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“To the scientist there 1s the joy in pursuing
truth which nearly counteracts the
depressing revelations of truth.”

H. P. Lovecraft (1999). “The Call of Cthulhu and Other
Weird Stories”
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Introduction

Sensing viral infections in insects: a
dearth of pathway receptors







Preamble

During the period of my Ph.D, I got the chance to write a book chapter in “Insect
Molecular Virology: Advances and Emerging Trends”. This book was edited by
eminent scholar and professor Bryony C. Bonning and published in June 2019. The result
of this writing work is a global review of the insects’” antiviral defense mechanisms with a
specific focus made on the innate immunity receptors that sense viral infections. As stated
by the title of this manuscript, my Ph.D work mainly revolved around the detection of

viral RNAs by Dicer-2 in Drosophila melanogaster.

Thus, due to the relevance of my book chapter and its linked bibliography in the frame of
my Ph.D work, I decided to use it as a global introduction of my manuscript. Then, a
small transition will highlight the main questions that guided the writing of the following
three Chapters. Finally, deeper introduction of some specific aspects of the field will be

done in the corresponding Chapters.
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Abstract

Insects, the most diverse group of animals, can be
infected by an extraordinary diversity of viruses.
Among them, arthropod-borne viruses can be
transmitted to humans, while bee and silkworm
viruses cause important economic losses. Like all
invertebrates, insects rely solely on innate immu-
nity to counter viral infections. Protein-based
mechanisms, involving restriction factors and
evolutionarily conserved signalling pathways regu-
lating transcription factors of the NF-xB and STAT
families, participate in the control of viral infections
in insects. In addition, RNA-based responses play a
major role in the silencing of viral RNAs. We review
here our current state of knowledge on insect
antiviral defence mechanisms, which include con-
served as well as adaptive, insect-specific strategies.
Identification of the innate immunity receptors that
sense viral infection in insects remains a major chal-

lenge for the field.

Introduction

With more than 1 million known species, insects
are the largest group of multicellular organisms,
representing over 70% of animal species. Dating
back to the Early Ordovician (about 480 million
years ago, Ma), they were among the first animals to
colonize terrestrial and freshwater ecosystems and
have undergone major expansions, culminating in
the spectacular diversification of holometabolous

insects (Hymenoptera, Diptera, Lepidoptera)
during the Early Cretaceous (about 120Mya)
(Misof et al., 2014). Insects can be credited with
major adaptations, such as flight and establishment
of social groups. Importantly, they have undoubt-
edly contributed to shape the planet’s biota and
actively interact with other multicellular eukaryotes
such as plants and vertebrates. Like them, insects
are exposed to a large panel of infectious microor-
ganisms, which they control through their innate
immune system (Hoffmann et al., 1999).

Among infectious microbes, viruses represent
a particular threat because they offer few intrinsic
targets for inhibition by antiviral molecules. This
is because they consist in their simplest form of a
nucleic acid encapsidated in a protein shell, and
hijack molecular machineries from host cells to
complete their replication cycle. Therefore, viruses
exert great selective pressure on their host to evolve
resistance pathways. These, in turn, favour the
adaptation of viruses to escape antiviral mecha-
nisms. This arms race results in the diversification
of both host-defence and virus escape mechanisms.
As a result, it can be highly instructive to broaden
the study of antiviral immunity to non-mammalian
models. In light of their diversity, insects represent
an interesting group of animals for this type of com-
parative study (Marques and Imler, 2016; Martins
etal.,2016).

Recent advances in high-throughput sequenc-
ing technologies have opened the way to the
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characterization of the virome of insects (ie.
the genetic diversity of viruses in a biological
sample; see also Chapter 1). In a landmark article,
Yong-Zhen Zhang and colleagues analysed the
transcriptome of more than 220 invertebrate spe-
cies covering nine animal phyla and reported the
identification of close to 1500 new viruses (Shi et
al., 2016). Thus, infection by one or several viruses
is common in invertebrates. In addition, the genetic
diversity of these viruses surpassed that described
previously. Many newly identified viruses fell
between families and genera from the current virus
classification, filling major phylogenetic gaps and
revealing that viruses form a continual spectrum
of phylogenetic diversity (Shi ef al., 2016). A more
detailed analysis focusing on 70 arthropod species
and negative-sense RNA viruses, which include
important pathogens causing a variety of diseases
in humans (flu, rabies, encephalitis, haemorrhagic
fever), led to the discovery of 112 new viruses (Li
et al., 2015). This study revealed that much of the
diversity of negative-sense RNA viruses found
in plants and vertebrate animals falls within the
genetic diversity of viruses associated with arthro-
pods (Dudas and Obbard, 2015; Li et al., 2015).
Of note, arthropods (and insects in particular)
can live in large and dense populations, facilitat-
ing propagation and transmission of viruses. The
close interaction between many insects and plants
or vertebrate animals further support the hypoth-
esis that negative-sense RNA viruses, including
vertebrate-specific ones, are derived from arthro-
pod dependent viruses (Li et al., 2015).

There are several specific reasons to study
virus—host interactions in insects. First, infection of
insects can cause important economic losses (e.g.
viral diseases of silkworms; contribution to colony-
collapse in honey-bees) (Bradshaw et al., 2016;
Carrillo-Tripp et al., 2016). Second, haematopha-
gous insects such as Aedes or Anopheles mosquitoes
can transmit viral diseases to mammalian hosts.
These viruses, the arthropod-borne viruses or
arboviruses, include dengue (DENV), yellow fever
(YFV), and West-Nile virus (WNV) (Molina-Cruz
et al., 2016; Powers and Waterman, 2017). Third,
microbial pathogens (e.g. baculoviruses) can be
used as biological control agents against insect
pests, which necessitates some knowledge of the
host response to these microorganisms (Popham
et al.,, 2016). Fourth, insects such as the genetically

tractable model organism Drosophila melanogaster
can be used to decipher evolutionarily conserved
innate immune mechanisms.

Antiviral immunity in insects

NF-xB and STAT dependent inducible
responses
Innate immunity is the first line of defence that
multicellular organisms deploy to limit pathogen
infections. In vertebrates, the innate immune
response also regulates the production of cytokines
and co-stimulatory molecules, which shape the
subsequent adaptive immune response (Hoff-
mann ef al., 1999). Studies on innate immunity in
Drosophila initially focused on bacterial and fungal
infections and revealed that the systemic produc-
tion of antimicrobial peptides (AMPs) (humoral
response) plays an important role in host defence
(Steiner et al., 1981; Imler and Bulet, 2005). Also,
in the haemolymph, proteolytic cascades involving
sequential activation of serine proteases partici-
pate in the clotting and melanisation responses to
wounding (Binggeli et al., 2014; Theopold et al,,
2014). In addition, cellular responses involving
both circulating and sessile haemocytes participate
in antimicrobial host defence in flies, in particular
via phagocytosis of bacteria or virus infected cells
by macrophage-like plasmatocytes and, in larvae,
encapsulation of parasitic wasp eggs by lamello-
cytes (Gold and Briickner, 2015; Letourneau et al.,
2016; Weavers et al.,2016). In the case of viruses, it
is now well established that the cell intrinsic mecha-
nism of RNA interference (RNAI) plays a central
role in the control of viral infections in insects, as it
does in plants and other invertebrates (see below)
(Ding, 2010). In addition, inducible responses and
restriction factors also contribute to resistance to
viral infections (Mussabekova et al., 2017).
Expression of AMPs is controlled by the evo-
lutionarily conserved signalling pathways Toll and
IMD (immune deficiency), which regulate the
activity of transcription factors of the NF-xB family
(Hoffmann, 2003). These pathways are activated
by pattern recognition receptors (PRRs) that
sense components of the bacterial or fungal cell
wall such as peptidoglycan in the case of bacteria
or B-glucans in the case of fungi (Steiner, 2004;
Royet ef al., 2011; Rao et al., 2018). Based on the



transcriptomic signature of virus-infected insects
and the phenotype of flies or mosquitoes with
genes encoding important components of the path-
way mutated or silenced, both of these pathways are
proposed to also participate in antiviral immunity
(Avadhanula et al., 2009; Costa et al., 2009; Fer-
reira et al., 2014; McFarlane et al., 2014; Paradkar
et al., 2014; Carissimo et al., 2015; Lamiable et al.,
2016a; Fig. 3.1). A third evolutionarily conserved
pathway connected to inflammation in mammals,
the Jak/STAT pathway, has also been proposed to
play a role in insect antiviral immunity (Dostert et
al., 200S; Fragkoudis et al., 2008; Souza-Neto et al.,
2009; Paradkar et al., 2012; Kemp et al., 2013; Bar-
ribeau et al., 201S; Carissimo et al., 2015; Merkling
et al., 2015a; Zhang et al., 2016; Jupatanakul et al.,
2017; West and Silverman, 2018). This pathway
is activated by cytokines of the Unpaired (Upd)
family, which are upregulated by viral infection or
stress in Drosophila (Jiang et al., 2009; Kemp et al.,
2013; Gordon et al., 2018; Fig. 3.1). In Culex mos-
quitoes and bumblebees, a single von Willebrand
factor type C domain secreted factor, related to the
Drosophila antiviral factor Vago (Deddouche et al.,
2008), appears to activate the Jak/STAT pathway
and antiviral immunity (Paradkar et al., 2012; Wang
et al., 2017). Two major questions in the field arise
at this stage: (1) How are these pathways activated
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by viruses? And (2) what are the antiviral effectors
they regulate and how do they counter viruses?

Activation of the Toll and IMD

pathways by viruses

The Toll and the IMD pathways are activated by
PRRs of the peptidoglycan recognition protein
(PGRP) and B-glucan recognition protein (GNBP)
families, which sense components of the bacterial
and fungal cell walls (reviewed in Ferrandon et
al., 2007; Royet et al., 2011). Interestingly, both
pathways can also be activated by virulence fac-
tors. In the case of the Toll pathway, the circulating
zymogen Persephone senses protease activity
independently of microbial patterns and triggers a
proteolytic cascade that culminates in the process-
ing of the cytokine Spaetzle to generate an active
Toll ligand (Gottar et al., 2006; El Chamy et al,
2008; Issa et al., 2018; Fig. 3.1). In a conceptually
similar manner, deamidation by bacterial toxins of a
critical glutamine residue in the Rho GTPase Rac2
can be sensed by IMD, resulting in activation of the
pathway independently from PRRs (Boyer et al,,
2011).

For the moment, it remains unclear how viruses
activate the Toll and IMD pathways, and whether
this involves PRRs or other sensors. In mammals,
PRRs belonging to different structural families
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Figure 3.1 Antiviral transcriptional responses in Drosophila melanogaster. The signalling pathways activated

during viral infection in Drosophila are illustrated.
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[e.g. Toll like receptors (TLRs), RIG-I-like recep-
tors (RLRs), nucleotide binding domain and
leucine-rich repeat containing receptors (NLRs)]
sense viral nucleic acids and trigger expression
of the antiviral cytokines of the interferon family
(Goubau et al., 2013; Roers et al., 2016). At this
stage, the only identified receptor for viruses is
Dicer-2, which interacts with viral double-stranded
(ds)RNA. Interestingly, Dicer-2 has been proposed
to serve a dual function in antiviral immunity, acti-
vating both antiviral RNAi and signalling leading to
expression of antiviral molecules (e.g. Vago) (Ded-
douche et al., 2008; Paradkar et al., 2012; Wang et
al., 2017; Asad et al., 2018; Fig. 3.1). Viruses also
affect the physiology of the cells, which can trigger
a response. For example, infection by Drosophila C
virus (DCV) induces a heat shock response, pos-
sibly in reaction to the accumulation of unfolded
viral proteins in the cytosol of infected cells (Mer-
kling et al., 2015b). Viruses are also notorious for
inhibiting cellular translation or altering cellular
membranes, which may trigger a cellular response,
such as apoptosis or autophagy (Shelly et al., 2009;
Nainu et al., 2015; Lamiable et al., 2016b; Khong
et al., 2017).

Of note, it is becoming apparent that compo-
nents of the canonical Toll or IMD pathways may
participate in novel pathways, responding to dif-
ferent cues and activating distinct transcriptional
programs. For example, two closely related NF-xB
proteins, Dorsal and DIF, are regulated by the Toll
pathway in fruit flies (Tanji et al., 2010). In spite of
strong sequence conservation, DIF lacks important
features of Dorsal-mediated pattern formation in
the Drosophila embryo (Stein et al., 1998). Con-
versely, DIF, but not Dorsal, is required to regulate
expression of the antifungal peptide Drosomycin
to resist fungal infections in adult flies, although
both proteins are expressed (Lemaitre et al., 1995;
Rutschmann et al, 2000a). Interestingly, in a
context of oral infection of adult flies, it is Dorsal,
rather than DIF, that is required for resistance to
DCV (Ferreira et al., 2014; Fig. 3.1). The other
components of the Toll pathway, up to the cytokine
Spaetzle, are also involved in resistance to DCV.
An intriguing unresolved question pertains to the
proteases acting upstream of Spaetzle in the con-
text of DCV oral infection (Ferreira et al., 2014).
Interestingly, although not essential in the context
of DCV infection, DIF is required for the strong

up-regulation of the cytokine Diedel (see below)
triggered by Sindbis virus (SINV) and Vesicular
stomatitis virus (VSV). However, MyD88, a key
signalling adapter protein of the Toll pathway, is
dispensable for induction of Diedel (Lamiable
et al., 2016a). This suggests that, in the context of
some viral infections, DIF can be activated in a
MyD88-independent manner and, presumably,
by a mechanism distinct from the canonical Toll
pathway.

The IMD pathway can be activated by SINV in
Drosophila, by a mechanism that remains unclear
(Avadhanula et al., 2009; Lamiable et al., 2016a).
Some antimicrobial peptides regulated by this
pathway have been proposed to participate in the
control of this virus (Huang et al, 2013). The
relevance of this pathway in the context of viral
infections is highlighted by the observation that
members of different families of DNA viruses have
hijacked a gene called Diedel, which encodes an
immunomodulatory cytokine down-regulating the
IMD pathway and antagonizing apoptosis (Coste
et al., 2012; Lamiable et al, 2016a; Mlih et al,
2018). This observation prompted a reanalysis of
the contribution of the IMD pathway to antiviral
immunity. Unexpectedly, this study revealed that
two components of the pathway, the kinase IKKf
and the NF-«B transcription factor Relish, restrict
replication of the dicistroviruses DCV and Cricket
paralysis virus (CrPV) in Drosophila (Goto et
al, 2018). Strikingly, the other components of
the canonical IMD pathway, including IKKy, the
regulatory subunit of the IKK complex, are not
required for virus suppression. Further analysis
revealed that in the context of viral infection, the
kinase IKKP is activated by a different pathway,
involving the Drosophila homologue of the mam-
malian gene STING (Stimulator of Interferon
genes), a critical component of the cytosolic DNA
sensing pathway in mammals (Fig. 3.1). The genes
regulated by this alternative new pathway are dif-
ferent from the antibacterial peptides regulated
by IMD, suggesting that Relish interacts with an
additional transcription factor (Goto et al,, 2018).
This would be conceptually similar to the coop-
eration of NF-kB with IRF3 to regulate antiviral
genes in mammals (Ikushima et al., 2013). Also
pointing to an involvement of components of the
IMD pathway in antiviral immunity, in Culex mos-
quitoes, a Dicer-2-dependent pathway regulates



expression of the gene Vago upon activation of a
TRAF factor and the homologue of Relish, REL2
(Paradkar et al., 2014). In summary, it appears that
NF-kB pathways are more diverse than initially
thought, and that these evolutionarily conserved
transcription factors can be activated by alternative
branches of the canonical Toll and IMD pathways
initially characterized in the context of bacterial
and fungal infections. Consistent with these find-
ings, vankyrins form a family of Ixp-like molecules
encoded by polydnaviruses that can antagonize
NF-kB-dependent responses (Kroemer and Webb,
2008, 2006; Gueguen et al., 2013).

Control of viruses by restriction

factors

Constitutively expressed restriction factors also
participate in the control of viruses in insects.
Some of them are evolutionarily conserved and the
functions of their mammalian homologues point
to mechanisms for virus inhibition. For example,
Drosophila ref(2)P, a restriction factor for Sigma
virus (i.e. a Rhabdovirus that is a natural pathogen
of Drosophila), is a homologue of human p62/
sequestosome-1, pointing to possible involvement
of autophagy in the control of this virus (Carré-
Mlouka et al., 2007; Ktistakis and Tooze, 2016).
Interestingly, other restriction factors are not
conserved and represent insect-specific adapta-
tions. One example is the gene CHKovl, which
encodes another restriction factor for Sigma virus
(Magwire et al., 2011). The function of CHKovl is
unknown, but the protein contains a choline kinase
domain, which is intriguing in light of the function
of choline kinase as a host factor for hepatitis C
virus (HCV) in human hepatocytes (Wong and
Chen, 2016, 2017). The gene pastrel is another
example of a non-conserved gene having a potent
restricting activity on DCV and CrPV in Drosophila
(Magwire et al., 2012; Cao et al., 2017). How this
protein functions to block viral replication, and if its
action involves interaction with viral RNA remains
unknown.

In summary, itis clear that protein-based mecha-
nisms, involving evolutionarily conserved genes
and pathways, are involved in insect antiviral immu-
nity. However, the receptors that sense viruses and
trigger these responses are unknown. As a result,
Dicer-2 remains the only well characterized sensor
for viral infection in insect cells (Fig. 3.1).
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The siRNA pathway of RNA
interference: mechanism and
regulation

RNAi pathways in insects

Fire, Mello and coworkers coined the term RNA
interference, or ‘RNAi, to describe the observa-
tion that dsRNA can block gene expression when
introduced into Caenorhabditis nematodes (Fire et
al., 1998). This discovery was rapidly followed by
biochemical characterization of RNAI in fruit flies
using embryos and the S2 cell line (Hammond et
al., 2000; Zamore et al., 2000; Bernstein et al., 2001;
Liu et al., 2003). We currently know that different
RNAi mechanisms play important regulatory roles
in development, maintenance of genome stabil-
ity, gene expression and antiviral defence. These
RNA-based mechanisms involve proteins of the
Argonaute family combined with small regulatory
RNAs ranging from 20-30nt length (Treiber et
al., 2019). Argonaute proteins associate with small
RNAs that guide them towards target mRNAs
leading to inhibition of their translation or direct
cleavage catalysed by their RNAse-H like domain
(Songet al., 2004; Ma et al., 2005; Yuan et al., 2005).
Ininsects, three RNAi pathways have been well doc-
umented, involving small RNAs of 21-22 nt (small
interfering RNAs or siRNAs), 22-23nt (micro
RNAs or miRNAs) or 24-30nt (Piwi-interacting
RNAs or piRNAs). Whereas siRNAs and miRNAs
are produced from dsRNA precursors by RNAsellIl
proteins such as Dicers and Drosha, piRNAs are
processed independently of these enzymes (see
section on piwi pathway below for more detail).
Drosophila genetics defined two well-separated
pathways involving Dicer-1/AGO1 for miRNAs
and Dicer-2/AGO2 for siRNAs (Lee et al., 2004;
Okamura et al., 2004). A different clade of AGO
proteins involving PIWI, AGO3 and Aubergine
(Aub) in Drosophila regulates the production and
activity of piRNAs (reviewed in Huang et al., 2017).
miRNAs are essentially produced from nuclear
precursors and participate in tight regulation of
gene expression during development or cellular
homeostasis (e.g. Posadas and Carthew, 2014).
Of note, some DNA viruses use virus-encoded or
cellular miRNAs to regulate their own gene expres-
sion or to modulate host cell transcriptome (Miiller
and Imler, 2007; Hussain and Asgari, 2014; see also
Chapter 4). However, control of viral infections in
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insects mostly relies on siRNAs and, in some cases
might also involve piRNAs.

Production of small non-coding
RNAs by Dicer enzymes
The antiviral RNAi pathway, the siRNA pathway,
is triggered by long dsRNA, which are processed
in insects by Dicer-2 (Dcr-2). This cytoplasmic
enzyme is composed of a N-terminal Duplex
RNA activated ATPase (DRA) domain, a central
double-stranded RNA-binding domain (dsRBD),
a platform-PAZ domain, two RNAselll domains
and a C-terminal dsRBD (Fig. 3.2, left). Interest-
ingly, Dicer enzymes share a common phylogenetic
origin with the vertebrate RLRs, which sense viral
nucleic acids in the cytosol and trigger synthesis of
interferons. Although Dicer-2 and RLRs have differ-
ent sizes and domain composition, they all contain
a conserved DRA domain (Paro et al., 2015). Our
understanding of the contribution of the DRA
domain of Dicer-2 to virus sensing remains limited
and is largely based on in vitro studies.

In vitro, Dicer-2 is efficient at processing long
dsRNAs in addition to shorter structured RNAs
such as pre-miRNAs which are bona fide targets of

Dicer-1 (Cenik et al., 2011). In vivo, it appears that
the activity of Dicer enzymes is regulated by cofac-
tors containing two or three dsRBDs, e.g. R2D2
and Loquacious (Logs) (Fig. 3.2, right). Dicer-2
forms a stable heterodimer with R2D2, which
restricts its cellular localization to cytoplasmic D2
bodies (Nishida et al., 2013) and is mandatory for
the efficient loading of siRNAs on AGO2 (Liu et
al., 2003; Lee et al., 2004; Tomari et al., 2004a).
Based on in vitro experiments, a role for R2D2 in
preventing processing of pre-miRNAs by Dicer-2
has also been proposed (Cenik et al., 2011). How-
ever, this was not confirmed by in vivo experiments
(Marques et al., 2013). Furthermore, inorganic
phosphate has been proposed as a factor restricting
the panel of targets for Dicer-2 in vitro, precluding
it from processing aberrant pre-miRNA targets and
short dsRNAs (Fukunaga et al., 2014). The other
cofactor, Logs has two main isoforms, Logs-PB and
Logs-PD. Whereas Loqs-PB functions as a cofactor
of Dicer-1 in the miRNA pathway (Forstemann et
al., 2005; Jiang et al., 2005; Saito et al., 2005 ), Logs-
PD enhances production of siRNAs by Dicer-2,
especially from synthetic dSsSRNA and endogenously
encoded dsRNAs derived from structured loci,

Apo-dmDicer-2

hAGO2 bound to guide RNA | R2D2

\'k dsRBD 1;dsRBD2 C

dmLogs-PD

Figure 3.2 Structural organization of the canonical components of the siRNA pathway. The domain organization
is shown at the top, above a schematic representation of the proteins and experimentally determined 3D
structures. (Left) Apo-dmDicer-2 3D structure was obtained by Cryo-electron microscopy at a resolution of
7.1A (Sinha et al., 2018; PDB ID: 6BUA). (Centre) Guide RNA-loaded human AGO2 structure was resolved at
2.9A using X-Ray crystallography (Schirle et al., 2014, PDB ID: 4W5N). (Right) No 3D structures were obtained
so far for Logs-PD and R2D2 full proteins. However, the 3D structures of the two dsRBDs of dmLogs, identical
between all isoforms, were individually predicted using solution Nuclear Magnetic Resonance spectroscopy

(Tants et al., 2017; PDB IDs: 5NPG, 5NPA).



sense—antisense pairs and transposable elements
(Zhou et al., 2009; Marques et al., 2010; Miyoshi
et al.,2010a).

Once produced, the siRNA duplex is loaded
on the effector protein AGO2 in a highly coor-
dinated but energetically unfavourable series of
events. In a first step, the Dcr-2/R2D2 complex,
which displays intrinsically low affinity for duplex
siRNAs, associates with TAF11, a TATA-box bind-
ing protein Associated Factor. Colocalized with
Dicer-2 and R2D2 in D2 bodies, TAF11 acts as a
chaperone facilitating the tetramerization of the
Dicer-2-R2D2 heterodimer and increasing affinity
for siRNAs by tenfold (Liang et al., 2015). R2D2
tends to preferentially bind the extremity of the
siRNA duplex showing the strongest stability, cre-
ating an asymmetry in the complex (Tomari ef al.,
2004b). This asymmetry determines the preferen-
tial loading of the strand featuring the least stable
S’ extremity in AGO2 to serve as guide siRNA (Fig.
3.3Band C).

Structure-function of AGO proteins

AGO proteins are composed of four globular
domains named N, PAZ, MID and PIWI (Fig. 3.2,
centre). They adopt a closed, flexible and unstable
conformation not suitable to accept the siRNA
duplex in their ‘Apo’ form. A chaperone machinery
composed of the Hsp70 system (Hsp40+ Hsp70)
and Hsp90 system (Hop, Hsp90 and p23) is
required for the efficient loading of siRNA
duplexes. Briefly, Hsp70 opens the structure of
AGO2 while Hsp90 is required to extend the dura-
tion of this opened state to allow sufficient time for
the recognition of the 5’ phosphate at the extrem-
ity of the guide strand and subsequent loading of
the entire duplex (Miyoshi et al., 2010b; Iwasaki
et al., 2010, 201S; Tsuboyama et al., 2018). Both
processes require ATP hydrolysis. The coordinated
action of the heat shock proteins was proposed as
the trigger for Dicer-2-R2D?2 tetramer destabiliza-
tion and transfer of the siRNA duplex (Fig. 3.3C).
Intriguingly, Hsp proteins can be induced by viral
infections in Drosophila. However, the siRNA path-
way remains functional in flies mutant for the Heat
Shock factor (Merkling ef al., 2015b). In spite of this
progress, the exact mechanism of AGO2 loading
remains unclear especially because a 3D structure
of the protein in its ‘Apo’ form is lacking. The semi-
closed AGO2 protein loaded with the siRNA
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duplex is rigid and stable, and constitutes the pre-
RNA Induced Silencing Complex (RISC). Studies
with AGO proteins from eukaryotic (human) or
prokaryotic (Pyrococcus furiosus) systems indicate
that the strand of the duplex showing the less stable
S’ phosphate extremity is anchored to the phos-
phate binding pocket of the AGO2 MID domain
while its 3" extremity is bound to the hydrophobic
cavity of the PAZ domain (Ma et al., 2004; Song et
al., 2004; Fig. 3.3C). In the pre-RISC, the passenger
strand occupies the same position as the future
target RNAs (Kim et al, 2007). The full-length
crystal structure of human AGO2 complexed with
RNA reveals large structural differences between
Argonautes from different kingdoms of life, even
if individual domains superimpose reasonably well
(Schirle and MacRae, 2012).

Maturation and slicing

After loading, the pre-RISC is matured through
two essential steps required for downstream RNA
silencing activity. First, the passenger strand is
discarded. This is achieved by the coordinated
action of the N-terminal domain of AGO2, acting
as a wedge to unwind the siRNA duplex (Kwak and
Tomari, 2012) and the PTWI domain RN AseH-like
catalytic core, which cleaves the passenger strand in
two small RNAs of 9 and 12nt (Kim et al., 2007;
Matranga et al., 200S; Miyoshi et al., 2005; Rand et
al., 2005). The Component 3 Promoter Of RISC
(C3PO) complex then helps AGO2 to get rid of the
unstable cleavage products (Liu et al., 2009; Ye et
al.,2011; Mo et al., 2018) (Fig. 3.3C).

A slicer-independent ejection model, relying on
the thermal dynamics of the PAZ domain may also
participate in discarding of the passenger strand
(Gu et al., 2012; Park and Shin, 2015; Nakanishi,
2016). The final maturation step resides in the 2’0
methylation of the 3’ extremity guide of the siRNA
by the Henl enzyme (Horwich et al., 2007). This
methylation step is crucial for the protection of the
small guide RNA from 3’ uridylation and further
3'-5" degradation (Li et al, 2005). The mature
RISC, programmed with a guide RNA, functions
as a Mg**-dependent, multiple-turnover enzyme
that will recognize its mRNA target by perfect
base-paired complementarity. The RISC will then
slice the mRNA target and release the degradation
product in an ATP assisted manner (Hutvégner and
Zamore, 2002; Tang et al., 2003; Haley and Zamore,
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2004; Schwarz et al., 2004) (Fig. 3.3D). In the case
of viruses, viral mRNAs seem to be preferentially
targeted compared to the viral genome (Marques et
al, 2013).

Control of viruses by the siRNA
pathway

Genetic evidence in Drosophila

The discovery that small RNAs are produced in
plants after viral infection predates the charac-
terization of RNAi pathways in flies (Hamilton and
Baulcombe, 1999). Evidence that RNAi operates
against viruses in Drosophila was initially provided
in S2 cells infected with Flock House Virus (FHV)
(Li et al., 2002). Of note, null mutants for the three
main components of the siRNA pathway in flies,
namely Dicer-2, AGO2 or R2D2 are homozygous
viable (Liu et al., 2003; Lee et al., 2004; Okamura
et al., 2004). As a result, adult mutant flies can be
infected with viruses and both the survival rate and
the viral load can easily be monitored. These experi-
ments established that flies mutant for the siRNA
pathway are susceptible to a variety of viruses with
RNA or DNA genomes (e.g. Galiana-Arnoux et al.,
2006; van Rij et al., 2006; Wang et al., 2006; Muel-
ler et al., 2010; Bronkhorst et al., 2012; Kemp et
al., 2013). Interestingly, Dicer-2, R2D2 and AGO2
are among the 3% fastest evolving of all Drosophila
genes highlighting the high selection pressure on the
RNAi pathway (Obbard et al., 2006). Population
genomic analysis in multiple invertebrates shows
that RNAi genes display a greater rate of adaptive
protein substitution than other genes, most likely
reflecting their function at the forefront of defence
against viruses and transposable elements (TEs)
(Palmer et al., 2018).

Control of viruses by the siRNA

pathway in other insects

Antiviral RNAi has been investigated in other
insects, including vector insects. Many mosquito-
borne viruses are associated with human and
animal diseases, raising interest in mosquito anti-
viral immunity (Aguiar et al., 2016; Powers and
Waterman, 2017). Over the past 50 years, the Aedes
albopictus cell line C6/36, isolated from larvae, has
been commonly used for amplification of arbovi-
ruses but also to study virus—vector interactions.
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Recently, the genome of C6/36 cells has been
sequenced and null mutations in the dicer-2 gene
were identified, which makes them incompetent
for production of siRNAs (Morazzani et al., 2012;
Miller et al., 2018). As a result, C6/36 cells sup-
port viral replication to high titres, confirming the
important antiviral function of Dicer-2 in mosqui-
toes.

Injection of dsRNA in the body cavity efficiently
silences gene expression in a sequence-specific
manner and has been used in pioneer experi-
ments to knock-down expression of components
of the siRNA pathway in Aedes aegypti. This led
to significantly increased SINV and DENV titres,
without compromising insect survival (Campbell
et al., 2008; Sanchez-Vargas et al., 2009; Khoo et
al., 2010). Interestingly, in genotype—phenotype
association studies, Lambrechts et al. (2013) found
that the dicer-2 genotype is associated with resist-
ance to DENV in a virus isolate-specific manner.
By contrast, no such association is found for
flanking loci, suggesting that the dicer-2 gene and
the siRNA pathway are important determinants
of virus suppression in Aedes. Mutants of the core
RNAi components have subsequently been estab-
lished in Ae. aegypti mosquitoes using genome
editing approaches such as TALEN (Transcrip-
tion Activator-Like Effector Nuclease) or CRISPR
(Clustered Regularly Interspaced Short Palindro-
mic Repeats) mutagenesis (Basu et al., 2015). In the
context of viral infections, dicer-2 null mutant mos-
quitoes exhibit a decrease in survival rate compared
to wild-type mosquito infection, that correlates
with high Yellow fever virus titres (Samuel et al,,
2016). The midgut epithelium is a critical barrier
for viruses in insect vectors, as it becomes infected
after acquiring an infectious blood meal from the
host. After successfully replicating in the midgut,
viruses reach the haemolymph and disseminate
systemically. Viruses then reach the salivary glands
from which they are transmitted to a naive host
upon blood feeding. An early study revealed that
silencing dicer-2 in the midgut of female mosqui-
toes increased infection and dissemination of SINV
(Khoo et al., 2010). Insects can also be vectors for
plant viruses (Chapter 6). For example, the small
brown planthopper (SBPH) is an incompetent
vector for Southern rice black streaked dwarf virus
(SRBSDV), a plant virus. SRBSDV is restricted in
the midgut epithelium of SBPH. Knock-down of
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either dicer-2 or AGO?2 in SBPH results in the dis-
semination of the virus to the salivary glands and
facilitates transmission to rice plants, revealing the
importance of the siRNA pathway in the control of
vector competence (Lan et al., 2016). However, the
siRNA pathway was found to be largely dispensable
for antiviral immunity in the midgut of Anopheles
mosquitoes exposed to the O’'nyong-nyong virus,
and to become operative only during the systemic
stage of infection (Carissimo et al, 2015). Inter-
estingly, a recent study indicates that the siRNA
pathway also fails to efficiently silence DENV in the
midgut of Aedes aegypti, even though the canonical
components of the pathway are expressed in this
tissue, and that the pathway is functional when trig-
gered by endogenous (e.g. control of TE by endo
siRNAs) and exogenous (e.g. intrathoracicinjection
of long dsRNA) dsRNAs (Olmo et al., 2018). This
discrepancy between antiviral and conventional
siRNA pathways in the midgut results from the
lack of expression in this tissue of Logs2, an Aedes-
specific paralogue of Logs and R2D2. Importantly,

Box 3.1 High-throughput sequencing

ectopic expression of Logs2 in the midgut results in
restriction of DENV replication and dissemination
(Olmo et al., 2018). Altogether, these results point
to an additional level of complexity in the insect
siRNA pathway when it comes to the control of
viruses (see below).

siRNA as a footprint of antiviral

immunity

As mentioned above, virus-derived 21-22nt-
siRNAs (vsiRNAs) produced in the course of
viral infection in insects, which can be revealed by
High Throughput Sequencing (HTS), provide an
excellent read-out of Dicer-2 activity (Box 3.1).
These vsiRNAs are strongly reduced or abolished
in dicer-2 mutant flies (Aliyari et al., 2008; Muel-
ler et al., 2010; Bronkhorst et al., 2012; Kemp et
al., 2013; Marques et al., 2013). For many RNA
viruses, vsiRNAs cover the whole viral genome and
the ratio between the number of siRNAs matching
the (+) strand and the (-) strand of the genome is
close to one (Aliyari et al., 2008; Myles et al., 2008;

The emergence of next-generation sequencing technologies set a milestone in the development of a
tremendous number of high-throughput ‘omics’ approaches. Until 2010, RNA sequencing methods were
all relying on sequencing by synthesis or semi-conductor technologies (second generation). The advent
of the third generation of sequencing with PacBio and Oxford Nanopore opened the way to direct DNA
and RNA sequencing without any amplification step. These ever-evolving technologies allow the detec-
tion of events that can only be bioinformatically predicted with second generation sequencing methods
such as splicing or defective genomes in the case of viruses. However, to detect the specific signature of
Dicer-2 (siRNA duplexes), small RNA sequencing HTS (second generation) remains the method of choice
because of the high-throughput number of reads generated.

Advantages

Limitations

Main technologies
* iSeq — NovaSeq 6000

2" generation

34 generation

* High-throughput number of
reads (4M — 20B)

* Low error rate (~0,1 - 1%)

» Low cost

* Direct RNA/DNA sequencing
* Long reads (up to 2Mb so

far) allowing precise detection
of splicing events for instance

* Portability

* Library preparation bias
including RT, PCR and
optional size exclusion steps

* Short reads (max ~400bp)
» Sample bleeding due to
multiplexing (2-5%: check
numbers)

* High error rate (5 — 15%)

» Low number of reads (50k —
1M)

(Ilumina)
* lon PGM (Life Technologies)

» SOLID DNA sequencer
(Thermo Fisher Scientific)

- 454 GS FLX (Roche)

» PacBio
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Mueller et al., 2010; Marques et al., 2013; Ferreira et
al., 2018), as would be expected from the process-
ing of long dsRNA formed during viral replication.
By contrast, in the case of DNA viruses, hotspots
of vsiRNAs are observed on specific regions of the
viral genome. These vsiRNAs match both strands of
the genome, suggesting the siRNA pathway targets
regions transcribed on both strands and producing
dsRNA (Bronkhorst ef al., 2012, 2013; Jayachan-
dran ef al., 2012; Kemp et al., 2013). Secondary
structures in the genome or antigenome may also
be targeted by Dicer-2 in some viruses (Sabin ef al.,
2013).

Based on in vitro experiments, AGO2 has been
suggested to impair viral replication by cleaving the
viral RNA through its slicer activity (van Mierlo et
al., 2012a). In vivo experiments further suggest that
viral mRNAs are the primary target of vsiRNA-
loaded AGO2 (Marques et al., 2013). As genetics
are still tricky in most non-model organisms, HTS
provides a convenient readout to monitor activity of
RNAi pathways in insects infected with viruses (e.g.
Chejanovsky et al., 2014; Zografidis et al., 2015; Fer-
reira et al., 2018). For example, HTS of small RNAs
isolated from SINV-infected Ae. aegypti mosquitoes
revealed the presence of 21 nt-long vsiRNAs and
brought the first evidence that the siRNA pathway
is activated during viral infection in vector mosqui-
toes (Myles et al., 2008). This technique has also
been successfully used for virus identification in
both plants and insects (Kreuze et al., 2009; Wu et
al., 2010). Indeed, large fragments of viral genomes
can be reconstituted upon assembly of contigs from
sequenced vsiRNAs. Furthermore, such contigs
are enriched for viral sequences compared to
long RNA sequencing reads, because they are by-
products of the detection of viral replication by the
insect immune system. Thus, HTS of small RNAs
can be used to determine the virome of laboratory
and wild populations of insects and possibly also
other multicellular eukaryotes (Aguiar ef al., 2015;
Waldron et al., 2018). As such, HTS of small RNAs
represents a powerful tool for virus surveillance in
populations of vector insects.

Viral suppressors of RNAi (VSRs)

The study of viruses themselves can provide
interesting insight into antiviral defence in insects.
Indeed, in the course of their interaction with host
cells, viruses have evolved to counter antiviral
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defence. Thus, many insect viruses, including Dros-
ophila viruses, encode viral suppressors of RNAi
(VSRs) (Bronkhorst and van Rij, 2014). Some
VSRs (e.g. DCV-1A, FHV-B2, 11V6-340R, Dros-
ophila X virus-VP3 and Culex Y virus-VP3) directly
bind long dsRNA through canonical dsRNA
binding domains, dsRBDs and prevent process-
ing by Dicer-2 (Li et al., 2002; van Rij et al., 2006;
Bronkhorst et al., 2014; van Cleef et al., 2014; see
also Fig. 3.4A and B). Interestingly, with the excep-
tion of DCV-1A, these VSRs bind siRNA duplexes
as well, suggesting that they also inhibit the path-
way after long dsRNAs have been processed into
siRNAs (Morazzani et al., 2012; Valli et al., 2012;
Bronkhorst and van Rij, 2014). Other VSRs (e.g.
CrPV-1A and Nora-VP1) bind directly to AGO2
and inhibit its endonuclease activity (Nayak et al.,
2010; van Mierlo et al., 2012b). In addition, CrPV-
1A also targets AGO2 to the proteasome through
the K48 polyubiquitination pathway (Nayak ef al.,
2018). This is reminiscent of the mode of action of
PO, a VSR from poleroviruses, which triggers deg-
radation of AGO1 in plant cells (Baumberger et al.,
2007; Bortolamiol et al., 2007).

