bartos JD et al., 2006), RNA secondary structure formation (Muller UF
et al., 2001), the redox-regulated (Chamot D et al., 2005). Some RNA helicases, are able to
carry out the unwinding function in the presence of ATP, and the annealing activity
independent of ATP (Chamot D et al., 2005). Structure and length of substrate influence the
annealing ability of helicase (Muller UF et al., 2001). It increases with the length of the
strands in the cases of BLM and WRN (Machwe A et al., 2006). The unwinding activities are
significantly stronger than annealing for several helicases, as the redox-regulated
cyanobacterial RNA helicase (CrhR) (Chamot D et al., 2005). Other proteins regulate the
balance between annealing and unwinding (Machwe A et al., 2006). Some studies have
revealed that some proteins present domains responsible of annealing activity, as the
RecQ5/ helicase in the C-terminus (Garcia PL et al., 2004), Pifl in the N-terminal domain
(Gu Y et al., 2008). Also the N-terminal region of RECQ1 (Lucic B et al., 2011) and the C-
terminal region of the WRN helicase are required for annealing activity (Muftuoglu M et al.,
2008). Demonstrating that it is not a single conserved domain responsible for the annealing
activity. The oligomeric state of the helicase is also involved in the anneling activity. The
tetrameric state of the human RECQI1 helicase promotes annealing whereas monomeric or
dimeric states have unwinding activity (Muzzolini L et al., 2007; Lucic B et al., 2011). Also
the ATP permits the unwinding activity and inihibits the annealing. This has been seen with
BLM (Cheok CF et al., 2005), Pifl (Gu Y et al.,, 2008) and the RNA helicase Ddx42p
(Uhlmann-Schiffler H et al., 2006). Moreover some proteins can regulate the annealing
activity. For exemple RPA stimulates the unwinding activity of many helicases in vitro such
as WRN (Brosh RM Jr et al., 1999; Shen JC et al., 1998), BLM (Brosh RM Jr et al., 2000),
RECQI1 (Cui S et al., 2004), and FANCJ (Gupta R et al., 2007) by inhibiting unwinding and
annealing activity of RECQ1 (Sharma S et al., 2005), PIF1 (Gu Y et al., 2008), and CSB
(Muftuoglu M et al., 2006). Also other proteins as U2AF permits anneling of RNA helicase A
(Lee CG et al., 1993) and XPG permiting annealing activito of the WNR helicase (Trego KS
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etal., 2011).

1.3.6. Regulatory domains and specificity

Helicases are also characterized by the presence of accessory domains. They can be localized
in the N terminal region, inside the RecA domain, or in the C terminal region. The length, the
topology and the activities of these domains are variable. These domains are responsible of
the specificity and the regulation of the enzymatic activity. UvrD/Rep and Pifl-like have
accessory domains (motif Ia and III) located on top of the nucleic acid binding site, on the
helicase core determining the definition of the translocation polarity (Saikrishnan K et al.,
2009). Accessory domains modulate the enzymatic activity by targeting the protein at a
specific substrate such as RecQ-like, that contain DNA-binding accessory domain called
HRDC domain involved in targeting a variety of substrates. Also DbpA has accessory
domains, which target different RNA structures (Bennett RJ and Keck JL, 2004; Diges CM
and Uhlenbeck OC, 2001). In the case of Mssl16p's two sub-regions in the C-terminal
domain modulate and support the activities of the helicase core, the translation and RNA
splicing (Mohr G et al., 2008). The accessory regions can constitute dimerization sites in the
case of helicase Hera, which presents a dimerization motif in the C-terminal domain
connected with RecA domain by a hinge region that confers flexibility onto the helicase,
allowing for different juxtapositions of the RecA-domains in the dimer (Klostermeier D and
Rudolph MG, 2009). The accessory domains interact also with proteic partners: among the
DExD/H box ATPases, Prp2, Prpl6, Prp22 and Prp43 allows the assembly of the
spliceosome, the catalysis of the splicing reaction and the dissociation of the intron-lariat
spliceosome. For exemple see the case of Prp43, which interacts with the G-patch motif of
Ntrl and Prp2 with Spp2 (Company M et al., 1991; Arenas JE and Abelson JN, 1997;
Edwalds-Gilbert G et al., 2004; Silverman EJ et al., 2004; Christian H et al., 2014).

1.4 Biological functions of helicases
Helicases being conserved enzymes from bacteria to human and having interactions with
nucleic acids, it confers them a key role in genomic metabolism and stability, involving them
in various cellular processes. Mutations in helicases lead to a number of human diseases such
as cancer, premature aging, Bone Marrow failure, neurodegenerative diseases, telomere
shortening and autoimmune diseases. The tables 1 and 2 below summarizes the helicase

functions related to human diseases:
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Werner syndrome

Repair

Bernstein KA et al.,
2010; van Brabant
Al etal.,

2000; Suhasini AN
and Brosh RM,

Jr, 2013

Bloom syndrome

Repair

Bernstein KA et al.,
2010; van Brabant
Al etal.,

2000; Suhasini AN
and Brosh RM,

Jr, 2013

Rothmund-Thomson
syndrome, Baller-
Gerold syndrome, &
Rapadilino syndrome

Replication and
Mitochondrial DNA
metabolism

Bernstein KA et al.,
2010; van Brabant
Al etal.,

2000; Suhasini AN
and Brosh RM,
Jr,2013; Liu Y,
2010

Fanconi anemia

Repair

Kim H andD'Andrea
AD, 2012; Wu Y et
al., 2008

Xeroderma Reparation and Fuss JO and Tainer
pigmentosum, Transcription JA, 2011; Egly IM
Cockayne syndrome, and Coin F, 2011;
and
trichothiodystrophy
Dyskeratosis Telomere Walne AJ et al.,
congenital and maintenance and 2013; Le Guen T et
Hoyeraal- Homologous al., 2013
Hreidarsson recombination
syndrome
Cancer Replication, Chisholm KM et al.,

Transcription, 2012

Telomere

maintenance and

Mitochondrial DNA

metabolism

Adapted from Bochman ML, 2014 and Brosh RM Jr, 2013.
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RNA Helicase Disease(s) Genome metabolic Reference
pathway
RIG-I like Viral infection RNA sensor Bruns AM
and Horvath CM,
2011
DDX1 Viral infection and | Transcription, Fang Jet al.,, 2005;
Cancer mRNA  processing, | Robertson-
Translation Anderson RM et al.,
2011; Ishag M et al.,,
2009; Tanaka K et
al., 2009; Bléoo S et
al., 2001; Kanai Y et
al., 2004
DHX36 Viral infection, | Telomere Naji S et al., 2011;
Aging and Cancer maintenance, Sexton AN
mRNA processing and Collins K, 2011;
Lattmann S et al.,
2010; Tran H et al.,
2004
DHX9 Viral infection and | RNA sensor, | Zhang Z et al., 2011;
Systemic lupus | Transcription, Jeang KT
erythematodes Translation and Yedavalli V,
2006; Roy BB et al.,
2006; Nakajima T et
al., 1997; Fujii R et
al., 2001; Aratani S
et al., 2001;
Hartman TR et al.,
2006
DDX39 Cancer Telomere Yoo HH
maintenance and Chung IK, 2011
DDX19 Lethal congenital | RNA transport Hurt JA
contracture syndrome and Silver PA, 2008
DDX25 Azoospermia and | RNA transport Sheng Y et al., 2006
Oligospermia
Gu Gastric antral | mRNA  processing, | Schmid SR

vascular ectasia

Translation

and Linder P, 1992

Adapted from Steimer L and Klostermeier D, 2012.
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Defining the cellular roles of these helicases and determining the exact steps in which they are
involved in the metabolic pathway will allow to link the defect in a particular helicase to the
human disease. Helicases being classified on the basis of their substrate, they can be

distinguished as DNA helicases and RNA helicases.

1.4.1. Biological functions of DNA helicases
DNA helicases are required for the maintenance of genome integrity including DNA
replication, repair, chromosome recombination and transcription. These proteins are also
involved in functions in which their helicase activity is not required. Indeed they can interact
with nucleic acids and other protein partners in the cell, playing the role of molecular sensor
and participating to signal transductions. The breakdown of genome integrity and cellular
signaling cascades are a characteristic of many diseases and places them at the forefront of

biomedical research into genetic disorders, ageing and cancer biology.

1.4.1.1. DNA replication
DNA replication consists in the production of two identical replicas of DNA from one
original DNA molecule. Numerous studies were performed to understand the mechanisms of
the replication initiation. For instance, in E. coli, the replication origine (Ori C) is recognized
by the dnaA protein, which allows the fixation of dnaB, which is characterized by a helicase
activity. Associated with an enhancer of this activity dnaC, dnaB can unwind DNA (Baker
TA et al., 1987). Therefore helicase acts as a roadblock remover permitting the formation of
the replication fork. They function as a checkpoint and a surveillance mechanism to remove
structural roadblock in S-phase of DNA replication. Some DNA replication intermediates
such as DNA hairpins, D-loop, triple junctions, Holliday junctions can be solved by helicases

(Hickson 1D, 2003).

1.4.1.2. DNA Transcription
Transcription is a very elaborated process consisting in copying the information of a DNA
strand into a molecule of messenger RNA (mRNA). It requires several transcription factors
and helicases play a major role in the initiation of the transcription. Among the transcription
factors, TFIIH is a large complex of nine subunits with helicase and kinase activities (Eisen A
and Lucchesi JC, 1998; Frit P et al., 1999). The 3'-5' helicase XPB is one of them and is
essential for both DNA repair and transcription initiation (Coin F et al., 1999). The TFIIH

complex enables the formation of the RNA polymerase II pre-initiation complex by
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phosphorylation of the C-terminal domain. The active RNA polymerase allows the opening of
the double-stranded DNA and template transcription. Several other helicases have been
identified in the initiation of the transcription such as MOT1 in yeast (Davis JL et al., 1992),
Brahma in Drosophila (Tamkun JW et al., 1992), hBrm in human (Muchardt C et al., 1993).
In yeast, the helicase domain of SNF2 is necessary for the transcription activity (Laurent BC
et al., 1993) and the N-and C-terminal domains of the protein interact with other members of
the SWI/SNF family which are DNA binding activators and specific for some general
transcription factors. The ATPase activity contributes to the unwinding at the initiation site
(Laurent BC et al., 1993). Other helicases such as Senataxin and Rho are involved in the
transcription termination at RNA polymerase pause sites (Alzu A et al., 2012; Richardson JP,
2002).

1.4.1.3. DNA repair
Genetic information during metabolic activities is permanently submitted to different stresses
such as UV irradiations, chemicals leading to DNA damages, mismatches, DNA
modifications. Fatal damages are DNA Double-Strand Breaks (DSBs) or interstrand DNA
crosslinks and small DNA lesions such as oxidized or reduced bases, fragmented or non-
bulky adducts. These lesions can block DNA replication and transcription. Therefore DNA
sequences must be quickly repaired otherwise mutations, cancerogenesis, loss of genetic
information can occur and lead to cell death. Cells repair these fatal damages by different cell
pathways: Homologous Recombination (HR), Non-Homologous End-Joining (NHEJ), Base
Excision Repair (BER) Nucleotide-excision repair (NER) and Interstrand CrossLink (ICL)
repair. Homologous Recombination (HR) is a type of genetic recombination in which
nucleotide sequences are exchanged between two similar or identical molecules of DNA and
it is normaly used to repair damage. RTEL1 supress homologous recombination (HR) by
unwinding displacement loop (D-loop) (Uringa EJ et al., 2012) and BLooM helicase (BLM)
interacts with DNA2 helicase/nuclease, EXOnuclease 1 (EXO1), the MRN complex and
Replication Protein A (RPA) allowing DSB resection during HR-mediated repair (Nimonkar
AV etal., 2011) (Figure 5A). Like homologous recombination (HR), Non-Homologous End-
Joining (NHEJ) allows to repair the double-strand breaks (DSB). It is known that WNR
interacts with the Ku protein complex (Cooper MP et al., 2000) and DNA ligase IV
(Kusumoto R et al., 2008), which are both implicated in NHEJ. The resulting single-strand
break can be processed by short-patch BER through a single nucleotide replacement or long-

patch BER through which 2-10 new nucleotides (Figure 5B). The Werner syndrome helicase
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(WRN) participates in long-patch BER by unwinding 5'-flaps and interacting with BER
proteins (Rossi ML et al., 2010), by interacting with poly (ADP-ribose) polymerase 1
(PARP1), which is a sensor of DNA breaks (Lebel M et al., 2003) and other proteins, notably
DNA polymerase-f3, apurinic/apyrimidinic endonuclease 1 (APE1), and flap endonuclease 1

(FEN1) (Rossi ML et al., 2010).
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Figure 5. Helicases in Homologous Recombination (HR) and Base Excision DNA Repair

(BER). (A) The Homologous Recombination (HR) allows the disruption of displacement
loops (D-loops) and decreases double Holliday Junction (HJ) formation. (B) The Base
Excision DNA Repair (BER) by WNR action in the long-patch allows the strand
displacement. Adapted from Brosh RM Jr, 2013.

The bulky distortions in the DNA can be recognized by Nucleotide-excision repair (NER)
leading to the removal of a short single-stranded DNA segment, which includes the lesion and
creates a single-strand gap in the DNA, which is filled by a DNA polymerase (Figure 6A). In
this case the TFIIH complex is activated. This complex is composed of two DNA helicases
XPD (5' to 3') and XPB (3' to 5'), which open the DNA duplex around the lesion. Then the
Replication Protein A (RPA) enables nucleases recruitment (the XPF-ERCC1 complex and
XPG) which can then remove the damaged strand (Egly JM and Coin F, 2011). Also HR and
NER involve the FA pathway of ICL mechanism through a variety of proteins (Figure 6B).
FA core complex contains FANCM which participates to the ICL detection, FANCJ which
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operates downstream of FANCD2 and FANCI mono-ubiquitylation to facilitate
recombinational repair (Peng M et al., 2007). Moreover BLM participates in this FA complex
by stabilizing the stalled replication fork (Meetei AR et al., 2003).
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Figure 6. Helicases in Nucleotide Excision (NER) and Interstrand Crosslink (ICL) DNA
Repair. (A) The Nucleotide Excision Repair (NER) by the action of XPB and XPD leads to
the dsDNA opening. (B) The Interstrand Crosslink (ICL) DNA Repair by the participation of
various helicases such as FANCJ and BLM allows the action of nucleases which cause the

removal of one strand, leaving a gap that will be resolved by parallel repair pathways.

Adapted from Brosh RM Jr, 2013.

1.4.1.4. Chromosome recombination

DNA recombination is involved in several biological functions. It is firstly involved in
meiosis leading to new combinations of DNA sequences, to make gamete cells, sperm and
egg cells in animals. This results in a genetic variation, which allows adaptation during
evolution. Also it is used to accurately repair harmful breaks that occur on both strands of
DNA (DBSs), named in the previous paragraph. In the case of homologous recombination in
meiosis some helicases are required.

In normal cells, the sister chromatid exchanges (SCEs) is low (Chaganti RS et al., 1974) due

to the molecular mechanism which allows mitotic recombination intermediates separation
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(Bizard AH and Hickson ID, 2014). The uncoupling of single and double Holliday junctions
(HJs) proceeds through two mechanisms: dissolution, in which a double HJ (dHJ) is dissolved
by a DNA helicase or motor protein and unlinking by a type IA topoisomerase (ex. BLM—
TOPIIlo-RMI1-RMI2 (BTRR) in humans), or resolution, in which an HJ or precursor is cut
by one or several endonucleases (ex. MUS81-EMEI1, SLX1-SLX4, or GEN1 in humans).
The dissolution pathway exclusively produces noncrossover products, but the resolution
pathway may produce either crossover or noncrossover products (Bizard AH and Hickson ID,
2014; Wyatt HD and West SC, 2014).

In the case of Double-Strand Breaks (DSBs), in bacteria (E. coli) two helicases of the
RecBDC pathway are active: RecB which is a 3' to 5' helicase and RecD which is a 5' to 3'
helicase (Dillingham MS and Kowalczykowski SC, 2008), they move both in the same
direction and cause a faster unwinding (Singleton MR et al., 2004; Liu B et al., 2013) (Figure
7A). In eukaryotes a heterotrimeric complex Mrell-Rad50—Xrs1-Sae2 (MRX) binds to a
DSB (Figure 7B). In vitro, MRX presents a 3' to 5' exonuclease activity (Cannavo E amd
Cejka P, 2014). MRX (MRN in humans) produces an important intermediate that commits a
DSB to HR versus nonhomologous end joining (NHEJ), producing a long ssDNA region upon
which a Rad51 filament forms (Symington LS, 2014). This long-range resection proceeds
through two alternative routes: the Sgsl-Dna2-RPA pathway and the Exol pathway
(Symington LS, 2014). The Sgs1-Dna2-RPA pathway permits the resolution by the Sgs1 5' to
3" unwiding activity and the Dna2 5' to 3' nuclease activity stimulated by RPA (Cejka P and
Kowalczykowski SC 2010; Cejka P et al., 2010; Niu H et al., 2010).
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Figure 7. Chromosome recombination in the case of Double-Strand Breaks (DSBs). (A)
The bacterial RecBCD pathway (E. coli). (i) RecBCD helicase-nuclease complex recognises
the DNA end. (i) The two helicases translocate each strand RecD in green (5' to 3') and RecB
in orange (3' to 5'). The nuclease domain is located at the C-terminus of RecB. Before
encountering a Chi (crossover hotspot initiator) site, the 3' strand is more cleaved than the 5'
strand and a loop of single-stranded DNA accumulates ahead of RecB. (iii) Chi recognition by
RecC subunit in blue leads to the stimulation of the nucleases activity complex on the 5'
strand only. Finally RecA loads on the resulting 3' single-stranded DNA tail, which allows
Homologous Recombination (HR). (B) The eukaryotic MRX complex pathway (S.
cerevisiae). (1) The MRX complex (Mrell in green; Rad50 in red; Xrsl in orange; Sae2 in
purple) recognises DNA ends. (i1) MRX recruits Sgs1 helicase in light green to the DSB end.
The extensive end-resection is performed by DNA2 (in blue) associated with Sgsl or in an
alternative way by Exol. RPA is bound to the unwound single-strands and stimulates Dna2
nuclease activity on the 5' strand only. (iii) RPA is replaced by Rad51 recombinase on the 3'

tail initiating Homologous Recombination (HR). Adapted from Blackwood JK et al., 2013.

1.4.1.5. Telomeres maintenance and G-quadruplexes metabolism
In vivo observations have shown that several helicases having different functions at
telomeres, are directly involved in telomere maintenance. The helicase Piflp from yeast
inhibits telomerase-mediated telomere lengthening by removing the telomerase from
telomeric DNA (Zhou J et al., 2000; Boule JB et al., 2005). Helicases such as RTELI1
(Regulator of Telomere Elongation heLicase 1) and WRN (WNR syndrome helicase) resolve
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T-loops to enable telomere replication or repair (Vannier JB et al., 2012; Opresko PL et al.,
2004). Also in human, the DNA helicase DDX11 determines telomere length (Vasa-Nicotera
M.et al., 2005)

G-quadruplexes are non typical DNA structures composed of planar stacks of four guanines
interacting by Hoogsteen hydrogen bonds. They are present in promoters and telomers.
Certain DNA helicases such as WRN, BLM, FANCJ and PIF1 have the ability to unwind G4
DNA substrates in vitro (Wu Y and Brosh RM Jr, 2010)

In the second part of this manuscript dealing with the interaction between the Pifl helicase

and the G-quadruplex, more informations will be given on these aspects.

1.4.1.6. DNA sensing

In the case of a microbe infection, the innate immune system comprises the cells of the first
defense mechanism of host (Wu J and Chen ZJ, 2014). The pattern-recognition receptors
(PRRs) allow to recognize in microbes different pathogen-associated molecular patterns
(PAMPs), such as peptidoglycans (Schwandner R et al., 1999), lipopolysaccharides (LPS)
(Brightbill HD et al., 1999; Zhang FX et al., 1999) and flagellin (Mizel SB et al., 2003). Also
PRRs can detect damage associated molecular pattern molecules (DAMPs) that are derived
from the host itself under stresses, including heatshock proteins (Wick G et al., 2014),
HMGBI1 (Bangert A et al., 2016), ATP (Kouzaki H et al., 2011), uric acid (Andrews NW,
2005), heparin sulfate (Tsunekawa N et al., 2016) and DNA (Chan YK and Gack MU, 2016).
The most studied PRRs are the Toll-like receptor (TLR) family that is expressed on innate
immune cells such as dendritic cells (DCs), macrophages and neutrophils (Yin Q et al., 2015).
Most TLRs detect extracellular PAMPs (Gay NJ et al., 2014). For exemple TLR1 and TLR2
recognize triacylated lipoproteins from bacteria and GPI anchored proteins from parasites
(Kirschning CJ et al., 1998). But also microbes can deliver PAMPs to the cytosol of the host
cells, and these cytosolic PAMPs are recognized by intracellular PRRs (Beachboard DC and
Horner SM, 2016). For instance, intracellular LPS can be recognized by inflammatory
caspases (Shi J et al., 2014) and also Engulfed CpG rich DNAs are sensed by TLR9 in the
endosomal compartment (Hemmi H et al., 2000).

In general, all the pathogens contain DNA or RNA for their basic life activities such as
protein encoding, movement and proliferation. These nucleic acids are potential PAMPs but
their detection must be tightly regulated because improper recognition of host self nucleic
acids will cause autoimmune diseases (Burdette DL and Vance RE, 2013). In the case of

DNA it is more complicated, however eukaryotic genomic DNAs is in the cell nucleus
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separated from the cytosol. In fact a DNA sensing activity has been described for three
helicases only: DDX41, DHX9 and DHX36, which are members of the DExD/H-box
helicases (DDX) protein family. DDX41 (Figure 8A) detects and binds double stranded
DNAs (dsDNAs) through its DEAD domain (Asp-Glu-Ala-Asp). This interaction enables the
protein to interact with STING and activate the STING-TBK1-IRF3 pathway in myeloid
dendritic cells (mDCs) (Zhang Z et al., 2011) allowing finally the subsequent type I interferon
production (Tanaka Y and Chen ZJ, 2012). It has also been reported that DDX41, directly
binds cyclic dinucleotides (CDNs), such as cyclic di-GMP (c-di-GMP) inducing IFN
(Parvatiyar K et al., 2012). In the case of DHX9 and DHX36, these two helicases bind CpG
DNA (Figure 8B). DHX36 binds CpG-A using the DEAH domain leading to IRF7 activation,
whereas DHX9 binds CpG-B using the DUF domain (Domain of Unknown Function) leading
to NFkB activation, both through MyD88 in plasmacytoid dendritic cells (pDCs) (Kim T et
al., 2010). Moreover DHX9 has the capacity to bind viral RNA of influenza A and reovirus
inducing the MAVS-dependent IFN and cytokine expression in myeloid DCs (Zhang Z et al.,
2011). It is important to notice that these three helicases possess other cellular activities such
as mRNA splicing and translation initiation for DDX41 (Polprasert C et al., 2015; Ilagan JO
et al.,, 2013), telomere maintenance and mRNA processing for DHX36 (Sexton AN
and Collins K, 2011; Lattmann S et al., 2010; Tran H et al., 2004) and transcription and
translation for DHX9 (Jeang KT and Yedavalli V, 2006; Roy BB et al., 2006; Nakajima T et
al., 1997; Fujii R et al., 2001; Aratani S et al., 2001; Hartman TR et al., 2006). In the situation
of the DNA sensing activity by these enzymes, the helicase activity in the literature.
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signalling pathway of DDX41. After infection, virus and bacteria release dsDNA or c-di-
GMP. DDX41 is then phosphorylated by BTK kinase and gets active. This activation allows
DEAD domain interaction with foreign PAMPs and activation of STING. STING
translocates from the endoplasmic reticulum (ER) to Golgi apparatus and interacts with
TBK1 leading to TBKI1 activation and subsequent phosphorylation resulting in nuclear
translocation of IRF3 and IFN type 1 expression. After immune response, DDX41 is
ubiquitinated by TRIM21 leading to its degradation in the proteasome. Adapted from Jiang
Y et al.,, 2017. (B) The signalling pathway of DHXO9/36. After cell infection DHX9/36
interacts with infectious dsDNA and activates NFkB and IRF7 through MyD88, producing
inflammatory cytokines and INF type I. Adapted from Xia P et al., 2016.

1.4.2. Biological functions of RNA helicases
RNA helicases are thought to be mainly involved in RNA unwinding. However, they can
exhibit a large range of activities (Putnam AA and Jankowsky E, 2013). Being engaged in
several steps of the mRNA metabolism, RNA helicases control the gene expression process
and the flow of the genetic information by driving and guiding the synthetized molecules
towards dedicated molecular factories. Several RNA helicases (DDX1, DDX5, DDX17,
DDX20, DDX21 and DHX9) have a role in transcription regulation and they function as
transcription co-activators or co-repressors (Fuller-Pace FV, 2006). This category of helicases

does not interact with mRNAs only, but also with rRNAs, miRNA, and RNPs. Below we
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focus on the roles of RNA helicases in translation regulation, ribosome biogenesis, nuclear
mRNA export, RNA decay, splicing, gene silencing, cytoplasmic transport and storage
(Liking A et al., 1998). RNA helicases are also involved in viral RNAs sensing triggering
innate immune response (Yoneyama M et al., 2004). Moreover, deregulation of certain RNA
helicases have been linked to neuro-degenerative disorders (Fogel BL and Perlman S, 2006),
cancers (Abdelhaleem M, 2005) and several research works reveal helicase contribution

during the differentiation process (Abdelhaleem M, 2005).

1.4.2.1. RNA splicing
Splicing of mRNA is an essential cellular process to produce mature mRNAs and to translate
them into proteins. This process consists in removing additional sequences called introns and
joining the exons. This process requires more than hundred proteins. Among them, the RNA-
binding proteins (RBPs), and five small nuclear RNA (snRNA), which form RNP complex
(splicing complex). These complexes take place in 5' and 3' of the intron and also around the
connection point of the intron. The recognition of splicing sites by the spliceosome is
modulated by the binding of RBPs on the nascent mRNA and regulates alternative splicing
(Fu XD and Ares M Jr, 2014; Witten JT and Ule J, 2011; Irimia M and Blencowe BJ, 2012).
Several RNA helicases have been purified from different splicing complexes (Ilagan JO et al.,
2013; Will CL et al., 2002). They function in various species (Burckin T et al., 2005). In
human, DDX5 and DDX17 control the splicing of a large number of exons (Dardenne E et al.,
2014). DDX41 interacts with a large number of spliceosome components, and the gene
mutation of this RNA helicase affects alternative splicing (Polprasert C et al., 2015; Ilagan JO
et al., 2013). Additionnaly, some RNA helicases have a role in the splicing fidelity by
rejecting suboptimal splicing substrates (Koodathingal P and Staley JP 2013). Core
spliceosome helicases may therefore contribute to alternative splicing site selection. It is the
case for the Prpl6 and Prp22 RNA helicases in budding yeast (Semlow DR et al., 2016).
Seven RNA helicases DExD/H familly and on of Ski2-like are necessary for splicing (de la
Cruz J et al., 1999). The role of this helicases is required to control the correct RNA base
pairing during spliceosomal assembly and also to unfold the secondary structures during the

splicing reaction.

24


http://www.ncbi.nlm.nih.gov/pubmed?term=Yoneyama%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15609720

1.4.2.2. Nuclear mRNA export

In eukaryotic cells, mRNAs reach the cytoplasm to be translated. This implies it must get the
nuclear membrane through the nuclear pores. Several factors are required for this passage
(Figure 9). mRNA competent for nuclear export are made thanks to the recruitment to the
mRNP of adaptor proteins such as Aly/REF export factor (ALYREF or Yral in budding
yeast), the subcomplex THO, which are recruited by the helicase DDX39B (UAP56 or Sub2
in budding yeast) (Luo ML et al. 2001) giving the TREX complex. This helicase recruits
nuclear RNA export factor 1 (NXF1; also known as TAP or MEX67 in budding yeast)
(Gatfield D et al., 2001; Jensen TH et al., 2001; Luo ML et al., 2001; Strasser K and Hurt E,
2001). Two other RNA helicases have also been shown to play a part in co-transcriptional
mRNP assembly and mRNA export: DDXS5 in humans and its budding yeast homologue
Dbp2. Then, once mRNPs have transited through the nuclear pore complex, they are
remodeled by DDX19B (DBP5 in budding yeast) in the cytoplasm, and the nuclear RBPs is
released from mRNPs in an ATPase-dependent manner (Lund MK and Guthrie C, 2005; Tran
EJ et al., 2007; Tieg B and Krebber H, 2013).
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Figure 9. mRNA export from nucleus to the cytoplasm. The nascent messenger

ribonucleoprotein particle (mRNP) is recruited for the transcription-export complex TREX.
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After mRNP maturation, the nuclear RNA export factor 1 (NXF1) is recruited to the mRNP
through direct interactions with several TREX components (such DDX39B). Both TREX and
TREX-2 cooperate to export the same transcripts with NXF1 and its cofactor pl15. This
triggers the transit through the nuclear pore by interacting directly with the nucleoporins.
After mRNPs have transited through NPCs and arrived in the cytoplasm, the different
receptors of cargo mRNAs are removed by the action of RNA helicase DBP5 (also known as
DDX19B). The ATPase activity of DBP5 catalyses the release of RNA-binding proteins
(RBPs) from mRNAs. This process is regulated by three DBP5-interaction partners: the
mRNA export factor nucleoporin GLE1 and the small signaling molecule inositol

hexakisphosphate (InsP6). Adapted from Wickramasinghe VO and Laskey RA, 2015.

An increasing number of RNA helicases have been shown to have a role in selective mRNA
export: for example, selected mRNAs involved in spermatogenesis are exported thanks to the
participation of DDX25 (Sheng Y et al., 2006). In Xenopus laevis oocytes, Xp54 or DDX6 in
humans binds to and exports a set of transcripts that are stored in the cytoplasm and not
translated (Smillie DA and Sommerville J, 2002). Finally, DDX1, DDX3X, DDX56, DDX21,
DHX9 and MOV 10 participate in the nuclear export of viral RNAs (Yedavalli VS et al., 2004;
Huang, F. et al., 2015; Yasuda-Inoue M et al., 2013; Reddy TR et al., 2000).

1.4.2.3. mi-RNA-induced gene silencing

miRNAs are small non-coding RNAs that assemble with Argonaute proteins into miRNA-
induced silencing complexes (miRISCs). They mediate post-transcriptional silencing by
interacting with complementary mRNAs (Jonas S and Izaurralde E, 2015; Ha M and Kim VN,
2014). Several RNA helicases participate in miRNA biogenesis and miRISC assembly (Ha M
and Kim VN, 2014). Some of them promote the maturation of specific pri-miRNAs, as
DDXS5, DDX17 (Motino O et al., 2015; Moy RH et al., 2014). DHX9 (Kawai S and Amano
A, 2012), DDX1 (Han C et al., 2014; Gregory RI et al., 2004), DDX23 (Yin J et al., 2015)
and DDX3X inhibits Drosha-mediated processing of a subset of pri-miRNAs (Krol J et al.,
2015). Some helicase such as DHX36 can inhibit miRNA maturation by competing with
Dicer for binding to the terminal loop of pre-miR-134 (Bicker S et al., 2013), whereas other
(DDX5) unwinds a miRNA precursor duplex to facilitate its loading on to miRISCs (Salzman
DW et al., 2007).

26



1.4.2.4. Ribosome biogenesis
Ribosome biogenesisis a complex and multistep process. The first step consists in the
transcription of ribosomal RNA, several cleavage steps permit the rRNA maturation and
finally the ribosome formation. Three to four rRNAs (in prokaryotes or eukaryotes), several
snoRNAs (small nucleolar RNAs) behaving as transactivators factors are involved with many
ribosomal proteins (Kressler, D et al. 1999). More than 20 RNA helicases have a role in
rRNA processing without having a role in mRNA metabolism. Only DDX5 and DDX17 have
been found to participate in both processes. Therefore, it seems that RNA helicases have
evolved to acquire specialized functions (Bourgeois CF et al., 2016). The depletion of some
helicases had permitted the determination of their involvement in pre-rRNA folding, RNA
structural rearrangements, unwinding of snoRNA-pre-rRNA base pairing, and remodelling of
protein-RNA interactions (Eichler DC and Craig N, 1994; Ripmaster TL et al., 1992). Almost
all members of the DExD/H family in yeast and higher eukaryotes participate in ribosome
biogenesis (Bleichert F and Baserga SJ, 2007). For instance, they unwind short duplexes of
snoRNA-rRNA, rRNA-rRNA, or they are required for the dissociation of RNA-protein
complexes (Rocak S and Linder P, 2004). Consequently, a considerable number of DEAD-
box proteins are associated with ribosomal RNA maturation (de la Cruz J et al., 1999;

Kressler D et al., 1999).

1.4.2.5. Translation initiation and regulation
The translation permits the production of specific amino acid chains, which fold into an active
protein and perform their functions in the cell from a messenger RNA (mRNA) obtained by a
ribosome. mRNAs are exported to the cytoplasm, they are associated to the cap-binding
complex (CBC). But the CBC-dependent translation depends on the unwinding of the 5’
untranslated regions (5" UTRs) by DDX48 helicase. This enzyme interacts directly with CTIF
(CBC-dependent translation initiation factor) (Choe J et al., 2014). DDX2A and 2B,
eukaryotic translation initiation factors known as elF4A1 and elF4A2 unwind secondary
structures in the 5" UTR after activation by various factors associated with the elF4F complex
otherwise the binding and movement of the 40S ribosome is prevented (Pestova, TV and
Kolupaeva VG, 2002; Svitkin, YV et al., 2001). These two helicases are also extremely
important for oncogenes and epigenetic regulators translation with G/C-rich 5> UTRs and/or
3" UTRs with miRNA target sites (Modelska A et al., 2015; Wolfe AL et al. 2014).
Furthermore, the translation inhibitor DDX3X, stimulates the translation of mRNAs with long
and structured 5° UTRs, such as those encoding cyclin E1 or RACI (Lai MC et al., 2008; Sen,
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ND et al., 2015; Lai MC et al., 2010). RNA helicases, such as DHX29, can also bind directly
to the 40S subunit leading to enhancement of the processivity and the correct positioning of
mRNAs at the ribosome entry channel (Dhote, V et al., 2012; Pisareva VP et al., 2008) Others
RNA helicases like DHX9, are recruited to specific internal secondary structures. Thus, they
can regulate translation in different ways: by facilitating 40S scanning, by stimulating
ribosome recycling or mRNA circularization (Halaby MJ et al., 2015; Peng S et al., 2011). At
later stages of translation RNA helicases can also operate. For instance, the assembly of
elongation-competent 80S ribosome is promoted by DHX33 (Zhang Y et al., 2015).
Moreover, recognition of stop codons requires DDX19B which also allows the recruitment of
eukaryotic polypeptide chain release factor eRF3 to translation termination complexes (Wang

Y et al., 2015).

