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ABSTRACT

Small non-coding RNA-mediated silencing is a widespread mechanism of genetic repression
amongst eukaryotes. Deregulations of the different pathways of small RNA silencing have been linked
to severe phenotypes and pathologies in many species. The three best-characterized small RNA
silencing pathways are the small interfering RNA (siRNA), the microRNA (miRNA) and the piwi-
interacting RNA (piRNA) pathways.

It has been shown that some post-transcriptional RNA modifications, including on small non-
coding RNAs and on tRNAs, are important for their activity and/or stability. During my PhD |
characterized the molecular function of two 2'-O tRNA methyltransferases encoded by the genes
CG7009 and CG5220 in Drosophila melanogaster which seem to be involved in the different small
RNA silencing pathways and which are conserved from yeast (Trm7) to human (FTSJ1). Mutant flies
have an ovarian size reduction phenotype, decreased resistance to DCV viral infection, and
differential transposable element expression levels in somatic and germinal tissues. Mutations in their
yeast ortholog Trm7 are linked to a severe growth defect phenotype and in their human ortholog,

FTSJ1, to non-syndromic X-linked intellectual disability (NSXLID).

| confirmed that CG7009 is involved in both the miRNA Ago-2-dependent and in the siRNA
pathways in the Drosophila melanogaster S2 cell line and in developing flies. | also discovered that
CG5220, a paralog of CG7009, is involved in the miRNA Ago-2-dependent pathway in flies, similarly
to CG7009. Furthermore, we also showed that CG7009 and CG5220 have a role in the somatic piRNA
pathway. Last but not least, | was able to characterize that CG7009 lack of function, leading to loss
of 2'-O methylation (Nm) on tRNA™®, is accompanied by differential tRNA fragmentation profiles and
tRNA fragments (tRFs) accumulation. tRFs are stable RNAs derived from the cleavage of mature
tRNAs, that have been detected in bacteria, plants, yeast, flies and humans and linked to a variety of
functions. Recent research point to tRFs as a novel class of sncRNAs. Our results link, for the first
time, the loss of 2'-O tRNA modifications with tRFs accumulation and the regulation of the sncRNA

pathways.
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INTRODUCTION: Coding or non-coding? Layers of information

What is non-coding RNA? Today we acknowledge that the simple distinction between coding, referring
to protein coding RNA, and non-coding, referring to the rest of the RNA classes, is far from sufficient to
give an accurate idea on the complexity of the RNA world. Bacterial, fungal, plant, archaea, insect and
human genomes are composed mainly of non-protein coding transcripts (Palazzo and Lee, 2015).
Amongst the first well characterized non-coding RNAs (ncRNAs) were transfer RNAs (tRNA), ribosomal
RNAs (rRNA), small nuclear RNAs (snRNA) and small nucleolar RNAs (snoRNA). More recently, multiple
other classes of non-coding RNAs were characterized, including the small non-coding silencing RNAs. In
a fascinating way, the complexity of functions of RNA in the cell cannot be fully explained solely by the
discovery of these novel RNA species. Discoveries were also made of non-coding functions carried by
parts of coding RNAs (e.g. circular RNAs built from exonic mRNA sequences (Memczak et al., 2013)). A

concept of “levels of utilization” of the genetic information has been introduced.

Furthermore, several levels of information within the same non-coding RNA can also exist. A good
example is tRNAs, as they serve at least once as adaptors during translation, but some of them can also
serve a second time after fragmentation to tRFs (tRNA-derived fragments), molecules having a variety of
possible functions that are distinct from the function of the mature tRNA they derive from (see below). A
striking example of 3 different molecules, arising from the same tRNA, each with unique function, was
described recently by Schorn and colleagues (Schorn et al., 2017; Schorn and Martienssen, 2018). The
authors showed that in mouse embryonic fibroblasts (MEFs) the same tRNA molecule can serve in
translation, as well as in the production of 2 tRFs with distinct sizes and functions. As of today, multiple
studies witness that the information encoded in the same DNA sequence can be used in different fashions.
It has become very clear in the last several years that another layer of information exists in RNA. Like a
secondary information code, similarly to the genetic code, or the histone and DNA modification
epigenetic code, the field of Epitranscriptomics which is expanding very fast, has certified that and
enormous and yet to be discovered layer of information is hidden in RNA modifications. In the first chapter
of the introduction | will introduce the three main small non-coding RNA (sncRNA) pathways, implicated
in gene regulation. In the second chapters | provide more information on RNA modifications and on tRFs,
as a novel class of small non-coding regulatory RNAs, as they are central to my research and at the core

of the studied topic: regulation of the sncRNA pathways and epitranscriptomics connection via tRFs.



Chapter I: Gene expression repression by small non-coding RNAs

Three classes of small non-coding RNAs (sncRNAs) emerged as core components of a vast gene
silencing framework in metazoan. They fulfil critical roles as transcriptional and post-transcriptional
regulators of many RNA targets and are involved in numerous biological processes, including defense
against pathogens, repression of transposable element, chromatin dynamics, development, cell
proliferation and longevity. SncRNAs, namely miRNAs (microRNA), siRNAs (small interfering RNA) and
piRNAs (piwi-interacting RNA), have distinct biogenesis pathways but they all associate with members of
the Argonaute protein family. The repression by small-non-coding RNAs in the way we know it today is
accomplished by nucleotide complementarity between the target and the small RNA regulator, which
allows the small RNA to serve as a guide for its associated protein complexes. Argonaute proteins form
the core of central enzyme complexes, the RNA-induced silencing complexes (RISC), which mediate target
regulation in small RNA silencing pathways (Hammond et al., 2000). sncRNA pathways trigger post-
transcriptional repression which operates either through endonucleolytic cleavage (si- and piRNA), or by
repression of translation or direct degradation (miRNA) of the target RNA. However, it has been shown
that Drosophila Ago-2 loaded small RNAs can also trigger translational repression, similarly to miRNAs
under certain conditions (lwasaki et al., 2009). Moreover, si- and piRNA-loaded RISCs are also involved in
transcriptional repression on nascent RNAs, by guiding chromatin-modifying complexes to targeted DNA

loci (for review, see (Huang et al., 2013).

Small RNAs can be classified according to their size, their substrates, the proteins involved in their
biogenesis, their effector protein partners and their modes of target regulation. These RNAs have several
common characteristics: a short length (~20 to 30 nucleotides), a terminal 5'-phosphate and a 3'-hydroxyl
groups, albeit the 3'-end can sometimes be modified (see below) and their specific association with
members of the Argonautes protein family. As the three pathways are present in flies, Drosophila

melanogaster is a good model organism to study the sncRNA pathways.



1. Discovery and function of small non-coding regulatory RNAs

A. microRNAs

The first small non-coding RNA was discovered in 1993 by Victor Ambros and colleagues in a screen
designed to uncover genes implicated in the post-embryonic development of Caenorhabditis elegans (C.
elegans) (Lee et al., 1993). The authors discovered that the lin-4 locus, which is implicated in the temporal
control of the transition between pupal stages L1 and L2, does not encode a protein but produces two
small non-coding RNAs with an approximate length of 22 and 61 nucleotides (nt), respectively. As they
shared the same nucleotide sequence at their 5'-end, it seemed that the longer RNA was the precursor
of the shorter one. Moreover, the small RNA of 22nt was complementary to multiple sites in the 3'-
untranslated region (3'UTR) of the lin-14 gene. Interestingly, a loss-of-function of lin-4 induced
developmental defects comparable to a gain-of-function of lin-14. These observations led to the proposal
of a model in which the small RNA lin-4 is inhibiting the expression of the lin-14 mRNA in a sequence-
specific manner by base pairing with the 3'UTR of this regulatory target. This work and the discovery of
another small RNA, let-7 (Reinhart et al., 2000), revealed for the first time the existence of a genetic
regulatory mechanism performed by small non-coding RNAs. In the years that followed, this kind of small
non-coding RNAs were discovered in other organisms, in particular in Drosophila and humans (Lagos-

Quintana et al., 2001). They were baptized microRNAs (miRNAs).

B. small-interfering RNAs

In parallel to the discovery of miRNA, Fire and Mello made a discovery in 1998, which reversed the, by
then, largely accepted view that antisense RNAs exert their silencing effects by base pairing with their
mRNA counterparts, thereby inhibiting their translation. This led to the discovery of double-stranded
RNAs (dsRNA) as the trigger for silencing in C. elegans (Fire et al., 1998). A Nobel Prize acknowledged
their work in 2006. It was then discovered in plants that dsRNAs of exogenous origin, like viral RNAs, are
sliced into small interfering RNAs (siRNAs) with a length of approximately 21 nt (Hamilton and Baulcombe,
1999). This work also marks the discovery of the first siRNA. The first siRNAs of endogenous origin (endo-
siRNAs) were also detected in plants (Hamilton et al., 2002, 2015) and later discovered in C. elegans
(Ambros et al., 2003), flies (Czech et al., 2008; Ghildiyal et al., 2008) and mammals (Maillard et al., 2013)

suggesting their ubiquity among higher eukaryotes (reviewed in (Ghildiyal and Zamore, 2009)).



siRNAs function on complementarity principle as guides for their bound Argonaute protein partner
towards the target mRNA for its endonucleolytic degradation (Hammond et al., 2000; Zamore et al., 2000).
This mechanism of post-transcriptional gene silencing (PTGS) was initially baptized RNA interference

(RNAI).
C. piwi-interacting RNAs

A third class of small non-coding RNAs, piwi-interacting RNAs (piRNAs) with a length of 23-29 nt was
discovered more recently in flies (Aravin et al., 2001; Vagin et al., 2006). As their name implies, piRNAs
bind to the Piwi clade of Argonaute proteins (see below). Thus far, piRNAs and Piwi family proteins have
been extensively studied in Drosophila species and in mice. Several genome-wide screens in flies led to
the discovery of multiple factors involved in piRNA biogenesis or piRNA-mediated silencing steps of the
pathway (Czech et al., 2013; Handler et al., 2013; Muerdter et al., 2013). piRNAs have sequence
complementary to transposable elements (TEs) and their expression in the germlines repress TE
expression. Therefore, piRNAs ensure the maintenance of genomic stability and the preservation of
genomic integrity in the germ line for the future generations via the repression of transposable elements
(Brennecke et al., 2007). Drosophila mutants for any of the PIWI proteins are characterized by TEs
derepression, suggesting that the three PIWI proteins are not redundant in their functions (reviewed in

(Yamashiro and Siomi, 2018)).

A recent study on piRNAs in arthropods revealed that their germline-restricted function might not be
as universal as previously thought, as piRNAs with somatic functions have been described in arthropods
(Lewis et al., 2018). piRNA have been studied in other species from basal metazoans like the distant
relatives of the Bilateria (i.e. the poriferan Amphimedon queenslandica, a sponge) and close relatives (i.e.
the cnidarian Nematostella vectensis, starlet sea anemone), to bilaterian animals such as worms, zebrafish,
mice, rats and humans. piRNAs have been shown to play a role in the development in planarians. In
Aplysia, piRNAs have been linked to long-term memory development. In mosquitos, the piRNA pathway
has a function in antiviral defense. These supplementary functions of piRNAs have been recently reviewed

in (Yamashiro and Siomi, 2018).



2. General characteristic of the small RNA silencing pathways

Repression events occurring in the three small RNA silencing pathways in flies can be summed up in
the following consecutive steps: (i) small RNA biogenesis, (ii) loading into an Argonaute protein (iii) strand
selection, (iv) target recognition and effector function. On the mechanistic molecular level however, there
are some notable differences between the three pathways. Unlike miRNA and siRNA, which are produced
from double-stranded precursors, piRNAs derive from single-stranded precursors (Vagin et al., 2006).
piRNAs are produced through alternative biogenesis mechanism of miRNAs and siRNAs, independently
of RNase lll enzymes (Brennecke et al., 2007; Vagin et al., 2006). Indeed, in contrast to the two other small
non-coding RNA pathways, the piRNA pathway looks completely Dicer-independent. As piRNAs derive
from ssRNA precursors, not duplexes but ssRNAs are loaded in PIWI-proteins. In flies, the miRNA and the
siRNA pathways have members of the Ago clade of Argonaute proteins — Ago-1 and Ago-2 respectively
- for effectors, whereas piRNAs are loaded into Piwi clade proteins -PIWI (here named Piwi), Argonaute 3

(Ago-3) and Aubergine (Aub).

The 5'-end of mi-, si- and piRNAs contains a monophosphate at their 5’-end, a modification that is
characteristic for the three sncRNAs. However, piRNAs often start with uridine (1U bias) (Brennecke et al.,
2007; Gunawardane et al., 2007; Malone et al., 2009; Saito et al., 2006; Siomi et al., 2011). The 3"-end of
PiRNAs is 2'-O-methylated (Nm) by the methyltransferase DmHen-1/ Pimet (Horwich et al., 2007; Saito et
al., 2007). This is similar to siRNAs and Ago-2-loaded miRNAs, but not to Ago-1-loaded miRNAs in flies
(Saito et al., 2007; Vagin et al., 2006). Nm addition increases the stability of the small RNAs (Horwich et
al., 2007; Yu et al., 2005) and differently to Drosophila, plants miRNA also bear an Nm at their 3'-extremity
(Li et al., 2005; Yu et al., 2005).