The importance of VSRs for viruses has been
particularly well illustrated in the case of FHV-B2.
Nodaviridae have small bipartite RNA genomes
that are easy to manipulate genetically. One seg-
ment of the genome, RNA1, encodes the replicase,
whereas the second, RNA2, encodes the capsid
proteins. A third RNA transcript, RNA3, is also
produced from RNA1 once it has replicated and
encodes the VSR B2 (Chao ef al., 2005). Whereas
wild-type FHV is highly pathogenic upon injection
into the body cavity of flies, viral mutants unable
to express B2 are completely attenuated (Galiana-
Arnoux et al., 2006; Wang et al., 2006; Fig. 3.4C).
As expected, the virus regains virulence when
injected into dicer-2 or AGO2 mutant flies (Han et
al., 2011; Petrillo et al., 2013). Similarly, mutation
of residue Phe 114 into Ala in the flexible loop of
CrPV-1A, which is involved in the interaction with
AGO?2 results in an attenuated virus in wild type
flies but not in AGO2 mutant flies (Nayak ef al,
2018). Of note however, even in RNAi mutants,
the B2 deficient virus exhibits reduced virulence
compared to wild-type FHV. Indeed, an additional
function of B2 is to bind double stranded regions of
RNA2, thus preventing its recruitment into poorly
characterized cytoplasmic RNA granules where its
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Figure 3.4 Viral suppressors of RNAi neutralize the siRNA pathway in insects. (A) Schematic representation of
the action of a set of insects VSRs. (B) Crystal structure of FHV-B2 dimer associated with dsRNA (figure from
Chao et al., 2005). (C) Survival curve of flies injected with WT FHV or a mutant version deleted for B2 (adapted

from Galiana-Arnoux et al., 2006).

translation would be repressed. As a result, transla-
tion of the capsid protein is impaired in the absence
of B2, even in RNAI deficient cells (Petrillo ef al.,
2013). Interestingly, the FHV-B2 VSR can be used
to neutralize the siRNA pathway upon ectopic
expression. For example, when Ae. aegypti mosqui-
toes were challenged with SINV recombined with
FHV-B2 (SINV-B2) either by injection or infected
blood meal, the virus titre was increased compared
to the control virus. The recombinant SINV-B2
caused high mortality among the mosquitoes at
4-6 days post-infection, highlighting that the RNAi
pathway is essential to control arboviruses replica-
tion (Myles et al., 2008; Cirimotich et al., 2009). In
Ae. aegypti mosquitoes, the constitutive and ubiq-
uitous expression of FHV-B2 impaired the siRNA
pathway and enhanced replication of both SINV
and DENV (Khoo et al., 2013).

One consequence of the direct interaction of
some VSRs with protein factors of the siRNA path-
way to alter their ability to neutralize viral RNAs or
trigger their degradation (Singh et al., 2009; Nayak
et al., 2010, 2018; van Mierlo et al., 2012b, 2014)
is that both VSRs and components of the siRNA

pathway evolve rapidly (Obbard et al., 2006). As
a result, the activity of viral suppressors can be
host-specific. For example, the VP1 protein from
a divergent Nora virus isolated from D. immigrans
interacts with and suppresses D. immigrans AGO2,
but not D. melanogaster AGO2 (van Mierlo et al,
2014). This provides an excellent example for the
co-evolution of the host RNAi machinery and
viral suppression mechanisms. Because of their
intimate association with key components of the
siRNA pathway, VSRs provide promising tools to
decipher the regulation and molecular mechanisms
of antiviral RNAi. For example, development of
single-molecule approaches can shed light on
VSR mode of action and how they discriminate
viral from cellular RNA (Fareh et al., 2018). VSRs
may also be used to visualize and track dsRNA in
live plant and animal cells, as recently shown for
an FHV-B2-GFP fusion protein (Monsion et al.,
2018).

Systemic RNAI in insects?
In both plants and C. elegans, systemic RNAi
contributes to the control of viral infections. The



mechanism at play involves spreading of siRNAs
generated in infected cells to neighbour healthy
cells. There, these siRNAs prime the synthesis
of dsRNAs by host-encoded RNA-dependent
RNA polymerases (RdRPs) (Ding, 2010). Insect
genomes do not encode such RdRPs and clonal
analyses in Drosophila revealed that the siRNA
pathway is a cell autonomous pathway (Roignant
et al., 2003). Nevertheless, the spread of antiviral
RNAi has been proposed to contribute to the
control of viral infections in insects. Indeed, injec-
tion of exogenous dsRNA in the body cavity of
most insects, or even feeding dsRNA, leads to gene
silencing through the siRNA pathway (reviewed
in Zotti et al., 2018). Thus, viral infection, which
is known to trigger transcriptional responses, may
induce a mechanism of systemic RNAi. In Dros-
ophila, uptake of exogenous dsRNA is mediated
by the endocytic pathway (Saleh et al., 2006).
Nanotube like structures have also been reported
to transfer dsRNA and components of the RNAi
machinery between cells (Karlikow et al., 2016).
Thus, dsRNA released from infected dying cells
may trigger RNAi in distant cells, upon internaliza-
tion by the dsRNA uptake pathway (Saleh et al,
2009). Surprisingly, however, infection of flies with
a sublethal dose of DCV, which should prime the
antiviral siRNA pathway, did not induce protec-
tion against a challenge with a lethal dose of virus
(Longdon et al., 2013). Of note, viral RNA can be
reverse transcribed into DNA (vDNA) in Dros-
ophila and in mosquitoes, through the action of the
reverse transcriptase from transposable elements
(TEs) (Goic et al., 2013, 2016), acting together
with Dicer-2 (Poirier et al., 2018) or AGO2 (Tas-
setto ef al., 2017). Transcription of vDNA has been
proposed to result in the production of secondary
siRNAs bearing a 5-triphosphate mark, associated
with systemic antiviral effect (Tassetto et al., 2017).
However, the existence of such secondary siRNAs
was not confirmed by an independent study
(Mondotte et al., 2018). Overall, the mechanisms
involved in systemic antiviral RNAi remain to be
characterized and genetic evidence for the impor-
tance of the contribution of vDNA and secondary
siRNAs in antiviral immunity is still lacking.

In summary, it now appears that the antiviral
siRNA pathway in insects is more complex than
previously thought. A number of host and viral fac-
tors, which affect the stability, the binding affinity
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to viral nucleic acids, and even the cytoplasmic
localization of ribonucleoprotein complexes medi-
ating RNA silencing can influence antiviral defence.
Biochemistry, genetics and live imaging will clarify
the mode of action of the components of the siRNA
pathway in the context of infected cells, in different
types of tissues and in various insects.

The piRNA pathway in antiviral
immunity

Production of primary and secondary
piRNAs

Another small RNA pathway, the piRNA pathway is
able to sense foreign nucleic acids and has been pro-
posed to participate in antiviral immunity (Miesen
et al., 2016a). This pathway involves 24-30nt small
RNAs and Argonaute proteins from the PIWI
clade. The founding member of this subfamily,
PIWI, was initially characterized as a Drosophila
gene essential for male fertility (Lin and Spradling,
1997). This phenotype results from derepression
and mobilization of transposable elements in the
germline. It was subsequently found that PIWI
works with two other Argonaute proteins from
the same clade, namely Aub and AGO3 (Saito et
al., 2006; Vagin et al., 2006; Brennecke et al., 2007;
Gunawardane et al., 2007). The PIWI-mediated
mechanism of genome maintenance in the ger-
mline is conserved in all animals. The piRNAs were
initially identified in mouse testis and in Drosophila,
where they were first called repeat-associated small
interfering (rasi)RNAs. They interact with PIWI
proteins (Aravin et al., 2006; Girard et al., 2006;
Grivna et al., 2006; Vagin et al., 2006). Drosophila
genetics coupled with HTS, have shed light on the
molecular mechanism generating piRNAs. This
involves a primary processing pathway that primes
the production of phased piRNAs during the so-
called ping-pong amplification mechanism (Czech
and Hannon, 2016; Fig. 3.5). Of note, HTS of cell
lines or mosquitoes revealed the existence of virus-
derived piRNAs (Wu et al., 2010; Hess et al., 2011;
Morazzani et al., 2012; Vodovar et al., 2012; Léger
et al., 2013; Aguiar et al., 2015).

The primary processing pathway targets Pol
II-dependent transcripts generated from genomic
loci rich in transposon remnants known as piRNA
cluster (Bucheton, 1995; Brennecke et al., 2007;
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Figure 3.5 The piRNA pathway in Drosophila ovaries. piRNA clusters are mainly composed of defective
transposon copies integrated in the genome and serve as a genetic memory of transposon exposition in a
population. Transcription of these genomic clusters by the host RNA polymerase Il generates long RNAs that
are exported in the cytoplasm (A). There, they are processed by Zucchini, an endonuclease with a strong
preference for cleavage 5’ of a uridine. This leads to the production of phased piRNAs, which can either be
loaded on PIWI or on Aub (B). PIWI- and Aub-loaded piRNAs undergo trimming and 2’0 methylation of their
3’ extremity. piRNA-loaded PIWI translocates to the nucleus where it participates in transcriptional silencing
of transposons through deposition of repressive histone modifications (C). On the other hand, piRNA-loaded
Aub will initiate the Ping-Pong amplification cycle (D). Briefly, loaded Aub will recognize a complementary
transposon transcript and induce endonucleolytic slicing of the target between nucleotide 10 and 11 of the
piRNA. This slicing generates the 5’ end of a new sense piRNA with a 10nt 5’ overlap with the initial antisense
piRNA and an adenosine residue at position 10. This newly formed piRNA is loaded on AGOS3, trimmed and
2’0 methylated at its 3’ extremity. Finally, piRNA-loaded AGOS3, using a similar mechanism, will generate
Ago-bound piRNAs from piRNA clusters.

Pélisson et al., 2007). These precursors are pro-  onto PIWI and Aub in an electron dense perinu-

cessed by the endonuclease Zucchini, which
preferentially cleaves 5’ of a uridine residue. As
a result, the piRNA intermediates produced are
enriched for S’ uridine residues (1U) (Pane et al,,
2007; Hanet al., 2015; Mohn et al., 2015; Fig. 3.5A).
In fruit flies, these piRNA intermediates are loaded

clear region of the germline called ‘nuage’ Indeed,
the binding pocket of the MID domain of these two
proteins preferentially accommodates S’ uridine
residues (Cora et al., 2014; Matsumoto et al., 2016;
Fig. 3.5B). piRNA-loaded PIWI translocates to
the nucleus where it participates in transcriptional



silencing of transposons through deposition of
repressive histone modifications (Sienski et al.,
2012; Dénertas et al., 2013; Le Thomas et al., 2013;
Ohtani et al., 2013; Sienski et al., 2015; Yu et al.,
201S; Fig. 3.5C). By contrast, piRNA-loaded Aub
remains in the nuage and initiates the ping-pong
amplification mechanism (Fig. 3.5D). The Aub
pi-RISC recognizes and cleaves complementary
transposon mRNAs. The resulting cleavage product
corresponds to the precursor of a secondary piRNA
and associates with AGO3 (Brennecke et al., 2007;
Gunawardane ef al., 2007; Lim and Kai, 2007). Of
note, because cleavage mediated by enzymes of the
PIWI clade occurs specifically between nucleotide
10 and 11, AGO3 bound piRNAs are enriched for
adenosine residues in position 10 (10A). piRNAs
loaded into AGO3 target and cleave antisense
piRNA precursors, thus generating the 5’ end of
new sense piRNAs and resulting in the ping-pong
amplification cycle (Fig. 3.5D). In summary, the
combination of slicer activity of PIWI proteins
together with the activity of endo- and exonucle-
ases explains the Dicer-independent production of
24-30nt long piRNAs. Of note, the 1U/10A signa-
ture characteristic of the ping-pong amplification
provides a convenient way to monitor the activity
of this pathway by HTS and was instrumental in
revealing the existence of virus-derived piRNAs.

Virus-derived piRNA

Transposable elements share with viruses the
property of being selfish genetic units encoding
proteins that enable their proliferation and spread.
Hence, one can wonder whether the piRNA
pathway also participates in antiviral immunity.
Indeed, transposable elements are targeted by
the siRNA pathway in Drosophila somatic tissues
as revealed by accumulation of siRNAs matching
transposable elements in HTS analysis (Chung
et al., 2008). Conversely, virus-derived piRNAs
could be observed in the OSS cell line derived
from Drosophila ovarian tissue (Wu et al., 2010).
However, in Drosophila, activity of the piRNA
pathway is restricted to the germline and neither
genetics nor HTS support an antiviral function
of the piRNA pathway in Drosophila (Petit et al.,
2016; van den Beek et al, 2018). Nonetheless,
there are significant differences between piRNA
pathways in Drosophila and other insects. Indeed,
a recent study investigating 20 species across the
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arthropod phylum revealed that TEs are com-
monly targeted by somatic piRNAs unlike in
Drosophila (Lewis et al., 2018). Consistent with
this observation, the piRNA pathway components
differ between insect species. Notably, it is appar-
ent that the PIWI clade has significantly expanded
in Ae. aegypti mosquitoes, where it contains seven
PIWIs (instead of two in Drosophila, Piwi and
Aub) and one AGO3 (reviewed in Miesen et al.,
2016a). This, together with identification of virus
derived piRNAs in mosquito Aag2 and C6/36
cell lines, led to the suggestion that the piRNA
pathway could form a second layer of antiviral
defence in mosquitoes (Wu et al., 2010; Hess et
al.,, 2011; Morazzani et al, 2012; Vodovar et al.,
2012; Léger et al, 2013; Aguiar et al, 2015).
Depletion in AGO3 and PIWIS resulting in the
decreased production of viral piRNAs revealed
that these enzymes mediate recognition and pro-
cessing of SINV RNAs, although the functional
consequence of this processing on viral replication
was not reported (Miesen ef al.,, 2015). A subse-
quent report focusing on DENV indicated that the
knockdown of PIWI proteins did not significantly
affect viral RNA levels (Miesen ef al., 2016b). An
independent study proposed a role for PIWI4 in
antiviral immunity in Aag2 cells, an Aedes aegypti
derived cell line. Interestingly, PIWI4 behaves as
an atypical member of the PTWI family and is not
involved in piRNA production but associates with
the siRNA pathway core components AGO2 and
Dicer-2 (Varjak et al., 2017a,b, 2018). This protein
may reveal a cross-talk between piRNA and siRNA
pathways in the context of viral infections. The
presence of virus derived somatic piRNAs in other
arthropods was tested by Jiggins and colleagues in
their landmark paper (Lewis et al., 2018) and virus
derived siRNAs could be identified in 9 of the 20
species investigated. Among them, 5 species also
produced 24-30nt 5'U biased small RNAs derived
from viruses. However, only in Aedes aegypti did
these piRNAs bare the 1U/10A signature of
ping-pong amplification. In the four other species,
piRNAs mapped to one strand only, similar to pri-
mary piRNAs (Lewis et al., 2018). Therefore, the
predominant role of siRNAs compared to piRNAs
in antiviral defence observed in Drosophila and
Lutzomyia is probably relevant across arthropods,
with Aedes mosquitoes representing a notable
exception (Ferreira et al., 2018).
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Sensing viral RNA in insects

Viral nucleic acid sensors

In mammals a major molecular pattern associated
with viral infection is long dsSRNA, generated as a
by-product of viral replication. The Toll receptor
TLR3 is localized in the endosome compartment
and is activated upon binding of long dsRNA
(Kawai and Akira, 2011). This receptor probes
the content of the endosomes for the presence of
endocytosed signs of viral infection in the extracel-
lular milieu. Cross-linking of two TLR3 subunits
by dsRNA triggers TRIF-dependent interferon
activation. Of note, two other endosomal TLRs,
TLR7 and TLR8 detect UG rich short ssRNA
fragments (Maeda and Akira, 2016). In the cytosol
another family of pattern recognition receptors,
the RIG-like receptors, sense viral RNA (Goubau
et al, 2013). As mentioned above, a hallmark of
these receptors is the presence of a DRA domain
phylogenetically related to the Dicer proteins
(Paro et al., 2015). This domain is followed by a
C-terminal domain (CTD), which participates in
RNA binding. In addition, two of the three RLRs,
RIG-I and MDAS contain amino-terminal caspase
recruitment domains (CARDs) (Kawai and Akira,
2011). This enables them to recruit the signalling
adaptor MAVS and to activate expression of inter-
feron genes. Although the three RLRs can bind
dsRNA in vitro, other molecular features found on
viral RNA are necessary to activate RIG-L. Indeed,
the CTD of RIG-I, which forms a tighter pocket
than the one from MDAS, detects the presence of
S’ di- or triphosphate at the extremity of viral RN As
(Kowalinski et al., 2011; Goubau et al., 2014). This
provides an efficient means to discriminate between
capped cellular mRNAs and uncapped viral RNAs.
This biochemical distinction is supported by
genetic data that point to non-redundant functions
of RIG-I and MDAS. Indeed, RIG-I mutant mice
have impaired interferon responses following infec-
tion by viruses such as influenza, VSV, or Japanese
encephalitis virus (Kato et al., 2005, 2006). Of
note, most of these viruses have ssRNA genomes
of negative polarity and do not produce detectable
amounts of long dsRNA in infected cells (Weber et
al., 2006). By contrast, RIG-I mutant mice respond
normally to picornaviruses. The 5’ end of the
genome and antigenome strand of these viruses is
covalently linked to a VpG protein, which prevents

recognition of the termini by RIG-I. On the other
hand, MDAS mutant mice are highly susceptible to
picornaviruses, which generate large quantities of
dsRNA (Kato et al., 2006). The third RLR, LGP2,
functions together with MDAS (Deddouche ef al.,
2014).

Ininsects, the only viral nucleic acid sensor iden-
tified so far is Dicer-2, suggesting that long dsRNA
is the major molecular pattern used to detect viral
infection (Fig. 3.3A). Importantly, even in the case
of the negative strand RNA virus VSV, the profile of
virus-derived siRNAs reveals a typical long dSRNA
signature, with siRNAs covering in equal amounts
the whole length of both genome and antigenome
strands (Ferreira ef al., 2018; Marques et al., 2013;
Mueller et al.,, 2010). However, sensing of viral
RNA by Dicer-2 appears not to be limited only to
the recognition of dsRNA.

Sensing viral RNA by Dicer-2

In vitro dicing assays using recombinant versions
of Dicer-2 with or without its cofactors incubated
with diverse dsRNA showed that Dicer-2 pref-
erentially accesses its substrate at the extremities
(Sinha et al., 2015). Furthermore, dsRNA termini
are crucial determinants of Dicer-2 mode of action
in vitro (Fig. 3.3B). Indeed, while blunt end dsRNA
triggers an eflicient, DRA domain and ATP-
dependent processive activity of Dicer-2, a dsSRNA
molecule with 3’ overhang termini promotes a slow,
ATP-independent distributive activity (Cenik et
al., 2011; Welker et al, 2011). Cryo-EM studies
revealed that dsSRNAs presenting 3’ overhangs are
repeatedly bound by Dicer-2 platform-PAZ domain
to be sequentially cleaved while blunt dsRNAs are
threaded through the DRA domain in an ATP-
dependent manner and successively diced to
generate many phased siRNAs (Sinha et al., 2018a).
This distinct mode of dicing is driven by an exten-
sive conformational change of the protein upon
binding of a blunt dsRNA extremity, which cannot
occur if the extremity harbours a 3’ overhang (Fig.
3.3B). Logs-PD interacts with the DRA domain of
Dicer-2 in an RNA independent manner through
its C-terminal FDF motif and allows the enzyme
to process RNA substrates normally refractory
to cleavage, such as dsRNA with blocked, struc-
tured or frayed ends (Sinha et al., 2015; Trettin et
al., 2017). In summary, in vitro experiments with
purified recombinant proteins point to a model



where subtle changes in the substrate result in
tremendous differences in the dicing mechanism.
How this model can be reconciled with the com-
plexity of Dicer-2 natural substrates in the cellular
context is an important challenge for future studies.
This is particularly relevant in the context of viral
infection as the RNA extremities of viruses and
viral replication complexes are highly variable. A
striking example is the case of picornaviruses and
dicistroviruses, which, as mentioned above, display
a covalently linked VpG protein at the S’ extremi-
ties of their genome and antigenome (Virgen-Slane
et al., 2012). This covalent modification at the
extremities of the genome from Dicistroviridae such
as DCV or CrPV is expected to impact sensing by
Dicer-2. One asset to solve this important question
is the characteristic siRNA signature of Dicer-2,
which is amenable to bioinformatic analysis fol-
lowing small RNA HTS. Bioinformatic analysis of
the pattern of vsiRNAs produced in wild-type or
mutant flies (e.g. inactivated ATP binding site in
the DRA domain of Dicer-2) may provide insights
on an alternative access point of Dicer-2 on DCV or
CrPV RNA (see Box 3.1) (e.g. Aliyari et al., 2008;
Mueller et al., 2010; Bronkhorst et al., 2012; Sabin
et al., 2013; Aguiar et al., 2015).

Another indication that features other than
double strandedness are sensed lies in the impor-
tance of the cofactors acting together with Dicer-2.
For example, Logs-PD is not required for silenc-
ing viral RNA, in spite of its essential role in RNA
interference triggered by endogenous or in vitro
synthesized dsRNA (Marques et al., 2010, 2013).
This points to the existence of differences between
viral RNAs and other dsRNAs, produced from
endogenous sources or synthesized in vitro. Of note,
similar observations were made in the nematode
Caenorhabditis elegans, where a RIG-I-like factor
known as DRH1 is essential for antiviral RNAi yet
dispensable for the other silencing pathways (Ashe
et al.,, 2013; Guo et al., 2013), but also in Ae. aegypti
mosquitoes. As mentioned before, the siRNA path-
way silences targets of endogenous and exogenous
dsRNAs in the midgut of these mosquitoes but
fails to suppress viruses (Olmo et al., 2018). These
results confirm the existence of differences between
silencing triggered by exogenous or endogenous
dsRNA and viral RNA, with the latter specifi-
cally requiring the dsRBP Logs2. We note that an
isoform of Staufen that evolved in coleopterans is
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another example of a species-specific dsRBP that
regulates the siRNA pathway (Yoon et al., 2018).
The fact that Drosophila (Logs-PD), Aedes (Logs2)
and coleopteran insects (StaufenC) all require
specific cofactors to define the activity of siRNA
pathway is intriguing and highlights that an impor-
tant facet of this pathway remains ill characterized.
The discrimination between the dsRNA pre-
cursors of endo- or exo-siRNAs and the dsRNA
generated during viral infection may reflect
differences either in the receptor complex sens-
ing dsRNAs or in the viral RNA itself. On the
protein side, it will be important to characterize
biochemically the role of Logs and R2D2 proteins
in Drosophila and Aedes. On the RNA side, the per-
vasiveness of RNA modifications begs the question
of how much they contribute to the discrimination
of viral RNA by the siRNA pathway (Gokhale and
Horner, 2017; Helm and Motorin, 2017; Fig. 3.6).
For example, ADAR is an RNA editing enzyme
catalysing the conversion of A to I within dsRNA
regions of cellular RNAs, which prevents unwanted
activation of immunity in mice and C. elegans (Lid-
dicoat et al., 2015; Reich et al., 2018). In mammals,
the presence of epitranscriptomic marks such as
2'0O-methylation on viral RNA affects sensing by
TLR7 or MDAS whereas N6-methyladenosine
(m6A) in dsRNA reduces activation of TLR3
(Kariké et al, 200S; Gonzales-van Horn and
Sarnow, 2017). Therefore, it will be interesting to
investigate the presence of post transcriptional
modifications in viral RNAs in insect cells and their
impact on antiviral RNAi. This will be particularly
interesting in the case of flaviviruses such as dengue
and Zika viruses, which have been shown to con-
tain m6A modified nucleosides when grown in
mammalian cells (Gokhale et al., 2016; Fig. 3.6).

Future directions

A great deal of progress was made over the past
decade on the genetic characterization of antiviral
innate immunity in insects. Yet, lots of questions
remain, paramount among them the identification
of the receptors that sense viral infections. Among
insects, the fruit fly D. melanogaster offers a fantas-
tic model for unbiased, large scale, mutagenesis
screens (Wieschaus and Niisslein-Volhard, 2016).
Indeed, such screens were instrumental in defin-
ing the components of the IMD and Toll pathways
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Figure 3.6 Overview of cellular and viral RNAs. Schematic representation of self and non-self RNAs adapted
from Gebhardt et al. (2017). 2'0O methylation, Inosine and N6-methyladenosine are the three main RNA
modifications described on viral RNAs affecting their recognition by the innate immune system.

of innate immunity, and in identifying the PRRs
activating them in response to bacterial or fungal
infections (e.g. Leulier et al., 2000; Rutschmann et
al.,2000a,b; Lu et al., 2001; Vidal et al., 2001; Choe
et al, 2002; Gottar et al., 2002, 2006). Genetic
screens are however time consuming, especially
when viruses must be injected into the body cavity
of the flies (Merkling and van Rij, 2015). This limi-
tation could, to some extent, be bypassed by using
natural infections with fly pathogens, although
this would require production of large amounts
of virus and the control of viral uptake would be
challenging. Alternatively, transgenic viral replicons
expressing fluorescent proteins could be used as
a proxy for infection, with the caveat that critical
steps of the viral cycle (binding, entry, uncoating,
assembly and budding of viral particles) would be
bypassed (Avadhanula et al., 2009; Wernet et al.,
2014). The recent advances in mass spectrometry
(MS) technologies provide other opportunities
to decipher antiviral innate immunity in insects.
These methods can be used to further character-
ize the antiviral siRNA pathway by defining the
interactome of the canonical components Dicer-2,
R2D2 and AGO2, but also to identify PRRs sens-
ing nucleic acids.

The genetic characterization of antiviral RNAi
in both Drosophila and Aedes mosquitoes points

to differences between the siRNA-dependent
response triggered by dsRNA of endogenous
(endo-siRNA pathway) or exogenous (exo-siRNA
pathway) origin on one hand, and the antiviral
siRNA pathway on the other (Marques et al., 2013;
Olmo et al., 2018). Cell imaging of the canonical
components Dicer-2, AGO2, R2D2 and Logs
in the context of cells treated with exogenous
dsRNA or infected with viruses is likely to reveal
differences in the dynamics of these proteins. This
information can subsequently be used to define the
interactome of the siRNA pathway at critical steps
of the infection cycle, to identify novel regulatory
co-factors of the pathway participating in the sens-
ing or neutralization of viral RNAs. Of note, this
approach requires synchronized infections, and will
have to be carried out in tissue culture cells, a caveat
considering the possible existence of tissue specific
regulators (e.g. Olmo et al 2018).

MS can also be used to identify host proteins
that sense nucleic acids of viral origin. Some
foreign nucleic acids bear specific marks absent
in cellular nucleic acids, such as, in the case
of RNA, long double strandedness, the pres-
ence of S’ triphosphates or missing methylation
marks (reviewed in Habjan and Pichlmair, 201S;
Gebhardt et al., 2017). Protein binding to these
marked, viral-like nucleic acids can be identified



by nucleic acid affinity purification coupled to
MS-based identification of proteins. For example,
such an approach in mammals resulted in the iden-
tification of the host proteins IFIT1 and AIM2 as
viral RNA binding protein with antiviral function
and a DNA sensor of the innate immune system,
respectively (Biirckstimmer et al, 2009; Pichl-
mair et al., 2011). Applied to insect cell lines or
whole animals, this strategy, coupled to RNAi or
CRISPR/Cas9 functional screens may reveal novel
nucleic acid binding proteins involved in antiviral
immunity in insects.

Finally, a fascinating question for future work per-
tains to the sensing of DNA in insect cells. Indeed,
activation of the IMD pathway in flies mutant for
the enzyme DNasell (significant but moderate
compared to a bacterial infection) suggests that
cytosolic DNA can activate an NF-kB-dependent
pathway in insect cells (Mukae et al., 2002; Liu et
al, 2012). In mammals, a dedicated pathway, the
cGAS-STING pathway, activates synthesis of inter-
ferons upon detecting cytosolic DNA (Hornung et
al., 2014). So far, the data available indicate that
viral DNA produces dsRNAs and activation of the
siRINA pathway, akin to the sensing of herpes virus
derived dsRNA by TLR3 in mammals (Tabeta
et al., 2004; Zhang et al., 2007; Bronkhorst et al.,
2012; Kemp et al., 2013). Yet, important ques-
tions remain. For example, is viral DNA, which
is expected to be transcribed in the nucleus pos-
sibly by a host RNA polymerase, activating the
endo-siRNA pathway (Logs-PD dependent) or
the antiviral siRNA pathway (Logs-PD independ-
ent)? Is there another pathway sensing DNA in the
cytosol, as in mammals? The cGAS-like enzymes
identified in insect genomes so far do not contain
the zinc ribbon motif mediating interaction with
DNA in mammalian cGAS (Wu et al, 2014;
Margolis et al., 2017). However, the recent dis-
covery that STING carries immune functions in
some insects, in particular against DNA viruses in
Bombyx mori, raises the possibility that dedicated
receptors operate in the cytosol of insect cells to
sense DNA (Goto et al., 2018; Hua et al., 2018; Liu
et al., 2018; Martin et al., 2018). Characterization
of the ligands activating the insect STINGs now
at hand, which do not appear to bind cyclic dinu-
cleotides (Kranzusch et al., 2015), should help to
identify these receptors.
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0 utro (term commonly heard in music designing the opposite of an introduction)

While extensive work is being done at trying to unravel new sensors of viruses in
drosophila, my Ph.D work focused on the characterization of the only known sensor of
viral nucleic acids that fuels the antiviral RNAi pathway: Dicer-2. /n vitro studies
previously proposed models for Dicer-2 mechanisms of action on dsRNA substrates
depending on their nature, length and termini but also on interaction with several
cofactors. All these parameters that can be tightly controlled in 2 vitro conditions are as
many unknowns when it comes to iz vivo studies. Indeed, although endogenous,
exogenous and viral Dicer-2 targets have been identified, little is known about the exact
characteristics of these dsRNAs. Thus, two main questions guided the writing of this

manuscript:
How Dicer-2 accesses its substrates and what are their characteristics?

Because of its dual role in the endo-siRNA and antiviral RNAi pathways, Dicer-2 must
be able to sense and discriminate a potentially wide diversity of dsRINA molecules. The
detection of viral RNAs is made even more difficult by their high adaptability potential
led by the mutation rate of their replicating enzyme. Thus, a lot of counter mechanisms
have evolved and complicate their detection. Still, Dicer-2 is able to access many viruses
and process the dsRINA molecules formed during their infection cycle. How and where
does Dicer-2 manages to bypass viral defenses (Chapter I)? What are the characteristics
of these potential weak points (Chapter II)? I tried to answer these questions by using

the dicistroviruses Drosophila C Virus and Cricket Paralysis Virus as infection models.
What is the role of Dicer-2 helicase and its associated cofactors?

It is striking that proteins involved in the antiviral immunity of diverse organisms all
possess the same specific helicase domain organization. In the case of mammalian RIG-
like receptors for instance, this domain was shown to be required for recognition of their
target and regulation of their activity. Thus, involvement of drosophila Dicer-2 helicase
domain in the sensing of its viral and endogenous RNNA targets was investigated. In
addition, two distinct mutations of this domain were studied in an attempt to uncouple its

possible sensing role from its ATPase activity (Chapter III).
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Figure |: Drosophila CVirus life cycle as an example for dicistroviruses.

When DCYV enters the host cell, it releases its protected viral genome in the cytoplasm. A viral
protein covalently linked to the 5' extremity (VPg) and a poly-A tail at the 3' extremity ensure
protection against 5'-3' and 3'-5' RNA degradation mechanisms. Cap-independent translation
is mediated by the host ribosome on the two ORFs independently. The two resulting
polyproteins are cleaved by the 3C-like protease generating structural and non-structural
mature proteins.

Brief description of the role of each non-structural protein: | A = inhibition of RNAi; 2B =
predicted membrane remodeling activity; 2C = predicted role as RNA helicase and/or
membrane permeabilization; 3A = predicted role in viral replication complex formation; 3C
= viral poly protein processing; 3D = RNA dependent RNA polymerase; VPg = covalently
linked to the 5' end of genomic RNA to protect it from degradation and initiate protein-
primed viral replication.

During the viral replication, the RdRP catalyzes the syntheses of genomic and antigenomic
strands that lead to the formation of a dsRNA intermediate of replication (further explained
in Chapter ll). Dicistroviruses encode for viral suppressors of RNAi with various mechanisms
of action. In the case of DCV, its suppressor of RNAi (DCV-1A) coats the long dsRNA
intermediate of replication and inhibits its processing by Dicer-2.



Introduction

Dicistroviruses are non-enveloped viruses with a relatively small (~8-10kb) monopartite
positive ssRNA genome and a small (~30nm) icosahedral capsid. They have a broad
tropism in the Arthropoda phylum, are tremendously diverse and represent major
agricultural and economic threats worldwide. Due to their characteristics and to the
similarity in term of diseases symptoms (e.g. paralysis), they were initially classified in the
Picornaviridae family. However, their genomic organization do not compare which justifies
the classification of these viruses in distinct families. Indeed, picornaviruses have a
monocistronic genome encoding structural proteins first and then non-structural proteins
while dicistroviruses have a bicistronic genome encoding non-structural proteins in
ORF1 and structural proteins in ORF2. Despite the extensive study of dicistroviruses
interactions with their host, many gaps remain in our understanding of the mechanisms

behind the different infection steps.

Most of the mechanistic details of dicistroviruses infection cycle come from studies
conducted using Drosophila and two viruses from the Cripavirus genus: Drosophila C Virus
(DCV) and Cricket Paralysis Virus (CrPV). Extended description of dicistroviruses
entry, replication, translation and packaging was reviewed in Warsaba et al., 2019.
Briefly, viruses most likely first attach to a cell surface receptor not identified yet and
enter the cell using the clathrin-dependent endocytosis pathway (Cherry and Perrimon,
2004; Yang et al., 2018). Then, the viral genome is released in the cytoplasm and targeted
for translation and replication. Cap-independent translation of the two ORF's is mediated
by the hijacked host ribosome and produces two polyproteins (Moore et al., 1980, 1981).
Further processing of these polyproteins by the virally encoded 3C-like protease give rise
to non-structural (ORF1) and structural (ORF2) mature proteins (Nakashima and
Ishibashi, 2010; Nakashima and Nakamura, 2008). In parallel, replication is conducted
by the viral RNA-dependent RNA polymerase interacting with host proteins and the 5’
viral protein genome-linked VPg. The mechanism by which sense and antisense strands
are produced is still obscure and was mostly inferred from studies in closely-related
picornaviruses (further explained in Chapter II and reviewed in Paul and Wimmer,
2015). Finally, dicistrovirus family encompasses lytic and non-lytic viruses which

complicates our understanding of their transmission strategies ( ).
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Figure 2: Dicer-2 plays an important role in the defense against DCV.

A) Survival of dicer-2 wild-type (w"dicer-2®''**/Df ) and dicer-2 null mutant (w®dicer-
21811#XIDf) flies after DCV (500PFU) or TRIS injection (n=60; statistical test: logrank). In both A
and B, error bars represent standard deviation. B) Relative DCV RNA accumulation measured
by RT-qPCR in control and dicer-2 null mutant flies 3d post infection with DCV 500PFU. (n=2,

biological triplicates, statistical test: one way ANOVA).



As presented in the general introduction of this manuscript, insects and most specifically
Drosophila fruit flies are able to mount antiviral responses against a wide diversity of
viruses. Several evolutionarily conserved innate immune mechanisms could be identified
as antiviral, namely the JAK-STAT, Toll, IMD and Heat-Shock proteins pathways. In
addition to these, constitutively expressed restriction factors can also participate in the
control of viruses in insect. While all these defense mechanisms are most of the time virus
specific, the small interfering RNA pathway remains the major broad antiviral response
in insects. As previously explained, Dicer-2 is the only known sensor of viral nucleic acids
and activator of the antiviral siRNA pathway in Drosophila. This enzyme is described as a
dsRINNA endonuclease entering from its substrate extremity and generating virus-derived
siRNAs. Impaired expression of this catalytic enzyme results in a higher viral load as well
as a reduced survival rate of flies injected with the dicistrovirus DCV ( and
Galiana-Arnoux et al., 2006; van Rijj et al., 2006). Thus, Dicer-2 must be able to sense and
dice (i.e. cleave) the dsRINA intermediate of replication produced by DCV

However, dicistroviruses are highly protected and hidden from the immune system and

we still do not understand how Dicer-2 is able to detect them.

First, dicistrovirus genomic RNAs are protected against the Pacman-mediated 5’-3
cellular RNA decay machinery by a viral protein genome-linked (VPg) at their 5’
extremity (King and Moore, 1988; Nakashima and Shibuya, 2006). The lack of a 7-
methylguanosine mRNA cap at the 5’ extremity of their genome also protects them from
Dcpl or Dcp2 decapping enzymes. In addition to its protective role, the VPg is proposed
as a protein primer used by the viral RdRp to initiate the synthesis of genomic and
antigenomic strands (Paul and Wimmer, 2015). Similarly, it is thought that the 3’ poly A
tail of dicistroviruses genomes is bound by cellular poly A binding proteins to promote
circularization of the viral RNA and subsequent antigenome-strand synthesis by the
RdRp (Herold and Andino, 2001). This poly A tail is identical to the one present at the 3’
extremity of cellular mRNAs and most likely protects the viral genome against exosome-
mediated 3’-5’ degradation. In addition to these genomic stabilizing features, the
replication of dicistroviruses often occurs on host membranes structures. In the case of
DCYV, the remodeling of the Golgi apparatus results in the formation of small viral
replication factories (~115nm diameter) that are hard to access for the immune system
(Cherry et al., 2006). Finally, viruses have evolved their own defense mechanisms against

RNAI, namely viral suppressors of RNAi (VSRs). Numerous strategies have evolved to
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counter the antiviral RNAi at multiple levels and even closely related dicistroviruses like
DCYV and CrPV encode for VSRs that have different modes of action. While DCV 1A
binds viral dsRNA intermediate of replication to block Dicer-2 processing and RISC
loading, CrPV 1A directly interacts with the effector protein Ago2 to suppress its cleavage
activation and to target it for proteosomal degradation (Nayak et al., 2010, 2018; van Rjj
et al, 2006; Watanabe et al., 2017). As a consequence, dicistroviruses appear to be

extremely well protected against antiviral immune pathways ( ).

Despite all these layers of protection, strong evidences show that Dicer-2 plays an
important role in the defense against dicistroviruses. Thus, one major question drove my
Ph.D during four years: how is Dicer-2 able to detect protected RNAs from

dicistroviruses?

One of the hallmarks of antiviral RINAI is that the virus-derived siRNAs produced by
Dicer-2 provide a footprint of the action of the immune system. Thus, being able to
identify a siRNA signature could provide us with mechanistic insights on the detection
and entry of Dicer-2 on viruses. The current method of choice to investigate small RNAs
is undoubtedly small RNA high-throughput sequencing (HTS). During my Ph.D, I used
two complementary approaches based on this technology in order to decipher Dicer-2
entry point on two dicistroviruses, DCV and CrPV. First, a kinetic study of the apparition
of siRNAs was performed using the simplified S2 cells model. These macrophage-like
cells can be infected in a synchronized manner, making possible the identification of
siRNAs at early time points of infection. Then, small RNA HTS of DCV infected flies
expressing different variants of Dicer-2 was performed to check for i vivo relevance of

the data obtained in cells and to gain insights in the molecular mechanisms at play.
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Figure 3: Preparation of the RNAs for small RNA HTS.

A) Schematic representation of the experimental setup for S2 cells synchronized infection.
Cells are kept on ice while the infective solution is being added (DCV MOI 10 or CrPV MOI
0.05).Viruses bind to the cell membranes but are not able to internalize.VWash of the unbound
viruses is performed before removing cells from ice. Finally, cells are put in the incubator
(t=0h of the synchronized infection) and the RNAs are extracted after O, 3, 6 or 12h of
infection. B) Strand-specific RT-qPCR designed to detect separately genome and antigenome
DCV strands.The y axis is the absolute strand copy number.The error bars represent the
standard deviation between the biological duplicates (n=1).Time points 3 -12h were used to
perform small RNA HTS. C) Schematic representation of the adapted lllumina protocol to
produce double-indexed small RNA libraries.



Results

I. Kinetics of siRNAs apparition in S2 cells during DCV
and CrPYV infection

a. Preliminary work

Synchronized DCV infection of S2 cells

A detail of uttermost importance for this study was that all cells had to be infected at the
same time in order for the subsequent RNA sequencing to depict the situation at precise
time points. Thus, the preparation of S2 cells infection by DCV was performed on ice to
prevent cell-bound viruses to internalize and release their genome in a non-synchronized
manner ( ). Moreover, the infection was carried on with a MOI of 10 to make
sure that all the cells would be infected with at least one viral particle. All the unbound

viruses were washed before starting the incubation at t=0h.

Thereafter, the presence of DCV RNAs was checked at four different time points (0, 3, 6
and 12h pi) using strand specific RT-qPCR to detect separately genomic and antigenomic
strands ( ). To prevent false priming effect of this technic that would result in an
inaccurate measurement of the antigenomic strand, we used tag-specific primers (Plaskon
etal., 2009; Tuiskunen et al., 2010). DCV being a positive ssRNA virus, it is not surprising
to observe a majority of genomic strands at Oh pi. However, the presence of antigenomic
strands at this time point might reflect a slight contamination of the purified DCV viral
stock with antigenomic strands and will be discussed later. The following time points (3-
12h pi) show an occurring productive infection with the virus replicating at an
exponential rate and keeping a ~100-fold difference between genome and antigenome
strand abundance. The experiment was conducted in biological duplicates and two

independent libraries for each 3, 6 and 12h pi time points were constructed to be sent for

lumina HTS ( ).