1.4.2.6. RNA decay
The mRNA turnover plays a key role in gene expression and is a important in the physiology
of the cell. mRNA degradation occurs in the 5'-to-3" or 3'-to-5" direction (Siwaszek A et al.,
2014). In the 5'-to-3" direction, the DDX6 helicase enhances the mRNA decapping,
facilitating the access to the nucleic acid by the 5’-to-3” exoribonuclease XRN1 (Siwaszek A
et al., 2014; Fischer N and Weis, K 2002; Coller JM et al., 2001). Modulation by DDX6 of
the mRNAs coding for proteins involved in autophagy has also been observed (Hu G et al.,
2015). mRNA decay in the 3’-to-5’ direction starts with deadenylation producing a shortened
poly(A) tail (Siwaszek A et al., 2014) which is then degraded via the exosome complex
assisted by the RNA helicase SKI2. DHX36 (RHAU) helicase is also recruited and interacts
with the deadenylation complex to enhance the mRNA decay (Johnson SJ and Jackson RN,
2013; Tran H et al., 2004). Cells present a surveillance mechanism named Nonsense Mediated
Decay (NMD), which is a crucial mechanism detecting mRNA transcripts bearing translation
termination codons positioned in abnormal contexts Lykke-Andersen S and Jensen TH, 2015)
(Figure 10). It is dedicated to the clearance of theses mRNAs and involves several RNA
helicases. The helicase eI[F4AIIl binds the mRNA and plays the role of a scaffold protein for
the Exon Junction Complex (EJC). The UPF1 RNA helicase is recruited and translocates over
the nucleic acid, scans the transcript, remodels the mRNP, removes mRNA-associated
proteins, and signals the RNA for degradation (Fiorini F et al., 2015). NMD is also facilitated
by the interaction between UPF1 and another helicase, MOV 10 by resolving structures and
displacing proteins from 3" UTRs (Gregersen LH et al., 2014). Other RNA helicases, DHX34,
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DHXS, also operate by allowing the assembly of the decay-inducing complex. (Hug N and
Céceres JF 2014; Geissler V et al., 2013; Bond AT et al., 2001).

In bacteria, the degradation complex (degradosome) is constituted by the RNase E,
responsible of the RNA decay, PNPase, a 3°-5” exoribonuclase polynucleotide phosphorylase,
and the RNA helicase RhIB (Py B et al., 1996; Coburn GA et al., 1999). In E. coli the
helicases RhIB and CsdA are part of the RNA (Prudhomme-Genereux A et al., 2004).

surveillance
complex

AAAAA

decay-inducing
complex

mRNA decay

Figure 10. Normal and nonsense-mediated mRNA decay (NMD). The translation is
terminated when the termination codon (TC) is in physical proximity to the 3’ poly(A) tail
(AAAAAAAA) and/or the 5’ 7-methylguanosine (m7 G) leading the recruitment of UPF1 and
SMG1 by the eukaryotic translation release factors eRF1 and eRF3, forming the surveillance
complex (SURF). Also the two helicases DHX34 and MOV 10 are recruited. The recruitment
of UPF2 and UPF3 is assisted by EJC bound to the 3’ untranslated region (UTR). Then the
assembly of the decay-inducing complex (DECID), the interaction of UPF1 with UPF2
induces UPF1 conformational change and activation by SMG1 kinase giving the displacement
of the ribosome and the eRFs from the RNP complexes enhanced by DHX34 and MOV10 in

an  ATPhydrolysis-dependent manner. Endonucleolytic cleavage, decapping and
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deadenylation are followed by complete mRNA degradation. Adapted from Hug N and
Céceres JF 2014.

1.4.2.7. Cytoplasmic transport and storage
mRNAs have an alternative fate to translation and decay: transportation and storage in
cytoplasmic RNA granules protecting them from degradation (Hooper C and Hilliker A,
2013; Hilliker A, 2012; Pimentel J and Boccaccio GL, 2014; Kanai, Y et al., 2004) allowing
localized translation, which occurs in many (Buxbaum AR et al., 2015). In some cases it
occurs as a response to cellular stresses or during germ cell differentiation (Hooper C and
Hilliker A, 2013; Hilliker A, 2012; Pimentel J and Boccaccio GL, 2014; Kanai, Y et al.,
2004). RNA helicases have a major role in RNA granule dynamics. For instance, the forma-
tion of RNA granules is influenced in an ATP-independent manner by DDX6, DDX3X and
DDX4, as well as their disassembly upon ATP turnover (Hooper C and Hilliker A, 2013;
Hilliker A, 2012). DDX25 has a dual function: the storage of mRNP-containing mRNAs
coding for spermatogenesis factors, and the promotion of their translation (Tsai-Morris CH et

al., 2010; Sheng Y et al., 20006).

1.4.2.8. RNA sensing

A collection of cytosolic receptors has been identified for their ability to recognize multiple
forms of nucleic acids. During the last decade, in addition to studies on DNA sensors as
exposed above (in the section dealing with the biological functions of DNA helicases),
numerous works have focused on receptors related to RNA helicases such as DICERs and the
RIG-I Like Receptors (RLRs) because of their critical role in cell signaling and the initiation
of innate responses against viruses. DICERs bind dsRNAs derived from the viral genome,
replication intermediates or subgenomic products and cleave them into small RNAs, which
will be targeted in order to degrade it. DICERS are sensors of RNA interference (Cerutti H
and Casas-Mollano JA, 2006; Bernstein E et al., 2001). The RLR (RIG-I Like Receptors)
helicases are cytosolic proteins and expressed by most cells of the human organism. RLRs
belong to the family of aspartate-glutamate-any amino acid-aspartate/histidine (DExD/H)-box
helicases. Upon RNA-binding, the RLRs activate a signaling cascade leading to the
transcription of type I and type III IFN genes (Goubau D et al., 2013).

The first part of the thesis dealing with an attempt of partners identification of RIG-I, an RLR
helicase, in the signalling and cellular proliferation/differentiation balance in the APL, more

extensive informations will be given on this aspect in the next chapter.
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While the term “helicase” implicitly suggests a duplex unwinding activity, some helicases and
more exactly members of the SF2 family (Rig-I-like, Swi/Snf2, RecG) do not share this
activity. They stably associate with the duplex and they use the energy of ATP-hydrolysis to
translocate on duplex DNA by a mechanism independent strand-separation (Saha A et al.,

2002; Ristic D et al., 2001; Durr H et al., 2005; Whitehouse 1., 2003; Lia G et al., 2006).
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Chapter I: Identification and characterization of the RIG-I helicase

partners involved in the balance proliferation / cell differentiation in

the acute promyelocytic leukemia

Objectif

RIG-I was initially identified as a gene that was induced in retinoic acid-treated Acute
Promyelocytic Leukemia (APL) NB4 cells and its expression was associated with the
differentiation of the cells (Yu M et al., 1997; Liu TX et al., 2000). RIG-I, a human homolog
gene of RNA helicase, is induced by retinoic acid during the differentiation of acute
promyelocytic leukemia cell (Yu M et al., 1997) and also associated with viral infection when
a porcine homolog was displayed to be induced by porcine reproductive and respiratory
syndrome virus (Zhang X et al., 2000). RIG-I has then generated growing interest since it has
been found to play a crucial role in innate immunity and in the detection of different viral
nucleic acids particularly dSRNA (Yoneyama M et al., 2004). Indeed, to respond to a broad
spectrum of pathogens the immune system operates via different and sophisticated
mechanisms depending on the nature of pathogen antigen. But the key to establish a specific

3

immune response consists in discriminating between “self” and “non self” components.
Pattern Recognition Receptors (PRRs) were identified to respond to conserve Pathogen
Associated Molecular Patterns (PAMPs) present on invading pathogens (Hemmi H et al.,
2000; Hoffmann JA et al., 1999; Medzhitov R et al., 1997; Poltorak A et al., 1998). PRR are
now well characterized and include membrane-associated Toll-Like Receptors (TLRs), C-
type Lectin Receptors(CLRs), cytosolic receptors such as NOD-Like Receptors(NLRs), RIG-1
Like Receptors (RLRs) and AIM2-Like Receptors (ALRs) (Kawai T and Akira S, 2011).

Therefore RIG-I is involved in two crucial aspects of the cell life that are the immune
response and the cell differentiation. The first one has been subjected to numerous studies
whereas the second one is not well described in terms of interactions with partners. The
present work is focused on the role of the RIG-I helicase during the differentiation of NB4
APL cells. The goal was firstly to identify specific ligand(s) of the helicase during ATRA
treatment triggering the differentiation and the proliferation block, by coimmunoprecipitation

and High Throughput Sequencing or proteomic analysis. Depending on the obtained ligand(s),
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the second step of the work was to characterize the interaction at the biochemical level and
then to verify the interaction in the cell and the effect on the differentiation and proliferation
by RNAI or truncated proteins. The possibility of a structural study was even considered.
This work is based on two points: 1) the domain structure of RIG-I which makes it able to
bind both RNAs and proteins, 2) several works show that the specificity of the RNA helicases
to their ligands is due to several factors such as the subcellular localization or the expression
pattern of the protein in addition to the nucleotide sequence. As a result, certain helicases can
have new functions taking part to cell signalling processes. This chapter of the thesis is
therefore divided in two parts: RIG-I being an RNA helicase, I started my work searching for
RNA partner(s). Later on, the orientation of the work has been readjusted to the search for
protein partner(s) relying on the presence of two CARD domains in the helicase. The present
work being focused on a member of the RLR, the RIG-I helicase, the following paragraphs
will introduce this receptor family, describe the RIG-I helicase accompanied by the

downstream signaling pathway and its involvement in APL.

33



Introduction

1. RIG-I Like Receptors (RLR)
1.1. RLR structure

RLRs have emerged as one of the most important PRR families in immunity to viruses. The
RLR family includes the Retinoic acid-Inducible Gene I (RIG-I) encoded by the gene Ddx58,
Melanoma Differentiation-Associated antigen 5 (MDAS) encoded by the gene Ifihl, and
Laboratory of Genetics and Physilogy 2 (LGP2) encoded by Dhx58 (Yoneyama M et al.,
2004; Kato H et al., 2011; Loo YM and Gale M Jr, 2011). RLRs are DExD/H-box helicase-
like proteins of the SF2 family. RIG-I1 and MDAS presents three functional domains, whereas
LGP2 has only two functional domains. The Figure 11 illustrates the RLR structure.
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Figure 11. RLR structure. The RLR family includes the Retinoic acid-Inducible Gene I

(RIG-I), Melanoma Differentiation-Associated antigen 5 (MDAS) and Laboratory of Genetics
and Physilogy 2 (LGP2). These SF2 type helicase proteins are composed of DExD/H-box
helicase domain that contains the conserved domains Hell (motifs Q, I, IT and I119) and Hel2
(motifs IV, V, VI). Between the two helicases domains lies the domain Hel21i, only present in
RIG-I and MDAS and the bridging helices (Br) or Pincer (P) within the boarder helicase

domain. DExD/H-box helicase domain is involved in the typical helicase functions: RNA
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binding and ATPase activity. All RLRs also contain the C-Terminal Domain (CTD) leading
to RNA recognition. Finally RIG-I and MDAS present two N-terminal Caspase Activation
and Recruitment Domain (CARDs) essential for interaction with MAVS and initiation of

downstream antiviral signaling. Adapted from Bruns AM and Horvath CM, 2015.

They all share a central ATP dependent DExD/H-box helicase domain. The DExD/H-box
helicase-like domain is conserved in the three RLR with a 31% of similarity between RIG-I
and LGP2, 35% between RIG-I and MDAS and 41% between MDAS and LGP2 (Takahasi K
et al., 2009). The helicase presents two RecA-like domains (Hell and Hel2): the domain 1
presents six motifs (Q, I (WalkerA), la-Ic, I (Walker B), Ila and III) and the domain 2 has
four motifs (IV, V, Va and VI). These two fundamental helicase domains are interrupted by
an intervening insertion, Hel2i, and bridging helices (Br) or Pincer (P) within the boarder
helicase domain structure, only present in RIG-I and MDAS. Hel2i allows the autorepression
and inhibition of CARDs domains in RIG-I but in MDAS this region is shorter and missing a
key phenylalanine residue. This suggests that MDAS does not interact with CARDs in
absence of RNA (Berke IC and Modis Y, 2012). The Motif II is also known at the Walker B
site and contains the amino acids DExH/D (DECH in the case of RLRs), which gives its name
to this helicase family. Both RecA domains are involved in the typical helicase functions:
RNA binding and ATPase activity. The ATPase activity is essential for the immune response
signal. A mutation of Lys270 of the ATPase site inhibits enzyme activity and makes
impossibility of signal transduction (Plumet S el al., 2007; Saito T et al., 2007). In the case of
LGP2 ATPase activity is essential to increase both, its ability to recognize and to bind ARNSs.
It also seems to be important for MDAS activation (Bruns AM et al., 2013).

RIG-I and MDAS present two tandem Caspase Activation and Recruitment Domain (CARDs)
at the N-terminus, whose amino acid sequences are 23% similar. This domain is essential for
the activation of the production of IFN-f, since CARD domains deletion prevent antiviral
response and sole CARDs domain expression allows the INF production (Saito T et al., 2007,
Yoneyama M et al., 2004; Fujita T et al., 2007; Wang Y et al., 2010). The CARD motif
belongs to the family of death fold protein motifs with a characteristic six helical bundle
(Monie TP et al., 2009). These domains function in the regulation of apoptosis and
inflammatory responses by mediating homotypic interactions between proteins. They are
often highly multimeric complexes and the signaling is achieved by receptor clustering
(Martinon F and Tschopp J, 2004; Bouchier-Hayes L and Martin SJ, 2003). LGP2 differs
from the two other RLRs because it lacks the two CARDs domains. Single CARDs structures
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but no exact stoichiometry of the various CARD-CARD complexes are available. The
structure of the N-terminal single CARD domain of the mitochondrial adapter of RIG-I,
MAVS (Mitochondrial antiviral-signaling protein), has been solved by X-ray crystallography
(Potter JA et al., 2008).

Additionnaly RLRs possess a C-terminal regulatory domain (CTD) also called regulatory
domain (RD). This domain presents a similarity of sequence of 30% between MDAS and
RIG-I, 34% between MDAS and LGP2, and 29% between RIG-I and LGP2 (Takahasi K et
al., 2009). It is responsible for initial RNA binding (Takahasi K et al., 2009; Lu C et al., 2010;
Cui S et al., 2008). Mutagenesis studies have led to identify a conserved lysine at the bottom
of a positively charged groove, which allowed the recognition of 5'-triphosphate RNA. This
lysine and other features of the recognition groove are different in LGP2 and MDAS
suggesting the specificity of RD in determination of the different viral ligands (Cui S et al.,
2008; Takahasi K et al., 2009). Crystallographic and NMR high-resolution structures are
available for all RLR CTD domains. CTD domain forms a globular structure. It is made of
twisted anti-parallel main B-sheet and a smaller second anti-parallel B-sheet. Loop regions and
short helices stabilize the sheets by surrounding them. One Zn*" ion is coordinated close to
the smaller b sheet. The RNA binding site has been localized to a large positively charged
patch on the surface of the main -sheet of all three molecules (Takahasi K et al., 2009). RIG-
I and LGP2 CTDs were both co-crystallized in a complex with dSRNA. One protein molecule
is bound to each 5’ end of the dsSRNA to form a 2:1 protein: dsSRNA complex (Wang Y et al.,
2010; Lu C et al., 2010; Li X et al., 2009). In RIG-I, electrostatic interactions allow the
positively charged residues of the RNA to interact with the 5’-PPP. All kinds of interactions
permit the rest of the RNA to interact with other parts of the CTD (Cui S et al., 2008; Lu C et
al., 2010; Takahasi K et al., 2009; Wang Y et al., 2010).

1.2. RLR localization
It has been shown that RIG-I localizes to the membrane ruffles, in the motile cell surface,
associated with F-actin, depending on Rac GTPase activity. The inhibition of Rac induces
RIG-I relocation to the cell periphery. This association of RIG-I with the actin depends on
CARDs domains and induces cellular migration. MDAS localizes in the cytoplasm, but co-
localization experiments don’t show F-actin co-localization, (Mukherjee A et al., 2009). RIG-
I localization on the actin network is not surprising because the cytoskeleton is a major player
in the first line of host defence against pathogens. Indeed other components of the

inflammatory pathway have been shown to interact directly or indirectly with the actin
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cytoskeleton, such as caspase-11 (Li J et al., 2007), p65 subunit of nuclear factor NF-kappaB
(Are AF et al., 2000) and Nucleotide Oligimerization Domain 2 (NOD2), which also is
associated with RIG-I (Legrand-Poels S et al., 2007; Morosky SA et al., 2011). Finally other
PRR as toll-like receptors (TLRs), which are transmembrane proteins also allow the

recognition of the pathogen-associated molecular patterns (PAMPs).

1.3. RLR ligands

Several studies have investigated how RLR distinguish viral RNAs from host RNAs. Initially,
both RIG-I and MDAS were thought to detect poly I:C (a synthetic RNA double strand
analog) but these two sensors are not redundant (Kato H et al., 2006). The key signature for
RIG-I recognition is short blunt-ended dsRNA (20 bases) with a 5’ triphosphate (5’ppp), a
modification that is not found on normal capped or processed cellular RNA (Hornung V et al.,
2006; Cui S et al., 2008; Schlee M et al., 2009; Pichlmair A et al., 2006; Baum A et al., 2010;
Marq JB et al., 2010; Schmidt A et al., 2009) whereas MDAS is activated upon binding to
longer dsRNA (Pichlmair A et al., 2009). Several viruses are differentially recognized based
upon the length of viral dsSRNA produced following infection. RIG-I interacts with dSRNA of
Reoviridae family (such as Orthoreovirus) (Broquet AH et al., 2011). It also recognizes many
single-stranded RNA viruses. These include negative-stranded viruses of the Orthomyxovirus
(such as influenza A or B virus) (Kato H et al., 2006; Loo YM et al., 2008), Paramyxovirus
(such as measles, and Sendai virus) (Plumet S et al., 2007; Kato H et al., 2005; Yoneyama M
et al., 2005), Rhabdoviridae (such as vesicular stomatitis virus) (Kato H et al., 2005;
Yoneyama M et al., 2005) and Filoviridae (such as ebola virus) (Habjan M et al., 2008), and
positive-stranded viruses like Flaviviridae (such as hepatitis C and Japanese encephalitis
viruses) (Sumpter R Jr et al., 2005; Saito T et al., 2007). Additionally, DNA viruses activate
RIG-I via RNA intermediates, such as herpes virus (Paludan SR et al.,, 2011). RNA
polymerase III is involved in a DNA sensing pathways in the innate immune system and
transcribes microbial DNA templates into dsSRNA containing 5’-PPPs, which in turn activate
RIG-I (Hornung V et al., 2009; Takaoka A et al., 2007). Modified secondary structures also
influence RIG-I recognition as incorporation of modified bases such as pseudouridine (often
found in cellular RNAs) (Hornung V et al., 2006) and phosphorothioated single-stranded
DNA oligonucleotides (containing a sulfor-substituted internucleotide bond) (Ranjith-Kumar
CT et al., 2009). Furthermore, products of host RNA cleavage by ribonuclease (RNAse L)
(Malathi K et al., 2007). Finally surprisingly, some RNAs without 5'PPPs have also been
reported to trigger RIG-I (Kato H et al., 2008).
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MDAS is not studied as well as RIG-I but it is known that MDAS interacts with dsRNA of
Reoviridae family (such as Orthoreovirus) like RIG-I (Kato H et al., 2008; Loo YM et al.,
2008), positive-stranded viruses of Picornaviridae (such as Theiler's Murine
Encephalomyelitis Virus (TMEV), Encephalomyocariditis virus (EMCV) and Enterovirus)
(Kato H et al., 2006), Calciviridae (Norovirus) (McCartney SA et al., 2008) and finally
Flaviviridae (such as hepatitis C and Japanese encephalitis viruses) like RIG-I (Kato H et al.,
2006; Loo YM et al., 2008; Fredericksen BL et al., 2008).

LGP2 is also able to recognize different types of RNA, but preferentially dsSRNA and the
presence of 5'ppp favours the interaction. LGP2 detects the genome of hepatitis C virus (Saito
T et al., 2007). Having no CARD domain, LGP2 acts as a regulator of RIG-I and MDAS.
LGP2 overexpression permits the inhibition of INF induction (Yoneyama M et al., 2005), it
has an inhibitory role. It is also able to interact with RIG-I and inhibit its necessary
homodimerization to translate the signal (Yoneyama M and Fujita T, 2009). In low
concentration, LGP2 participates in the activation of MDAS5 while a high concentration
inhibits MDAS activation (Bruns AM et al., 2013). Therefore LGP2 is a negative regulator of
RIG-I and ambivalent regulator for the MDAS activation.

1.4. Signal transduction in the RLR pathway
In most cells types, upon viral RNA recognition, the RLRs are the main sensors that induce
IFN (Gitlin L at al., 2006; Yoneyama M et al., 2004). Moreover RIG-I knockout mice
demonstrated that epithelial cells, conventional dendritic cells, and fibroblasts are dependent
on the RLR pathway to stimulate IFN production (Kato H et al., 2005). The components of
the RLR signaling cascade have been well defined and their interactions are shown by the

Figure 12.
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Figure 12. Activation of the IFN response under RLR regulation. Detection of RNA, by
RIG-I and MDAS triggers their binding to MAVS through CARD domains. MAVS then
recruits a panel of several proteins (as TRAFF, TRADD, FADD...), which will allow the
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activation of the transcription factors NF-kB, IRF3 and IRF7 inducing INF expression.
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Upon binding of viral RNA to the helicase domain, the molecule undergoes a conformational
change that exposes the CARD domains (the activation mechanism is detailed further in the
paragraph dedicated to RIG-I) and promotes RLR dimerization. This conformational change
is dependent on the ATPase activity of the helicase domain. As a dimer, the RLR binds to
MAVS (Mitochondrial AntiViral Signaling protein) also known as IPS-1 (IFNB-Promoter
Stimulator 1) VISA (Virus Induced Signaling Adaptor) or Cardif (CARD adaptor inducing
IFNB) (Kawai T et al., 2005; Seth RB et al., 2005; Xu L G et al., 2005; Meylan, E et al., 2005)
through shared CARD-domain. MAVS contains an N-terminal CARD domain, a proline rich
region and a C-terminal transmembrane (TM) domain anchoring the protein in the
mitochondrial membrane, the mitochondrial-associated ER membrane or the peroxisomes
associated with the mitochondrial-associated ER (Seth RB et al., 2005; Horner SM et al.,
2011; Dixit E et al., 2010). Upon interaction with an activated RIG-I or MDAS5, MAVS
oligomerizes and acts as a scaffold for a multiprotein complex called the ‘MAVS
signalosome’. This complex includes tumor necrosis factor (TNF) (Baril M et al., 2009),
receptor-associated death domain (TRADD), TRAF family member-associated NF-«xB
activator (TANK), and the E3 ubiquitin ligases TNF receptor associated factor (TRAF) 6 and
3 for NF-kB and IRF activation, respectively (Yoshida R et al., 2008; Konno H et al., 2009).

In the case of NF-kB activation, the TAK1/TAB1/2 complex is recruited by TRAF6 leading
to the phosphorylation of the NF-kB essential modulator (NEMO, also called IKKy). Once
NEMO is activated it can serve as a scaffold for IKKa and IKKf. The IKK complex can
recruit IkB (inhibitor of NF-kB) and NF-kB subunits, canonically the p65 and p50 subunits.
IKKP phosphorylates [kB leading to its dissociation from p65/p50, and NF-kB translocation
to the nucleus to promote transcription of NF-xB target genes. In the case of IRF 3/7, MAVS
recruits the E3 ligase TRAF3 (Oganesyan G et al., 2006; Saha SK et al., 2006) which
activates NEMO. NEMO then forms a signaling complex with TANK, IKKe, and TBKI.
After formation of this complex, TBKI1 is activated to directly phosphorylate IRF3/7. Once
phosphorylated, IRF3 and IRF7 dimerize and translocate to the nucleus to induce target genes
including type-I IFNs and proinflammatory cytokines leading to the inhibition of infected
cells proliferation (Seth RB et al., 2006). STING (also known as MITA, ERIS and MPYY) is
also involved in RNA sensing downstream of RIG-I only, whereas MAVS is involved in both
RIG-I and MDAS signaling (Ishikawa H and Barber GN, 2008). STING predominantly
resides in the endoplasmatic reticulum (ER), but is also found in the mitochondrial membrane

and even the plasma membrane (Jin L et al., 2008).
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Other proteins also are involved in the MAVS signalling pathway as: caspase8/10, TRADD
(TNF receptor 1-assiciated death domain), TANK, FADD (Fas-associated death domain, RIP
(receptor interacting protein 1) (Yoneyama M and Fujita T, 2009).

When present in small amounts, LGP2 acts as a positive regulator of MDAS, and as an
inhibitor of RIG-I and MDAS at high concentration (Rothenfusser S et al., 2005; Satoh T et
al., 2010; Yoneyama M and Fujita T, 2009). Moreover, LGP2 seems to interact with MAVS
and block recruitment of IKKe, thus preventing signal induction (Komuro A and Horvath

CM, 2006).

1.5. RLR regulation by host viruses

To evade detection by RLR, viruses have different strategies. For instance, V proteins of
paramyxoviridae including NDV and SeV interact with MDAS interfering with its activity to
transmit a signal. The Influenza A non-structural protein 1 (NS1) interacts and inhibits RIG-I
to prevent its ubiquitination (Guo Z et al., 2007; Gack MU et al., 2009). It may also bind
RNA, sequestering it from RLR recognition. NS3/4a of HCV cleaves MAVS and disrupt its
mitochondrial activation leading to inhibition of RIG-I mediated IRF3 (Yoneyama M and
Fujita T, 2009). Ebola virus VP35 protein serves as a competitor for dsSRNA. It disrupts RIG-I
mediated Type-I IFN production, while SeV V protein selectively binds MDAS and inhibits
dsRNA induced activation of Type-I IFNs (Wang Y et al., 2011).

2.The RIG-I helicase
2.1. Molecular structure

RIG-1, also known as DDXS58, is a highly conserved protein within vertebrates. Its gene was
cloned from leukaemia cells in 1997 as mentioned earlier and codes for a 106 KDa protein of
925 residues. The protein harbours the three classical regions: the DExD/H box helicase core
domain between the amino acids 239 and 793, the RNA binding domain known as C-terminal
domains (CTD) or repressor domain (RD) between the amino acids 804 to 925, and a tandem
caspase activation and recruitment domain (CARDs) at the N-terminus between amino acids 1
to 92 and 101 to 186 (Louber J and Gerlier D, 2010). Teams working on the RIG-I protein of
duck, human and mouse resolved the three-dimensional structure of entire RIG-I protein and
truncated forms, interacting or not with dsRNA. Civril F et al., have reported the cristal
structure of the helicase domain of RIG-I in mouse by in-drop proteolysis approach with a
resolution of 2.2A (Civril F et al., 2011). Jiang F et al., worked on the helicase-RD domain in
human with a 14 base pair dsSRNA to 2.9 A resolution (Jiang F et al., 2011) and Luo D et al.,
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determined the deleted CARD domains RIG-I structure in human and in the presence of a 10
base pair dsRNA to 2.5 A resolution (Luo D et al., 2011). Finally Kowalinski E et al.,
describe the full-lenght RIG-I structure in duck in the presence of Sppp-dsRNA (Kowalinski
E et al., 2011). The study of RIG-I in presence and absence of different types of DNA has
allowed to determine the conformation changes and the amino acids interacting with the
RNA. The CARDI and CARD2 domains contain 7 and 6 a-helixes respectively and they are
connected rigidly forming a single functional unit (Saito T et al., 2007). The helicase domain
contains three structural subdomains. The helicase core consists of four major subdomains:
two RecA helicase domains (Hell and Hel2), each composed of one B-sheet and some o-
helix, a unique insertion domain (Hel2i) (Helicase 2 insertion domain) made of 5 a-helixes,
and a bridging domain (Br) or pincer domain located between Hel2 and CTD and composed
of two a-helix in V-shaped (Jiang F et al., 2011; Kowalinski E et al., 2011; Luo D et al.,
2011). The pincer coordinates the functions of Hell, Hel2 and CTD. It also couples RNA
binding with ATP hydrolysis (Civril F et al., 2011; Jiang F et al., 2011; Kowalinski E et al.,
2011; Luo D et al., 2011). Finally, the CTD domain is structurally organized in two four-
stranded antiparallel B sheets connected by small helical turns (Cui S et al., 2008).

2.2. RIG-I helicase activity

RIG-I being a helicase, the enzymatic activities of ATPase, RNA unwinding and translocation
are expected. These activities have not been studied a lot. However the different works have
mainly been performed to understand the synergy between the helicase and the RNA
recognition.

First studies have shown that mutation of K270A in the ATPase site of RIG-I causes an
inactive antiviral signalling (Yoneyama M et al., 2004) without affecting the RNA binding
ability (Plumet S et al., 2007). In 2008, Cui S et al. observed that ATPase activity and the
oligomerization of the protein are stimulated by 5'-triphosphate dSRNA. Moreover when both
CARD:s are deleted, the ATPase activity is stimulated in the absence of a 5'-triphosphate RNA
(Cui S et al., 2008). In 2009, Myong S et al. have shown by single-molecule fluorescence
assays that RIG-I can translocate on dsRNA in an ATP-dependent manner affirming that RIG-
I catalyses translocation in successive repetitions on the same RNA molecule without
unwinding. This translocation is made possible only on the RNA strand, which bears a 5'-
triphosphate. However, CARDs deleted RIG-I is able to translocate in the absence of a
5’triphosphate. In fact, RIG-I translocation is regulated by its N-terminal (CARDs) and C-
terminal (RD or CTD) domains (Myong S et al., 2009). Recently in 2015, Anchisy S et al.

42



have shown that ATPase activity is independent of 5'ppp and that only a base pair end is
required. This emphasizes the role of the CTD, which interacts with the blunt end of the
dsRNA (independently of the 5'ppp). Tests with ssSRNA in the presence of 5'ppp do not
trigger ATPase activity even if 5' overhangs cause a low ATPase activity, assuming the
requirement of dSRNA in 5'. In the case of RNA/DNA hybrids that trigger very poor ATPase
activity despite normal binding to RIG-I, the presence of a minimal number of 5
ribonucleotides on the bottom strand is required to induce a normal ATPase activity. These
studies with hybrids containing increasing numbers of desoxyribonucleotides in the RNA
bottom strand showed that residues at positions 2 and 5 are key residues for the recovery of
normal ATPase activity. Their role appeared crucial because they bind to HEL1 and HEL2
respectively. Moreover, the increase in the number of ribonucleotides on the bottom strand
from 6 to 10, which corresponds to the total coverage of one RIG-I molecule, causes an
enhancement of the relative ATPase activity to that promoted by pure dsSRNA. This increase
is determined by the contact with the HEL2i domain and the duplex instability due to
mismatches by facilitating the discharge of ADP and P; from the active site. But this type of
substrates is unable to induce IFN determining that this ATPase activity functions in RIG-I
recycling (Anchisy S et al., 2015). In 2011, Jiang F et al., observed that ATP hydrolysis is
necessary for RIG-I activation and RNA recognition without unwinding (Jiang F et al., 2011).
Regarding the role of the ATPase and translocation activities, it has been suggested that they
allow repetitive shuttling at specific dsSRNA regions of the viral genome providing a structural
conformation in RIG-I with exposed CARDs to attract the next players in the signalling
cascade (Myong S et al., 2009). Also the translocation can interfere with viral proteins by
preventing them from binding to the viral RNA, by blocking their progression on the viral
genome and sometimes going as far as moving them away. All this results in interfering with
viral replication (Myong S et al., 2009). Finally the ATPase activity is involved in RIG-I
recycling activity and leads to competition between recycling, RIG-I oligomerization and
translocation, and it is important for self-RNA discrimination. This RIG-I recycling activity
promotes dissociation of RIG-I from inappropriate ligands, as well as from those with a
dsRNA less than 13bp in length (Anchisy S et al., 2015). Also other studies with RIG-I
mutants allowing ATP binding and preventing hydrolysis (such as “multi-system disorder
Singleton-Merten Syndrome SMS mutations phenocopy”), showed that this mutant of RIG-I
is bound to a 60S ribosomal expansion segment as a dominant self-RNA. But the wild type
RIG-I displaces this self-RNA (60S ribosomal expansion segment) restoring ATP hydrolysis
(Lassig C et al., 2015).
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To conclude, ATP binding and hydrolysis plays a key role in the identification of viral targets
and the activation of signalling (Rawling DC et al., 2015). ATP binding is required for RIG-I
signalling on viral RNA and ATP hydrolysis provides an important function by recycling

RIG-I and promoting its dissociation from non-pathogenic RNA by translocation.

2.3. RIG-I activation mechanisms

In the absence of activators, RIG-I exists in the cytoplasm in an inactive conformation,
preventing effector access to the N-terminal CARDs and the helicase domain (Leung DW et
al., 2012). Different studies of RIG-I functionality have demonstrated the conformation
change mechanism for RIG-I activation (Myong S et al., 2009; Yoneyama M and Fujita T,
2009). The CARD tandem is a constitutive activator of IFN production, while in absence of
RNA agonist the whole protein is inactive (Saito T et al., 2007; Yoneyama M et al., 2004).
The transition from the inactive conformation to an active conformation allows CARD-CARD
interaction between RIG-I and MAVS (Leung DW et al., 2012).