It was initially discovered in mammals and in C. elegans that the same dsRNA-specific RNase Il family
ribonuclease, the protein Dicer (Dcr) is required for the maturation of si- and miRNAs (Bernstein et al.,
2001; Knight and Bass, 2001). However, Drosophila species have evolved two Dicer proteins: Dcr-1 is
involved in miRNAs biogenesis, whereas Dcr-2 is specialized in siRNA production (Lee et al., 2004b). The
fly siRNA pathway has an important role in the antiviral defense and the divergence of Dicer into two
isoforms could serve to decrease the competition for Dicer between precursors of miRNAs (pre-miRNAs)
and dsRNAs of viral origin (reviewed in (Ghildiyal and Zamore, 2009)). Alternatively, this specialization of
factors that are specific for the siRNA pathway (Dcr-2, as well as the Argonaute protein family member

Ago-2) suggests the existence of a selection pressure on the siRNA pathway to respond to rapidly evolving



anti-RNA. viral strategies. This is supported by the fact that Dcr-2 and Ago-2 belong to the most rapidly

evolving genes in Drosophila (Obbard et al., 2006).
3. Argonaute proteins, universal components of RNA silencing related mechanisms

Drosophila has five different Argonaute proteins; Ago-1 and Ago-2 belong to the Ago clade of
Argonaute proteins and are ubiquitously expressed, whereas Piwi, Aub and Ago-3 are members of the
PIWI clade and are expressed specifically in the germline (Cox et al., 2000; Harris and Macdonald, 2001;
Siomi et al., 2011; Vagin et al., 2006). In the fly ovaries, Piwi family members have distinct expression
patterns: Piwi is expressed in germline cells as well as in somatic ovarian follicle cells that surround the
developing egg chamber, whereas Aub and Ago-3 are expressed only in germline cells (Brennecke et al.,
2007). The three proteins also differ in their subcellular localization. The Piwi protein has a nuclear
subcellular localization in Drosophila germ cells and adjacent somatic cells, whereas Aub and Ago-3 in the
germline are cytoplasmic and found in a specialized perinuclear ring called nuage, which is associated
with germline function. The N-terminus of the Piwi protein, as well as its loading with piRNAs, are involved
in its nuclear localization, and unloaded Piwi proteins have been detected in the cytoplasm, where the
biogenesis of piRNAs take place (Olivieri et al., 2010; Saito et al., 2010). A third clade of Argonaute
proteins, the WAGO clade, is specific for C. elegans (Gu et al., 2009).

Argonaute proteins have RNA-binding domains (PAZ and MID domains) and a RNase H similar PIWI
domain, which performs the endonucleolytic cleavage of the target mRNAs (Figure 1) (recently reviewed

in (Olina et al., 2018)).
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Figure 1. Schematic representation of an Argonaute protein. Argonaute protein loaded with a small RNA (left part) or a
small RNA bound to its target (right part). Represented are the four distinct domains of Argonaute proteins (MID, PIWI,
PAZ and N-domains), with the catalytic tetrad in the RNase H similar PIWI domain. Purple dots indicate two coordinated
magnesium ions, important for the catalytic activity.



A difference between PIWI and AGO proteins is an arginine-glycine enriched region near the N-
terminus of PIWI proteins (reviewed in (Yamashiro and Siomi, 2018)). Some of the arginines get
symmetrically dimethylated, to produce symmetrically dimethylated arginines (sDMAs). These sDMAs are
required in Aub and Ago-3 for binding with Tudor domain-containing piRNA factors, some of which are

required for piRNA biogenesis (reviewed in (Yamashiro and Siomi, 2018)).

Typically, it is considered that Ago-1-loaded miRNAs exert their function by mRNA destabilization and
translational repression of their target MRNAs, whereas Ago-2 loaded siRNAs induce target degradation.
However, target regulation by small RNAs seems to be much more complicated: (i) Ago-2 is the only
mammalian Ago-clade protein (out of 4 Argonautes) thought to mediate target cleavage, whereas in flies
Ago-1 also has a slicer activity, although less pronounced that the one of Ago-2 (Miyoshi et al., 2005) (ii)
a part of the miRNAs in flies can be loaded alternatively on Ago-2, the typical effector of the siRNA
pathway (Forstemann et al., 2007), providing a proof of the interconnection between these two small RNA

silencing pathways.
4. Biogenesis and mechanism of action of the sncRNAs
A. Biogenesis and mechanism of action of siRNAs

dsRNAs are cleaved into double-stranded siRNAs by Dicer (Bernstein et al., 2001). In flies, the Dcr-2
protein is responsible for the processing of long dsRNA (Fig.1). siRNA comprise two ~21nt strands (a
duplex) with a 5'-phosphate and a 3'-hydroxyl group and two-nucleotide overhangs at the 3'-ends, a
hallmark of RNase Ill processing (Zamore et al., 2000). The guide strand is used to guide the silencing
machinery while the other strand, the passenger strand, is cleaved by Ago-2 (Matranga et al., 2005). The
relative thermodynamic stabilities of the 5-ends of the two siRNA strands in the duplex determines the
identity of the guide and passenger strands (Khvorova et al., 2003). In flies, the sensor of this
thermodynamic difference is R2D2, a dsRNA-binding partner of Dcr-2 restricting the substrate specificity
of Dcr-2 (Cenik et al., 2011). R2D2 forms the RISC loading complex (RLC) with Dcr-2, which loads siRNA
duplexes into Ago-2 (Liu et al., 2003).

A general principle for Argonaute-mediated, small RNA-guided silencing, is that Ago-2 cleaves its
target at the phosphodiester bond between the nucleotides that are paired to nucleotides 10 and 11 of
the guide strand (Elbashir et al., 2001). The same authors also described the minimal RISC: a recombinant

Ago-2 protein associated with siRNA is sufficient for slicer activity. After the release of the passenger
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strand, pre-RISC is converted to mature RISC (ssRNA-loaded guide strand). In flies, the guide strand is 2'-
O-methylated at its 3"-end by the DmHen1/Pimet methyltransferase in an S-adenosyl methionine (SAM)
dependent manner, completing RISC assembly (Horwich et al., 2007; Saito et al., 2007). As mentioned, in
plants, both miRNAs and siRNAs are terminally methylated, a modification that is crucial for their stability
(Yu et al., 2005). This paper is one of the first reports of small silencing RNA methylation, raising the idea

that small RNA stability and function could be controlled by post-transcriptional modification.

In plants, as in worms, endo-siRNAs are generally produced through the action of RNA-dependent
RNA polymerases (RdRPs). However, endo-siRNAs have been identified in flies and in mammals even
though their genomes do not encode such enzymes. In the germline and in somatic tissues of Drosophila
species the endo-siRNA population comprises small RNAs of ~21nt length (Czech et al., 2008). They are
present in sense and antisense orientations, have modified 3-ends and are produced in a Dcr-2-
dependent manner, although in the absence of Dcr-2 a remnant of the population persists. Fly endo-
siRNAs derive from transposons, heterochromatic sequences, intergenic regions, transcripts with
extensive structures and from some mRNAs. Expression of some transposon mRNAs increases in both
dcr-2 and ago-2 mutants, implying an endogenous siRNA pathway in the silencing of transposons in flies.
A subset of fly endo-siRNAs derives from RNA transcripts that fold into structured intramolecularly paired
hairpins (Czech et al., 2008). Accumulation of these siRNAs requires as dsRNA-binding partner, an isoform

of the protein Loquacious (Logs-PD) and not R2D2, the usual partner of Dcr-2.

The most abundant endo-siRNAs in plants are hc-siRNAs (heterochromatic siRNAs): ~24 nt long and
methylated by HEN1. They originate from transposons, repetitive elements, tandem repeats and promote
heterochromatin formation by directing DNA methylation and histone modification at the loci from which

they originate (Hamilton et al., 2002, 2015).
B. Biogenesis and mechanism of action of miRNAs

miRNAs are encoded in the genome and are transcribed as independent units, many of which consist
of clusters containing multiple miRNAs that are transcribed as polycistronic units (Lagos-Quintana et al.,
2001). Transcription of miRNA genes by DNA-dependent RNA polymerase Il yields primary miRNA (pri-
miRNA) transcripts, which are capped and polyadenylated and have local stem-loop structures, as well as
sometimes introns (Lee et al., 2004a). Generation of ~ 22 nt mature miRNAs from pri-miRNAs requires
the sequential action of two RNase Il endonucleases, assisted by their dsRNA-binding partner proteins

(Figure 2). Processing begins in the nucleus where Pasha (in flies) or DGCR8 (in mammals) bind to the pri-
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miRNA and recruit the RNase Ill enzyme Drosha to form the Microprocessor multiprotein complex. The
pri-miRNA is cleaved by Drosha to liberate a ~ 60-70-nt short precursor miRNA (pre-miRNA) with a hairpin
structure and a 2-nt single-stranded 3'-overhang, indicative of its RNase lll-mediated production (Lee et
al., 2003). Alternatively, miRNAs can be maturated in a Drosha-independent manner. pre-miRNAs of
mirtrons, miRNAs that are present in the introns of pre-mRNAs, are generated by the cellular splicing

machinery (Okamura et al., 2007).

Once generated, pre-miRNAs are exported to the cytoplasm via the nuclear pore complex, were the
processing of pre-miRNAs to mature miRNAs occurs. As mentioned above, in flies Dcr-1 is responsible for
the processing of the pre-miRNA into a ~22-23-nt miRNA:miRNA* duplex corresponding to the two sides
of the base of the stem (Bernstein et al., 2001; Lee et al., 2004b; Zamore et al., 2000). miRNA:miRNA*
duplexes generated by Dcr-1 and its dsRNA binding partner Logs-PB, an isoform of the protein
Loquacious exhibit the RNase Il cleavage characteristic 2-nt single-stranded 3'-overhangs at both ends.
The two duplex strands correspond to the guide and passenger (star *) strands of an siRNA and similar
thermodynamic criteria influence the choice of miRNA versus miRNA* (Khvorova et al., 2003). miRNAs can
arise from either arm of the pre-miRNA stem, and some pre-miRNAs produce mature miRNAs from both
arms, whereas others show such pronounced asymmetry that the miRNA* is rarely detected, even in high-

throughput sequencing experiments.

The majority of miRNAs bind to their targets only through a small sequence located at the miRNA 5'-
end, the "seed region" which contributes most of the energy for target binding. Argonaute proteins
display nucleotides 2-8 of the seed, defining this region as the primary specificity determinant for target
recognition. The small size of the seed, as well as the presence of central mismatches within this region,
increases the number of different genes that a single miRNA can regulate and thus make the prediction

of targets still difficult today.

In flies, the extensive double-stranded character of a small RNA duplex, as found in siRNAs, directs it
into Ago-2, whereas central mismatches, like those found in the majority of miRNA/miRNA* duplexes,
direct duplexes into Ago-1. Central to this sorting decision is the affinity of the small RNA duplex for the
Dcr-2/R2D2 heterodimer, which loads small RNAs with perfect complementarity into Ago-2 (Liu et al.,
2003). The function of the Dcr-2/R2D2 heterodimer in Ago-2 loading is separate and distinct from its role
in dicing siRNAs from long dsRNA. Indeed, a mutant form of the protein that lacks its helicase activity is
unable to dice but can still load siRNA into Ago-2 (Lee et al., 2004b).



The mechanism of target regulation by a miRNA, translational repression by mRNA destabilization or
degradation of target mRNAs, is influenced by the specific Argonaute partner into which the miRNA is
loaded. The majority of Drosophila miRNAs are loaded into Ago-1. However, as mentioned above, it has
been found that miRNA/miRNA* duplex strands can alternatively be sorted towards Ago-2 in a process
that requires both Dcr-2 and R2D2 (Forstemann et al., 2007). Like siRNAs, mature miRNA bound to Ago-
2 typically present perfect complementarity, begin with cytidine and cleave their targets. In contrast, Ago-
1 bound miRNAs usually begin with a uridine and avoid the translation of the target without systematic
cleavage. Unlike most of the animal miRNAs, plant miRNAs are 2'-O-methylated at their 3'-ends by HEN1
(Park et al., 2002; Yu et al., 2005). However, it has been shown that Drosophila Ago-2 bound miRNAs are
methylated by the homolog of HEN1, the protein DmHen1 (Horwich et al., 2007), also called Pimet (Saito
et al., 2007).
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Figure 2. Schematic representation of the Drosophila small interfering RNA (siRNA) and microRNA (miRNA) pathways.
A. dsRNA precursors are processed by Dicer-2 (Dcr-2) to siRNA duplexes composed of a guide and a passenger strand.
Dcr-2 and its dsRNA-binding protein partner R2D2 form the RISC-loading complex (RLC), which loads the duplex into
Argonaute2 (Ago-2). Accumulation of a subset of endogenous siRNAs (endo-siRNAs) requires another dsRNA-binding
partner, the protein Loquacious (Logs-PD). The passenger strand is cleaved and the guide strand, which is 2'-O-methylated
by DmHen-1 directs Ago-2 to the target RNA. B. miRNAs encoded in the genome are transcribed to primary miRNAs (pri-
miRNAs), which are cleaved by Drosha to yield shorter precursor miRNAs (pre-miRNAs). A subset of miRNAs, termed
mirtrons, originate from introns and are processed to pre-miRNAs by the splicing machinery. Mature pre-miRNAs are
exported from the nucleus to the cytoplasm and processed by Dicer-1 (Dcr-1) to mature miRNA:miRNA* duplexes which
are loaded into Ago-1. One of the two strands, the miRNA strand, triggers translational repression of the target mRNAs.
SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine. Image adapted from (Ghildiyal and Zamore, 2009).