Sample bleeding: definition, importance and solution

Illumina-based next generation sequencing drastically increased the output number of
reads and thus, the sequence coverage one could expect from a sequencing experiment.
Many different procedures have been developed to perform DNA, short RNA or long
RNA sequencing. The possibility to individually label different samples made the
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Sequencing| . Time Total number| Trimming Se?ond . 21-22-23
lane Virus point Seq ID of reads surviving demultlpl?x1ng miRNAs (1M)
surviving
3h SNBN482 35461457 9363086 7935011 200274
SNBN483 32802208 15394917 14497894 221606
DCV 6h SNBN484 28076461 9602839 8610308 133291
SNBN485 35186428| 15297869 13887545 278362
12h SNBN486 31820875| 11346320 10016871 150050
#1 SNBN487 23906611 7446817 6716570 123381
3h SNBN488 36781012 19634757 18213046 440355
SNBN489 31118678 13911153 12835867 229097
CrPvV 6h SNBN490 77777124 44180319 41874789 587163
SNBN491 47964471 12067871 11039456 302240
12h SNBN492 46643861 19461501 17634468 374307
SNBN493 23611276 9064387 8429532 142916
Mean =

Table |: Summary table of the small RNA HTS performed on libraries constructed from
DCYV or CrPV infected S2 cells extracted RNAs.

All the samples were multiplexed and sequenced in the same sequencing lane. Biological duplicates
were done for each experimental condition, hence the preparation of 12 libraries for 6 experimental
conditions. Total number of reads: the number of all small RNA reads in the fastq file delivered by
the sequencing platform.This number is obtained after demultiplexing all the reads from the sequencing
lane according to the 3' adaptor barcode. Trimming surviving: all the reads that were not identified
as primers dimers or 2S ribosomal RNA. Second demultiplexing surviving:all the reads sequenced
with the custom 5' adaptor barcode expected from this specific library reads. 21-22-23 miRNAs
(IM): alignment of the surviving reads on all miRNA hairpin sequences was done with | mismatch
allowed. The miRNA identified reads of 21-23nt long were used for our normalization strategy (see
Materials & Methods). Normalization factor: factor applied to data of each individual library of the
sequencing lane in order to make comparisons between them possible. Of note, all the study was first
performed without normalization of the data and showed similar results.



multiplexing of samples a common practice in laboratories. However, it is now of public
knowledge that this method has a 0.1 to 10% misattribution rate of reads to the wrong
libraries (Griffiths et al., 2018; Sinha et al., 2017; van der Valk et al., 2018). This
phenomenon called “index hopping” or more dramatically “sample bleeding” was mostly
identified in long RNA sequencing or DNA sequencing and results in a cross
contamination of all the libraries ran in the same sequencing lane. In most cases, sample
bleeding is not an issue as the high number of reads we are looking at strongly reduces
the impact of this technical flaw. However, in our case, libraries made from cells infected
for 3h were going to be sequenced in the same lane as libraries made from cells infected
for 12h. Thus, the danger was that the 0.1-10% spillover of the 12h libraries would mask

the small number of virus derived small RNAs generated at 3h.

One of the experimental solutions found so far to minimize the impact of sample bleeding
is double indexing (Kircher et al., 2012). This method relies on the use of different 5’
adaptors than the ones originally used in Illumina protocols and kits. These adaptors
contain a 6nt long internal barcode that will be sequenced together with the small RNA
read and later used to perform a second demultiplexing ( ). Double indexing
theoretically increases the confidence in the attribution of reads to specific libraries up to
99.99%. Thus, even though sample bleeding was not proven yet in small RNA HTS, a

double indexing strategy was used to prepare the libraries from virus infected S2 cells.

Trimming and second demultiplexing of the libraries

The libraries were constructed using the double indexing strategy described above which
allowed the safe multiplexing of all the samples in a single sequencing lane ( ). It
has to be noted that this lane contained libraries constructed from DCV infected cells but
also from CrPV infected cells extracted RNAs that will be used later on. All libraries were
considered as a whole for the trimming, second demultiplexing and miRNA-based
normalization (see Materials and Methods). That is why the graphics corresponding to

these steps will display the 12 libraries.

Between 43 to 74% of the total reads obtained were reads mapping on the drosophila 2S
ribosomal RNA sequence or adapters dimers ( ). These reads were
dropped during the trimming of the libraries. Among each library, we searched for the
surviving reads presenting a wrong internal label ( ). Most of the

reads that did not have a perfect match with the corresponding internal label were reads
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Figure 4: Sample bleeding demonstration and libraries trimming.

A) Trimming: reads corresponding to adapters dimers or drosophila 2S ribosomal
RNA were removed from the data. B) Second demultiplexing: reads with either
mismatches in the 5' internal label or internal label from another library were removed
from the data. For A and B, the two graphics are different representations of the same
data. C) Graphical representation of the "sample bleeding" observed in the small RNA
HTS. On this graphic, only the reads with a 5' internal label from another library are

represented.
SNBNXXX: library identification number
SNBN482-487: libraries constructed from DCYV infected S2 cells extracted RNAs.

SNBN488-493: libraries constructed from CrPV infected S2 cells extracted RNA:s.



presenting at least one mismatch in it, most likely coming from sequencing errors. Even
though these reads could have been quite safely attributed to their library, they were
discarded from the datasets. However, between 1 to 2% of the reads presented an internal
label corresponding to another library. This result justifies the use of a second
demultiplexing method and shows the existence of sample bleeding in Illumina-based
small RNA HTS. These contaminating reads are coming equally from all the other

libraries and were removed from the datasets ( ).

The library SNBN490 (CrPV — 6h pi) represents an interesting exception to this rule that
requires further explanation. As depicted by , sample bleeding of SNBN490
into the other libraries is the weakest. This does not correlate with the fact that the original
total number of reads of SNBN490 is much higher and should result in a more important
bleeding in the other libraries ( ). Moreover, the distribution of
contaminating reads in SNBN490 does not look like all the other libraries present in the
same sequencing lane. Investigations led us to discover that SNBN490 library was
sequenced two times and in two different flow cells at the sequencing platform. Thus, the
few contaminant reads observed only come from the first sequencing flow cell that
contained all our libraries. The second sequencing of SNBN490 was performed in a flow
cell that contained other libraries. That is why the reads obtained from this second flow
cell could not spillover in our libraries. This interesting exception once again proves the
existence and importance of sample bleeding when performing multiplexed small RNA

sequencing and end up being a good internal control of the experiment.

The reads that survived both trimming and second demultiplexing (between 22 to 54% of
the reads depending on the library) were confidently attributed to each independent

library and further used in the bioinformatic analysis.

b. Dicer-2 has a precise entry point on the viral dsSRNA of DCV
5’ region
Dicer-2 produces a strong siRNA signature in the 5’ region of DCV
When processing dsRNA, Dicer-2 produces siRNA duplexes that can be viewed as its
footprint or signature. These molecules are composed of two 21nt long RNA strands that

are paired with a 2nt 3’ overhang. A method of choice to detect Dicer-2 signature and try
to decipher its mode of action is small RNA HTS.
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Figure 5: Kinetics of the apparition of DCV mapping 21Int long reads.

A) Normalized DCV mapping reads size distribution. One mismatch was allowed for the
alignment. B) Normalized DCV coverage by 2 Int long reads. C) Cumulative frequency of DCV
coverage by 2Int long reads.The black line represents what would be a perfectly even coverage
of the sequence.



We analyzed libraries SNBN482-487 that were constructed with RNAs extracted at
different time points from DCV infected S2 cells ( ). Alignment of the surviving
reads on DCV sequence (1 mismatch allowed) was performed and discriminated between
virus derived small RNAs from cell derived RNAs. Because not all libraries had an initial
equivalent number of reads, a miRNA-based normalization method was used to make the
comparison between libraries possible ( & Materials and Methods). Of note, all
the study was first performed without any normalization of the data and depicted similar
results. The size distributions of DCV mapping reads show a consistent peak at 21nt
( ). The number of these 21nt long reads increases over time and most likely

depicts the action of Dicer-2 on its substrate.

An enrichment of DCV mapping 21nt long reads can be identified in the 5’ region of the
viral sequence after 3h of infection ( ). As the infection continues (6 - 12h pi),
this enrichment becomes less and less pronounced to finally end up in a steady state-like
situation with an even coverage of DCV genome and antigenome. Another way to look at
these data is to plot the cumulative frequency of DCV coverage by 21nt long reads (

). The advantage of this representation is to make the comparison between the different
time points easier because the normalization is based on the percentage of total reads for
each library. However, in this case, genomic and antigenomic mapping reads are gathered
in the same curve. With this representation, an even coverage of the viral sequence by
21nt long reads would be depicted by a diagonal. This graphic shows (1) high similarity
between biological duplicates, (2) enrichment for 21nt long reads in the 5’ region of DCV
at early time points and (3) flattening of the 6 and 12h pi curves reflecting a tendency to
reach an even coverage of the sequence. These two different representations both suggest

an early entry point of Dicer-2 in the 5’ region of DCV.

To make sure that the 21nt long reads observed are bona fide Dicer-2 products, we needed
to check whether we could identify two important features of the siRINA signature: (1)
the 2nt 3" overhang between genomic and antigenomic strands of the duplex and (2)
phasing of the reads. Indeed, i vitro, Dicer-2 has been shown to produce siRNAs that are
directly following each other and are in phase. Investigation for the first feature (2nt 3’
overhang) was done through offset analysis of the 21nt long reads. It has to be noted that
the offset and following phasing analyses were done on windows of 500nt long. Analysis

of a bigger subsets of the libraries is complicated because the computational time required
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Figure 6: Detection of phased siRNA duplexes.

A) Offset analysis of 2 libraries representative of their corresponding time point. Offset
analyses calculates the statistical distance between the 5' extremities of reads that are on
opposite strands. B) Phasing analysis of 2 libraries representative of their corresponding time
point. Phasing analyses calculates the statistical distance between the 5' extremities of reads
that are on the same strand. For A and B, analysis were performed on 21 nt long reads mapping
in 2 500nt long windows because of computational power issues.The |2h time point presented
too many reads making the analysis impossible.



to make the analysis increases exponentially with the number of reads increasing linearly

(hence the lack of graphics for the 12h time point in ).

Offset analysis calculates the statistical distance between the 5’ extremities of reads that
are on opposite strands. As depicted by the cartoon in , a distance of 18nt
between the 5" extremities of opposite strands is representative of the 2nt 3’ overhang
feature of siRNA duplexes. In addition, a distance of 3 or 24nt would represent siRNA
duplexes that are in phase. A peak at 18nt can be detected when looking at the most 5’
500 nucleotides of DCV sequence 3 and 6h pi ( ). In the same window (first
500nt), peaks at 24 and 3nt can be observed 6h pi. This signal progressively dims with the
analysis window being shifted toward the 3" extremity. Thus, this offset analysis by itself

already confirms a strong phased Dicer-2 signature in the very 5" region of DCV.

We then wanted to independently check for the phasing signature of a processive Dicer-
2, hence the phasing analysis done on the 21nt long reads. Phasing analysis calculates the
statistical distance between the 5’ extremities of reads that are on the same strand. As
depicted by the cartoon in , distances of 21 and 42nt are representative of reads
in phase. Contrary to the offset analysis, phasing analysis is done independently on
genomic and antigenomic strand mapping reads. Analysis of the first 500 nucleotides
shows us two peaks at 21 and 42nt for both time points analyzed ( ). This phasing
signature is mostly observed on the genome and is quickly lost when looking at the
following 500 nucleotides in the 3h pi time point. A peak at 21nt is still visible in this
window of analysis for the 6h pi time point but is lost in the following window. Thus, this
analysis highlights a strong phasing of the 21 nt long reads mapping on the 5’ genomic
strand of DCV.

Together, these analyses suggest that Dicer-2 is able to access and processively dice the
5" region of DCV dsRNA as early as 3h pi. If a dsRNA extremity was the only
requirement for Dicer-2 to enter, one could also expect a processive siRNA signature in
the 3’ region of DCV. However, offset and phasing analyses performed on the last 500
nucleotides of DCV 3’ extremity did not show an siRNA duplex signature (

). Thus, Dicer-2 accessibility to DCV dsRNA is somehow initially restricted to its 5’

region.
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Dicer-2 has a precise entry point on viral dsRNA

The previous analysis showed that Dicer-2 is dicing the viral dsRNA in a processive
manner, in its 5" region and at early time points. We can further characterize the phased
reads by their relative distance to the 5" extremity of the viral genome. Thus, if reads are
generated in phase starting from the 5’ extremity of the viral dsRNA, we will consider
these reads as in frame 1 ( ). Because Dicer-2 products are 21nt long, one can
distinguish 21 possible dicing frames. Thereafter, the following hypothesis was
conjectured: if (1) Dicer-2 is working in a processive manner and if (2) it has a precise
entry point on the viral dsRNA, we should observe a dominant frame in the DCV

mapping 21nt long reads.

Frame enrichment was calculated for DCV genome and antigenome mapping 21nt long
reads ( ). Consistently between biological duplicates and time points, the
dominant frame in the reads mapping on DCV genome is frame 4. One can also notice
the abundance of reads in the following frames 5 and 6. Doing this analysis on the
antigenome mapping reads shows us an enrichment of frames 2 — 4. As a reminder, Dicer-
2 produces small RNA duplexes with 2nt 3’ overhang. Thus, this frame enrichment
analysis revealed a dominant frame for DCV-derived siRNA duplexes, namely frame
“4/2”. This information is in accordance with the proposed hypothesis and suggests a
precise entry point of Dicer-2 on viral dsSRNA. Moreover, if this entry point was located
at the very 5" extremity of viral dsRINA, we could expect the frame 1/20 or 3/1 (depending
on 5’ or 3’ measuring rule) to be dominant. However, the dominant frame identified is
frame 4/2 which is a first hint for Dicer-2 entry point not being at the 5" extremity of
DCV.

Dicer-2 precise entry point is located in DCV 5’ region

We then wanted to precisely identify where is this entry point of Dicer-2 on DCV dsRNA
located. Because we are looking at Dicer-2 signature of action, we first gathered 21nt long
reads mapping on genome and antigenome in groups according to the 2nt 3’ overhang
rule. For instance, reads mapping on the genome in frame 4 were gathered together with
reads mapping on the antigenome in frame 2. Reads were split in 21 groups according to
this rule. For the sake of simplicity, on the graphics the group containing reads in frame
4/2 for instance was named “frame 4”. This sorting of the reads allowed us to look at the

cumulative frequency of DCV coverage for all the frames independently.
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The frames 1-3 and 8-21 are basically following the trends observed when looking at all
21nt long reads together ( ). This suggests an even distribution of the
corresponding reads on DCV sequence and no region-specific enrichment of these frames.
However, the frames 4-6 do not behave the same way and stick out of the theoretical
diagonal at the 3 time points of DCV infection. From these graphics, it is clear that the
enrichment for frame 4 is strongly biased toward the 5’ region of the virus. Interestingly,
frame 4 is the first one to be enriched but is quickly followed by frames 5 and 6. This point
is in accordance with the previous frame enrichment analysis and will be further
discussed. Finally, frame 7 is still a bit above the diagonal but clearly shows a trend of
going back to even coverage. Thus, all the results obtained so far highlight a precise entry
point of Dicer-2 on DCV dsRNA located in its very 5’ region and in frame 4/2.

We then looked at the distribution of reads in frame 4/2 on DCV sequence. Without a
surprise an enrichment of reads in the very 5’ region of DCV could be observed (

). We zoomed in on this highly covered region (~1-300nt) in an attempt to find the
precise entry point of Dicer-2 ( ). To make the interpretation easier, the graphics

were split in chunks of 21nt long (annotated from A to O) corresponding to the theoretical

frame 4/2 phased reads ( ). In order to grasp the importance of this frame
in the DCV 5’ region, the same zoom was done on the representing the total
21nt long reads distribution ( ). Thus, a first general remark concerning

these graphics lies in the fact that the vast majority of 21nt long reads mapping to this part

of DCV sequence are in frame 4/2.

Regardless of the library we are looking at, no 21nt long reads are mapping at the 5
extremity of the virus (position A). However, at this point, we need to step back and think
about Dicer-2 mechanism. In particular, we know that Dicer-2 is producing the peculiar
siRNA duplex signature with 2nt 3’ overhang but we still do not know (1) what are the
5’ extremities that can be produced by the virus during the replication cycle and (2) what
are the lengths of the first products made from a blunt dsRNA template. As depicted in

, we could easily imagine Dicer-2 producing either 19 or 23nt long reads when
processing blunt dsRNA from its extremity. However, in our sequencing data, no
enrichment for a specific small RNA read mapping at the 5" extremity of DCV sequence

could be observed regardless of the size of the reads we looked at.
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The first siRNA signature that can be observed in frame 4/2 lies at position B with
approximately equal number of reads mapping on the genome and antigenome,
suggesting a Dicer-2 product from a dsRNA. We asked ourselves whether this siRNA
could be the entry point of Dicer-2 on the viral dsRNA. To investigate this question, we
followed the same reasoning as before: if Dicer-2 enters on a blunt dsRNA at position B
(nucleotide 25), we might be able to see a 19nt long read mapping on the antigenome
( ). Interestingly, this very specific read was observed in the 6h and 12h pi
libraries in increasing numbers ( ). Moreover, this 19nt long read is the only
accumulating on the antigenome in close proximity to position B suggesting that it is a
real product and not just some kind of degradation product ( ). The low
abundance of this read in the 6h and 12h pi condition as well as its absence in the 3h pi
condition can be explained by the fact that 19nt long reads are not loaded on Ago2 and
thus, not protected from degradation. The coexistence of the 19 and 21nt long reads
mapping on the antigenome at position B is puzzling and will be further discussed but

suggests that the siRNA at position B might be the entry point of Dicer-2 on a blunt
dsRNA of DCV.

Of note, no genomic read of 23nt long mapping from 25 to 47 was identified. This
information suggests that if Dicer-2 indeed enters on a blunt dsRNA, it is the 5’ measuring
rule that is used by Dicer-2 to generate precise 21nt long siRNAs. This information is in
accordance with the previously published study highlighting the role of Dicer-2 PAZ-
platform domain for the recognition of the 5’P moiety to generate high-fidelity siRNAs
(Kandasamy and Fukunaga, 2016).

The siRINA signature at position B is directly followed by a surprising gap in the sequence
coverage regardless of the libraries and frames ( ). Of note, this gap cannot be
explained by mismatches within the reference DCV sequence that was checked notably
by the 5" RACE experiment performed in Chapter II. Then, an increasing number of
reads mapping on the genome can then be observed from position D to I. Oddly, all these
reads on the genome in frame 4 nearly never have their antigenomic counterpart on frame

2 ( ). As a general remark, only a few antigenomic mapping reads were

identified in the 5" region of DCV.

In an attempt to explain this peculiar asymmetric distribution of the reads,

thermodynamic analysis of the free energy of frame 4/2 siRNA extremities was calculated.
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| Frame 4/2 siRNAs |

5' 3' Ratio
Position | | Left/Right
Genome A UAUCGUGUGUACAUAUAAAU
A Antigenomel]A U U A UA GCACACAUGUAUAUU
I -5,98 | I -5,49 I 0,92
Genome A UGUACACACGGCUUUUAGGTU
B Antigenome|lU A U A C A UGUGUGCCGARAAAUC
I -7,48 | I -6,57 I 0,88
Genome AGAAUAUUGUUUUCAAUGUUG
C Antigenome|]C A U C U U A UAACAAAAGUUATCA
I -7,16 | I -6,48 I 0,91
Genome A UUUUAAAGGUAACCUUGGUU
D Antigenomel]A C U A A AAUUUCCAUUGGAATCC
I -3,99 | | -8,98 I 2,25
Genome AUUAUGCUUUACGGUUUUTCA AU
E Antigenome]A A U A A UACGAAAUGCCAAAAG
I -5,16 | | -6,84 I 1,33
Genome UGUUGAUGGUAUUUGCGGTCTCU
F Antigenome]U A A C A ACUACCAUAAACGTCTCG
I -8,19 | | -13,26 I 1,62
Genome GCGGUCCCUAAUUGUUGAATUU
G Antigenome|G A C G C C A GG GAUUAACAACUU
I -12,98 | I -6,92 I 0,53
Genome A UUUAUUCUGAUACGUUGUUU
H Antigenome|]A A U A A A UAAGACUAUGCAATCA
I -4,99 | | -7,62 I 1,53
Genome UCAUUGUUGAUGGUAAGGATUTU
I Antigenomel]A A A G UAACAACUACCAUUCCU
I -7,29 | | -9,22 I 1,26
Genome CUUAUUUUGGAGUGGUUUUUC
J Antigenome]A A G A A UAAAACCUCACCAAAA-A
I -6,54 | I -5,13 I 0,78
Genome A GAAGAUAACUCUAAAUA AUGNA
K Antigenomel]A G U C U U C U A UUGAGA AUUUAUA
I -8,14 | I -5,16 I 0,63
Genome A UUAUGCCUUAUUGUUUUTCANA-A
L Antigenome|C U U A A UACGGAAUARACA AAAAG
I -4,56 | | -6,84 I 1,50
Genome UGUUGAUGGCCUUCGUUUGA AA-A
M Antigenomel]U U A C A ACUACCGGAAGTCAARALC
I -7,99 | I -7,31 I 0,91
Genome UAUUUUUUGUUAAUGACGGU A
N Antigenomel]U U A U A A AAAACAAUUACUGTCC
I -4,89 | | -10,81 I 2,21
Genome AUCAAAGAUUACAUCUCAAAC
(¢} Antigenome|]A U U A G U U U CUAAUGUAGAGUU
I -6,59 | | -8,27 I 1,25

Table 2: Summary table of the calculation of free energy at extremities of siRNA duplexes
in frame 4/2.

Calculation of the free energy at both extremities of each siRNA duplex in frame 4/2 was done
following the nearest neighbor parameter database recommendations (Turner and Mathews, 2010).
The orange nucleotides were taken into account to determine this value expressed in kcal/mol.The
lower a value is, the more stable this extremity of the duplex is.Thus, a ratio of left/right value above |
(resp. below) will favor the sense (resp. antisense) strand to be loaded on Ago2.



It was shown that the selection of the guide RNA to be loaded on Ago2 is influenced by
the thermodynamic stability of the siRINA duplex extremities (Tomari et al., 2004). Thus,
the siRNA strand with the 5" extremity showing the lower stability (higher free energy)
will be preferentially loaded on Ago2 and be protected from degradation (guide strand).
The passenger strand will be quickly degraded and might be hard to detect by small RNA
HTS. Thus, we wanted to investigate whether this asymmetrical distribution of the reads
in the 5" region of DCV could be explained by the thermal stability of the siRNA duplexes
generated. For each siRNA duplex in frame 4/2, the free energy of both extremities was
calculated following the nearest neighbor parameter database recommendations (Turner
and Mathews, 2010 — ). The ratio between the free energy of genomic and
antigenomic strands gave us a value predicting which strand should be preferentially
loaded on Ago2. Thus, a ratio above 1 (resp. below) will favor the sense (resp. antisense)
strand to be loaded. However, no clear-cut correlation between the theoretical and the
empirical distribution of the reads could be observed ( ). The thermodynamic
stability of siRNA extremities cannot explain the asymmetric distribution of frame 4/2

reads.

The small RNA HTS performed in DCV infected S2 cells allowed us to establish a kinetic
of the apparition of virus derived siRNAs. Interestingly, an siRNA signature can be
detected as early as 3h pi depicting a very fast and efficient sensing and processing of the
viral dsRNA by Dicer-2. All the bioinformatic analyses done point toward a precise entry
point of Dicer-2 on the viral dsRNA in the 5" region of DCV. More precisely, reads in
frame 4/2 are highly enriched in the 1-318nt region suggesting an entry of Dicer-2 on a
viral dsRINA which extremity does not correspond to the virus 5’ extremity. The first
siRNA signature identified is interesting because in addition to the 21, come/2 lantigenome
canonical duplex, an enrichment of 21,c.ome/1anigenome signature could depict an entry of
Dicer-2 on a blunt dsRNA. In conclusion, this kinetic analysis of the apparition of siRINAs
in DCV infected S2 cells allowed us to propose a precise entry point of Dicer-2 on a blunt

dsRINA extremity located in the 5’ region of the virus but different from its 5" extremity.

Kinetics of siRNAs apparition in S2 cells during CrPV infection
At this point, we wanted to test whether the data obtained with DCV could be similar to
the ones obtained with a closely related dicistrovirus: CrPV. Thus, kinetics of siRNAs

apparition in S2 cells during CrPV infection was investigated using the same small RNA
HTS approach.
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Figure 10: Kinetics of the apparition of CrPV mapping 21 nt long reads.

A) Strand-specific RT-qPCR designed to detect separately genome and antigenome CrPV
strands. The y axis is the absolute strand copy number.The error bars represent the standard
deviation between the biological replicates (n=1).Time points 3 -12h were used to perform
small RNA HTS. B) Normalized CrPV mapping reads size distribution. One mismatch was
allowed for the alignment. C) Normalized CrPV coverage by 2Int long reads. D) Cumulative
frequency of DCV coverage by 2Int long reads. The black line represents what would be a
perfectly even coverage of the sequence.

Figure | 1: Detection of phased siRNA duplexes.

A) Phasing analysis of 3 libraries representative of their corresponding time point. B) Offset
analysis of 3 libraries representative of their corresponding time point.



This experiment was performed nearly identically and at the same time than the DCV one
with the only noticeable difference being the MOI of infection used (0.05), justified by
the lytic effect of the virus on cells ( ). Infection status was checked at every time
point by strand-specific RT-qPCR and showed an occurring productive infection (

). The libraries from the 3, 6 and 12h pi time points were constructed following the
same double index modification of Illumina protocol. Trimming and the second
demultiplexing of the data was done by the same bioinformatic pipeline (

). This time, we analyzed more specifically libraries SNBN488-493 that were
constructed with RNAs extracted from CrPV infected S2 cells. All the following figures
were assembled as described above for DCV. Thus, we will directly emphasize the result

of each figure without going in the detail of the principle behind.

To begin with, the analysis of CrPV mapping reads (I mismatch allowed) size
distributions shows a symmetrical peak at 21 ( ). The number of these reads is
raising with time but are significantly lower than the ones observed in the DCV analysis.
This reflects the lower MOI of infection we used. No obvious enrichment of 21nt long
reads could be observed on the CrPV sequence, regardless of the time point considered
( ). No clear phasing of the 2Int long reads could be observed (

). However, a siRNA duplex signature could be detected when searching for offset in
the first 500nt of the 6 and 12h pi time points (peak at 18 — ). In the same
window and at 12h pi, peaks at 3 and 24 also suggest phased siRNA duplexes. This first
part of the analysis highlights the fact that it is more complicated to detect Dicer-2
signature in these CrPV libraries. However, we can still detect it in the very 5’ region of

CrPV suggesting that Dicer-2 is able to access and dice the corresponding dsRNA.

Frame 3 enrichment was detected when looking at the CrPV antigenomic mapping reads
( ). However, no consistent frame enrichment was observed in the genomic
strand mapping reads. We still decided to plot the cumulative frequency coverage of
CrPV for all the frames separately according to the 2nt 3’overhang rule. Thus,
antigenomic reads in frame 3 are here gathered in the frame 5/3. Interestingly, the
cumulative coverage graphics show an enrichment for frame 5/3 reads in the 5’ region at
6 and 12h pi ( ). This accumulation is directly followed by an enrichment of
reads in frame 6/4. Again, this result suggests a precise entry point of Dicer-2 in the 5’
region of CrPV dsRNA different from the 5’ extremity and in frame 5/3. The distribution

33



Legend on previous page

Figure 11

A Phasing analysis
antigenome

0 21 42
LTI ENNANERNERNENNEN]]
1-500nt 500-1000nt 1000-1500nt 8685-9185nt
o A
§N . N I .
iadosnados | A A AU I
“1/SNBN488 - 3h
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
2 <
8«
(7]
N o4 AR AN MMM &\V/\«m&ww
“lsNBNdgo-eh Ll
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Nl \ |
S« @
(7]
N o WWW WWM MWM A ===y
"1/sNBN492 - 12h

o 1.0 “20”‘30””40”‘5'0‘”” OH‘L].OH\\Z.dugduxougduu OH\L].O\H‘Z.OHH:;.O‘HEO - OH\\16\\\2|0\H\3|0HH4|0\H5|0H\H

Distance between 5' extremities of reads on the same strand

y Offset analysis
antigenome

9
||IIIIIIIIIIIIIIIII6 @& EIIIIIIIIIIIIIIIIIIIIII
24 3 18
1-500nt 500-1000nt 1000-1500nt 8685-9185nt

§:-| A | A A | A ) ﬂ
R A\ | A MWL o |
IS“%’EMﬁg‘-‘%h”H'd‘HS ““““ 24" 10 0 10 18 24" 90 0 10 18 24" %0 "0 10 18
.~
8<r- AR | LA 1 |
9 INA AL }

s“bﬁmag‘-‘%h”ﬁ'd‘&é ““““ 24 10 0 10 18 2410 0 10 18 24" 90 0 10 18
o
(o]
8‘\‘ N A |
Mol M A At VW VA g
“lsNBNa92-2h o

RAND s ShisaasSadadun ey Aadad s aar st Tots - Saad s/ Radabn ks s Vi o s/ Aa L S e
Distance between 5' extremities of reads on opposite strands




Genome Antigenome

Zscore
4 SNBN488
SNBN489
SNBN490
SNBN491
SNBN492
SNBN493

N Yo AN w

100‘ '
0

=
1]
- :
[e] .
=]
ha I
(o] ol = [FElA e
X : f
> )
g [ |
/
g Q|- ‘, 4_’7‘ :,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
g [Theoritical
- gven coverage
h ; ;
()
= R 15y == SRR B I A0 A S S N B R/ 0 - /7 A S
=R
o
=2 Frame
1S 4T R — 144721
— — —5
5 - —6 —s6 —6
0 2500 5000 7500 0 2500 5000 7500 0 2500 5000 7500
CrPV sequence
2 '
> | ! | I L1 | I
2 | N P
-a ° I| I! | T ' || T TT 'I - - - -
b | |
[
>
22 NBN488 - : : SNBN489 3h “5
0 2500 5000 7500 0 2500 5000 7500
g - C 21isNBN4ss---—- - 1 3h
03 % 0 100 200 300 0 100 200 300
< o! bttt ddr e b IS AT Lo ot e s ) ]
ey I|||' AN SRS (R o b LA Lt A e frmr ol F; 2
Z Q
14 [TORS
)
c 3 <
a o~ E
o5 sNBNaso ‘ ‘ SNBN491 ‘ _on s
o 0 2500 5000 7500 0 2500 5000 7500 €~
N s -
—
© S lsnmws . lsensor __6h
£ { f g 0 100 200 300 0 100 200 300
S
5| Dl I8 g
> v|r|' i nn“ T —
[l §
S{SNBN4g2----- ‘ ‘ %mgatth § o
0 2500 5000 7500 0 2500 5000 7500
CrPV sequence genome
antigenome -isnBNag2-- - : [snsnngs12h
0 100 200 300 0 100 200 300
CrPV sequence

Figure 12: Frame-based analyses highlights a precise entry point of Dicer-2 in the 5' region
of CrPV.

A) Frame enrichment calculated individually for CrPV genome and antigenome mapping 2Int long
reads. B) Cumulative frequency of CrPV coverage by independent frames. C) Normalized CrPV
coverage by 2Int long reads in frame 5/3. The three showed libraries are representative of their
respective time point. The black line represents what would be a perfectly even coverage of the
sequence. D) Zoom on the |-318nt region of the Figures 24C.






of the reads in frame 5/3 on CrPV sequence shows an enrichment in the 5’ region (

). However, when zooming in on this region (1-318), it was hard to detect a consistent
pattern of mapping reads between time points and biological duplicates ( ).
Thus, it was decided not to further investigate the mechanism by which these reads could

be created.

In conclusion, the small RNA HTS performed in CrPV infected S2 cells allowed us once
again to establish a kinetic of the apparition of virus derived siRNAs. Probably due to the
lower number of reads, the overall analysis delivered results that were less clear cut than
the DCV analysis. In addition, a major difference between these viruses lies in their VSRs
that have different modes of action and probably shape the antiviral response signature.
Thus, the dsRNA coating mechanism of DCV 1A might be able to block Dicer-2
processing of the entire molecule, which would result in an accumulation of reads at its
entry point. On the contrary, CrPV 1A inhibits Ago2 action but leaves the intermediate

of replication devoid of protections, hence a complete processing action of Dicer-2.

However, similarly to DCV, the results obtained with CrPV suggest a precise entry point
of Dicer-2 on viral dsRNA in the 5’ region but not at the 5" extremity. These two
complementary experiments highlight what could be a weak point in the dicistroviruses
defense. Before going in a detailed characterization of this region, we wanted to make
sure that the results obtained are not due to a bias in the model we used. Indeed, S2 cells

cannot compare with the iz vivo complexity of a pluricellular organism. That is why it was

decided to perform a final small RNA HTS but this time in DCV infected adult flies.

Il. Small RNA high throughput sequencing (HTS) of DCV
infected adult flies

a. Preliminary work

DCYV infection of adult flies using different genetic background
One of the advantages of using Drosophila melanogaster as a model for this study is the high
versatility of genetic tools that have been developed for it. This allowed us to work with

3 different genotypes of flies regarding dicer-2 gene:
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Genotype Simplified name
w'; dicer-2“1X/Df dicer-2""
w'®: dicer-2"""*/Df: GFP::Dicer-2%" GFP::Dicer-2V"

w'; dicer-2"""%/Df: GFP::Dicer-263'% GFP::Dicer-2%'%

Briefly, w™ refers to the transgene used to monitor RNAI efficiency, a “white inverted
repeat” previously described by Lee et al., 2004. This transgene, when transcribed and
spliced, will fold in a perfect hairpin dsRNA structure targeted by Dicer-2. The resulting
siRNAs are complementary to white mRNA and will, with the help of the siRNA
machinery, downregulate the expression of this gene. White gene encodes for an ABC
transporter essential for the entry of red pigment precursors in cell (Ewart and Howells,
1998). The w' transgene is under the control of a GMR promoter restricting its expression
to the eyes’ cells. As a result, wild type flies will have white eyes, whereas mutants for the
siRNA pathway will have red eyes. dicer-2“4** mutation is a frameshift at Leucine 811
resulting in a premature STOP codon (Lee et al.,, 2004). Moreover, the facing
chromosome is a deficiency chromosome (Df(2R)BSCA45) bearing a dicer-2 deletion
(Kemp et al., 2013). Thus, all the flies used in this study are null mutant for endogenous
dicer-2 gene. These flies have been complemented or not with transgenes inserted at the
same genomic position on the third chromosome to avoid any position effect. These
constructs express different versions of Dicer-2 under the control of a poly-ubiquitin
promoter and N-terminally fused to a GFP tag. Random insertion of GFP::Dicer-2 in
drosophila genome was previously shown to rescue a dicer-2"" mutant (Girardi et al.,
2015). Finally, Dicer-2°*'® contains a point mutation in the helicase domain which
inhibits ATP binding and processive activity of Dicer-2 (Cenik et al., 2011; Lee et al.,
2004). These flies were used to test whether Dicer-2 entry on its viral dsRINA substrate
id dependent of its ATP activity. These flies were obtained by the crossing strategy
presented in . As a control, flies rescued with a wild-type version of endogenous
dicer-2 recombined with the deficiency (Df(2R)BSC45-der-2) were used (dicer-2*, Kemp
et al., 2013).

Only flies expressing a wild-type version of Dicer-2 had white eyes while the two other
genotypes presented red eyes ( ). Eye color quantification was done in Chapter
IIT with an additional fly genotype ( ). This result is a first indicator that
GFP::Dicer-2°'" is not able to efficiently trigger the siRNA pathway. Dicer-2 expression
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Sequencing ' ' Total Trinming Se?ond ' 21722—23
lane Injec. Flies genotype Seq ID| number surviving demult1pl§x1ng miRNAs
of reads surviving (1M)
dicer-2null LCTD1 26527174 24898601 23185167 200296
BE GFP::Dicer-2WwT LCTD2 29891872 27910383 26709027 188134
GFP::Dicer-2G31R [LCTD3 26605916| 25939925 24407357 71466
GFP::Dicer-2F225G [LCTD4 35699189 32857285 31054310 482808
dicer-2null LCTD5 29343201 28908123 27307952 656284
#1 VSV |GFP::Dicer-2G31R |LCTD6 33809535| 32330252 30536682 428543
GFP::Dicer-2F225G [LCTD7 26536639 24717197 23793555| 1011780
dicer-2null LCTD8 27951880 27199873 25863092 550929
TRES GFP::Dicer-2WT LCTD9 38821718| 37836892 36294157 639885
GFP::Dicer-2G31R |[LCTD10| 37533278 36536315 34427865 362401
GFP::Dicer-2F225G |LCTD11| 28422420| 27712894 26541170 695267
dicer-2null LCTD12| 32620608 31921800 30361142 254644
— GFP::Dicer-2WT LCTD13 | 35490477| 34283929 32042631 244093
GFP::Dicer-2G31R |LCTD14| 25406980| 24770133 23559054 147496
GFP::Dicer-2F225G |LCTD15| 32342262| 31605983 29873166 493428
dicer-2null LCTD16 | 35393665| 34688725 32443143 289032
#2 VSV |GFP::Dicer-2WT LCTD17 | 37612710| 36488553 34403302 205026
GFP::Dicer-2F225G |[LCTD18 | 32262226| 30937943 29087737 812396
dicer-2null LCTD19 | 37975555 36696101 34479932 896684
TRIS GFP::Dicer-2WT LCTD20 | 40320156 39067069 36442465 729231
GFP::Dicer-2G31R |LCTD21| 41178470| 38910186 36937206 570611
GFP::Dicer-2F225G |LCTD22 | 25937497 24922236 23017467 326849
Mean#1l =
Mean#2 =

Table 3 Summary table of the small RNA HTS performed on libraries constructed
from DCV,VSV or TRIS injected adult flies extracted RNAs.

Experimental duplicates were split between two sequencing lanes.

Total number of reads: the number of all small RNA reads in the fastq file delivered by the
sequencing platform. This number is obtained after demultiplexing all the reads from the
sequencing lane according to the 3' adaptor barcode. Trimming surviving: all the reads that
were not identified as primers dimers or 2S ribosomal RNA. Second demultiplexing
surviving: all the reads sequenced with the 5' adaptor barcode expected from this specific
library reads.21-22-23 miRNAs (1 M):alignment of the surviving reads on all miRNA hairpin
sequences was done with | mismatch allowed. The miRNA identified reads of 21-23nt long
were used for our normalization strategy (see Materials & Methods). Normalization factor:
factor applied to each individual library of the sequencing lane in order to make comparisons
between them possible.

Figure 13: Characterization of flies used for small RNA HTS.

A) Crossing strategy used to generate the flies. Males containing the different dicer-2
transgenes were provided by BestGene. Df refers to Df(2R)BSC45 described in Kemp et al,
2013.B) Eye color of the different fly genotypes according to their gender. C) Relative mRNA
level of Dicer-2 in comparison to the house-keeping gene RP49 measured by RT-qPCR (n=2,
biological triplicates, all samples were normalized to the dicer-2"“¢ condition, statistical test:
one-way ANOVA). D) Western blot showing Dicer-2 protein level in the flies. Stain free
exposition of the blot is used for Dicer-2 protein quantity normalization (n=1).
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Figure 14: Preparation of libraries fromm DCV,VSV or TRIS injected flies.

A) Relative level of DCV RNA in comparison to house-keeping gene RP49 measured by RT-
gPCR (n=1I; experimental duplicate). B) Trimming: reads corresponding to adapters dimers
or drosophila 2S ribosomal RNA were removed from the data. C) Second demultiplexing:
reads with either mismatches in the 5' internal label or internal label from another library were
removed from the data.

LCTDXX: library identification number
LCTDI-4 and |2-15: libraries constructed from DCYV infected flies extracted RNAs.
LCTD5-7 and 16-18: libraries constructed from VSV infected flies extracted RNAs.