A multistep mechanism for the complete activation of RIG-I has been raised with the
structure of this protein. The comparison of RIG-I structure in the absence of ligand and
presence of dsSRNA and non-hydrolysable ATP reveals the conformation changes (Kowalinski
E et al., 2011). In the absence of RNA stimulation RIG-I is kept inactive in the cytoplasm in a
self-repressed form through the phosphorylation of multiple residues (Figure 13A). T770,
S854, and S855 in the CTD are phosphorylated by Casein Kinase II (CK2), which promotes
interactions necessary for auto-repression (Sun Z et al., 2011). In the CARD domains,
phosphorylation of S8 and T170 by Protein Kinase C-a and B (PKCo/p) is also required to
maintain RIG-I auto-repression in the absence of viral infection (Gack MU et al., 2010;
Maharaj NP et al., 2012; Nistal-Villan E et al., 2010). In the self-repressed conformation, part
of CARD domains is hidden by CARD2 and Hel2i interaction, thereby preventing the
recruitment of protein partners required for signalling. The CTD domain is flexibly linked to
the helicase, without strong interaction with the rest of the protein. It is therefore able to
detect and bind with dsSRNA 5’ppp with high affinity. The recognition of the 5’ppp by CTD
leads to a competition between dsRNA and CARD2 for the binding of the helicase domain in
presence of ATP. This double bound causes a conformational change in the areas Hell and
Hel2 fold on each other according to a twist movement causing a reposition of CTD and the
release of CARDs domains (Figure 13B). The 3' dsRNA binds to the helicase domain in the
Ia, Ib and Ic of Hell and Ila motif, which interacts with the 5’ strand of dsSRNA. The Q motif,
Ia II, Va and VI of Hell and Hel2 binds the ATP (Kowalinski E et al., 2011; Luo D et al.,
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2011). Also Hel2i binds the 5° and 3’ strands of dsRNA. The Hell, Hel2, Hel2i and CTD
domains enclose the dsSRNA in an almost circular channel whose stability is ensured by the
binding of ATP. The release of the CARDs domains leads the recruitment of the signalling
cascade, producing the IFN and cytokines secretion. To ensure the recruitment of MAVS,
additional factors facilitate a series of changes in post-translational modifications leading to
the fully active form of RIG-I. The E3 ubiquitin ligase Riplet is a regulator of RIG-I through
activating Ko63-linked ubiquitination (Oshiumi H et al, 2009; Gao D et al.,, 2009).
Ubiquitination of K788 increases the ability of RIG-I to bind to its viral RNA ligand
promoting the transition to the open conformation for further post-translational modifications
and interaction with signaling partners (Oshiumi H et al., 2009; Oshiumi H et al., 2013). The
CARD domains of RIG-I become accessible thanks to RIG-I dephosphorylation by the
phosphatases PP1a / PP1y (Wies E et al., 2013). The RIG-I dephosphorylated form is required
for the recruitment of the E3 ubiquitin ligase TRIM25 (TRlIpartite Motif containing 25).
TRIM25 transfers short unanchored poly-ubiquitin chains to the two CARD domains
allowing the aggregation of the MAVS protein, and thus the induction of IFN (Jiang X et al.,
2012). In addition to the changes in RIG-I post-translational modifications, the protein must
be relocated for signal activation. In the uninfected cell, RIG-I is dispersed in the cytosol to
survey the intracellular space for invading pathogens. A third partner is involved as a result of
the interaction between RIG-I and TRIM2S5, the chaperone protein 14-3-3¢. This complex
promotes ubiquitination of RIG-I and allows its translocation to the cytoplasm to interact with
MAVS (Liu HM et al., 2012). From 2007-2008, two studies suggested that RIG-I
oligomerization is a required step to transduce the signal (Saito T et al., 2007; Cui S et al.,
2008). The deacetylation of CTD domain is also crucial for the activation of RIG-I,
preventing the interaction of the CTD with the 5'ppp-dsRNA. This deacetylation by HDAC6
promotes RIG-I sensing of viral RNAs and facilitates RIG-I oligomerization (Choi SJ et al.,
2016; Liu HM et al., 2016). More recently, other teams observed the oligomerization of the
RIG-I (Beckham SA et al., 2013; Jiang X et al, 2012; Weber M et al., 2013). According to
Beckham et al. RIG-I oligomerization is dependent on the length of the RNA ligand. When
RIG-I is associated with short RNAs, 10-19 base pairs (bp), it is a monomer form, while RIG-
I binds a 39pb RNA it takes a dimer form (Beckham SA et al., 2013). But the oligomerization
of RIG-I seems to result more of protein accumulation on the RNA than a protein-protein
interaction. The oligomerization model proposed currently says that a RIG-I molecule is
capable of binding a RNA ligand by its 5'ppp end and move along the RNA by translocation
produced for the ATP hydrolysis. The S'ppp end again free permits that another RIG-I
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molecule can associate with the RNA and get oligomer form. The RIG-I oligomerization

promotes activation of MAVS (Patel JR et al., 2013).
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Figure 13. Structure-based model for RIG-I activation by dsRNA. RIG-I domains are
coloured in different colours, the flexible linkers are represented by dotted lines and dsRNA is
represented by a black helix. The inactivation of RIG-I by different partners is represented in
red and activation in green. (A) Autorepressed state is potentiated by Casein Kinase II (CK2)
and Protein Kinase C-oa and B (PKCo/B). (B) Activated state by ATP and dsRNA binding
leads to a conformational switch allowing the release of CARDs domains and their interaction
with MAVS. Also some proteins permits post-translational modifications of RIG-I such as

PPla /PPly, Riplet, TRIM25, Chaperone protein 14-3-3¢ and HDAC6 deacetilation.

2.4. Additional cellular factors regulate RIG-I
Prolonged or excessive activation will have deleterious effects on the host tissues. Therefore,
a wide range of regulators allows keeping control of the IFN induction. Among these
regulations we find modifications by protein-protein interactions and post-translational
modifications, such as ubiquitination, phosphorylation and SUMOylation (Maelfait J and
Beyaert R, 2012; Zhao C et al., 2005; Mi Z et al., 2010). In the case of post-translational
modifications, several factors regulate RIG-I either by removing the activating K63-linked
ubiquitination or by affecting RIG-I protein stability through K48-linked ubiquitination and
proteasome dependent degradation. K63-linked ubiquitination of RIG-I is crucial for its
signaling activity. Four different deubiquitinases (DUBs) counteract this modification and
inhibit RIG-I signaling: Cylindromatosis (CYLD) (Friedman CS et al., 2008) which prevents
any basal activation levels, USP21 (Ubiquitin-Specific Protease 21)(Fan Y et al., 2014), USP3
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(Ubiquitin-Specific Protease 3)(Cui J et al., 2014) and USP15 (Ubiquitin-Specific Protease
15) act as a negative regulator of RIG-I signalling to attenuate the establishment of an
antiviral state by removing ubiquitin chains from CARD domains and interact directly with
RIG-I to reduce MAVS-RIG-I binding (Zhang H et al., 2015). Following K48-linked
ubiquitination, RIG-I is also subject to proteasomal degradation: the E3 ligase RNF125 and c-
Cbl binds to and ubiquitinates RIG-I with K48-linked chains, leading to RIG-I degradation
(Arimoto K et al., 2007; Chen W et al., 2013). Also, LUBAC (the Linear UBiquitin Assembly
Complex), composed of two E3 ligases, HOIL-1L and HOIP, which regulate negatively RIG-I
signaling by two mechanisms (Inn KS et al., 2011). First, LUBAC induces TRIM25
ubiquitination with K48-linked chains leading to proteasomal degradation, and the second
mechanism depends on the NZF (Npl4 zinc finger) domain of HOIL-1L, which competes
with TRIM25 for RIG-I binding. As a result, TRIM25-mediated ubiquitination and activation
of RIG-I are impaired. PKC-o/-f (Conventional Protein Kinase) is also a negative regulator,
which cause the phosphorylation of the N-terminal CARD domains, preventing TRIM25
interaction (Maharaj NP et al., 2012). Finally it has been reported that, RIG-I is modified by
small ubiquitin-like modifier-1 (SUMO-1). SUMOlylation enhances IFN-1 production, the
increase of RIG-I ubiquitylation and the intermolecular interaction between RIG-I and MAVS
(Mi Z et al., 2010). Figure 14 summarizes the different cellular regulators of RIG-I leading to

degradation by proteasome.
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Figure 14. Structure-based model for RIG-I inactivation and degradation by
proteasome. RIG-I domains are coloured in different colours, the flexible linkers are
represented by dotted lines and dsRNA is represented by a black helix. The inactivation of
RIG-I by different partners is represented in red and activation in green. The RIG-I
inactivation and degradation is regulated by the removing of K63-linked ubiquitination and

the addition of K48-linked ubiquitination regulated by DUB, LUBAC and RNF123 and cCbl.

2.5. RIG-I partners
In the case of innate immunity and activation of IFN pathway, RIG-I has two types of
partners: those causing RIG-I post-translational modifications, such as ubiquitination,
phosporylation and SUMOylation (developed in the previous paragraph) and those acting on
molecular pathways by protein-protein interaction. The chaperone HSP90 (Heat Shock
Protein 90) has a major role on RIG-I degradation. It interacts directly with RIG-I without
involving the participation of the CARD domains. The inhibition of HSP90 activity leads to
the dissociation with RIG-I, followed by ubiquitination and proteasomal degradation of the
helicase. This interaction stabilizes RIG-I but may be compromised in the case of infection
(Matsumiya T et al., 2009). ARL16 (ARF (ADP-Ribosylation Factor)-like Protein 16), which
is member of the Ras superfamily of GTPases, interacts with the C-terminal domain of RIG-I
to suppress the association between RIG-I and RNA. In absence of viral infection, ARLI16 is
in its GTP-disassociated and inactive state. Upon virus stimulation, ARL16 binds to GTP and

sequesters the CTD of RIG-I, preventing overactivation of RIG-I (Yang YK et al., 2011).
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Atg5 and Atgl2 are key regulators of the autophagy process. The Atg5-Atgl2 conjugated
inhibits the type I IFN production pathway by intercalation between the CARDs of RIG-I and
IPS-1 during virus infection (Jounai N et al., 2007). Furthermore PACT physically binds to
the C-terminal domain of RIG-I leading to the stimulation of its ATPase activity. It can also
bind to RNA ligands of RIG-I leading to an amplified activation signal in innate immunity.
This interaction between PACT and RIG-I preferentially activates IRF3 pathway (Kok KH et
al., 2011). It has also been shown that RIG-I interacts with the apoptotic pathway, particularly
with Caspase 9, which interacts with the CARD domain of RIG-I inducing apoptosis. In the
case of HNSCC (head and neck squamous cell carcinoma) cells, RIG-I activation presents a
dual role in the regulation of the Akt activation. In the presence of low-dose of viral dSRNA
promotes NF-kB- and Akt-dependent cell proliferation, whereas in the case of high level of
viral dsRNA it leads to apoptosis accompanied by decreased activation of Akt (Hu J et al.,
2013). Moreover, RIG-I can form a tri-molecular complex with MAVS and Lyn, which
belongs to the Src-family-tyrosine kinases. Upon induction by short poly I:C, the complex
plays a positive regulatory role leading to IRF3 activation and INF-f expression (Lim YJ et
al., 2015). It also has been reported that some viral proteins can interact physically with RIG-I
such as US11 protein of HSV-1 (Herpes Simplex Virus 1), which causes inhibition of RIG-I
pathway, preventing the production of IFN (Xing J et al., 2012) and RNA polymerase
subunits (PB2, PB1 and PA) of Influenza A virus (Li W et al., 2014).

Finally in the case of myeloid differentiation, RIG-I regulates the proliferation and survival of
granulocytes by down-regulating the expression level of IFN consensus sequence binding
protein (ICSBP), a major transcription factor regulating myeloid cell differentiation (Zhang
NN et al., 2008). Also RIG-I allows the expression of other IFN stimulatory genes (ISGs) by
promoting STATI1 activation in a MAVS-independent manner (Jiang LJ et al., 2011). RIG-I
may competitively bind the SH2-TA domain of STATI so as to disrupt the binding of STAT1
with its negative regulator SHP1 being a crucial event in the downstream signal transduction
IFN pathway (Hou J et al., 2014) since it leads to the transcription of numerous ISG resulting
in antiviral innate immunity (Levy DE and Darnell JE Jr, 2002) and the cell cycle arrest
(Altucci L et al., 2001). In macrophages, RIG-I has the capacity to bind directly Src through a
PxxP motif located between the CARD tandem and the helicase domain of RIG-I. This
interaction leads to the inhibition of AKT-mTOR signalling pathway (Li XY et al., 2014).
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2.6. RIG-I recognizes various endogenous RNAs

Recognition of RNAs by RIG-I is the most explored aspect of RIG-I studies (Loo YM and
Gale M Jr, 2011). In addition to viral RNAs, RIG-I is able to recognize cellular RNAs in
different situations. It is involved in the modulation of the metabolism of some endogenous
RNAs by forming a complex with protein partners or RNAs. In murine B lymphocytes, His-
tagged RIG-I binds to multiple endogenous mRNAs. For instance, it interacts with Nf-kbl 3’
UTR mRNA, regulating positively its expression. The authors show that RIG-I can recognize
three tandem motifs in Nf-xbl 3> UTR mRNA. Moreover RIG-I regulates the protein
translation by interaction with ribosomal components (Zhang HX et al., 2013). After ionizing
radiations, the two key components of spliceosomes snRNA Ul and U2 in colorectal
carcinoma cells translocate to the cytoplasm of the cell and bind RIG-I leading to the IFN
pathway activation (Ranoa DR et al., 2016). Several miRNAs are able to bind RIG-I. For
instance, during H5N1 infection of human lung epithelial cells, upregulated miR-136 interacts
with RIG-I, inducing IFN-f and IL-6 expression (Zhao L et al., 2015). Karlsen TA et al., have
observed that the off-target immune responses of mesenchymal stem cells is triggered by
upregulating IFN stimulatory genes (ISGs) following the delivery of miR-145 by liposome
and interaction with RIG-I (Karlsen TA and Brinchmann JE, 2013). Furthermmore, RIG-I can
bind to short interspersed elements (SINEs) when they are transcribed by polymerase III
during stresses (Mu X et al., 2016).

2.7. RIG-I has multiple roles in cell development and cancer: case of the myeloid
differentiation
The observations reported above suggest that RIG-I functions far beyond being a PRR. It
plays more diverse roles in the cellular life and its biological functions are more complicated
than expected. Recent studies have shown that the RNA helicase is also involved in the
regulation of basic cellular processes such as hematopoietic proliferation and differentiation,
maintenance of leukemic stemness, and tumorigenesis of hepatocellular carcinoma.
In melanoma cells RIG-I activation by RNA ligands triggers apoptosis and induces
proapoptotic proteins (Puma and Noxa), which depends on IPS-1 activation and TNFa
without type I IFN induction or p53 pathway (Poeck H et al., 2008). In human head and neck
squamous cell carcinoma, foreign RNA primed RIG-I associates with caspase 9, a potent
initiator of apoptosis, through hemophilic CARD (Hu J et al., 2013). Therefore these studies
suggest that foreign RNA primed RIG-I might be exploited to kill tumor cells by activation of
the MAVS pathway. Based on the fact that apoptotic tumor cells secrete type I IFNs together
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with other types of immunostimulatory cytokines if RIG-I is activated by foreign RNA, some
groups have tried to develop active cellular vaccine (Loo YM and Gale M Jr, 2011). Poeck et
al., delivered 50-ppp siRNA against the antiapoptotic protein Bcl-2 into melanoma cells in
vitro and in vivo. As a result, they obtained Bcl-2 silencing, stimulation of the RIG-I/MAVS
pathway leading to the tumor cells apoptosis and created a microenvironment full of type I
IFNs leading to an immunosupportive state (Poeck H et al., 2008). A similar study on tumor
immunosurveillance was performed by targeting a synthetic 50-ppp siRNA against TGF-bl,
which plays a critical role in the growth, invasion, and metastasis of pancreatic cancer. This
siRNA showed significant therapeutic efficacy in a murine model of pancreatic cancer,
inducing apoptosis of tumor cells, induction of type I IFN (Ellermeier J et al., 2013; Schnurr
M and Duewell P, 2013). Moreover, the delivery of replication-incompetent virus (such as
HVIJ-E) or ordinary RIG-I ligands (such as Poly I:C or 50-ppp RNA) drove potent induction
of apoptosis in multiple types of human tumor cells including prostate cancer, mammary
carcinoma, lung cancer, and glioblastoma cells (Poeck H et al., 2008; Hu J et al., 2013;
Ellermeier J et al., 2013; Schnurr M and Duewell P, 2013; Glas M et al., 2013; Kaneda Y,
2013; Kubler K et al., 2010; Petrocca F and Lieberman J, 2008; Qu J et al., 2013; Rehwinkel J
and Reis e Sousa C, 2013; van den Boorn JG and Hartmann G, 2013; Wolf D et al., 2014;
Zitvogel L and Kroemer G, 2009).

In addition to its involvement in apoptosis, as already mentioned above, RIG-I plays a
regulatory role in the differentiation of granulocytes from Acute Promyelocytic Leukemia in
NB4 cells. During ATRA induced differentiation of these cells, RIG-I mRNA is highly
upregulated (Liu TX et al., 2000). Moreover, disruption of RIG-I gene in mice impairs
granulopoiesis resulting in a progressive myeloproliferative disorder (Zhang NN et al., 2008).
It has also been observed in U937 AML cell line, that RIG-I regulates the proliferation and
the granulocytes survival by down-regulating the expression level of ICSBP (IFN cConsensus
Sequence Binding Protein) which is the major transcription factor regulating myeloid cell
differentiation. RIG-I has been therefore taken as a tumor suppressor in the case of terminal
granulocytic differentiation. Also, the expression of other numerous ISG (IFN Stimulatory
Genes) is enhanced by RIG-I, which promotes STATI1 activation in a MAVS-independent
manner. The result is the amplification of IFN-/RA-induced differentiation and proliferation
restriction of leukemia cell (Jiang LJ et al.,, 2011). Following these observations, two
independent mechanisms have been documented. First in HepatoCellular Carcinoma (HCC),
RIG-I level predicts cell survival and the response to INFa (Hou J et al., 2014). In this case,
IFNa signaling induces association of RIG-I to STAT]1 via tethering the CARD domains of
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RIG-I with SH2-transactivation (SH2-TA) domain of STATI. This prevents the
dephosphorylation and inactivation of STAT1 by the phosphatase SHP1. The activation of
STAT1 being enhanced, downstream and apoptotic ISGs such as TRAIL, PML, XAF1, and
OASI1 are then induced and control HCC carcinogenesis and progression (Liu Z et al., 2016),
have shown that miR-545 down regulates RIG-I and the HCC development is promoted by
activated PI3K/Akt signaling. On the other hand in pancreatic ductal adenocarcinoma
(PDAC), miR545 can down-regulate RIG-I. Tumor cell growth is promoted by the low miR-
545 expression level and the high RIG-I protein level (Song B et al., 2014). The effect is
therefore totally opposite. Another mechanism has been proposed in U397 cells. When RIG-I
is upregulated following doxycycline treatment, the AKT-mTOR signaling pathway is
inhibited. RIG-I inhibits AKT phosphorylation and activation by preventing AKT-Src
interaction in a STATI independent manner. A classic conserved PxxP motif in RIG-I
between the CARDs and the helicase core interacts with Src (Li XY et al., 2014). CARDs and
PxxP motif cooperation leads to the disruption of the association between AKT and Src.
Initially physical association established by tethering RIG-I CARDs with the SH1 domain of
active Src, is followed by the interaction between the RIG-I PxxP motif and the SH3 domain
of Src thereby preventing the association of Src SH3 with AKT PxxP. The AKT/Src
interaction is impaired and as a result the proliferation of myeloid is restricted.

Therefore all these datas suggest an anti leukemia activity of RIG-I via partner associations.
However, how RIG-I is integrated in the regulatory program governing the myeloid

differentiation and proliferation is not totally elucidated.

3. Hematopoiesis and Leukemia
3.1. Normal hematopoiesis
3.1.1. Hematopoietic hierarchy

Hematopoiesis is the process allowing the regulated renewal of blood cells. A healthy adult
produces 10'" - 10" blood cells per day. Hematopoiesis takes place in different tissues all
along the development. During fetal life, it occurs in yolk sac until the 2nd month of
gestation. Thereafter, it takes place from the second month in the liver, the spleen until the 6th
months and from the fourth month in the spinal cord. In adults, haematopoiesis takes place
exclusively in the bone marrow and lymphoid organs. Until the age of five years all the bones
are involved beyond this age it is only in the flat bones. Hematopoiesis is initiated from
Hematopoietic Stem Cells (HSCs) and give rise to lineage-committed progenitors and end-

stage mature cells. Hematopoiesis starts with the Long-Term reconstituting HSCs (LT-HSCs),
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which have two properties: multipotency and self-renewal. HSC multipotency consists in the
ability to differentiate into multiple types of blood. HSC self-renewal consists in the ability to
give rise to identical daughter cells with the same multipotent properties as the parent cell.
Under steady-state conditions, HSCs numbers is regulated and are maintained in a quiescent
state (Jude CD et al., 2008). Then appear the Short-Term reconstituting HSCs (ST-HSCs),
which derive from from LT-HSCs and, although they maintain multipotency, they exhibit
more-limited self-renewal potential. Upon differentiation, HSCs give rise to MultiPotent
Progenitors (MPP), which then differentiate into lineage committed progenitors. Then all the
differentiated blood cells will be produced. MPPs are developmentally more restricted than
HSCs in their lineage commitment, giving rise to mature blood cells losing the ability to
proliferate and self-renew. Progenitors compartment is constituted by a heterogenous cell
population. Two main categories are distinguished: immature progenitors which conserve a
quite high ability to proliferate and generate several lineages, and mature progenitors showing
a more reduced proliferation potential with a restricted ability to differentiate in one lineage.
Progenitors are designated by their ability to form colonies in semi solid medium growth
(CFU: Colony Forming Unit), which are characterized by their morphology and a limited
mobility (Bradley TR and Metcalf D, 1966). MPP differentiation leads to hematopoietic
myeloid or lymphoid progenitors which are pluripotent and able to differentiate as blasts
(Orkin SH and Zon LI, 2008) which finally give rise to ten HSC-derived blood cell lineages
as shown by the Figure 15: myeloid cells by the Common Myeloid Progenitor (CMP) (mast
cells, dendritic cells (DCs) and GMP), granulocytes and monocytes by the granulocyte-
monocyte progenitor (GMP) (neutrophils, basophils, eosinophils, macrophages), erythroid
cells by the Megakaryocyte Erythrocyte Progenitor (MEP)  (megakaryocytes and
erythrocytes) and lymphoid cells by the common lymphoid progenitor (CLP) (B and T

lymphocytes, and natural killer cells). Finally maturate cells pass into the bloodstream.
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Figure 15. Schematic representation of hematopoiesis. The hierarchical organization
comprises the Hematopoietic Stem Cells (HSC), which are the origin of the myeloid and
lymphoid lineages, then the more or less differentiated progenitors and finally the mature cells

which pass into the blood. Adapted from Wang LD and Wagers AJ, 2011.

The haematopoiesis and HSCs are regulated by the bone marrow microenvironment (niche),
which release many factors (growth factors, cytokines, hormones and transcription factors). In
the hematopoietic niche a variety of cells types is present including osteoblasts, osteoclasts,
mesenchyme stem cells, adipocytes, endothelial cells, perivascular reticular cells, sympathetic
neurons, macrophages and the extracellular matrix (Krause DS et al., 2014).

The stromal cells of hematopoietic niche are essential for the survival of the hematopoietic
precursors, permitting their proliferation and differentiation into different lineages. They
produce several growth factors involved either in the positive or the negative regulation of
haematopoiesis. The different positive growth factors are IL-6, I1-1, SCF (Stem Cell Factor),
LIF (Leukemic Inhibitory Factor) that increase the number of stem cells in the cell cycle and
sensitize multipotent stem cells. The CSF (Colony Stimulating Factor) regulates the

proliferation of the progenitors and also acts on the survival and action of myeloid and
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lymphoid cells, some being specific to a single cell line as G-CSF (granulocyte-CSF) and M-
CSF (macrophage-CSF). There are also growth factors that negatively regulate
haematopoiesis such as TGF (Transforming Growth Factor ) and TNF (Tumour Necrosis
Factor).

Several transcription factors are involved in the regulation of haematopoiesis. The primitive
haematopoiesis is regulated by SCL (Stem Cell Leukemia hematopoietic transcription factor),
GATA2 (GATA binding protein 2), LMO2 (LIM Domain Protein 2 Only) and AML-1. HSCs
self-renewal is induced by Ikaros, HOXB4 (Homeobox protein 4) and GATA2 while
differentiation is under control of PU-1 factor. In addition, for each cell lineage there are
specific transcription factors such as RARa that allows differentiation of promyelocytes into

neutrophils.

3.1.2. Hematopoietic cells and their biological functions
Three kinds of blood cells differentiate from the HSCs: erythrocytes, thrombocytes and
leucocytes. They represent 45% of the blood tissue circulating in the plasma, which represents
55% of the tissue.

Erythrocytes (red blood cells) carry oxygen and collect carbon dioxide thanks to the
haemoglobin.

Thrombocytes (platelets) come from fragments of megakaryocytes. They release a
multitude of growth factors including Platelet-Derived Growth Factor (PDGF), a potent
chemotactic agent, TGF beta which stimulates the deposition of extracellular matrix and other
basic fibroblast growth factor, insulin-like growth factor 1, platelet-derived epidermal growth
factor, and vascular endothelial growth factor. Thrombocytes have a fundamental role in
coagulation.

Basophil granulocytes are involved in the immune response and allergic reactions.

Cytoplasmic granules contain histamin and heparin preventing coagulation but allowing
diapedesis. After recognition of allergens and parasites, basophils release histamine that
activates inflammatory response.

Eosinophil granulocytes are involved in the immune response and allergic

inflammation. They play a crucial role in the destruction of parasites thanks to bactericidal
proteins contained in their granules. Eosinophils also have the ability to participate in
phagocytosis permitting the regulation of T cells and B cells by antigen-presentation.

Neutrophil granulocytes are involved in the immune response. To attack

microorganisms, intracellular granules have protein-destroying and bactericidal properties
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leading to phagocytosis of the pathogen. They can also stimulate macrophages by the release
of Macrophage Inflammatory Protein-la (MIP-1a), MIP-1B and IFN-y leading to the
activation and maturation of macrophages.

Monocytes are leucocyte that differentiate into macrophages (which have the capacity
to phagocyte the pathogen and it is involved in adaptive immunity and inne immunity) or
dendritic cells (involved in antigen presentation and in triggering the adaptive immune
response).

Lymphocytes B are responsible of the adaptive immune system by the production of

antibodies or immunoglobulin after antigen presentation by antigen presenting cells
(macrophages, follicular cells, dendritic cells). In the secondary lymphoid organs takes place
the antibodies production and the transformation of lymphocytes into plasma cells.

Lymphocytes T are involved in the adaptive immune system by stimulating or

inhibiting antibody production by B-lymphocytes and in cell-mediated immunity by the
secretion of cytokines or lymphokines. They mature in the thymus (primary lymphoid organ).
They are classified into different categories according to their membrane receptor expression:

CD4+ or T helpers, CD8+ or T suppressors or cytotoxic.

3.2. Leukaemia
Leukaemia is a malignant haematological disorder characterized by the uncontrolled
proliferation of white blood cells in the bone marrow. Malignant cells are characterized by the
inhibition of their differentiation during the hematopoietic process. The transformation of
leukemic cells is frequently associated with the accumulation of mutations, chromosomal

translocations and epigenetic changes (Sachs L, 1985).

3.2.1. Leukaemia classification
Leukaemia is classified in four major types according to the rate of disease change (acute or
chronic) and the cell lineage (lymphoblastic or myelogenous). Chronic leukaemia is
characterized by a long clinical course (several years) by proliferation or accumulation of
cells in the bone marrow at advanced stage of their proliferation. If the cell proliferation
concerns lymphocyte cells, leukemia is called chronic lymphocytic and if it involves myeloid
cells it will be referred to as chronic myelogenous. Acute leukaemia is characterized by a
rapid clinical progression and proliferation first in the bone marrow then in the blood; cells
are blocked at an early stage of their differentiation. As chronic leukaemia, depending on the

origin of the blast, acute leukaemia (AL) is divided in acute myeloid leukaemia (AML) and
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acute lymphoblastic leukaemia (ALL). ALL are more frequent in children (80% of AL)

whereas AML occur mainly in adults around 60s.

Leukaemias were historically classified based on the French, American and British (FAB)

classification system, in the 70’s. This classification is based on cytological criteria. A new

classification was proposed by the WHO (World Health Organitation) in 1999, taking into

account morphological, cytological, cytochemical and cytogenetic data. The following table

(Table 3) summarizes this classification:

Chronic Chronic Proliferation of mature granulocytes
Leukaemia | myeloid leukaemia (neutrophils, eosinophils and
(CML) basophils). Characteristic
chromosomal translocation called the
Philadelphia chromosome (where a
portion of chromosome 22 binds to
chromosome 9). Appears more
commonly in the elderly with a
median age at diagnosis of 65 years.
Chronic lymphoid B cell lymphocytes affection by its
leukaemia (CLL) high presence. More present in adults
older than 60 years
Acute Acute myeloid AML with t(8; Formation of a fusion protein,
leukaemia leukaemia (AML) | 21)(q22; q22) | AMLI1-ETO or RUNXI-RUNXITI.
(with recurrent M2) Affects the adult population
genetic principally.
abnormalities) AML with Presence of myelomonocytic blasts
the most frequent | inv(16)(p13q2 and atypical eosinophils by gene
2) or fusion CBF-beta/MYH11. Present in

t(16;16)(p13
;422) (M4Eo)

adults and children.

AML with
t(9;11)(p22;92
3) (M5)

Hight presence of monocytic cells
by the gene fusion MLLT3-MLL.
This AML type is sub-divided based
on morphology into M5a
(predominantly monoblasts) and
M5b (mixture of monoblasts
and promonocytes)

APL{(15; 17)

(922;q12)
(M3)

Accumulation of
immature granulocytes called
promyelocytes with gene fusion
PML-RARA. Affects the median
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age, approximately 30—40 years.
AML with In FAB classification this leukaemia
t(6;9)(p23;q34 | type is associated with M2, but in
) (M2) this case the chromosome
translocation is different and give
different gene fusion, DEK-NUP214
but has a poor prognosis compared
to the t(8;21).
AML with They present the gene fusion RPN1-
inv(3)(q21q26. | EVII, which cause hyperplasia with
2) or dysplasia of megakaryocytes with a
t(3;3)(q21;926. poor prognosis.
2)
AML with It is a form of leukaemia where a
t(1;22)(p13;q1 majority of the blasts are
3) (M7) megakaryoblastic. Determinated by
the gen fusion RBM15-MKLI. Its
presence is increased in individuals
with Down Syndrome.
Acute B-cell It is characteristic for the presence of
lymphoblastic lymphoblastic | many B-cells lymphoblasts found in
leukaemia leukaemia the blood and bone marrow. It is
(ALL) classified in different types,
depending in chromosome
translocation: t(9;22)-BCR/ ABL;
t(v;11923)-MLL rearrangement;
t(1;19)-E2A/PBX1; t(12;21)-ETV/
CBFa; t(17;19)-E2A/HLF. It is
principally present in childrens from
1-5 years.
T- Consists in a high presence of T-
lymphoblastic | cells lymphoblasts. It is principally
leukaemia present in children in oldest ages.

My PhD work was focused on acute promyelocytic leukaemia.

3.2.2. Acute Promyelocytic Leukaemia (APL)
Acute Promyelocytic Leukaemia (APL) is a subtype of AML M3 (Acute Myelogenous
Leukaemia) according to FAB classification. APL represents 10% of AML (Douer D, 2003).
This leukaemia was first described by Hillestad (Hillestad LK, 1957) as a fatal disease with an

aggressive course and short duration. It is characterized by the occurrence of sudden
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haemorrhages mainly caused by coagulation disorders due to thrombocytopenia, which comes
from an excessive consumption of platelets and bone marrow failure. There is diminished
platelet count and abnormal accumulation of immature undifferentiated granulocytes called
promyelocytes. APL reached all ages with equal incidence in men and woman. In France,
about hundreds of new cases for year are counted. If no therapy is administered quickly, this

illness leads to death, associated with severe coagulopathy leading to a stroke.

3.2.2.1. APL molecular pathology
In 1977, Rowley et al identified the reciprocal t(15:17) translocation as the Hallmark of the
pathology (Rowley JD et al., 1977). Later, de Thé et al discovered the fusion of the unknown
promyelocytic leukaemia (PML) gene on chromosome 15 to the Retinoic Acid (RA) Receptor
o (RARa) gene on chromosome 17, resulting in the chimeric gene encoding PML-RARa

fusion protein (de Thé H et al., 1990) (Figure 16).

17 17q9-

Figure 16. Representation of the reciprocal translocation t(15;17)(q24;q21) specific to
the APLs bringing the PML and RAR genes in contact. Adapted from Chauffaille ML et
al., 2001 and Legiies ME et al., 2002.

Since then, other translocations have been identified, representing 2% of the APL cases. They
all involve RARa gene in APL patients and one of the following genes: Zinc Finger and BTB
domain containing 16 (ZBTB16) (Najfeld V et al, 1989; Sainty D et al, 2000);
NucleoPhosMin (NPM) (Corey SJ et al., 1994); NUclear Mitotic Apparatus protein 1
(NUMAT1)(Wells RA et al., 1996); Signal Transducer and Activator of Transcription 5B
(STATSB) (Jonveaux P et al., 1996); BCL6 CORepressor (BCOR) (Yamamoto Y et al.,
2010); PRotein Kinase, cAMP-dependent PRotein Kinase type I-alpha regulatory subunit
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(PRKARI1A) (Catalano A et al., 2007); Factor Interacting with PAPOLA and CPSFI
(FIP1L1) (Buijs A and Bruin M, 2007; Kondo T et al., 2008); Nucleic acid-binding protein 1
(NABPI) (Won D et al., 2013) (Figure 17).
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Figure 17. Schematic representation of the various partner genes of RARA in the APL.
PML: Promyelocytic leukemia; ZBTB16: Zinc finger and BTB domain containing 16; NPM:
Nucleophosmin; NUMAT1: Nuclear mitotic apparatus protein 1; STATSB: Signal transducer
and activator of transcription 5B; BCOR: BCL6 corepressor; PRKAR1A: cAMP-dependent
PRotein Kinase type I-alpha regulatory subunit; FIP1L1: Factor interacting with PAPOLA
and CPSF1; NABP1: Nucleic acid-binding protein 1. cc: Coiled-coil domain; D: Dimerization
domain; O: Oligomerization domain; OB-fold: OB-fold—nucleic acid binding domain; POZ:

BTB/POZ domain. Adapted from De Braekeleer E et al., 2014.