C. Biogenesis and mechanism of action of piRNAs

The piRNA pathway includes three major steps: (i) piRNA cluster determination, (i) piRNA biogenesis,
and (iii) piRNA-mediated silencing. piRNAs biogenesis occurs through three mechanisms: (i) the primary
piRNA pathway, (ii) the piRNA amplification loop or ping-pong cycle, and (iii) the ping-pong-cycle-
dependent phased piRNA biogenesis. piRNAs show a remarkable sequence diversity but collectively the
majority of Drosophila piRNAs map to a few hundred genomic clusters. piRNA clusters are distinct loci,
comprising a complex mixture of sequences spanning large portions of transposons (Brennecke et al.,
2007). However, the transposon sequences contained in piRNA clusters are fragmented and cannot
transpose, this is why those clusters are often seen as transposon graveyards or catalogs of inactive
transposable elements sequences. The clusters are transcribed by RNA-Pol Il, they are often located in
the heterochromatin of pericentromeric and telomeric regions and are divided in two categories: uni-
strand and dual-strand clusters (Senti and Brennecke, 2010; Yamanaka et al., 2014). So far, all the
described piRNA clusters, except the clusters in the Drosophila germline, are uni-strand clusters. In
mammals the uni-strands clusters transcription has been characterized as uni- or bidirectional (Aravin et

al., 2006; Aravin et al., 2007; Girard et al., 2006).
a. Biogenesis and mechanism of action of piRNAs in the gonadal somatic cells

In flies, the gonadal somatic cells form an envelope surrounding the ovaries and the testes. Piwi is
expressed in both germ and somatic gonadal cells and as mentioned before Piwi has a nuclear localization
(Brennecke et al., 2007). In the gonadal somatic cells only Piwi from the three PIWI clade proteins is

expressed and it generates piRNAs by a mechanism of primary piRNA biogenesis (Figure 3).

In the gonadal somatic cells piRNAs are almost exclusively produced from uni-strand clusters (Malone
et al., 2009). Uni-strand clusters contain a promoter at one of their extremity and undergo unidirectional
transcription and mRNA similar processing, including 5’ capping, splicing, and addition of a poly(A)-tail.
After processing, the cluster transcript is exported to the cytoplasm and processed to mature piRNAs.
One of the best studied and major locus in this system is the flamenco locus. Flamenco is localized on the
X-chromosome, near the centromeres and contains sequences in antisense orientation of parts of the
transcripts of several transposons including gypsy, ZAM, and idefix. It has been shown that piRNAs
processed by this locus are able to target the aforementioned transposons by complementarity and to
repress their expression (Desset et al., 2003; Malone et al., 2009; Mevel-Ninio et al., 2007; Pelisson et al.,

2007; Pelisson et al., 1994; Prud'homme et al., 1995). The locus is transcribed by RNA-Pol Il under the
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control of a non-piRNA specific transcriptional factor regulated by the Hedgehog signaling pathway Ci
(Cubitus interruptus) and then processed similarly to a mRNA of protein coding genes (capped, spliced

and poly-adenylated) (Goriaux et al., 2014a).

piRNA cluster transcripts must be exported from the nucleus to the cytoplasm for mature piRNA
biogenesis to occur. Amongst the known export factors, Nxf1 and Nxt1 have been linked to the export
of these piRNA precursors. In ovarian somatic cells, aberrant accumulation of flamenco cluster transcripts
in the nucleus (Dennis et al., 2016), as well as TEs deregulation in ovaries (Czech et al., 2013; Handler et
al., 2013; Muerdter et al., 2013)have been observed following a KD of those two export factors. Moreover,
flamenco transcript and its encoding DNA foci co-localized only in nxf1 mutant ovaries (Dennis et al.,
2016), which was not the case in WT ovaries. The same was observed for mutations in proteins from the
exon junction complex (EJC), implicating the splicing machinery in the piRNA pathway regulation (Dennis

et al., 2016).
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Figure 3. Schematic representation of the Drosophila somatic piRNA pathway. The piRNA precursor is exported from
the nucleus to the cytoplasm via interaction with the Nxf1 Nxt1 export factors. By interacting with a cis-element on the
precursor piRNA transcript, Yb associates with the precursor and participates in its sequestering in a cytoplasmic structure
(Flam body), where accumulation of precursors has been described. Yb also participates in the transfer of the precursor
from the Flam body to the Yb-body where piRNA biogenesis takes place. Other important for piRNA biogenesis factors in
the Yb body are Armitage (Armi), Vreteno (Vret) and Sister of Yb (SoYb) and Shutdown (Shu). The interaction of the last
with HSP83 is important for piRNA loading into Piwi. An important protein for piRNA biogenesis is the nuclease Zucchini
(Zuc), localized on the mitochondrial membrane. On the mitochondrial surface the mitochondrial proteins Mino and Gasz
are implicated in piRNA biogenesis. piRNAs in the ovarian gonadal soma have a phasing pattern, which depends on Zuc
activity, and Zuc is responsible for piRNAs ends formation. Mature piwi-loaded piRNAs are 3'-terminally 2'-O methylated
(OMe) by DmHen-1 (Hen-1) and translocated to the nucleus to mediate transcriptional gene silencing at transposon loci by
recognition of nascent transposon RNA and induction of repressive heterochromatin histone modifications. OMe: 2'-O-
methylation. Image from (Yamashiro and Siomi, 2018)
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In the cytoplasm, the piRNA precursors are bound by a Tudor-domain and a DEAD-box RNA helicase
domain containing protein called female sterile (1) or Yb (Figure 3). This protein forms the core of a
perinuclear structure of the cytoplasm, characteristic for the ovarian somatic cells, the Yb body (Olivieri et
al., 2010; Qi et al., 2011; Saito et al., 2010). The Yb body is also composed of the following proteins,
necessary for piRNA biogenesis: the two Tudor-domain proteins Vreteno (Vret) and Sister of Yb (SoYb), a
DEAD-box protein, Armitage (Armi), and Shutdown (Shu), a cochaperone interacting with HSP83 that is
important for Piwi-piRNA loading (Handler et al., 2011; Huang et al., 2014; Olivieri et al., 2012; Olivieri et
al., 2010; Preall et al., 2012; Saito et al., 2010; Zamparini et al., 2011).

Apart piRNA clusters like flamenco, some genic piRNAs were detected in OSC cells as they mapped
to the 3-UTR of some protein-coding genes, i.e. traffic jam (tj) (Saito et al., 2009). Binding of Yb on a
specific tj and flam transcripts cis-elements was shown to be important for piRNA production (Homolka
et al., 2015; Ishizu et al., 2015). Yb binds the piRNA precursors at sites where mature piRNAs have been
mapped and sequesters them to the Flam body (Murota et al., 2014) that is supposed to be a place of
storage of piRNA precursors and their intermediates before they are translocated by Yb to the Yb body
for processing and mature piRNA production. Another protein, required for piRNA biogenesis in this
system is the endonuclease Zucchini (Zuc) (Malone et al., 2009; Pane et al., 2007; Saito et al., 2009). Zuc
is located on the surface of the mitochondria (Olivieri et al., 2010; Saito et al., 2010) and it processes
pPiRNA precursors and piRNA intermediates to mature piRNAs. This Zuc-dependent endonucleolytic
cleavage RNAs products contain a mono-phosphate at the 5"-end, like do mature piRNAs (Nishimasu et
al., 2012). This has led to establish a model in which Zuc is responsible for piRNAs 5’-end formation. Zuc
is thought to form both the 5'- and 3"-ends of piRNAs. However, Piwi-bound piRNAs have a strong 1U
bias piRNAs (Nishimasu et al., 2012) and Zuc showed little nucleotide bias for RNA cleavage. Furthermore,
in ovarian somatic cells piRNAs have a phasing pattern, similar to the phased piRNAs from the Ping-Pong-
Cycle-Dependent Phased piRNA Biogenesis of germ cells (Han et al., 2015; Mohn et al., 2015). It is
currently unknown how Zuc generates the 5-end rich in uridine (1U-biased) and phased piRNAs in the
ovarian somatic cells. Two others mitochondrial proteins necessary for primary piRNA biogenesis in
ovarian somatic cells and shown in Figure 3 are Gasz and Minotaur (Mino), their function in the piRNA

pathway remains however currently unknown.

piRNAs are then 2'-O-methylated at their 3'-termini by the methyltransferase DmHen-1/Pimet, similarly
to siRNAs and Ago-2-loaded miRNAs in flies (Horwich et al., 2007; Saito et al., 2007). After piRNA
biogenesis and loading of Piwi with mature piRNAs the protein translocates in the nucleus. There, it guides
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transcriptional gene silencing (TGS) on TEs nascent transcripts, indicating that for silencing to take place,
the TEs should be transcribed. It has been shown that the Slicer activity of Piwi is not required for the
functioning of the piRNA pathway (Saito et al., 2009). In TGS, silencing is accomplished by
heterochromatinization via deposition of histone3 lysine9 tri-methylation (H3K9me3) at loci of active TEs
(Brennecke et al., 2007; Gunawardane et al., 2007; Kalmykova et al., 2005; Li et al., 2009; Malone et al.,
2009; Sabin et al., 2013; Saito and Siomi, 2010). The aforementioned review of Yamashiro and colleagues
gives a very detailed characterization of the piRNA-mediated TGS (Yamashiro and Siomi, 2018). Briefly,
several important cofactors of Piwi in this mechanism have been described. Piwi interacts directly with
Panoramix/Silencio (Panx) (Sienski et al., 2015; Yu et al., 2015). Panoramix then recruits the H3K9
methyltransferase Eggless (Egg) (Rangan et al., 2011; Yoon et al., 2008) and its cofactor Windei (Wde)
(Czech et al.,, 2013; Handler et al., 2013; Koch et al., 2009), and other factors required for
heterochromatinization, resulting in the repression of transposons. Asterix is another factor that interacts
with Piwi, but probably mediates its functions upstream of Panoramix (Donertas et al., 2013; Muerdter et

al., 2013; Ohtani et al., 2013) however its function in the pathway is yet unknown.

Piwi also interacts with the linker histone H1 and this interaction targets H1 at DNA loci containing TEs
(lwasaki et al., 2016). The group discovered that the accumulation of the H3K9me3 repressive chromatin
mark at the loci is not influenced by the presence of H1 and vice versa (lwasaki et al., 2016). Nevertheless,
this interaction of Piwi with the linker histone H1 implies a role of the protein in chromatin remodeling.
Whether TGS is accomplished only by histone modifications, or if it also includes remodeling of the

chromatin and if these processes are linked remains to be uncovered.
b. Biogenesis and mechanism of action of piRNAs in the germ cells

Drosophila germ cells express the three PIWI proteins: Piwi, Aub and Ago-3 (Brennecke et al., 2007).
In the germline piRNA-mediated silencing of TEs is accomplished via the primary piRNA pathway, but also
via two other mechanisms: the piRNA amplification loop or ping-pong cycle, and the ping-pong-cycle-

dependent phased piRNA biogenesis.

In the Drosophila germline, most of the piRNAs derive from dual-strand clusters, which are probably
unique to Drosophila. These clusters are transcribed on both genomic strands and thus their transcription
products are complementary (Brennecke et al., 2007; Malone et al., 2009). These clusters are targets of
the piRNAs they produce. Moreover, dual-strand clusters lack promoter sequences and are enriched in

transcriptional repression signals, such as H3K9me3 (Le Thomas et al., 2014; Mohn et al., 2014). Thus, one
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of the major questions in the field was to determine how dual-strand clusters are transcribed. Answers to
this question came from the study of the Drosophila clusters 42AB and 80F. The core of the components
shown to define dual-strand clusters in the Drosophila ovaries is a complex formed between the proteins
Rhino, Deadlock and Cutoff, the RDC complex (Mohn et al., 2014). As of today, several functions of Rhino
and Cutoff in the production of dual-strand clusters-derived piRNAs have been described (see below).
Much less is known about the role of Deadlock of the RDC complex. Two hybrid experiments showed the
interaction of this protein with Rhino and Cutoff but, as it doesn’t have any conserved functional domains,

deciphering its function is more complicated (Mohn et al., 2014).

It is important to mention that the RDC-complex mediated transcription of piRNA dual-strand clusters
is not conserved in other species. Rhino, is a heterochromatin protein-1 (HP1) paralog, enriched at piRNAs
bidirectional loci (Klattenhoff et al., 2009; Mohn et al., 2014; Zhang et al., 2014), that anchors the RDC
complex via its chromodomain to the H3K9me3 chromatin marks on the clusters. Moreover, a regulatory
feedback loop between piRNAs producing loci and Piwi protein was discovered, as loss of Piwi provoked
loss of small RNAs and of RDC from some piRNA clusters. In their study, Mohn and colleagues (Mohn et
al., 2014) described the RDC as licenser of noncanonical transcription of dual-strand piRNA clusters,
supposing that: “this process involves 5’ end protection of nascent RNAs and suppression of transcription
termination”. They proposed two models for the mechanism by which RNA-Pol Il transcribes dual-strand
clusters. One of the mechanisms consists in transcriptional read-through of the clusters that has been
initiated at the promoters of the cluster-flanking genes. This model was further supported by the known
anti-termination of transcription function of Cutoff from the RDC complex (Chen et al., 2016; Mohn et al.,
2014). The second model implicates dual-strand clusters transcription by Pol I, mediated by pervasive
internal transcription initiation. In the study of Andersen and colleagues (Andersen et al., 2017), the
authors tested the read-through model by deleting the promoter of a gene flanking the 42AB cluster, the
largest bidirectional piRNA cluster. It seemed that not only the cluster transcription was not affected by
the lack of a nearby gene promoter but the cluster propagated on this promoter-less region. Furthermore,
Rhino occupancy was increased and small ectopic RNAs from the region were detected. The authors
concluded that: “bidirectional piRNA cluster expression does not rely on read-through transcription.
Instead, flanking transcription units delimit piRNA clusters”. This work (Andersen et al., 2017) validated
the second model and uncovered a mechanism of widespread RNA-Pol ll-mediated transcriptional internal
initiation within the heterochromatic piRNA dual-strand clusters. Dual-strand clusters contain

pyrimidine/purine dinucleotides motifs (YR motifs) on both strands. The basal transcription factor TFIID
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complex binds to this motif during transcription initiation (Kaufmann and Smale, 1994; Purnell et al., 1994).
The authors showed that Moonshiner, a paralog of TFIIA-L, mediates the transcription initiation in dual-
strand clusters by helping to recruit the TFIID complex. Moonshiner binds at the same time Rhino and the

TFIID complex protein TRF2 (TATA-box-binding protein-related factor) (Andersen et al., 2017).