LCTDS8-11 and 19-22: libraries constructed from TRIS infected flies extracted RNAs.






in all flies was checked by RT-qPCR and western blot ( ). As expected,
dicer-2 mRNA was observed at a very low level in the dicer-2" flies in comparison to the
other flies. We can notice that Dicer-2 complemented flies present a higher level of dicer-
2 mRNA than dicer-2“ flies. This can be explained by the presence of the polyubiquitin
promoter which is stronger than the endogenous dicer-2 promoter. This difference in term
of mRNA is not representative of the quantity of Dicer-2 protein observed which is
apparently the same between complemented and dicer-27“ flies ( ). Of note,
this experiment was only performed once with all these genotypes together but several
times with the individual genotypes. Still, it should be repeated to allow precise
quantification of Dicer-2 protein quantity in each fly genotype. The size difference
between endogenous and complemented Dicer-2 is due to the 27kDa GFP tag. Finally,
the data obtained using the different flies can be compared in the following experiments

and should not reflect a difference in Dicer-2 protein quantity.

In order to prepare samples for the small RNA HTS, flies’ infection was performed in
duplicate by direct injection of the viral particles in the hemolymph. This method allows
us to control the amount of DCV injected in each fly (500 PFU) but bypasses the gut
barrier that is an important layer of protection of the fly. The infection was carried on for
3 days in order to let multiple viral cycles occur and to increase the number of cells
infected. The infection state of the flies was checked by RT-qPCR and showed no
significant difference between the fly genotypes used ( ). This result is
surprising and will be further discussed in Chapter I11. Briefly, it reflects a DCV infection
that reached a plateau in term of viral load. The RNAs extracted from 3 males and 3

females 3d pi were used to build small RNAs libraries ( ).

Trimming and second demultiplexing of the libraries

We used the RNAs extracted from DCV infected flies 3d pi to construct the small RNAs
libraries ( ). The same double indexing method used for small RNA sequencing in
cells was used to reduce sample bleeding. Importantly, a blocking primer was added
during the hybridization step of the RT primer in order to reduce the ribosomal 2S
contamination of the libraries (Wickersheim and Blumenstiel, 2013). The experimental
duplicates were split in two sequencing lanes that also contained TRIS and Vesicular
Stomatitis Virus injected flies’ samples. Another genotype (W™ dicer-2""*/Df;
GFP::Dicer-2"%°) was also sequenced along with the others. All these other conditions

will be analyzed later in Chapter I11. However, libraries contained in the same sequencing
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lane were still treated as a whole regarding the trimming, second demultiplexing and

normalization steps.

In comparison to the sequencing done in S2 cells, a high proportion of the reads survived
the first trimming ( ). This emphasizes the importance of blocking the 2S
ribosomal RNA during the preparation of the libraries. Second demultiplexing was done
using the internal barcodes ( ) and the resulting datasets were used for further

analysis.

b. Dicer-2 has a precise entry point on viral dsRNA of DCV 5’

region

Dicer-2 produces a strong siRNA signature in the 5’ region of DCV

The alignment of the reads on DCV sequence was performed allowing 1 mismatch.
Plotting the size distribution of the reads shows us a clear and asymmetric peak at 21nt
in GFP::Dicer-2"" condition ( ). This peak can also be observed to a lesser
extend in the GFP:Dicer-2%°'® condition but is absent in the dicer-2" condition which
shows its Dicer-2 dependency. This result is also in accordance with the fact that
GFP::Dicer-2%'" flies have red eyes and thus, probably have a less efficient siRNA
pathway. Thus, Dicer-2 helicase-mediated ATP hydrolysis is required to produce a wild-
type quantity of DCV derived siRNAs.

Importantly, a significant number of longer and shorter reads are also mapping on the
genomic strand of DCV. These products are Dicer-2 independent (because also present
in dicer-2"" condition) and were qualified as “degradation products”. These reads could
also be observed in the S2 cells small RNA HTS but in a smaller amount ( ).
Degradation products’ origin will be discussed later but their presence in the analysis has
to be reminded as they most likely interfered with the Dicer-2-dependent siRNA

signature.

Distribution of all the 2Int long reads on DCV sequence shows no specific region
enrichment regardless of the genotype we look at ( ). This was expected
as the system must have reached steady-state for a long time after 3 days of infection. In
comparison, in S2 cells, an even coverage of DCV sequence was already reached 12h pi.
The even distribution of the 21nt long reads in dicer-2"" condition highlights how difficult

it will be to discriminate degradation products from siRNA reads. Still, we searched for
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Figure 17: Frame-based analyses highlights a precise entry point of Dicer-2 in the
5' region of DCV.

A) Frame enrichment calculated individually for DCV genome and antigenome mapping 2Int
long reads. B) Cumulative frequency of DCV coverage by independent frames. The three
showed libraries are representative of their respective genotypes. The black line represents
what would be a perfectly even coverage of the sequence.






siRNA signature by performing phasing and offset analyses. Because of the amount of
21nt long reads mapping on DCV sequence, analysis windows were reduced to 300nt.
When looking at the most 5’ 300 nucleotides, phasing analysis presents 2 peaks at 21 and
42nt mostly on the genome in GFP:Dicer-2"" and GFP::Dicer-2%°'* conditions (

). Moreover, a strong peak at 18nt can be observed in the same conditions in the offset
analysis of the first 300 nucleotides ( ). This siRNA duplex signature cannot be
identified by looking either at the dicer-2"" condition or further downstream the DCV

sequence.

In conclusion, these analyses, as previously observed in cells, depict a strong Dicer-2
signature in the very 5" of the virus that quickly dims the further we go from the 5’
extremity. Presence of this signature in the GFP::Dicer-2“°'* condition shows that the
ATPase activity of Dicer-2 helicase is not mandatory to generate virus derived siRNA
duplexes. However, as observed in , the number of 21nt long reads mapping
DCV generated by GFP:Dicer-2%'® is much lower than the ones generated by
GFP::Dicer-2%". As further discussed in Chapter III, we can also noticed that
GFP::Dicer-2°'" expressing flies present much less 2Int long reads mapping on w'
transgene in comparison to GFP::Dicer-2"" ( ). This explains the red eyes of
GFP::Dicer-207'® flies ( ). Thus, ATPase activity of Dicer-2 is not mandatory
to generate some siRINA duplexes but is required to activate an efficient siRNA pathway

in general, suggesting a threshold effect in quantity of siRNAs.

Dicer-2 has a precise entry point on viral dsRNA in the 5’ region of DCV

Analysis of the frames’ enrichment was done on the 21nt long reads in order to test
whether Dicer-2 has a precise entry point on DCV. In a similar way to what has been
seen in S2 cells, the reads in frame 4 mapping on the genome are highly enriched in the
GFP::Dicer-2"" and GFP::Dicer-2°°'® conditions ( ). However, no enrichment
for frame 2 reads could be observed on the antigenome. One of the possible explanations
for this is the very low amount of antigenome mapping reads identified in the libraries.
From this analysis, it is quite surprising to see 21nt long reads in frame 4 mapping on the
genome also being enriched in dicer-2"" condition. To determine whether this enrichment
is real or due to the abundant presence of certain degradation products, we plotted the
cumulative coverage frequency of DCV with all the frames split ( ). The
GFP::Dicer-2"" condition shows a similar distribution of the reads as the one observed

in S2 cells: a 5’ enrichment of frame 4/2 reads followed by frame 5/3 and 6/4 while moving
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downstream DCV sequence. GFP::Dicer-2°°'® condition shows a similar trend for frame
4/2 to be enriched in the 5’ region. However, after ~1000 nucleotides, an even coverage
of DCV sequence can be observed regardless of the frame. Finally, no frames are enriched
in a specific region of DCV sequence in dicer-2" condition. We can thus conclude that the
enrichment of genomic reads in frame 4 in dicer-2"" flies seems to be an unlucky
coincidence and is most likely only coming from degradation products. Altogether, these

analyses point toward a precise entry of Dicer-2 in an ATP-independent manner on the

dsRNA corresponding to the 5" region of DCV.

Following the same procedure as before, we looked at the distribution of 21nt long reads
in frame 4/2 on DCV sequence and zoomed in on the 5’ region ( ).
Interestingly, distribution of the reads in GFP:Dicer-2"" and GFP::Dicer-2¢%'®
conditions looked really similar to the one observed in S2 cells in . The
only difference between the two genotypes lies in the number of reads observed at each
position emphasizing the importance of ATP hydrolysis to generate many siRNAs.
Finally, nothing similar could be observed in the dicer-2"" condition. Once again, the data
obtained from sequencing of DCV infected flies correlate with the ones obtained in DCV
infected S2 cells. We thus decided to investigate for the 21,cnome/1 antigenome Signature that

was previously observed at position B. The number of 19nt long reads mapping at position

25-43 on DCV antigenome was determined in each library ( ). Nearly no reads
corresponding to this characteristics could be observed in dicer-2"" or GFP::Dicer-2%°'%
conditions. A higher number of reads were identified in the GFP::Dicer-2"" condition.

This result has to be tempered by the high variability that can be observed between the
libraries and by the low number of reads observed. Nonetheless, being able to find this
specific 19nt long read in flies libraries suggests its relevance. In conclusion, the small
RNA HTS of DCV infected adult flies points toward a precise entry point of Dicer-2 on
the 5 region of the virus dsRNA in an ATP-independent manner. The origin and

specificities of this entry point will be further investigated and discussed in Chapter I1.
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Conclusions — Discussions — Perspectives

During my Ph.D, I conducted complementary small RNA HTS of infected S2 cells and
drosophila flies in an attempt to understand how Dicer-2 is able to sense and process
protected viral RNA. The kinetic study of the apparition of siRNAs done in S2 cells
allowed to highlight what appears to be a specific Dicer-2 entry point on DCV and CrPV,
two closely related dicistroviruses. Initial entry of Dicer-2 on both viruses was identified
to be done on the dsRNA corresponding to the 5’ region but not the 5’ extremity.
Importantly, a Dicer-2 siRNA signature could be identified as early as 3h pi in this region
suggesting a rapid detection and processing of viral dsSRNA by Dicer-2. The study
conducted using different Dicer-2 variants expressing flies allowed further
characterization and validation of this entry point. Because of the similar results obtained
in DCV infected GFP::Dicer-25° flies, I could propose an ATP-independent entry of
Dicer-2 on its viral substrate. Despite strong tendencies precisely pointing toward the

described entry point, several details remain obscure and need to be discussed.

a. Did | find Dicer-2 entry point?

Asymmetrical distribution of reads

In DCV libraries from flies and to a lesser extend from cells, I could consistently observe
a bias in favor of genomic strand derived small RNAs ( ). The
asymmetrical distribution of the 21nt long virus-derived reads was already previously
observed in DCV infected cells and FHV infected flies and is accompanied by abundant
smaller and longer genomic RNAs (Han et al., 2011; Sabin et al., 2013). This information
is contrary to the idea of Dicer-2 attacking a dsRINA molecule and subsequently
generating small RNAs of 21nt long with a 1:1 ratio between genomic and antigenomic
strands. Interestingly, such a canonical behavior is observed when sequencing the small
RNAs of CrPV or VSV infected flies or cells ( , Chapter I1I — and
Sabin et al., 2013). One of the major differences between DCV, CrPV, FHV and VSV
lies in the presence and mechanisms of viral suppressors of RNAi (VSRs). Indeed, while
DCV and FHV both encode a VSR (1A and B2 respectively) able to bind dsRINA and
protect it from degradation, CrPV produces a VSR inhibiting the RNAi1 pathway at Ago2
level (1A) and VSV has no known VSR (Lu et al., 2005; Nayak et al., 2018; van Ryj et al.,
2006). Interestingly, it was shown that flies expressing a FHV replicon lacking B2 only

accumulate 21nt long virus-derived reads in a 1:1 ratio between genomic and antigenomic
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strands (Han et al, 2011; Martins et al., 2019). Two hypotheses emerged from these
observations: DCV and FHV VSRs efficiently protect viral dsRNA intermediate of
replication and accumulation of genomic small RNAs is due (1) to the action of other
nucleases acting on the overly abundant genomic strand or (2) to the action of Dicer-2 on
genomic ssRNA secondary structures. As further discussed in Chapter 1I, the

establishment of an infective DCV replicon should be done to allow a better
characterization of the DCV 1A VSR.

Sequencing of DCV infected dicer-2" flies reveals that these non-21nt long reads are
Dicer-2 independent ( ). Moreover, in-house small RNA sequencing of Ago2
immunoprecipitations after DCV infection of S2 cells revealed a single symmetrical peak
of virus derived small RNAs of 21nt long (unpublished data from our lab.). Altogether,
these data suggest that viruses encoding for a dsRNA-binding VSR are subject to both
precise Dicer-2 processing of dsRNA in 2Int long siRNAs and random nuclease
degradation of abundant (+) strand. It could be interesting to further investigate the
pathway involved in the generation of these degradation products and decipher whether
they have an impact on the antiviral response. Such a study could be done in the dicer-2""
flies used here or alternatively, in dicer-2 knock-out S2 cell line (Kunzelmann et al., 2016).
Different levels of degradation products could be observed between S2 cells (low level —
early time points of infection) and flies (high level — late time points of infection)
suggesting that they accumulate over time. Importantly, the bioinformatic analyses of

both models’ small RNA HTS were consistently pointing toward the same entry point of
Dicer-2 on viral dsRNA.

How can Dicer-2 access an internal entry site?

The analyses of sequencing data allowed to narrow-down the research zone for Dicer-2
entry point in the 5’ regions of DCV and CrPV. In DCV data more than in CrPV ones, a
very peculiar pattern of reads distribution in this 5’ region could be observed and is
conserved between cells and flies of different genotypes ( ). This pattern
consistently starts with what appears to be a canonical siRINA signature at position 23-45
(25-45 on genomic strand and 23-43 on antigenomic strand) and a 1:1 ratio between
strands. No siRNNA signature or any small RNA reads accumulation could be observed
upstream of this one, which suggests that it could be the entry point of Dicer-2 on DCV
dsRINNA. Two hypotheses could be proposed to explain this internal entry of Dicer-2 and

both rely on the generation of alternative dsRNA extremities:
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e (1) The RARP of RNA viruses is highly processive but also very relaxed, which
leads to a high mutation rate and potentially, dissociation from the RNA substrate
(Sanjudn, 2012; Sanjuén et al., 2010). Indeed, as later explained in Chapter 11, the
identified entry point of Dicer-2 in DCV and CrPV is located in a very structured
region of the 5’'UTR, which might be a difficult template for the viral polymerase.
Additionally, recombination events are also frequent in RNA viruses and give rise
to defective viral RNAs that lack portions of their genome (Pathak and Nagy,
2009; Routh et al., 2012). Such defective particles could be present in our virus
stock or generated in the time course of the infection and be the primary targets
of Dicer-2.

¢ (2) In its dsRNA form, DCV is coated by its VSR 1A and protected from
degradation. Its ssRNA genome, however, is apparently only protected at both
extremities and could eventually be targeted by a host endonuclease. Involvement
of Dicer-2 itself in this ssRNA targeting will be investigated in Chapter II by
performing cleavage assays using recombinant proteins or embryonic extracts.
The newly generated 56’ extremity could be made double stranded by the
concomitant action of the viral RARP and would become a perfect template for

Dicer-2 to enter.

These hypotheses would lead to the creation of unprotected viral dsSRNA extremities.

Viral intermediate of replication

o Cmm Cmw <L 5-@%&

Hypothesis (1) /\ Hypothesis (2)

Nuclease

VPg
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Attempts at identifying this internal entry point of Dicer-2 on DCV will be further
explained in Chapter II. However, these small RNA HTS data are not sufficient to
validate the exact nature of Dicer-2 entry point and many questions remain: (1) How can
I reconciliate the simultaneous presence of what appear to be blunt dsSRNA extremity
(21/19 siRNA) and 2nt 3’ overhang dsRNA extremity (21/21 siRNA) at the position of
the very first siRNA signature? (2) Is the proposed entry point the only one or the
strongest/first one? (3) How can I explain the peculiar distribution pattern in the 5’ region
and what does it tell about Dicer-2 mode of action? (4) Is Dicer-2 able to displace bound
1A protein upon processing of the viral dsSRNA? Alternatively, is 1A a limiting protein
during the replication cycle that would lead to some unprotected portions of dsRNA

intermediates?

Some of the answers we are looking for could be obtained in the future by performing
PAR-CLIP experiments. Indeed, such a study was previously conducted in human cells
and in C. elegans and highlighted the unanticipated wide diversity of Dicer substrates in
both these organisms (Rybak-Wolf et al., 2014). Combination of this technic with the
usage of catalytically inactive Dicer-2 (mutations in RNAselll domains) and RNA
sequencing should allow us to precisely identify the initial binding sites of Dicer-2 on viral

(and endogenous) targets.

Decrease of siRNA signature across viral sequences

Another observation that could be made and that goes in the direction of a precise entry
point of Dicer-2 in the 5’ region of both viruses is the dimming of siRNA signature from
5’ to 3’. This information was obtained by looking at the phasing and offset of 21nt long
reads as well as at the cumulative frequency coverage of viral sequences with every frame
split ( ). Thus, in both DCV infected cells and flies, a
strong siRINA signature could be seen starting at frame 4/2 in the 5’ region and quickly
diminishing. Interestingly, this enrichment in frame 4/2 is followed by subsequent
enrichments in frame 5/3, 6/4 and 7/5. A similar but less striking phenomenon could be
observed in CrPV infected cells with an initial enrichment observed in frame 5/3 followed
by an enrichment in frame 6/4. Three hypotheses were raised to explain this rapid shift in

dominant frame:
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(1) Dicer-2, after an initial precise entry, could fall from its substrate, leaving a
2nt 3’ overhang substrate susceptible to 3’-5" degradation. Subsequent sensing by
another Dicer-2 enzyme would result in a shifted frame. This hypothesis is
supported by ¢z vitro studies showing that Dicer-2 can process its substrate in a
distributive manner and dissociating after every cut (Cenik et al., 2011; Sinha et
al., 2015; Welker et al., 2011). Moreover, in DCV libraries, a small number of
antigenomic 19nt long reads could be consistently observed mapping in front of
21nt long genomic reads in frame 4/2 ( ). Preliminary studies in CrPV
libraries reveal a similar phenomenon in frame 5/3.

(2) Dicer-2 can randomly produce 22nt long reads when processing viral dsRNA.
This is supported by the fact that some endogenous Dicer-2 products like es-/ and
esi-2 derived endo-siRNAs are 22nt long (see Chapter 111 and Marques et al.,
2010). Even if not predominant by looking at reads size distribution, a small
number of 22nt long reads could be enough to generate a heterogeneity dampening
the phasing signal of viral siRNAs.

(3) The initial entry of Dicer-2 on its dsRNA substrate might not be as precise as
we expect it to be and could be subject to little variations in the precise nucleotide
it is starting from. Thus, the supposed entry site in frame 4/2 might not be the only

one but the most occurring one.
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Then, in order to fully appreciate the diversity of reads in my sequencing data without
being influenced by their relative abundance, I concatenated all similar 21nt long reads
(same mapping position) as single ones. Observation of these concatenated reads
highlighted the fact that virtually every possible starting position is occupied by at least

one read.

_.SNBN486 (DCV - 12h pi)

; \ Genome

i____:_ _____ Antigenome
-------- DCV'sequence---------—-...___________

Genome

Antigenome

DCV sequence

Thus, it is more than likely that the final answer of Dicer-2 entry and mechanism lies in a
mix of the hypotheses explained above. These lastly presented analyses are preliminary
work done on a subset of libraries and would require further investigation to quantify and
characterize the observed phenomenon. In order to precisely monitor this sliding effect of
Dicer-2 on its dsRNA substrate, it could also be interesting to couple i vitro dicing
experiments with small RNA HTS. Indeed, to my knowledge, the only output of these
methods remains the size of the small RNA products without any information on the
sequence of these. The very sensitive sequencing method would allow the detection of
non-canonical and ill-detected subpopulations of RNAs and could help us answer some
questions such as: (1) What are the sizes of the siRNA duplex strands generated from a

dsRINA with blunt extremities (21/19 or 23/21)? (2) Is the sliding effect measurable and

sequence dependent?

b. Technical comments

Detection of viral antigenome at Oh pi time point
When preparing small RNA libraries from infected S2 cells, I checked for the absolute
number of genomic and antigenomic strands at each time point to show that a productive

infection was occurring. An intriguing observation was the presence of antigenomic
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strands at Oh pi ( ). I cannot exclude the fact that the viral stocks, even if
purified on sucrose gradient, could have a minimal antigenomic contamination that would
be detected by the very sensitive qPCR method. A strand-specific qPCR should be done
on the viral stock to check for the presence of antigenomic strands. Alternatively, the
presence of these RNAs could reflect the fact that the infection started earlier than

expected and that a first round of antigenome synthesis occurred in some infected cells.

Viral loads of infected flies
Intriguingly, when checking for viral loads in infected flies, I could not detect any
significant difference between dicer-2"" flies and GFP::Dicer-2"" flies for instance (

). Explanation about this phenotype will be given in Chapter I11. Briefly, it appears
that 2d pi, these fast replicating viruses already reach a threshold of infection. In this case,
small RNA libraries were prepared from RNA samples extracted from 3d pi flies,

explaining the similar viral loads between all genotypes.

Preparation of the libraries

The efficiency of the 2S ribosomal RNA blocking step was proven when preparing
libraries from infected flies that contained a low number of reads mapping to this
abundant RNA ( ). At the moment of the preparation of small RNA libraries
from S2 infected cells, no 2S RNA blocking primer was added. This resulted in
contaminated libraries with most of the reads mapping on 28 ( ). Thus, in this
case, addition of the blocking primer could have greatly enhanced the number of virus
mapping reads, especially at 3h pi. However, the number of virus mapping reads were

sufficient at 6 and 12h pi to draw my conclusions.

In addition to the 2S ribosomal RNA contamination, my data clearly emphasized the
presence and importance of a sample bleeding phenomenon in small RNA HTS. This bias
induced by the multiplexing of libraries is a major concern and can lead to false biological
interpretations, especially when looking at small populations of RNAs. One obvious but
economically impossible solution would be to sequence only one library per sequencing
lane. However, this solution would not take into account possible reagent contamination
of the sequencing machine. The method I decided to use was the construction of double-
indexed libraries allowing a second demultiplexing. This second sorting of the reads is

supposed to reduce the error rate to less than 0,01%. As a proof of concept, I detected
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virtually no

libraries.
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Importantly here, reads detected as mapping on the opposite viral sequence (CrPV for

DCV libraries and DCV for CrPV libraries) are located in regions encompassing identical

sequences between the two closel_y related viruses.

Altogether, I would recommend the usage of a 2S blocking primer as well as library

specific 5" adaptors when performing small RNA HTS of drosophila cells or flies. In

addition, precise information about the entirety of the sequencing lane samples should be

given when uploading RNA sequencing data online for publication and extra care should

be taken when dealing with small number of reads.
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Introduction

In the previous chapter, thorough investigation of the apparition of siRNAs in DCV and
CrPV infected conditions was conducted. The small RNA HTS performed
simultaneously in flies and in S2 cells pointed toward a precise entry point of Dicer-2 on
the viral dsRNA, without us being able to identify it. Still, strong evidences suggest that
this entry point is located in the 5’ untranslated region (UTR) of both studied viruses. In
dicistroviruses, this region encompasses a wide diversity of RNA structures of uttermost

importance for their replication, translation, virulence and interaction with host proteins.

As a reminder, dicistroviruses are bicistronic viruses with translation of ORF1 under the
control of the 5'IRES (located in the 5’UTR) and translation of ORF2 under the control
of the internal IRES (IGR — Chapter I - ). Because it requires no translation
initiation factor, the dicistrovirus’ IGR is among the simplest 40S ribosome recruiting
structure and is well conserved between these viruses (Jan and Sarnow, 2002; Pestova,
2003). On the contrary, 5" IRES structural organization and initiation factors
requirement is much more variable from one virus to another, which could reflect distinct
adaptation strategies used to hijack the host ribosome. For instance, DCV and CrPV
require a ribosomal protein called Rackl to control their 5’TRES-mediated translation

(Majzoub et al., 2014).

A recent study aiming at better understanding the 5'IRES-mediated translation
highlighted the interaction between this RNA structure and the eukaryotic initiation
factor 3 subunits (Gross et al., 2017). Dicistroviruses’ 5° UTR encompasses both this
5’IRES structure and an additional structured domain located upstream: the domain 1.
According to our small RNA sequencing data, Dicer-2 entry point would be located in
this domain I region. In the frame of the previously cited study, the 2D structures of both
these domains were determined for CrPV. The domain I model revealed a structure
encompassing 5 simple stem-loops separated by short ssRNA linker regions. However,
further characterization of this region using a DMS/CMCT chemical probing method
revealed a structure originally described in poliovirus as a cloverleaf (unpublished data
from Dr. Franck Martin’s team, IBMC-UPR9002, Strasbourg — ). In
picornaviruses, this region was shown to interact with the viral RARP and with host

proteins to promote synthesis of negative and positive strands (Andino et al., 1990; Barton
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Figure 19: Model of picornaviruses replication strategy.

Concomitant binding of host Poly A Binding Protein (PABP) to viral genome poly A tail and
binding of viral RdRP to the 5' UTR cloverleaf structure promotes circularization of the
genome. In addition, the VRARP promotes the uridylylation of a newly translated VPg by using
a picornaviruses-conserved AAAY (withY a pyrimidine) motif found in a Cis-active RNA
element (CRE).This initiates the protein-primed synthesis of the negative strand (antigenome).
Thus, the resulting intermediate of replication is protected at both extremities by a VPg. It is
unclear how unwinding of this dsRNA starts to initiate the protein-primed synthesis of the
genome strand. One hypothesis lies in the refolding of the genomic cloverleaf structure and
subsequent interaction of the VPg-U-U with 3' terminal AA nucleic acids of the antigenome.



et al., 2001; Gamarnik and Andino, 1997; Herold and Andino, 2001; Vogt and Andino,
2010). Moreover, it was shown that interaction between the cloverleaf structure, vRARP
and VPg is responsible for the initiation of protein-primed picornavirus RNA synthesis
(Lyons et al., 2001; Rieder et al., 2000). The current proposed model for negative and

positive strands synthesis in picornaviruses is presented in

In picornaviruses and in the predicted CrPV 5'UTR RNA structure, this cloverleaf is
located in the very 5’ region of the viral genome, which contains the hypothetical entry
point of Dicer-2. Importantly, (1) we do not understand how Dicer-2 could have access
to an unprotected dsRNA extremity different from the viral 5" extremity and (2), we do
not know the 2D structure of DCV domain I, which also seems to encompass Dicer-2
entry point. Thus, further characterization of this region of DCV genome is required and
was performed during my Ph.D. To begin with, a model of DCV domain 1 2D RNA
structure was obtained by performing in vitro chemical probing. Then, with the aim of
finding the precise entry point of Dicer-2, characterization of the cleavage sensitivity of
this ssRNA was determined ¢z vitro using either recombinant Dicer-2 protein or
embryonic extracts of flies. Finally, an attempt at determining 5" extremities produced in
infected conditions was done using a 5’ Rapid Amplification of cDNA Ends (RACE)
method. Altogether, these technics were used to gain further insights in this

uncharacterized region of DCV.
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Figure 20: Experimental setup for the determination of DCV domain | 2D
structure.

A) Adapted from  https://en.wikipedia.org/wiki/Nucleic_acid_structure_determination.
Schematic explanation of the determination of secondary structures in ssSRNA by using
chemical probing. Briefly, the studied synthetic RNA is incubated with chemicals that will
randomly react with non-base-paired nucleotides in the secondary structure.The modified
nucleotides will block the following reverse transcription reaction conducted using
fluorescent primers.The obtained cDNA molecules are run in an capillary electrophoresis
apparatus to precisely measure their length. This information allows us to attribute a
reactivity score to each nucleotide or a value representing how accessible it is. B) Two
different ssSRNA substrates were used for chemical probing. It has to be noted that the
same RT primer was used (orange arrow) meaning that only the domain | region was
studied.



Results

I. Analysis of the domain | structures of DCV and CrPV
a. Determination of DCV domain | 2D structure by chemical
probing
Experimental setup
We used chemical probing to determine the 2D structure of the domain I of DCV (1-
318nt). Briefly, this method relies on the random chemical modification of non-base-
paired nucleotides in the RNA structure ( ). These RNAs are used for reverse
transcription with fluorescent primers that will be stopped by the chemical modifications.
The lengths of obtained cDNA products are measured by capillary electrophoresis.
Finally, a “reactivity” score is attributed to each nucleotide. This score reflects the number
of reverse transcription events that stopped at this specific nucleotide because of its
chemical modification. Thus, the higher the reactivity of a nucleotide is, the lower the
chances are that it is base paired in the RNA secondary structure. This experiment was

performed in collaboration with the team of Dr. Franck Martin.

Chemical probing of DCV domain I RNA was done using two complementary chemical

modification methods:

e Dimethyl sulfate (DMS), which reacts mainly with N1 of Adenosine and N3 of
Cytidine

e l-cyclohexyl-(2-morpholinoethyl) ~ carbodiimide ~metho-p-toluene  sulfonate
(CMCT), which reacts mainly with N3 of Uridine and N1 of Guanine.

Moreover, chemical probing was performed on two versions of the DCV 5'UTR RNA:
one encompassing the DCV domain I and the 5" IRES (long RNA — 1-824nt) and one
composed of the DCV domain I alone (short RNA — 1-385nt). By doing this, we wanted
(1) to maximize the chances of having a synthetic RNA folding as closely as possible to

the i vivo secondary structure and (2) to check for possible interactions between the

domain I and the 5" IRES ( ).
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Characterization of DCV domain | 2D structure

Chemical probing of short and long RNAs were performed in triplicates to determine the
average reactivity value of each nucleotide. These data were used together with the help
of mfold (http://unafold.rna.albany.cdu/?qg=mfold) predictions of the RNA structure to draw
amodel of the 2D structure of DCV domain I ( ). Before going in the detail
of the structure, we wanted to check whether we could detect an interaction between
domain I and 5'IRES using this method. Calculation of Pearson correlation coefficients
for DMS and CMCT profiles revealed highly similar reactivities (Rp.un > 0.7) between
the long and the short RNAs ( ). This information indicates that the domain I

and the 5'IRES fold independently and thus, do not interact in vitro.
The secondary structure of DCV domain I could be recapitulated in 3 stem loops:

® The first stem loop is predicted to be short, tightly associated and to start at the
very 5" end of the DCV genome (nucleotides 2-42). Moreover, its mfold-predicted
free energy is very low (AG=-16.10kcal/mol) making its accessibility quite hard.
In addition, no dangling tail that could be targeted by exonucleases is present
upstream of this stem. Overall, the 5" extremity of the viral genome seems very
protected and hard to access.

e The second predicted stem loop is bigger (43-129) and has a few wobbling sites.
It is intriguing that nucleotides at position 75-81 present no or nearly no reactivity
to both DMS and CMCT while they are present in a large loop. Nevertheless, we
could not draw the model in a way that would accommodate the apparent base
pairing of these nucleotides. The only hypothesis we could raise for this
phenomenon is a possible intra loop interaction with uridines at position 86 and
89 that are no or very little reactive. Still, this second stem loop is tightly associated

(AG=-17.80kcal/mol) and hard to access.

e The third step loop is much bigger (123-300), has a tiny terminal loop and four
internal bulges. It has to be noted that a uridine has been added between positions
986 and 287. This nucleotide is present in our cloned sequence of DCV but is
absent from the genome of DCV we used to perform the infections (determined
by the small RNA HTS data). Because of its localization and the reactivity of the
surrounding nucleotides, it is highly unlikely that this single nucleotide addition

had an impact on the global structure of the DCV domain I model.

53



Sequence ID: Query_221105 Length: 9185 Number of Matches: 1

Range 1: 1 to 9185 Graphics Fu" Iength

NW Score Identities Gaps Strand
315 5974/9640(62%) 831/9640(8%) Plus/Plus

Sequence ID: Query_228501 Length:300 Number of Matches: 1

Range 1: 1 to 300 Graphics First 300nt

NW Score Identities Gaps Strand
-253 161/338(48%) 76/338(22%) Plus/Plus
V)

LA

SC1G

s IC

=)

«Q

~*

>

-_—

]

w

[=}

o

Figure 22: Comparison between DCV and CrPV sequences.

A) Top: Blast Global alignment (https://blast.ncbi.nlm.nih.gov/Blast.cgi) result of the full-length
sequence of DCV against the full length sequence of CrPV. Bottom: Blast Global alignment
result of the first 300nt of DCV against the first 300nt of CrPV. B) Base composition of either

full length (top) or first 300nt (bottom) of DCV and CrPV sequences. DCV sequence is
9260nt long. CrPV sequence is 9185nt long.



Overall, the determined DCV domain I 2D structure is pretty simple with only three stem
loops. It reveals a highly structured motif with only a few flexible ssRNA regions.
According to this model, we can predict a really stable structure that could, in addition to

the VPg, prevent 5’-3" exonuclease degradation.

b. DCV and CrPV domain | models do not compare

DCV and CrPV both belong to the Cripavirus genus of the Dicwstroviridae family. When
looking at their full-size genome sequence similarity using BLAST — Global Alignment
tool (bttps://blast.nchinlm.nib.gov/Blast.cgr), 62% of identity could be determined (

). Because of their apparent similarity, one could also expect their 5’ domain I to also
present a high identity percentage. However, when using the first 300 nucleotides of both
genomes only (which encompass the domain [ structures), global alignment dropped to
48% of identity. Thus, the 5’ region of these viruses seem to be a divergent part of their
genome. Moreover, while base composition is quite similar when considering the full-
length genomes of both viruses, a huge bias toward uridines in the first 300 nucleotides of

DCYV was not observed in the first 300 nucleotides of CrPV ( ). In conclusion,

the 5’ regions of DCV and CrPV represent a divergent point sequence-wise.

We then decided to compare our model of DCV domain I to the unpublished model of
CrPV cloverleaf obtained by the team of Dr. Martin and mentioned in the introduction
( ). This 2D structure was also obtained by performing DMS and CMCT
chemical probing on two sizes of RNA encompassing either CrPV domain I alone or with
the 5" IRES. It is quite obvious at a first glance that DCV and CrPV domain I models do
not compare. Indeed, the domain I of CrPV is composed of a first short cloverleaf region
similar to what has been described in polioviruses (1-70nt) and followed by 3 stem loops
(81-178 / 182-223 / 224-263) as well as 2 linker regions (71-80 / 179-181). We can also
notice a very accessible 5" extremity of CrPV cloverleaf with the first 8 nucleotides being
non base-paired. Finally, the highly reactive nucleotides 264-300 represent the linker
region between domain I and 5’ IRES of CrPV. In comparison, DCV domain I is only
composed of three stem loops of increasing sizes and does not present linker regions in-

between. Moreover, no cloverleaf-like structure could be identified in this region of DCV.

Overall, the 2D structure models of DCV and CrPV 5’ regions do not compare and could

be one of the reasons for the differences in reads distribution observed in the small RNA
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Figure 23: CrPV 5' region has a similar structure than poliovirus cloverleaf.

CrPV domain | structure model obtained by Dr. Franck Martin team. The domain |
encompasses a cloverleaf structure similar to poliovirus cloverleaf and 3 stem loops.



HTS of infected S2 cells. Nonetheless, a precise entry point of Dicer-2 was identified in
the dsRNA corresponding to this region for both viruses. The fact that this entry point is
not located at the viruses 5’ extremity is both eXpected, due to the presence of the
protective VPg, and surprising as it suggests the creation of an alternative 5’ extremity.
That is why we decided to investigate the sensitivity to cleavage of DCV ssRNA 5’ region

in in vitro and in vivo conditions.

Il. Characterization of DCV domain | sensitivity toward

cleavage

The two complementary small RNA HTS methods that were used pointed toward an
early entry point of Dicer-2 on the dsSRNA corresponding to the 5’ regions of DCV and
CrPV. Interestingly, this entry point is not located at the 5 extremity but further
downstream on the sequence (frame 4/2 for DCV and 5/3 for CrPV). However, from
these data, we could not understand the precise mechanism by which Dicer-2 could have
access to this internal point. That is why, we asked ourselves whether a new extremity
could be created during the infection. Two main hypotheses were suggested to explain

this:

¢ The RARP could do a mistake during the replication. This hypothesis is supported
by the fact that viruses can produce defective particles that lack part of their
genome in the time frame of the infection. Moreover, the reverse transcription that
was done for 2D structure determination of the DCV 5’ region revealed some
STOP sites independent of chemical modifications ( ). This depicts
the fact that this RNA is highly structured and might be a difficult template for
RNA synthesis in general, hence the generation of other 5’ extremities.

® A cut could be happening in the ssRNA regions of the viral genome corresponding
to the 5" region. Indeed, even if this region is highly structured, some regions
including the loops are single stranded and could be targeted by endonucleases.
These cuts would be mediated by a cellular protein and would leave a 5" extremity

not protected by the VPg and thus, accessible to 5’-3" degradation for instance.

Both hypotheses require a concomitant action of the viral RARP, which would reach the
new 5’ extremity, fall off and thus, generate a free unprotected dsRNA where Dicer-2

could enter. These hypotheses were investigated using diverse i vitro and in vivo methods.
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Figure 24 - part I: In vitro cleavage assays show that Dicer-2 is not able to cleave
DCV domain I.

A) Schematic representation of the two approaches used to perform in vitro dicing assays.The
RNA substrate was either in vitro transcribed using radioactive *?P-UTP or subsequently
capped with a radioactive m’G.These RNAs are incubated with recombinant Dicer-2/Logs-PD
proteins or with a mix of proteins coming from embryonic extracts. B&C) Denaturing
acrylamide gel used to visualize cleavage products of an in vitro cleavage assay using radioactive
body-labeled RNA with B) recombinant Dicer-2 and Logs-PD proteins; C) embryonic extracts
from control or dicer-2%" mutant flies.  :buffer only condition; BLT: canonical blunt dsRNA;
DCYV and DCV-R: ssRNA domain | with and without heating refolding step respectively.




a. In vitro cleavage experiments reveal a Dicer-2 independent

cutting pattern in DCV domain | ssRNA

Cleavage assay using Dicer-2 and Loqs-PD recombinant proteins

One of the candidates that was proposed as being able to mediate a cut in the ssRNA
secondary structure of DCV domain I is Dicer-2 itself. This hypothesis is supported by
the fact that Dicer-2 generates regulatory endo-siRNAs from ssRNA precursors with
stem loop structures (Czech et al., 2008a; Okamura et al., 2008a). Moreover, i vitro and
without its cofactor R2D2, Dicer-2 is able to cleave Dicer-1 substrates that are ssRNA
hairpins: pre-miRNAs (Cenik et al., 2011). It is thus possible that Dicer-2 alone or with

a specific cofactor might be able to perform such a cleavage in DCV domain I ssRNA.

In vitro dicing assays have been widely used in order to understand the molecular
mechanisms of Dicer-2. Among other things, these experiments allowed us to decipher
between different modes of action of Dicer-2 depending on the extremities and length of
its dsRINA substrate but also on the presence or absence of its cofactors such as R2D2
and Logs-PD. Even though in vitro dicing assays are far from recapitulating the i vivo
complexity of a viral infection, we decided to use this method to test if Dicer-2 could be
able to cleave the ssRNA secondary structure of DCV domain I. This study was
performed in collaboration with the team of Pr. Brenda Bass (University of Utah - Salt
Lake City). The principle of this experiment is to incubate the iz vitro synthetized
radioactively body-labeled DCV domain I ssRNA with purified Dicer-2 coupled or not
to its cofactor Logs-PD ( ). Because this region is very structured, two methods
of RNA folding have been used to try to avoid misfolding of the RNA. After 2 vitro
transcription, the RNA was either directly used or further heated and let to anneal at
room temperature to ensure thermodynamic refolding. As positive control, a 152nt long
blunt dsRNA was used to check for proper activity of Dicer-2 on a bona fide substrate.
The incubations were performed, and the resulting cleavage products analyzed on an

acrylamide gel.

First of all, no visible degradation of either control blunt dsSRNA or DCV ssRNA can be
observed over time when no proteins are added to the reaction (

) meaning that those substrates are stable and do not decay over time (0-90min).
Then, we can see that the canonical blunt dsRNA substrate is efficiently diced in 21nt

long RNAs by Dicer-2 alone ( ) and that this cleavage is even
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Figure 24 - part Il: In vitro cleavage assays show that Dicer-2 is not able to cleave
DCYV domain I.