3.2.2.1.1. Role of PML
The PML gene (Promyelocytic Leukaemia) is located on chromosome 15 and is expressed
ubiquitously. It codes for the PML protein mainly localized in nuclear bodies called PML —
nuclear bodies (NB), nuclear domain 10 (ND10), or PML oncogenic domains (PODs) (Zhong
S et al., 2000). Alternative splicing of PML gene leads to seven isoforms of PML that is a
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member of the TRIM family (TRIpartite Motif). PLM expression is controlled by STAT3
(Signals Transducers and Activators of Trasncription 3) and IRF3 (IFN Regulatory Factor 3).
(Bernardi R and Pandolfi PP, 2007) and is essential to NBs genesis (Ishov AM et al., 1999).
The PML protein has been described as a tumour suppressor and is involved in several
processes such as apoptosis, senescence, DNA repair, transcriptional regulation,
differentiation and immunity in the case of viral infections (Strudwick S and Borden KL,
2002). PML overexpression leads to the cell growth arrest and knock out cell lines show a
dramatic increase in their proliferation (Ruggero D et al., 2000). Some of PML roles depend
in the accumulation of the protein in PODs or PML NBs and the recruitment of specific
proteins. For example, the recruitment of hMrel 1/Rad50/NBS1 repair complex involved in

DNA repair (Zhou W and Bao S, 2013).

3.2.2.1.2. RARa and granulopoiesis

Retinoid signalling plays an important role in the development and the differentiation of
several tissues such as the musculoskeletal and central nervous systems, the heart and
respiratory systems, the eye and the hematopoiesis (Mark M et al., 1999; Ross SA et al.,
2000). In different cell lines, it has been shown that retinoids are involved in the terminal
differentiation of neutrophils (Mehta K et al., 1996; Shiohara M et al., 1999; Nagy L et al.,
1995; Idres N et al., 2001; Benoit G et al., 1999; Ricote et al., 2006; Taschner S et al., 2007).
Retinoid Acid (RA) is a vitamin A metabolite, which is present in the serum with
physiological concentrations varying from 1 to 10 nM. It binds to specific nuclear receptors,
retinoid (RAR) and rexinoid (RXR) which are encoded by three genes giving rise to related
isoforms a, B and y having a more or less similar expression pattern (Mangelsdorf DJ and
Evans RM 1995). Both RAR and RXR are activated upon binding with ATRA (All-trans
retinoic acid) and 9-cis-retinoic acid with a different affinity (Heyman RA et al., 1992). RAR
and RXR bind together to form an heterodimer (Melnick A et al., 1999). RXR has been
identified as co-regulators and are required for an efficient binding of RAR to their target
(Hallenbeck PL et al., 1992; Leid M et al., 1992; Yu VC et al., 1991). Like other nuclear
receptors, RARs contain different evolutionary conserved domains. Among them, the DNA
binding domain that binds to Retinoic Acid Response Element (RARE) located in the
promoter elements of retinoid target genes (Chambon P, 1996), the ATRA binding domain,
the Retinoid X Receptor Alpha (RXRA) dimerization site and the nuclear co-repressor and
co-activator binding sites (Nagpal S et al., 1993).
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In the absence of RA ligand (Figure 18A), the RAR/RXR heterodimer recruits co-repressors
such as Nuclear receptor CO-Repressorl (NCOR1) and Silencing Mediator of Retinoid and
Thyroid receptor (SMRT also named NCOR?2) allowing the interaction with the Histone
DeACetylases (HDAC)-containing Sin3A complex (Horlein AJ et al., 1995) and Polycomb
Repressive Complex 2 (PRC2) (Gillespie RF and Gudas LJ, 2007). Histone deacetylation
causes chromatin condensation and transcription repression (Pazin MJ and Kadonaga JT,
1997). Binding of ATRA to RARa (Figure 18B) induces a conformational change in the
heterodimer causing co-repressor disruption and the sequential recruitment of coactivators
complexes such as Nuclear receptor CO-Activator 1 (NCOA1; also known as SRC1), NCOA2
(also known as SRC2) or NCOA3 (also known as SRC3). These co-activators recruit Histone
AcetylaseTransferase (HAT) complexes and Trithorax proteins, which cause histone
acetylation leading to chromatin relaxation and allowing transcription activation of target
genes implicated in myeloid differentiation (Mclnerney EM et al., 1998; Kashyap V and
Gudas LJ, 2010).

Transcription
activated

Figure 18. RA signalling mechanism. Retinoic acid (RA) binds to RA Receptor (RAR)
which form a heterodimer complex with Retinoid X Receptor (RXR) and binds to RA
Reponse Elements (RAREs) near target genes. (A) The absence of RA allows co-repressors as
Nuclear receptor CO-Repressor (NCOR) family to bind to RAR and recruit repressive factors
such Polycomb Repressive Complex 2 (PRC2) and Histone DeACetylases (HDAC), (B)
whereas the presence of RA releases co-repressors and permits co-activators recruitment of
the Nuclear receptor CO-Activator (NCOA) family to bind to RAR and recruit activating
factors such as Trithorax and histone acetylase (HAT). Adapted from Cunningham TJ and
Duester G, 2015.

It is important to notice that activation of RARs in the absence of RA ligand has been reported

during different stages of myelopoiesis (Collins SJ, 2002). In these cases, RAR interact with

transcription factors such as STAT proteins, the PKA receptor. Moreover some hematopoietic
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cytokines (IL-3, GM-CSF, IL-1) enhance the transcriptional activity of RA receptors through
the JAK//STAT pathway (Nakamaki T et al., 1994).

3.2.2.1.3. PML-RARa induced APL
The chromosomal translocation t(15;17) leads to the expression of a fusion protein containing
a N-terminal portion of the protein PML and a C-terminal portion corresponding RARa (de
Thé H et al., 1990). There are three variants of the fusion protein PML-RARa according to
three different points of break in the PML gene. There is a short form (PML- RARaS), a
middle form (PML-RARaM) and a long form (PML-RARaL). These forms are present in
respectively 70 %, 20% and 10% of patients with APL (Pandolfi PP et al., 1992). Show in the
Figure 19, PML-RARa has the same affinity as RARa for ATRA and conserves both the
DNA binding and the heterodimerization properties of each original protein. However, the
APL fusion protein has altered DNA binding properties and can bind RAREs as homodimer
(Perez A et al 1993). Moreover, it has dramatic increased ability to bind to co-repressors
NCOR1 and SMRT rendering ATRA physiological doses (10°-10® M) inefficient to
dissociate the complexes, leading to apply pharmacological ATRA doses. The fusion protein
behaves as an aberrant transcriptional repressor on RA target genes. In addition PML-RAR«
can bind multiple NCOR/SMRT complexes (Lin RJ and Evans RM, 2000; Minucci S et al.,
2000) leading to an increased concentration of HDAC complex on the target gene, enforcing
DNA deacetylation, and enhanced transcription repression in the presence of physiological
concentration of RA (Di Croce L et al., 2002). Addition of pharmacological concentrations of
ATRA greater than 10 M does not only release the co-repressors and stimulates the genes of
myeloid differentiation (Licht JD, 2006), it also degradate the PML-RARa fusion protein and

allows the restoration of the retinoid signaling.
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Figure 19. Promyelocytic leukaemia (PML) and retinoic acid receptor-a (RARa) protein
fusion. PML-RARa binds and repress RARa target genes by recruitment of co-repessors and
the HDAC (Histone Deacetylase), which causes histone deacetylation and transcription
repression. Pharmacological Retinoic acid (RA) converts PML-RARa into an activator and
restores differentiation by the recruitment of Co-activators and HAT (histone

acetyltransferase). Adapted from de Thé H and Chen Z, 2010.

Additional investigations suggest that the origin of APL is multifactorial. The PML-RAR«
protein is not only involved in the repression of RARa target genes. It has been observed that
the expression of PML-RARa in myeloid cells in transgenic mice promotes only 15 to 20% of
the development of APL after a long period of latency (6 to 13 month) (He LZ et al., 1997). It
has been shown that secondary events like affection on FLT3 or RAS are required for the full
development of APL phenotype (Sohal J et al., 2003; Chan IT et al., 2006). Martens et al.,
showed that PML-RARa can bind 3000 sites on DNA corresponding to genes that encode
proteins involved in the regulation of the cell cycle, differentiation, apoptosis, metabolism and
protein synthesis (Martens JH et al., 2010). In some cases PML-RARa binding to DNA sites
1s more or less affected by interactions with Polycomb Repressor Complex (PRC1 and PRC2)
proteins. These complexes induce chromatin remodelling, transcription repression. PRC2 is
involved in the maintenance of stem cells by repressing the transcription of genes involved in
the differentiation (Villa R et al., 2007). And finally PML-RARa inhibits various functions of
PML described previously as its role in apoptosis and senescence, by the inhibition of POD
formation and modifying the activity of p53 and AKT (Koken MH et al., 1994; Trotman LC
et al., 20006).

3.2.2.2. APL cellular model: NB4 cells
The NB4 cell line is a permanent cell line first described by Lanotte in 1991, derived from the
marrow of a 20-years-old woman with APL in the second relapse. The cells are hypergranular

promyelocytes in GO/GI phase and the karyotype complexity is characterized by the t(15;17)
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chromosomal translocation with the expression the variant L of PML-RARa, hypotetraploidy
with loss of several chromosomes, rearrangement of chromosome 19 and simultaneous
expression of myeloid and T cell markers (Lanotte M et al., 1991). It has been reported that
NB4 cells in presence of 5 umol/l of ATRA during three days can be differentiated in
myelocytes (Khanna-Gupta A et al., 1994).

Therefore this cell line has been chosen for my PhD work because 1) It is the cell line of
choice, the closest to APL by comparison to other cell lines (HL60 and PL21) (Drexler HG et
al., 1995), 2) The treatment with 1uM ATRA allows its differentiation like in vivo. 3) After 4
to 6 days of treatment the cells are totally differentiated being similar to neutrophils and

conserving the active functions of neutrophils (Grégoire C et al., 1998).

3.2.2.3. APL Treatment strategies and side effects
3.2.2.3.1. ATRA / Chemotherapy strategy

In the early 70s monochemotherapy (daunorubicin) was the only treatment practiced with a
65% remission and only 35-45 % of 5 years event-free survival was obtained (Bernard J et al.,
1973; Tallman MS et al., 2002). But patients developped coagulopathies causing patients
death. A combination of chemotherapeutic agents (anthracycline, daunorubicin, idarubici and
cytarabine) was tested and showed similar patients outcomes. The complete response rate was
55-73% and the survival after treatment did not exceed 2 to 5 years for the majority of
patients.

In the mid-1980s, since ATRA was reported to induce in vitro differentiation of the terminal
APL cells, its introduction as a cancer differentiation inducer and therefore a therapeutic agent
improved the outcome of de novo patients. To induce differentiation, ATRA acts at different
levels (Figure 20): 1) it converts PML-RARa into a transcriptional activator permitting
differentiation (de Thé et al., 2012), 2) few minutes after ATRA treatment, there is an increase
of cAMP level upregulating cAMP-dependent protein kinase (PKA). PKA permits the RARa
phosphorylation and triggers its activation or degradation (Zhao Q et al., 2004; Nasr R et al.,
2008), 3) the degradation of PML-RARa by the proteasome after ubiquitination (Zhu J et al.,
1999) and autophagy (Isakson P et al., 2010). The degradation of the PML-RAR« allows the

reformation of nuclear bodies and restores various functions of PML, such as apoptosis.
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Figure 20. Effects of ATRA on APL cells. ATRA induces differentiation by conversion of
PML-RARa into a transcriptional activator thanks to Nuclear receptor CO-Activator (NCOA)
recruitment and regulation of cAMP-PKA signaling pathway. Besides ATRA could degradate
PML-RAR« oncoprotein as well.

But only 77% of patients had a complete remission and the remission durations were short.
Moreover this treatment induces side effects. During this induction approximately 25% of the
patients could develop the Retinoic Acid Syndrome (RAS) also known as differentiation
syndrome. It is the main complication for APL patients treated with ATRA. During the
treatment a massive accumulation of differentiated cells in the blood cause various side
effects. The characteristic symptoms of this disease are respiratory distress, the appearance of

fever, weight gain, pulmonary infiltrates and vascular leak syndrome causing renal failure and
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pleural and pericardial effusion. 2% of the RAS affected patients dyed. In the case of RAS,
patients are treated with glucocorticoids such as dexamethasone until the complete
disappearance of symptoms. Subsequently, treatment with ATRA was associated with
chemotherapy for 95% of complete remission in patients with survival without disease for 5
years in 50-75% of cases (Tallman MS et al., 2002; Coombs CC et al., 2015). It is known that
the use of chemotherapy with ATRA reduces RAS incidence, to 9-2% of patients (De Botton
S et al., 2003). But chemotherapy obviously adds associated complications. The causes of
RAS are not currently fully understood. However, the APL cells treated with ATRA release
inflammatory cytokines, such as interleukin IL-1B, IL-6, IL-8 and Tumor Necrosis Factor
alpha (TNF-a) (Dubois C et al., 1994). Moreover these mature cells also release cathepsin G,
a serine protease that is involved in endothelium damage (Seale J et al., 1996). It has also
been suggested that ATRA would induce changes in the adhesive properties of APL cells
promoting the aggregation of promyelocytes, mediated by interaction of adhesion molecules
such as InterCellular Adhesion Molecule 2 (ICAM2) and Lymphocyte Function-associated
Antigen 1 (LFAT1) (Larson RS et al., 1997).

Moreover, after ATRA treatment, relapse cases have been described suggesting the resistance
to ATRA. It has been shown that continuous ATRA treatment was associated with a marked
decrease in plasma drug concentration due to mutations in retinoic acid receptors or
alterations in the expression of CRABP (act to sequester ATRA) or the development of
enzymes responsible for catabolic drug conversion. (Muindi J et al., 1992). Some mutations
have been reported in the ATRA binding domain of PML-RARa (Duprez E et al., 2000).
ATRA resistance could also be linked to the alteration of signaling pathways necessary for the
granulocytic differentiation. It has been shown that in resistant APL cells, retinoid can
associate with agonists of protein kinase cAMP (PKA) (Ruchaud S et al., 1994).
Consequently a defect in cAMP/PKA pathways in APL cells could involve cell resistance to
ATRA treatment.

3.2.2.3.2. Arsenic Trioxyde (ATO) strategy
In 1990, the trioxide arsenic (ATO) was introduced with a high Complete Remission rate (73-
85%) and a relatively long-term remission. But the use of ATO in relapsed patients after
treatment with ATRA induces complete remission in 95% of cases (Niu C et al., 1999). These
results indicate that ATO could be efficient to treat APL patients with relapses after treatment
with ATRA. In vitro, ATO treatment induces two different effects depending on the dose
(Figure 21). At high doses (0.5 to 2 micromol/L), it induces apoptosis whereas in lower
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concentrations (0.1 to 0.5 micromol/L) it induces cell differentiation (Chen GQ et al., 1997).
In the patients, the treatment with ATO induces incomplete differentiation and high cell
apoptosis. At the molecular level, treating the cells by ATO causes cell death by apoptosis, by
the downregulation of bcl-2 gene expression at both mRNA and protein levels, and
modulation of the PML staining pattern (Chen GQ et al., 1996). More recently, it has been
demonstrated that ATO causes a decrease of the mitochondrial transmembrane potential
(Aym) and the opening of mitochondrial permeability transition pore (PTP) by targetting the
voltage-dependant anion channel (VDAC), a component of the protein complex regulating
PTP, and releasing cytochrome ¢ with other apoptosis-inducing proteins (Zheng Y et al.,
2004). Also the apoptosis by ATO is caused by the accumulation of reactive oxygen species,
c-Jun N-terminal Kinase (JNK) activation and the inhibition of Nuclear Factor-KappaB (NF-
«kB) (Chou WC et al., 2004; Davison K et al., 2004; Mathieu J and Besancon F, 2006). Finally
the ATO causes the degradation of PML-RARa by UBC9 (SUMO-ligase) triggering the
degradation of PML-RARa by RNF4 polyubiquitination and final proteasome degradation
(Lallemand-Breitenbach V et al., 2008) and also by autophagy (Isakson, P et al., 2010).
Currently, the standard treatment is the combination of ATRA with chemotherapy
(anthracyclines) for a complete remission of 90% of patients. And the use of ATO in relapse

cascs.
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Figure 21. Effects of As;O3; on APL cells. As;O; action depends on its dose. Low dose (<0.5
uM) of As;O; mediates differentiation of APL cells by degradation of PML-RARa
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oncoprotein by sumoylation. On the other hand, a high dose of As,Os initiates apoptosis by
opening mitochondrial permeability transition pore (PTP) and releasing cytochrome ¢ and
other pre-opoptotic factors. Also the downregulation of blc-2 and accumulation of reactive
oxygen species, c-Jun N-terminal Kinase (JNK) activation and the inhibition of Nuclear

Factor-KappaB (NF-kB) give cell apoptosis. Adapted from Shen ZX et al., 2004.

3.2.2.3.3. Other reported secondary effects
Some cases of PseudoTumor Cerebri (PTC) have been reported in early phase of ATRA
treatment, mostly in children. The exact reason for this complication is not known. One of
them could be the existence of retinoid receptors and related cytoplasmic binding proteins in
the nervous system (Ruberte E et al., 1993). Also it has been postulated that in children there
is a reduction of RAR expression and also a change in RAR response to retinoid stimulation

in central nervous system (Visani G et al., 1996).
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Treatment with ATRA / ATO and chemotherapy causes new medical problems as HTN,
cardiac disease, renal insufficiency, DM, haematological disorders, pulmonary disorders and
neurological disorders. And finally second malignancies as breast cancer (Eghtedar A et al.,
2015). Furthermore, cells having a chromosomal translocation PLZF-RAR are not very
sensitive to ATRA compared to those expressing PML-RAR translocation. This difference
can be explained by the fact that PLZF-RAR, compared to PML-RAR, binds stably with
PRC1 preventing its release during ATRA treatment blocking the transcription of genes
involved in the granulocytic differentiation (Boukarabila H et al., 2009).
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Materials and Methods

1. Cell culture

The NB4 APL cell line was a gift from Pr. H. de Thé (Hopital St Louis, Paris, France). NB4
cell suspensions were grown at 37°C and 5% CO? in RPMI with 1% L-Glutamine (Gibco),
1% Penicillin/Streptomycin (Gibco) supplemented with 10% decomplemented FBS for 30
min at 56°C (Sigma). Cell differentiation was induced by the addition of 10uM ATRA
(Sigma) or 10uM DMSO (Sigma) to the culture medium during different periods of time (0,
24, 48, 72, 96, 120 and 140 h) in a confluent max value of 10’cells/ml. Cell adhesion to the
bottom of the flask indicated that NB4 cells were definitively in the differentiation process.

2. Cell coloration

Firstly the cell suspensions were concentrated at 0,3x10° cells/ml in 150p] of medium
then placed in a cytospin chamber. The cells were spun down at 440 rpm for 10 min on glass
slides, air-dried during 30 seconds and processed for May-Griinwald Giemsa R (RAL
diagnostics) staining as follow: during 3 min samples were stained with pure May-Griinwald,
then with 50% May-Griinwald during 3 more min and finally with Giemsa R during 10 min.
At the end of the staining, the slides were then washed in distilled water during 30 seconds
and air-dried. Pictures of the cells were taken with a Trybun microscopy setup at x40

magnification.

3. UV Cross-Linking Immunoprecipitation (CLIP) of RIG-I/RNA complexes

The UV cross-linking method, originally described by Ule et al., is able to define sites of
direct contact between RNA and protein (Ule J et al., 2003). This method is based on the
intrinsic photoreactivity of nucleic acids bases such as pyrimidines, and some amino acids
such as cysteine, lysine, phenylalanine, Tryptophane, or tyrosine at 254 nm (Brimacombe R et
al., 1988; Hockensmith JW et al., 1986; Shetlar MD et al., 1984). UV cross-linking does not
cross-link proteins to proteins in contrast to formaldehyde that induces multi molecular
chemical bridges. UV CLIP is therefore specific for nucleic acids-protein interactions
(Greenberg JR, 1979). Moreover, this method has several advantages over other methods. It is
performed on live and intact cells, reflecting unperturbed in vivo environment. The UV cross-
linking results in an irreversible covalent bound allowing to remove unspecific co-

immunoprecipitated partners during further steps, and to partially digest the interacting RNA
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into shorter nucleic acid to facilitate identification. The major drawback of the method is the
low amount of purified RNA at the end of the multi-step protocol. Several successful CLIP
studies have been undertaken and to identify the nature of the co-immunoprecipitated RNA,
next-generation high throughput sequencing method is generally applied to CLIP, termed
HITS-CLIP.

3.1. UV cross-linking
The UV cross-linking was performed at each time of treatment with/without ATRA or DMSO
(a control was performed without UV cross-linking). Cells were harvested either by
recovering the cell suspension or by trypsination of adhesive cultures, followed by ice cold
PBS washes. Then 2x107 cells for each culture condition were set up in 15 cm tissue culture
dishes lid off, on ice and cross-linked with UVC (254 nm) at 400mJ/cm2, in a UV crosslinker
1800 Stratagene in 10ml of ice cold 1X DPBS (no Ca2+, no Mg2+). The irradiated cells were
transferred into 15ml tube, centrifuged at 2000rpm for 10 min, pelleted in eppendorf tube in a
final concentration of 10® cells/eppendorf. The pelleted cross-linked cells were frozen in
liquid nitrogen and stored at -80°C until further use, if not processed the same day for lysis

and immunoprecipitation.

3.2. Preparation of antibodies-conjugated beads

Protein A sepharose beads (50ul, GE Healthcare) were washed 3 times with lysis buffer
(10mM Tris-HCI pH 7.4, 2.5 mM MgCl,, 150 mM NaCl, 0.5% NP40, 2 mM DTT 2 mM,
EDTA 0.5 mM), at 4°C and incubated with 5ug of rabbit polyclonal anti RIG-I antibody
(Millipore), during 4h at 4°C under rotation. Then, to remove unbound antibodies, the
antibodies-conjugated beads were washed 3 times with 500pul of lysis buffer and by 10 min
centrifugation at 13000 rpm at 4°C.

Just before immunoprecipitation, to avoid co-elution of antibodies with protein-RNA
complexes, antibodies were cross-linked to the beads according to Lamond lab protocol
(http://www.lamondlab.com/newwebsite/Protocols%20for%20Website/Covalently%20Conju
gate%20Antibody%20t0%20Beads.pdf). Antibodies-conjugated beads were washed twice
with sodium borate 0,1M (pH 9) and centrifuged 10 min a 13000rpm at 4°C. Then incubated
two times with 20mM DMP (Cross-linking reagent: Dimethyl pimelimidate) and sodium
borate 0,1M for 30min at room temperature under rotation. Finally the antibodies-conjugated
beads were washed twice with 50mM glycine (pH 2.5), centrifuged 10 min a 13000 rpm at
4°C and three times with lysis buffer.
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3.3. Cell lysates preparation
The cell pellet was resuspended and disrupted in 500ul ice-cold lysis buffer (10mM Tris-HCI
pH 7.4, 2.5 mM MgCl,, 150 mM NaCl, 0.5% NP40, 2 mM DTT 2 mM, EDTA 0.5 mM,
proteases inhibitor cocktail 1X (Millipore), RNasin 1:100 (Promega), RQ1 DNase 1:50
(Promega)). Cell lysis was performed during 40 min, vortexing every 2-3 minutes. The cell
extract was centrifuged at 13000 rpm, at 4°C for 25 min to spin down the cell debris.
Bradford assay was performed on the soluble fraction and 1 mg of total proteins was

processed for immunoprecipitation and 50ug in Western Blot.

3.4. Immunoprecipitation
The 1mg cell lysate prepared as above was pre-cleared by incubation with 50ul Protein A
Sepharose beads for 10min at room temperature vortexing every 2-3 minutes, then added to
the 50pl antibodies-conjugated beads in a final volume of 500 pl and incubated overnight on a
rotating wheel at 4°C to immunoprecipitate the RNA-RIG-I complexes. The following day,
the immunoprecipitated RNA-RIG-I beads complexes were washed 3 times with lysis buffer
and centrifuged each time 10 min at 13000 rpm at 4°C. For each time point and drug
treatments controls were performed without antibody. At this step of the protocol a western
blot was performed with 50ug of immunoprecipitated proteins to check the presence of the

protein.

3.5. Radiolabelling and elution of the crosslinked RNA-RIG-I complexes
The immunoprecipitated RNA-RIG-I-beads complexes were washed with T4 PNK buffer (70
mM Tris-HCI pH 7.6, MgCl12 10 mM, DTT 5 mM), resuspended in 20ul of T4 PNK buffer
(Biolabs), treated with T4 PNK enzyme (10 U, Biolabs) and 0.5ul yPSzATP (10 mCi/ml, 3000
Ci/mmol, Perkin Elmer) at 37°C for 20 min. The beads were then washed 3 times with 500ul
of PNK buffer. Elution of the radiolabeled complexes was performed by incubation in lysis

buffer with SDS (1%) at 37°C for 10 min.

3.6. Enzymatic treatment of immunoprecipitated complexes
To demonstrate the presence of RNA or protein in the complexes after elution,
immunoprecipitated complexes were treated either by 0,0lmg RNAse A (Macherey Nagel)
during 20min at 37°C or 2mg/ml Proteinase K (Euromedex) during 45min at 55°C.
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3.7. Gel migration and revelation

To denature secondary RNA structures, samples were loaded on 8% polyacrylamide/urea gels
(Polyacrylamide/Urea 25% (19:1 for sequencing nucleic acids or 37.5:1 for protein
electrophoresis, 8M Urea, 10X TBE, 10% APS and 1% TEMED) and run in TBE buffer at
200V either at 4°C or 20°C, during 4 to 7 hours. Migrations were also performed with 8%
SDS page gel, to denaturate proteins (resolving gel: Running buffer pH 8.8 (1.5M Tris and
0.4% SDS), 40% Acrylamide 37:1, 10% APS and 1% TEMED,; stacking gel: Stacking buffer
pH 6.8 (0.5M Tris and 0.4% SDS), 40% Acrylamide 37:1, 10% APS and 1% TEMED) These
gels were run in 10X Electrode Running buffer (30g/L Trisbase, 144g/L. Glycine and 10g/L
SDS) at 150V and room temperature for 1 hour. Finally the samples were also run in a
8%Nupage gels, which denatures the proteins but have a neutral pH environment that
minimizes protein modifications (1M BisTris pH:6.5, 40% Acrylamide 37:1, 10% APS and
TEMED) In this case, gels were run in 5X High-MW running buffer (250mM MOPS, 250mM
TrisBase, SmM EDTA, 0.5% SDS) and 200X Running buffer reducing agent (1M Sodium
bisulfite) at 150V at RT for 1 hour. After migration, the gels were directly exposed overnight
on an X- ray film (Fujifilm) at -80°C, and the following day the film was processed for
development to see the RNA-RIG-I complexes.

3.8. Western Blot
The western blots were performed just after cell extract preparation or immunoprecipitation.
The samples were denatured in 6x blue loading buffer (Tris pH 6.8 0.375M, SDS 12%,
glycerol 60%, DTT 0.6M, bromophenol blue 0.06%) for 8min at 90°C, then loaded on 10%
SDS page-gel (Running buffer pH 8.8 (1.5M Tris and 0.4% SDS), 40% Acrylamide 37:1,
10% APS and TEMED) (Stacking buffer pH 6.8 (0.5M Tris and 0.4% SDS), 40% Acrylamide
37:1, 10% APS and TEMED) run in 10X Electrode Running buffer (30g/L Trisbase, 144g/L
Glycine and 10g/L SDS) at 150V during 1h 30min at room temperature. The semi-dry transfer
was performed at 15V during 30min, on nitrocellulose membrane 0.2um Amersham (GE
Healthcare Life Sciences). Membranes were blotted with a polyclonal anti RIG-I antibody (at
1/1500 for 2.30hours, Millipore) and an anti rabbit IgG HRP linked antibody (at 1/2000 for
1.30hours, Cell Signaling). The result was visualized by exposing the membrane to ECL and
autoradiographic film (GE Healthcare), then analysed with ChemiDoc XRS (BioRad).

Quantifications were performed with ImagelLab (BioRad) software.
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4. RIG-I/partner proteins complexes immunoprecipitation
4.1. Cell lysates preparation

Cells were harvested either by recovering the cell suspension or by trypsination of adhesive
cultures, followed by ice cold PBS washes. Then 2x10’ cells for each culture condition
resuspended and disrupted in 500ul ice-cold co-IP buffer (Tris-HCI pH 7.5 20mM, NaCl 137
mM, NP40 1%, EDTA 1 mM, proteases inhibitor cocktail 1X (Millipore)) during 30 min
vortexing every 5 minutes at 4°C. The cell extract was centrifuged at 1200g, 4°C for 25 min
to spin down the cell debris. BCA assay was performed on the soluble fraction and 2 mg of

total proteins was processed for immunoprecipitation.

4.2. Preparation of antibodies-conjugated beads
Protein A sepharose beads (20ul, GE Healthcare) were washed 1 time with 1x PBS at 4°C and
incubated with 15pg of rabbit polyclonal anti RIG-I antibody (Millipore) in co-IP incubation
buffer (Tris-HCI pH 7.5 20mM, NaCl 137 mM, EDTA 1 mM), during 4h at 4°C under
rotation. Then, the antibodies-conjugated beads were washed 3 times with PBS 1X to remove

unbound antibodies by centrifuging 10 min at 10000 rpm and 4°C.

4.3. Cross-linking antibodies to sepharose beads

Just before immunoprecipitation, to avoid co-elution of antibodies with protein-protein
complexes, antibodies were cross-linked to the beads according to Mayeux lab protocol
(https://www.institutcochin.fr/les-plateformes/proteomique/prestations/prestations/HP_Fixation AC
DMP.doc). Antibodies-conjugated beads were washed once with Bicarbonate pH 8 0.2M with
0.5M NaCl and centrifuged 10 min at 13000rpm at 4°C. Then incubated two times in 50ul of
ethanolamine 0,1M in Bicarbonate pH 8 0.2M for 1h at 4°C under rotation. Finally the
antibodies-conjugated beads were washed twice with 1x PBS then once with 50mM glycine
pH 2.8, then twice with co-IP buffer and finally once with co-IP with proteases inhibitor
cocktail 1X (Millipore), centrifuged 10 min at 13000 rpm at 4°C each time.

4.4. Immunoprecipitation
2mg of cell lysate prepared as above was pre-cleared by incubation with 75ul of Protein A
Sepharose beads for 10min at 4°C, then the entire pre-cleared lysate was added to the
antibodies-conjugated beads and incubated overnight on a rotating wheel at 4°C to

immunoprecipitate the protein-RIG-I complexes. The following day, the immunoprecipitated
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protein-RIG-I complexes beads were washed 3 times with 1x PBS and centrifuged each time

10 min at 13000 rpm at 4°C. Controls were performed without antibody.

4.5. Elution and TCA precipitation
Three consecutive elutions of the protein complexes were performed by incubation in 40ul of
0.1M glycine for 10 min at room temperature followed by the addition of 5ul of Tris-HCI pH
9.5 1M. Then the protein complexes were precipitated overnight at -20°C in 10% TCA and
centrifugated at 14000rpm and 4°C during 15min. Incubation with acetone was performed for
1h at -20°C vortexing every 20min. The precipitated protein complexes were centrifuged at
14000rpm and 4°C during 15min and the pellet was air dryed at room temperature during
30min. The pelleted proteins were solubilized in solubilization buffer (Urea 6M, Thiourea

1.5M, CHAPS 3%, DTT 0.06M) during 2h at 4°C votexing every 20min.

4.6. Western Blot

Western blots were performed just after cell extract preparation or immuniprecipitation. The
samples were denatured in 6x blue loading buffer (Tris pH 6.8 0.375M, SDS 12%, glycerol
60%, DTT 0.6M, bromophenol blue 0.06%) for 8min at 90°C, then loaded on 10% SDS-page
gel and run at 150V during 1h 30min at room temperature. The liquid transfer was performed
at 40V during 16h with 15% ethanol (0.75A during 1.2h), on nitrocellulose membrane 0.2um
Amersham (GE Healthcare Life Sciences). Membranes were blotted with a polyclonal anti
RIG-I antibody (at 1/1500 for 2,30 hours, Millipore) and an anti rabbit IgG HRP linked
antibody (at 1/2000 for 1,30 hours, Cell Signaling). The result was visualized by exposing the
membrane to ECL and autoradiographic film (GE Healthcare), then analysed with ChemiDoc
XRS (BioRad). Quantifications were performed with ImageLab (BioRad) software.

4.7. Silver staining
After migration, the gel fixation was performed overnight in 50% Methanol and 12% acetic
acid. After being washed three times during 20min with 50% Ethanol, the gel was sensitized
for Imin with a solution of Na,SO3;x5H,0 0.2g/L and three washes of 20 seconds in H,O.
The gel was then stained during 50 minutes maximum in staining solution (AgNO; 2g/L,
Formaldehyde 37% 0.7mL/L) and washed three times for 20 seconds in H,O. The gel was
incubated in the development solution (Na,COs; 30g/L, Formaldehyde 37% 0.25mL/L,
Na,;S03x5H,0 10mg/L) for 20-30min. To stop the reaction the gel was incubated during
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30min in Trizma base 50g/L and 2.5% acetic acid. Finally, it was washed twice for 10

minutes in H,O and stored in water with 10% glycerol.
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Results

1. Effect of ATRA on NB4/NB4R cells differentiation

Granulopoiesis is the process leading the myeloblast, unipotent stem cell of the bone marrow,
to differentiate into granulocyte. During this process the myeloblast gives successively rise to
5 different cell stages according to the following sequence: Myeloblast (Mb), ProMyelocyte
(PM), Myelocyte (Mc), MetaMyelocyte (MM), Polynuclear (PN) (Figure 22).

Identification of the different cell stages is allowed by staining with May-Griinwald-Giemsa.
Once the cells are transferred onto coverslips, the staining can be performed. May-Griinwald-
Giemsa staining is based on two neutral dyes: the May-Griinwald, which contains eosin (an
acidic stain) and methylene blue (a basic dye) and the Giemsa also containing eosin and
related azures (also basic dyes). The basic dyes carry net positive charges that consequently
stain nuclei (because of the negative charges of phosphate groups of DNA and RNA
molecules), granules of basophil granulocytes, and RNA molecules of the cytoplasm of white
blood cells. The eosin carries net negative charge and stains red blood cells and granules of
eosinophil granulocytes.

As a first step of my study, the effect of ATRA, which is known to induce differentiation, was
followed on the evolution of the NB4 cell differentiation by visualizing the cell aspect at
different times of treatment with the drug. As shown in Figure 22 and as expected, I could
observe all the differentiation stages after different times of treatment with the drug. In the
presence of ATRA the cells are supposed to show an extended morphology with a condensed
nucleus, characteristic of the PN morphology. After 72 hours of treatment, I could observe the
beginning of the cell adhesion. The morphological observation of the cells revealed that they

correctly differentiated.
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Figure 22. The different stages of differentiation in NB4 cells. NB4 cells were grown in the
presence of 10uM ATRA during different times, then stained with May-Griinwald-Giemsa

and observed with phase contrast microscope at 40X magnification.