Unlike the uni-strand clusters in somatic ovarian cells, the piRNA precursors from dual-strand clusters
are unspliced. Two proteins have been implicated in protecting dual-strand cluster transcripts from
splicing, Cutoff and the DEAD-box containing protein UAP56, as loss of both of these proteins lead to
splicing of the piRNA cluster transcript (Chen et al., 2016; Zhang et al., 2014). UAP56 is also recruited to
the dual-strand piRNA precursors by Rhino (Zhang et al., 2012).

PiRNA cluster PIRNA cluster

T

@)

primary
pathway

phasing
Piwi

Figure 4. Schematic representation of the Drosophila germinal piRNA pathway. piRNA cluster transcripts are exported
to the cytoplasm via their interaction with UAP56 in the nucleus and their subsequent transfer from UAP56 to the helicase
Vasa, localized in the cytoplasm. Vasa then transports the piRNA precursor to the perinuclear cytoplasmic structure of germ
cells, the nuage. In the nuage a ping-pong cycle of amplification of piRNAs take place. Antisense piRNAs derived from the
piRNA cluster are loaded into Aubergine (Aub). Aub-loaded piRNA silence transposon transcripts via Aub's slicer activity.
The derived sense piRNAs are loaded in Ago-3 and drives production of novel anti-sense piRNAs prom the piRNA precursor
transcript (anti-sense). These can be again loaded in Aub, leading to s amplification of the piRNAs simultaneously with the
post-transcriptional silencing of the TE transcripts. Vasa, Krimper (Krimp), Qin, and Spindle-E (Spn-E) also participate in the
ping-pong cycle. Nibbler is involved in the piRNAs 3'-end formation. In the germline a second mechanism for piRNA
biogenesis exists. Some of the Ago-3-loaded piRNAs are passed to Zuc on the mitochondrial membrane to trigger ping-
pong dependent phasing piRNA production, which like in the soma is dependent on Zuc. The piRNAs generated are loaded
in Piwi. A primary piRNA pathway also generates piRNAs loaded in Piwi, which silence transposable elements
transcriptionally. Mature piRNAs are 2-O-methylated at their 3'-terminus by DmHen-1(not shown). Adapted from
(Yamashiro and Siomi, 2018).
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In piRNA biogenesis in the germline, UAP56 is involved in the nuclear export of the dual-stranded
pPiRNA cluster transcripts (Figure 4). UAP56 makes a link between the cluster transcript and the
cytoplasmic piRNA biogenesis factor Vasa (Liang et al., 1994; Malone et al., 2009). UAP56 is the protein
responsible for the transfer of the cluster transcript through the nuclear pore to the cytoplasmic helicase
Vasa (Meignin and Davis, 2008; Zhang et al., 2012). Vasa is localized on the cytoplasmic side of the nuclear
pores and is responsible for the piRNA precursors transfer to the “nuage”. In the germ cells, nuage is a
perinuclear structure functionally similar to the Yb body of the ovarian somatic cells (Brennecke et al.,

2007; Gunawardane et al., 2007; Huang et al., 2014; Lim and Kai, 2007; Nishida et al., 2007).

The current model for piRNA biogenesis was inferred from the sequences of piRNAs that are bound
to Piwi, Aub and Ago-3. piRNAs bound to Piwi and Aub are typically antisense to transposon mRNAs,
whereas Ago-3 is loaded with piRNAs corresponding to the transposon mRNAs themselves (sense
sequences). Moreover, the first 10 nucleotides of antisense piRNAs are frequently complementary to the
sense piRNAs found in Ago-3 (Brennecke et al., 2007). According to the current model of piRNA pathway
target regulation, antisense piRNAs direct cleavage of transposon mRNA or chromatin modifications at
transposon loci (Sienski et al., 2012). In the germ line, apart from the primary biogenesis mechanism, Aub
collaborates with Ago-3 to mediate an amplification cycle that generates additional piRNAs, the ping-
pong cycle. The ping-pong cycle relies on the slicer activities of Aub and Ago-3 (Figure 4). The cleavage
takes place on the target RNAs between the 10* and 11* nt relative to piRNAs, similarly to AGO clade
proteins activity (Brennecke et al., 2007; Gunawardane et al., 2007; Malone et al., 2009). These piRNAs
are capable to target the transposable elements transcripts. Thus, in the germline the repression is
accomplished by TGS but also by PTGS (post transcriptional gene silencing), whereas, in the follicular cells

the TGS seems to be the main functional mechanism for transposon silencing.

The ping-pong cycle takes place in nuage and involves the proteins Aub, loaded with antisense to TE
transcripts piRNAs and Ago-3, binding sense transcripts (Brennecke et al., 2007; Malone et al., 2009). It is
thought that some of the Aub-loaded piRNAs are derived from the piRNA cluster transcripts. Then Aub-
bound antisense to TEs piRNAs direct the silencing of transposons by cleaving their complementary
transcripts. Unlike in the RNAI pathway, where Ago-2 loaded with siRNA degrades all of its target RNA,
the TE mRNAs, that are cut by Aub, are loaded in Ago-3 generating a second wave of piRNAs derived
from the cut TE transcript. These sense piRNA from Ago-3 are complementary and able to target antisense
TE sequences contained in the piRNA cluster transcripts. This leads to the production of a new set of
antisense piRNAs, capable to target TE transcripts that get loaded in Aub. This cycle of consecutive
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cleavage of TE transcripts by Aub-loaded piRNAs and amplification of the available piRNAs from the
piRNAs clusters, by use of Ago-3-loaded sense degradation products of the action of Aub, leads to
efficient PTGS of TE through amplification of piRNAs. Aub-bound piRNA, similarly to PIWI-bound piRNAs
have a strong 1U bias, Ago-3-loaded piRNAs do not have a 1U bias but, as products of the Slicer activity
of Aub, a 10A bias. Aub and Ago-3-loaded piRNAs are often complementary at the 10 first nt from their
5’-end, the so-called ping-pong signature (Brennecke et al., 2007; Gunawardane et al., 2007), which is
conserved amongst different species (Grimson et al., 2008). In the ping-pong generated piRNAs, the 5'-
end of these piRNAs is determined by the Slicer activity of the two proteins involved, Ago-3 and Aub. For
some of the piRNAs once the 5’-end is generated their 3'-end must be trimmed (Kawaoka et al., 2011;
Zhang et al., 2015). Amongst the nucleases shown to be involved in the determination of the 3'-end of
mature piRNAs in this mechanism are Zuc and Nibbler (Feltzin et al., 2015; Han et al., 2015; Hayashi et al.,
2016; Mohn et al., 2015; Wang et al., 2016).

Other factors required for the ping pong cycle are Vasa and three Tudor-domain proteins, Krimper
(Krimp), Qin, and Spindle-E (Spn-E) (Anand and Kai, 2012; Czech et al., 2013; Handler et al., 2013; Malone
et al., 2009; Muerdter et al., 2013; Ott et al., 2014; Patil and Kai, 2010). Vasa helicase activity is thought
to increase the efficiency of the ping-pong cycle by displacing the cleaved target transcripts from Aub-
piRISC. Krimper binds Ago-3 and its activity is important for the proper formation of the complex between
Ago-3 and Aub (Sato et al., 2015; Webster et al., 2015). In Krimp KD in fly ovaries Ago-3 has been detected
as loaded with Aub/Piwi-piRNAs (Sato et al., 2015). Qin’s assures that the Ago-3-cleaved small RNAs are
loaded onto Aub and not in Piwi (Wang et al., 2015). Spn-E’s exact molecular function in the piRNA
biogenesis is not yet elucidated. Further details on the pathway are reviewed in (Yamashiro and Siomi,

2018).

A third mechanism of piRNA biogenesis is the ping-pong-cycle-dependent phased piRNA biogenesis
(reviewed in (Czech and Hannon, 2016; Hirakata and Siomi, 2016)). Similarly, to the siRNAs phasing
pattern, arising at each 21 nt from their dsRNA precursors due to Dcr-2 consecutive cleavage of the
precursor, Piwi-loaded piRNA have also a phasing pattern. The phasing is Zuc dependent, as it disappears
in zuc mutants (Han et al., 2015; Mohn et al., 2015; Wang et al., 2015). Thus, in the germline as well as in
the ovarian somatic cells of Drosophila, Zuc functions in production of phased piRNAs loaded in Piwi. In
the germ cells a proportion of piRNAs generated by Ago-3, instead of going in the ping-pong cycle are

loaded onto Piwi (known as trailer piRNAs). As Zuc is responsible for the production of the phased Piwi-
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bound piRNAs, not only the 5'- but also the 3"-ends of the phased piRNAs are defined by the endonuclease

activity of Zuc.

As piRNAs are present in the oocyte they get maternally deposited in the early embryos (Brennecke et
al., 2008; Grentzinger et al., 2012). It has been found that Piwi induced H3K9me3 accumulation on piRNA
clusters occurs in the early stages of embryogenesis, as zygotic Piwi KD led to reduction of the repressive
mark on the clusters that persisted in the adult ovaries and triggered TE derepression and reduction in
piRNAs (Akkouche et al., 2017; Wang and Elgin, 2011). Thus, Piwi function in the piRNA pathway is crucial
in the earlier embryonic stages. Moreover, subsequent inactivation of Piwi in the later development stages
did not suppress the deposed H3K9me3 histone marks (Akkouche et al., 2017; Le Thomas et al., 2014).
This unraveled a role of maternally deposited piRNAs and their Piwi-associated complexes in specifying
the piRNA clusters which persists in the adult ovaries, uncovering more insights into the mechanisms of
the epigenetic function of this small RNA silencing pathway (Brennecke et al., 2008; de Vanssay et al.,
2012).

c. Repression of protein-coding genes by piRNAs

Apart silencing TEs, piRNAs have been shown to regulate the expression of protein coding genes,
similarly to miRNAs. For instance, in the male germline of Drosophila piRNAs target the Stellate locus,
located on the X chromosome. Expression of Stellate, a subunit of casein kinase Il, leads to accumulation
of aggregates during spermatogenesis and infertility (Pandey and Pillai, 2014). Similarly, to TEs sequences,
in the Stellate locus the sequence coding for casein kinase |l is repeated on the X chromosome. In order
to overcome the effects of the expression of Stellate a repression mechanism has evolved in the male
germline. On the Y chromosome, a piRNA cluster type locus, named Suppressor of Stellate [Su(Ste)],
contains Stellate fragments which are antisense to the Stellate locus. Interestingly, chromosome Y contains
a locus rich in Ste fragments, and produces small Aub-loaded RNAs (Nishida et al., 2007; Schmidt et al.,
1999; Vagin et al., 2006). Currently the small RNAs are referred to as Su(Ste)-piRNAs and the Su(Ste) locus

is considered a piRNA cluster implicated in protein-coding silencing.
d. Regulation of maternal mRNAs localization by piRNAs

It has been shown that in the female germline of flies maternally deposited Aub-loaded piRNAs
regulate the posterior localization of some maternal mRNAs in the embryos (Barckmann et al., 2015;

Rouget et al., 2010; Vourekas et al., 2016). Such mRNAs accumulation at the posterior pole is important
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for proper development and the pioneer study, linking piRNAs function to maternal mRNA localization
regulation, showed that Aub-piRNA complexes destabilized the morphogens nanos and oskar at the
anterior pole of embryos, allowing their accumulation only at the posterior pole (Barckmann et al., 2015;

Rouget et al., 2010).

It has been shown that in the embryos Aub-piRNAs complexes bind to numerous, predominantly
posterior localized mRNAs (Vourekas et al., 2016). This function is dependent on the extent of
complementarity between the small RNA and its target. If the complementarity is very low, the complex
might not be stable enough. If very high complementarity exists, this might induce the Slicer activity of
Aub, leading to cleavage of the associated maternal mRNAs and thus fail in their maternal deposition
and/or localization. A third possibility is that supplementary co-factors inhibit Aub’s Slicer activity in these
complexes, allowing the accumulation of these specific transcripts at the posterior pole. A similar function
of the piRNA pathway in embryogenesis has also been identified in mice (Goh et al., 2015; Gou et al.,
2014; Zhang et al., 2015).

5. Pimet (DmHen1) and the role of methylation for small RNA stability

Plant small-RNA methylation is catalyzed by HEN1 (Li et al., 2005; Park et al., 2002; Yu et al., 2005).
Unlike in animals, in plants both miRNAs and siRNAs are 3’ terminally methylated, a modification that is
crucial for their stability (Park et al., 2002; Yu et al., 2005). HEN1-mediated methylation protects plant
miRNAs from further modifications, such as 3'-uridylation, which marks miRNAs for degradation by
exonucleases (Li et al., 2005). The D. melanogaster homolog of HEN1 (DmHen1, also named Pimet) bears
an evolutionarily conserved methyltransferase domain, closely resembling the Arabidopsis HEN1 catalytic
domain (Park et al., 2002). In flies, DmHen1 catalyzes the 2'-O-methylation at the 3'-termini of siRNAs and
piRNAs as well as Ago-2-loaded miRNAs (Horwich et al., 2007). Modification of siRNA in vitro is dependent
on SAM, consistent with DmHen1 transferring a methyl group from SAM to the terminal 2' hydroxyl group
of the RNA (Horwich et al., 2007). Unlike Arabidopsis HEN1, the Drosophila ortholog does not contain a
dsRNA-binding motif and acts on ssRNA. In contrast to its D. melanogaster homologue, plant HEN1 is
nuclear and probably acts before miRNAs are loaded into Ago-1, because both strands of the

miRNA:miRNA* duplex have modified 3'ends (Yu et al., 2005).