D) Denaturing acrylamide gel used to visualize cleavage products of the incubation of a 106nt
blunt dsRNA with E.coli RNAselll or embryonic extracts. E) Denaturing acrylamide gel to
determine the best working quantity of RNAse T| to generate a T| ladder.The initial quantity
(1:10% of Tl enzyme is .10 Unit. Radioactive and capped RNA was incubated for |5' with
the T1 enzyme dilutions. F) Representative denaturing acrylamide gel to visualize cleavage
products of an in vitro dicing assay using embryonic extracts. (1) w11 111 ; (2) w'k; dicer-218''%;
GFP::Dicer-2"" (3) w™®; dicer-218''#X. Red arrows (resp. green arrows) represent embryonic
extracts-independent (-dependent) cleavage products of the assay.



more efficient when Loqs-PD is added to the reaction ( ) as
previously described in the literature (Sinha et al., 2015). However, no cleavage can be
observed in the ssRNA domain I of DCV when incubated with Dicer-2 alone or with its
cofactor and this, regardless of the RNA folding method used (

). Thus, in these conditions, Dicer-2 itself or in association with Logs-PD is not

able to perform a cut in the ssRNA secondary structure of DCV domain I.

Cleavage assays using embryonic extracts
In order to get closer to in vivo conditions, we decided to use embryonic extracts obtained
from embryos with different genetic backgrounds instead of recombinant proteins (

). In addition to Dicer-2 and its known cofactors, these mixes of proteins could
contain an unknown cofactor of Dicer-2 or an unrelated ribonuclease able to sense and
cleave the domain I structure of DCV. For these experiments, we used different embryos

with the following genetic backgrounds:

Genotype Simplified name
w'®s I1°5; ITT¢S dicer-2""
wR: dicer-2U17%/ Jicer- 251X dicer-2"

w'®: dicer-2"517/ dicer-2"X; GFP::Dicer-2"" GFP::Dicer-2%"
(CS: CantonS)

The proper activity of Dicer-2 in these embryonic extracts was checked by incubating
them with a canonical blunt dsRNA ( ). Dicer-2-dependent products could be
observed at the same size as £. coli RNAselll digested dsRNA (20-23nt). From this
experiment, we can conclude that the embryonic extracts are active and that Dicer-2 is

still able to work on its canonical dsRINA substrate.

Then, we incubated these embryonic extracts with the same DCV domain I radioactively
body-labeled ssRNA as the previous cleavage assay ( ). No degradation of the
ssRNA could be observed when no embryonic extract was added to the reaction (

). However, a complete degradation of the ssRNA could be observed both in
dicer-2"" and dicer-2"" conditions ( ). The lack of a cutting pattern
as well as the accumulation of what seems to be a single nucleotide band at the bottom of
the gel after 2h of incubation led us to think that this unprotected radioactive viral RNA

was in fact the target of the very efficient 5’ — 3’ exonuclease activity of Pacman. Thus, we
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decided to protect the synthetized viral RNA with a radioactive methyl-guanosine cap to

mimic the 5’ protective covalently-linked VPg of the virus ( ).

In order to be able to identify cuts at a single nucleotide resolution, a T1 ladder was
created. Basically, the i vitro synthetized and capped radioactive RNA is incubated with
the ribonuclease T1 that cuts ssRNAs 3’ of guanine residues. The RNA used for this
incubation was previously denatured to open the stem loop structures that would be
protected from the enzyme. The optimal quantity of the T1 enzyme to be used for this has
been experimentally determined by incubating various amount of the enzyme with the
RNA and observing the cutting pattern ( ). While a condition with 1.10° Unit
of T1 RNAse seemed too strong (all the ssRNA molecules are entirely processed after
15min, ), a 1.10° Unit or lower quantity is too weak to observe a clear
cutting pattern ( ). Thus, we chose to use 1.10* U of the enzyme to

generate a reliable ladder for this iz vitro dicing assay ( ).

Different embryonic extracts were incubated for various lengths of time with the
radioactive and capped DCV ssRNA domain I and the resulting cutting products were
visualized on a denaturing acrylamide gel ( ). As a general remark, it has to be
noted that the technique was sensitive enough to have a single nucleotide resolution at
some parts of the gel depending on the migration time and on the acrylamide percentage
of the gel. Three different sizes of DCV domain I ssRNA (264, 189 and 120nt long) were
incubated with the embryonic extracts. It has to be noted that these sizes were chosen
based on predictions of DCV domain I ssRINA structure prior to its chemical probing.
The same cutting pattern could be observed in the part of the sequence common to these
RNAs. That is why only the results obtained using one of these RNAs (189nt long) are
presented. The T1 ladder, however, was generated from the 264nt long DCV domain 1
RNA. The cutting pattern showed here is representative of several experiments using
different migration time, acrylamide percentage of the gel and sizes of ssRNA DCV

domain I substrate.

A control condition without embryonic extracts shows a few products smaller than full-
size ssRNA ( ). These products are also present at the Omin time
point of every tested condition and probably depict a certain RNA instability upon storage
but are not cleavage products. On the contrary, products identified with a green arrow

are absent (or very weakly present) at Omin and increase over time suggesting that they
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are embryonic extracts-dependent cleavage products ( ).
However, none of these cleavage products appear to be Dicer-2 dependent as the same
cutting pattern can be observed in dicer-2" embryonic extracts and in extracts containing

a wild-type version of Dicer-2.

Still, these Dicer-2-independent products were consistently found between experiments
and could reveal weak points of i vivo relevance in the DCV domain I structure. That is
why we decided to check for the localization of these cuts on the 2D structure obtained
by chemical probing and in relation with the theoretical frame 4 reads position (

). Interestingly, most of the cuts happened inside or in a very close proximity to a bulgy
region of one of the stem loops. This information by itself already supports the DCV
domain I model that has been drawn from the chemical probing experiment. Indeed,
ssRNA structures are much more likely to be targeted by nucleases than dsRNA regions.
Then, we noticed that most of the cuts (16/20) happened 5" or 3’ of uridines. This last
information could lead us to hypothesize the implication of a wuridine specific
endonuclease. However, as previously explained, the 5’ region of DCV base composition
shows a strong bias with uridines representing 45% of the nucleotides (

). The correlation between the observed cutting pattern and the U specific
localization is thus most likely due to this bias. Finally, no identified cut could be directly

correlated to a siRNA in frame 4 position.

To investigate if these cuts in the bulgy regions of DCV domain I can be detected i vivo,
we decided to try to detect the genomic 5’ extremities of DCV that appear in infected

conditions.

b. Identification of in vivo relevant DCV genome 5’ extremities by

RACE

In order to identify those extremities, we decided to use a technic historically used to
determine 5" extremities of mRNAs which is the 5" Rapid Amplification of cDNA Ends
(6 RACE).

Experimental proof of concept
The principle of this method is explained in . As a proof of concept, we wanted

to test whether we could detect the full-length viral RNA starting from the stock of DCV.
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Figure 26: Schematic representation of the 5' RACE method.

Briefly, RNAs are extracted from a DCV infected sample.These RNAs can either be full length or being
shorter. A reverse transcription specific to the 5' region of DCV will allow us to generate cDNAs of
size of that RNA. Guanine residues are added at the 3' of
those cDNAs using a terminal transferase.A first PCR using anchored primers (D=A,T or G; N=A/T,
G or C) will allow an amplification of these cDNAs.Then, a Bstell restriction site located in the very
5' of the domain | sequence will specifically cut the full-length products that are of lesser interest for
us. Finally,a second PCR will amplify the surviving molecules only and the resulting products are cloned

various length depending on the original

into a pJET vector that will be sequenced

after amplification in DH5alpha bacteria.




Thus, RNA extraction was performed from the purified stock of DCV used for the
infections. The first three steps of the method (reverse transcription, 3’ tailing and PCR1)
were performed ( ). The agarose gel run after the first PCR of the protocol
showed us that only the condition where reverse transcriptase as well as terminal
transferase enzymes were added presents an amplification band corresponding to the size
of the full-length DCV domain I ( ). Also, no nonspecific amplifications
could be observed in the other control conditions, suggesting that the obtained products

are dependent of reverse transcriptase and terminal transferase activities.

The final aim of this RACE experiment is to be able to detect non-full-length products
that could reflect internal entry sites of Dicer-2. Thus, we needed a way to get rid of full-
length reads that will most likely be over abundant. To do so, a specific step of Bstell
digestion was added to the protocol designed to cut full length products. This restriction
site i1s the most 5" located and unique site we could find in the domain I sequence.
However, its restriction site is 75bp away from the 5’ extremity of the DCV genome. Thus,
if new genomic 5’ extremities are located between nucleotides 1 and 75, they will also be

subject to Bstell digestion and will not be detected using this method ( ).

We tested this digestion step on the PCR1 obtained starting from DCV stock. We did not
expect to see any surviving products as all RNAs in viral stock should be full-length.
Bstell digestion of PCR1 products for 15" shows the expected restriction profile with
apparently no full-length products remaining ( ). We performed PCR2 on both
digested and non-digested products as a control. Several digestion times and number of
PCR cycles were tested. As expected, when no Bstell digestion was performed on the
PCRI1 products, only a major band corresponding to the full-length domain I could be
seen ( ). However, this band could also be observed in the Bstell
digested conditions, regardless of the time of digestion or the number of second PCR
cycles ( ). This puzzling observation might suggest that either an
entire digestion of full-length products is hard to reach in our conditions or that single
nucleotides modifications in the sequence of a subset of DCV particles disrupt the Bstell
restriction site. In the end, we were not able to understand where these full products could

come from and how could they be so predominant.

In order to check for the identity of the amplified products, we randomly cloned them

(products in black boxes — ) in a pJET vector and transformed the ligation in
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DHb5a bacteria. By doing so, we expect to see an incorporation of approximatively all the
different sizes of RACE products. Growing colonies were randomly picked to perform on
colony PCR ( ) and sequencing ( ) of the transformed plasmids. In
the non Bstell digested condition, all the colonies picked for on colony PCR showed a
band corresponding to the full-length insert ( ). When looking at the Bstell
digested condition, we could observe a mix of what appeared to be full-length inserts
(such as clone #6) and other inserts with a high diversity of sizes ( -
clones #3-5 & 7-8). No on-colony PCR products higher than the expected full-size insert

could be ObSEI’VCd.

Sequencing of the 8 clones annotated on all yielded DCV sequences (

). Thus, the shorter products identified by on-colony PCR are not unrelated
contaminants of the RACE experiment. Still, it was unexpected to witness such products
in this control condition with only virus stock. Two hypotheses were raised to explain

these shorter products:

° they could be coming from errors in the reverse transcriptase used to generate the
cDNAs. Indeed, because this region is highly structured, we could be observing
event where the enzyme got stuck and fell off its substrate.

o they could reflect errors of the viral RARP. Indeed, it was previously shown that
during replication of some viruses, especially at high MOI, defective particles with
missing parts of the genome can be detected. Thus, the DCV stock used to do this

experiment could contain such defective particles.

Then, clones #1, #2 and #6 could be identified as containing full-length inserts (

). This shows that (1) without Bstell digestion, the main viral RNA that we can find
in the DCV stock is full-length and (2) some full-length products are resistant to Bstell
digestion. The resistance of these products to Bstell digestion cannot be explained by

disruption of the restriction site as shown by sequencing of clone #6 in

These results together prove that the method is sensitive enough to detect full-length DCV
genome. However, the presence of what appears to be non-full-length genomes already
in the DCV stock will increase the difficulty to discriminate the 5’ extremities generated
during the infection. We still decided to give it a try using iz vivo samples with the hope

that a significant biological cut would be strong enough to be enriched in the final data.
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Figure 28: 5' RACE experiment on DCYV infected flies.

A) Schematic representation of the samples tested in this experiment. RNA was extracted
from either a pure DCV stock or DCV infected flies of the indicated genotype (500PFU - 3d
pi). B & C) Agarose gel showing the PCRI and PCR2 products with and without Bstell. The
Bstell digestion condition (3h) as well as the number of cycles for PCR2 (I 1X) were kept
similar in this experiment. D) Agarose gel showing on colony PCR products. Black arrows
show the expected size for a full-length product. It has to be noted that this size varies during
the steps of the experiment as adapters are gradually added at both extremities of the

products.



Determination of DCV 5’ extremities by RACE in infected flies

Once the proof of concept of the 5" RACE was done, we decided to try to detect the 5
extremities of DCV genomic RNA that we could find in an iz ¢ivo condition. Thus, flies of
different genotypes were infected with DCV, their total RNAs were extracted 3d pi and
the viral stock was used as internal control ( ). The experiment was conducted
as before until PCR2 and revealed no differences between flies and viral stock samples

nor between the different fly genotypes ( ).

Still, the experiment was continued and PCR2 products cloned and transformed in
bacteria. On colony PCR results are shown in . When looking at the DCV
stock control, we could not observe the clear-cut result of the proof of concept experiment
( ). Indeed, not all the clones from the non-digested condition were full-length
and a high proportion of the clones from the digested condition were full-length.
Furthermore, the 2 vivo samples result also shows a high variability in sizes of on colony
PCR products. It has to be noted that this experiment is representative of at least 8
independent experiments with slight protocol modifications in each. Thus, a wide variety
of starting material was used (DCV stock, infected flies and infected S2 cells), the
protocol has undergone many optimizations and dozens of sequencing were done but no

significant pattern or enrichment in a specific shortened RNA could ever be detected.

From all these experiments, we can conclude that even though the method is working (we
are able to detect full-length viral RNA), its specificity is not high enough to detect subtle
events as the one we are looking for. Indeed, the method is subject to a lot of background

noise from different origins:

® The presence of shorter products in the DCV stock controls suggests either the
presence of viral RARP-dependent defective particles or of a reverse transcriptase-
dependent bias of the experiment.

® The small RNA HTS performed in flies raised the evidence for viral degradation
products in the specific case of DCV. The origin of these products was not
determined but could be interfering with the 5 RACE output.

e Antiviral RNAi machinery is active. Indeed, more than the initial entry of Dicer-
2 on its substrate, it is the entire RNAi machinery that fights against the virus and

generates cleavage in its genome and antigenome.
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That is why it has been decided to drop this technic that, in the state of the art, was not
sensitive enough to detect what we were looking for and would need a high throughput
implementation to maybe have the chance to observe patterns emerging from the noise.

Other technics that could have been used will be discussed later.

In vitro cleavage assays did not identify Dicer-2 as a good candidate to perform the cuts
observed when incubating DCV domain I RNA with embryonic extracts. Thus, nucleases
present in the mix of proteins must be responsible for these cuts. We hypothesized that if
these cuts can be observed i vitro, they might have in vivo relevance and could explain the
internal entry site of Dicer-2 on viral dsRINA. That is why we decided to perform a screen

of candidate proteins that could be responsible for these cuts.

I1l. RNAi-based screen in S2 cells to identify new antiviral
and proviral proteins

a. Experimental setup of the screen

Screen design

The rational for this screen lies in the description of a precise and internal entry point of
Dicer-2 on the viral dsRNAs of DCV and CrPV (see Chapter I). One of the possible
explanations for this behavior includes the action of an enzyme able to sense and cleave
the domain I ssRNA structure of these viruses. This newly generated 5’ extremity would
eventually be made double stranded by the action of the viral RARP and would become a

perfect template for Dicer-2 to enter.

However, we lack biochemical methods sensitive enough to detect the precise entry point
of Dicer-2 on its substrate and that would be scalable to a high throughput screen. We
hypothesized that the lack of the domain I sensing enzyme should have a strong impact
on the host defense as Dicer-2 would not be able to access the viral dsRNA anymore.
That is why, the output that was chosen for this screen was simply the viral load measured

by RT-qPCR. We decided to conduct this screen in S2 cells for three reasons:
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List of candidates
Adar CG2972 |CG6724 DNApol-e255 |mei-9 PGAP1 Sid Xrcc2 CG2910
AIMP2 CG2990 |CG6744 DNasell mei-W68 [PNPase sIx1 ZC3H3 [CG3496
Arc1 CG30343 |CG8038 Drep4 midr Pop2 Smg5 zuc CG7358
Asph CG31812 |CG8343 drosha mle r Smg6 DRP1 CG6745
aub CG3308 |CG8360 Edc3 mms4 r2d2 Snm1 Drice CG3045
beg CG33082 |CG8366 egl mre11 Rad1 Snp Tao CG3709
bsf CG33260 |CG8475 elF2Be mRpL44 [rad50 spn-A ZN72D [CG7849
Cand1 CG3358 |CG9125 EndoG mus201 |Rad51D |[spn-B CG3800 |CG34140
CG10214 [CG34317 |CG9272 Ercc1 mus312 [Rad9 spn-D lost CG3333
CG10943 [CG42389 |Cklalpha FASN3 mus81 |Rat1 SRPK Hel25E |CG4159
CG11269 |CG42668 |Clp Fen1 Nbr Rga stau fandango [CG31719
CG11486 [CG44242 |DCP1 Gen Nnp-1 [RNASEK |[Stip1 tailor CG10692
CG13690 [CG4611 [Dcr-1 hdm Non3 RNaseX25 [stnB blanks
CG14057 [CG4825 |[Dcr-2 Ire1 Not1 rnh1 tam caz
CG15526 [CG4847 |Ddx1 Jhi-1 Not3 Rpp20 tos CG2199
CG15784 |CG5285 |DIP1 1(1)G0020 Ns1 Rpp30 Trax vir-1 Controls
CG16790 [CG5316 |Dis3 1(1)G0045 Ogg1 RpS3 trsn CG4947 |Ago2
CG17514 |[CG5626 |Dis3I2 Larp4B Pabp2 [Rrp1 Tudor-SN [CG6315 |Rack1
CG2145 [CG5641 |DNApol-a180 |Idbr PAN2 Rrp6 twin CG5933 |LacZ
CG2246 [CG6171 |DNApol-d logs pcm RtcB WRNexo [CG7818 |Diap1
Table 4: List of the candidates used for the RNAi-based screen in S2 cells.
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Figure 29: Ex

perimental setup of the RNAi-based

screen in S2 cells.

A) Example of disposition of samples and controls on one of the six plates obtained from
Harvard Medical School (plate A). Positions of the controls are indicated in orange. Grey wells
were filled with PBS to prevent evaporation effects. B) Inverted microscope images depicting
dsThread effect on S2 cells. Top: dO; Bottom: d3 post soaking; Left: S2 cells soaked Id in
dsLacZ; Right: S2 cells soaked Id in dsThread. Scale bar: [00um.



¢ The kinetic study using small RNA HTS of DCV infected S2 cells revealed similar
profiles to small RNA HTS of DCV infected adult flies. Thus, all the components
required for the entry of Dicer-2 at a specific position are present in S2 cells.

e We can easily knock down candidate genes expression using the RNAi machinery
of the cells by soaking them in corresponding long dsRNAs

¢ In term of handling procedures, S2 cells is a model much easier to implement in a

high throughput screen compared to flies (Mohr, 2014; Perrimon and Mathey-
Prevot, 2007).

Thus, the screen we setup to try to identify a protein able to sense and cleave DCV domain
I ssRNA is a RNAi-based screen in DCV infected S2 cells with DCV viral load as output.

Selection of the candidates

The selection of the candidates was made by using data mining resources as well as in-
house experimental results. We first searched for proteins described as “nuclease” in the
Drosophila database Flybase. It was decided not to restrict the research for ribonucleases
because for some of these proteins, the attribution of GO terms is solely based on domain
homology. Thus, an initially identified DNA nuclease could very well be able to cleave
ssRINA for instance. 111 candidates could be identified using this methodology. Then, an
in-house protein-protein interactome of Dicer-2 in DCV infected condition was
performed by another Ph.D student in the lab (Claire Rousseau) and yielded 53 candidate
proteins. Also, the team of Dr. Franck Martin generated RNA-protein interactomes of
the cloverleaf and 5'TRES regions of CrPV. Because we have evidences that suggest a
similar mode of action of Dicer-2 on DCV and CrPV, 4 candidates preferentially enriched
on CrPV cloverleaf were picked. Finally, 20 candidates were cherry picked from literature

and added to the screen list. Based on all this, a list of 188 candidates was established.

Due to the high number of dsRNAs to design and produce, it has been decided to
outsource this part to the Drosophila RNAi Screening Center at Harvard Medical School.
Among the original list of 188 candidates, they were able to select at least one suitable
dsRNA for 172 of them ( ). The dsRNAs were selected according to their
previously tested efficiency of knock-down and their ability to target all the isoforms of
the selected gene. When possible, two different dsSRINAs were selected. Control conditions

were also added to the experimental setup:

64






e dsLacZ: this dsRNA does not have a target in the cells and shows the impact of
the activation of the RNAi1 machinery on its own.

o dsAgo2: Ago2 is the final effector protein of the RNAi pathway. Thus, knock
down of ago2 should result in an increased viral load.

e dsRackl: Rackl was previously identified as a dicistrovirus proviral protein
(Majzoub et al., 2014). Knock down of rack/ should result in a decreased viral
load.

e dsThread: this dsSRINA targets drosophila Diapl, a known anti-apoptotic protein.
This condition is used as visual output for the efficiency of RNAi knock down.
Indeed, wells containing this dsRNA should show a high percentage of cell death.

¢ Empty: a condition without dsRNA at all that should not have an impact on viral
load.

The resulting 305 dsRNAs were delivered in 6 plates with identical layout regarding
candidates/controls disposition ( . This random distribution of the candidates
dsRNAs was kept to perform the screen. Briefly, cells were soaked for 3 days with long
dsRINNAs mapping candidate genes and subsequently infected with DCV at a MOI of 0.01.
DCYV viral load was checked by RT-qPCR 20h post infection.

b. Identification of pro and antiviral proteins

First, dsThread controls showed a high amount of cell death 3 days post soaking, which
indicates an efficient knock down of diap/ ( ). From this, it was inferred that
the knock down of candidate genes was efficient. However, as it will be discussed later,
proper decrease of interesting candidate genes mRINA and protein levels will need to be

checked to validate them.

The analysis of the data was done taking into account the row, column and plate effects
that could be statistically identified and modeled (details in Materials and methods). The
resulting global distribution of the data is shown in . From this plot, we can see

that the dsLacZ, dsRackl and empty controls behave as expected:
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¢ dsLacZ and empty controls are close together in the middle of the dataset
suggesting that activation of the RNAi machinery by itself does not have a
significant impact on DCV viral load

¢ dsRackl shows a statistically significant decrease in the viral load of DCV infected
cells. Its effect is ranked at position #2 in the pro viral dsRINAs which highlights

its importance for the DCV viral replication.

Only dsAgo2 does not show the expected increased viral load phenotype. This can be
explained by the fact that in this case, we are using the RNAi1 machinery against itself.
Thus, at the time of the infection, the knock down of age? is not efficient anymore which
results in a normal amount of ago2 mRNA and no effect on DCV viral load. Likewise,

dicer-2 knock-down did not result in a significantly higher viral load.

Statistical analysis highlighted 24 dsRINAs (corresponding to 20 genes) that have an effect
statistically different from the mean of the dsRNA effects on DCV viral load (

). Among the 20 candidate genes identified, 13 are described or predicted
nucleases, 5 are Dicer-2 interactants in DCV infected conditions, one is a CrPV cloverleaf
interactant and one was cherry picked from literature. In total, this screen allowed the
identification of 14 candidate genes with an antiviral role and 6 with a proviral role on
DCV replication. Explanation about their previously described role and possible

implication in an antiviral response will be done in the Discussion section of this chapter.

An important information to take into account when performing such an RNAi based
screen is the toxicity of the dsRINAs-mediated knock down of genes on the cells. Indeed,
a dsRINA which has a too strong impact on global cell metabolism will randomly favor or
inhibit viral replication independently of its possible interaction with the virus. That is
why we tested the toxicity induced by the knock down of the 20 candidate genes by
looking at the mitochondrial activity of dsSRNA-treated cells 3d after soaking. In addition,
a few randomly picked genes were included in the tested candidates ( ). First,
dsLacZ treated cells show around 100% of mitochondrial activity compared to untreated
cells which is what is expected from this control. Then, the dsThread control shows a
mitochondrial activity close to 0% which is expected as well as nearly all cells in this
control are dead from apoptosis. Among the other 40 tested dsRNAs, 15 showed a

significant decreased mitochondrial activity in comparison to LacZ treated cells. This
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Figure 32: Determination of dsRNAs effect on mitochondrial activity of treated cells.

Cell toxicity of each dsRNA was tested by measuring the mitochondrial activity 3 days after soaking
with each dsRNA.The mitochondrial activity of dsSRNA treated cells was compared to the one of
untreated cells (n=2, error bars represent the standard deviation between experimental duplicates,

statistical test: one-way ANOVA).
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information by itself does not invalidate their possible pro or antiviral activity against

DCYV but has to be kept in mind when later investigating their mechanism of action.

In conclusion, this screen allowed the identification of 20 genes which have a significant
impact on DCV viral load when down regulated. Further investigation of their antiviral
or proviral properties will be done first by repeating the experiment with viruses related
or not to DCV. One interesting candidate to identify would be a protein with a
dicistrovirus specific antiviral activity. Such a candidate could be further characterized in

flies and tested for an eventual nuclease activity on DCV domain I ssRNA.
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Conclusions — Discussions — Perspectives

In Chapter I, we saw that the bioinformatic analysis of small RNA sequencing data
generated from infected flies or cells could help us to get hints on the mechanism of Dicer-
2 on its viral substrate. A precise and internal entry point of Dicer-2 on the dsRNA
corresponding to the 5’UTR of DCV and CrPV could be inferred from this. The
distribution of siRNAs found in this region as early as 3h pi suggests a fast sensing and
processing of viral dsRNA by Dicer-2. However, a question previously raised in the
discussion of Chapter I remains: how does Dicer-2 manages to enter on another region

than the very 5’ extremity?

The described entry point is located in the domain I, a region mildly characterized in
CrPV and unknown in DCV (Gross et al., 2017). Because the distribution of the reads
was more consistent with the libraries generated from DCV infected samples, I decided
to investigate on various aspects of the domain I of this virus. First, chemical probing of
two sizes of DCV domain I RNA allowed me to draw a 2D model of it. Then, I wanted
to test the hypothesis stating that the internal entry of Dicer-2 is dependent on an initial
cleavage event of the viral ssRNA. To do so, I performed in vitro cleavage experiments
revealing that this RNA structure is not sensitive to Dicer-2 processing but is subject to
cleavages mediated by other cellular endonucleases. I unsuccessfully tried to validate
these cuts iz vivo by using a 5° RACE PCR method. Finally, as a first step toward the
identification of proteins involved in antiviral immunity and eventually in the initial
cleavage event of the DCV domain I ssRNA secondary structure, I performed an RNAi-
based screen in S2 cells on candidate genes. Altogether, the results obtained in this
chapter pave the way for future investigations and can be put in perspectives with other

studies.

a. Comments on DCV domain | RNA secondary structure

The in vitro chemical probing of DCV domain I allowed me to draw a model that could fit
nearly all identified reactivities. The organization in three stem loops upstream of the 5’
IRES resembles structures previously identified in viruses belonging to the close

picornaviruses family (summarized in Table 1 of Kloc et al., 2018).
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Did I solve the secondary structure of DCV domain 1?

Comparison between DCV and CrPV domain I revealed large differences in their 1D and
2D organization. These differences, even if not surprising considering the wide diversity
of RNA structures described in the 5" UTR of closely related picornaviruses, made me
wonder about the accuracy of my model. Indeed, while CrPV domain I RNA
encompasses a poliovirus-like cloverleaf and 3 small stem loops, DCV domain I secondary
structure is only composed of three stem loops ( ). However, it has to be
reminded that in the first paper describing CrPV domain I, a five stem loops organization
was described (Gross et al., 2017). It is only by refining of the SHAPE-based model with
DMS and CMCT chemical probing reactivity values that a cloverleaf-like structure could
be identified. Thus, the model of DCV domain I obtained fit the reactivity values of DMS
and CMCT probing but still requires complementary experiments to be validated. One
way to validate the described secondary structures would be to mutate specific

nucleotides and check for the differences in reactivity values after chemical probing.

Importantly, all these models were obtained from experiments using ¢ vifro modifications
of synthetic ssRNA and do not consider the interaction of these structures with host or
viral proteins involved in the replication cycle of the viruses. Interestingly for the field, an
increasing number of 2 vivo RNA structure determination methods appeared recently
(reviewed in Bevilacqua et al., 2016). Because they are high throughput, these methods
also bring the possibility to catch transient conformational changes of the structures that
would not be detected with purified synthetic RNA. However, one of the major
limitations from all these technics lies in the lack of chemical reagents known to modify
double-stranded regions. Thus, only information about single-stranded regions can be
directly gathered while double-stranded regions are indirectly inferred and can arise from
both RNA secondary structures or RNA binding protein protective effect. In conclusion,
it could be interesting to investigate DCV domain I structure ¢z ¢ivo but this information

in itself will not be sufficient to explain the internal entry of Dicer-2 on DCV dsRNA.

VPg uridylylation motif

An interesting observation comes from the presence of an AAAY motif (with Y =
pyrimidine) in DCV and CrPV domain I at positions 21-25 and 129-132 respectively
( ). This sequence is conserved in cis-active RNA elements (CRE) involved

in the replication of picornaviruses (reviewed in Steil and Barton, 2009). In poliovirus, it

was shown that a AAAC motif located in a CRE is used by the viral RARP as a template
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for the uridylylation of the tyrosine residue of a newly translated VPg (Paul et al., 2003).
This modified VPg is then used as a protein primer for viral replication ( and
reviewed in Paul and Wimmer, 2015). Of note, the genomic position of CRE in
picornaviruses varies a lot and can be located virtually anywhere. Thus, the identification
of this uridylylation motif in the domain I of DCV and CrPV is purely speculative (60 and
82 occurrences of AAAC motif in DCV and CrPV sequences respectively). One way to
test the implication of this motif in dicistroviruses replication could be by mutating it in a
replicon. The need for replicons will be discussed shortly after. It could also be interesting
to bioinformatically search which AAAC motifs in DCV and CrPV sequences are more
likely to be present in loops of ssRINA hairpins (by mfold prediction for instance).

b. Characterization of DCV domain | sensitivity to cleavage

One of the hypotheses raised in the discussion of Chapter I to explain the internal entry
of Dicer-2 on DCV relies on an initial cut of its domain I ssRINA secondary structure by
an endonuclease. Therefore, I investigated DCV domain 1 sensitivity to cleavage and
discovered that, while a Dicer-2 dependent cut of the RNA seems unlikely, it is subject to
cuts in the predicted accessible (i.e. single-stranded) regions when incubated with
embryonic extracts ( ). Two aspects have to be taken into consideration to

temper these results:

1. The RNA template is a synthetic one. Indeed, the RNA used for these cleavage
assays Is just a fraction of the DCV genomic RNA, lacks a VPg and is not being
involved in viral replication. It is likely that the structure containing the
hypothetical Dicer-2 entry point undergoes structural modification i vwo to
accommodate biological processes.

2. Embryonic extracts represent (z vcvo conditions at a very precise moment. Even if
sequencing data obtained in S2 cells (embryonic cell line) recapitulated the results
obtained in flies, we cannot exclude the fact that the antiviral defense could be

different at this developmental stage.

Still, this cleavage sensitivity of DCV ssRNA in bulgy regions builds confidence around
my predicted model. Indeed, accessible ssRINA regions are more likely to be targeted by

endonucleases.
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I then asked myself whether these iz vitro identified cuts could have an in vivo relevance.
However, these cuts could not be validated using a 5° RACE PCR method despite
extensive trials and optimization. Different comments could be done as a personal
retrospective regarding this method. First, in the way I used it, the 5" RACE method is
perfect to identify abundantly present RNAs but probably not sensitive enough to detect
a cleavage event that might happen less than 1 time over 100 replication cycles. Attempts
at adapting this method to high-throughput sequencing failed. Moreover, too many steps
(e.g. PCR amplifications) were involved in the protocol not to induce experimental bias
and artefacts. Thus, these technical issues added to the large background noise emerging
from the ongoing infection (e.g. defective particles, degradation products, RNAi
machinery...) make the method unsuitable to detect the hypothetical initial cleavage of
DCV domain I ssRNA.

Being able to precisely identify the 5" extremities of DCV in the time course of an infection
is relevant not only in the context of the host antiviral defense but also in the context of
the ill-characterized replication cycle of dicistroviruses. One possible method that could
be tried to shed light on these unknowns is the direct long RNA sequencing using Oxford
Nanopore technology for instance. Indeed, this technology requires no amplification steps
and allows the sequencing of full-size individual RNA molecule. It was previously
successfully used to determine the exact sequences of FHV defective interfering particles
for instance (Jaworski and Routh, 2017). Coupling of my small RNA sequencing data
with these long RNA sequencing data would be a good method for the determination of

DCV 5’ extremities in a high-throughput and unbiased manner.

c. Comments on the RNAi-based screen in S2 cells

In an attempt to identify new drosophila antiviral proteins, I performed an RNAi-based
screen in S2 cells. This study led to the identification of 20 genes with a potential impact
on DCV replication upon knock-down ( ). Before being able to

conclude on the implication of these genes in the viral cycle, several things should be done:

e Repeat the experiment outside of the screen context. Indeed, these large-scale
handling of cells and plates can induce some bias in the final data. The analysis of

the data was done taking into consideration these plate effects with the help of a
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statistical model (see Materials and methods), but I cannot exclude the possibility
that some false positives or negatives could have arisen from this.

Check for knock-down efficiency at RNA level (RT-qPCR). In the context of a
large screen, I could not check the knock-down of each targeted gene. These
dsRNAs used were picked because of their previously identified efficiency in other
RNAI screens but it is still possible that in my conditions, their effect was dimed.
The dsRNAs targeting diap/ and Rack/ had the expected effect on the cells and
viral load. However, 11 out of 20 candidate genes were identified as pro or
antiviral by only one of the two dsRNAs used, suggesting that not all dsRINAs are
equally efficient ( ).

Check for knock-down efficiency at protein level (western blot). If antibodies for
the remaining candidates are available, the quantity of protein upon knock-down
should be assessed. However, it has to be noted that a reduction in protein quantity
might not be sufficient to prevent its action and even a small number of remaining
proteins could be enough to perform its biological action. Thus, a knock-out of the
gene in cells by CRISPR-Cas9 could be considered (Kunzelmann et al., 2016).
Test for the effect of knock-down in flies. One of the reasons why drosophila is
such a great model animal is because of the existence of enormous fly banks
containing all the previously generated fly lines. Thus, if RNAi or knock-out fly
lines were previously generated for my candidate genes, I could perform 2 vivo
infection and check for the relevance of the data obtained in cells.

Test for the virus specificity of the targeted gene. The first step of this screen was
to test for the involvement of these proteins in the host response to DCV because
it is the virus with which I had the clearest results in HTS experiments. However,
dicistrovirus specificity of the candidate gene could be tested by performing a
CrPV infection in addition to viruses outside of this family such as VSV ((-)
ssRNA virus), FHV ((+) ssRNA virus) or IIV-6 (DNA virus).

Manage to uncouple cell toxicity effect from pro or antiviral effect. Indeed, some
of the tested genes had a strong impact on final viral load but also strongly
diminished mitochondrial activity ( ). Among the possible experiments to
overcome this effect, I could (1) perform over expression experiments to check for
possible opposite effect on final viral load or (2) check direct interaction between

viral proteins/RINAs and host protein by microscopy and immunoprecipitation
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methods. However, we cannot exclude that upregulation of candidate genes could
also affect fitness of the cells and that microscopy techniques could miss an indirect

interaction between virus and host protein.

In conclusion, the data of this screen should be carefully considered and are only a first
step toward the long-term identification of new pro or antiviral proteins. Still,

bibliography search allows to classify the candidate genes in different biological processes.

|zc3H3| T

[Pabo2 1

tested dsRNAs had a significant impact on viral load

|
2

A
/
P

-
—l
o

|

ro- s s
antiviral activity of the targeted gene

nti-

T The tested dsRNAs had a significant negative impact on mitochondrial activity

A string analysis only taking into account experimental data and databases mining

revealed little interaction between the candidate genes.

Snm1 Pop2

Nnp-1

S

CG13690 RpS3  Rad51D

Ns1 \/ 6 N/ R2D2
CG9272 CG11505 A

Rrp6 Hel25E m e
6 6

Clp

is3 v

Rpp20 CG14057
ZC3H3

/

73






Asa general comment regarding this screen, the readout chosen might not have been the
most optimal one. Indeed, more than finding new antiviral proteins, I would have liked to
find a nuclease able to perform a cut in the DCV domain I ssRNA. The rational behind
the viral load output was that the lack of this hypothetical nuclease should have a strong
impact on the global host response and thus, viral replication. However, I cannot exclude
the fact that the inhibition of the first cut mediated in the ssRNA of DCV might not be
sufficient to have a significant effect on viral load. Dicer-2 could find another way to target
viral dsRNA which would still give rise to enough siRNAs to activate the antiviral
pathway. Additionally, this screen could have been the opportunity to identify whether a
host nuclease was responsible for the degradation products described in the sequencing
data of Chapter I. Thus, once again, high-throughput sequencing could have been a
valuable output choice for this screen. One of the major limitations of this technic remains
its cost. However, new methods are emerging taking advantage of the double indexing
method to multiply the number of multiplexed samples in a single sequencing lane up to
96 (Persson et al., 2017). Analysis of the DCV mapping reads size distribution could then

have been a valuable information to answer our questions.

d. What is the role of DCV domain I?

One of the questions that has not been addressed so far is the following one: if this region
represents such a weak point in DCV defense, how come adaptation of the virus did not
modify it? Indeed, viruses are certainly the most adaptable parasites and always find ways
to escape the host immune system. One of the reasons that could be proposed to explain
this is given by the possible implication of this specific RNA domain I of DCV in its
replication. Indeed, as explained in the introduction of this chapter, RNA structures
located in the 5" UTR of picornaviruses were shown to be involved in various aspects of

their cycle.

In order to test this, it could be interesting to generate a DCV replicon. Being able to
clone the full sequence of DCV inside a plasmid recapitulating a virus infection upon
transfection in cells or insertion in fly’'s genome would pave the way for several
downstream applications. Such a strategy was already successfully used for CrPV or
FHV in order to investigate translation mechanisms or antiviral RNAIi response for

instance (Khong et al., 2016; Li et al., 2002; Martins et al., 2019). Thus, a DCV replicon

could be precisely mutagenized to search for involvement of domain I in replication for
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instance. Additionally, characterization of the antiviral RNAi response in absence of the
1A VSR could bring answers to questions previously raised in the discussion of Chapter
I. However, a big caveat of using replicons lies in the fact that it bypasses critical steps of
the viral cycle, namely the binding, entry and uncoating of the virion. In addition, cloning
of the DCV sequence might be difficult due to its size (~9,2kb). Several attempts were
already done in the lab without any success. The solution to this could come from the
discovery of new reverse transcriptase enzymes that form less abortive products from long
RNA templates. As an example, a reverse transcriptase encoded by Eubacterium rectale
(MarathonRT) was recently shown to be able to fully transcribe the highly structured
genome of HCV (~9,6kb) with 93% full-length products and few apparent stops (Zhao et

al., 2018). We are currently trying to use this enzyme to generate a DCV replicon.

Being able to recapitulate DCV replication system in vitro by using a replicon could also
open the way toward high-throughput implementations by using microfluidics for
instance. Indeed, we could develop a reporter system in which 2 viro replication and
translation of DCV replicon done in a micro droplet would yield a fluorescent signal for
instance. Thus, impact of random mutations done in DCV RNA structures on viral
replication could be assessed in a high-throughput manner. This method could also allow
a fast refinement of our domain I 2D structure model and be used to Investigate for a
nuclease able to cut DCV domain I. Interestingly for us, the IBMC hosts a team
successfully using microfluidics for ultrahigh-throughput screening and collaborative

projects were already initiated (Dr. Michael Ryckelynck team — UPR9002).
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Chapter llI

Study of Dicer-2 helicase domain

involvement in RNA sensing and

processing
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Figure 33: Domain organization of different proteins from the DRA family (adapted
from Paro et al.,2015).