To better characterize the evolution of the cell population during the drug treatment, and
monitor the effect of ATRA on NB4 cell line, I counted each maturating cell type for each
time of treatment. Comparison was made with DMSO application during the same treatment

time and is presented in Figure 23.
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Figure 23. Differentiation of NB4 cells treated with. (A) ATRA and (B) DMSO. The
graphs present the percentage of the different cell stages at different time points of treatment
(Oh (before treatment application) 24h, 72h and 120h). In dark blue the percentage of
Myeloblast (Mb), in red the ProMyelocyte (PM), in light purple the Myelocyte (Mc), in
orange the MetaMyelocyte (MM), in black the Polynuclear (PN) and in light blue the mitotic
cells (M).

As shown by the Figure 23A, a 24h treatment with ATRA induced a dramatic change in the
cell population where PM represented more than 90% of the culture and the number of
proliferative Mb is clearly diminished indicating that the differentiation process has started.
After 72h, whereas the proportion of PM decreases, three other cellular stages appear in the
culture Mc, MM and PN. At this time point of treatment cells are adherent. At this time of
treatment, it is confirmed that the differentiation process is therefore undoubtedly engaged
and some fully differentiated cells (PN) are present. However and as expected, they are far to
be predominant and the two previous stages of hematopoiesis (Mc and MM) are majority.
After 120h (or 5 days), PM cannot be observed anymore being replaced by Mc. Also MM
decrease to the benefit of PN, which increase. In the presence of DMSO (Figure 23B), starting
from 24h PM are majority in the culture throughout DMSO treatment until 120h and I could
never observe the presence of PN. Cell adhesion could be observed for a very small
proportion of cells which were mainly MM. Therefore I could verify that in our culture
conditions 10uM ATRA has released the differentiation block as soon as 72h allowing then to
obtain fully differentiated cells, PN. In the presence of DMSO, the solvent of the drug may
have triggered an incompleted and inefficient differentiation process. Treatment with ethanol
as an other drug solvent led to the same observations.

The NB4R cell line is a distinct type of maturation deficient subline, which was derived from
the ATRA sensitive NB4 line (Ruchaud S et al., 1994). The NB4R1 like the NB4 cells
express the PML-RARa« protein but their terminal differentiation is triggered by the addition
of cCAMP to ATRA treated cultures (Duprez E et al., 1996). We hypothesized that NB4R1
cells are an interesting tool as a control cell line in which some terminal differentiation

markers and RIG-I partners are not expected.
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Figure 24. Differentiation of NB4R cells treated with. (A) ATRA and (B) DMSO.
The graphs present the percentage of the different cell stages at different time points of
treatment (Oh (before treatment application) 24h, 72h and 120h). In dark blue the
percentage of Myeloblast (Mb), in red the ProMyelocyte (PM), in light purple the
Myelocyte (Mc), in orange the MetaMyelocyte (MM), in black the Polynuclear (PN)
and in light blue the mitotic cells (M).

As for NB4 cells, I followed the effect of ATRA on NB4R cells. With ATRA (Figure
24A) or DMSO (Figure 24B), NB4R are mainly mitotic or early maturing cells. After
72 hours of ATRA treatment NB4R enter also in the maturation process since a high
percentage of Mc (Myelocyte) and MM (MetaMyelocyte) are present. Therefore like in
the case of NB4 cells, ATRA releases the differentiation block. Cells become adhesive

and the differentiation process is maintained until 120 hours. However it is incomplete
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since PN are never observed. Therefore NB4R are sensitive to ATRA but they cannot
follow a complete differentiation process. In the presence of DMSO NB4R cells remain

mainly in early maturation stages.

2. Effect of ATRA on NB4 and NB4R proliferation

The effect of ATRA on cell proliferation was monitored in parallel to cell
differentiation in order to verify the impact of the drug treatments over time and
especially if the progressive differentiation is accompanied by an expected decrease of
cell proliferation. For this purpose, the number of cells collected from the flasks
(adhesive and suspension cells) was counted in the presence of ATRA and DMSO for

each time of treatment. The result is shown in Figure 25.
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Figure 25. Proliferation of (A) NB4 and (B) NB4R cells in the presence of ATRA or
DMSO at different time points of treatment.
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In the presence of ATRA, The number of NB4 (Figure 25A) as well as NB4R (Figure
25B) cells increases until 72 hours of treatment then stabilizes. On the other hand, in the
presence of DMSO both cell types keep proliferating constantly. Therefore, both cell
lines are sensitive to ATRA, which induces a real proliferation block in NB4 and NB4R

cells concomitant to the triggered differentiation.

Identification of RNA partners of RIG-I involved in the
proliferation/cell differentiation balance in the case of Acute

Promyelocytic leukemia (APL)

3. Expression of RIG-I in NB4 cells

We decided firstly to start the biochemical work on NB4 cells only. Before trying to
unmask RIG-I partners, it was important to make sure that RIG-I is correctly expressed
in the cells, during the differentiation of granulocytes induced by ATRA. Western blots
on total cell extract were performed in the same experimental conditions as further
experiments, after cell crosslinking at 254 nm to create or enhance the interaction
between the protein and the possible RNA partner. Then RIG-I expression was
estimated by ImagelLab (BioRad) software allowing the optical density quantification
for each band. Background was subtracted and the RIG-I presence was plotted relative

to the level of RIG-I at time zero.
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Figure 26. RIG-I in NB4 cells: western blot performed with: (A) 50ul of total cell
extract and (C) 50ul of immunoprecipitated RIG-I complexes. (B) and (D) show
respective quantification graph relative to Oh for each time point of treatment with

10uM ATRA or DMSO.

As shown by Figure 26A, a strong RIG-I signal was detected around 100-110 kDa after
48 hours of ATRA treatment (2 times higher than Oh) and a dramatic increase of the
protein is observed after 96 hours (3,7 times higher than Oh). In a much lower amount as
judged by the intensity of the signal, without any drug or after 48h of DMSO treatment
a light signal is observed around 100-110 kDa, which can correspond to the basal and
low expression level of RIG-I. Later after 96h in the presence of DMSO, a slight
increase of RIG-I band is seen (1,1 times higher than Oh), but is in no way comparable
to that of 96h treatment with ATRA (3,4 times higher than with DMSO). Therefore 1
could verify that RIG-I expression is upregulated during ATRA induced differentiation

of our NB4 cells. This result allowed me to proceed with immunoprecipitation of RIG-I
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and RIG-I complexes. As shown in Figure 26B by the 100-110 kDa band, RIG-I was

efficiently immunoprecipitated from cell extracts treated with ATRA.

4. Detection of RIG-I/RNA complexes in NB4 cells

To detect RIG-I complexes, we firstly decided to start working with NB4 cells. Cells
were grown for various periods of time with 10uM ATRA or DMSO, and the CLIP
technique was performed. Cells were UV-crosslinked and 1 mg of total cell extracts was
treated with proteases inhibitor cocktail 1X (Millipore), RNasin 1:100 (Promega) and
RQ1 DNase 1:50 (Promega). The sample was then prepared for RIG-I immuno
precipitation which was followed by radiolabelling of potential RIG-I bound RNA
partners. Radiolabelled immunocomplexes are visualized on autoradiographic films

after migration of 8% polyacrylamide/urea firstly. The result is presented by Figure 27.

Time Oh 72h 140h Oh 72h 140h
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Figure 27. Detection of RIG-I complexes immunoprecipitated in NB4 cells treated
with ATRA or DMSO during 72h and 140h. Migration of the samples was performed
during 7 hours at 4°C in a 8% polyacrylamide (19:1) /urea gel.

When immunoprecipitation is performed thanks to RIG-I antibody after ATRA or
DMSO treatment, a strong signal is obtained (Figure 27). Moreover a increase of

intensity between 72 and 140h ATRA or 72 and 140h DMSO treatment is observed and
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the signal is definitively more important in the case of ATRA treatment. In the case of
control immunoprecipitations, without antibody, no such phenomenon is observed. The
difference of signal intensity between 72 and 140h is less striking for both types of
treatment. Moreover at the same time point (72h ATRA and DMSO or 140h ATRA and
DMSO), the intensity of the obtained bands with ATRA and DMSO seem very similar.
The molecular weight of the immunoprecipitated product is much higher than RIG-I
molecular weight (100-110 kDa). All together, these results suggest that possible
complexes containing RIG-I have been immunoprecipitated from NB4 cells treated with
ATRA (and maybe also in a smaller proportion with DMSO). Moreover, since the
extracts were prepared in the presence of DNase degrading DNA and RNasin, which
protect RNAs, it is quite possible that the signal obtained corresponds to RIG-I/RNA
complexes. In the absence of drug (Oh), with or without antibody, we can also see a
strong and totally different signal. In this case, the cells are in a proliferating state. This
signal appears difficult to explain precisely at this point.

As a first step to verify that RNA(s) is/are present in immunoprecipitated complexes
after 72h and 140h, samples were treated with RNAse A after elution of the
radiolabelled products just before the gel migration. The Figure 28 presents the effect of

the treatment.
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Figure 28. Detection of RIG-I-RNA complexes in NB4 cells treated with ATRA or
DMSO: (A) without RNAse A (B) with RNAse A (0,01mg), after 4 hours of migration
at 20°C in 8% polyacrylamide(37.5:1)/urea gel.
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Without RNAse A (Figure 28A), the signal obtained previously is confirmed being
more intense with ATRA than with DMSO. On the other hand after treatment of the
samples with the enzyme (Figure 28B), the signal is significantly reduced without
disappearing completely. Therefore we can suppose that RNA is present in
immunoprecipitated complexes in both types of treatment. In the case of samples
without ATRA and DMSO, RNAse A has also an effect. Because of this observation, it
is legitimate to think that this signal at Oh can be artefacts due to sticky RNAs in the
proliferative state and that the observed bands with ATRA and DMSO could result from
different RNAs kinds.

In the same way, it was important to verify that the immunoprecipitated protein RIG-I
was present in these complexes. Moreover in the Figures 27 and 28, the complexes are
characterized by a slow migration in the gel, staying in the area underneath the wells.
The immunoprecipitated proteins can form complexes with various partners of different
sizes or aggregates with several RIG-I molecules slowing down the migration.
Therefore, to break the complexes and facilitate the migration, but also to be sure they
contain proteins, I treated the immunoprecipitated and radiolabelled samples with
proteinase K (Figure 29). Two kinds of result were expected: 1) a more or less complete
disappearance of the signal due to the protein degradation and fast migration of the
RNA, which might exit the gel; 2) Several bands characterized by different molecular
weights revealing fragments of immunoprecipitated RNAs. The result is shown by

Figure 29.
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Figure 29. Effect of Proteinase K on RIG-I-RNA complexes in NB4 cells treated
with ATRA or DMSO. (A) Treatment without Proteinase K, after 4,30 hours of
migration at 20°C in a 8% polyacrylamide(37.5:1)/urea. (B) Treatment with Proteinase
K (2mg/ml), after 2,30 hours of migration at 20°C in a 8% polyacrylamide(37.5:1)/urea.

In the Figure 29A, after immunoprecipitation with the antibody, radiolabelled RIG-
RNA complexes are again visualized by a strong signal on the film after 140 hours of
ATRA treatment. Like in the precedent experiment a signal is also observed with
DMSO. After digestion by Proteinase K, in the Figure 29B, the result appears different.
The treatment by the enzyme leads to a reduction of the intensity of the bands in the
upper part of the gel. Moreover, two unclear bands can be detected in the ATRA treated
samples, between 250 kDa and 10 kDa. This signal was never obtained before and at
this point we cannot conclude anything about its nature. These observations suggest
only that proteinase K has digested a major part of RIG-I in the immunoprecipitated
RIG-I-RNA complexes in differentiated NB4 cells by ATRA.

To improve the migration resolution and to obtain a more significant signal after the co-
immunoprecipitation, different types of gels migrations were performed. I worked with
a lower percentage of acrylamide (8%) to facilitate the migration of potential big size
complexes. I also performed SDSPage gels (8%) and finally NuPage gels (8%), which

preserve RNAs by pH stabilization. But none of these approaches gave a clear result
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despite several protocol adjustments. Therefore we decided to stop this search of RNAs

RIG-I partners and to reorient my PhD project on the search of protein partners.

Identification of protein partners of RIG-I involved in the
proliferation/cell differentiation balance in the case of Acute

Promyelocytic leukemia (APL)

5. Isolation of RIG-I from NB4 cells

Unmasking Proteic RIG-I partners does not necessarely require cell cross-linking, and
the cell lysis buffer is different from the buffer used in order to isolate co-
immunoprecipitated RNAs. Therefore as a first step, it was cautious to check the
detection of RIG-I in the lysis conditions allowing later on the protein-protein
interaction detection, and without cross-linking. A western blot was performed in the
proliferative state of the cells and after treatment with 10uM ATRA or DMSO during
96h. Then RIG-I expression was estimated by ImagelLab (BioRad) software allowing
the optical density quantification for each band. Background was subtracted and the

RIG-I presence was plotted relative to the level of RIG-I at time zero.
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Figure 30. RIG-I in NB4 cells: western blot performed with: (A) 50ul of total cell
extract and (C) 50ul of immunoprecipitated RIG-I complexes. (B) and (D) show
respective quantification graph relative to Oh for each time point of treatment with

10uM ATRA or DMSO.

As shown by Figure 30A, a strong signal reflecting RIG-I expression is observed as
presented by the lower band of a kind of doublet after 96 h of ATRA treatment (2,7
times higher than Oh). A much less intense band is obtained in control and DMSO
treated cultures (1,1 times higher than Oh).

After immunoprecipitation with anti RIG-I antibody (Figure 30B), three elutions of
potential complexes were performed, pooled and TCA precipitated. A classical western
blot was then performed. As shown by Figure 30B, once again a stronger RIG-I signal
was detected in the case of ATRA treatment (1,2 times higher than Oh) than with
DMSO. No signal is observed as expected in the case of co-immunoprecipitation in the
absence of RIG-I antibody.

To probe protein-protein interactions in the case of RIG-I in the framework of NB4

APL cells differentiation, we considered performing a proteomic approach. Before
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performing 2D gel electrophoresis and mass spectrometry for protein profiling thanks to
a proteomic facility, I realized SDS page migration followed by silver staining which is

the most sensitive technique to detect proteins in gels.
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Figure 31. RIG-I in NB4 cells: silver stained SDS page gel after migration of 50pl
of immunoprecipitated RIG-I complexes, for each time point of treatment with 10uM

ATRA or DMSO.

Figure 31 presents the migration pattern of a single eluted fraction after co-

immunoprecipitation, and the experiment was performed only once. On this silver
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stained gel, the RIG-I signal (blue arrow) appears in the case of ATRA treatment and
immunoprecipitation with anti RIG-I antibody. We can notice that RIG-I is not very
abundant as juged by the band intensity. Moreover on this gel, it is very difficult to see
differences of migration pattern and band intensities between the different treatment
conditions. One can observe some bands (green arrow) which are present only in the
case of ATRA treatment with and without IP, meaning probably that some compounds
can stick to the beads. This experiment needed probably to be improved to get a cleaner
migration. In addition, it is quite difficult to appreciate on a one dimension gel the
presence of new bands which can migrate at the same level as others already present
and characterized by the same size, particularly if they are poorly present in the
prepared sample. This experiment of 1D gel followed by silver staining was tempted in
case a stricking signal could be observed. But obviously we did not consider the 1D gel
as the way to answer the question we were asking. The next experimental step was to

undertake 2D gels to separate more accurately the proteins.
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Discussion-Conclusion

Helicases are involved in various infectious mechanisms and several cancers. They are
therefore potentially interesting pharmacological targets but their function and the
molecular and cellular interactions are still poorly understood. Mounting evidence has
accumulated that RIG-I helicase contains the specialized domains that recognize foreign
RNA ligands to wake up it to initiate antiviral innate immunity. Previous works have
also shown that RIG-I expression is modulated by ATRA and related to granulocytic
differentiation (Liu TX et al., 2000; Zhang NN et al. 2008). Although a number of
studies were conducted to elucidate the mechanism of myeloid differentiation and
improve therapeutic strategy against myeloproliferative syndromes such as Acute
Promyelocytic Leukemia (APL), a number of questions remain. The purpose of this
work was to contribute to better understand the role of the RIG-I helicase in the myeloid
differentiation. The project aimed specifically to identify new partners of RIG-I during
ATRA treatment inducing differentiation and proliferation block, in the NB4 cell line
which is the cellular model derived from a patient with APL (Lanotte M et al., 1991).

It is generally accepted that RIG-I can bind and be activated by viral 5’triphosphate
(5’ppp) single-stranded RNA (ssRNA) or dsRNA (Yoneyama M et al., 2004; Hornung
V et al., 2006; Lu C et al., 2010; Pichlmair A et al., 2006; Wang Y et al., 2010; Baum A
et al., 2010) and it prefers short size RNAs (10-25 nucleotides long) (Kato H et al.,
2008). Therefore when I started my PhD work it was reasonable to look for RNA(s)
partners first. Through the CLIP experiments, the stronger signal observed each time in
the case of ATRA treatment than with DMSO can reveal as already mentioned the
presence of RIG-I-partner complexes (Figures 27, 28A and 29A). The samples being
beforehand treated with DNAse, it can be considered that either endogenous RNA(s) or
protein(s) in addition to RIG-I are present in the complexes. But the UV-CLIP
technique is specific to cross-link nucleic acids to proteins (Greenberg JR, 1979). The
IP signal obtained with DMSO treatment could be surprising. However, we have seen
like already mentioned by others teams (Khanna-Gupta A et al., 1994; Qiu H et al.,
2011) that in the presence of DMSO, the differentiation process is initiated. But it is
incomplete since the cells never reach the polynuclear stage and keep proliferating.
Additionnaly, in this condition, although expressed to a lesser degree than during

ATRA treatment, a RIG-I signal is observed by western blot (Figure 26A). As reported
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by Liu TX et al., and Zhang NN et al., RIG-I is upregulated as soon as 24h of myeloid
differentiation in early maturing cells such as promyelocytes (Liu TX et al., 2000;
Zhang NN et al., 2008). Therefore, these observations raise more the question of the
nature of the RNA partner(s), which is particularly reinforced by the compact signal
aspect at the level of high molecular weight. Several attempts were performed to obtain
a better detection and an improved signal resolution by adjusting the preclearing step,
the migration time and temperature, by using different acrylamide types (19:1, 37:5.1)
and different gel types to facilitate the complexes migration. It can not be excluded that
RIG-I oligomerizes (Patel JR et al., 2013), moreover it is possible that rRNAs or tRNAs
known to be abundant and “sticky” are present, “contaminating” the samples. Detection
of significant RNAs has to be improved by discarding undesired RNAs (centrifugation,
molecular biology Kit such as Ribominus....). The control experiments strongly suggest
this possibility. Indeed, in the absence of ATRA and DMSO at Oh, an unexpected and
strong signal is obtained, not completely abolished by RNAse A and only weakened
when treated with proteinase K (probably because the concentration of enzymes were
not enough) (Figures 27, 28B and 29B). Moreover, bands are also present in the case of
control immunoprecipitations (without antibodies) of samples either treated with ATRA
or DMSO and later on with RNAse A (Figures 27 and 28 A/B). In the absence of ATRA
or DMSO, we also have to consider that the cells are in a proliferating state. We know
that the capacity of cells to grow and proliferate is coupled to the rRNA transcription.
During differentiation (e.g. myogenesis, osteogenesis, adipogenesis, granulopoiesis, and
monocytic differentiation) the expression of the proto-oncogenic protein c-Myc is
decreased in response to the transition from proliferating state to non-proliferating state.
This downregulation of c-Myc decreases the expression of Pol I related transcription
factors leading to the downregulation of rRNA transcription (Hayashi Y et al., 2014).
Therefore this difference of rRNA level between proliferating and differentiating state
can explain the strong signal obtained in the absence of any drug or solvent
corresponding to the proliferating state.

As a result these non specific immunoprecipitated RNAs can mask the presence of other
interesting RNAs candidates. In the littereature not only viral RNAs but several and
different kinds of RNAs are known to bind to RIG-I. In the case of murine B
lymphocytes, His-tagged RIG-I binds to multiple endogenous mRNAs such as NF-«xb1
3’UTR mRNA (Zhang HX et al., 2013). Also snRNA Ul and U2 in colorectal

carcinoma cells can bind RIG-I leading to IFN pathway activation (Ranoa DR et al.,
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2016). Among the possible RNA partners, miRNAs are also good clients. Several works
have shown that miRNAs affect tumor progression and cell differentiation. In the case
of hematopoieitic differentiation, they can both have tumor suppressor or oncogenic
activities (Schotte D et al., 2012). Considering that a RNA helicase can also have
activities through impairing a suppressing miRNA as seen with DDX20, we can also
consider that RIG-I could interact with a miRNA. Unfortunately at this stage of the
performed work we can not conclude anything.

Despite the several tests, the results obtained with the CLIP technique were far to be
clear-cut and the controls or signal intensities were not always reproducible. This lack
of reliability has led us to reorient the project and to look for protein partners. As
already mentioned earlier, previous works have shown that upon activation by foreign
RNAs, RIG-I interacts with different proteins triggering signalisation cascades (such as
apoptosis through activation of IPS-1 and caspases (Besch R et al. 2009). Moreover,
Zhang HX et al., have observed that RIG-I can interact with both endogenous RNA and
protein (Zhang HX et al., 2013). Also, Li XY et al., show that RIG-I interacts with the
Src protein in an independent manner of RNA ligand (Li XY et al., 2014). These protein
partners can interact with the CARDs domains, which are typically involved in direct
interactions with a wide range of proteins, but they also can bind RIG-I through its
helicase domain (Lyn, HSP90, PKC-0/B) or its CTD domain (HSP90, UPS15, ARL16,
PACT). Therefore we did not restrict our search of partners. The silver stained gel
(Figure 31) I obtained seems to show the presence of RIG-I between 95 and 130 kDa, in
ATRA treated samples by comparison to the other conditions but it does not indicate
anything about its abundance and the general migration pattern does not present striking
differences. This one dimension gel was performed as a first approach to have a general
view of what can be obtained after IP. We can not exclude that some proteins with
molecular weight close to that of RIG-I can be coimmunoprecipiated. In the same way,
specific and unspecific coimmunoprecipitated proteins are not discriminated. Only 2D-
DIGE gels could have given a more resolutive picture of possible partners. In case high-
molecular-weight protein complexes would have been obtained they could also have
been separated by using agarose 2-DE (Oh-Ishi M and Maeda T, 2007; Chevalier F,
2010). Later on mass spectrometry was considered. At this point we can not conclude
anything.

In the case of myeloid differentiation only the Src protein is currently known to interact

with RIG-I (Li XY et al., 2014). It takes place in the CARD domains and the linker
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between the CARD and the Helicase domains. First of all, this study takes place in the
U937 cell line, a macrophage line. Although it is a myeloid line, it is different from our
APL NB4 cell line corresponding to a real pathological situation. The authors asserts
that this interaction occurs in a manner independent of RNA, since transfection of
synthetic small RNAs such as Polyl:C or 5’-pppssRNA partially inhibits the interaction.
But they do not take into account that these RNAs are not endogenous RNAs, which
can behave differently. Moreover they propose a model of interaction between RIG-I
and Src, which releases completely the helicase and ATPase domains. The
conformation of RIG-I thus modified makes these two domains completely accessible
either for RNAs or other proteins. This does not invalidate what Li XY et al. obtained.
When they identified the interaction between Src and RIG-I, their work participated
greatly to the understanding of RIG-I position in the signaling cascade of the
proliferation control. Indeed they showed that the helicase interacts with the
proliferation process by a death program via an apoptosis-independent AKT-mTOR
inhibition and on autophagic activation (Li XY et al., 2014). But another group, already
mentioned above, has observed this possibility of multiple interactions. Indeed, Zhang
HX et al.,, have demonstrated by immunoprecipitation and iTRAQ-MS that RIG-I
interacts both with 3’UTR of Nf-kb1/p105 mRNA and Rpl13, which is a component of
the large 60S subunit of ribosome. In this study, it is also important to note that other
proteins have also been identified by iTRAQ-MS. Only few of them presented a total
ion score confidence interval higher than 95%. The group did not investigate further
these candidates. Among them and except trivial candidates such as BSA or histone
found very frequently with this technique, three of them (IGFBPS5, Hip1-related protein,
and VLA-4) could have desserved to be more investigated because of their interesting
role in the proliferation, differentiation and cell adhesion (Zhang HX et al., 2013). It
would have been interesting to pay attention in our search of protein partners if these
candidates were also obtained in differentiated NB4 cells (granulocytes) since their
work was performed in a different cellular model, a murine B cell line and later on to

investigate the real effect of these interactions in the cells.

To conclude, searching either RNAs or protein partners of RIG-I in the context of the
myeloid differentiation would not only clarify the role of RIG-I in the
proliferation/differentiation balance. It could also help to understand how the RIG-I

helicase behaves with these partners, if enzymatic activities in certain conditions could
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be activated or not. Moreover, it would consolidate the versatility of this helicase
(immunity and cell differentiation) as it has been observed for other proteins such as the
catalytic telomerase reverse transcriptase (TERT) which in association with a
noncoding RNA (TERC) has the ability to elongate telomeres. But in the mitochondria
TERT associates with another type of RNA (RMRP) and regulates gene expression by
generating specific siRNAs (Martinez P and Blasco MA, 2011). Finally, this type of
study can be of high impact for diagnosis and therapeutic strategy in oncology based on

cellular reprogramming.
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Chapter II: Characterization of G-quadruplex resolving by the

helicase Pifl in Bacteroides

Objectif

As already explained earlier helicases are enzymes that travel through paired nucleic
acids in double-stranded form to catalyse strand separation and allow replication or
transcription of the DNA molecule. This translocation occurs initially thanks to the
binding between the nucleic acids and the helicase allowing a conformational change of
the helicase allowing its ATPase activity. The hydrolysis of ATP triggers an oscillation
state between a maximum affinity state and low affinity state in the DNA binding site
resulting in the translocation through the DNA. In the case of non-canonical DNA
structures formed by the stacking of several G-quartets called G-quadruplexes (G4), the
molecular mechanism underlying their unwinding is more complex because of the
formation of several stacks of guanine. G-quadruplexes are present in telomeres, DNA
replication origins, gene transcriptional regulatory regions, promoters of certain
oncogenes and also immunoglobulin switch regions. Their formation can influence
biological processes including DNA replication, translation and telomere integrity
maintenance. To counteract the G4 formation certain specific helicases have the ability
to resolve them, such as Pif-1, RecQ helicases, FANCIJ, but the molecular mechanism is
not yet completely understood. Among the remaining questions, it is not clear if G4-
resolving helicases possess a G4-specific binding site that is different from the classical
ss/dsDNA binding site, secondly if G-quadruplex unwinding is ATP dependent and
finally how G4-resolving helicase employs the energy derived from ATP hydrolysis to
drive G-quadruplex unfolding. To contribute to answer these questions, during the
second part of my thesis, I used a BsPifl helicase, a S cerevisiae Piflp homolog from
Bacteroides sp. 3_1_23 to quantitatively analyse and compare the DNA stimulation of
ATPase activities between different G-quadruplexes dsDNA and ssDNA. Then the
possibility of different binding sites of G-quadruplex and ssDNA with the helicase was
investigated and I studied the relationship between ATP hydrolysis and G-quadruplex
unfolding or ss/dsDNA. Finally the annealing activity of BsPifl was also studied. In
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conclusion these experiments will allow us to establish a possible model to explain how
BsPifl transform the energy derived from ATP hydrolysis into mechanical translocation

activity to disrupt G4 structure.
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Introduction

1. Pifl
1.1. Discovery and definition

Pifl protein (Petite Integration Frequency protein 1) was identified the first time in
1983, in S. cerevisiae. It was discovered for its mitochondrial DNA repair role after
induction of DNA damage by Ultraviolet (UV) light or Ethidium Bromide treatment
(Foury F and Kolodynski J, 1983). In 1991, the same team purified Pifl from the
mitochondria and demonstrated that this 5'-3" helicase was specific for DNA and ATP-
dependent (Lahaye A et al., 1991). Few years later, a genetic screen in yeast aiming to
detect mutants losing their expression of subtelomeric genes led to identify Pifl in the
nucleus and to demonstrate its role in the inhibition of telomeres elongation and de novo
formation (Schulz VP and Zakian VA, 1994). During this time, a second Pifl family
helicase in S. cerevisae, Rrm3, was found and described as repressing ribosomal DNA
(rDNA) recombination (Keil RL and McWilliams AD, 1993). Pifl helicases are highly
conserved from bacteria to humans and belong to the superfamily (SF1) as revealed by
sequence alignments. It has been shown that several fungi, such as Candida albicans
and Cryptococcus neoformans, possess two Pifl helicases, Arabidopsis thaliana can
have three Pifs and kinetoplastid parasites possess seven to eight Pifl helicases.
Different organisms contain variable numbers of homologue proteins but higher
eukaryotes and metazoans contain only one (Bochman ML et al., 2010; Bochman ML et
al., 2011). They share essentially equal sequence similarity to ScPifl and ScRrm3 but
little is known about these enzymes.

The different studies of Pifl have established that this helicase plays multiple roles in
the inhibition of telomere elongation and de novo telomere formation at the level of
DNA double-strand breaks (Schulz VP and Zakian VA, 1994), the regulation of
ribosomal DNA replication (Ivessa AS et al., 2000), a role in the resolution of particular
structures of DNA such as G-quadruplexes (Ribeyre C et al., 2009; Lopes J et al., 2011;
Paeschke K et al., 2011) and finally, in the maturation of the Okazaki fragments in
cooperation with Dna2 helicase/nuclease (Budd ME et al., 2006; Stith CM et al 2008).
Its physiological importance was further highlighted by the fact that mutations in human
Pifl are found in families with high risk of breast cancer affecting replication,

transcription and elongation of telomeres (Chisholm KM et al., 2012).
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The principal biochemical characteristics of Pifl helicases have been described. They
are ATP and Mg”" dependent enzymes that unwind DNA with a 5'-3' polarity (Lahaye
Aetal., 1993, Gu Y et al., 2008, Liu NN et al., 2015). Although Pif1 helicases display
only limited unwinding processivity in vitro (Barranco-Medina S and Galletto R, 2010;
Ramanagoudr-Bhojappa R et al.,, 2013; Liu NN et al., 2015), they are capable of
unwinding a variety of DNA structures resembling stalled DNA replication forks and
other B-form duplexes such as forked duplexes, DNA/RNA duplexes (Boule JB and
Zakian VA, 2007; Liu NN et al., 2015), R-loop, D-loop and G-quadruplex DNA
(Sanders CM, 2010; Liu NN et al., 2015).

1.2. Pif1 isoforms and cell localization

As mentioned above ScPifl was first discovered for its role in recombination between
the mtDNA (Foury F and Kolodynski J, 1983) then for affecting telomeres (Schulz VP
and Zakian VA, 1994) suggesting its presence in the nucleus. The mitochondrial and
nuclear isoforms (respectively o and B isoforms) are expressed from the same gene
ScPIF1 but they are translated from two different start sites separated by the
mitochondrial targeting signal (MTS) (Zhou JQ et al., 2002). ScPifl translated from the
first start site is targeted to the mitochondria thanks to its MTS, which is cleaved upon
import into the mitochondria. The nuclear isoform translated from the second start site
is slightly larger than the mitochondrial isoform (Zhou J et al., 2000).

In Human like in Saccharomyces, Pifl helicase has two isoforms (a mitochondrial and
B nuclear), which are encoded by chromosome 15 and generated by alternative splicing
(Figure 32). Their translations are shifted by one codon. A pre-mitochondrial hPifl
isoform, translated from the first one, is exported to the mitochondria by a C-terminal
addressing signal, which is finally cleaved generating an 80kDa (707aa) protein. The
translation of the nuclear isoform starting at the second codon generates a 74kDa (641
aa) hPifl with an NLS, which is cleaved later on. Both isoforms share conserved
helicase motifs but have differential C-terminal regions, which are responsible of the
subcellular distribution of the protein. Moreover, it was found only in the C-terminus of
the B isoform the lipocalin signature, which is a characteristic protein secretion signal
(Futami K et al., 2007). In yeast, Pif]l expression of isoforms is regulated during the cell
cycle with a maximal rate expression at the end of the S phase and the beginning of the

G2 phase (Vega LR et al., 2007).
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Figure 32. Structure of hPif1 genes and hPif1 proteins. (A) Genomic structure of the
Pifl gene. (B) Schematic representation of the two Pifl isforms mRNA. (C)
Representation of Pifl of the two isofoms of Pifl. Adapted from Futami K et al., 2007.

1.3. Pif1 structure
Pifl helicases vary in size from 420 to more than 1000 amino acids per polypeptide
chain. Pifl belongs to the SF1 family (described above), which is characterized for the
presence of two preserved RecA domains (1A and 2A), such as other helicases like
Deinococcus Radiodurans RecD2 (Saikrishnan K et al., 2009) and bacteriophage T4
Dda (He X et al., 2012). Pifl is functionally and structurally divided into three
domains: the N-terminal domain, the helicase core domain and the C-terminal domain
(Figure 33). The N-terminal domain is variable between the different species and not
required for helicase activity in vitro (Ivessa AS et al., 2002). Actually the N-terminal
function is unknown, but it has been proposed that some of its regions are invoved in
protein—protein interactions, oligomerization, and substrate recognition (Hall MC and
Matson SW, 1999). In Saccharomyces cerevisae, the Pifl N-terminal domain allows the
interaction with the chromatin assembly factor 1 subunit, Cacl (Monson EK et al.,
1997), and is required for double-stranded DNA (dsDNA) unwinding in the presence of
the mitochondrial ssDNA-binding protein Riml (Ramanagoudr-Bhojappa R et al.,
2013). In human this domain contributes to enhance the interaction with ssDNA
through intrinsic binding activity and DNA strand annealing activity (Gu Y et al.,
2008). The helicase core domain is highly conserved in various organisms. It is
composed of two RecA domains (1A and 2A) and the seven classical conserved motifs
(I, Ta, IL, III, IV, V and VI) present in SF1. Three additional motifs (A, B and C) are
found specifically in Pifl and RecD family helicases (Bochman ML et al., 2011). In
some bacteria, such as BsPifl in Bacteroides sp 3_1_23 and BaPifl from Bacteroides

sp. 2_1_16 the motifs I, III, IV and VI interact with the ATP (Chen WF et al., 2016;
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Zhou X et al., 2016). In BsPifl Q145 in motif IV acts as a sensor to detect the presence
or absence of y-phosphate (Chen WF et al., 2016; Saikrishnan K et al., 2009). Pifl
helicases are also characterized by the unique Pifl-family specific sequence (PFSS,
21aa), which is located between motifs II and III (Bochman ML et al., 2010; Bochman
ML et al., 2011). The PFSS motif may contribute to DNA unwinding and binding. The
interactions between the 1B domain and the PFSS motif may allow the pin of domain
1B to form a more rigid structure and help the residues on the loop to adopt a precise
spatial conformation (Chen WF et al., 2016). The DNA binding site is located between
the domains 1A and 1B and between domains 2A and 2B (Figure 33) and for the ATP
binding site it is localized between domains 1A and 2A.