All 2'-O-methylated small RNAs (pi, mi or siRNA) that have been identified to date associate with a
RISC complexes having an efficient endonucleolytic activity, like Ago-1-associated plant miRNAs, fly Ago-

2-associated miRNAs, animal PTGS-mediating PIWI-clade associated piRNAs and Ago-2-associated
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siRNAs. Conversely, Drosophila miRNAs, which are typically loaded on Ago-1-RISC, characterized with a
very weak endonucleolytic activity, are unmodified. It was then speculated that the association of DmHen1

with RISC complexes is depending on the identity of their Argonaute protein (Horwich et al., 2007).

Results of experiments in somatic Drosophila S2 cell lines and in germline-tissues suggested that the
modification of the 3' terminus of siRNAs and Ago-2-loaded miRNAs is coupled to the assembly of Ago-
2-RISC and occurs following the cleavage of the passenger strand and thus the conversion of pre-RISC to
mature RISC (Horwich et al., 2007). 2'-O-methylation of the single-stranded small RNA is considered to

be the final step in mature RISC assembly (Horwich et al., 2007; Saito et al., 2007).

In Drosophila, piRNA methylation occurs after the piRNAs are loaded onto PIWI proteins. The length
and abundance of piRNAs as well as piRNA function are decreased in Dmhen1 mutants. In the female
germline it was shown that HeT-A transposon expression increases in Dmhen1 null mutants, suggesting
that modification of the 3'- ends of piRNAs by DmHen1 is required for piRNA-directed silencing (Horwich
et al., 2007).

It was also shown that DmHen1 physically interacts with the Argonaute PIWI proteins (Saito et al.,
2007). The authors also showed that a GST-DmHen1 recombinant protein was able to methylate piRNAs

immunoprecipitated with the PIWI proteins from DmHen1 mutant ovaries.

The methylation of small RNAs by DmHen1 seems to be influenced by the accessibility of the 3'-ends
of the small RNA substrates. Structural analysis of Argonaute proteins suggested that the 5'-end of the
small RNA is anchored in a highly conserved pocket in the PIWI domain, whereas the 3'-end of the small
RNA is embedded in the PAZ domain (Figure 1). It was proposed that the 3'-ends of PIWI-clade protein-
associated piRNAs are more flexible and are exposed to the surface of the protein, whereas the 3'-ends
of Ago-1-associated miRNAs are more likely to be embedded in the PAZ domain and therefore not

exposed to the surface of the protein for DmHen1 methylation.

Surprisingly, fly mutant for DmHen 1 are viable and fertile and, strikingly, the purified recombinant GST-
DmHen1 protein is 50-fold more active on siRNAs methylation when supplemented with ovary lysate from
Dmhen1 null mutant homozygous flies (Czech et al., 2008). The authors hypothesized that this
phenomenon reflects the requirement of the Ago-2 RISC machinery for DmHen1 function in flies, although

they did not exclude the possibility that the lysate contains supplementary factor(s) required for regulating
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DmHen1 activity. However, we cannot exclude that this observation might be due to redundant protein(s)

function(s).
6. Implication of the sncRNAs in pathology

This variety of functional and mechanistic outputs of sncRNA pathways might explain why their
misregulation have been correlated with the emergence and development of cancer, neurodegenerative

diseases and fertility troubles (for a review see (Huang et al., 2013)).

In plants and animals, the early study of miRNA pathway mutants showed a higher occurrence of
developmental defects and lethality in mutants of miRNA-associated Argonaute proteins (Knight and
Bass, 2001; Park et al., 2002). Presently, miRNAs are recognized as a large class of endogenous post-
transcriptional regulators of numerous biological processes, including early development, stem cell
differentiation, the immune response, cellular homeostasis, cell-cycle control and viral replication. The
conservation of multiple miRNAs across different species during evolution indicates their importance.
Deregulation of miRNA expression or function has been linked to many human diseases, including diverse
cancer types and a number of neurological disorders including Alzheimer's disease, multiple sclerosis and
schizophrenia (reviewed in (Dong et al., 2013; Hebert and De Strooper, 2009; Liu, 2016). Thus, targeting
miRNAs opens the possibility of a novel class of therapeutics approaches. For instance, a sharp decrease
of the majority of mature miRNAs is observed in tumor tissues. Expressions of proteins necessary for
miRNA biogenesis are affected in many human cancers and studies link miRNAs’ dysregulations to the
progression of invasive tumors and metastatic stages (Png et al., 2011). In recent years, many studies have
highlighted the benefits of using miRNAs, or proteins of these pathways, as biomarkers of a variety of
tumors and more recently male infertility (Adams and Eischen, 2014; Khazaie and Nasr Esfahani, 2014;

Oom et al., 2014; Ozen et al., 2008).

RNAI is the major mechanism for defense against RNA viruses in plants and invertebrates (Ding and
Voinnet, 2007; Galiana-Arnoux et al., 2006; van Rij et al., 2006; Wang et al., 2006). In Drosophila, viral
infection triggers the production of 21 nt siRNAs duplexes (also called vsiRNA for viral siRNA). They are
processed from dsRNA viral intermediates by Dcr-2, loaded into Ago-2 protein complexes, unwounded
and one of the strand guides the cleavage of target RNAs by sequence complementarity (Okamura et al.,
2004) (Miyoshi et al., 2005; Tomari et al., 2007). A dramatic increase in sensitivity of dcr-2 and ago-2
mutants to viral infections reveals the importance of RNAi in Drosophila antiviral defense (Galiana-Arnoux

et al., 2006; van Rij et al., 2006; Wang et al., 2006). While mammals have evolved an elaborate protein-
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based immune system, it has been shown that RNAi pathways can also function in the antiviral defense in
mouse embryonic stem cells and suckling mice, suggesting its implication in early antiviral defenses in

mammals (Li et al., 2013b; Maillard et al., 2013).

Misregulation of the piRNA pathway has been reported in somatic cancers and some Piwi family protein
members are abnormally expressed in cancer cells (Suzuki et al., 2012). For example, overexpression of
the human Argonaute piRNA protein Hiwi is correlated with the formation of seminoma, a testicular tumor
(Qiao et al., 2002). It has been shown in flies that an abnormal expression of Piwi in brain tumors is a causal
effect for tumor growth (Janic et al., 2010). Furthermore, human orthologs of Drosophila Piwi proteins are
abnormally expressed in tissues infected with Human Papillomavirus, a virus that can lead to cervical
cancer (He et al., 2010). Similarly, these proteins are ectopically expressed in breast tumors (Liu et al.,
2010), where they suppress cancer cells apoptosis, thus leading to cell survival and possible dissemination
(Lee et al., 2010). Together, these observations suggest that ectopic expression of germ stem cell
maintenance proteins, such as PIWI sub-clade of Argonautes, in somatic tissues could confer a tumorigenic

potential. For a recent review on the implication of the piRNA pathway in cancer see (Liu, 2016).

PIWI proteins functions have been recently linked to another human pathology, azoospermia occurring
during abnormal spermatogenesis. The study was performed in mice and implicated Miwi in normal
spermatogenesis. Miwi is a mouse PIWI protein expressed in the meiosis pachytene stage during the late
stages of spermatogenesis. It has been shown that degradation of Miwi at the end of spermatogenesis is
important for the normally occurring replacement of histones with protamines during the condensation of
the genetic information in the sperm heads, causing azoospermia. The authors found that this role of Miwi
is independent of its associated piRNAs, as miwi mutant unable to load piRNAs still interfered with normal
spermatogenesis (Gou et al., 2017). Furthermore, some human patients with azoospermia bearing
mutations in the Hiwi gene, were described in the study. As the described functions of Miwi and potentially
Hiwi involved protein domains are not conserved in Drosophila, such mechanism is probably not
conserved in flies. However, this is one of the first examples of a lack of PIWI protein function implicated

in human pathology.
7. Communication of the sncRNA pathways in flies

Several lines of evidence indicate that in Drosophila the three sncRNA pathways overlap, at least to a
certain extent. A very strong example in flies was the aforementioned discovery that a subset of

Drosophila miRNAs are loaded on the siRNA pathway effector Ago-2 (Forstemann et al., 2007). The siRNA
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pathway is a main pathway for TE silencing in the somatic tissues of Drosophila (Czech et al., 2008;
Ghildiyal et al., 2008). However, the siRNA pathway is also active in the germline (Czech et al., 2008) (Shpiz
et al., 2014; Tchurikov and Kretova, 2011) and has been reported to be able to regulate affect some TEs
(Czech et al., 2008). A cooperation between the siRNA and the piRNA pathway has been described by
our team, in a study on the repression of TE in the head of Drosophila (van den Beek et al., 2018). Another
study reported in Piwi-depleted follicle cells an up-regulation of 21 nt small RNAs complementary to the
TE ZAM (Rozhkov et al., 2013), suggesting similar interconnection between the si and the piRNA pathway,
as the one described by our group in Drosophila heads. Finally, a study from the Chambeyron’s group
also reports on such interconnection between the siRNA and the piRNA pathway in the regulation of some
TEs families in gonadal somatic cells (Barckmann et al., 2018). Another example is the function of two
microRNAs (miR 34 and 14), reported to be capable silence in flies reporters specific for the somatic

piRNA pathway (Mugat et al., 2015).
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Chapter Il. tRFs provide a link between Epitranscriptomics and the regulation of sncRNAs

1. Transfer RNAs (tRNAs) biogenesis

tRNAs are ubiquitously expressed abundant small RNAs of 70-90 nt playing a central role in the cellular
metabolism. Their role as adaptors during the translation of the genetic information is well established
and will not be discussed in this manuscript. More recently, studies on the modifications of tRNAs and on
their fragmentation to tRNA-derived fragments (tRFs), have provided new insights on the complexity of

functions accomplished by tRNAs and its derivatives in the cell.

The biogenesis of tRNAs has been extensively studied in yeast and is also well characterized in
mammals. As their biogenesis is very complex it will not be detailed here, but is reviewed in depth in
(Chatterjee et al., 2018; Huang and Hopper, 2016). | will summarize key notions developed in those recent

reviews. The studies of tRNA biogenesis in flies is much scarcer.

tRNAs have a characteristic cloverleaf secondary structure and are constituted of ssRNA loops and
stems, dsRNA parts (Figure 5). They are constituted of an anticodon stem loop (AC) containing the
anticodon at positions 34 (Wobble position) to 36 (Figure 5, red line); a D-loop containing a dihydrouridine
(D); a TW-loop containing a pseudouridine (W), a variable loop (sometimes); and an acceptor stem which

is the amino acids attachment site at the 3'-end CCA trinucleotide.

CCA

TW-loop
-
J
D-loop .

variable-loop Figure 5. Secondary structure of tRNAs. Cloverleaf
representation of a tRNA. Represented are the D-loop, the TW-
loop, the AC-loop (including the anticodon sequence (red)) and the
variable loop. 3'-end CCA trinucleotide is added to tRNAs post-
transcriptionally in eukaryotes.

AC-loop
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tRNA biogenesis involves multiple steps of maturation starting with the transcription by RNA
polymerase Il of their precursor tRNA (pre-tRNA) and continuing to the formation of a mature tRNA,
charged with an amino acid, with a characteristic L-shaped three-dimensional structure. The majority of
the steps in tRNA biogenesis occur in the nucleus, but some are taking place in the cytoplasm. This implies

a spatio-temporal regulation of tRNA biogenesis in the cell (Figure 6).

First, in the nucleus, a process termed end-processing occurs (Figure 6). The majority of pre-tRNAs
contain 5'-leader and 3’ trailer sequences. Maturation of tRNAs usually starts with removal of the 5’-leader
sequences by the endonuclease RNase P. The maturation of the 3'-end is more complex, as it may require
both exo- and endonucleases. RNase Z is a well described endonuclease involved in the 3’-end processing
of mitochondrial and nuclear encoded tRNAs. The tRNA binding La protein (Lhp1 in yeast), a protein
involved in miRNA processing (Liang et al., 2013), is also involved in pre-tRNA processing. tRNAs contain
a 3'-terminal CCA sequence which is important for tRNA aminoacylation. In yeast and vertebrates, CCA
is not encoded in the genome and its addition to the 3'-end of tRNAs is enzymatic. In E. coli the CCA

sequence is genome-encoded.

Some pre-tRNAs also contain introns, that are spliced, as they are not present in the mature tRNAs.
Non-intron containing pre-tRNA in yeast and vertebrates, as well as intron-containing tRNAs in vertebrates
are processed in the nucleus. These tRNAs maturation steps of end-processing, CCA-addition and splicing
(only in vertebrates) occur in the nucleus. Then, the processed pre-tRNA is translocated in the cytoplasm,
for charging with their cognate amino-acid by an amino-acyl tRNA synthetase. The translocation in the
cytoplasm is termed primary tRNA nuclear export. It is interesting to mention that Nxf1 and Nxt1, the
export factors involved in flies in primary piRNA biogenesis (Dennis et al., 2016) are characterized in other
organisms as export factors of this primary pre-tRNA nuclear export. In flies, their implication with tRNA

biogenesis is not described yet.