DRA-containing proteins of mammals and drosophila only are displayed. However, it has to be noted
that other proteins involved in immunity but not discussed here also contain the peculiar helicase
domain of DRAs (e.g DRH -3 and Dicer-1 proteins from C. elegans).All the presented proteins, with
the exception of dmDicer-1 present the HELI-HEL2i-HEL2 organization of their helicase domain.
Thus, presence of dmDicer-1 in this category can be discussed. This helicase domain encompasses
conserved motifs required for ATP-binding and hydrolysis. RIG-I and MDA5 both possess two
additional C-terminal CARD domains that are sequestered when no RNA is sensed but exposed
during oligomerization of these proteins on their dsRNA substrate. Interaction between CARD
domains and MAVS is the initial step of a signaling cascade that ultimately leads to the production of
ISGs. Dicer enzymes all possess additional domains including two dsRNA binding domains, the PAZ-
platform domain used to bind the 5' phosphate extremity of dsRNA and act as physical "ruler" to
determine the size of siRNAs and finally, two RNAselll domains responsible for the dicing of the
dsRNA.



Introduction

Helicases are ubiquitous proteins that exist throughout all forms of cellular life (Bleichert
and Baserga, 2007; Linder and Jankowsky, 2011). Their involvement in virtually all
facets of DNA and RNA metabolism is depicted by the numerous diseases caused by their
deregulation proteins (Steimer and Klostermeier, 2012; Suhasini and Brosh, 2013).
Helicases can be classified in 6 superfamilies (SF) based on their structures, functions
and shared sequence motifs (Singleton et al., 2007). SF1 and SF2 enzymes contain a
conserved helicase structure composed of two RecA-like domains. These domains
encompass specific sequence motifs required for ATP hydrolysis and nucleic acid binding
(Putnam and Jankowsky, 2013). Alignment of the core sequences of SF1 and SF2
helicases from S. cerevisiae, E. coli and some viruses led to the clustering of these two

superfamilies in 12 families (9 in SF2 and 3 in SF1, Fairman-Williams et al., 2010).

Important players of mammalian antiviral immunity can be found in the Rig-I-like
receptor (RLR) family of the SF2 superfamily, namely RIG-1, MDAS5 and LGP2. Briefly,
detection of viral RNA by RIG-I or MDA-5 lead to their oligomerization on their dsSRNA
substrate, signaling through their N-terminal CARD domain to MAVS, activation of the
IFN pathway and subsequent expression of ISGs to mount an antiviral response
(reviewed in Yoneyama et al., 2015). In the case of the CARD-less LGP2, additionally to
a suggested role in modulation of RIG-I and MDASJ activity, it could be involved in the
negative regulation of RNAI in mammals through a direct interaction with Dicer (Veen
et al., 2018). RLRs have a peculiar helicase domain organization with a Hel2i domain
inserted in between the two RecA-like domains. This peculiar domain organization is
conserved between RLRs and Dicer enzymes and plays an important role in RNA sensing
(Civril et al., 2011; Jiang et al., 2011; Kolakofsky et al., 2012; Luo et al., 2011). However,
because the proper unwinding activity of these inferred helicases was never proven, they
were renamed as Duplex RNA activated ATPases or Double stranded RNA-dependent
ATPases (DRA, reviewed in Luo et al., 2013; Paro et al., 2015).

Dicer enzymes belong to the DRA family. The main differences between Dicer and RLR
lies in the absence of N-terminal CARD domains and the presence of additional
RNAselIl domains in Dicer ( ). This difference in domain composition results in

a catalytic mode of action of Dicer enzymes on their substrate, which explains why Dicer
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enzymes are classified as catalytic (¢) DRAs while RIG-I and MDAG5 are signaling (s)
DRAs (reviewed in Paro et al., 2015). However, it has to be noted that the strict
distinction of both categories can be discussed. Indeed, direct antiviral effectors functions
of RLRs by displacing viral proteins were already suggested (Sato et al., 2015; Weber et
al., 2015; Yao et al.,, 2015). On the other hand, catalytic activity of Dicer-2 on viral
dsRNAs (i.e dicing) is not sufficient to mount an antiviral RINAi response and requires
the amplifying action of Ago2 (van Rjj et al., 2006). Additionally, activation of antiviral

genes by Dicer-2 such as vago was shown to restrict viral replication (Deddouche et al.,

2008).

DRA enzymes were shown to have different substrate specificities and to present ATP-
dependent and -independent activities. Thus, RIG-I was shown to recognize 5’ di- or tri-
phosphate moieties of dsRINAs while MDAS5 adopts a stem-binding mode of long dsRNAs
with no contact to the dsRNA end (Goubau et al., 2014; Lu et al., 2010; Schlee et al.,
2009; Wang et al., 2010; Wu et al., 2013). Then, MDAS oligomerization on its substrate
is ATP-independent but ATP hydrolysis promotes its disassembly from short dsRNAs
(Peisley et al., 2011, 2012). On the other hand, RIG-I monomers can bind dsRNA
extremities in an ATP-independent manner but require ATP hydrolysis for their
oligomerization (Goubau et al., 2014; Luo et al., 2011). Interestingly, these RLRs can
present viral substrates preferences. In the case of picornaviruses that do not present a
genomic 5 PPP, it is MDAS and not Rig-I which is required to mount an efficient
antiviral response (Feng et al., 2012). On the contrary, drosophila Dicer-2 was shown to
be required for the defense against all tested viruses, regardless of the nature of their

genome.

Similarly to RLRs, extensive study of drosophila Dicer-2 i vitro revealed ATP- and
substrate-dependent distinct modes of action (Cenik et al., 2011; Sinha et al., 2015;
Welker et al., 2011). Thus, blunt end dsRNA triggers an efficient DRA domain- and ATP-
dependent processive activity of Dicer-2 whereby a single Dicer-2 protein will dice
multiple times before dissociating. On the contrary, a dsRNA molecule with 3’ overhang
termini, promotes a slow, ATP-independent and distributive activity of Dicer-2
characterized by dissociation of Dicer-2 after each cleavage event. A recent cryo-electron

microscopy-based study proposed two distinct sensing mechanisms of Dicer-2 dependin
Py ly prop g p g

on dsRNA termini ( , Sinha et al., 2018):
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Figure 34: Model of action of Dicer-2 depending on the dsRNA substrate extremity.

Blunt dsRNA is sensed by the helicase domain of Dicer-2 and is threaded in an ATP-dependent
manner until it reaches the PAZ-platform domain.This mode of action of Dicer-2 produces longer
and shorter RNAs in addition to the canonical 21nt long siRNAs.Their disposition on this scheme
following the 2nt 3' overhang rule is purely hypothetical. Occurrence of these other RNA products
can be explained by the fact that while being threaded, the dsRNA molecule encounters the
RNAselll domains. This phenomenon most likely results in a random dicing of the moving dsRNA
molecule.

2nt 3' overhang dsRNA is bound by the PAZ-platform domain (interaction between 5'P and
phosphate binding pocket) and brought to a close proximity to RNAselll domains in an ATP-
independent manner. Because of this fixed anchoring point for the dsRNA molecule, a single
canonical siRNA size can be generated (2Int) , determined by the distance between the PAZ-
platform domain and the RNAselll domains.



¢ Blunt dsRNAs are first bound by the helicase domain of Dicer-2. This is followed
by the ATP-dependent threading and unwinding of the dsRNNA molecule until it
reaches the PAZ-platform domain and is cut by the RNAselll domains. It has to
be noted that this threading mechanism can lead to the production of shorter or
longer RNAs than canonical siRNAs (from 5 to ~30nt long). We do not know yet
if this heterogeneity of Dicer-2 products is relevant 2 vivo or if binding cofactors
prevent the random dicing of helicase-threaded dsRNAs.

¢ On the other hand, dsRINA with 3’ overhang termini are directly 5" P bound by
the PAZ-platform domain through the phosphate binding pocket (Kandasamy
and Fukunaga, 2016). The dsRNA molecule is eventually brought in close
proximity to the RNAselll domains and cleaved. This mechanism is ATP-

independent and only generates canonical siRNAs.

This study was made possible by the functional uncoupling of the two modes of action of
Dicer-2. Thus, mutations in the PAZ-platform domain inhibited dicing of 3’overhang
dsRNAs while maintaining processivity on blunt dsSRNA. On the contrary, a mutation in
the helicase domain of Dicer-2 altered its action on blunt dsRNA while leaving unchanged
its distributive activity on 3’ overhang dsRNAs. Interestingly, this last mutation was
identified by searching for similarities between Dicer-2 sequence and C-terminal domain
of RIG-I, which was suggested to be responsible for recognition of blunt dsRNA (Luo et
al., 2011). One such region of Dicer-2 was identified in its helicase domain and a single
mutation of a phenylalanine (F) 225 to a glycine (G) was performed (Dicer-27%°).
Because of the proposed role of RIG-I C terminal domain in sensing, it was proposed that

this mutation in Dicer-2 could have an impact on the processing of bona fide endogenous

or viral Dicer-2 targets i vivo.

Altogether, this study proposes a model of drosophila Dicer-2 action on different synthetic
dsRNAs. Importantly, in in vitro studies, the used dsRNA substrates sequences and
extremities are arbitrary defined. Indeed, the exact characteristics of bona fide Dicer-2
dsRINA targets iz vivo remain one of the outstanding unknowns in the field of RNAI. This
is why, following this milestone publication, it was decided to study the impact of the in
pitro characterized Dicer-2"°° mutation in flies. Flies expressing this mutated version of

Dicer-2 were generated alongside flies described in Chapter 1. Characterization of the
Dicer-2-dependent siRNA pathways, namely the endo-siRNA and antiviral siRNA
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pathways, was done using regular RT-qPCR methods together with the powerful small
RNA HTS method. Finally, comparison between data obtained from different fly
genotypes allowed us to gain further insights in the involvement of Dicer-2 helicase in

sensing and processing of its bona fide targets.
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Results

. Impact of two Dicer-2 helicase mutations on the endo-
siRNA pathway
a. Flies generation and small RNA HTS of DCV, TRIS and VSV

injected flies

To test the effect of the F225G mutation on the function of Dicer-2 in vivo, we generated
GFP::Dicer-2"%¢ expressing flies. The transgene used was inserted at the same genomic
position as the ones used to generate transgenic flies from Chapter I in order to avoid any
position effect. Also, the same poly-ubiquitin promoter controls the expression of
GFP::Dicer-2"%C. This allows the comparison between different variants of GFP::Dicer-

2. Flies genotypes used during this study are summarized in this table:

Genotype Simplified name
w's dicer-2“17X/Df dicer-2""

w'; dicer-2"""X/Df: GFP::Dicer-2"" GFP::Dicer-2""
w'®: dicer-2"""*/Df: GFP::Dicer-2%*'* GFP::Dicer-2%°'}
w'®: dicer-2"""*/Df: GFP:Dicer-2"2°¢ GFP::Dicer-2%°¢

In addition, flies rescued with a wild-type version of endogenous dicer-2 recombined with

the dicer-2 deficiency were used as controls in some experiments (dicer-2""“).

All the complemented flies were obtained by the same crossing strategy presented in
Chapter I - . As a general remark, this study was conducted at the same time
as the flies’ small RNA HTS described in Chapter 1. That is why some of the following
figures are actually the same as the ones shown in the previous chapter with the
GFP::Dicer-2"%¢ flies results being added. In order to be able to compare the results
obtained from the different complemented flies, we needed to make sure of the proper
expression of the different versions of GFP-tagged Dicer-2. First, an RT-qPCR on Jdicer-
2mRNA ( ) shows:
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Figure 35: Characterization of flies used for small RNA HTS.

A) Relative mRNA level of dicer-2 in comparison to the house-keeping gene RP49 measured
by RT-qPCR (n=2, biological triplicates, 3 males and 3 females per sample, error bars represent
standard deviation between data points, all data were also normalized to dicer-2"=“¢ control,
statistical test: one-way ANOVA). B) Western blot showing Dicer-2 protein level in the flies.
Stain free exposition of the blot is used for Dicer-2 protein quantity normalization (n=1). C)
Eye color of the different flies according to their gender. Top: pictures; Bottom: absorbance
at 485nm (n=3, biological duplicates, 10 females per sample, error bars represent standard
deviation between data points, statistical test: one-way ANOVA).



e A small but significative decrease of dicer-2 mRNA in dicer-2"" flies in comparison
to dicer-27 flies.
® A significantly higher quantity of dicer-2 mRNA in all GFP::Dicer-2 flies in

escue

comparison to dicer-2““ flies. This difference can be explained by the poly-
ubiquitin promoter used to express Dicer-2 tagged versions. Of note, we
previously tried to use a 2kb sequence upstream of dicer-2 as a promoter but this
construct failed to restore and complement a dicer-2 null mutant.

e A small but significative increase of dicer-2 mRNA in GFP:Dicer-2%'® and
GFP::Dicer-2"%¢ flies in comparison to GFP::Dicer-2"" flies. This observation

could suggest that these point mutations affect the stability of dicer-2 mRINA.

However, western blot analysis shows a similar amount of Dicer-2 proteins regardless of
the complemented version of Dicer-2 expressed ( ). Such a result was already
observed in RFP:Dicer-2 rescued flies (Girardi et al., 2015). In conclusion, results
obtained from GFP::Dicer-2 complemented flies can be compared between each other

and should not reflect a difference in the quantity of protein expressed.

As a side note, this western blot done with the described genotypes altogether was only
done once, hence the lack of statistics. However, several western blots with the different

flies’ genotypes were performed individually and yielded similar results.

Small RNA HTS of libraries constructed with RNA samples from TRIS, DCV and VSV
injected adult flies from all 4 genotypes was conducted ( — Chapitre I). In this first
part of the Chapter 111, we will focus on the endo-siRNA pathway while virus specific
reads will be investigated in the second part. As a general remark, no injection-dependent
(TRIS, DCV or VSV) differences could be observed when looking at the endo-siRNA
pathway. That is why, for the sake of visualization, all libraries will be represented on the
following graphics regardless of the injection that was made but grouping flies from the
same genotype under the same color. All libraries were treated the same way regarding

trimming, second demultiplexing and normalization.
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b. Study of the Dicer-2 dependent RNAI pathways

GFP::Dicer-22*°¢ flies have an intermediary phenotype regarding the w'®
transgene

Like all the flies used for this study, GFP::Dicer-2"°° flies have the GHMR-w'® transgene
inserted in their genome on the X chromosome. It is composed of the third exon of the
gene white which is repeated in an inverted orientation and separated by a while intron.
The eye specific transcription and splicing of the intron will result in a perfect hairpin
dsRINA of 629bp long (Lee et al., 2004). This dsRNA is diced by Dicer-2 and induces the
$iIRNA pathway in a R2D2 and Logs-PD-dependent manner (Marques et al., 2010b).
The exact mechanism by which the hairpin is processed by Dicer-2 remains unknown but
w* mapping siRNAs are abundantly present and can be readily detected by northern blot.

These siRNAs downregulate white expression, which results in a white eye phenotype.

As described in Chapter I, dicer-2" flies have red eyes while dicer-27“ and GFP::Dicer-
2V flies have white eyes ( ). A point mutation in the helicase domain of
Dicer-2 in GFP::Dicer-2°°'" flies results in a red color of the eyes. This result suggests the
requirement for a functional ATPase activity of the helicase domain to efficiently process
the w™ hairpin. Surprisingly, flies expressing Dicer-2 with another helicase point
mutation, GFP::Dicer-2%°¢, presented an intermediary orange color of the eyes. Even if
statistical difference was not proven, confirmation of these visual phenotypes was
obtained by performing an eye color quantification on heads of females of the different
genotypes ( ). This observation by itself suggests that GFP::Dicer-

9F225G {5 able to activate the RNAi pathway , although at a lower efficiency than the wild-

type protein.

Because of this observation, two hypotheses were raised: GFP::Dicer-2%°¢ is not able to
efficiently activate the RNAi pathway because (1) the produced #" siRNAs are not
efficiently loaded on Ago2 or (2) the level of " siRNAs produced is too low. This second
hypothesis was tested by looking at the small RNA HTS data. We plotted the size
distribution of w’® mapping reads for all the libraries and could make the following

observations ( ):
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Figure 36: GFP::Dicer-2"%°¢ flies have an intermediary phenotype regarding the w®

transgene.

A) Normalized size distribution of w® mapping reads. All results from flies with similar genotype are
gathered under the same color. Each curve represents an individual library. Right plot is a zoom of the left
plot. B) Normalized w® coverage by 2Int long reads. Shown plots are representative of all the plots
obtained when looking at the data coming from flies with a similar genotype regardless of the injection

performed.



e No #'® mapping reads are observed in dicer-2"" flies.

e A few w™ mapping reads are identified in GFP::Dicer-2°°'® flies and importantly,
a peak at 21nt corresponding to Dicer-2 products is present.

e More of these reads with the same size distribution are observed in GFP::Dicer-
2726 flies.

e Finally, a huge amount of w” mapping reads are present in GFP::Dicer-2"" flies.

Again, the peak at 21nt indicates Dicer-2-dependent products.

2726 is able to produce

These sequencing data validate the hypothesis that GFP::Dicer-
w'® derived siRNAs but in a much lower quantity than GFP::Dicer-2"" flies. This number
of siRNAs is probably not sufficient to fully activate the RNAi pathway, hence an orange
color of the eyes. Likewise, GFP::Dicer-2°'* flies produce barely detectable amounts of
w'® siRNAs which explains their red eyes similar to dicer-2" flies. In conclusion, these
results validate the w"* RNAI efficiency readout and directly correlate the amount of w™
mapping 21nt long reads to the color of the eyes. However, the difference between the

two helicase point mutations impact on Dicer-2 processing of " hairpin cannot be

explained yet.

To try to understand where this difference in the amount of ™ derived siRNAs comes
from, we plotted the distribution of 21nt long reads mapping on the w™ sequence (

). The idea here is to check whether this difference in number of 21nt long mapping
reads reflects a global tendency across w sequence or if it is due to a region-specific

wT
2% data, we can

depletion of Dicer-2 products. First, when looking at GFP::Dicer-
observe a very peculiar pattern of distribution of the reads with highly covered regions
separated by gaps. 21nt long reads are mapping equally to both strands of the hairpin
with no apparent complementarity. This unexplained coverage pattern depicts the reason
why we still cannot understand the mechanism of action of Dicer-2 on #'* hairpin. Phasing
and offset analyses showed no siRNA signature regardless of the region analyzed.
However, absence of w™ coverage in dicer-2"" flies again indicates Dicer-2 dependency of
these reads. When looking at the results of other genotypes, we can see that the only
difference with the GFP::Dicer-2"" pattern lies in the amount of reads mapping at each

position. Indeed, no obvious depletion of sequence coverage can be detected in

GFP::Dicer-2"%°¢ or GFP::Dicer-2°°'? flies. This result suggests that the mechanism of
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Figure 37: GFP::Dicer-2"2*¢ flies have an intermediary phenotype regarding esi-l and esi-
2 loci.

A) Levels of esi-1 (left) and esi-2 (right) RNA precursors normalized to the house-keeping gene RP49
(n=2, biological triplicates, error bars represent standard deviation, all data were also normalized to
dicer-2"=<¢ control, statistical test: one-way ANOVA). B) Normalized size distribution of esi-| (left) and
esi-2 (right) mapping reads. All results from flies with similar genotype are gathered under the same
color. Each curve represents an individual library. Bottom plots are zooms of the upper plots.



action of Dicer-2 on the w’ hairpin might not be directly impacted by the mutations we

study but rather reflect a problem of substrate accessibility that could be due to its sensing.

GFP::Dicer-2**°¢ flies have an intermediary phenotype regarding the
endo-siRNA pathway

The w" hairpin RNA is similar to the endogenous structured loci that are precursors of
natural endo-siRNAs. That is why we decided to look at the production by all these flies
of endogenous endo-siRNAs. The two most represented locus in term of endo-siRNAs
generation are the esi-2 (hp-CG4068) and esi-/ (hp-CG18854) loci (Czech et al., 2008b;
Okamura et al., 2008b). Contrary to the w* transgene, no visual phenotype is associated
to the generation of siRNAs from these loci, but their presence can be directly detected
by northern blot or small RNA HTS. Of note, silencing of nus508 coding gene by hp-
CG4068-derived endo-siRNAs was reported. Thus, mus3508 transcripts level could have
been used as indirect measurement of the endo-siRNA pathway activity. However, as
previously experimented, we first tested for the processing of these endo-siRNA

precursors by simple RT-qPCR in the testes of flies (Marques et al., 2010b).

Importantly, with this experiment, we are detecting the level of non-cleaved RNA
precursors and not the level of Dicer-2 products ( ). Therefore, a high quantity
of esi-1 and esi-2 RNAs can be detected in dicer-2"" flies in comparison to flies expressing
a wild-type version of Dicer-2. A small decrease in est-2 precursor RNA can be observed
in GFP::Dicer-2"" flies in comparison to dicer-2““ flies. On the contrary, GFP::Dicer-
29%!% flies present a level of esi-2 and esi-I RNAs similar to the dicer-2"" flies, suggesting
the inability of this helicase mutant to process these bona fide substrates. GFP::Dicer-2"*°¢
flies also have a dicer-2" mutant level of esi-/ RNA. However, they present an

9F225C 15 less efficient at

intermediate level of es-2 RNAs. In conclusion, GFP::Dicer-
processing ¢si-2 and esi-I RNA precursors than GFP::Dicer-2"" but more efficient than
GFP::Dicer-2%'® at processing es-2 RNA. The difference of GFP::Dicer-2"°¢ flies
phenotype between esi-/ and esi-2 RNAs might reflect a different mode of action of Dicer-

2 on these apparently similar substrates.

As a complementary approach, we checked for the quantity of endo-siRNAs from these
two loci produced by each fly genotype. This information was given by the small RNA
HTS data and the size distribution of esi-2 and esi-/ mapping reads ( ). The

following observations could be made:
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e An important peak at 21nt is observed in GFP::Dicer-2"" flies for both es-/ and
esi-2 mapping reads. An additional 22nt peak of ¢s-2 mapping reads can also be
observed in these flies.

e Nearly no esi-2 or esi-I mapping reads could be observed in dicer-2"" and
GFP::Dicer-2°" flies.

e A small but detectable amount of these reads could be observed in GFP::Dicer-

2F225G

with a peak at 21-22nt.

Because they are absent in dicer-2"? flies, we can conclude that these endo-siRNAs are
Dicer-2 specific products as expected. We previously saw that GFP:Dicer-2"" flies
present a low level of es-2 and esi-/ RNA precursors ( ). This result directly
correlates with the high levels of corresponding endo-siRNAs. As expected, GFP::Dicer-
2% is much less efficient than GFP::Dicer-2"" at producing endo-siRNAs from these 2
loci. Finally, as foreseen with the previous experiment, GFP::Dicer-2°°'* flies presents
the same profile of reads distribution as dicer-2"" mutant flies suggesting its incapacity to

process these endo-siRINA precursors.

Still little is known about the exact Dicer-2 processing mechanism of these endo-siRNA
precursors. These long RNNAs contain repeats that are predicted to fold in hairpin
structures with undetermined extremities and generate phased small RNA duplexes
(Czech et al., 2008b; Okamura et al., 2008b). Interestingly, our results indicate a different
impact of the F225G and G31R helicase mutations on Dicer-2 processing of these RNAs.
Indeed, while GFP::Dicer-2°*'! is barely able to produce esi-/ or esi-2 derived siRNAs,
GFP::Dicer-2"%¢ is still able to process these substrates but to a lower extend than
GFP::Dicer-2"". Thus, in an attempt to understand where this difference in quantity of
reads could come from, we plotted the distribution of 21nt long reads on es-/ and es-2
sequences ( ). The same observation that was made for »”* mapping reads can
be made here: a peculiar pattern of reads distribution is conserved between GFP::Dicer-
2% and GFP::Dicer-2"" flies. The only difference lies in the number of reads mapping
at each position. GFP::Dicer-2°°'® flies, however, present a very low number of reads
which makes impossible the recognition of the distribution pattern. Thus, Dicer-2 mode
of action on es-/ and es-2 precursors does not seem to be impacted by the F225G
mutation. Again, the difference in amount of esi-/ and es-2 mapping reads could come

from a problem of accessibility of Dicer-2 to its substrate.
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We wanted to check whether this observation was only true for esi-2 and es-/ derived
endo-siRNAs only or if it reflects a global trend of the endo-siRNA pathway. Thus, we
looked at the size distribution of reads mapping on any endo-siRNA source,
encompassing structured loci, cis-NATS and transposable elements (Ghildiyal et al.,
2008; Okamura et al., 2008b) ( ). The same observations as the ones made for
¢si-2 and esi-1 loci can be made: (1) a huge peak at 21-22nt in GFP::Dicer-2"" flies, (2) a
smaller peak at 21-22nt in GFP::Dicer-2"%C flies and (3) no peak at 21-22nt in dicer-2""
and GFP::Dicer-2°°'" flies. In conclusion, generation of the 21-22nt endo-siRNAs is
Dicer-2-dependent, is strongly impacted (but still present) by the F225G mutation and is
abolished by the G31R mutation. Of note, it could be interesting to individually study the
different sources of endogenous siRNAs as they are not predicted to present the same

characteristics, notably the same extremities.

It has to be noted that some of these endo-siRINA loci, especially transposable elements,
are also targeted and controlled by the piRNA pathway in the gonads (germline and
somatic support cells) of drosophila (Handler et al., 2013; Senti and Brennecke, 2010).
This explains the broad peak at 24-30nt when looking at the size distribution of all endo-
siRNA loci mapping reads ( ). This peak is quite homogenous between all

libraries and is Dicer-2-independent.

Dicer-2f?25G

is less efficient at binding its cofactor Loqs-PD

All these results taken together led us to wonder about the implication of Logs-PD in the
GFP::Dicer-2"*¢ phenotype. Indeed, GFP::Dicer-2"*°¢ flies present the same orange
eye phenotype and the same accumulation of est-2 and esi-/ precursors as logs null mutant
flies (Marques et al., 2010b). Moreover, Logs-PD is a known cofactor of Dicer-2, which
enhances its production of siRNAs from synthetic dsSRNAs with blunt or suboptimal
extremities (1.e 5" overhang) and from endogenously encoded dsRNAs (Marques et al.,
2010b; Miyoshi et al., 2010; Sinha et al., 2015; Trettin et al., 2017; Zhou et al., 2009).
Finally, interaction of Logs-PD C-terminal domain to Dicer-2 was previously mapped to
its helicase domain (Hartig and Férstemann, 2011; Miyoshi et al., 2010). Thus, mutation

of this phenylalanine 225 in the helicase domain of Dicer-2 could interfere with its

interaction with Logs-PD.

We first took advantage of an in-house interactome of Dicer-2 in adult flies to see whether

we could detect this interaction @ v¢ivo. This interactome is based on immuno-
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222156 respectively.



precipitations of GFP-tagged Dicer-2 followed by mass spectrometry. While R2D2
always appears to be the #1 interactant of Dicer-2, Logs-PD could never be found as an
interactant (18 independent samples). This result is intriguing but could be explained by
the fact that interaction between Logs-PD and Dicer-2 might be very transient, occurring
at specific stages of development or in specific tissues. Direct proofs of Logs-PD
interaction come from pull-downs of overexpressed and tagged Loqs-PD (Hartig and
Férstemann, 2011). In such an experimental setup, a hypothetically transient interaction
between Dicer-2 and Logs-PD would be easier to catch. That is why we decided to test

2F225G

the interaction between Dicer- and Logs-PD i vitro. This experiment was done by

the team of Pr. Brenda Bass already presented in Chapter 11.

Briefly, different variants of Dicer-2 (WT, G31R or F225G) were produced, purified and
incubated with purified His-Logs-PD. Interaction between the two proteins was checked
by performing His pulldown and SDS PAGE gel stained with Coomassie ( ).
From this experiment it appears that (1) the F225G mutation dramatically decreases the
interaction between Dicer-2 and Logs-PD and (2) the G31R mutation only has a weak
but significant effect on this interaction. These results have to be tempered by the fact
that Dicer-2"*°¢ and Dicer-2°*'* purifications were not as clear as the Dicer-2"" one.
Indeed, products of intermediate size can be seen in the input of both these conditions
and could interfere with Logs-PD interaction. In conclusion, even though we only have
indirect proof of it cn vive, these last in vitro data support our hypothesis stating that Dicer-
2% s not or less able to bind Logs-PD. This lack of interaction may cause a less efficient

processing of endogenous dsRNAs and explain the endo-siRNA related phenotypes

observed in flies.

2FZZSG

Dicer- and Dicer-2°*'?" process blunt dsRNA differently from

GFP::Dicer-2"T

Before going in a further 2 vivo characterization of the flies, we took advantage of having
the three variants of Dicer-2 purified to perform a single turnover cleavage assay. With
this experiment, we wanted to see if, beside their different interaction strength with Logs-
PD, Dicer-2°'® and Dicer-2""° on their own would process different dsRNA substrates
similarly. Basically, 562 nucleotides long dsRNAs bearing blunt or 2nt 3’ overhang
extremities were incubated with the three Dicer-2 variants in the presence or absence of
ATP ( ). This experiment was done by the team of Pr. Brenda Bass according
to the protocol of Sinha et al., 2018.
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To begin with, 52nt blunt dsRINA cannot be processed into siRNAs by any of the three
variants of Dicer-2 when no ATP is added into the reaction. This result is in accordance
with previously published data using Dicer-2"" (Sinha et al., 2015; Welker et al., 2011).
Then, 3’ overhang dsRNA is identically processed in a single siRNA band by the three
variants of Dicer-2 in an ATP-independent manner. Dicer-2"", in presence of ATP,
processes blunt and 3’ overhang dsRNA but produces different cleavage patterns. Indeed,
while a single siRNA band is observed with the 3’overhang dsRNA substrate, a multitude
of shorter and longer products can be observed in addition to the siRNA band when
Dicer-2"" is incubated with the blunt dsRNA. This result, once again, fits with the
previously proposed model of differential Dicer-2 mode of action depending on the
substrate extremity (Sinha et al., 2018). In this model, blunt dsSRNA molecules are
threaded through the helicase domain in an ATP-dependent manner which can result in
different sizes of cleavage products. On the contrary, 3" overhang dsRNAs are bound by
the PAZ-platform domain and get precisely cut when approaching the RNAselIl domains

of Dicer-2. This could explain why both helicase mutations have no impact on the

2G31R 2F225G

processing of 3’ overhang dsRINA substrate. Finally, both Dicer- and Dicer-
are unable to process blunt dsRNA. Therefore, G31R and F225G mutations of the
helicase domain have no impact on the processing of 3’ overhang dsRNA but inhibit

cleavage of blunt dsRINA. Further ¢z vitro characterization of Dicer-2 variants interaction

with their substrates should be done and will be discussed later.

In conclusion, study of the F225G and G31R mutations of Dicer-2 helicase revealed that
they have a different impact on Dicer-2 substrate processivity iz vivo. Indeed, while both
variants of Dicer-2 are impaired for the production of endo-siRNAs from diverse source,

2F225G

it appears that GFP::Dicer- still retains the ability to dice those substrates but in a
much less efficient way than GFP::Dicer-2V". In the case of Dicer-2"%*¢, this decrease in
quantity of endo-siRNAs may be linked to a less efficient binding of its cofactor Logs-

G31R

PD. However, interaction of Dicer-2 with the same cofactor was only mildly affected.

In addition, purified Dicer-2"%°¢ and Dicer-2°°'® behave similarly on synthetic dsRINAs
p Y Y
in vitro. Thus, differences in phenotypes between GFP::Dicer-2"*¢ and GFP::Dicer-2%°'%

flies remains unexplained but hypotheses will be discussed later.
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Il. Impact of two Dicer-2 helicase mutations on the

antiviral siRNA pathway

Interestingly and in a way that we still do not understand, the antiviral siRNA pathway
is independent of Logs-PD (Marques et al., 2013). Thus, a lack of interaction between
Dicer-2 and Logs-PD should not impact the flies” defense against viruses. However, the
F225G mutation was identified by comparison with the RIG-1 CTD, which is responsible
for the sensing of dsRNA extremities (Luo et al., 2011; Sinha et al., 2018). One could
imagine that such a mutation would impair the Dicer-2 helicase-mediated sensing of viral

dsRNA. Therefore, antiviral activity of GFP::Dicer-2"*¢ flies was investigated.

GFP::Dicer-2"2*°¢ efficiently activates the antiviral response of infected
flies against DCV and VSV

Impact of the F225G mutation of Dicer-2 on the antiviral RNAi pathway was first
investigated by performing injections of viruses in adult flies and monitoring of viral loads.
We used flies from the previously described genotypes injected with either DCV or VSV.
As explained in Chapter I, DCV is a dicistrovirus with a positive ssRNA genome while
VSV belongs to the Rhabdoviridae family and has a negative ssRNA genome. It has been
decided to use those two viruses because of their difference in term of transcription and
replication strategies. Indeed, DCV produces a single long RNA encompassing both of
its ORFs and the required structures for its translation (IRES and IGR). The viral
dsRINA intermediate of replication is thought to have blunt extremities with a 5’-linked
VPg at both extremities. On the contrary, VSV transcribes its genome into several
mRNAs that are all independently capped and polyadenylated. Replication is primed by
5" triphosphate leader and trailer RNAs and probably give rise to dsRINA intermediates
with 5’ triphosphate blunt dsRNA. Thus, studying these two very different viruses might
highlight common and unique features of the corresponding antiviral response and Dicer-

2 sensing.

To begin with, the viral load of DCV or VSV injected flies was checked at different time
point of the infection by RT-qPCR. For DCV, 500PFU were injected in each fly and their
viral load was checked after 2 or 3 days of infection ( ). For VSV,
5000PFU were injected in each fly and their viral load was checked after 3 or 5 days of
infection ( ). This difference in parameters used is due to the fact that

VSV is not a natural drosophila pathogen and thus, is less efficient at replicating in flies
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than the drosophila specific virus DCV. Moreover, VSV does not encode for a viral

suppressor of RNAi (VSR) which makes it more sensitive to the antiviral RNAi.

First, no significant difference could be identified between viral loads of DCV or VSV
infected GFP::Dicer-2"" and dicer-2* flies. This explains why all comparisons will be
made with GFP::Dicer-2"" flies as a point of reference. Then, one can notice an increase
in viral load between VSV d3 and d5 pi regardless of the flies’ genotype, which suggests
an ongoing productive viral infection. This increase is not observed in DCV infected flies

and shows that some flies already reached a plateau of infection 2d pi.

In VSV infected flies and for both time points, a significantly higher viral load is detected
in dicer-2"" and GFP:Dicer-2°°'" flies in comparison to GFP:Dicer-2"". This result
emphasizes the already known importance of Dicer-2 and its helicase domain in the
antiviral response of drosophila (Deddouche et al., 2008; Marques et al., 2013; Mueller
et al., 2010; Sabin et al., 2013). Interestingly, the F225G mutation, like the G31R one, is
located in the helicase domain of Dicer-2 but does not seem to have a significant impact
on VSV or DCV viral load. As explained in the introduction, this mutation has been
predicted to inhibit binding of Dicer-2 to blunt dsRNA and to have no effect on
3’overhang dsRNA substrate processing (Sinha et al., 2018). The same study proposes
that substrates can either be bound through the helicase domain or through the PAZ-
platform domain depending on the dsRNA extremity. Thus, the difference between
GFP::Dicer-2%¢ and GFP::Dicer-2°'® phenotypes could come from a divergent mode
of action on the viral dsRNA intermediate of replication that would ultimately result in a

difference in amount of virus derived siRINAs.

In order to check for the production of viral siRNAs, we once again looked at the small
RNA HTS data obtained from DCV (3d pi) or VSV (5d pi) infected flies. In the case of
DCV infected flies, we can see that GFP::Dicer-2"*° produces a wild-type number of
21nt long mapping reads ( & Chapter I — ). On the contrary, as
explained in Chapter I, GFP::Dicer-2°°'* flies present a number of 21nt long DCV
mapping reads really low when considering degradation products curve. Thus, the viral
load data directly correlate with the amount of virus derived 21nt long reads generated

by each Dicer-2 variant.
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In the case of VSV infected flies, size distribution of virus mapping reads ( )

revealed that:

o Jicer-2"" and GFP::Dicer-2°'" flies present a significant number of VSV reads
longer or shorter than 21nt. These products present a similar signature to the
degradation products identified in DCV infected flies and are Dicer-2-
independent. They once again highlight the fact that in addition to the very
efficient Dicer-2-mediated antiviral RNAi pathway, viral RNAs can be targeted
by host degradation pathways.

e  GFP:Dicer-2"" flies have a low number of VSV mapping reads but only present
a peak at 21nt and no apparent degradation products. This low number of reads
was already previously observed and could be explained by the fact that Dicer-
2V expressing flies are able to mount an efficient antiviral response, decreasing
the number of Dicer-2 targets (Mueller et al., 2010).

¢ In addition to the degradation product signature, GFP::Dicer-2°°'® flies present a
peak at 2Int. Thus, the total number of 2Int long reads is composed of
GFP::Dicer-2°"® products but also of the abundant degradation products. That is
why it is hard to compare the Dicer-2 specific products between GFP::Dicer-2""
and GFP::Dicer-2°' flies.

e  GFP::Dicer-2"*¢ have mostly 21nt long VSV mapping reads and a few shorter or

longer reads. From this plots, it even appears that these flies produce more VSV
derived siRNAs than GFP::Dicer-2"" flies.

In conclusion, the observed viral load differences for both viruses are directly correlated
with the amount of virus derived siRNAs that can be identified by small RNA HTS.
GFP::Dicer-2°'® flies produce less virus derived siRNAs than GFP:Dicer-2"" flies,
hence their higher susceptibility to VSV. The same conclusion can be drawn from DCV
data even though viral load results are less clear (reached plateau of infection). On the
contrary, GFP::Dicer-2"¢ flies behave as GFP::Dicer-2"" flies regarding viral load and
amount of virus derived siRNAs. Therefore, these two mutations located in the helicase
domain of Dicer-2 do not impact its function in a similar manner. Hypotheses regarding

the mechanisms at play behind these mutations will be discussed later.

No peculiar distribution of the virus derived reads could be observed when looking at the

libraries constructed with VSV infected samples (data not shown). This is why these
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Figure 42: GFP::Dicer-2F?%°¢ has a precise entry point on viral dsRNA in the 5’
region of DCV corresponding to the domain I.

A) Frame enrichment calculated individually for DCV genome and antigenome mapping 2Int
long reads. B) Cumulative frequency of DCV coverage by independent frames. C) Normalized
DCV coverage by 2Int long reads in frame 4/2. D) Normalized number of the specific 19nt
long read mapping at position 25-43 on the antigenome of DCV. Error bars represent the
standard deviation between the two libraries.






results will mostly be kept for the discussion. However, because of the apparent similarity
of the antiviral response of GFP::Dicer-2"" and GFP::Dicer-2"* flies, we decided to
investigate whether the same entry point of Dicer-2 on DCV dsRNA could be identified
in GFP::Dicer-2"%¢ flies.

GFP::Dicer-22*° has a precise entry point on viral dsRNA in the 5’ region
of DCV

The same procedure as the one explained in Chapter I was followed to analyze the small
RNA HTS data of DCV infected GFP::Dicer-2"* flies. Plots can directly be compared

with the ones presented in Chapter I as the same scale was always used.

Once again, distribution of all the 21nt long reads on DCV sequence shows no specific
region enrichment in GFP:Dicer-27%¢ flies ( ). Phasing and offset
analyses reveal a strong siRNA signature in the very 5’ of DCV sequence that quickly
disappears the further we go from the genomic 5" extremity ( ). Then,
study of the frame enrichment of 21nt long reads revealed that frame 4/2 and subsequent
frames 5/3 and 6/4 are enriched in the 5’ region of DCV roughly corresponding to the
domain I ( ). Finally, an identical distribution of frame 4/2 reads in this
region as well as the presence of the very peculiar 19nt long read at position 25-45 makes
the GFP::Dicer-2"°° phenotype identical to the GFP::Dicer-2"" one ( ).
In conclusion, the same specific entry point on DCV domain I dsRNA can be identified
in GFP::Dicer-2"", GFP::Dicer-2°°'" and GFP::Dicer-2"°° flies. Thus, the difference in
subsequent antiviral RNAi pathway activation porbably lies in the number of following
siRNAs generated and loaded on Ago2.

93






Conclusions — Discussions — Perspectives

The helicase domain of drosophila Dicer-2 was previously proposed to have several

central roles in its mechanism both iz vitro and in vivo:

e Interaction with Logs-PD and R2D2 cofactors (Hartig and Férstemann, 2011;
Miyoshi et al., 2010; Nishida et al., 2013; Trettin et al., 2017). It is not clear yet
whether these proteins compete for binding to Dicer-2 but interaction between
Logs-PD and Dicer-2 was only detected by performing immunoprecipitation of
overexpressed and tagged Logs-PD while R2D2 is always found as #1 interactant
in mass spectrometry analyzes (in-house Dicer-2 interactome).