Finally, the C-terminal domain (CTD), is a non conserved domain in terms of length
and sequence going as far as being absent in certain species. Like the N-terminal
domain, its role is not completely understood. It is probably involved in protein—protein
interactions, oligomerization, and substrate recognition (Hall MC and Matson SW,
1999). Truncation of this domain in yeast leads to a lower processivity probably
because of the dissociation of the Pifl during the unwinding (Singh SP et al., 2016).
Also its phosphorylation in ScPifl in response to DSBs is required to prevent aberrant

healing of broken DNA ends by telomerase (Makovets S and Blackburn EH, 2009).
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Figure 33. Schematic representation of the different Pifl domains. N-terminal
domain is shown in pink, helicase domains with the four subdomains represented in
dark blue for 1A, orange 1B, red 2A and blue 2B, also the different characteristic motif

represented in black. Finally C-terminal domain in brown.
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Pifl secondary structure has been determined by crystallization in different bacteroids
(Bacteroides sp 3_1_23 called BsPifl by Chen WF et al., 2016 and Bacteroides sp. 2-1-
16 called BaPifl by Zhou X et al., 2016) and in human (Zhou X et al., 2016) (Figure
34). The 2B domain of Pifl forms an SH3 (SRC Homology 3) domain, which is
characterized by a B-barrel fold consisting in a large beta-sheet that twists and coils to
form a closed structure. The BsPifl 1B domain forms an ordered loop whereas in
BaPifl and hPifl a loop and an a-helix have been observed. In all the cases, this 1B
domain forms a pin or wedge that splits the incoming DNA duplex (Saikrishnan K et
al., 2009; He X et al., 2012). The PFSS is composed of an a-helix and a turn in all three
reported Pifl structures. It is located at the entrance of the DNA-binding site, opposite
the strand separation pin/wedge (Chen WF et al., 2016; Zhou X et al., 2016).

A hPIF1

Figure 34. Crystal structures of Pifl. The domain 1A is shown in green, 1B in red, 2A
in gray, 2B in cyan, and the Pifl signature sequence in pink. (A) Structure of hPifl-HD
(PDB: 5FHH), in purple is represented the ADP-AlIF4 (Zhou X et al., 2016). (B)
Structure of BsPifl (PDB: 5FTE), the C-terminal domain is represented in orange, the
AMPPNP in purple and DNA in yellow (Chen WF et al., 2016). (C) Structure of BaPif1
(PDB: 5FHD), the DNA is shown in yellow (Zhou X et al., 2016). Adapted from Byrd
AK and Raney KD, 2017.

Investigation of ScPifl quaternary structure has shown that ScPifl works as a dimer
(Barranco-Medina S and Galletto R, 2010). However, the monomeric form has also the
capacity to translocate on a ssDNA (Galletto R and Tomko EJ, 2013) and to unwind
dsDNA (Singh SP et al.,, 2016). Contradictory studies have suggested that the
monomeric form of ScPifl is unable to unwind DNA:DNA duplexes, but can unwind

DNA:RNA duplexes (Zhou R et al., 2014).
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1.4. Functions of Pifl
1.4.1. Synthesis of Okazaki fragments

During DNA replication, the leading strand (5° to 3’) is the strand of the nascent DNA
continuously synthetized in the same direction as the growing replication fork. The
lagging strand (3’ to 5°) is the strand of the nascent DNA synthetized in the opposite
direction of the growing replication fork. This synthesis occurs in a discontinuous
manner, leading to short DNA fragments called Okazaki fragments (Sakabe K and
Okazaki R, 1966; Okazaki R et al., 1968). These short DNA segments are initiated by
the primase activity of the DNA polymerase a (Pola) complex, which synthesizes an
RNA primer of 10-12nt followed by a DNA sequence of 20-30nt (Rossi ML and
Bambara RA, 2006; Burgers PM, 2009). This primer is recognized by the Replication
Factor C (RFC), which recruits the Proliferating Cell Nuclear Antigen protein (PCNA)
able to replace the Pola by the DNA polymerase Pold. Pold raises the strand primer and
synthesizes a new Okazaki fragment up to find the 5'end of the preceding one (Figure
35). Then the primer is cleaved by a Flap endonuclease, called FEN-1 and the two ends
of DNA created are fused by DNA ligase I (Liu Y et al., 2004). But a single-stranded
5'DNA, which has not been cleaved immediately by FEN-1 is lengthened up to 30nt
which allows the fixation of Replication Protein A (RPA). The presence of RPA would
inhibit the cleavage activity of FEN-1. Finally the 30nt primer is resolved by Dna2, a 5’
to 3’ helicase and endonuclease, which cleaves the DNA into small fragments and
finally allows the ligation of the two fragments by the ligase I (Bae SH et al., 2001).

The role of Pifl in the synthesis of Okazaki fragments has been described for the first
time in 2006 in S. cerevisiae. Pifl interacts with Pold during DNA replication. The
formation of the outgoing 5' strand would recruit the Pifl helicase in addition to Pols.
The combined action of Pold and Pifl would promote elongation of the outgoing 5'
allowing the recruitment of Dna2 for its cleavage. The deletion of Pifl wouldn't permit
the extension of the outgoing 5' DNA that will be cleaved by FEN-1 without requiring
the presence of Dna2 (Budd ME et al., 2006). The reconstitution of the Synthesis of
Okazaki fragments in vitro confirmed this model (Pike JE et al., 2009).
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Figure 35. The two-nuclease pathway for flap processing. The synthesis of Okazaki
fragments requires an RNA primer, Pold synthesizes the complementary strand until it
encounters the upstream primer and generates an outgoing 5 'DNA. A majority of flaps
(denoted by the thick arrows) the endonuclease FEN-1, which has a 5'flap activity
cleaves this outgoing 5 'DNA. Finally Ligl will ligate the two ends generated. On a
minority of flaps (denoted by the thin arrows), Pifl binds the short flap displaced by
Pold prior to FEN-1 action. Pifl activity lengthens the size of the flap generating a long
single-strand, allowing binding of RPA and FEN-I inhibition. It is then Dna2, which
thanks to its nuclease activity, will reduce the size of the outgoing 5 'DNA until it is
short enough to stop fixing RPA. As initially, FEN-1 will cleave the outgoing 5 'DNA
and the generated ends will be ligated by Ligl. Adapted from Pike JE et al., 2009.

Otherwise during replication and transcription R-loops (RNA-DNA hybrids) appear and
their persistent formation is a source of genome instability. Pifl has the capacity to
unwind them (Boule JB and Zakian VA, 2007; Aguilera A and Garcia-Muse T, 2012).
Indeed, Pifl can utilize its activity to remove the RNA strand from 31-bp RNA-DNA
hybrids (Zhou R et al., 2014) (Figure 36).
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Figure 36. The patrolling activity of Pifl in R-loops. Adapted from Zhou R et al.,
2014.

1.4.2. Unfolding G-quadruplexes
In 2009, it has been shown that Pifl is involved in the stability of G-quadruplexes. The
allele of the human minisatellite of 1.8 kb, called CEB1-1.8 was inserted into the
genome of yeast S. cerevisiae. This guanine rich allele is composed of 42 tandems
repeats ranging in size from 36 to 43bp and is able to form in vitro G-quadruplexes
(Lopes J et al., 2006). In vitro, Pifl is able to unwind the G4 structures formed by
CEBI. In vivo, the absence of Pifl promotes genetic instability of the G-rich human
minisatellite CEB1 alleles. On the other hand, helicases such as Sgsl, Dna2, Rrm3 or
Mphl have no effect on the stability of the minisatellite CEB1-1.8 (Ribeyre C et al.,
2009). The ability of Pifl to resolve these G4 structures suggests that Pifl contributes to
the stability of the genome by preventing rearrangements induced by structures
formation in vivo (Figure 37). To better understand the role of Pifl, the same team
measured the instability of the CEBI1 minisatellite inserted beside the ARS305
(Autonomous Replication Sequence) on the leading orientation (orientation I) or on the
lagging strand (orientation II) (Lopes J et al., 2011). In WT cells, CEB1 appears to be
fairly stable with rates of 0.5% rearrangements for both orientations. In pifI/A cells, the
instability of the minisatellite in orientation II is quite similar to the WT with a
rearrangement rate of 2%. In contrast, it is extremely unstable in orientation I, the
instability reaches 56.3%. Similar results were obtained with the catalytic mutant of
Pifl (pifl-K264A) showing that the helicase activity of Pifl plays a role in the
stabilization of the minisatellite in orientation I. In order to confirm that the instability
of CEBI close to the ARS305 depends on the ability to form G-quadruplexes in vivo,
the cells were treated with Phen-DC3, a G-quadruplexe ligand able to inhibit the
unwinding of G4 by Pifl in vitro. The results show a low rate of rearrangements (0.5%)
without treatment whereas the addition of the Phen-DC3 ligand generates 11.2% of

rearrangements in Orientation I versus only 4.1% in orientation II, suggesting that the
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instability of CEBI close to the ARS305 depends on the formation of G4 in vivo
stabilized by Phen-DC3 (Lopes J et al., 2011). The Pifl-K264A protein binds to the
DNA in a way similar to the wild-type protein but its absence of ATPase / helicase
activity facilitates the detection of its binding sites. Pif1-K264A has been shown to be
associated with 11% of the G4 sites at the end of S phase, after replication of the G4
sequence, suggesting that it has not a role in replication but in mitosis preparation.
Absence of Pifl leads replication fork slowing specifically near those G4 motifs to
which Pifl normally binds (Paeschke K et al. 2011). Finally it has been shown that Pifl
can unwind intramolecular G-quadruplexes at every patrolling cycle, by the capacity of
G-quadruplexes to refold immediately (~0.2 s) (Zhou R et al., 2014). The capacity of
Pifl to unwind G-quadruplexes allows keeping this structures unfolded during

transcritpion bubble, on DSBs, telomers and on the lagging and/or leading strand during

replication.
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The patrolling activity of Pifl in G-quadruplexes. (A) Unwinding of G-quadruplexes
during transcription (B) Pifl allows G-quadruplexes unwinding on the 3’ ssDNA tails at
telomeres and DSBs (C and D) unwinding G4 structures on the lagging and/or leading
strands during DNA replication. Adapted from Zhou R et al., 2014.

1.4.3. Telomerase regulation
The role of Pifl as a negative regulator of the telomere length by telomerase
processivity was first demonstrated in 1994, in a gene screen. Indeed, a mutant of the

nuclear form of Pifl called pifl-m2 resulted in telomere lengthening whereas a mutant
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of the mitochondrial form of Pifl, pifl-m1, had no effect (Schulz VP and Zakian VA,
1994). Nuclear Pifl limits therefore telomerase activity. Different mechanisms were
supposed (Figure 38): the prevention of initiation of telomerase-mediated telomere
lengthening or limitation of telomerase processivity or unwinding of telomere DNA
from the telomerase RNA template (hybrid DNA telomeric and RNA telomerase)
formed during telomere replication and dislodging telomerase from the chromosome
terminus (Boule JB et al., 2005). Pifl over-expression leads to less interactions of
telomerase with telomeres producing telomere shortening. Conversely, Pifl depletion
results in telomere elongation. Also Pifl promotes genome stability by ejecting

telomerase from non-telomeric DNA (Schulz VP and Zakian VA, 1994).
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Figure 38. The patrolling activity of a Pifl in the telomers. (A) Pifl allows
telomerase displacing from 3" ssDNA ends at telomeres. (B) Pifl permits unwinding of

telomere DNA from the telomerase RNA template. Adapted from Zhou R et al., 2014.

1.4.3.1. Processivity of telomerase limitation by Pif1
It has been suggested that telomerase processivity is a significant determinant of
telomere length. Two types of processivity have been described for telomerase. The first
is based on the ability of telomerase to fully copy the TLCI (Templating telomerase
RNA) substrate without being dissociated from the DNA. The second is based on its
ability to translocate RNA in order to initiate a second replication without being
dissociated from DNA (Lue NF, 2004). The preferential activity of Pifl for DNA-RNA
hybrids led to the hypothesis that Pifl could take off telomerase of telomere. The
telomerase processivity was measured in vitro in the presence and absence of Pifl. The
obtained results showed that in the absence of Pifl, telomerase initiates elongation
products of approximately 5 to 7nt against only 2nt in the presence of Pifl. Also,
chromatin co-immunoprecipitation experiments showed that overexpression of Pifl
results in a decrease of telomerase association with telomeres, whereas depleting cells

of Pifl increases the levels of telomere-bound Estlp, atelomerase subunit that is
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present on the telomere when telomerase is active. This study shows that Pifl limits the
processivity of telomerase in vitro and
releases telomerase from telomere oligonucleotides in vitro and in vivo (Boule JB et al.,

2005).

1.4.3.2. Pifl inhibits the recruitment of telomerase to DNA
double-strand breaks
In order to differentiate the telomere ends of double-strand breaks from DNA, the cell
implements different strategies. One of them is linked to the presence of telomere
specific proteins that form a telomere cap necessary for both telomere protection and for
specific recruitment of telomerase. In the DNA double-strand breaks, there are
telomerase inhibition pathways that prevent the de novo telomere addition and
promoting double-strand breaks repair through various DNA repair pathways, either by
Homolog Recombination (HR) or Non Homologous End Joining (NHEJ). The Pifl
helicase actively participates in this de novo telomere addition. The use of a pifl-m2
mutant (nuclear form) has shown a 600 higher presence of Gross Chromosome
Rearrangement (GCR) levels, the majority corresponding to de novo telomere addition,
whereas a pifl-m1 mutant which abolishes the mitochondrial form of Pifl has not effect
(Schulz VP and Zakian VA, 1994). Other proteins such as Estl, Est2, Cdc13 and the
KU complex contribute to the novo telomere addition depending in the presence of
telomerase. Also it has been proposed that specific phosphorylation of Pifl inhibits the
recruitment of telomerase at double-stranded DNA breaks (Makovets S and Blackburn

EH, 2009).

1.5. Pif1 regulation
In 2009, Chang M et al. find that overexpression of Saccharomyces cervisiae Pifl is
toxic, in a dose-dependent manner. This Pifl toxicity is tied to the DNA damage
accumulation in genes involved in DNA replication and the DNA damage response
demonstrating that its activity must be regulated (Chang M et al., 2009). Also it has
been reported that DNA damage activates a serie of kinases such as Rad53 in yeast,
leading to cell cycle arrest and DNA repair (Branzei D and Foiani M, 2009). The same
year Makovets and Blackburn hypothesized that Pifl would be regulated in response to
DNA damage (Makovets S and Blackburn EH, 2009). Different treatments, such as
phleomycin (intercalating DNA causing breaks), hydroxyurea (causing stopping of
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replication forks) or induction of a non-repairable breakage, cause phosphorylation of
the ScPifl protein on the threonine 763 and serine 766 residues (C-terminal domain)
depending on the MECI1-RAD53 DNA damage signalling pathway. The Pifl
phosphorylation induces inhibition of telomerase specifically at DSBs (Makovets S and
Blackburn EH, 2009). Recently it has been shown that Rad53 also phosphorylates both,
ScPifl and Rrm3 in response to replication fork stalling in the N-terminal domain. This
phosphorylation causes ScPifl and Rrm3 inhibition, prevents fork reversal and genome

instability (Rossi SE et al., 2015).

2. Bacteroides spp

My work has consisted in studying molecular mechanisms of Pifl in prokaryotes and
particularly in Bacteroides sp 3_1_23. Bacteroides sp 3_1_23 belongs to the bacteria
family and more specificly to genus Bacteroides (Oliver WW and Wherry WB, 1921;
Roy TE and Kelly CD, 1939) and fragilis family. Bacteroides are gram negative,
presenting a cell envelope composed of a thin peptidoglycan cell wall sandwiched
between an inner cytoplasmic cell membrane and a bacterial outer membrane. They are
anaerobic bacteria, since they are killed by normal atmospheric concentration of oxygen
(20,95% O,). They use fermentation and anaerobic respiration to produce energy.
Anaerobic respiration differs from aerobic respiration by electron transport chain; they
use alternative electron acceptors as sulphate, nitrate, iron, manganese, mercury and
carbon monoxide. Bacteroides do not present endospores, a dormant, tough and non-
reproductive structure permitting the bacterium to resist in harsh conditions. Finally
they present a bacilli form and may be motile or no motile depending on the species.
Their DNA base composition is 40-48% GC (Johnson JL, 1978; Holdeman LV et al.,
1986; Shaheduzzaman SM et al., 1997). Bacteroides are found in the gastrointestinal
tract more precisely in the colon as members of the endogenous flora. They contribute
to immunity and digestive metabolism leading to polysaccharide breakdown or nitrogen
cycling. But Bacteroides also present disadvantageous roles by rapid deconjugation of
bile acids or the production of mutagenic compounds (Macy JM, 1984; Salyers AA,
1984). The low presence of Bacteroides is linked with obesity (Ley RE et al., 2005; Ley
RE et al., 2006; Turnbaugh PJ et al., 2006). They also permit the development of gut-
associated lymphoid tissues (GALT) (Rhee KJ et al., 2004), they produce
polysaccharides that activate the T-cell dependent immune response (Mazmanian SK

and Kasper DL, 2006; Mazmanian SK et al., 2005) and they can affect positively the
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expression of Paneth cell proteins that protect the stem cells of epithelium (Ganz
T, 2000). But some Bacteroides species also are pathogens and resistant to several
antibiotics like. The most studied Bacteroides pathogen is Bacteroides fragilis, being an
important opportunistic pathogen causing anaerobic infections (intra-abdominal sepsis
principaly and perforated and gangrenous appendicitis) and the associated mortality is

higher than 19% (Finegold M and George WL 1989; Goldstein EJ, 1996).

2.1. Biochemical characterization of BsPif1
In the literature Pifl has been characterised in Bacteroides sp 3_1_23. BsPifl can
hydrolyse all types of nucleotides triphosphates (NTP) and deoxynucleotide
triphosphates (dNTP) without significant preference except for GTP or dGTP, which
led to 50-60% of helicase activity. The structural basis for this promiscuity is the
missing selectivity filter for the adenine base, which is replaced by M10 in BsPifl. The
biological advantage of non-selective nucleotide base binding over, a selective one
should be that in the situation of ATP depletion in a cell, helicases can continue to use
other types of nucleotides to ensure their function (Liu NN et al., 2015; Chen WF et al.,
2016). In the case of its eukaryotic homolog, ScPifl has a preference for adenosine
nucleotides (ATP and dATP) as an energy source (Lahaye A et al.,, 1993). For
unwinding, hPIF1 and BsPIF1 have a preference for partial duplexes in contrast to
ScPIF1, which unwinds more efficiently forked than partial duplex (Ramanagoudr-
Bhojappa R et al., 2013). This preference for a substrate could be determinate by the
oligomerization state. It has been shown that the forked DNA substrate enforces
dimerization of ScPifl (Barranco-Medina S and Galletto R, 2010). BsPifl has only a
monomeric form, whereas ScPifl is dimeric in the presence of DNA but not in solution
(Liu NN et al., 2015; Barranco-Medina S and Galletto R, 2010). In the presence of
hybrids, BsPifl has a higher unwinding activity for DNA/DNA duplexes than
RNA/DNA hybrids, especially on the resolution of the R-loops. This preference for
DNA/DNA is expected because Bacteroides sp. 3_1_23, have circular genomes and
thus no telomere. But this capacity of resolution of R-loops is necessary for maintaining
genome integrity (Liu NN et al., 2015; Aguilera A and Garcia-Muse TR, 2012). On the
contrary ScPIF1 prefers the RNA/DNA hybrids to DNA/DNA duplexes, this
phenomenon was interpreted like the capacity of ScPifl mediated telomerase disruption
to form telomere (Boule JB and Zakian VA, 2007). BsPifl has more difficulties to
unwind G4 DNA than partial duplex DNA like hPifl (Liu NN et al., 2015; Sanders CM,
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2010). ScPIF1 resolves the G4 more effectively than the canonical double helix and
other non-B form DNA secondary structures (Paeschke K et al., 2013; Duan XL et al.,
2015). In conclusion BsPif1 resembles more to human Pifl than to Saccharomyces Pifl

in the choice of substrate.

2.2. BsPif1 mechanism of unwinding
The crystallization of BsPifl in complex with a partial duplex has to propose a
mechanism for DNA unwinding (Chen WF et al., 2016) (Figure 39). After nucleotide
binding, the loop3 of the 2B domain suffers a closing movement, which causes its
interaction with the 1B domain forming a hole where only the ssDNA can pass through.
Then ATP binds to the helicase in the hydrolysis site leading to the activation of the
translocase activity by a relative movement of the two RecA domains 1A and 2A. The
ssDNA is moved in the 5’ to 3’ direction and incoming duplex is blocked by the rigid
structure formed by 2B and 1B domains. The translocation force is sufficient to
destabilize the incoming duplex and to trigger its unwinding. After translocation, the 2B

domain may move back in the initial position for another cycle of unwinding.
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2A rotation

A ATP bound B ATP hydrolysis C 5'to 3' ssDNA translocation D unwinding

Figure 39. Unwinding mechanism of BsPifl. (A) The 2B domain is in the upper
position. The ssDNA binding triggers the configuration change of the 2B domain
forming a tunnel by 2B and 1B domains, where only ssDNA can pass through. (B) ATP
binding and hydrolysis allows the two RecA domains 1A and 2A to act as a molecular
motor to move ssDNA. But the 2B domain acts as a wedge, blocking the incoming
duplex. (C and D) The translocation force is sufficient to open dsDNA on the 2B
wedge. Finally the 2B domain rotates back for a new cycle. Adapted from Chen WF et
al., 2016.
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3. DNA structures

Deoxyribonucleic acid (DNA) carries the genetic instructions used in the growth,
development, functioning and reproduction. The DNA can take different tridimentional
structures depending on the sequences and experimental conditions (solvent, ionic
strength, presence/absence of salt...). The most common structure of DNA is the B-
helix or double helix, first described by Watson JD and Crick FH in 1953 (Watson JD
and Crick FH, 1953) (Figure 40B). This structure is possible by the pairing of two anti-
parallel polynucleotides strands held together by hydrogen bonds (named Watson-
Crick) between bases A-T and G-C and base-stacking interactions among aromatic
nucleobases by n-bonds. In some conditions the complementary nucleic acid sequences
can adopt two other structures, A-helix and Z-helix. The A-helix (Figure 40A) presents
slight increase in the number of base pairs (bp) per turn, resulting in a smaller twist
angle and smaller rise per base pair compared with the B-helix. This A-form is
preferentially adopted by RNA or DNA in a dehydrated medium (Franklin RE and
Gosling RG, 1953). The Z-helix (Figure 40C) consits in a left-handed double helical
structure in which the double helix winds to the left in a zig-zag pattern (Mitsui Y et al.,
1970). Duplexes are not the only structure that DNA or RNA adopts. Other structures
such as triplex, i-motif and G-quadruplex can be formed. A triple helix (Figure 40D)
consists in the interaction of a third single strand inside the major groove of a double
helix through Hoogsteen or reverse Hoogsteen bonding with the purine-rich strand
(Broitman SL et al., 1987). The i-motif (Figure 40E) are caracteristic of cytosine-rich
sequences at acidic pH, they form four strands interacting together two by two via C+-C
base pairs (two cytosines sharing a proton) (Gehring K et al., 1993). In 1910 the
formation of a gel with a high concentration of G in aqueous solution was reported the
first time by Bang. In 1962 Gellert and his colleagues elucidated the phenomenon of
aggregation formed by guanylic acid using X-rays, due to stacking of four associated
5’monophosphate guanines through H bonds at their Watson-Crick and Hoogsteen sites,
permitting the formation a quartet of guanines (Gellert M et al., 1962). Thestacking of
these G-quartets forms a non-canonical structure called G-quadruplex (G4-DNA or G4)
(Figure 40F).
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Figure 40. DNA structures. (A) A form. (B) B form. (C) Z form. (D) Triplex (E) i-
motif (F) G-quadruplex. Adapted from Ho PS and Carter M, 2011.

4. G-quadruplexes

As it has been said before, the G-quadrupex (G4) consists in two or more staked G-
quartets, which are planar structures formed by the association of four guanines. The
guanines are linked by two H-bounds: 1) internal: established between the oxygen of the
carbonyl group in position 6 (O6) and the hydrogen of the nitrogen at position 1 (N1);
2) External: consisting in H bonds via nitrogen at position 7 (N7) and the hydrogen of
the amino group at position 2. The G-quadruplex is stabilized by monovalent cations,
which interact with the four oxygen atoms belonging to the carbonyl group (O6) of the
four guanines during the stacking (Pinnavaia TJ et al., 1978). Also the presence of loops

and the sequences between the G blocks will determine the G-quadruplex stability.
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Finally, G-quadruplex present three key type interactions: H bonding, dipole
interactions and n-m stacking that stabilize and determine the structural diversity of G4

between other parameters.

4.1. Structural polymorphism of G4
Different parameters have been described to explain the structural diversity of G4
mainly: the number of strands, their orientations, the loops conformation and the nature

of cations.

4.1.1. Strands number
According to the number of DNA molecules involved in the formation of G4, two main
categories of G4 can be described (Figure 41). They can be intermolecular including
two subcategories: Tetramolecular G4 formed by the association of four strands and
Bimolecular G4 formed by two strands. Intramolecular or monomolecular G4 made by
one single strand containing several blocks of guanines are able to fold back and form a

(4 structure.

A B , C
i =
—d — o
= "

-
Figure 41. Schematic representation of different G4 conformations according to
the DNA molecules involved. Intermolecular: (A) Bimolecular and (B) Tetramolecular.

(C) Intramolecular or Monomolecular.

4.1.2. Glycosidic torsion angle
The sugar of the G (guanine) is usually in a C2'-endo/C3'-exo conformation. However,
the glycosidic bond angle can adopt two different orientations: syn and anti (Figure 42).
The syn conformation appears when the base and the sugar are on the same side of the
glycosidic bound and the anti conformation when the base and the sugar are on opposite
sides of the bond. The syn/anti conformations of guanines within a G-quartet define the
groove dimension between two adjacent guanines, which can be wide, narrow or

medium (Smith FW and Feigon J, 1992).
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B anti-conformation
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syn-conformation

Figure 42. Torsion angles of nucleic acids. (A) Torsion angles along the backbone (a
to {), within the sugar ring (v to v4), and the rotation of the nucleobase relative to the
sugar (). (B) Rotation about the glycosidic bond defines y-angles for the anti- and syn-
conformations of the bases. Adapted from Ho PS and Carter M, 2011.

4.1.3. Strand orientation
The strand orientation is defined by the phosphate backbone directionality 5' - 3'. The
G-quadruplexes are grouped in 3 categories (Figure 43): Parallel if it contains four
strands oriented in the same direction. Hybrid (3+1) if three strands are oriented in the
same direction and the forth in the opposite one. Antiparallel if the strands have

opposite direction two by two.

Figure 43. Schematic representation of different G4 conformations according to
strand orientation. (A) Parallel (B) Hybrid (C) Antiparallel.

4.14. Loop conformation
The loops are the sequences located between the blocks of guanines. In the case of
tetramolecular G-quadruplex, all G-tracts are independent and there are not
interconnection loop. However, Bimolecular and Monomolecular G-quadruplexes
present 2 or 3 loops respectively. There are four types of loop conformation (Figure 44):
1) Lateral loop or edgewise, which connects two antiparallel adjacent strands, 2)
Propeller or chain reversal loop, connecting two parallel adjacent strands and 3)
Diagonal loop connecting antiparallel opposite strands. V-shaped or snap-back loop

connects the wedges of G-quartet (Yang Q et al., 2010). Moreover loop length will also
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determine G-quadruplex conformation: short loops are usually external and favour a
stable parallel conformation and longer loops give rise to anti-parallel conformation
with a reduced stability of G-quadruplex (Rachwal PA et al., 2007; Guedin A et al.,
2010). Finally the type of the nucleotide, which forms the loops determines also the G-
quadruplex stability, the adenine presence reduces remarkably the stability comparing to

pyrimidines (C and T) (Guedin A et al., 2008).
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Figure 44. Schematic representation of different G4 conformations according to
loop conformation. (A) Lateral loop or edgewise (B) Propeller or chain reversal loop

(C) Diagonal loop (D) V-shaped (E) Snap-back loop.

4.1.5. Cation nature
G-quadruplexes are stabilized by monovalent cations, metallic cations such as K"
principally and in a lesser extend by the presence of Na" (Mergny JL et al., 1998) and
NH4" (Wong A and Wu G, 2003). Other monovalent (Rb", Cs’, TI", Li") and divalent
(Sr2", Ca2" and Pb2") cations can also be incorporated between G-quartets determining
different G-quadruplex structures (Wong A and Wu G, 2003; Wlodarczyk A et al.,
2005). In the literature it has been reported that ] AGGG(TTAGGG);] G-quadruplex
exhibit conformational changes in the glycosidic bonds in the presence of K" and Na'.
In the presence of Na' the G-quadruplex present three quartets with syn—anti—anti—syn
conformations in each G-quartet, but in the presence of K" all the G residues adopt an
anti conformation (Balagurumoorthy P and Brahmachari SK, 1994; Gilbert DE and
Feigon J, 1999; Parkinson GN et al., 2002). Also [d(G4T4Gs3)], has been observed in the
presence of Na', K" and NH4", and several structures were observed suggesting an
influence of cation determining the G-quadruplex polymorphism (Crnugelj M et

al., 2002).
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4.1.6. Bulges in G-quadruplexes
Discontinuous arrangements of guanines in one column of the G-tetrad core have been
observed in the sequence of Pu24 from the human c-myc promoter (Phan AT et al.,
2005) and c-kit87up from the human c-kit promoter (Todd AK et al., 2007; Wei D et
al., 2012), despite the presence of four G-tracts having each at least three continuous
guanines (Phan AT et al., 2005; Todd AK et al., 2007; Wei D et al., 2012). These
structures present the bulges, which are projections of bases from the G-quartet core
connecting two non-adjacent guanines of the same strand within the G-quartet core.
Phan and his collaborators have shown that many different bulges can exists in G4
structures, varying in sequence, size, position and number within the G-quadruplex

(Mukundan VT and Phan AT, 2013) (Figure 45).

Figure 45. Schematic representation of different G4 conformations according to
the presence of bulges. Different sequences have the ability to form different bulges.

Adapted from Mukundan VT and Phan AT, 2013.

4.2. Regulation of G-quadruplex formation
The participation of G-quadruplexes in biology is determined by their folding and
unfolding capacity. These two mechanisms are determined by chaperones and helicases,
respectively. The folding kinetics of G-quadruplexes is sequence dependent and it can
occur on a time scale ranging from a few milliseconds to minutes. For instances,
sequences that fold fast are human telomere repeats in 60ms (Zhang AY and

Balasubramanian S, 2012). But the G-quadruplex kinetics formation can be increased
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by the presence of protein chaperones (Fang G and Cech TR, 1993). The most identified
chaperones are in the telomeres, such as the S. cerevisiae telomere double strand
binding protein Rapl (Rhodes D and Giraldo R, 1995), the regulatory subunit of yeast
telomerase Estl (Li QJ et al., 2013) and the human telomere binding protein TRF2
implicated in DNA and RNA G-quadruplex binding (Biffi G et al., 2012). Other
proteins have also the capacity to bind G-quadruplexes and to stabilize them like in
human. One can cite the DNA mismatch recognizing factor MutSa promoting synapsis
of transcriptionally activated immunoglobulin switch regions (Larson ED et al., 2005),
and others as nucleophosmin (NPM1), which interacts with several G-quadruplex
regions in ribosomal DNA implicated in ribosome maturation and export (Chiarella S et
al., 2013), or nucleolin (NCL), which is an essential nucleolar phosphoprotein that binds
DNA G-quadruplexes with high affinity (Dempsey LA et al., 1999).

To unfold the G-quadruplexes, some specific helicases are put into play, and their loss-
of-function is linked to various cancers and genetic disorders. These specific G-
quadruplex helicases play important roles in DNA replication and telomere maintenance
(Brosh RM Jr, 2013). The human helicases WRN (Werner syndrome), BLM (Bloom
syndrome) and S. cerevisiae Sgsl are involved in telomere maintenance by their G-
quadruplex unwinding capacity (Lipps HJ and Rhodes D, 2009). Mutations in WRN
cause the Werner syndrome and mutations in BLM the Blooms syndrome, that gives
rise to premature aging (adult progeria) and increased risk of cancer, respectively. Also
the FANCIJ helicase, the orthologous of the C. Elegans DOG-1 helicase is essential for
G-quadruplexes unwinding and its loss of function is associated with the Fanconi
anaemia (London TB et al., 2008). As said before Pifl presents a strong G-quadruplex
unwinding activity and its loss of function gives a high DNA double strands breaks
presence (Ribeyre C et al., 2009; Paeschke K et al., 2011; Paeschke K et al., 2013). But
it has been reported that in the absence of G-quadruplex helicases, a number of
nucleases act to process G-quadruplexes, leading to G-tract deletions, such as FENI1,
EXO1 and DNA2 in human (Vallur AC and Maizels N, 2008). EXO1 and FENI play a
role in DNA replication and are involved in telomere maintenance (Saharia A et al.,
2008; Leon-Ortiz AM et al., 2014). In addition, the single-strand binding replication
protein RPA that is also involved in telomere maintenance has been shown to facilitate
G-quadruplex unfolding by shifting the equilibrium from a folded to an unfolded state
(Safa L et al., 2014). RNA G-quadruplexes can also be unwound by the RHAU helicase
(Lattmann S et al., 2010; Giri B et al., 2011). The knockdown of RHAU cause impaired
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telomerase assembly and changes in telomere length (Booy EP et al., 2012). These
examples provide evidence that there are proteins that directly regulate G-quadruplexes
resolution or removal to prevent replication fork stalling and DNA breakage, and RNA

folding.