In yeast, intron containing tRNAs have a different fate. Their end processing and CCA addition also
occur in the nucleus but their splicing occurs in the cytoplasm, on the mitochondrial surface. Once spliced

there, they are also charged with the corresponding amino acids (Figure 6).
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Figure 6. Overview of tRNA biogenesis in yeast and vertebrates. tRNA sequences retained in the mature tRNA are
represented in blue, the anticodon is in red, intronic sequences that are spliced out of the mature tRNA are represented in
green. The 3’ CCA sequence is represented as an extension on the 3'end of the tRNAs, red circles mark the amino acid in
charged tRNAs; 5' and 3' processing of intron and non-intron containing pre-tRNA transcripts (upper part, surrounded by
green dashed lines), as well as CCA addition to the 3'-end occurs in the nucleus. In vertebrates splicing also occurs in the
nucleus. Yeast intron-containing tRNAs are spliced in the cytoplasm on the mitochondrial surface. Primary nuclear tRNA
export assures the export of pre-tRNAs in the cytoplasm where the charging of an amino acid takes place. In yeast some
posttranscriptional modifications require retrograde import of amino acid-charged tRNAs from the cytoplasm to the
nucleus. Nuclear re-import occurs as well under some environmental circumstances and during tRNA quality control. When
the post transcriptional maturation is accomplished, or the stimulus causing retrograde import is removed, a nuclear re-
export shuttle returns the mature tRNAs to the cytoplasm. Figure inspired by (Chatterjee et al., 2018).

In flies Zuc processing of piRNA precursors is also located on the mitochondrial surface (Saito et al.,
2010). This indicates, as discussed in the review of Chatterjee and colleagues, that post-transcriptional
processing of some RNAs (at least piRNAs and tRNAs) can occur on the mitochondrial surface. Recently,
Honda et al. reported specific tRNAs-derived piRNAs in B. mori BmN4 cells (Honda et al., 2017), whose

biogenesis also occurs at the mitochondrial surface.

There are multiple tRNA nuclear export and import pathways. Apart from the primary nuclear export
of uncharged pre-tRNAs, cytoplasmic tRNAs can be imported back in the nucleus via a tRNA retrograde
nuclear import. Moreover, cytoplasmic tRNAs that have been re-imported in the nucleus can under certain

circumstances return to the cytoplasm via tRNA nuclear re-export mechanisms. These mechanisms of
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bidirectional movement of tRNAs between the nucleus and the cytoplasm is conserved between budding
yeast and vertebrates and participates in multiple functions, including tRNA modification, tRNA quality
control, cell cycle control and translation (reviewed in (Chatterjee et al., 2018)). The retrograde tRNA
import pathway is important for regulation of retroviral replication, as it is used by retroviruses, i.e. HIV
for their own replication cycle. It is known that tRNAs are “hijacked” by retroviral reverse transcriptases
and serve as primers for reverse transcription initiation (Herschhorn and Hizi, 2010; Marquet et al., 1995)

and recently reviewed in (Schorn and Martienssen, 2018).

Moreover, the traffic of tRNA between cellular compartments is linked to changes in the environmental
conditions such as stress. In their review Chatterjee and colleagues suggest that tRNA subcellular
trafficking could serve as a novel mechanism to regulate gene expression in response to changes in the

environment (Chatterjee et al., 2018).

2. Epitranscriptomics: hidden layer of information in RNA modifications

The concept of Epitranscriptomics implies that, similarly to modifications on DNA and on histones,
another layer of signalization information in the cell is “hidden” in RNA modifications. Ever since the
discovery that some RNA modifications, i.e. méA, are reversible, and “read” by effector proteins with a
consequence on variety of biological processes, a parallel with DNA and histone modifications function in

conveying information has been made (briefly discussed in (Angelova et al., 2018)).

More than 140 RNA modifications contribute to an increase in the diversity of nucleotides (Boccaletto
et al., 2018; Machnicka et al., 2013). Some of the most common RNA nucleotide modifications are
represented in Figure 7. The presence of modified nuclectides alters the thermal stability of RNAs: RNA
folding in secondary and tertiary structures is stabilized by post-transcriptional RNA modifications and
hypo-modified RNAs can be degraded (reviewed in (Helm, 2006)). Post-transcriptional modifications have
been implicated in gene expression regulation (reviewed in (Motorin and Helm, 2011)) and are often found

on tRNAs, rRNAs and messenger RNAs (mRNAs).

RNA modification enzymes can have different substrates. For instance, in E. coli, FtsJ/RrmJ catalyzes
2'-O-methylation (Nm) addition on 23S rRNA (Caldas et al., 2000) as well as on tRNA (Bugl et al., 2000).
Its yeast ortholog Trm7 catalyzes Nm at positions 32 and 34 on specific tRNAs (tRNAP", tRNAT™ and

tRNALUTAY)(Pintard et al., 2002).
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Figure 7. Some common RNA methylated nucleosides. From left to right: Né-methyladenosine (m®A), N1-
methyladenosine (m'A), pseudouridine (W), 5-methylcytidine (m°C) and 2'-O-methylated bases (Nm). Modification sites are
marked in red, (Image from (Angelova et al., 2018)

A. tRNAs modifications

Pioneer studies in the field of epitranscriptomics were made on tRNA and rRNA (Angelova et al., 2018).
Numerous investigations on RNA modifications identified tRNAs as the most heavily modified RNAs in
the cell (Boccaletto et al., 2018). tRNAs modifications occur post-transcriptionally and biosynthesis of
hypermodified nucleosides usually involve several modification enzymes that act sequentially at different

steps.

tRNAs modifications can be categorized in 3 groups (Machnicka et al., 2014). (i) Conserved position
and identity of the modification in different tRNAs, i.e. dihydrouridine (D) or 2'-O-methylguanosine (Gm)
in the D-loop; 5-methyluridine (m°U) and pseudouridine (W) in TW-loop. These modifications are usually
deposited by conserved enzymes. (ii) Conserved position of the modification in different tRNAs, i.e. hyper
modified uridines at position 34 (Wobble) or purines at position 37. These modifications can be introduced
by non-conserved enzymes. (iii) Simple nucleotides modifications often located at one position within
some tRNAs, i.e. methylation of the base (mN; N is A, U, G or C) or the ribose (Nm; N is A, U, G or C).
These modifications can be introduced by a diversity of enzymes. tRNAs modifications occurring
frequency and conservation have been indexed in tRNAmodviz web server. This database contains
information on tRNAs corresponding to 584 tRNAs and 5293 modifications in total from bacteria, fungi,
metazoan and archaea (Machnicka et al., 2014). For instance, W at position 55 in the TW-loop is reported

to be the most conserved modification followed by m°U at position 54 and D at position 20.

Numerous tRNAs modifications are located in the anticodon (AC) loop (especially at the Wobble

position 34) and on adjacent position 37. Positions 34 and 37 are conserved modified positions. There are
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29 possible modifications found at the Wobble position 34 and 13 at position 37. They represent 70% of
the modifications found on tRNAs. Previous studies demonstrated that modifications in the AC loop and
the adjacent position 37 prevent frameshift during translation (Agris, 2004; Bjork et al., 1999; Urbonavicius

et al., 2016) and are thus necessary for the decoding of the genetic information.

The most abundant modifications in tRNAs are: (i) an isomer of uridine, pseudouridine W and its
derivatives (e.g. 1-methylpseudouridine) and (ii) a reduced form of uridine, dihydrouridine D and 2'-O-
methylation (Nm) on the ribose of A, U, G and C. There are few positions never found to be modified,

particularly in the variable loop.

B. Implication of aberrant tRNA modification in disease

Defects in the methylation of tRNAs are associated with neurodegenerative diseases (for a review see
the attached publication at the end of the Introduction section (Angelova et al., 2018)) as well as in cancer
progression in human, mice and flies, similarly to the misregulation of the silencing sncRNAs: reviewed in

(Anderson and Ivanov, 2014; Frye and Watt, 2006; lyengar et al., 2014; Torres et al., 2014).

C. Role of RNA modifications for tRNA stability and tRFs accumulation

Aberrant function of the two m>C tRNA methylases Dnmt2 and NSun2, has been linked to the stability
of their tRNA substrates. In Drosophila mutants for dnmt2, as well as in NSun2-deficient mice and human
patient-derived fibroblasts cultures, an increased cleavage of tRNAs into tRNA-derived fragments (tRFs)
has been observed (Blanco et al., 2014; Schaefer et al., 2010). This phenomenon is enhanced under
stressful conditions. The cleavage of tRNAs to tRFs in the absence of NSUN2 is catalyzed by the
endonuclease angiogenin. Angiogenin was also reported to cleave the AC loop of tRNAs, giving rise to

SHOT-RNA (another name of the tRNA-derived small RNA) (Honda et al., 2015).

In flies Dnmt2 adds m°C to position 38 of tRNA*®, tRNA?, and tRNASY. These methylations protect
tRNAs from cleavage to tRFs (Schaefer et al., 2010). For instance, under stress conditions non-methylated
tRNAs are susceptible to hydrolysis by endonucleases and generate tRFs (Schaefer et al., 2010). Studies,

including our own in collaboration with Matthias Schaefer, have shown that the sncRNA pathways can be
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disturbed by lack of some tRNAs modifications that correlate with increased tRFs (Durdevic et al., 2013b;

Genenncher et al., 2018).

Multiple evidences have accumulated that tRNA fragments are not simple degradation products but
rather functional molecules generated in a regulated manner. This suggests that those novel small RNAs
represent individual biological entities. For instance, not all but only specific stress signals trigger tRNA
halves accumulation (Thompson and Parker, 2009). This demonstrates that tRNA fragmentation is not a
general answer for the cell to confront stressful situations but rather a selective response to certain kinds
of stress. Probably the strongest argument that tRFs are not degradation products comes from the
observation that the levels of mature tRNAs do not significantly change during tRNA halves accumulation
(Lee and Collins, 2005; Thompson and Parker, 2009; Yamasaki et al., 2009). Moreover, tRNA fragments
are often cleaved at specific positions (reviewed in (Sobala and Hutvagner, 2011)) and the fragmentation
seems to be controlled by methylation such as m°C as described for Dnmt2 (Schaefer et al., 2010) and
NSun2 (Blanco et al., 2014), and also Nm as described by us, suggesting that cleavage can occur after

tRNA maturation.

3. tRNA-derived fragments (tRFs)

A tRNA fragment (tRF) derived from tRNA" was first detected in the 1970s in E. coli soon after its
infection with a T4 bacteriophage (Yudelevich, 1971). It took two more decades for the first functional
study of a tRF isolated from human urinary bladder carcinoma to take place (Zhao et al., 1999). Currently,
multiple studies reported the existence of tRFs (Cole et al., 2009; Haussecker et al., 2010; Kawaji et al.,
2008; Lee et al., 2009; Li et al., 2008; Li et al., 2012; Reese et al., 2010). These pioneer studies on tRNA
fragments biology have named them with different terms, leading to a rather nonhomogeneous
nomenclature of tRFs. As of today, one can encounter the names tRNA-derived fragments (Lee et al.,
2009), tRNA-derived small RNAs (tsRNAs), (Haussecker et al., 2010), tRNA halves (Fu et al., 2009; Lee and
Collins, 2005), tRNA-derived halves (Garcia-Silva et al., 2010), stress-induced small RNAs (tiRNAs) (Emara
etal., 2010; Yamasaki et al., 2009), or event urinary bladder carcinoma RNAs (ubcRNAs) (Zhao et al., 1999).

In one of the proposed nomenclatures, the discrimination is based on the size of the fragments and
their position of origin on the mature tRNA (reviewed in (Sobala and Hutvagner, 2011)). Two classes of

fragments appear: (i) tRNA halves and (ii) tRFs, characterized by smaller sizes. tRNA halves are produced
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by cleavage near the AC loop and make 30-35 nt. Their production has been linked to the response to
processes like oxidative stress, hypoxia, or apoptosis induction (Fu et al., 2009; Lee and Collins, 2005;
Thompson et al., 2008). In mammals, tRNA halves are produced by the endonuclease Angiogenin (Fu et

al., 2009) (Yamasaki et al., 2009) (Figure 8).

tRFs can be derived from the 5'- (5’ tRF), the 3'-end (3'CCA tRFs) of mature tRNAs, or also from 3'-pre-
tRNA trailers (3'U tRFs) and have a size around 20 nt. 3'U tRFs are formed during pre-tRNAs processing

by the nuclease RNase Z.

The biogenesis mechanisms of 5’- and 3'CAA tRFs are not yet fully elucidated, but it is important to
note that, as tRNAs contain double stranded parts similarly to miRNA and siRNA precursors, some tRFs
were shown to be directly produced by the Dicer nuclease activity (Cole et al., 2009).

¥
Mature-tRNA

3

— tRNA halves

Figure 8. Biogenesis of tRFs from mature tRNAs. Represented is a cloverleaf structure of mature tRNAs with the different

positions found to be cleaved by angiogenin or Dicer. Image adapted from (Soares and Santos, 2017).

Several studies have linked an up-regulation of tRNA halves during starvation or the oxidative stress
response (Thompson et al., 2008; Thompson and Parker, 2009; Yamasaki et al., 2009). tRNA halves
mediate translational inhibition and induction of expression of proteins involved in survival and repair
responses during stress (Buchan and Parker, 2009) by promoting the assembly of stress granules (Emara

et al., 2010). tRNAs can also inhibit apoptosis via titration of cytochrome-C, inhibiting its interaction with
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Apaf-1 and thus blocking the subsequent caspase-9 activation. Moreover, RNase treatment against tRNAs

was shown to enhance caspase-9 activation and apoptosis (Mei et al., 2010).