¢ Binding and hydrolysis of ATP that could fuel unwinding activity of dsRNA
substrate and/or Dicer-2 conformational change (Sinha et al., 2015, 2018; Welker
et al,, 2011).

¢ Sensing and threading of blunt dsRNA substrate. These roles of Dicer-2 helicase
were suggested since a while but direct evidences of it were just recently obtained

by using cryo-electron microscopy (Sinha et al., 2018).

Of note, human Dicer was previously shown to be more efficient at substrate processing
n vitro when depleted from its helicase domain suggesting an autoinhibition role of this
domain on Dicer activity (Ma et al., 2008). Thus, in this case, Dicer helicase is not

responsible for the sensing of its substrate.

The work conducted in this chapter is the fruit of a close collaboration with the team of
Pr. Brenda Bass and aimed at better characterizing Dicer-2 helicase role in its endogenous
and antiviral functions. To do so, we combined the iz vivo study of transgenic flies
expressing different Dicer-2 variants with i vitro experiments conducted with
recombinant Dicer-2 proteins. Two point mutations of the helicase domain were used for

this study:
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e Dicer-29'"® was shown to be unable to bind ATP, to strongly decrease siRNA
production but to retain its ability to transfer siRNAs to Ago2 (Cenik et al., 2011;
Férstemann et al., 2007; Fukunaga et al., 2014; Lee et al., 2004).

2% is still able to process 2nt 3" overhang dsRNA but cannot dice blunt

e Dicer-
dsRNA either because of an impaired sensing activity or because of a strong

conformational change in the helicase domain (Sinha et al., 2018).

The results obtained in this chapter as well as the hypotheses I will discuss can be summed
up in the following table and figure (with i vivo: Null = dicer-2; WT = GFP::Dicer-2"";
G31R = GFP::Dicer-2°°'%; F225G = GFP:Dicer-2"*°° and in vitro: WT = Dicer-2"";
G31R = Dicer-29"%; F225G = Dicer-2"*°):

Null WT G31R F225G Dicer-2 variant
» 2 - dicer-2 mRNA
é’ s - Dicer-2 protein
S RED WHITE RED DRA Color of the eye
- WIR derived siRNAs
‘zt > - esi-1 RNA precursor
%—‘, E - esi-2 RNA precursor
8w - - esi-1 derived siRNAs
s - - esi-2 derived siRNAs
- - All endo siRNAs
DCV viral load
o §‘ VSV viral load
.E £ - viral derived siRNAs
8 Precise entry of Dicer-2 in
<2l NA YES YES YES ooy dommi |
N/A Interaction with Logs-PD
o g’ N/A - - - BLT dsRNA (-) ATP
S § N/A 3'overhang dsRNA (-) ATP
£ N/A : - - BLT dsRNA (+) ATP
N/A 3'overhang dsRNA (+) ATP
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a. How to explain the lack of differences between Dicer-2%*'* and

2 F225G

Dicer- processing in vitro?

1R F22
2G3 2 5G

By performing in vitro cleavage assays, Dicer- and Dicer- revealed themselves
to behave identically regardless of the substrate provided. However, as previously stated,
both mutations are not supposed to have similar impact on Dicer-2 functions. Using the
current model of Dicer-2 action depending on dsRNA substrate extremities (Sinha et al.,

2018), the following hypotheses could be made:
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® Processing of 2nt 3’ overhang is not impaired and remains ATP-independent in
Dicer-2%°'® and Dicer-2"%¢ as Dicer-2 helicase domain is not implicated in the
processing of such a substrate.

e It wasshown that the F225G mutation in Dicer-2 helicase inhibits binding of blunt
dsRNA substrate. This would explain why such a substrate is not processed by
Dicer-2"°,

e On the other hand, Dicer-2°*'* should still be able to bind blunt dsRNA. The
explanation for the lack of processivity of this substrate could be due to the
impaired ATP binding and hydrolysis that should fuel the dsRNA threading
through the helicase domain. Thus, a blunt dsSRNA would remain stuck in the

2G31R

helicase domain of Dicer- and could not be processed. /1 vitro binding assays

of Dicer-2°°'" to blunt dsRNA should be done to confirm this hypothesis.

b. What is the role of Logs-PD?

One puzzling observation lies in the differences of endo siRNA and antiviral RNAi
pathways activities detected between Dicer-2°*'® and Dicer-2"%¢ in vivo. Dicer-2"*°¢
behaves as Dicer-2"" regarding the antiviral RNAi pathway but shows a diminished endo
siRNA pathway activity. On the other hand, both roles of Dicer-2 are severely impaired
upon G31R mutation. One crucial determinant of these differences could be the
interaction between Dicer-2 and Logs-PD. Indeed, in vitro, Dicer-29°"® is still able to bind
Logs-PD while this interaction is strongly diminished with Dicer-2"*¢ variant. In

addition, data obtained in GFP::Dicer-2"* flies recapitulate the phenotypes previously
observed in logs™” flies (Marques et al., 2010b).

Taking into account the literature and the recently obtained data, a role for Logs-PD in
the sorting of dsRNA substrates of Dicer-2 could be proposed. A similar role for the
TRBP cofactor of human Dicer was already shown. In this case, TRBP acts as a
gatekeeper for hDicer, inhibiting the targeting of cellular RNAs other than pre-miRNAs
(Fareh et al., 2016). Furthermore, drosophila R2D2 was shown to inhibit Dicer-2
processing of Dicer-1 pre-miRNA targets (Cenik et al., 2011). Thus, Logs-PD could be
able to discriminate endogenous sources of siRNAs from other cellular RNAs and viral
intermediates of replication and present them to Dicer-2 helicase domain. One suggestion
that could be made to explain the very transient interaction between Logs-PD and Dicer-

2 would be that Logs-PD primary binding is not with Dicer-2 but with the endogenous
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dsRINA. Once bound to the dsRNA target, Logs-PD would traffic up to Dicer-2 and
quickly interact with its helicase domain to transfer its load. In this model, Logs-PD is
not stably associated with Dicer-2, which could explain why their interaction was not
detected in vivo. However, we still cannot understand how Logs-PD could recognize its
targets: through their extremities, secondary structures or maybe post-transcriptional
modifications? Of note, in vitro Logs-PD was shown to enhance Dicer-2 processivity of
blunt dsRINA substrates suggesting that endogenous targets may be recognized as blunt
substrates and threaded through the helicase (Trettin et al., 2017). In order to check this
model, it could be interesting to investigate Logs-PD RINA interaction by performing
Logs-PD immunoprecipitations followed by northern blot on endo siRNA precursors
such as ¢si-1 and esi-2. This experiment, if performed in dicer-2"" or GFP::Dicer-2"* flies
should yield a majority of full length precursors in comparison to GFP::Dicer-2"" flies.
Alternatively, the recent advances in single-molecule fluorescence could be used to check

for the binding constants of Dicer-2 — Logs-PD and endo siRNA precursors — Logs-PD.

2G3 IR 2F225G

c. How can | reconciliate Dicer- and Dicer- phenotypes

with the model?

Dicer-2f?25¢

27%°¢ the answer is quite straight-forward: the processing of viral

In the case of Dicer-
dsRNA intermediates does not require the action of Loqs-PD (Marques et al., 2013),
which explains why the Dicer-2 — Logs-PD disrupting mutation F225G has no effect on
viral load or virus derived siRNAs amount. Interestingly, this model coupled to the similar
sequencing data obtained in DCV infected Dicer-2"" and Dicer-2"*°¢ flies suggests that
recognition of viral dsSRNA could be done not by the helicase domain but by the PAZ-
platform domain. This hypothesis goes against the inherent model stating that a processive
action of Dicer-2 is responsible for the generation of a high number of virus-derived
siRNAs and favors a distributive mode of action of Dicer-2 on its viral dsRNA substrate.
In order to investigate this, we are currently generating flies expressing a Dicer-2 variant
mutated in its phosphate binding pocket of the PAZ domain (Dicer-2"", Kandasamy and
Fukunaga, 2016). This mutant was shown to have an impaired processivity of 2nt 3’
overhang dsRNA but retains a wild-type processivity of blunt dsSRNA (Sinha et al., 2018).
If our hypotheses are true, Dicer-2"" expressing flies should present a higher viral load, a

reduced survival rate and a reduced number of virus derived siRNAs in comparison to

Dicer-2%" or Dicer-27%¢ flies.
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When looking at the endo siRNA pathway, Dicer-2 was shown to process its targets with
the help of Logs-PD (Marques et al., 2013; Miyoshi et al., 2010). Thus, if Logs-PD works
as a “target delivery cofactor” for Dicer-2, the absence of interaction between these two
proteins would result (as observed in Dicer-2"*¢ flies) in a diminished number of endo
siRNAs. The sequencing of Logs-PD bound RNAs previously proposed could show
whether it is able to bind endo siRINA precursors independently of its interaction with
Dicer-2. Though, it is not clear how Dicer-2"*¢ would still be able to produce a
detectable amount of endo siRNAs. We cannot exclude the fact that it could still be able
to encounter an endogenous dsRNA target by chance and process it using its PAZ-
platform domain as sensor. Alternatively, i vitro binding assays revealed a strongly
impaired but not abolished binding of Logs-PD to Dicer-2"*°. Thus, the remaining

interacting proteins could still deliver a reduced number of endogenous targets to Dicer-

2.

Dicer-263'R

Dicer-2%°'* is still able to bind to Logs-PD, which should enable its processing of
endogenous targets. However, in our model, Logs-PD will bring the endogenous targets
of Dicer-2 to a helicase domain unable to hydrolyze ATP and to thread the dsRNA
substrate. This will result in a stalled Dicer-2%°'® and probably in a conformational change
of the helicase domain. Such a protein could still be able to bind viral or endogenous
dsRNA using its PAZ-platform domain, but a steric obstruction effect of the helicase
domain would inhibit the subsequent dicing mediated by the RNAse III domains. One
way to test this hypothesis would be to perform binding and dicing assay where the
different Dicer-2 variants would have first been incubated with blunt dsRNA followed
by a second incubation with 2nt 3" overhang dsRNA. As previously mentioned, a Dicer-
2" should also be used in these experiments to discriminate helicase mediated binding

from PAZ-platform one.
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d. What did we learn about viral RNA sensing?

This study did not allow the deciphering of the exact mechanism by which Dicer-2 senses
viral RNAs. The predominant model, based on RIG-1 mechanism and in vitro data,
proposes that Dicer-2 senses and discriminate the extremities of dsSRNNA molecules. Thus,
it was suggested that a similar mechanism must be at play 2 vivo. The major limitation I
encountered during my Ph.D was the lack of information regarding the extremities of the
viruses | studied. By using two different viruses (DCV and VSV) with expected different

extremities (VPg and 5 PPP respectively), we expected to see genotype-related
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differences in the sequencing data that could reflect distinct recognition mode of Dicer-2.
However, virus derived siRNAs were efficiently produced upon DCV and VSV infection
in Dicer-2"" and Dicer-2"*¢ conditions. This result suggests that the viral extremities
might not be the primary targets of Dicer-2 i vcvo and that the helicase domain might not

be the virus sensing domain of Dicer-2.

In order to investigate Dicer-2 sensing domain and entry point on its bona fide targets, a
CLIP-seq approach should be developed. The perspective of this experiment is the reason
why all complemented flies are expressing a GFP N-terminally fused to Dicer-2. Indeed,
available Dicer-2 antibodies are not specific enough to be used for this method. In
addition, flies expressing RNAselll mutants’ variants of Dicer-2 were already generated

in the lab in order to stall Dicer-2 on its entry point and make its identification easier.

As a personal side note, not having the time to start this project during my Ph.D might be
my biggest regret as | am sure that it will bring a lot of answers but also, maybe, many

more questions.
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Concluding remarks

All the conclusions regarding the results obtained during my Ph.D were already presented
in the corresponding chapters. Still, the following points can be considered as a take home

message from this manuscript:

e Small RNA HTS of DCV and CrPV infected cells and flies highlighted an early,
precise and ATP-independent entry of Dicer-2 on the viral dsRNA corresponding
to the domain I of dicistroviruses.

e /nvitro study of DCV domain I allowed the modeling of its 2D structure and the
characterization of its sensitivity to host endonucleolytic cleavage.

e A RNAi-based screen in S2 cells identified 20 candidate genes presenting an
impact on DCV viral load upon knock-down that are currently being validated.

® The in vivo study of two different helicase point mutations of Dicer-2 allowed me

to refine the previously proposed model of Dicer-2 mechanism.

The small RNA sequencing data I obtained still need to be further investigated and
coupled with other methods mentioned in the discussions in order to check for validity of

our proposed hypotheses.

At the time I am writing this, important questions remain unanswered: (1) What are all
the drosophila Dicer-2 targets in vivo and are they all processed in siRNAs? (2) What are
the exact characteristics of these targets and how are they discriminated between
endogenous siRNA precursors, viral intermediates of replication and other cellular

RNAs? (3) What is the role of Logs-PD in this sorting mechanism? (4) Where is the

entry point of Dicer-2 on its substrates 2 vivo?

Finally, the work presented in this manuscript was highly multidisciplinary and required
the individual expertise of many different teams and people. Thus, I am more than ever
convinced that the answers to all these questions can only arise from strong collaborations

between i vitro and in vivo people, molecular biologists, virologists, bioinformaticians...
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Materials & Methods

Small RNA High Throughput Sequencing

a. Preparation of RNA samples
For S2 cells’ small RNA HTS

Schneider 2 (82) cells were grown in Schneider medium (Biowest) complemented with 10% heat
inactivated fetal bovine serum, 2mM glutamax, 100U/mL penicillin and 100pg/mL streptomycin (Life

technologies). The cells are regularly passed twice a week at a % dilution.

First, 250pl of 2.10°cells/ml (5.10° cells) are seeded in 24 flat wells plates. After 30min, plates are put on ice
and in the cold room for 30min. Medium is then removed from the wells and 250pl of cold infective solution
(DCV or CrPV virus stock diluted to the appropriate MOI in complemented medium) are dispensed. The
MOIs used for this screen are of 10 for DCV and 0,05 for CrPV. Cells are kept on ice for 1h with gentle
shaking every 5min before the infective solution is removed. Cells are then washed with 500pl of cold PBS
and 500p! of complemented medium are dispensed in the wells. Incubation is carried on in the incubator
for 0, 3, 6 or 12h. Cells are harvested at the appropriate time points and spun down in RNAse-free
Eppendorf tubes. The complemented medium is then removed and replaced by 300ul of RNAse-free
TRIZOL (Ambion). The tubes are then vortexed and frozen at -20°C overnight. Tubes are defrozen on ice
and vortexed after addition of 60pl of RNAse-free chloroform. After a 5min rest at room temperature (RT),
tubes are spun 15min at 12.500rpm (4°C). Upper aqueous phase is transferred to another tube containing
300p! of RNAse-free isopropanol (99%). Tubes are vortexed, let to rest 10min at RT and spun for 10min
at 12.500rpm (4°C). The RNA pellet is washed two times with 500pl of RNAse-free ethanol (70%), let dry
at RT and resuspended in 10pl of nuclease free water. RNA concentration was determined by nanodrop.

This experimental was done in biological duplicates.

For flies’ small RNA HTS

Flies of the different genotypes were obtained by crossing and collected as F1 at 0-3d old. After 3 additional
days on fresh food (flies are then 3-6d old), 4,6nl of either TRIS (10mM, pH7,5), DCV (500PFU) or VSV
(5000PFU) solutions are injected by intrathoracic injection (Nanoject II apparatus; Drummond Scientific).
Flies are then kept for 3 (TRIS and DCV condition) to 5 (VSV condition) days at 25°C. For each RNA
sample, 6 flies (3 males and 3 females) are collected and frozen at -80°C overnight in a Precellys tube with
ceramic beads. 600pl of RNAse-free TRIZOL (Ambion) are added to the tube and flies are crushed using
a Precellys shaking apparatus. Then, 120pl of RNAse-free chloroform are added to the tubes followed by
extensive vortexing. The same steps of RNA precipitation, washing and resuspension as for the cells was

then followed.

DCYV, CrPV and VSV virus stocks were produced as described in (Kemp et al., 2013).
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Checking for quality of extracted RNAs
Samples were run in a Bioanalyzer with an RNA 6000 Nano chip (Agilent) according to manufacturer’s
instructions. Analysis of the profiles of all samples presented no RNA degradation and the classical dual

peaks corresponding to 18S and cleaved 28S ribosomal RNAs.
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Representative examples of electropherograms on cells’ (left) or flies” (right) RNAs used for the preparation
of small RNA libraries.

b. Checking for viral loads and copy number in RNA samples
For S2 cells’ small RNA HTS

Strand-specific reverse transcription was done on lpg of RNA using iScript Reverse Transcription
Supermix (Bio-Rad) with custom Tag containing primers. A (-) reverse transcriptase condition was added

to check for aspecific signal amplification. Quantitative PCR was done using the SYBR Green master mix

(Bio-Rad). The qPCR cycling conditions were as followed: 98°C — 15s // (95°C - 2s / 60°C — 30s) X 35.

For flies’ small RNA HTS
Reverse transcription of 1pg of RNA was done using the iScript gDNA Clear cDNA synthesis kit (Bio-

Rad) according to manufacturer’s instructions. Quantitative PCR was done identically to the one done for

S2 cells’ RNA samples.

c. Preparation of small RNA libraries

The NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB) was used to prepare libraries
with modifications brought to manufacturer’s instructions: (1) 500ng of extracted RNA was used as starting
point, (2) all reactions volume were divided by 1.5, (3) custom RNA adaptors were used for individual
libraries instead of the normal 5’SR Adaptor, (4) for the small RNA sequencing performed in flies, an
additional 28 blocking primer was added to the step of hybridization of RT primers. Size selection after
final PCR amplification was done on a 6% non-denaturing acrylamide gel. Elution of the products from the
gel was done in 500p] of 300mM NaCl solution overnight at 4°C. Filtration on Costar tubes (Merck) was
followed by precipitation in 1,56ml of ethanol (100%) with 10pg of glycogen (ThermoFisher) per sample for
4h at -20°C. Tubes are spun for 20min — 12.500rpm (4°C) and pellets are washed with 500pl ethanol (70%).
The pellets are resuspended in nuclease free water and concentrations are measured using a Qubit
(ThermoFisher). Finally, 1pl are run in a Bioanalyzer with DNA 1000 chip (Agilent) to ensure quality of

libraries.
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Representative examples of electropherograms on cells” (left) or flies’ (right) libraries. All the prepared
libraries were sent for Illumina sequencing at the GenomEast sequencing platform from the IGBMC

(Strasbourg).

d. Bioinformatic

Trimming and second demultiplexing

Reads were first trimmed off the 2S ribosomal RNA and adaptor sequences by using trimmomatic-0.36

(http://www.usadellab.org/cms/?page=trimmomatic) with the following parameters: ILLUMINACLIP:
2:20:7 MINLEN: 15. In order to remove the reads coming from sample bleeding, a second demultiplexing
step was added. This is made possible by the usage of library-specific 5" adaptors during the reverse
transcription step. Thus, each reads from a specific library starts with a distinct 4nt label followed by 2
random nucleotides (6nt internal label). The second demultiplexing was performed by using the 4nt
sequence as a grep pattern and the internal labels were trimmed using the same trimmomatic-0.36 tool

(HEADCROP: 6).

Alignments

The alignment of the reads was done using bowtie 1.2.2 (http://bowtie-bio.sourceforge.net/manual.shtml)

with the following parameters: -v= 1 --best --no-unal. The reference genomes used for the

alignments are the following ones:

DCV NC _001834.1
CrPV NC _003924.1
VSV EU849003.1
esil FBgn0285991
esi2 FBgn0285992
wiR Exon 3 of FBgn0003996

Custom files for miRNA hairpins and endo siRNA sources were created by gathering all known sources of

these small interfering RNAs. These files were provided by the team of Dr. Jodo Marques.
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Normalization of the libraries

We decided to use a miRNA-based normalization method inside each sequencing lane. The mean of 21-
23nt long reads mapping drosophila miRNA hairpins was calculated taking into account all the libraries in
the sequencing lane. Individual normalization factors were obtained by dividing the number of 21-23nt long
miRNAs in each library by this value. Therefore, a “normalized” legend on the small RNA sequencing

graphics refers to a number of reads that has been divided by the library specific normalization factor

Data handling

Reads were sorted according to size and frames using an in-house shell script. All plots were first created
using custom R scripts and then esthetically modified using Affinity Designer. All R packages used during
my Ph.D: BiocGenerics (0.26.0), Biostrings (2.48.0), car (3.0-2), datasets (3.5.1), dplyr (0.7.7), emmeans
(1.3.4), fmsb (0.6.3), GenomelnfoDb (1.16.0), GenomicRanges (1.32.7), ggplot2 (3.1.0), gplots (3.0.1.1),
graphics (3.6.1), grDevices (3.5.1), gsubfn (0.7), iRanges (2.14.12), Ime4 (1.1-21), Matrix (1.2-14),
methods (3.5.1), parallel (3.5.1), plotly (4.8.0), plyr (1.8.4), proto (1.0.0), readxl (1.1.0), reshape2 (1.4.3),
Rsamtools (1.32.3), S4Vectors (0.18.3), seqinr (3.4-5), stats (3.5.1), statsd (3.5.1), utils (3.5.1), viRome
(0.10), XVector (0.20.0). Of note, the Amazon forest does not want me to add the scripts used in this

manuscript but I would happily provide them to you upon request!

Chemical probing for determination of DCV domain |

a. Synthesis of template RNA

DCYV first 1000 nucleotides were previously cloned in a plasmid (pJL662). Amplification of two different
sizes of DCV domain I (first 385 (short) or 824 (long) nucleotides from 5’) was done by PCR and a T7
promoter was added. Final PCR components: 10ng pJL662, 0,ImM dNTPs mix, 0,2pM both primers, 1X
HF Phusion Buffer, 1U Phusion polymerase (ThermoFisher), 3% DMSO. The PCR cycling conditions
were as followed: 95°C — 60s // (95°C — 15s / 57°C — 15s / 72°C — 30s) X 33 // 72°C — Imin. PCR products
were checked for good size by migration on 1% agarose gel, purified (NaCl — ethanol precipitation) and

resuspended in 20pl nuclease free water.

In yitro transcription reaction: 1X TMSDT buffer (40mM Tris HCl pH 8,1, 22mM MgCl,, ImM
spermidine, 5mM DTT, 0,01% Triton X-100), 8mM of each NTP, 40U RNasin (Promega), 5pl of in-house
T7 RNA polymerase (provided by Dr. Franck Martin team), 20l purified PCR product. Transcription is
first carried on for 1h at 37°C in a water bath. Then, 2yl of pyrophosphatase (Img/ml - Roche) are added
to the reaction and let 30min at 37°C. Finally, 2pl of DNAsel (2U/pl - ThermoFisher) are added to the
reaction and let 60min at 37°C. RNA products were checked for good size by migration on a 4% denaturing
acrylamide gel, purified by a phenol:chloroform step and resuspended in 100pl nuclease free water. RNA

products were kept at -80°C and prepared fresh for each experimental replicate.

106



b. Chemical modification

Modifications by DMS or CMCT were performed on 2 pmoles of each RNA (long and short). For DMS
modification, each RNA is incubated for 15min in DMS buffer (50mM Na Cacodylate, pH7.5, 5mM MgCl,
and 100mM KClI) and lpg of yeast total tRNA and then modified with 1.25% DMS reagent (diluted with
ethanol 100%) for 10min at 20°C. For CMCT modification, each RNA is incubated for 20min in CMCT
buffer (60mM Na borate 50mM; 5mM MgCl2; 100mM KCl) and lpg of yeast total tRNA. Then
modifications were performed with 10.5g/1 CMCT reagent for 20min at 20°C. Both DMS and CMCT
modification reactions are stopped on ice. Modified RINAs are precipitated with ethanol 100%, 0.250mM
NaCl and 0,2pg glycogen. Pellets were dried and resuspended in 7pl autoclaved milli-Q water.

c. Modified nucleotide detection by primer extension

Reverse transcription was carried out in 20pl reaction volume with 2pmoles of RNA and 0,9pmoles of 5’
fluorescently labelled primers. We used 5Vic and 5Ned primers of same sequence for all reverse

transcription reactions.

First, the modified RNAs are denaturated at 95°C for 2min. Then, fluorescent primers are annealed for
2min at 65°C followed by incubation on ice for 2min. Primer extension is performed in a buffer containing
83mM KCIl, 56mM Tris—HCI (pH 8.3), 0,56mM of each of the four deoxynucleotides (dNTP), 5,6mM
DTT and 3mM MgCly. Reverse transcriptions were performed with 1 unit of Avian Myoblastosis virus
(AMV) reverse transcriptase (Promega) at 42°C for 2min, then 50°C for 30min and finally 65°C for 5min.
In parallel, sequencing reactions were performed in similar conditions, but containing 0.5mM
dideoxythymidine or dideoxycitidine triphosphate (ddTTP or ddCTP). Then, the synthesized cDNAs were
phenol:chloroform extracted, precipitated, after centrifugation the pellets were washed, dried and
resuspended in 10pl deionized Hi-Di formamide (highly deionized formamide). Samples were loaded on a
96-well plate for sequencing on an Applied Biosystems 3130x| genetic analyzer. The resulting

electropherograms were analyzed using QuSHAPE software (https://weeks.chem.unc.edu/qushape/),

which aligns signal within and across capillaries, as well as to the dideoxy references of nucleotide at specific

position and corrects for signal decay.

d. Drawing of DCV domain | secondary structure

Nucleotides were classified in 5 different categories based on their corresponding reactivity value

(determined by the mean of the experimental triplicates). The secondary structure model prediction was

initiated using mfold (http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form) and then edited and

refined using Affinity Designer according to our reactivity values.
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In vitro cleavage assays (Chapter Il)

a. Using recombinant proteins (performed by the team of Pr.

Brenda Bass)

Dicer-2 proteins were produced and purified as explained in Sinha and Bass, 2017. Blunt dsRNA substrate
was produced as explained in (Welker et al., 2011). /u vitro transcribed DCV domain I RNA (first 313
nucleotides) was resuspended in 50mM Tris pH8 and 20mM KCI and then refolded (heated at 95°C for
3min and slowly cooled-down to room temperature) or not. Cleavage assay was carried on with 30nM
Dicer-2 (+/- Logs-PD) and 1nM RNA substrate at 25°C and in the following reaction buffer: 25mM Tris
pHS, 100mM KCl, 10mM MgCl2, ImM TCEP and 5mM ATP. Reaction was stopped by addition of 2
volumes of 2x formamide loading buffer (95% formamide, 18 mM EDTA, 0.025% SDS, xylene cyanol,
bromophenol blue) and products were loaded on a 10% denaturing acrylamide gel. A Decade Marker

(Ambion) was used for size determination.

b. Using embryonic extracts

Preparation of embryonic extracts

Flies from different genotypes were collected to lay eggs on apple juice-agar plates for 5h. Embryos are
then collected and bleached (50% bleach) for 2 min under constant agitation to remove the chorion. After
extensive wash with water, embryos are quickly dried, collected in a Precellys tube with 2 ceramic beads
and flash-freezed using liquid nitrogen. Embryos are crushed two times using the Precellys shaking
apparatus: one time without and one time with 50pl buffer (30mm HEPES pH 7,5, 100mM KOAc, 2mM
MgOAc, 10% glycerol and ImM DTT). Tubes are spun two times for 20min at 12.500rpm (4°C) and the
supernatant collected. After determination of protein concentration by Bradford, protein extracts are

diluted to a concentration of 1,5mg/ml, aliquoted and frozen at -80°C.

Preparation of RNA substrate

DCV first 1000 nucleotides were previously cloned in a plasmid (pJL662). Amplification of three different
sizes of DCV domain I (117, 189 and 264 nucleotides from 5°) was done by PCR and a T7 promoter was
added. Final PCR components: 20ng pJL662, 0,25mM dNTPs mix, 21M both primers, 1X HF Phusion
Buffer, 1U Phusion polymerase (ThermoFisher), 3% DMSO. The PCR cycling conditions were as
followed: 95°C — Imin // (95°C — 15s / 55°C — 15s / 72°C — 1min30s) X 33 // 72°C — Imin. PCR products
were checked for good size by migration on agarose gel, purified (phenol:chloroform and NaCl — ethanol
precipitation) and resuspended in 20pl nuclease free water. /nz vitro transcription was carried on identically
to the “chemical probing” part. For body-labeled radioactive RNA, 1/10* of the UTP nucleotide added to
the transcription mix is o-P UTP. For capped RNA, a ScriptCap m’G Capping System kit
(CELLSCRIPT) was used according to manufacturer’s instructions and with addition of a-**P GTP.

Radioactive RNAs were gel purified and electroeluted to ensure that no smaller RNA sizes were present in
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the mix. Radioactivity of each RNA product was measured (in counts per min or cpm) using a Scintillation

System from Beckman Coulter (LS 6500).

Preparation of Tl ladder

T1 enzyme is a ribonuclease catalyzing cleavage of ssRNA 3’ of guanosine residues. Radioactive (50.000
cpm) and capped RNA of 264nt long is incubated at 95°C for Imin in a 9yl solution containing 0,1mg/ml
of yeast RNA and 1X RNA sequencing buffer (Ambion T1 RNAse kit). The solution is cooled-down on ice
prior to addition of 1l of desired T1 enzyme dilution. A final dilution of 1/10 of the stock (1U/ml) was
kept after optimization. After 15min of incubation at room temperature, 6pl of STOP mix (0,6 M NaAc
ph6, 3mM EDTA, 0,1pg/ul tRNA) and 5l formamide dye 2X (Thermo Fisher) are added. 10pl are loaded
on 8% denaturing acrylamide gels alongside products of cleavage experiments for determination of their

size.

Cleavage assay

A cleavage reaction is composed of 10ul of radioactive capped or radioactive body-labeled RNA
(50.000cpm), 10l buffer (30mM HEPES pH7,4, 100mM KOAc, 2mM MgOAc, 10% glycerol, ImM
DTT) and 30ul of embryonic extracts (40ug protein). This solution is first let to equilibrate for 15min at
room temperature before addition of 10ul of MgOAC-ATP 5mM (t=0). Incubation is carried on for the
designated amount of time and stopped by addition of 140ul water and 200ul phenol:chloroform solution.
Tubes are vortexed and spun 10min at 12.500rpm before NaCl — ethanol precipitation of the upper phase.
Radioactive RNA pellet is resuspended in 20pl of formamide dye 2X and 10pl are loaded on a 8%

denaturing acrylamide gel to check for size.
5’ Rapid Amplification of cDNA Ends

For the sake of simplicity, only the latest optimized RACE protocol will be detailed here ( ).

RNA extraction

Extraction of RNAs was done differently according to their origin: viral stock’s RNAs were extracted using
the QIAamp Viral RNA Mini Kit (Qiagen), flies’ (3 males, 3 females, 3d pi with DCV 500PFU) and cells’
(5.10° infected cells at MOI 0,01, 20h pi) RNAs were extracted using a TRIZOL:chloroform method
described in the preparation of RNA samples for small RNA HTS.

Reverse transcription

Strand specific reverse transcription was performed using SuperScript I1I Reverse Transcriptase enzyme
(ThermoFisher) according to manufacturer’s instructions with a custom RT primer. The resulting cDNAs
are precipitated twice using ammonium acetate (1/4 V NaAc 10M + 2,5 V EtOH 100%), washed twice with
EtOH 70% and resuspended in 20pl water.
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3’ tailing
Addition of 3" G nucleotides was performed using a terminal transferase enzyme (NEB) according to
manufacturer’s instructions and only providing dGTP to the reaction. The resulting products are

precipitated and washed with the same methods as previously described (final volume 20pl).

PCRI

Final PCR components: 5pl of poly G-tailed cDNA, 0,2mM dNTPs mix, 0,4pM both primers, 1X HF
Phusion Buffer, 0,5U Phusion polymerase (ThermoFisher). The PCR cycling conditions were as followed:
(94°C — 5min / 62°C — 5min / 75°C — 5min) // (94°C — 30s / 62°C — 30s / 72°C 30s) X 24 // 72°C — Imin.
PCR products were checked for good size by migration on agarose gel, purified (phenol:chloroform and

NaCl — ethanol precipitation) and resuspended in 20pl nuclease free water.

Bstell digestion

Enzymatic digestion of PCR products was done using 10pl of purified PCR1 product and Bstell enzyme
(NEB) according to manufacturer’s instructions in a total volume of 50pl. Incubation at 37°C was done for
the indicated amount of time. Restriction profiles are visualized on an agarose gel and products are

phenolzchloroform puriﬁed.

PCR2

Final PCR components: 5pl of poly G-tailed cDNA, 0,2mM dNTPs mix, 0,4pM both primers, 1X HF
Phusion Buffer, 0,5U Phusion polymerase (ThermoFisher). The PCR cycling conditions were as followed:
94°C — 2min // (94°C — 30s / 62°C — 30s / 72°C 30s) X 11-14 // 72°C — Imin. PCR products were checked
for good size by migration on agarose gel, purified (PCR cleanup kit from Qiagen) and resuspended in 15l

nuclease free water.

Cloning, transformation and sequencing of PCR2 products

Addition of a 3’-dA overhang is done by incubating for 20min at 70°C 500ng of purified PCR2 products
with Taq polymerase (5U, Invitrogen), MgCls (2,5mM), dATP (0,ImM) and Taq buffer (1X) in a final
volume of 10pl. 2pl of this solution are then taken to perform a ligation in a pJET plasmid using the
CloneJET PCR Cloning Kit (Thermo) according to manufacturer’s instructions. 2pl of ligation products
are transformed in chemo-competent DH5a bacteria and plated on ampicillin (100pg/ml) plates. Growing
colonies are picked for on-colony PCR and amplified for plasmid extraction by miniprep (illustra

plasmidPrep Mini Spin Kit — GE Healthcare) and sequencing of the insert.

RNAi-based screen in S2 cells

a. Knock-down of candidate genes for the RNAI screen

S2 cells were regularly passed as previously described. 20.10° cells are collected, spun-down and
resuspended in 13,4ml complemented medium at a concentration of 1,5.10° cells/ml. 30pl of this medium

(4,5.10% cells) are dispensed in the internal wells (not at the borders of the plates) of six 96 U-shaped well

110



plates. Cells are let to attach for 1h in the incubator. Medium is removed from the wells and 40pl of dsSRNA
solution is added to the cells (20pl serum free medium + 20pl of 0,1pg/pnl dsRNA). dsRNAs were provided
ready-to-use by the Drosophila RNAi Screening Center at Harvard Medical School. After 5h of incubation
in the incubator, 160pl of complemented medium are added to each well. Wells located at the periphery of
the plate are filled with 200l of PBS to prevent evaporation over the course of the experiment. Plates are

then sealed with parafilm and put in the incubator for three full days before doing the viral infection.

b. Synchronized viral infection

Cell concentration is measured from extra wells identically seeded. All the plates are put on ice and in the
cold room for 30min. Medium is removed from the wells and 50pl of cold infective solution (DCV virus
stock diluted to the appropriate MOI in complemented medium) are dispensed. The MOI used for this
screen is of 0,01. Cells are kept on ice for 1h with gentle shaking every 5min before the infective solution is
removed. Cells are then washed with 150pl of cold PBS and 200pl of complemented medium are dispensed

in the wells. Incubation is carried on in the incubator for 20h.

c. RNA extraction and quantitative RT-PCR

Cells lysis, reverse transcription and quantitative PCR were performed using the Cell-To-Ct kit (Ambion).
In comparison to manufacturer’s instructions, SYBR RT buffer and RT enzyme mix volumes were divided
by two. Moreover, the SYBR used was not taken from the kit but from another manufacturer (Biorad).
The qPCR cycling conditions were as followed: 95°C — 10s // (95°C — 15s / 60°C — 1min) X 40.

d. Analysis of the data

The treshold cycle (Ct) of each sample is automatically calculated by linear regression. Then, ratio between
RP49 and DCV values was calculated as follow:

ACttarget (Mmeancontrol—sample)

target
o (Burge)
(Erf-’f )

ACtref (Mmeancontror—sample)

With:

E,yu: efficiency of DCV primers calculated for the specific qPCR plate using dilutions of a standard plasmid
E,.s. efficiency of RP49 primers calculated for the specific qPCR plate using dilutions of a standard plasmid
ACliarge: PCR cycle at which fluorescence exceeded determined threshold (Ct) for DCV reaction

ACt,z. PCR cycle at which fluorescence exceeded determined threshold (Ct) for RP49 reaction

mean umi: dsLacZ was used as experimental control. Because it is present several times on experimental and
qPCR plates, the mean of all the ACt values for this specific plate is used for normalization.

sample: ACt value corresponding to the tested dsRNA treated sample

Because this experiment was a large-scale screen done in triplicate and involving massive handling of the
experimental plates, we statistically searched for bias in the data obtained after qPCR. To do this, a mixed
effect model taking into account variations in plates, rows and columns was calculated (R — Imer function).

The statistical significance of plates, rows and columns effects were tested and proven by ANOVA. Thus,
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the corrected ratios (estimates) extracted from the mixed effect model were taken into account for further
analysis. Statistical significance of a dsSRNA effect was calculated by comparing the obtained estimates to

the average of all data (R — emmeans function).

e. dsRNA cell toxicity assay

The exact same protocol of cells seeding and dsRINA soaking as for the RINAi-based screen was followed
using the selected dsRNA candidates. 3d post soaking, toxicity of the dsSRNAs used is determined by
quantifying the mitochondrial activity of treated cells in comparison to untreated ones using an MTS assay
kit (Promega CellTiter 96) following manufacturer’s instructions. A one-way ANOVA test is used to
determine which dsRNA had a significant effect on mitochondrial activity (comparison to dsLacZ treated
cells).

Generation of transgenic flies expressing GFP::Dicer-2

a. Drosophila genetics, fly maintenance and injections.

dicer-2 mutant flies (der-2"%) (Lee et al, 2004) were crossed with the deficiency Df(2R) BSCA5
(Bloomington stock #7441) or the Df(2R) BSC45-Dcr-2 rescue (previously described in Kemp et al., 2013)
lines. All flies contained the GMR-w'® transgene (Lee and Carthew, 2003) located on the X-chromosome.

Flies were fed on standard cornmeal-agar medium at 25 °C. All flies used were Wolbachia-free.

b. GFP::Dicer-2 complemented flies establishment

A PCR fragment corresponding to the whole dicer-2 cDNA was cloned into the pPENTR/D-TOPO Gateway
entry vector using the pENTR directional TOPO cloning kit (Invitrogen) for N-terminal fusion (Majzoub
et al., 2014). The dicer-2 cDNA was then transferred to in-house Drosophila transgenic expression vectors by
LR recombination using the Gateway LR clonase II enzyme mix (Invitrogen). We established a transgenic
vector allowing the expression of GFP::Dicer-2 under the control of the poly-ubiquitin promotor with a
specific site insertion in the Drosophila genome. Basically, the segment containing poly-ubiquitin promotor
was amplified by PCR from the destination vector pURW (kindly provided by Jean-René Huynh'’s
laboratory (DGRC#1282)) using the primers (OJL2914-Nhel-ubi-F- 5-
cgctaGCAAACAGCGCTGACTTTGAG -3 and OJL2915-BamHI-ubi-R-5"-
GGGGATCCGCCCTTGGATTATTCTGC -3’). The poly-ubiquitin promotor was then cloned in a
Drosophila transgenic vector (called UASt-attB Pmel V) provided by Jean-Marc Reichhart containing the
mini-white gene as a transgenic marker, 5xUASt followed by a polylinker, a terminator site SV40 and an
attB cassette allowing site specific insertion in flies containing attP site. The UASt-attB Pmel V was
digested by Nhel-BamH]1 to remove the UASt sequences and replace it by the poly-ubiguitin promotor
(1949bp), this clone was called U-attB (pJL629) allowing the cloning of cDNA under the control of poly-
ubiquitin promotor. The segment containing the GFP coding sequence and the N-terminal gateway cassette

from the destination vector pURW (DGRC#1282)) was amplified by PCR using the primers (OJL2916-

112



Kpnl-eGFP-F- 5- cggtaCCGGCATGGTGAGCAAGGGCG -3 and OJL2917-Bglll-pW-R-5"-
ccagatCTGCAGGTCGACAAAGGTTAAGC -3’). The cassette was the subcloned in a pJET vector
(Thermo Fisher). The final Drosgphila transgenic vector called UGW _attB (poly-ubiguitin promotor-GFP-
N-terminal gateway cassette — pJL633) was obtained by the insertion of the purified GFP-N-terminal
gateway cassette (Kpnl-BgllIl of 2959bp) in the vector U-attB (pJL629) at the restriction sites Kpnl-
BamHI to remove the SV40 terminator. Of note, the cloning of gateway cassette containing a ccdB gene
required the used of specific competent cells (One Shot™ ¢cdB Survival™ competent cells - Thermo

Fisher). The vector UGW _attB (pJL633) was fully sequence to validate the cloning.