4.3. G-quadruplexes in vivo

Since the first description of G-quadruplexes in vitro, the key question was if these
structures occur in vivo and what is their function. Firstly by bioinformatic studies the
G-quadruplexes were searched in the human genome (Huppert JL and Balasubramanian
S, 2005; Todd AK et al., 2005). These identified regions are called Putative Quadruplex
Sequences (PQS) (Huppert JL and Balasubramanian S, 2005; Huppert JL, 2008). The
reference sequence is G3N;.7G3N;7G3N7G3N, 7, where G represents the guanine tracts
and N the loop regions that are made of any nucleotide. The G tracts were restricted in 3
and the loops to 1-7 nucleotides. This pattern gave 360 000 motifs in human (Huppert
JL and Balasubramanian S, 2005), 27 motifs in Saccharomyces cerevisiae (Piazza A et
al., 2015). In Bacteroides sp 3_1_23 1 could find 2 motifs determined by the reference
sequence G3N;7G3N; 7G3N|7G3Ny_; research in the Bacteroides sp 3_1_23 genome. But
G-quadruplexes can show longer loops made of more than seven nucleotides (Dai J et
al., 2006; Balkwill GD et al., 2009; Amrane S et al., 2012). Recently, it has been
observed that G-quadruplexes can be formed by 4n-1 guanines: one G tract can be
shorter by one guanine, the G-quadruplex will contain two G-tetrads and one n—1 G-
quartets a G-triad (Heddi B et al., 2015). This G-triad was observed in the structure of
truncated thrombin aptamer (Cerofolini L et al., 2014) and in G-quadruplex formed by a
human minisatellite sequence (Adrian M et al., 2014). Because G-quadruplex sequences
are not archetypal as it seems, a new algorithm has been developed to determine G-
richness and poorness of regions in the genome (Bedrat A et al., 2016) in agreement to
high-resolution sequencing approach, which permitted the identifiaction of more than
700 000 sequences forming G4 structures in human (Chambers VS et al., 2015).

The first direct evidence came from the developement of a G-quadruplex structure-
specific antibody to detect G-quadruplexes in Stylonychia lemnae macronuclei telomers
(Schaffitzel C et al., 2001). Then other labs have tried to produce other antibodies to
detect G-quadruplex, especially in mammalian cells. Biffi et al. have produced a
specific antibody, BG4, to visualize DNA G-quadruplex structures, without any

preference and any particular conformation, in human cells (Biffi G et al., 2013).
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Finally, a murine monoclonal antibody, 1H6, which permits the visualization of G-
quadruplexes in human and murine cells has also been developed (Henderson A et al.,
2014). Moreover the DNA binding protein studies has contributed to detect G-
quadruplex in vivo such as in bacteria, ciliates and human in which their unwinding and
folding take place (Sundquist WI and Klug A, 1989; Paeschke K et al., 2005; Zaug AJ
et al., 2005).

4.4. G-quadruplexes localization
These studies in human, yeast and bacterial genomes, have then allowed to determine
the localization of such structures. Principally the G-quadruplexes are localised in non-
coding regions, with a higher density in telomeres and promoters (Huppert JL et al.,
2008) (Huppert JL and Balasubramanian S, 2005; Todd AK et al., 2005; Bedrat A et al.,
2016; Rawal P et al., 2006; Maizels N and Gray LT, 2013) but also in coding strand
determining gene transcription (Rankin S et al., 2005). G-quadruplexes localization is
not random. Indeed they are present in functional regions and furthermore, are highly
conserved between different species (Konig SL et al., 2010) by a selection pressure to
retain such sequences at specific genomic regions. This high conservation is present in
mammalian species and decreases in non-mammalian and lower organisms (Frees S et
al., 2014). The highest abundance of G-quadruplexes is at telomeres, consisting of 5 to
10000 bp of 5S'TTAGGG repeat in humans. Then in the gene promoters, at the border
between introns and exons and target immunoglobulin switch regions (S regions)
(Maizels N and Gray LT, 2013). Also the G-quadruplexes are present in 90% of human
DNA replication origins (Cayrou C et al., 2011; Cayrou C et al., 2012; Besnard E et al.,
2012). The genome instability is the hallmark in many cancers. Genome-wide analysis
of DNA breakpoints in different cancer types show a significant enrichment in G-
quadruplexes in the vicinity of somatic copy number alterations (SCNA) (De S and
Michor F, 2011), as well as telomeres being favoured targets of persistent DNA damage
response in aging (Hewitt G et al., 2012). Also G-quadruplexes have been found in the
5'-UTR regions of encoded mRNA (3000 G-quadruplex motifs in humans) having the
role of translational repressors. (Bugaut A and Balasubramanian S, 2012). But they are
also present in the 3'-UTR regions in mRNA, which impact in the polyadenylation (PA)
process permitting mRNA maturation (Beaudoin JD and Perreault JP, 2013). TERRA
(Telomere repeat-containing RNA) is a transcript of telomere DNA, which forms a G-

quadruplex structure and participates in the regulation of telomerase and telomeres (Xu
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Y et al., 2010). The presence of G-quadruplexes in important genomic regions suggests

that they provide a regulatory role.

4.5. Fonctions of G-quadruplexes
4.5.1. Role of G-quadruplexes in promoter region
It has been possible by bioinformatic techniques to identify G-quadruplex motifs at 1kb
upstream of TSS regions (Transcription Start Site) in more than 40% of human genes
(Huppert JL and Balasubramanian S, 2007). These G-quadruplexes are more present in
oncogene promoters and regulatory genes than in tumour suppressor promoters and
housekeeping genes (Eddy J and Maizels N, 2006; Huppert JL and Balasubramanian S,
2007). This G-quadruplex enrichment in promoter regions is also found in yeast,
bacteria, plants and mammalians (Hershman SG et al., 2008; Capra JA et al., 2010;
Rawal P et al., 2006; Mullen MA, et al., 2010; Yadav VK et al., 2008). Additionally, in
humans, G-quadruplexes are less found in the template strand (particularly the 3'UTR)
than in the non-template strand (Huppert JL et al., 2008). In yeast, they are present in
the two strands indistinctly, but there is a correlation between nucleosome-free regions
and G-quadruplexes in promoters (Capra JA et al., 2010). This observation suggests that
G-quadruplexes play a role in gene expression regulation. In humans, these structures
have been described in different genes including HIFAa, BCL-2, c-MYC (De Armond
R et al., 2005; Dai J et al., 2006; Simonsson T et al., 1998). G-quadruplexes have four
roles in the promoters (Figure 46). 1) Their presence in the template strand causes the
inhibition of the transcription, being a block factor (Figure 46A). In the case of NHEIII1
(Nuclease hypersensitive element III1), which is downstream of the MYC promoter, the
presence of G-quadruplex causes transcription repression (Siddiqui-Jain A et al., 2002).
2) On the contrary the G-quadruplex presence in the non-template strand could prevent
annealing to the template strand allowing accessibility of the transcription machinery
(Figure 46B). In this case the G-quadruplex structures could be enhancers of the high
transcription level of some genes. 3) Proteins bound to the G-quadruplex structures can
have a dual role as transcriptional enhancers and repressors. Some proteins cause the
unfolding of the G-quadruplexes allowing the final transcription of the temple strand
(Figure 46C), like some specific helicases: PIF1, WNR, BLM of 22 helicase that have
this ability. 4) Other repressors work by stabilizing G-quadruplexes presents in the
template strand (Figure 46D), such as TMPyP4 that binds to the G-quadruplex in
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NHEII1 reducing MYC transcription (Siddiqui-Jain A et al., 2002; Grand CL et al.,
2002).

A Polymerase stalling, inhibition of transcription

e

B Facilitating transcription

\LBJ/

C Stimulation of transcription
G4

D Transcription blocking (recruitment of repressors)

Figure 46. Functions of G4 structures during transcription in promoter

regions. (A) G-quadruplexes block transcription by polymerase (purple) inhibition. (B)
G-quadruplexes facilitate transcription by keeping the dsDNA unwound and allowing
the transcription of the template strand. (C) G-quadruplexes stimulate transcription by
recruiting proteins (green) such as helicases, which are able to unwind G-quadruplexes.
(D) G-quadruplexes block transcription via the recruitment of G4 binding proteins
(blue), which directly or indirectly (red) repress transcription. Adapted from Bochman

ML et al., 2012.

4.5.2. Role of G-quadruplexes in DNA replication
In the replication the double stranded DNA is separated into two strands. Firstly the G-
quadruplex can appear before the replication origin by slowing or stalling the
replication fork machinery (Zeman MK and Cimprich KA, 2014) (Figure 47). It can
also have an initiating role thanks to the recruitment of helicase specific for G-
quadruplex, the strand localization of the G-quadruplex determines the precise position

of the replication start site (Valton AL et al., 2014). Secondly during replication, the
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leading strand is continuously duplicated but G-quadruplex structures can be formed
before. Also the lagging strand’s replication is opposite to the direction of the growing
replication fork. For this reason the lagging strand is discontinuous and some portions
are free to form secondary structures, such as G-quadruplexes, which could act as
transcriptional regulators (Bochman ML et al., 2012). The absence or inactivity of these
helicases prevents the unwinding of these G-quadruplexes, slowling down the DNA
replication and the apparition of DSBs at many of the G-quadruplex, as in the case of
Pif1 absence (Ribeyre C et al., 2009; Lopes J et al., 2011). Also the Pifl deficient cells
present a high level of G-quadruplexes mutations, which eliminate the ability of the
motif to form a G-quadruplex structure. When theses mutated motifs are reintroduced in
the genome of a normal cell (in presence the Pifl), they do not bind Pifl, and slow
down DNA replication or cause DSBs (Ribeyre C et al., 2009; Lopes J et al., 2011;
Paeschke K et al., 2011).
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Figure 47. Functions of G4 structures during replication. (A) Origins of replication

are GC-rich. G-quadruplex formation causes slowing or stalling or initiation of DNA
replication, and its localization determines the site of initiation. (B) G-quadruplexes
formed during replication in the leading or lagging strand when the DNA is single
stranded impede replication but the presence of helicases specific for G-quadruplex

unwinding allows the replication. Adapted from Rhodes D and Lipps HJ, 2015.
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4.5.3. Role of G-quadruplexes in telomeres
The telomeres are constituted by DNA sequences protected by proteins at the ends of
chromosomes and they are composed of a double stranded region and 3' single stranded
overhang (Bochman ML et al., 2012). The principal role of telomeres is to protect the
chromosome from degradation and end-to-end fusion. Usually this 3' single stranded
overhang sequence consists in repetitions of G-rich motif, like (TTAGGG)n in
vertebrates (Dreesen O et al., 2005). Several studies using specific binding protein and
antibodies binding have shown that this G-rich sequences are able to form G-
quadruplexes in vivo (Paeschke K et al., 2005; Biffi, G et al., 2013; Chambers VS et al.,
2015; Fang G and Cech TR, 1993; Giraldo R and Rhodes D, 1994; Zaug AJ et al., 2005;
Wang H et al., 2011) suggesting that G-quadruplexes might act as a telomere capping
structure (Figure 48). This telomere capping structure allows telomere protection from
nucleases (Capra JA et al., 2010) (Figure 48A). In ciliates, they protect the telomeres by
recruitment of telomere end binding protein TEBPa, which allows two telomeres fusion
and attachment to a sub-nuclear structure (the nuclear matrix or scaffold) via
recruitment of the telomere-end binding protein TEBPP (Paeschke K et al., 2005)
(Figure 48B). The telomeres length is regulated by telomerase and influenced by G-
quadruplexes structure. Intramolecular antiparallel G-quadruplexes structures block
telomerase activity, whereas intermolecular parallel G-quadurplexes do not (Zahler AM
et al., 1991; Oganesian L et al., 2006; Oganesian L et al., 2007). Also like in the case of
transcription and replication, a variety of ligands stabilize the G-quadruplexes causing
telomerase inhibition by preventing annealing of telomerase RNA to G-strand

overhangs, as telomestatin (Kim MY et al., 2002; Rezler EM et al., 2005) (Figure 48C).
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Figure 48. Functions of G4 structures at telomeres. (A) The G-rich 3' overhang can
form folded G-quadruplexes that protects telomeres from nuclease degradation. (B)
Ciliate telomeres form G-quadruplex structures involving two telomeres promoted by
the telomere-end binding protein TEBPa and the attachment to sub-nuclear structure
(the nuclear matrix or scaffold) with the recruitment of the telomere-end binding protein
TEBPB. (C) Stabilizing of G-quadruplexes by G-quadruplex binding ligands blocks
telomerase action. Adapted from Rhodes D and Lipps HJ, 2015.

4.6. Characterization of telomeric G-quadruplex motif and (GGGT)4 motif

The GGGTTA motif is found in many phylogenetically distant organisms, such as
vertebrates (Moyzis RK et al., 1988), several fungi (Schechtman MG, 1990) and slime
mold (Forney J et al., 1987). Variants of this motif are found in many other organisms
such parasites (Le Blancq et al., 1991), plants (Richards EJ and Ausubel FM, 1988),
algae (Petracek ME et al., 1990), nematodes (Wicky C et al., 1996) and yeasts (Lue NF,
2010). Different studies determine that the sequence can fold into a parallel, hybrid or
antiparallel G-quadruplexes depending on experimental conditions and the exact
sequence (Phan AT, 2010).

In human this GGGTTA motif is present in the telomeres that comprises thousands of
this tandem repeats with a 3’-end overhang of 100-200nt long (Makarov VL et al.,
1997). This motif in different experimental conditions could adopt four different
intramolecular G-quadruplexes forms involving three G-tetrad layears (Figure 49): 1) in
Na’ d[A(GGGTTA);GGG] presents an antiparallel stranded basket form (Wang Y and
Patel DJ, 1992), 2) in K™ d[A(GGGTTA);GGG] presents a parallel stranded propeller
form (Parkinson GN et al., 2002), 3) in K* d[TA(GGGTTA);GGG] presents a hybride
form type 1 (Luu KN et al.,, 2006). 4) in K" d[TA(GGGTTA);GGGTT presents a
hybride form type 2 (Phan AT et al., 2006). The presence of these structures in the
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telomeres causes inhibition of the telomerase activity (Zahler AM et al., 1991), which is

critical for the proliferation of most cancer cells (Kim NW et al., 1994).

Figure 49. Schematic structures of intramolecular G-quadruplexes formed by the
human telomeric sequences: (A) d[A(GGGTTA);GGG] in Na' solution a basket-type
form (B) d[A(GGGTTA);GGG] in a K" a propeller-type form, (C)
d[TA(GGGTTA);GGG] in K solution hybride form type 1 and (D)
[TA(GGGTTA);GGGTT] in K solution hybride form type 2. The G-rich columns in are
represented in black and connecting loops in red. The anti guanines are coloured

cyan; syn guanines are coloured magenta. Adapted from Lim KW et al., 2009.

In the litterature the structure of this human telomere d[(GGGTTA);GGGT] sequence
has been investigated and characterized (Figure 50). It is the most similar to the
sequence we use in this thesis. This sequence was studied in presence of K establishing
a basket-type G-quadruplex fold. The G-quadruplex core consists of two tetrads, G1-
G14-G20-G8 and G2-G7-G19-G15 with a glycosidic conformation of guanines of syn-
syn-anti-anti in each tetrad. Each strand constituting the core has both a parallel and
antiparallel adjacent strands. The loops are successively edgewise diagonal edgewise.
This structure, with two G-tetrads in the core, is more stable than the intramolecular G-
quadruplexes with three-G-tetrads. In terms of melting temperature the G-quadruplexes
with two-G-tetrads presents a 57°C melting temperature compared to G-quadruplexes
with three-G-tetrads, which presents a lower melting temperature 47.2°C and 53.6°C.
This high stability is explained by the extensive base pairing and stacking of thymine
bases (T4, T10, and T16) into the hydrophobic grooves in the loops capping both ends
of the G-tetrad core (Lim KW et al., 2009).
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Figure 50. Structure of the human telomeric G-quadruplex d[(GGGTTA);GGGT].
(A) Ribbon view of a representative structure of natural d[(GGGTTA);GGGT]. The
anti guanines are coloured cyan; syn guanines are coloured magenta. The backbone is
represented in grey and the O4' atoms in yellow. (B) Schematic view of a representative
structure of natural d[(GGGTTA);GGGT] The G-rich columns in are represented in
black and connecting loops in red. The anti guanines are coloured cyan; syn guanines
are coloured magenta. The letters W, M1, M2 and N represent wide, medium 1, medium

2 and narrow grooves, respectively. Adapted from Lim KW et al., 2009

The d[(GGGT)4] motif is used as an HIV-1 integrase inhibitor, a viral enzyme
responsible for the integration of viral DNA into the host-cell genome (Jing N et al.,
1997; Jing NJ et al.,, 2000). Its variants are unusually high thermal stable. The
d[(GGGT)4] motif folds in presence of K and forms a dimeric G-quadruplex composed
by the stacking of two-propeller type parallel stranded by their 5'-ends (Figure 51A).
This dimeric characteristic, trained to investigate to obtain a monomeric form of this
kind of G-quadruplex (Do NQ et al., 2011). It has been shown that the addition of
terminal non-G residues reduces the stacking propensity of these G-quadruplexes
(Wang Y and Patel DJ, 1992; Kato Y et al., 2005; Martadinata H and Phan AT, 2009).
The addition of two thymine at the 5’-end of d[(GGGT)4] motif give a monomeric form
with a similar condition, a propeller-type G-quadruplex with three G-tetrad layers (Do
NQ et al., 2011) (Figure 51B). The use of this monomeric form d[TT(GGGT)4] showed
the capacity of Rhaul8 to bind to the 5'-end G-tetrad, projecting the first two thymine
bases outward (Heddi B et al., 2015).

129



Figure 51. Structure of G-quadruplex d[(GGGT)4] and d[TT(GGGT)4]. (A) Ribbon
view of a representative structure of the dimeric parallel-stranded G-quadruplex
structure of d[(GGGT)4] in K solution. Bases from the top monomer are colored blue
while those from the bottom monomer are colored red. Backbone and sugar atoms are
coloured gray, with O4’ atoms in yellow. Adapted from Do NQ et al., 2011. (B) Ribbon
view of d[TT(GGGT)4]. Superposition of the free (red) and bound to Rhaul8 (blue).
Adapted from Heddi B et al., 2015.

Also a variant of HIV-1 integrase inhibitor named G3T d[(GGGT);GGG] has been
investigated and was used for my thesis research. As d[(GGGT),] in presence of K, it
forms parallel G-tracts and chain-reversal single-loops and dimerise giving a melting
temperature of 75°C (Rachwal PA et al., 2007; Kankia B et al., 2016). The stability of
this HIV-1 integrase inhibitor variant G3T d[(GGGT);GGG] G-quadruplex has been
tested also in presence of Sr*".This ion leads to the highest thermal stability and stable
dimers are formed through end-to-end stacking. But the increase in the cation
concentration causes a hysteretic behaviour determined by the dimerization of the G3T
through stacking and the dimerization occurs after G3T folding (Lomidze L et al.,
2016).
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Materials and Methods

1. Protein expression and purification

BsPifl was prepared in XG Xi laboratory in China with the following procedure. The
gene encoding BsPifl protein (Genebank number: WP _008647876.1) was amplified
with genomic DNA prepared from Bacteroides sp. 3_1_23 strain. The amplified
polymerase chain reaction (PCR) products were cloned into pETI15b-SUMO
(Invitrogen) using ExTaq PCR (Takara) according to the manufacturer's protocol. In
this system, BsPifl was tagged with an N-terminal Sumo fusion domain preceded by a
6x-His tag. All constructs were verified using PCR screening and sequencing
(Invitrogen, Shanghai). The BsPifl expression vector was transformed into
theEscherichia coli strain BL21(DE3) and cultures were performed at 37°C until an
ODggo of ~0.6 and then incubated overnight with 0.4 mM IPTG at 18°C. After
centrifugation, the cell pellets were re-suspended in lysis buffer (20 mM Tris—HCI pH
8.0, 500 mM NaCl, 10 mM Imidazole and 10% glycerol (v/v)). The cells were sonicated
and then centrifuged at 12 000 rpm for 40 min. Before loading on a Ni*" charged IMAC
column (GE Healthcare), the samples were filtered through a 0.45-pm filter. The protein
was then eluted from the Ni*" affinity column by running a 20-300 mM imidazole
gradient in a 20 mM Tris—HCI buffer (pH 8.0), 500 mM NaCl and 10% glycerol (v/v).
The eluted protein was incubated with Sumo protease (Invitrogen, Beijing) for 20h at
4°C and dialyzed against the lysis buffer at 4°C overnight. Then the Sumo-digested
proteins were loaded on a Ni*" affinity column (equilibrated in the lysis buffer) and
flow through. The protein was dialyzed against buffer Q (20 mM Tris—HCI, pH 7.4, 200
mM NaCl, 1 mM EDTA, 1 mM Dithiothreitol (DTT) and 5% glycerol (v/v)), and
loaded on a Source Q column (GE Healthcare). The protein was then eluted by a NaCl
gradient (200-1000 mM in buffer Q). The eluted fraction containing BsPifl was
collected, concentrated and was further purified by gel filtration using a Superdex 200
10/300 GL column. The final purified protein was dialyzed against the storage buffer
(20 mM Tris—HCI, pH 7.4, 350 mM NaCl, 1 mM DTT and 20% glycerol (v/v)) and was
stored at —80°C.
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2. DNA sequences

The following table (Table 4) presents the different DNA sequences, which were used
in this work. The structures differ by the position of the G quadruplex in the sequences
either preceded or followed by single/double strand DNAs. Moreover, the length as well

as the nucleotide sequence are variable.
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Name Structure | Sequence
ssDNA 25nt S’TTTTTCTTTTTCTTTTCTTTTCTTT
25nt
ssDNA 18nt Lant 5’GCCTCGCTGCCGTCGCCA-F
ssDNA 17nt 17nt S’TTTTTTTTTTTTTITTTT
ssDNA 10nt 10nt 5"TTCCTCGGAC
G4TTA @ 5"GGGTTAGGGTTAGGGTTAGGG
GATTA 2 @ 5F-TGGGTTAGGGTTAGGGTTAGGG
G4T @ 5*GGGTGGGTGGGTGGG
G4T 2 @ 5'F-AGGGTGGGTGGGTGGGT
17TG4T S’TTTTTTTTTTTTTTTTTGGGTGGGTGGGTGGG
o ()
2TG4AT -@ 5’ TTGGGTGGGTGGGTGGG
2nt
10TG4TTA . O_@ STTTTTTTTTTGGGTTAGGGTTAGGGTTAGGG-F
nt
G4TD17b @L 5’"GGGTGGGTGGGTGGGATGTATGTCAAGGAAGG
nt
G4ATTA10T @ﬁnt 5GGGTTAGGGTTAGGGTTAGGGTTTTTTTTTT-F
17TG4TD17 170t 17bg 5 TITTTTTTTTTTTTTTTGGGTGGGTGGGTGGGATGTATGTCAAGGAAGG
3’TACATACAGTTCCTTCC
17TG4TD10 m 10bp| S TITTITTTTTTTTTTTTGGGTGGGTGGGTGGGTTCCTCGGAC
3’ AAGGAGCCTG
17TG4TTAD17 STTTTTTTTTTITTTITTGGGTTAGGGTTAGGGTTAGGGATGTATGTCAAGGAAGG
17nt @m’p 3’TACATACAGTTCCTTCC
G4TD17 17bg 5 GGGTGGGTGGGTGGGATGTATGTCAAGGAAGG
P 3’ TACATACAGTTCCTTCC
G4TD10 .| $'GGGTGGGTGGGTGGGTTCCTCGGAC
10bp 3’AAGGAGCCTG
G4TTAD17 17p, 3 GGGTTAGGGTTAGGGTTAGGGATGTATGTCAAGGAAGG
3’TACATACAGTTCCTTCC
D18 18bp 5GCCTCGCTGCCGTCGCCA-F
TIIIIII | 3°CGGAGCGACGGCAGCGGT
D17 17bp | ’ATGTATGTCAAGGAAGG
TIIIIII | 3’ TACATACAGTTCCTTCC
D10 10bp | 5 TTCCTCGGAC
TIIIT | 3'AAGGAGCCTG
17TD17 17nt  17b 5> TTTTTTTTTTTTTTTTTATGTATGTCAAGGAAGG
" P 3’TACATACAGTTCCTTCC
— I
17TD10 17nt  10b S’TTTTTTTTTTTTTTTTTTTCCTCGGAC
—.|:|:|:|:|:p 3’AAGGAGCCTG
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3. DNA substrates preparation

The DNA oligonucleotides were synthesized by Eurogentec (Kaneka Eurogentec SA,
Seraing, Belgium) on a 40 nmoles scale (see table 4 for sequences). Single Strands were
dissolved in distilled water at 100uM. A ImM working stock solution of G-quadruplex
containing DNAs were folded by incubating at 90°C for 25 min in a buffer containing
20 mM K Phosphate and 100 mM KCI (pH 6.5), then cooled down to room temperature

overnight. The various DNA substrates were then stored at -20°C.

4. ATPase activity assay

The ATPase activity of BsPifl was measured at 37°C in a reaction mixture (40 pl)
containing 27 mM Tris-HCI (pH 7.5), 69 mM NacCl, 2.2 mM MgCl,, 0.005 mg/ml BSA,
and 2.2 mM DTT, 2 uM DNA substrate and 150nM BsPIF1. In the presence of G-
quadruplexes, K phosphate and KCIl was added in a final concentration of 4mM K
phosphate and 20mM KCI. The reaction was initiated by the addition of indicated
amounts of [y-P] ATP (Perkin Elmers, The Netherlands, 3000Ci/mmol) and stopped
by transferring 35 pl of the mixture every 20 s into 600 pl of hydrochloric solution of
ammonium molybdate (Ammonium molybdate (NH4)2MoO4 5g with HCI 10N 40ml in
a final volume of 500ml saturated in water) with 6ul 20mM Phosphate acid. The
enzymatic  activity =~ was  monitored by  quantification  of  released
radioactive **P; extracted, 1ml of the solution of 2-butanol-cyclohexane—acetone—
hydrochloric solution of ammonium molybdate (250:250:50:0.1) saturated with water
was added. The mix of the two solutions was vortexed and centrifuged at 14000 rpm for
I min, permitting the separation of the organic phase and the aqueous phase. Finally
500 pl of organic solution were taken-out and transferred in a new tube. The CPM value
of radioactivity was counted with a Tri-Carb Counter (Perkin Elmers, Welleslay, MA,
USA). The hydrolysis rate was determined by the following equation and plotted using
KaleidaGraph software.

(CPM sample — CPM control) x 1000000

V/[enzyme] =
CPM ATP x V x T x [enzyme]

Where V/[enzyme] is the hydrolysis rate (WM ATP/ min) in dependance of the enzyme

concentration (UM protein); CPM sample is the radioactive value of the sample; CPM

control is the radioactive value of blank control without radioactivity; CPM ATP

presents the radioactive value of 1umol of ATP; V is the volume (ul) of the reaction; T
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is the reaction time (min) and [enzyme] is the concentration of enzyme (uM) used

during the reaction.

5. DNA labelling
Oligonucleotides were 5’-end labelled using [y-32P] ATP (Perkin Elmers, The
Netherlands, 3000Ci/mmol) and T4 polynucleotide kinase (New England BioLabs) by
incubation for 1h at 37°C. 5uM Oligonucleotide was labelled in a 1x PNK buffer (New
England BioLabs) with 2000U of T4 polynucleotide kinase (New England BioLabs)
and 1.3 uM [y-32P] ATP (Perkin Elmers, The Netherlands, 3000Ci/mmol). The 5’-end
labelled oligonucleotides were purified by illustra MicroSpin G-25 columns (GE
Healthcare). The columns were firstly washed once with 1xTE buffer and centrifuged at
3000 rpm for 3min at 4°C. The labelled-oligo was loaded onto the column, centrifuged
at 3000 rpm for 3 min at 4°C and the flow-through solution were collected. The column
was washed with 20uL of H,O four times and centrifuged to collect the flow-through.
The CPM value of each fraction was counted and the highest CPM values fractions
were pulled and stored at -20°C. The concentration of labelled-oligo was calculated
with the following expression:

Cox Vo x (CPMp/ CPMy)
C label=

Vp
The “C label” is the concentration of labeled oligo, C is the original concentration of
oligo, V) is the original volume of oligo before addition into reaction system; CPMp is
the total count of CPM of pooled fractions; CPMr is the total count of CPM of all

fractions; Vp is the volume of pooled oligo.

6. DNA strand annealing

Hybridation mix was composed of the labelled and unlabelled ssDNA at ratio of 1:1
(6pmol/ 6pmol) and 1X Hybridation buffer (20mM Tris HCI pH 7.4, 0.1M NaCl),
incubated at 37°C for lhour and finally stored at -20°C. In the presence of G-
quadruplexes, K phosphate and KCl was added in a final concentration of 20 mM
Kphosphate and 100 mM KCIl.
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7. Helicase assays

Helicase reactions were performed for 15 min at 30°C in 20 pl of a reaction mixture
containing 30 mM Tris-HCI (pH 7.5), 100 mM NaCl, 2.4 mM MgCl,, 2.4 mM DTT,
0.005 mg/ml BSA, 4 mM ATP and indicated amounts of BsPifl enzyme. In the
presence of G-quadruplexes K phosphate and KCl was added in a final concentration of
3 mM Kphosphate and 15 mM KCI. The reaction was initiated by adding **P-labeled
DNA substrate at 1.5 nM final concentration into the mixture and stopped by the
addition of 5 pl of the quench solution (150 mM EDTA, 2% SDS, 30% glycerol, and
0.1% bromphenol blue). Reaction products were resolved on 12% (19:1) native
polyacrylamide gels run at 4°C for 2 h 30 min at 140-200V, visualized and analysed
following exposure on an X-ray film at -80°C with ChemiDoc XRS (BioRad).

Quantifications were performed with ImageLab (BioRad) software.

8. Annealing assays

The annealing activity reaction was performed by adding first the labelled ssDNA and
then quickly the unlabelled ssDNA at radio of 1:1 (1.5nM/ 1.5nM). ATP is not added
for annealing activity and because sometimes it can inhibit the annealing activity by the
helicase. The annealing reaction buffer contained 27 mM Tris-HCI (pH 7.5), 69 mM
NaCl, 2.2 mM MgCl,, 0.005 mg/ml BSA, and 2.2 mM DTT and indicated amounts of
BsPifl enzyme. Controls were performed with ATP, ATPyS (adenosine 5’-[y-thio]
triphosphate), added to a final concentration of 4 mM. The reaction system was
incubated at 30°C for 30 min and then stopped by the addition of 5 ul of the quench
solution (150 mM EDTA, 2% SDS, 30% glycerol, and 0.1% bromphenol blue). The
helicase assays reaction products were resolved on 12% (19:1) native polyacrylamide.
The gels were run at 4°C for 2h30 at 140-200V, visualized and analysed after exposure
on an X-ray film at -80°C with ChemiDoc XRS (BioRad). Quantifications were
performed with ImageLab (BioRad) software.

9. DNA-binding assay

DNA-binding assays were performed in XG Xi laboratory in China with the following
procedure. The binding of BsPifl to fluorescein-labeled DNA substrates was analyzed
by fluorescence polarization assay using Ininite F200 instrument (TECAN). Varying
amounts of protein were added to a 150 ul solution of buffer A (25 mM Tris HCI,
pH7.5,50 mM NaCl,2mM MgCl, and 2mM DTT) containing 5nM fluorescein labeled
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DNA. Each sample was allowed to equilibrate in solution for 5 min. After 5 min, the
steady-state fluorescence anisotropy (r) was measured. A second reading was taken
after 10min, in order to ensure that the mixture was well-equilibrated and stable. Less
than 5% change was observed between the 5- and 10-min measurements.

Competition experiments were performed with complexes of BsPifl (100nM) bound to
fluorescein G4 or ssDNA labeled (5nM) and varying amount of non labeled indicated
DNA (0-500nM).

10. Circular dichroism (CD)

The circular dichroism was used to probe G4 folding and conformation of the tested
DNA oligonucleotides. Oligonucleotides previously folded were diluted to a final
conentration of 5 uM in 28.6 mM Tris-HCI (pH 7.5), 95.2 mM NacCl, 2.3 mM MgCl,,
2.3 mM DTT, 0.47% glycerol and 3.8mM Kphosphate, 15.2mM KCI. The CD spectra
were recorded on a Jobin-Yvon CD6 dichrograph using a quartz cell of Imm path
length. The temperature was set at 30°C and the spectra were recorded over a
wavelength range of 230-320 nm after 15min of incubation. Acquired spectra were
baseline corrected for signal contribution due to the buffer and the observed ellipticities

in mdeg.

11. Electrostatic potential surface map

The electrostatic potential of solvent-accessible surface area (SASA) of BsPifl (PDB
code: 5FTE) was solved using the APBS (Adaptive Poisson-Boltzmann Solver) plugin
(Baker NA et al., 2001) in PyMOL (Schrodinger LLC, 2015) software, with the ion
charges of PARSE and ionic strength of 150 mM. The obtained results appear as color-
coded electrostatic surfaces. The dielectric constants of the solvent and the solute were

set to 80.0 and 2.0, respectively at pH= 7.
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Results

1. Verification of G-quadruplex structure

Circular dichroism allows the secondary structure of proteins and DNA to be
understood by the ability of a sample to absorb circularly polarized right light and
circularly polarized left light. The dichroic spectrum corresponds to the difference in
absorbance between these two types of light, for each wavelength. This technique can
be applied to G-quadruplex to verify that the sequence is correctly folded as revealed by
a typical spectrum. Principally CD spectra are empirically used to speculate on the
relative orientation of the four strands constituting the G-tetrad core. Parallel-stranded
are characterized by a positive peak at 260nm and antiparallel-stranded are
characterized by a positive peak at 290-295 nm. Therefore, not only informations about
quadruplex structures of DNAs can be obtained but also the effects of sequence, cations,
chemical modification and ligand binding on quadruplex structure can be observed and
monitored. To make sure that the G-quadruplex used during my work was correctly
folded and had the expected structure I performed the CD spectra of the three principal
G-quadruplexes that were planned to be used (G4T, G4TTA and 17TG4T). The Figure
52 shows that G4T and 17TG4T had a parallel-stranded form with a high mDEG in the
positive peak (~2mDEG) indicating their high stability. On the contrary the G4TTA
presents antiparallel-stranded form with a low mDEG in the positive peak (~0.4mDEG)

indicating its low stability.
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Figure 52. G-quadruplex structure by circular dichroism. CD Spectra were recoded
by varying the wevelength between 220 and 320 nm with the DNA in final conentration
of S5uM after 15min of incubation at 30°C. In blue is represented the Human telomeric
G-quadruplex (G4TTA), in red the variant HIV-1 integrase inhibitor G-quadruplex
(G4T) and in green the variant HIV-1 integrase inhibitor G-quadruplex with an ssDNA
tail in 5' of 17nt (17TG4T).