It has been shown that the abundance of tRFs does not correlate with tRNA genes copy numbers and
distribution of codon usage (Kawaji et al., 2008). In their study the group compared the frequencies of
tRNA-mapping small RNAs from small RNA sequencing experiment per tRNA isoacceptor family (groups
of tRNA genes associated with the same amino acid) with the tRNA gene copy number on one hand and
with the amino acid frequencies on the other. As they found no correlation of the abundance of tRNA-
derived small RNA sequences with any of those two categories the group concluded that tRNA cleavage
is oriented towards specific types of tRNAs and that the abundance of tRNA-derived small RNAs is not a

direct consequence of tRNA expression.

However, in contrast to this study it has been reported that upon overexpression of particular tRNAs,
distinct tRFs-3 levels increase and have a silencing activity on luciferase reporters (Kumar et al., 2015). In
a later study of the same group, an overexpression of tRNAs in HEK293T leads to an increase in the levels
of endogenous 18 nt tRF-3 (Kuscu et al., 2018). Furthermore, these tRFs were shown to post-
transcriptionally silence genes by base-pairing to the 3’ UTR of their target mRNAs. The repression of the
target genes was shown to be Dicer-independent, Argonaute-dependent and accomplished by
association with GW182 proteins, known translation repressors in miRNA silencing, capable to promote

the target mRNAs degradation.

Interestingly, in their review on tRNA biogenesis, Chatterjee and colleagues discussed that many of
the cellular stresses which induce retrograde tRNA nuclear import also induce tRNA fragmentation and
speculate on the possibility that the imported tRNA fragments could play an important role in processes

such as tRNA quality control and translation efficiency (Chatterjee et al., 2018).

On overview of the variety of functions into which tRFs have been implicated is reviewed in (Cristodero

and Polacek, 2017) (Figure 9).
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Figure 9. Multiple functions of tRNA-derived fragments. Overview of the different biological processes in which tRFs
have been implicated (adapted from (Cristodero and Polacek, 2017)).

A. tRFs as a novel class of sncRNA

Similarly to the “canonical” sncRNA pathways, it has been shown that tRNA-derived fragments can
regulate gene expression. A recent study on this topic was accomplished by Yeung and colleagues (Yeung
et al., 2009). They characterized the small RNA population in cells infected with the human
immunodeficiency virus (HIV). The authors detected an abundant 18 nt small RNA derived from a hybrid
RNA duplex formed between the host human tRNAY* and the virus PBS (primer-binding site).
Furthermore, this tRNAY*-derived 3'tRF was shown to associate with Dicer and Ago-2 in order to silence
the genetic reporter used in the study. This suggested that the function of this 3'tRF in HIV antiviral

response can be accomplished via an RNAi-similar mechanism.

In mammals the tRNAs biogenesis proteins RNA Pol Ill and RNase Z are used by herpes viruses to
generate functional viral miRNAs. RNA Pol Ill generates short transcripts composed of a 5’ tRNA-like
molecule that is flanked by a 3'-pre-miRNA hairpin. After cleavage of the pre-miRNA hairpins by the host
RNase Z, they are processed by Dicer to mature viral miRNAs (Bogerd et al., 2010; Diebel et al., 2010;

Reese et al., 2010). In mice, RNA Pol lll has also been found to produce small RNAs from similar structures,
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indicating that generation of small RNAs from Pol Il transcripts is not a unique property of viral genomes
(Reese et al., 2010). 3'U tRF (tRF-1001, cand45) detected in human cancerous cells is generated by
mechanism, similar to the above described generation of murine herpes viral miRNAs (Bogerd et al., 2010;
Diebel et al., 2010; Reese et al., 2010), although unlike for the viral miRNAs, no silencing activity was
detected for this tRF on luciferase reporters, suggesting that it functions by different mechanisms

(Haussecker et al., 2010; Lee et al., 2009).

The abnormal production of tRFs has also been shown to impair the siRNA pathway in Drosophila.
Indeed, a mutation of the tRNA methylase Dnmt2 leads to an important increase of tRFs which inhibit
Dicer-2 RNase activity, causing reduced siRNA production and misregulation of Dicer-2-dependent
silencing (Durdevic et al., 2013b). As mentioned, Dicer generates some tRFs (Cole et al., 2009), that can
thus potentially compete with other Dicer substrates. The interactions of abnormally abundant tRFs with
sncRNAs' effector machineries, i.e. Dicers and Argonautes (Cole et al., 2009; Keam et al., 2014; Kuscu et

al., 2018; Shigematsu and Kirino, 2015), thus affects sncRNA-mediated gene regulation.

Interestingly, recent studies showed that tRFs interact with human Piwi proteins in cancer cells (Keam
et al., 2014). Moreover, a correlation between tRNA biogenesis defects and defect on piRNA pathway
has been recently reported in flies (Genenncher et al., 2018; Molla-Herman et al., 2015). Furthermore, in
Tetrahymena 3'CCA tRFs were found in association with Twi12, a PIWI protein that is essential for this

organism (Couvillion et al., 2010).

tRFs were also found to act in relation to transposons. For instance, it has been shown that an under
aminoacylated isoform of the human tRNAA** isodecoder adopts an alternative hairpin secondary structure
and binds to the 3'UTR of its aspartyl-tRNA synthetase mRNA increasing its translation efficiency
(Rudinger-Thirion et al., 2011). Interestingly, tRNA” binds to an embedded Alu element in the 3'UTR via
extensive base pairing from positions 21 through 55, leaving a part of the tRNA resembling a 5tRF
accessible for nuclease cleavage. These findings suggest a potential alternative mechanism for tRFs
generation. A recent study in human cancer and mouse embryonic cells described Dicer-independent,
16-18 nt long 3'CCA tRFs that associated with Ago-2 and mediated in vitro silencing of target RNAs (Li
et al., 2012). Similarly to the study of (Rudinger-Thirion et al., 2011) the tRFs showed high complementary
to endogenous retroviral PBS in the human genome, suggesting an RNAi based function of tRFs in the

regulation of retrotransposons.
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A very recent example is the study of Schorn and colleagues (Schorn et al., 2017; Schorn and
Martienssen, 2018). The study focused on a specific tRNA, hijacked by retroviruses for priming retroviral
reverse transcription in mouse embryonic fibroblasts (MEFs). Schorn et al. showed that the same tRNA is
being fragmented by the host in response to retrotransposon activation, giving rise to two tRFs of 18 and
22nt length, each one participating in distinct pathways in the host defense against the retrotransposons.
The 18nt tRF served to block reverse transcription (RT) initiation, as they were shown to compete with the
full length tRNA priming binding site, thus accomplishing a mechanism similar to the piRNA-mediated
TGS, but on the level of RT (that could be called “RTGS"). If this first level of defense fails to repress the
TEs, 22nt Ago-loaded tRFs assure a second layer of defense by post-transcriptionally repressing the
retroviral propagation via a PTGS mechanism, again as shown for the sncRNA pathways. This not only
solidifies the concept of information “layers” within the same molecules encoded by unique genomic
sequence, but also characterize tRFs as molecules similar to piRNA and endo-siRNA in terms of target

(TEs) as well as in terms of mechanism of action.

Another example of tRFs targeting TEs was described in the pollen of Arabidopsis thaliana where tRFs
were shown to be processed by Dicer-like 1 and incorporated into Argonaute, similarly to microRNAs

(Martinez et al., 2017). The similarities between tRFs and sncRNAs are summarized in Figure 10.

tRFs vs sncRNAs
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Figure 10. tRFs as novel class of small non-coding RNAs. Summary of the arguments that tRNA-derived fragments can
be considered as novel class of small non-coding RNAs.
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B. Implication of tRFs in disease

Already in the late 1970s, elevated levels of tRNA breakdown products were found in the urine of
humans and mice with different malignancies (Speer et al., 1979). More generally, differentially expressed
tRFs have now been identified in a number of cancers (for a review see (Green et al., 2016) and (Fu et al.,

2015)), e.g. lung cancer and chronic lymphocytic leukemia (Pekarsky et al., 2016).

Differentially expressed tRFs were identified in patients with myelodysplastic syndrome (MDS), as well
as in responders and non-responders to therapy (Guo et al., 2015). The expression of some of those tRFs
could explain 67 % of the variation in treatment response of patients with MDS, an observation that
highlights the potential utility of tRFs in clinical settings to select patients likely to respond to treatment.
tRFs could thus become valuable diagnostic and prognostic markers in MDS, but also in prostate cancer,

as reported by Olvedy and colleagues (Olvedy et al., 2016).

An example of the capacity of tRFs to titrate RNA binding proteins was recently reported: specific tRFs
suppress breast cancer progression via the displacement of the mRNA-stabilizing protein YBX1 from pro-
oncogenic transcripts (Goodarzi et al., 2015), destabilizing pro-oncogenic mRNAs and suppressing
metastatic progression. When these tRFs were introduced into breast cancer cells, they inhibited breast
cancer growth, cell invasion, and metastasis. These findings reveal a tumor-suppressive role for tRFs, as
well as their potential use as cancer biomarkers. It is hence possible that this RNA displacement-based
mechanism may be a general phenomenon, applying to other RNA binding proteins, like Argonautes and

Dicers and playing a major role in tumorigenesis.

Angiogenin, the endonuclease responsible for the production of tRNA halves, is a potential oncogene
and a vascularization agent in normal, as well as in malignant, cells. RNase Z, the nuclease responsible for
the processing of pre-tRNAs and the generation of 3'U tRFs is also known, as the gene ELAC2, to
susceptibility for prostate cancer (Lee et al., 2009). tRFs can influence cell proliferation, as in prostate
cancer cell lines expression of 3'U tRFs was positively correlated with the cellular proliferation rate and
knockdown of these 3'U tRF by siRNAs resulted in impairment of the cell proliferation (Lee et al., 2009).
In prostate cancer cell lines (Lee et al., 2009) and in human hepatitis delta transformed embryonic kidney
cells (Haussecker et al., 2010) a 3'U tRF (tRF-1001, cand45). tRF-1001 found to play defined biological
roles in proliferation (Lee et al., 2009). The Angiogenin-generated tRNA-derived small RNA (SHOT-RNA)
described in the study of Honda and colleagues were also found to be highly expressed in breast and

prostate cancer (Honda et al., 2015).
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Stress granule assembly mediated by tRNA fragments may play a role in tumor cells for hypoxia and
starvation-induced stress signaling (Holcik and Sonenberg, 2005). tRFs have been shown to be
upregulated in prostate cancer (Martens-Uzunova et al., 2012). It is also worthy to mention that as
described above tRNA halves increase during nutritional starvation and oxidative stress, both processes

characteristic for tumor environments (Thompson et al., 2008; Thompson and Parker, 2009).

The human long non-coding RNA MALAT1 which can interact and be processed by factors of the tRNA

biogenesis machinery is known to be deregulated in many human cancers (Wilusz et al., 2008).

These are only some of numerous examples from the recent years, linking tRFs to pathology in human.
Multiple reviews were published on this thematic. More generally, apart cancer, tRFs have been also been
implicated in neurological disorders and in antiviral defense in different species. This has been recently

reviewed by (Soares and Santos, 2017).

As discussed sncRNA pathways deregulations have been strongly associated with the emergence of
cancer and neurodegenerative diseases. On the other hand, tRFs arise as novel class of sncRNAs, shown
to be able to compete with sncRNAs for common factors, or targeting similar targets by similar
mechanisms. It is tempting to hypothesize that neurodegenerative pathologies and cancer progression,
as observed in mutants for tRNA biogenesis genes, are at least partially due to their ability to interfere

with sncRNA pathways.
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Analogous to DNA methylation and histone modifications, RNA modifications represent a
novel layer of regulation of gene expression. The dynamic nature and increasing number
of RNA modifications offer new possibilities to rapidly alter gene expression upon specific
environmental changes. Recent lines of evidence indicate that modified RNA molecules
and associated complexes regulating and “reading” RNA maodifications play key roles in
the nervous system of several organisms, controlling both, its development and function.
Mutations in several human genes that modify transfer RNA (tRNA) have been linked to
neurological disorders, in particular to intellectual disability. Loss of RNA modifications
alters the stability of tRNA, resulting in reduced translation efficiency and generation
of tRNA fragments, which can interfere with neuronal functions. Modifications present
on messenger BRNAs (mMRNAs) also play important roles during brain development.
They contribute to neuronal growth and regeneration as well as to the local regulation
of synaptic functions. Hence, potential combinatorial effects of RNA modifications on
different classes of RNA may represent a novel code to dynamically fine tune gene
expression during brain function. Here we discuss the recent findings demonstrating
the impact of modified RNAs on neuronal processes and disorders.

Keywords: RNA modification, m5C, Nm, pseudouridine, mGA, neurons, disease

INTRODUCTION

An estimated 1-2% of all genes in a given organism contribute to nucleic acid modification
systems, suggesting biological importance of modified nucleotides (Grosjean, 2009). A classic
example is the methylation of cytosine on DNA, which acts as a critical epigenetic regulator of gene
expression (Bird, 2002). Additionally, current advances in RNA modification research report over
140 distinct post-transcriptional RNA modifications (Cantara et al., 2011; Machnicka et al., 2013).
Initial knowledge has been derived from studies on abundant non-coding RNAs (ncRNAs), such
as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), in prokaryotes and simple eukaryotes.
These pioneer investigations described a diverse, chemically complex, and strongly conserved
nature of RNA nucleotide modifications (Cantara et al., 2011; Machnicka et al., 2013). The most
heavily modified RNAs in any cell type and organism are tRNAs. Up to 20% of nucleotides
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in mammalian cytoplasmic tRNAs carry modifications
(Motorin and Helm, 2011; Pan, 2018). Modified nucleotides
outside the anticodon loop of tRNAs occur non-randomly
at conserved positions across diverse species and affect in
general its stability (Helm, 2006; Motorin and Helm, 2010). In
addition, modifications in the anticodon loop can contribute to
optimize mRNA decoding by directly affecting codon-anticodon
interactions (Agris, 2008).