As we previously validate that a N-terminal GFP fusion of Dicer-2 under the poly-ubiquitin promotor
inserted in independent sites on the Drosophila genome was able to rescue the RNAi pathway (Girardi et
al., 2015), we generated several GFP-Dicer-2 variants by PCR mutagenesis and inserted them in the same

genomic site to be able to compare easily transgenic lines to each other.

The GFP::Dicer-2 constructs were all inserted on the 3 chromosome at the position 89E11 (BL#9744).

Transgenic lines were generated by BestGene (https:/thebestgene.com/). As dicer-2 gene is located on the
2" chromosome, we could complement dicer-2 null mutant with the GFP::Dicer-2 constructs. All transgenic
constructs were put in the following genetic background: [w/”;dicer-2""*/CyO; GFP::Dicer-2]. According
to the experiments, flies were crossed with a deficiency covering dicer-2 gene to obtain hemizygote flies for
dicer-2 gene [w'; Df(2R) BSC45/Cy O], dicer-2 null mutation [w/;dicer-2""%%/CyO] or the genomic rescue of
the dicer-2 gene [w"; Df(2R) BSC45, Dcr-2-Rescue/CyQO] described in Kemp et al., 2013.

Characterization of GFP::Dicer-2 complemented flies

a. dicer-2 mRNA quantification by RT-qPCR

Extraction of flies’ RNAs and dicer-2 mRINA determination was done identically to what has been done in
the small RNA HTS part.

b. Dicer-2 protein quantification by western blot

60 flies (30 males, 30 females) of each genotype were collected and frozen overnight at -80°C in Precellys
tubes with ceramic beads. Flies are then shredded a first time without any additional liquid and a second
time with 600pl of lysis buffer (30mM HEPES KOH pH7,5, 50mM NaCl, 2mM Mg(OAc),, 1% NP40,
2X cOmplete Protease Inhibitor Cocktail (Roche)). Tubes are spun two times at 12.500rpm for 10min
(4°C) to remove fly debris. Resulting protein extract concentration is measured by Bradford technic at
595nm. 40pg of proteins are run on a 4-12% acrylamide gel (Bio-Rad) after 5min heating at 95°C. Semi-
dry transfer to nitrocellulose membrane was performed with Biorad TransBlot Turbo machine. Membranes
were blocked with 5% non-fat dry milk in TBS-Tween 0,05% one hour at room temperature and incubated
overnight at 4°C with primary antibody in non-fat dry milk 2% TBS-Tween 0,05%. After washing, the

secondary antibody fused to horse-radish peroxidase (HRP) was added to the membrane in non-fat dry
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milk 2% TBS-Tween 0,05% for one hour at room temperature. Membranes were then washed and revealed

with the enhanced chemiluminescence reagent (GE Healthcare) in a ChemiDoc (Bio-Rad) apparatus.

Antibodies used and dilutions:

Target Reference Origin Dilution
Dicer-2 ab4732 - Abcam Rabbit 1/1.000
Anti-rabbit 3918-8816-31 - Millipore | Goat 1/10.000

c. Eye color quantification

For each sample, 10 heads of female flies aged from 3 to 5 days were frozen in liquid nitrogen and
homogenized twice at 25Hz during 1min30s. ImL of AEA (solution with 30% EtOH, 1% HCI) was then
added and the coloration was analyzed with a spectrophotometer at 485nm. At least 6 independent samples

were used fOI’ each genotype.

d. esi-l and esi-2 mRNA precursors quantification by RT-qPCR

Expression of esi-/ and es-2 precursors was checked in flies’ testes. To do so, dissection of the testes was
performed in PBS and the tissues were frozen in 300pl of TRIZOL (Ambion) at -80°C overnight in a
Precellys tube with ceramic beads. Tubes were thawed on ice and homogenized in a Precellys apparatus.
60p! of chloroform are added to the tube before vortexing. The same steps of RNA precipitation, washing
and resuspension as for the cells small RNA HTS extraction method was then followed. Reverse
transcription of lpg of RNA was done using the iScript gDNA Clear ¢cDNA synthesis kit (Bio-Rad)
according to manufacturer’s instructions. Quantitative PCR was done identically to the one done for S2

cells’ small RNA HTS samples.
Pulldown assay

dmDcr-2 WT or mutants (21M) was incubated with His-Logs PD WT (4uM) in pulldown assay buffer
(25mM TRIS pHS, 175mM KCl, 10mM MgCly, 10mM imidazole, ImM TCEP, 5% glycerol, 0.1% NP-40)
at 4°C for 1h. His-select resin was added to the reactions and rotated at 4°C for 2h. Centrifugation and
removal of the supernatant removed most unbound proteins. Resin and bound proteins were washed two
times with pulldown assay to remove additional unbound proteins. Bound proteins were eluted with elution
buffer (pulldown assay buffer with 300mM imidazole). Proteins were resolved by SDS PAGE and stained

with Coomassie. Bands were quantified using Imaged.
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Primers (5’-3’)

Strand specific RT primers with Tag (bold).

DCV (-) strand TTGGCATTAAGGCTATCGGTCATCGGTATGCACATTGCT
(+) strand TTGGCATTAAGGCTATCGGCGCATAACCATGCTCTTCTG
CrPV (-) strand TTGGCATTAAGGCTATCGGGCTGAAACGTTCAACGCATA
(+) strand TTGGCATTAAGGCTATCGGCCACTTGCTCCATTTGGTTT
qPCR primers.
Tag Strand spec. gPCR TTGGCATTAAGGCTATCGG
DCV Fw TCATCGGTATGCACATTGCT
Rv CGCATAACCATGCTCTTCTG
RP49 Fw GCCGCTTCAAGGGACAGTATCT
Rv AAACGCGGTTCTGCATGAG
CrPV Fw GCTGAAACGTTCAACGCATA
Rv CCACTTGCTCCATTTGGTTT
Dicer-2 Fw AAACTGATGCCAGGTGGAAG
Rv ATTCCCAAAACGCTCAACAC
esi-1 Fw GGTGCTGCGCATACCTTT
precursor
Rv CAAGGCTAGGGCTCGTCA
esi-2 Fw CAAACACCCACACACATACACA
precursor
Rv CCAGGGCGCTACATTCAATA

Primers used for PCR mutagenesis. Nucleotides different from wild-type sequence are in red.

G31R Fw | TTGTCTACCTGCCCACAAGATCTGGGAAAACGTTC

mutation
Rv | GAACGTTTTCCCAGATCTTGTGGGCAGGTAGACAA

F225G Fw | CACAGAGGTCATGGTGTCCGGTCCACATCAAGAGCAAGTG
mutation

Rv | CACTTGCTCTTGATGTGGACCGGACACCATGACCTCTGTG

Primers used for synthesis of cleavage assays RNA substrates.

T7-DCV5’ Fw | ATATTAATACGACTCACTATAGGGtttatatcgtgtgtacatataaatatgtacacacgge

PCR (117) | Rv | ccatcaacaatgaaaaccgtaaagcataataacc

PCR (189) | Rv | ccttaccatcaacaatgaaaacaacgtatcag

PCR (264) | Rv | ggccatcaacattgaaaacaataaggcataattc

1156



5" RNA adaptors for small RNA sequencing library building. Manufacturer’s adaptor is annotated as
“original” and internal labels of custom primers are in bold. N stands for any nucleotide and r letters
between each nucleotide represents the fact that primers are RNA primers.

RA5mod01 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrArCrGrUrNrN
RA5mod02 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrCrGrUrArNrN
RA5mod03 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrGrUrCrArNrN
RA5mod04 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrCrCrArGrNrN
RA5mod05 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrArGrCrCrNrN
RA5mod06 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrUrUrArGrNrN
RA5mod07 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrGrArUrCrNrN
RA5mod08 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrUrArGrUrNrN
RA5mod09 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrArGrGrCrNrN
RA5mod10 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrCrArArUrNrN
RA5mod11 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrGrCrUrArNrN
RA5mod12 rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrCrUrUrCrGrNrN
RA5original rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrC

Primers used for determination of DCV domain I chemical probing. Sequence in bold corresponds to the

T7 promoter sequence.

T7-DCV5’ Fw ATATTAATACGACTCACTATAGGTTAATATCGTGTGTACAT
PCR short Rv CCAGATATCAAAATCAGTAAAGAG
PCR long Rv CAGGCCATACTTTTATCAGATTC
RT primer VIC/NED 5’ labeled GGACTAACTCAGTATACCCTACT

RACE related primers (bold sequences are adapters, D stands for all nucleotides except C, N stands for all

nucleotides).
RT primer Rv CATTACAAATCCAAAAGACGCATC
PCR1 Rv CCTTGGCACCCGAGAATTCCACTAAGTTTGAGATGTAATCTTTG
Fw GTTCAGAGTTCTACAGTCCGACGATCACGTCCCCCCCCCDN
PCR2 Rv AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGA
Fw CAAGCAGAAGACGGCATACGAGATTGTTGGGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA
On-colony Fw GTAAAACGACGGCCAG
PCR and seq.
Rv CAGGAAACAGCTATGAC
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Annexe : 10% de la thése traduit en francais

Préambule

Pendant la période de mon doctorat, j'ai eu la chance d'écrire un chapitre d'un livre
intitulé " Insect Molecular Virology: Advances and Emerging Trends". Ce livre a été
édité par I'éminent chercheur et professeur Bryony C. Bonning et publié en juin 2019.
Le résultat de ce travail d'écriture est une revue globale des mécanismes de défense
antivirale des insectes avec un accent particulier sur les récepteurs de I'immunité innée
qui détectent les infections virales. Comme l'indique le titre de ce manuscrit, mon travail
de doctorat portait principalement sur la détection des ARN viraux par Dicer-2 dans

Drosophila melanogaster.

Ainsi, en raison de la pertinence de mon chapitre de livre et de sa bibliographie liée dans
le cadre de mon travail de doctorat, j'ai décidé de 1'utiliser comme une introduction
globale de mon manuscrit. Ensuite, une petite transition mettra en évidence les
principales questions qui ont guidé la rédaction des trois chapitres suivants. Enfin, une
introduction plus approfondie de certains aspects spécifiques du domaine sera faite dans

les chapitres correspondants.

Outro (terme couramment utilisé en musique pour désigner le contraire d'une

introduction)

Tandis que d'importants travaux sont en cours pour tenter de découvrir de nouveaux

senseurs de virus dans la drosophile, mes travaux de doctorat ont porte’ sur la
caractérisation du seul capteur connu d'acides nucléiques viraux qui alimente la voie de
I'ARNi antiviral : Dicer-2. Des études in vitro ont déja proposé des modeéles de
mécanismes d'action de Dicer-2 sur des substrats d'ARNdb en fonction de leur nature,
de leur longueur et de leur extrémité, mais aussi de leur interaction avec plusieurs
cofacteurs. Tous ces paramétres qui peuvent étre étroitement contrdlés dans des
conditions in vitro sont autant d'inconnues lorsqu'il s'agit d'études in vivo. En effet, bien
que des cibles endogénes, exogénes et virales de Dicer-2 aient été identifiées, on sait peu
de choses sur les caractéristiques exactes de ces ARNdb. Ainsi, deux questions

principales ont guidé la rédaction de ce manuscrit :

Comment Dicer-2 accéde a ses substrats et quelles sont leurs caractéristiques ?



En raison de son double réle dans les voies endo-siRINA et ARNi antivirales, Dicer-2
doit étre capable de détecter et de discriminer une grande diversité potentielle de
molécules d'ARNdb. La détection des ARN viraux est rendue encore plus difficile par
leur fort potentiel d'adaptabilité lié au taux de mutation de leur enzyme réplicatrice.
Ainsi, de nombreux contre-mécanismes ont évolué et compliquent leur détection.
Néanmoins, Dicer-2 est capable d'accéder & de nombreux virus et de traiter les
molécules d'ARNdb formées pendant leur cycle d'infection. Comment et ot Dicer-2
parvient-il & contourner les défenses virales (Chapitre 1) ? Quelles sont les
caractéristiques de ces points faibles potentiels (chapitre 1) ? J'ai essayé de répondre a
ces questions en utilisant les virus dicistrovirus Drosophila C Virus et Cricket Paralysis

Virus comme modéles d'infection.

Quel est le réle de 1'hélicase Dicer-2 et de ses cofacteurs associés ?

Il est frappant de constater que les protéines impliquées dans I'immunité antivirale de
divers organismes possédent toutes la méme organisation spécifique du domaine
hélicase. Dans le cas des récepteurs de type RIG chez les mammiféres, par exemple, ce
domaine s'est avéré nécessaire pour la reconnaissance de leur cible et la régulation de
leur activité. Ainsi, I'implication du domaine hélicase de Dicer-2 dans la détection de ses
cibles virales et endogénes a été étudiée. En outre, deux mutations distinctes de ce
domaine ont été étudiées dans le but de dissocier son réle de détection possible de son

activité ATPase (chapitre III).



Introduction — Chapitre I

Les dicistrovirus sont des virus non enveloppés dont le génome est relativement petit
(~8-10kb) avec un ARN messager monopartite positif et une petite capside icosaédrique
(~30nm). IIs ont un large tropisme dans le phylum des Arthropodes, sont extrémement
divers et représentent des menaces agricoles et économiques majeures dans le monde
entier. En raison de leurs caractéristiques et de la similitude en termes de symptdmes de
maladies (paralysie, par exemple), ils ont été initialement classés dans la famille des
Picornaviridae. Cependant, leur organisation génomique ne se compare pas ce qui
justifie la classification de ces virus dans des familles distinctes. En effet, les picornavirus
ont un génome monocistronique codant d'abord pour les protéines structurelles, puis
pour les protéines non structurelles, tandis que les dicistrovirus ont un génome
bicistronique codant pour les protéines non structurelles dans 'ORF1 et les protéines
structurelles dans 'ORF2. Malgré I'étude approfondie des interactions des dicistrovirus
avec leur hote, de nombreuses lacunes subsistent dans notre compréhension des

mécanismes des différentes étapes de l'infection.

La plupart des détails mécanistes du cycle d'infection par les dicistrovirus proviennent
d'études menées sur la drosophile et deux virus du genre Cripavirus : Drosophila C
Virus (DCV) et le Cricket Paralysis Virus (CrPV). Une description détaillée de l'entrée,
de la réplication, de la traduction et du conditionnement des dicistrovirus a été revue
dans Warsaba et al, 2019. En bref, les virus s'attachent trés probablement d'abord & un
récepteur de surface cellulaire non encore identifié et entrent dans la cellule par la voie
de l'endocytose clathrinodépendante (Cherry et Perrimon, 2004 ; Yang et al., 2018).
Ensuite, le génome viral est libéré dans le cytoplasme et ciblé pour la traduction et la
réplication. La traduction des deux ORF, indépendante de la coiffe, est médiée par le
ribosome héte et produit deux polyprotéines (Moore et al., 1980, 1981). La digestion
ultérieure de ces polyprotéines par la protéase de type 3C codée viralement donne
naissance a des protéines matures non structurelles (ORF1) et structurelles (ORF2)
(Nakashima et Ishibashi, 2010 ; Nakashima et Nakamura, 2008). Paralléelement, la
réplication est assurée par I'ARN polymérase ARN dépendante qui interagit avec des
protéines hotes liées & la queue poly A et & la VPg liée au génome viral en 5'. Le
mécanisme par lequel les brins sens et antisens sont produits est encore obscure et a
surtout été déduit des études sur les picornavirus (expliqué en détail au chapitre II et

étudié dans Paul et Wimmer, 2015). Enfin, la famille des dicistrovirus comprend des



virus lytiques et non lytiques, ce qui complique notre compréhension de leurs stratégies

de transmission (Figure 1).

Tel que présenté dans l'introduction générale de ce manuscrit, les insectes et plus
particulierement les drosophiles sont capables de monter des réponses antivirales contre
une grande diversité de virus. Plusieurs mécanismes immunitaires innés conservés au
cours de I'évolution peuvent étre identifiés comme antiviraux, a savoir les voies JAK-
STAT, Toll, IMD et Heat-Shock. En outre, des facteurs de restriction exprimés de
fagon constitutive peuvent également participer a la lutte contre les virus chez les
insectes. Bien que tous ces mécanismes de défense soient la plupart du temps spécifiques
du virus, la voie des ARN interférents demeure la principale réponse antivirale générale
chez les insectes. Comme expliqué précédemment, Dicer-2 est le seul senseur connu
d'acides nucléiques viraux et activateur de la voie siRNA antivirale chez la drosophile.
Cette enzyme est décrite comme une endonucléase d'ARNdDb entrant par l'extrémité de
son substrat et générant des siARNSs dérivés du virus. Une expression altérée de cette
enzyme catalytique entraine une charge virale plus élevée ainsi qu'un taux de survie
réduit des mouches injectées avec le dicistrovirus DCV (Figure 2 et Galiana-Arnoux et
al., 2006 ; van Rjj et al., 2006). Ainsi, Dicer-2 doit étre capable de détecter et de cliver
l'intermédiaire de répolication ARNdb produit par DCV (Figure 1). Cependant, les
dicistrovirus sont hautement protégés et cachés du systéme immunitaire et nous ne

comprenons toujours pas comment Dicer-2 est capable de les détecter.

Premiérement, les ARN génomiques des dicistrovirus sont protégés contre le
mécanisme de dégradation de 'ARN cellulaire 5'-3' médié par Pacman par une protéine
virale liée au génome (VPg) a leur extrémité 5' (King et Moore, 1988 ; Nakashima et
Shibuya, 2006). L'absence d'une coiffe d'ARNm a l'extrémité 5' de leur génome les
protége également des enzymes de decapping Dcpl et Dcp2. En plus de son réle
protecteur, la VPg est proposée comme amorce protéique utilisée par la RdRp virale
pour initier la synthése des brins génomiques et antigénomiques (Paul et Wimmer,
2015). De méme, on pense que la queue 3' poly A des génomes des dicistrovirus est liée
par des protéines cellulaires pour favoriser la circularisation de I'ARN viral et la
synthése subséquente des brins antigénomiques par la RdRp (Herold et Andino, 2001).
Cette queue poly A est identique a celle présente a I'extrémité 3' des ARNm cellulaires

et protége trés probablement le génome viral contre la dégradation 3'-5' & médiation



exosomique. En plus de ces caractéristiques de stabilisation génomique, la réplication
des dicistrovirus se produit souvent sur les structures des membranes hétes. Dans le cas
du DCV, le remodelage du Golgi entraine la formation de petites usines de réplication
virale (~115 nm de diameétre) qui sont difficiles d'accés pour le systéme immunitaire
(Cherry et al., 2006). Enfin, les virus ont développé leurs propres mécanismes de
défense contre I'ARNi, & savoir les suppresseurs viraux de I'ARNi (VSRs). De
nombreuses stratégies ont évolué pour contrer I'ARNI antiviral & de multiples niveaux
et méme des dicistrovirus étroitement liés comme le DCV et le CrPV codent pour des
VSRs qui ont des modes d'action différents. Alors que le DCV 1A lie ' ARNdb viral
intermédiaire de réplication pour bloquer le clivage par Dicer-2, le CrPV 1A interagit
directement avec la protéine effectrice Ago2 pour supprimer son activation de clivage et
la cibler pour la dégradation protéosomale (Nayak et al., 2010, 2018 ; van Rjj et al, 2006
; Watanabe et al., 2017). Par conséquent, les dicistrovirus semblent étre extrémement

bien protégés contre les voles immunitaires antivirales (Figure 1).

Malgré toutes ces couches de protection, des preuves solides montrent que Dicer-2 joue
un role important dans la défense contre les dicistrovirus. Ainsi, une question majeure a
guidé mon doctorat pendant quatre ans : comment Dicer-2 est-il capable de détecter les

ARN protégés des dicistrovirus ?

L'une des caractéristiques de 'ARNI antiviral est que les siARNs dérivés du virus et
produits par Dicer-2 fournissent une empreinte de l'action du systéme immunitaire.
Ainsi, le fait de pouvoir identifier une signature siRNA pourrait nous fournir des
informations mécanistes sur la détection et I'entrée de Dicer-2 sur les virus. La méthode
actuelle de choix pour étudier les petits ARNs est sans aucun doute le séquencgage des
petits ARN & haut débit (HTS). Au cours de mon doctorat, j'ai utilisé deux approches
complémentaires basées sur cette technologie afin de chercher le point d'entrée de
Dicer-2 sur deux dicistrovirus, DCV et CrPV. Tout d'abord, une étude cinétique de
'apparition des siRINAs a été réalisée en utilisant le modele simplifié des cellules S2. Ces
cellules de type macrophages peuvent étre infectées de maniére synchronisée, ce qui
permet l'identification des siRNAs aux premiers temps d'infection. Par la suite, on a
effectué le séquengage & haut débit de petits ARNs de mouches infectées par DCV

exprimant différentes variants de Dicer-2 pour vérifier la pertinence des données



obtenues dans les cellules et pour mieux comprendre les mécanismes moléculaires a

l'ceuvre.

Introduction — Chapitre I1

Dans le chapitre précédent, une enquéte approfondie sur l'apparition de siRNAs dans
des conditions infectées (DCV et CrPV) a été menée. Le séquengage des petits ARNs &
haut débit réalisé simultanément dans les mouches et dans les cellules S2 pointe vers un
point d'entrée précis de Dicer-2 sur 'ARNdb viral, sans que nous puissions l'identifier
précisément. Néanmoins, des preuves solides suggérent que ce point d'entrée est situé
dans la région 5' non traduite (UTR) des deux virus étudiés. Chez les dicistrovirus, cette
région englobe une grande diversité de structures d'ARN de la plus haute importance

pour leur réplication, traduction, virulence et interaction avec les protéines hétes.

Pour rappel, les dicistrovirus sont des virus bicistroniques avec la traduction de 'ORF1
sous le contréle du 5'IRES (situé dans le 5'UTR) et la traduction de 'ORF2 sous le
contrdle de I'RES interne (IGR - Chapitre I - Figure 1). Parce qu'il ne nécessite pas de
facteur d'initiation de traduction, I'lGR du dicistrovirus fait partie des structures de
recrutement du ribosome 40S les plus simples et est bien conservé entre ces virus (Jan
et Sarnow, 2002 ; Pestova, 2003). Au contraire, les besoins en facteurs d'organisation
structurelle et d'initiation de I'IRES 5' sont beaucoup plus variables d'un virus a l'autre,
ce qui pourrait refléter des stratégies d'adaptation distinctes utilisées pour détourner le
ribosome de I'héte. Par exemple, le DCV et le CrPV nécessitent une protéine ribosomale
appelée Rackl pour contréler leur traduction médiée par le 5'IRES (Majzoub et al.,
2014).

Une étude récente visant & mieux comprendre la traduction médiée par le 5'IRES a mis
en évidence l'interaction entre cette structure d'ARN et les sous-unités du facteur 3
d'initiation eucaryote (Gross et al., 2017). Le 5' UTR des dicistrovirus englobe a la fois
cette structure 5'IRES et un domaine structuré supplémentaire situé en amont : le
domaine I. Selon nos données de séquengage d'ARN, le point d'entrée de Dicer-2 serait
situé dans cette région du domain I. Dans le cadre de 1'étude précitée, les structures 2D
de ces deux domaines ont été déterminées pour le CrPV. Le modéle du domaine I a
révélé une structure comprenant 5 tiges boucles simples séparées par de courtes régions

de liaison d'ARN simple brin. Cependant, une caractérisation plus poussée de cette



région a |'aide d'une méthode de sondage chimique DMS/CMCT a révélé une structure
initialement décrite dans le poliovirus comme un tréfle (données non publiées de I'équipe
du Dr Franck Martin, IBMC-UPR9002, Strasbourg - Figure 23). Chez les
picornavirus, il a été démontré que cette région interagit avec la RARP viral et avec les
protéines de I'héte pour favoriser la synthése des brins négatifs et positifs (Andino et al.,
1990 ; Barton et al., 2001 ; Gamarnik et Andino, 1997 ; Herold et Andino, 2001 ; Vogt
et Andino, 2010). De plus, il a été démontré que l'interaction entre la structure du tréfle,
la vRARP et la VPg est responsable du déclenchement de la synthése de I'ARN du
picornavirus & amorgage protéique (Lyons et al., 2001 ; Rieder et al., 2000). Le modele
actuellement proposé pour la synthése des brins négatifs et positifs dans les picornavirus

est présenté A la figure 19.

Dans les picornavirus, ce tréfle est situé dans la région trés 5' du génome viral, qui
contient le point d'entrée hypothétique de Dicer-2. Il est important de noter que (1)
nous ne comprenons pas comment Dicer-2 pourrait avoir accés a une extrémité
d'ARNdb non protégée différente de l'extrémité 5' virale et (2) nous ne connaissons pas
la structure 2D du domaine I de DCV, qui semble également comprendre le point
d'entrée de Dicer-2. Pour commencer, un modéle de la structure 2D de I'ARN du
domaine I de DCV a été obtenu en effectuant un sondage chimique in vitro. Ensuite,
dans le but de trouver le point d'entrée précis de Dicer-2, la caractérisation de la
sensibilité de clivage de ce ssRINA a été déterminée in vitro en utilisant soit la protéine
recombinante Dicer-2 soit des extraits embryonnaires de mouches. Enfin, une tentative
de détermination des extrémités de 5' produites dans des conditions infectées a été faite
en utilisant une méthode d'amplification rapide de l'extrémité 5' de 'ADNc (RACE).
Dans l'ensemble, ces techniques ont été utilisées pour mieux comprendre cette région

non caractérisée du DCV.



Introduction — Chapitre II1

Les hélicases sont des protéines omniprésentes qui existent dans toutes les formes de vie
cellulaire (Bleichert et Baserga, 2007 ; Linder et Jankowsky, 2011). Leur implication
dans pratiquement toutes les facettes du métabolisme de ' ADN et de I'ARN est illustrée
par les nombreuses maladies causées par leur dérégulation (Steimer et Klostermeier,
2012 ; Suhasini et Brosh, 2013). Les hélicases peuvent étre classées en 6 superfamilles
(SF) en fonction de leurs structures, fonctions et motifs de séquence partagée (Singleton
et al., 2007). Les enzymes SF1 et SF2 contiennent une structure hélicase conservée
composée de deux domaines de type RecA. Ces domaines englobent des motifs de
séquences spécifiques nécessaires a l'hydrolyse de I'ATP et & la liaison aux acides
nucléiques (Putnam et Jankowsky, 2013). L'alignement des séquences centrales des
hélicases SF1 et SF2 de S. cerevisiae, E. coli et de certains virus a permis de regrouper

ces deux superfamilles en 12 familles (9 en SF2 et 3 en SF1, Fairman-Williams et al.,
2010).

Des acteurs importants de I'immunité antivirale des mammiféres peuvent étre trouvés
dans la famille des récepteurs de type Rig-I (RLR) de la superfamille SF2, 4 savoir RIG-
I, MDAS5 et LGP2. En bref, la détection de I' ARN viral par RIG-1 ou MDA-5 conduit
a leur oligomérisation sur leur substrat d'ARNdb, & leur signalisation via leur domaine
CARD N-terminal vers MAVS, a l'activation de la voie IFN et & |'expression ultérieure
des ISG pour monter une réponse antivirale (examinée dans Yoneyama et al., 2015).
Dans le cas du LGP2 sans CARD, en plus d'un réle suggéré dans la modulation de
l'activité des RIG-1 et MDADJ, il pourrait étre impliqué dans la régulation négative de
I’ARNi chez les mammiféres par une interaction directe avec Dicer (Veen et al., 2018).
Les RLR ont une organisation particuliére de domaine hélicase avec un domaine Hel2i
inséré entre les deux domaines de type RecA. Cette organisation particuliere du
domaine est conservée entre les RLR et les enzymes Dicer et joue un réle important
dans la détection des ARN (Civril et al., 2011 ; Jiang et al., 2011 ; Kolakofsky et al.,
2012 ; Luo et al., 2011). Cependant, comme l'activité de déroulement de ces hélicases

inférées n'a jamais été démontrée, ils ont été rebaptisés ATPases activées par I'ARN
duplex ou ATPases dépendantes de 'ARN double brin (DRA, examinée dans Luo et
al., 2013 ; Paro et al., 2015).



Les principales différences entre Dicer et RLR résident dans I'absence de domaines
CARD N-terminaux et la présence de domaines RNAselll supplémentaires dans Dicer
(Figure 33). Cette différence dans la composition des domaines entraine un mode
d'action catalytique des enzymes Dicer sur leur substrat, ce qui explique pourquoi les
enzymes Dicer sont classées comme DRA catalytiques (c) tandis que RIG-I et MDAS5
sont des DRA signalétiques (s) (voir Paro et al., 2015). Toutefois, il convient de noter
que la distinction stricte des deux catégories peut étre discutée. En effet, les fonctions
d'effecteurs antiviraux directs des RLR par déplacement des protéines virales ont déja
été suggérées (Sato et al., 2015 ; Weber et al., 2015 ; Yao et al.,, 2015). D'autre part,
l'activité catalytique de Dicer-2 sur les ARNdb viraux n'est pas suffisante pour obtenir
une réponse ARNI antivirale et nécessite l'action amplificatrice d'Ago2 (van Rjj et al.,
2006). De plus, il a été démontré que l'activation des génes antiviraux par Dicer-2,

comme vago, limite la réplication virale (Deddouche et al., 2008).

Il a été démontré que les enzymes DRA ont différentes spécificités de substrat et
présentent des activités dépendantes et indépendantes de I'ATP. Ainsi, il a été démontré
que RIG-I reconnaissait des extrémités 5' di- ou tri-phosphate d'ARNdb alors que
MDAS5 adopte un mode de liaison 4 la tige de longs ARNdDb sans contact avec 'extrémité
de 'ARNdb (Goubau et al, 2014 ; Lu et al, 2010 ; Schlee et al, 2009 ; Wang et al, 2010
; Wu et al, 2013). Ensuite, l'oligomérisation de MDAS5 sur son substrat est
indépendante de I'ATP, mais I'hydrolyse de I'ATP favorise son désassemblage des
ARN(db courts (Peisley et al., 2011, 2012). D'autre part, les monomeéres RIG-I peuvent
lier les extrémités d'ARNdb d'une maniére indépendante de I' ATP mais nécessitent une
hydrolyse d’ATP pour leur oligomérisation (Goubau et al., 2014 ; Luo et al., 2011). Il
est intéressant de noter que ces RLR peuvent présenter des préférences pour les
substrats viraux. Dans le cas des picornavirus qui ne présentent pas de PPP génomique
en 5', c'est MDADJ et non Rig-1 qui est nécessaire pour monter une réponse antivirale
efficace (Feng et al., 2012). Au contraire, chez la drosophile, Dicer-2 s'est avérée
nécessaire pour se défendre contre tous les virus testés, quelle que soit la nature de leur

génome.

Comme pour les RLR, une étude approfondie de Dicer-2 in vitro a révélé que différents
modes d’action dépendants ou non de ’ATP coexistent (Cenik et al., 2011 ; Sinha et al.,
2015 ; Welker et al., 2011). Ainsi, I'ARN double brin a extrémité franche déclenche une



activité processive efficace de Dicer-2 dépendante du domaine DRA et de I'ATP, de
sorte qu'une seule protéine Dicer-2 clive plusieurs fois avant de se dissocier. Au
contraire, une molécule d'ARNdb avec des terminaisons en porte-a-faux de 3, favorise
une activité lente, indépendante de I' ATP et distributive de Dicer-2, caractérisée par la
dissociation de Dicer-2 aprés chaque clivage. Une étude récente basée sur la cryo-
microscopie électronique a proposé deux mécanismes de détection distincts de Dicer-2
en fonction des extrémités de '’ARNdb (Figure 34, Sinha et al., 2018) :

e Les ARNdD a extrémités franches sont d'abord liés par le domaine hélicase de
Dicer-2. Ensuite, la molécule d'ARNdD est enfilée et déroulée grace a I'’hydrolyse
de I'ATP jusqu'a ce qu'elle atteigne le domaine PAZ et qu'elle soit coupée par les
domaines RNAselll. Il faut noter que ce mécanisme peut conduire & la
production d'ARN plus courts ou plus longs que les siRNAs canoniques (de 5 &
~30nt de long). Nous ne savons pas encore si cette hétérogénéité des produits
Dicer-2 est pertinente in vivo ou si des cofacteurs de liaison empéchent le
découpage aléatoire des ARNdb tirés dans I'hélicase.

e D'autre part, 'ARNdb présentant des extrémités en porte-a-faux de 3' est
directement lié via son 5' P par le domaine PAZ a travers la poche de liaison au
phosphate (Kandasamy et Fukunaga, 2016). La molécule d'ARNdb est
finalement rapprochée des domaines RNAselll et clivée. Ce mécanisme est

indépendant de I'ATP et ne génére que des siRNAs canoniques.

Cette étude a été rendue possible par le découplage fonctionnel des deux modes d'action
de Dicer-2. Ainsi, les mutations dans le domaine PAZ ont inhibé le clivage des ARNdb
présentant des extrémités en porte-a-faux de 3' tout en maintenant la processivité de
I'ARNAD 2 extrémités franches. Au contraire, une mutation dans le domaine de I'hélicase
de Dicer-2 a modifié son action sur I'ARNdb & extrémité franche tout en laissant
inchangée son activité distributive sur les ARNdb & extrémités en porte-a-faux de 3'. I
est intéressant de noter que cette derniére mutation a été identifiée en recherchant des
similitudes entre la séquence de Dicer-2 et le domaine C-terminal de RIG-I, qui a été
suggéré comme étant responsable de la reconnaissance de I'ARNdb a extrémités
franches (Luo et al., 2011). Une de ces régions de la bite de Dicer-2 a été identifiée dans
son domaine hélicase et une seule mutation d'une phénylalanine (F) 225 en une glycine
(G) a été réalisée (Dicer-2F225G). En raison du réle proposé du domaine C-terminal

de RIG-I C dans la détection, il a été proposé que cette mutation dans Dicer-2 pourrait



avoir un impact sur le traitement des cibles endogénes ou virales de bonne foi de Dicer-

2 in vivo.

Dans l'ensemble, cette étude propose un modéle d'action de Dicer-2 sur différents
ARNdb synthétiques. Il est important de noter que dans les études in vitro, les
séquences et les extrémités des substrats d'ARNdb utilisés sont définies arbitrairement.
En effet, les caractéristiques exactes des cibles in vivo d'ARNdb de Dicer-2 de bonne
foi demeurent I'une des inconnues les plus importantes dans le domaine de I'ARNi. Clest
pourquoi, 2 la suite de cette publication marquante, il a été décidé d'étudier I'impact de
la mutation Dicer-2F225G caractérisée in vitro chez la mouche. Des mouches exprimant
cette version mutée de Dicer-2 ont été générées parallélement aux mouches décrites au
chapitre I. La caractérisation des voies siRINA dépendantes de Dicer-2, & savoir les voies
endo-siRNA et siRINA antivirales, a été réalisée en utilisant des méthodes RT-qPCR
ainsi que la puissante méthode de séquengage & haut débit des petits ARNs. Enfin, la
comparaison des données obtenues a partir de différents génotypes de mouches nous a
permis de mieux comprendre |'implication de I'hélicase Dicer-2 dans la détection et le

traitement de ses cibles véritables.



Observations finales

Toutes les conclusions concernant les résultats obtenus lors de mon doctorat ont déjét
été présentées dans les chapitres correspondants. Néanmoins, les points suivants
peuvent étre considérés comme le message a retenir de ce manuscrit :

- Les séquencages & haut débit des petits ARNs de cellules et de mouches infectées
par DCV et CrPV ont mis en évidence une entrée précoce, précise et
indépendante de I'ATP de Dicer-2 sur '’ARNdb viral correspondant au domaine
I des dicistrovirus.

- L'étude in vitro du domaine I de DCV a permis la modélisation de sa structure
2D et la caractérisation de sa sensibilité au clivage endonucléolytique par des
protéines de présentes dans des extraits embryonnaires.

- Un criblage basé sur ' ARNi dans des cellules S2 a permis d'identifier 20 génes
candidats présentant un impact sur la charge virale du DCV. Ces génes sont en
cours de validation.

- L'étude in vivo de deux différentes mutations ponctuelles du domaine hélicase
de Dicer-2 m'a permis d'affiner le modeéle de mécanisme de Dicer-2 proposé

précédemment.

Les données de séquencgage a haut débit que j'ai obtenues doivent encore étre
approfondies et couplées A d'autres méthodes mentionnées dans les discussions afin de

vérifier la validité des hypothéses que nous proposons.

Au moment ol j'écris ces lignes, d'importantes questions demeurent sans réponse : (1)
Quelles sont toutes les cibles de Dicer-2 in vivo et sont-elles toutes clivées en siRINAs ?
(2) Quelles sont les caractéristiques exactes de ces cibles et comment sont-elles
différenciées entre les précurseurs endogeénes de siRNAs, les intermédiaires viraux de
la réplication et les autres ARN cellulaires ? (3) Quel est le réle de Logs-PD dans ce
mécanisme de tri 7 (4) Ou se trouve le point d'entrée de Dicer-2 sur ses substrats in

vivo ?

Enfin, le travail présenté dans ce manuscrit était hautement multidisciplinaire et exigeait
'expertise individuelle de nombreuses équipes et personnes différentes. Ainsi, je suis

plus que jamais convaincu que les réponses a toutes ces questions ne peuvent naitre que



d'une forte collaboration entre personnes travaillant in vitro et in vivo, biologistes

moléculaires, virologues, bioinformaticiens....
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Résumé

Je me suis intéressé au systéme de défense anti-viral majeur de Drosophila melanogaster qui est la
voie du RNA silencing (siRNA). A ce jour, le seul senseur d’acide nucléique viral et activateur de la
voie siRNA est Dicer-2. Ainsi, le travail que jai effectué a permis d’apporter de nouvelles
informations concernant la détection des ARNs viraux par Dicer-2. L'utilisation de méthodes de
séquencage a haut débit (HTS) des petits ARNs dans des cellules S2 infectées par le Drosophila C
Virus (DCV) a des temps précoces m’a permis de proposer un point d’entrée précis et interne de
Dicer-2 sur 'ARN double brin de ce dicistrovirus. La validation de ce point faible dans la défense du
virus a été effectuée en réalisant un HTS des petits ARNs dans des mouches de différents
geénotypes infectées avec DCV. J'ai ensuite caractérisé plus en profondeur cette région du génome
virale en déterminant tout d’abord sa structure 2D puis sa sensibilité a des clivages médiés par des
extraits embryonnaires de mouches. Finalement, l'utilisation de différents variants de Dicer-2
présentant des mutations du domaine DRA m’a permis de proposer un nouveau mécanisme de
fonctionnement de cette protéine.

Mots clés : Dicer-2, D. melanogaster, Dicistrovirus, séquengage a haut débit

Résumé en anglais

My Ph.D revolved around the study of the major antiviral defense system of Drosophila
melanogaster: the siRNA pathway. To date, the only viral nucleic acid sensor and siRNA pathway
activator in drosophila is Dicer-2. Thus, the work | have done has provided new information
regarding the detection of viral RNAs by Dicer-2. The use of high throughput sequencing (HTS)
methods of small RNAs in S2 cells infected with Drosophila C Virus (DCV) at early time points has
allowed me to propose a precise and internal entry point for Dicer-2 on the double-stranded RNA of
this dicistrovirus. The validation of this weak point in the defence of the virus was carried out by
performing an HTS of small RNAs in flies of different genotypes infected with DCV. | then
characterized this region of the viral genome in more depth by first determining its 2D structure and
then its sensitivity to cleavages mediated by embryonic fly extracts. Finally, the use of different
variants of Dicer-2 with mutations in the DRA domain allowed me to propose a new mechanism of
action for this protein.
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