2. ATP hydrolysis stimulation

It has been shown that ATPase activity is required for double strand unwinding in
Saccharomyces cerevisae by Pifl (Lahaye A et al., 1993; Galletto R and Tomko EJ,
2013). Previously other labs have tested G-quadruplexes ATP stimulation with a certain
type of tetramolecular G-quadruplexes: these structures are all G-tracts which are
constituted by four single stranded DNA being hybridized by intermolecular bonds and
each strand is long enough to stimulate ATPase activity by loading into the classical
SF1 ss/dsDNA binding channel (Sanders CM, 2010). Also it has been reported that
ATP hydrolysis is stimulated by ScPifl when the enzyme is bound to a parallel
quadruplex linked with an ssDNA (15T) 5' tail. This ATP hydrolysis is reduced when is
compared to a single-stranded DNA. However it occurs at a faster rate than G-
quadruplex unfolding, indicating that some ATP hydrolysis events are non-productive
(Byrd AK and Raney KD, 2015). Therefore it is not established whether the G4

structure is the only factor necessary to cooperatively stimulate ATPase activity or if it
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can be in combination with ssDNA. To answer this question and investigate the
substrate features necessary to stimulate ATPase activity in BsPifl. I tested 3 different
types of structures: 1) 3 ssDNA, 2 dsDNA of different length and sequence and a partial
duplex DNA with 5’-overhang ssDNA (ssDNA 25nt, ssDNA17nt and ssDNA10nt, D17
and D10, 17TD17 a 5’s-3'ds), 2) A parallel G4-motif (G4T), a parallel G4-motif linked
with 2 nucleotides at 5' end (2TGA4T) and a telomere antiparallel G4-motif (G4TTA), 3)
A parallel G4-motif (G4T) linked with a ssDNA at both 5' or 3' end (17TG4T a 5’sG4T
and G4TD17b a G4T-3's), also with a ssDNA at 5' and duplex in 3' (17TG4TDI10 a
5’sG4T-3'ds) and a dsDNA at 3' end (G4TD10 a G4T-3'ds). The ATPase activity was
determined by measuring the inorganic phosphate Pi released during the hydrolysis of
radioactive ATP then the velocity was calculated by using the Michaelis-Menten
equation. To ensure the stability of the G-quadruplex structures, an appropriate
potassium concentration was used.

The Figure 53 shows the comparison of the ATPase activities of BsPifl in the presence
of ssDNAs and the parallel G4-motif. Strikingly, 3 categories of ATPase activities are
obtained in terms of amplitudes, depending on the DNA structures. 1) In the presence of
ssDNA 25nt and 17nt, the ATPase activity is greatly stimulated, with Vmax values of
880.13 uM ATP/min/uM BsPifl; 2) In the presence of a shorter ssDNA (10nt) the
ATPase activity is about half from that of ssDNA17nt and 25nt. 3) In the presence of
GAT the ATPase activity is even weaker. Theses results taken together allow us to say
that the structure and the length of the single strand of DNA (not the sequence of the
ssDNA) determine the ATPase activity. Obviously 10 nucleotides are not sufficient for

optimal ATPase activity.
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Figure 53. BsPifl ATPase activity in the presence of ssDNA (ssDNA 25nt, ssDNA
17nt and ssDNA 10nt) and parallel G4-motif (G4T). The enzymatic assay was
performed with 150nM of BsPifl, 2uM DNA, without any co-factor during 6min at
37°C. Data were obtained after subtracting the ATPase activity in the absence of DNA,

and fitted to the Michaelis—Menten equation.

To test the effect of the DNA folding or strand hybridization on the BsPifl ATPase
activity, I compared the enzymatic activity with 3 different G4 (G4T, 2TG4T and
G4TTA) and 2 double strand (D17 and D10) structures. Results are presented in Figure
54. Like in the precedent case three categories of ATPase activities were obtained: 1) In
the presence of the ssDNA 17nt the ATPase activity was unchanged with a maximal
amplitude like above. 2) In the presence of the two dsDNA and the human telomere G4-
motif (G4TTA), the ATPase activity is greatly reduced. 3) In the presence of the
parallel G4-motif (G4T) with or without 2nt at its 5' end (2TG4T) the ATPase activity is
insignificant. Theses results allow us to conclude that a G-quadruplex structure affects
the ATPase activity. The striking effect is observed with the parallel G4-motif (G4T).
This G-quadruplex is the most stable structure because of its dimerization, which is
prevented by the addition of 2nt at its 5' end (2TG4T) (Do NQ et al., 2011) without any
changes of ATPase activity. In contrast the telomere antiparallel G-motif (G4TTA) is
less stable and seems to stimulate the ATPase activity. More details shall be given in the

discussion section.
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Figure 54. BsPifl ATPase activity in the presence of ssDNA (ssDNA 17nt), dsSDNA
(D17 and D10) and G-quadruplexes (G4TTA, 2TG4T and GA4T). The reaction was
performed in 150nM of BsPifl, 2uM DNA during 6min at 37°C. Data were obtained
after subtracting the ATPase activity in the absence of DNA, and fitted to the

Michaelis—Menten equation.

Since only ssDNA seems to stimulate ATPase activity, we asked if the presence of a 5'
or a 3’ ss DNA sequence or a 3’ds DNA sequence in the parallel G-quadruplex (G4T)
could affect its activity. The Figure 55 reveals that full BsPifl ATPase activity is
recovered when the parallel G4-motif and stable G4 (G4T) bears a ssDNA sequence at
the 5” end (17TGA4T a 5’sG4T) reaching equal amplitudes to those of ssDNA. Also the
presence of a duplex in the 3' of the ssDNA and the G-quadruplex with 5' ssDNA tail
didn't affect the amplitude, giving a high ATPase activity rate (17TD10 a 5’s-3'ds and
17TG4TDI10 a 5’sG4T-3'ds). On the other hand, the presence of either an ssDNA
(G4TD17b a G4T-3's) or dsDNA (G4TD10 a 5’sG4T-3'ds) sequence at the 3’end of the
G4 does not allow this full recovery of activity. However, ATPase activity of G4 motif
bearing a dsDNA at it 3° end is higher than that of the G4 only motif (G4T) and reaches
equal amplitude to that of a dsDNA of the same length.
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Figure 55. BsPif1 ATPase activity. In the presence of ssDNA (ssDNA 17nt), a partial
duplex DNA with 5’-overhange ssDNA (17TD10 a 5’s-3'ds), G-quadruplex linked with
a ssDNA in 5' or 3' (17TG4T a 5’sG4T and G4TD17b a G4T-3's), G-quadruplex linked
with a ssDNA in 5' and a duplex in 3' (17TG4TD10 a 5’sG4T-3'ds), G-quadruplex
linked with a dsDNA in 3' (G4TD10 a G4T-3'ds) and G-quadruplex (G4T). The reaction
was performed in 150nM of BsPifl, 2uM DNA during 6min at 37°C. Data were
obtained after subtracting the ATPase activity in the absence of DNA, and fitted to the

Michaelis—Menten equation.

Taken together, these results demonstrate that ssSDNA is an essential factor to stimulate
BsPifl ATP hydrolysis. The stimulation of ATPase activity by an isolated and stable G4

motif is fairly weak.

3. Determination of distinct binding sites for ssDNA and G4 motif

The precedent observations that only ssDNA stimulate ATPase activity and not the G4-
motif may suggest that BsPifl possesses two kinds of DNA binding sites: one specific
to ssDNA being the main stimulating ATPase activity and an other one which is G4-
specific but fails to stimulate ATPase activity. To confirm this conjecture, two
competition experiments were performed. Firstly after saturation of BsPifl with the

ssDNA (ssDNA 17nt) the parallel G4-motif lonely (G4T) was added up to three times
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the concentration of ssDNA. If parallel G4-motif competitively binds the same site as
ssDNA the ATPase activity will be affected causing a fall of ATPase activity. Secondly
the reverse experiment was carried out: BsPifl was bound with a high concentration of
parallel G4-motif lonely (G4T), then ssDNA (ssDNA 17nt) was gradually increased to
three times the concentration of G-quadruplex. In this experimental case if the G4-motif
competes with the ssDNA, it is expected that ssDNA stimulation does not affect
ATPase activity, which will be close to zero when G4 motif bind. The results are shown
in Figure 56. Indeed, the G4-motif cannot counteract ssDNA stimulation ATPase
activity whereas ATPase activity of BsPifl was gradually increased with ssDNA

concentration.
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Figure 56. BsPifl ATPase activity competition. The green crosses represent the
ATPase activity when 2uM ssDNA (ssDNA 17nt) is saturated and parallel G4-motif
(G4T) is progressively added. The blue empty circles present the ATPase activity when
2uM of parallel G4-motif (G4T) is saturated and ssDNA (ssDNA 17nt) is progressively
added. The reaction was performed with 150nM of BsPifl during 6min at 37°C.

These results clearly show that there is no competition between the two different types
of DNA, which trigger two different ATPase activities. At this point, it is not clear
whether this difference results from different affinities of DNAs towards BsPifl or
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these phenomena reflect BsPif1 intrinsic properties of ATPase activity stimulated by the
different DNA structures. To answer the question, the Xuguang Xi’s lab in China
performed a DNA binding assay by fluorescence anisotropy. The experiments permitted
to assess the equilibrium binding properties of the BsPifl with six similar substrates
used for ATPase assay (ssDNA 18nt, D18, G4T 2, G4TTA 2, 10TG4TTA and
G4TTATI10). These DNA substrates were labelled with a fluorescein group at their 3’
or 5’ ends and BsPifl concentration-dependent changes in fluorescence anisotropy were
measured. Interestingly, BsPifl binds the five substrates (ssDNA 18nt, G4T 2, G4TTA
2, I0TG4ATTA and G4TTAT10) with a similar apparent dissociation constant Kd~25nM
(Figure 57A). However, the binding affinity for dsSDNA (D18) was reduced as revealed
by Kd~200nM (Figure 57A). To finally confirm that BsPifl possesses distinct binding
sites for G-quadruplex and ssDNA respectively, they performed binding competitive
experiments by fluorescence anisotropy. BsPifl was firstly bound with a fluorescein-
labelled G4-motif (G4TTA 2) (Figure 57B) or ssDNA (ssDNA 18nt) (Figure 57C), and
then the binding fractions were determined with increasing concentration of no-labelled
ssDNA (ssDNA 18nt) (Figure 57B) or G4-motif (G4TTA 2) (Figure 57C). Figure 57 B
and C shows that the fluorescein-labelled G4-motif or ssDNA binding with BsPifl were
not influenced by the addition of non-labelled DNA, confirming the first hypothesis.
Both ssDNA and G4 bind to BsPifl with similar binding affinity, but at distinct sites.
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Figure 57. DNA binding assay of BsPifl by fluorescence anisotropy. (A) Binding
curves in presence of different DNA substrates: ssDNA 18nt, D18, G4T 2, G4TTA 2,
10TG4ATTA and G4TTAT10. The reaction was performed 2 or 3 times in different
BsPifl concentrations and 5SnM of DNA. (B) Binding competition with BsPifl (100nM)
bound with a fluorescein-labelled G4-motif (G4TTA 2) (5nM) and increasing
concentration of no-labelled ssDNA (ssDNA 18nt) (0-500nM). (C) Binding competition
with BsPifl (100nM) bound with a fluorescein-labelled ssDNA (ssDNA 18nt) (5nM)
and increasing concentration of no-labelled G4-motif (G4TTA 2) (0-500nM).
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4. Potential G4 bindings sites

The verification that isolated G-quadruplexes (G4T and G4TTA) bind BsPifl and the
absence of competition with ssDNA led us to think that G-quadruplex and ssDNA have
different binding sites on the protein. Their accurate determination requires more
extensive investigations. But I have attempted rapid determination of this possible G4
binding site by electrostatic potential surface map. This was performed with the
cristallized BsPifl structure in complex with ssDNA and ADP-AIF3 (PDB code: SFTE;
Chen WF et al., 2016) by Adaptive Poisson-Boltzmann Solver (APBS) plugin in
PyMOL. A similar study was also undertaken on ScPiflp in complex with an 8T3G4
(S'TTTTTTTTGGGTGGGTGGGTGGGT) by SAXS experiments, and determination of
electrostatic potential surface (Lu KY et al., 2017). It appeared that the G4 DNA, which
is principally an electronegative structure (Lane AN et al., 2008), potentially interacts
into the positively charged pliers in its positive residues (Lu KY et al., 2017). Also a
NMR study of RHAUIS helicase with G4 DNA (5S'TTGGGTGGGTGGGTGGGT)
determined the interaction between three positively charged amino acids and negatively

charged phosphate groups of the G-quadruplex (Heddi B et al., 2015).
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90°

Figure 58. Potential G-quadruplex binding site of the crystal structure of BsPifl
(PDB code: SFTE) in presence of ssDNA (6nt) and ADP-AIF3. (A) Molecular
electrostatic potential distribution on solvent-accessible surface of BsPifl generated in
PyMOL with the positively charged regions in blue and negatively charged regions in
red, +1kT/e. The positively charged patch being the possible binding regions of G-
quadruplex are indicated with a pink arrow. The binding site of ssDNA is indicated with
a green arrow and the ADP-AIF3 binding site with a yellow arrow. (B) Van der Waals
surface model of the different domains compositions of BsPifl. The domains of the
helicase core: 1A in dark blue; 1B in orange; 2A in red and 2B in cyan and the domain
C-terminal in brown. The co-crystallized ssDNA molecule is shown in green and the
ADP-AIF3 in yellow. The possible binding regions of G-quadruplex are indicated with

a pink arrow.
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The electrostatic surface potential of BsPifl has several positively polarized regions that
could function as DNA-binding sites (Figure 58). One is a cluster of positively charged
residues that surround the ssSDNA between the domains 1A, 1B, 2A, 2B and the second
is a positively charged pocked between the domains 1A and 2A where ADP-AIF3 is
disposed. Two positive charged regions are preferentially adapted for host G-
quadruplex. One between the domains 1A and 1B, but this region does not form a deep
pocket where the G-quadruplex can be inserted and protected from external conditions.
The second area is localized between the domains 1A, 2A and 2B. This latter seems to
be the most possible one because it forms a clear pocket where the molecule could be

inserted and trapped allowing possible interactions with different protein residues.

5. ATP hydrolysis is required for G4 unfolding

Different works have shown that G4 resolving helicases require ATP hydrolysis to
unfold G-quadruplexes. Among these helicases, one can cite FANCJ (Wu Y et al.,,
2008) and WRN (Fry M and Loeb LA, 1999). But the mechanism by which G4
resolving helicases unfold these structures appears more complicated. Indeed, other
observations with apparent contradictory results question whether G4 unfolding is
driven by ATP hydrolysis. By using single molecular assays Budhathoki JB et al,
reported that BLM unfolds G-quadruplexes in an ATP-independent manner when high
protein concentration are preincubated for a long period of time (Budhathoki JB et
al., 2014). However Xi’s lab observed that ATP hydrolysis is necessary for BLM to
resolve G4 structures (Wu WQ et al., 2015). Other contradictory observations were
obtained in the case of the RHAU helicase. Tipanna R et al, show by smFRET that
human RHAU unfold G4 in an ATP-independent manner (Tippana R et al., 2016). But
You H et al, show with an different technique (magnetic tweezers) that ATP hydrolysis
is necessary to the Drosophila RHAU which is homolog to the human enzyme (You H
et al., 2017). Studies on hPifl and ScPifl have demonstrated that ATP binding and
ATP hydrolysis is absolutely required for unfolding G4 structure (Sanders CM, 2010;
Duan XL et al., 2015). To clarify whether ATP hydrolysis is necessary or not for G4-
motif unfolding, a comparison of BsPifl unwinding activity in the presence of four
different DNAs structures was performed. They differ as observed above by their ability
to stimulate BsPifl ATPase activity: a partial duplex DNA with 5’-overhange ssDNA
(17TD10 a 5’s-3'ds), the parallel G4-motif linked with a ssDNA and a dsDNA at 5’ and
3’ ends respectively (17TG4TD10 a 5’sG4T-3'ds) and the parallel G4-motif linked with
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a ssDNA at 5' (17TG4T a 5’sG4T) which efficiently hydrolyse ATP; dsDNA (D17 and
D10) and the parallel G4-motif linked with a dSDNA at its 3’-end (G4TD10 a G4-3’ds),
which poorly hydrolyse ATP. In the case of the parallel G4-motif (G4T) ATPase
activity is poorly stimulated whereas telomere antiparallel G4-motif (G4TTA) triggers a
higher but not maximal ATPase activity. The capacity of BsPifl for unwinding was
monitored by the helicase test, which consists in labelling one of the two strands of the
DNA duplex with radioactive ATP and observing the gel migration shift when the
duplex is unwound by the helicase. Then the percentage of unwound DNA was
estimated by ImagelLab (BioRad) software allowing the optical density quantification of
each bands observed on the gel. In the present case, background was subtracted and the
unwound percentage was determined by the total signal obtained in the lane,
considering the spontaneous unwinding.

The Figure 59 presents the unwinding efficiency of BsPifl in the presence of the
different aforesaid structures. When BsPifl is as low as 10nM, it quickly drives the
unwinding of duplex DNA with 5 overhang (17TD17 a 5’s-3'ds) (Figure 59A) leading
to about 75% of unwound DNA (Figure 59G). The parallel G4-motif with a 5’ overhang
and a 3°ds (17TG4TD17 a 5’sG4T-3'ds) was almost completely unwound by 100nM of
the protein (Figure 59C and 59G). However, the duplex DNA (D17) and the parallel
G4-motif with a duplex in 3' (G4TD17 a G4T-3'ds) cannot be efficiently unwound
below 100nM protein (Figure 59B and 59D). At this concentration, only 6% and 11% of
each DNA respectively is resolved (Figure 59G). Only a slight unwinding was observed
by 800nM protein, suggesting that the ssDNA-stimulated ATPase activity is essential
for the duplex DNA and G4-3’ds unwinding (G4TD17 a G4T-3'ds). But the G4-motif
type seems to influence the BsPifl concentration necessary for its unwinding. As
mentioned above the parallel G4-motif with a 5’ overhang and a 3’ds (17TG4TD17 a
5’sG4T-3'ds) which is stable needs 40nM of BsPifl for a 50% G4-motif unwound
(Figure 59G), on the other hand the telomere antiparallel G4 motif with a 5> overhang
and a 3°ds (17TGATTADI17 a 5’sG4TTA-3'ds) will need only 6nM of BsPifl for a 50%
G4-motif unwound (Figure 59G). But the parallel G4-motif linked at the 3° duplex
without a 5' overhang (17TG4TD17 a 5’sG4T-3'ds) cannot be efficiently unwound
below 100nM protein (as mentioned above) (Figure 59D). It is important to notice that
telomere antiparallel G4-motif linked with a duplex in the 3' (G4TTAD17 a G4ATTA-
3'ds) was totally unwound in 100nM of BsPifl (Figure 59F), suggesting that this

difference of unwinding between the two G4-motifs is determined by its stability.
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Figure 59. Unwinding characteristics of BsPifl helicase using various DNA
substrates. DNA unwinding assays were processed 2 or 3 times in the presence of
4mM ATP, 1.5nM of DNAs (with a 5’-32P-labelled (*) D17a) and different
concentrations of BsPifl after 15 min incubation at 30°C. (A) a duplex 5' overhang
(17TD17 a 5’s-3'ds), (B) duplex DNA substrate (D17), (C) parallel G4-motif with a
duplex in 3' and a ssDNA in 5' (17TG4TD17 a 5’sG4T-3'ds), (D) a parallel G4-motif
with a duplex in 3' (G4TD17 a G4T-3'ds), (E) telomere antiparallel G4-motif with a
duplex in 3' and a ssDNA in 5' (17TG4TTADI17 a 5’sG4TTA-3'ds), (F) telomere
antiparallel G4-motif with a duplex in 3' (G4TTADI17 a G4TTA-3'ds), (G) DNA

unwinding kinetics graph.

6. BsPif1 does not catalyse dsDNA annealing

To better characterize the BsPifl activities, and after showing that the protein doesn't
have the capacity to unwind dsDNA and stable G4 structures, I investigated if BsPifl
has the ability to rewind DNA. Indeed, in the literature it has been reported that an
increasing number of helicases have the capacity to anneal complementary strands of
oligonucleotides in the presence of ATP such as HARP and AH2 (Yusufzai T and
Kadonaga JT, 2008; Yusufzai T and Kadonaga JT, 2010) or in the absence of ATP such
as RecQ family (Vindigni A and Hickson ID, 2009), Dna2 (Masuda-Sasa T et al.,
2012) TWINKLE (Sen D et al., 2012) and UvsW (Nelson SW and Benkovic SJ, 2007).
This annealing capacity is used to stabilize stalled replication forks, double-strand break
(DSB) repair, to regulate telomere metabolism, chromatin remodelling and transcription
(Wu Y, 2012). Human Pifl and Saccharomyces cerevisiae Pifl (Gu Y et al., 2008;
George T et al., 2009) are some of them since they are involved in telomere metabolism
by strand-annealing activity, as well as WRN, DNA2, RECQL4 (Opresko PL et al.,
2004; Opresko PL et al., 2005; Masuda-Sasa T et al., 2006; Ghosh AK et al., 2012).
This Pif1 annealing activity is supposed to be required to stabilize structure such as a T-
loop in single-stranded telomere overhang (Ramanagoudr-Bhojappa R et al., 2014). To
test whether BsPifl has strand-annealing property, two complementary single stranded
oligonucleotides (oligos D17a and D17b at 1,5nM / 1,5nM each and one of them is
labelled with [y- 32P] ATP) were incubated during 30 min at 30°C with a series of
BsPifl concentrations (Figure 60). The experiment could be performed only once but
has to be reproduced with other conditions. The products were analysed on 12% (19:1)

native polyacrylamide gels. If strand annealing occurred, a duplex strand would be
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formed. In the absence of ATP one can observe that a spontaneous hybridization of the
oligonucleotides occurs. Addition of BsPifl in increasing concentration (0 to 200nM) to
the oligonucleotide mix seems to prevent spontaneous hybridization as seen by the
increasing signal of single strand on the gel. Addition of ATP to the reaction occurring
in the presence of high BsPifl concentration (200nM) does not induce annealing. In the
presence of dsDNA previously hybridized and with ATP or ATPyS, no unwinding
occurs. Therefore we can verify that the presence of the single strands does not result in
the unwinding activity of BsPifl on spontaneously hybridized DNA duplex in the
presence of ATP. Therefore BsPifl does not have the ability to rewind DNA, further

experiments have to be performed to establish a reliable result.
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Figure 60. BsPif1 does not have annealing activity. Annealing of the 5’-32P-labelled
(*) D17a (1,5nM) and D17b ssDNA (1,5nM) substrates by BsPifl was performed once.
Control annealing was performed with hybrized D17. Reactions were performed with
the indicated protein concentrations for 30 min at 30°C and ATP or ATPyS was added
when cited in the Figure. The reaction products were separated by 12% (19:1) native

polyacrylamide and visualized on X-ray film.

153



Discussion-Conclusion

Many works have been focused on the understanding of DNA duplex unwinding by
different helicases such as Pifl leading to establish that it occurs stepwise, 1 base pair
per step movement coupled to the hydrolysis of one ATP molecule (Ramanagoudr-
Bhojappa R et al., 2013; Zhou R et al., 2014; Duan XL et al., 2015; Zhou X et al., 2016;
Chen WF et al., 2016). DNA G-quadruplexes are radically different from canonical
DNA. The presence of several G quartets generates a specific conformation
characterized by special electro-physical properties, maintained by Hoogsteen pairing
and monovalent cations. These structures display particular roles in DNA replication,
transcription and telomere maintenance (Brosh RM Jr, 2013). As a consequence, only
few helicases can unfold these structures (Pifl and DNA2 in the SF1 family, FANC]J,
DDX11, RTEL1, BLM, WRN and DHX9 in the SF2 family, SV40T-ag in the SF3
family, Twinkle in the SF4 family and RHAU for the SF5 family) (Mendoza O et al.,
2016). This non-canonical structure makes very challenging to elucidate the molecular
mechanisms underlying G4 unwinding. Recent papers have started investigations on G-
quadruplex unfolding by ScPifl giving different numbers of base step process of
unwinding such as three steps (Zhou R et al., 2014) or two steps (Hou XM et al., 2015).
But how this stepwise mechanism might contribute to G-quadruplex unfolding and how
ATP hydrolysis drives G4 resolving remains to be clarified. The purpose of this study
was to contribute to answer these questions and the prokaryotic Pifl of Bacteroides sp
3_1_23 has been chosen because its structure was previously well described (Chen W et
al., 2016).

The first step of my work consisted in comparing BsPifl ATPase activities stimulated
by different DNA structures and particularly the effect of G-quadruplexes. The results
showed that only ssDNA efficiently fires ATP hydrolysis but this activity is
proportional to the ssDNA length. A similar result was observed with human Pifl,
which requires a minimum of 10 bases for an efficient binding of the enzyme (Gu Y et
al.,, 2013). When the DNA structure is more complex and especially in the case of
strand/base pairing this activity is strongly decreased as shown by dsDNA. In the case
of G-quadruplex, its structure and conformation determines the ATPase activity. Other
groups have tested in the past two types of G-quadruplexes: a tetramolecular G-

quadruplex (Sanders CM, 2010) and an intramolecular parallel G-quadruplex (Byrd AK
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and Raney KD, 2015). In this work I tested two G-quadruplexes and by circular
dichroism I could observe their difference of stability: 1) a monomeric G4 (G4T) with a
parallel conformation appeared as a very stable structure and 2) an antiparallel G-
quadruplex (G4TTA) more unstable since it was characterized by a low mDEG close to
the value expected for a single strand DNA (OmDEG). The G4 stable (G4T) structure
leads to negligible ATP hydrolysis. When the stability of the G-quadruplex structure is
weaker (G4TTA), ATP hydrolysis is partially recovered (about 50%). On the other
hand, when an ssDNA is present at 5’ end of the G-quadruplexes (G4T) and does not
affect the G4 folding as seen by Circular dichroism a high ATP hydrolysis rate is
restored, comparable to the case of ssDNA. The need of a tail in 5' end of the G-
quadruplex for ATPase activity was also reported by Sanders CM with human Pifl
(Sanders CM, 2010). Moreover, in the case of ScPifl the unfolding of different G-
quadruplexes is made possible by a periodic patrolling mechanism in the presence of a
tail in 5' end (Zhou R et al., 2014; Hou XM et al., 2015). These results show clearly that
G-quadruplex is a contrainst in ATP hydrolysis. By combination of ATPase and DNA
binding assays, and competitive experiments between ssDNA and G-quadruplex, it has
demonstrated that ssDNA and G4 DNA bind at distinct separate sites with similar
binding affinity (nM). G-quadruplex binding experiment rules out the possibility that
inefficient stimulation of ATP hydrolysis by G-quadruplex motif is not due to
inefficient G-quadruplex binding. The performance of an electrostatic potential surface
map of the BsPifl structure permitted to determine two positive charged regions
preferentially adapted for host the G-quadruplex, but further investigation have to be
done such SAXS to discriminate between the two possible binding sites.

After clarifying the relationship between the binding of the G-quadruplex to the enzyme
and the ATPase activity, I tried to investigate the link between unwinding and ATP
hydrolysis. In the presence of the parallel and stable G-quadruplex (G4T) neither of
these two activities were observed whereas the G-quadruplex with a ssDNA tail at 5'
end stimulates high ATPase activity and can be unwound from a certain and high
BsPifl concentration. Moreover the fact that 10 and 100nM proteins are respectively
needed for the partial duplex DNA (17TD17 a 5’s-3'ds) and G-quadruplex with a
ssDNA tail at 5' and a duplex in 3' (17TG4TD17 a 5’sG4T-3’ds) to be unwound at
comparable level indicates that the stable G4 motif is a physical obstacle and that more
energy is required to resolve G4 structure. In addition, a middle ATPase activity of the

less stable G-quadruplex (G4TTA) was present, giving also an unwinding activity
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(GATTADI17 a G4TTA-3'ds) but more efficient when a 5' ssDNA tail is added
(17TG4TTADI17 a 5’sG4TTA-3'ds). However the presence of this 5' tail does not
improve the unwinding activity, which is similar to the activity of the partial duplex
DNA (17TD17 a 5’s-3'ds). Taken together these results demonstrate that BsPifl
requires a 5' ssDNA tail for efficient G4 unfolding by covalent continuity of the ribose-
phosphate backbone but its stability will determine the efficiency of unfolding. As
tested with other G-quadruplex helicases the addition of G-quadruplex stabilization
compounds gave unwinding inhibition by RecQ helicases (Wu X and Maizels N, 2001;
Huber MD et al., 2002).

The annealing activity of Pifl has been studied by other groups in order to understand
the contribution of this activity to G-quadruplex unfolding and reduce genomic stability.
It has been observed that Pifl can form T-loops in the single-stranded telomere
sequences or can melt G-quadruplex during replication by annealing of the
complementary strand prior to refolding of the G-quadruplex structure (Gu Y et al.,
2008; George T et al., 2009; Ramanagoudr-Bhojappa R et al., 2014). In our experiences
BsPifl didn’t present any annealing activity in the presence of two complementary
ssDNA wherever in absence and presence of ATP. One can even think that Pifl
prevents spontaneous duplex formation by binding to single strand. In some helicases
the annealing activity has been linked to specific domains such as in the case of BRG1
(Brahma-related gene 1, a central catalytic ATPase of the SWI/SNF chromatin-
remodelling complex) and the HELLS (Lymphoid-specific helicase). These proteins are
devoid of the 2HP domain that is tandem HARP domain, which endows ATP driven
annealing activity (Ghosal G et al., 2011). Further investigations have to be performed
to strengthen the observation made with BsPifl and if it is related to this protein
domain.

Finally on the basis of previously determined crystallographic structures and the
discoveries reported previously with BsPifl (Chen W et al., 2016) and the present work,
a tentative “molecular wire stripper” model is proposed to interpret how BsPifl use the
energy derived from ATP hydrolysis to drive G4 unfolding (Figure 54). Accordingly,
ssDNA was loaded into the classical ssDNA binding channel and the highly negative
charged G4 was locked at 5’-DNA entry gate where 2A and 1B domains constituted a
physical tunnel which allow ssDNA, but impede native structured G4 enter into the
ssDNA binding channel due to the steric hindrance of G4. Upon ATP binding and
hydrolysis, ssDNA translocate from 5’ to 3’ and force G4 to be disrupted to pass
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through the channel. Certainly, this speculative model needs to be further studied with
other G4-resolving helicases to probe whether this is a common mechanism shared by

other type of G4-unfolding helicases.

2B rotation

C-ter

A DNA binding B  ATP hydrolysis C 5'to 3'ssDNA translocation D G4 unwinding
ATP binding

Figure 61. G-quadruplex unwinding mechanism of BsPifl. (A) The 2B domain is in
the upper position. The ssDNA binding triggers the configuration change of the 2B
domain forming a tunnel by 2B and 1B domains, where only ssDNA can pass through.
(B) ATP hydrolysis allows the two RecA domains 1A and 2A to act as a molecular
motor to move ssDNA. But the 2B domain acts as a wedge, blocking the incoming G-

quadruplex. (C and D) The translocation force is sufficient to unwind the G-quadruplex.
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Résumé : Les hélicases sont des protéines
qui utilisent 1'énergie fournie par I'hydrolyse
de I'ATP ou du GTP pour catalyser la
disjonction des doubles hélices d'ADN ou
d'ARN. Cette activit¢ de déroulement de
double brin leur confére un role essentiel
dans le métabolisme des acides nucléiques, le
maintien de la stabilit¢ du génome et les
processus de signalisation cellulaire. En
conséquence, ils sont impliqués dans des
processus aussi divers que le vieillissement,
l'apparition de cancers, l'immunité innée.
Cette these est axée sur la compréhension de
la fonction et des mécanismes moléculaires
de deux hélicases différentes et le manuscrit
est donc divisé en deux parties. Le premier
est dédié a I'hélicase RIG-I, une hélicase a
ARN, exprimée lorsque
leucémiques cessent de proliférer et sont

les cellules
induites a se différencier en granulocytes,
indispensables a la reconnaissance de I'ARN
double brin des virus, initiant la protection
des cellules contre la réplication des génomes
viraux. Le mécanisme d'action de RIG-I est
bien décrit dans le contexte d'une infection
virale.

Mais dans le cas de la différenciation des
cellules myéloides, 1'intervention de RIG-I et
son role dans la balance la prolifération /
différenciation restent incomplets. En effet,
les interactions RIG-I en particulier avec les
ligands cellulaires ne sont pas totalement
comprises. La premiére partie de mon travail
consistait a tenter d'isoler et de caractériser
les partenaires de RIG-I lors de la
différenciation des cellules leucémiques
NB4. La seconde est consacrée a 1'étude des
mécanismes G-
hélicases.

sous-jacents
par
Plusieurs questions subsistent quant aux

aux

quadruplexes résolus les
interactions entre la structure particuliére des
G-quadruplexes et ces enzymes. Une helicase
de Bacteroides sp 3 1 23, BsPifl, a été
choisie pour comparer et caractériser
l'interaction entre les G-quadruplexes et
I'"ADN canonique de Watson-Crick. Dans les
deux parties du travail, les interactions ont
été étudiées par des techniques biochimiques
utilisant soit une lignée cellulaire ou une
protéine purifiée et des acides nucléiques

synthétiques.
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Résumé : Helicases are proteins that utilize
the energy provided by the hydrolysis of
ATP or GTP to catalyse the disjunction of
double DNA or RNA helices. This double
strand unwinding activity gives them an
essential role in the metabolism of nucleic
acids, the maintenance of the genome
stability and cell signalling processes. As a
result, they are involved in processes as
diverse as aging, the appearance of cancers,
innate immunity. This thesis is focused on
the understanding of the function and the
molecular mechanisms of two different
helicases and the manuscript is therefore
divided in two parts. The first one is
dedicated to the RIG-I helicase, an RNA
helicase, expressed when leukemic cells stop
proliferate and are induced to differentiate in
granulocytes, which are essential in the
recognition of double-stranded RNA of
viruses, initiating the protection of the cells
against the replication of the viral genomes.
The mechanism of action of RIG-I is well
described in the context of viral infection.

But in the case of the differentiation of
myeloid cells, the intervention of RIG-I and
its influence on the equilibrium proliferation /
differentiation remains incomplete. Indeed,
RIG-I interactions in particular with cellular
ligands are not fully understood. The first
part of my work consisted in an attempt to
isolate and characterize RIG-I partners
during differentiation of NB4 leukemic cells.
The second one is devoted to the study of
underlying  G-quadruplexes
resolving by helicases. Several questions
remain about the interactions between the
particular structure of G-quadruplexes and
these enzymes. A Bacteroides sp 3 1 23
helicase, BsPif1, was chosen to compare and

mechanisms

interaction between G-
quadruplexes and canonical Watson-Crick
DNA. In the two parts of the work, the
interactions were investigated by biochemical
techniques using either a cell line or purified

characterize the

protein and synthetic nucleic acids.
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