Aberrant tRNA and rRNA modifications have been linked
to various human disease syndromes and the phenotypes
are often observed in specific tissues such as the gonads
and the nervous system (Torres et al., 2014). Notably,
increasing number of predicted human transfer RNA (tRNA)
modification genes have been associated with neurological
disorders, in particular with intellectual disability (ID) (for
recent review see Bedndrova et al, 2017). ID, or previously
known as Mental Retardation (MR), is characterized by non-
progressive cognitive impairment and affects 1-3% of the
general population (Daily et al., 2000). It is presently unclear
whether all observed phenotypes are caused by aberrant tRNA
modifications, by effects on unidentified other RNA substrates
(see below) and/or by a modification-independent function of
the involved enzymes (Guo and Schimmel, 2013; Genenncher
et al, 2018). Likewise, it is unknown why some tissues, in
particular the brain, are more sensitive to the loss of these
modifications.

Importantly, besides the heavily modified tRNAs and rRNAs,
mRNAs, small and long non-coding RNAs were also found to
harbor post-transcriptional modifications. Recent technological
advances that allowed mapping of selected RNA modifications
on a transcriptome-wide scale revealed widespread distribution
of N6-methyladenosine (m°A), pseudouridine (¥) and ribose
2’-O-methylation (Nm) on mRNA (Dominissini et al., 2012;
Meyer et al.,, 2012; Carlile et al., 2014; Schwartz et al., 2014a;
Dai et al, 2017). The prevalence of some others, including
N1-methyladenine (m'A) and 5-methylcytidine (m>C) is still
debated (Dominissini et al, 2016; Li et al., 2016, 2017c;
Dominissini and Rechavi, 2017; Legrand et al, 2017; Safra
et al., 2017). m®A, the most abundant mRNA modification, was
shown to affect almost every step of mRNA biogenesis, including
splicing, export, translation, and mRNA decay (Lence et al,
2017; Roignant and Soller, 2017). It is thus not surprising that
misregulation of m®A results in several physiological defects,
including brain development abnormalities, obesity, cancer, and
other diseases (Batista, 2017; Dai et al., 2018). In addition, the
discovery of m®A RNA demethylases (Jia et al, 2011; Zheng
et al., 2013; Jacob-Hirsch et al., 2018) and the identification
of m®A-binding proteins (Dominissini et al., 2012) indicated
that similarly to DNA modification, RNA methylation can be
reversible and convey information via recognition of effector
proteins.

Altogether these recent studies revealed an entire new layer
of regulation of gene expression, which has been central to
the development of a novel concept called “RNA epigenetics
or epitranscriptomics” (He, 2010; Meyer et al., 2012). However,
the exact biological function of the majority of modified RNA
nucleotides remains to be discovered. In this review, we will focus

on several RNA modifications and will discuss their involvement
in the development of the brain and neurological disorders.

5-METHYLCYTOSINE (m5C)

Cytosine can be methylated at the 5% position of the
pyrimidine ring to form 5-methylcytosine (m°C) (Figure 1).
Various eukaryotic cytosine-5-RNA methyltransferases catalyze
the formation of m>C at specific positions (Motorin and
Grosjean, 1999; Brzezicha et al., 2006; Sharma et al, 2013;
Metodiev et al., 2014; Haag et al., 2015; Schosserer et al.,
2015). The analysis of genetic mutations in two particular RNA
cytosine-5 methyltransferase family members (Dnmt2/Trdmt
and NCL1/TRM4/NSun2) has provided important insights into
the biological effects of aberrant m>C deposition.

Dnmt2

Dnmt2 is a member of the most widely conserved eukaryotic
cytosine-5-DNA methyltransferase protein family (Goll and
Bestor, 2005). Despite this classification, only few studies
reported Dnmt2-mediated DNA methylation (Hermann et al,,
2003; Kunert et al., 2003; Phalke et al., 2009) and it is today
acknowledged that Dnmt2 functions mainly as a tRNA methylase
(Okano et al, 1998; Schaefer and Lyko, 2010a,b; Raddatz
et al., 2013). Dnmt2 methylation activity on position C38 of
three tRNAs, which include tRNAAP, tRNAY?, and tRNASY,
has been described in yeast, Drosophila, mouse, and human
cells (Goll et al., 2006; Jurkowski et al., 2008; Schaefer et al.,
2010). Knockdown of Dnmt2 in zebrafish embryos leads to
differentiation defects in some organs, and notably, to abnormal
neurogenesis in the hypothalamus and diencephalon (Rai et al.,
2007). In Dnmt2 mutant flies, reduced viability under stress
conditions was observed (Schaefer et al., 2010). This is in
accordance with previous studies that suggest an increased
tolerance for stress in Drosophila and Entamoeba upon Dnmt2
overexpression (Lin et al., 2005; Fisher et al., 2006). Nevertheless,
the majority of studies suggests that Dnmt2 mutation does not
trigger strong detrimental phenotypes in yeast, Drosophila and
mice (Wilkinson et al., 1995; Kunert et al., 2003; Goll et al.,
2006; Schaefer et al, 2010), which raises the question why
zebrafish relies on Dnmt2 for proper development, whereas
mice and flies do not. One possible explanation is that these
organisms have redundant mechanisms that compensate for
the loss of Dnmt2, which may be absent or less robust in
zebrafish. Consistent with this possibility, it was shown that
Dnmt2 mutant mice exhibit lethal phenotypes in the absence of a
second m°C methyltransferase, NSun2 (Tuorto et al., 2012). In
human, polymorphisms in DNMT2 have been associated with
spina bifida, a congenital malformation of the central nervous
system (Franke et al., 2009).

NSun2

Unlike Dnmt2, it has been established that mammalian NSun2
does not only modify tRNAs (Blanco et al,, 2011; Tuorto et al.,
2012) but also other small ncRNAs such as 7SK, vault, and
Y-RNAs (Hussain et al., 2013; Khoddami and Cairns, 2013).
Dnmt2 and Nsun2 double knockout mice showed a lethal
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FIGURE 1 | Some of the most common modifications in RNA.

phenotype. However, deletion of NSun2 alone (Blanco et al,
2011; Tuorto et al., 2012; Hussain et al., 2013) or in combination
with Dnmt2 (Rai et al., 2007; Tuorto et al., 2012) in specific tissues
impairs cellular differentiation pathways in mammalian skin,
testes, and brain. The function in the brain appears conserved
as Nsun2 mutations are associated with ID and Dubowitz-like
syndrome in humans (Abbasi-Moheb et al., 2012; Khan et al.,
2012; Martinez et al., 2012), as well as with microcephaly in
human and mice (Blanco et al., 2014). In addition, a recent
study in human and mice neuron precursor cells showed that
m°C deposited by Nsun2 regulates neural stem cell (NSC)
differentiation and motility (Flores et al., 2017). This study thus
provides some links between the failure of RNA m>C deposition
and the associated brain development diseases.

It is intriguing that patient fibroblasts and Nsun2-deficient
mice (Blanco et al., 2014), as well as Dnmt2 mutant flies
(Durdevic et al., 2013), exhibit increase cleavage of tRNA,
and elevated production of tRNA fragments (tRFs). This
accumulation of tRFs reduces protein translation rates and
increases oxidative stress as well as neuronal apoptosis.
Interestingly, reducing tRNA cleavage in Nsun2-deficient brains
is sufficient to rescue sensitivity to oxidative stress, implying that
tRFs play a role in Nsun2-mediated defects.

(2’-0)-METHYLATION (Nm)

2’-O-methylation (Nm) is a common nucleoside modification of
RNA, where a methyl group is added to the 2" hydroxyl of the
ribose moiety (Figure 1). Nm increases hydrophobicity, protects
RNAs from nuclease attacks and stabilizes helical structures
(Kurth and Mochizuki, 2009; Byszewska et al., 2014; Kumar
et al,, 2014; Yildirim et al., 2014). Nm is predominantly found
internally in ribosomal RNAs and small nuclear RNAs as well
as in tRNAs and in a number of sites on mRNA (Darzacq et al.,
2002; Rebane et al., 2002; Kurth and Mochizuki, 2009; Zhao et al.,
2012; Somme et al., 2014; Dai et al., 2017). This modification
is also present at the 3’-end of miRNAs and siRNAs in plants
(Li et al.,, 2005; Yu et al., 2005), as well as in siRNAs and
piRNAs in animals (Horwich et al., 2007; Saito et al., 2007). Nm
methyltransferases acting on tRNAs are highly conserved from
bacteria and archaea to humans (Somme et al., 2014) and usually
target positions in the anticodon loop. For instance, TRM7 in

S. cerevisiae modifies positions 32 and 34 of selected tRNA,
amongst which is tRNAPP® (Pintard et al., 2002; Guy et al., 2012).
Strikingly, FTSJ1, the TRM7 ortholog in human, methylates
the exact same positions of the exact same tRNAs (Guy and
Phizicky, 2015; Guy et al., 2015). Consistent with a conserved
function, expression of human FTSJ1 can suppress the severe
growth defect of S. cerevisiae Atrm7 mutants (Pintard et al., 2002;
Guy and Phizicky, 2015). Reduction of the modification level in
tRNAPP® was reported in carcinoma and neuroblastoma in mice
(Pergolizzi and Grunberger, 1980; Kuchino et al., 1982) and is
associated with ID in human (see below).

FTSJ1

One of the best characterized associations between ID in
human and mutations in a gene encoding for Nm is the one
between non-syndromic X-linked ID (NSXLID) and mutations
in the FTSJ/1 gene (OMIM:300499) (Guy et al, 2015). One
third of the X-linked ID (XLID) conditions are syndromic
(S-XLID) and the other two thirds are non-syndromic (NS-
XLID) (Lubs et al., 2012). NSXLID is associated with no obvious
and consistent phenotype other than mental retardation (IQ
< 70), indeed NSXLID disorders are clinically diverse and
genetically heterogeneous. FTS]I loss of function causes NSXLID
retardation in males (Froyen et al., 2007; Takano et al., 2008).
Heterozygous loss of function mutations in females do not cause
the disease, which is probably due to inactivation of the affected
X chromosome. Several alleles of FTSJI from six independent
families correlate with NSXLID. All of these alleles lead to a
reduction in mRNA levels and/or protein function (Willems
et al,, 1993; Hamel et al, 1999; Freude et al,, 2004; Ramser
et al., 2004; Froyen et al., 2007; Takano et al., 2008; Guy et al.,
2015; Table1). Consistently with the 2’-O-methyltransferase
activity of FTSJ1 on tRNAs, Guy and Phizicky reported that
two genetically independent lymphoblastoid cell lines (LCLs) of
NSXLID patients with FTSJI loss of function mutations nearly
completely lack Cmj3; and Gms4 on tRNAPhe (Guy et al., 2015).
Additionally, tRNAPP® from a patient carrying an FTSJ1-p.A26P
missense allele specifically lacks Gmsy, but has normal levels of
Cm3,. tRNAPP® from the corresponding Saccharomyces cerevisiae
TRM7-A26P mutant also specifically lacks Gmgzy. Altogether,
these findings strongly suggest that the absence of Gmsy, but
not Cmjs, modification on tRNAPh® causes NSXLID in patients
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TABLE 1 | Proteins required for writing, reading, or removal of different RNA modifications and their mutations associated with altered brain functions.

Modification Gene Organism Defect Effect/Disease References
m°C Dnmt2/Trdmt Dr KD Abnormal neurogenesis in the hypothalamus and Rai et al., 2007
diencephalon. Defects in retina and liver.
Dm Lof Decreased tolerance to stress (reduced viability Schaefer et al., 2010
under stress conditions).
NSun2/NCL1/TRM4 Hs Lof Autosomal-recessive D, facial dysmorphism, Abbasi-Moheb et al., 2012; Khan
microcephaly and Dubowitz-like syndrome. et al., 2012; Martinez et al., 2012
Mm Lof Impaired cortical, hippocampal and striatal Blanco et al., 2014; Flores et al.,
expansion during development Microcephaly. 2017
Decrease in neural stem cell (NSC) differentiation
and motility.
Dm Lof Severe short-term memory deficits. Abbasi-Moheb et al., 2012
Dnmt2, NSUN2 Ms KO Reduced proliferation rates, underdeveloped Tuorto et al., 2012
double mutant pheno- type in several tissues, including thickness
and organization of the cerebral cortex.
Nm FTSJ1 Hs Lof Nonsyndromic X-linked ID (NSXLID) in males. Willems et al., 1993; Hamel
et al.,, 1999; Freude et al., 2004;
Guy et al., 2015
SNPs Impact on general cognitive ability, verbal Gong et al., 2008
comprehension, and perceptual organization in
males.
Gof D Giorda et al., 2009; Honda et al.,
2010
TRMT44 Hs SNPs Partial epilepsy with pericentral spikes (PEPS). Leschziner et al., 2011
C/D box snoRNAs Hs Lof Prader-Willi syndrome (PWS). Cavaillé et al., 2000; Kishore and
SNORD115 (HBII-52); Stamm, 2006; Peters, 2008;
SNORD116 (HBII-85) Sahoo et al., 2008; Sridhar et al.,
and others in the 2008; Doe et al., 2009; Duker
15g11-q13 region et al., 2010
150g11-q13 region Hs Gof Autism Bolton et al., 2004; Cook and
Scherer, 2008
Hen1 Dm Lof Accelerated neurodegeneration-related phenotypes Abe et al., 2014
(brain vacuolization, memory defaults and shorter
life span).
v Unknown Hs Gof Alzheimer’s disease Lee et al., 2007
Hs Lof Myotonic dystrophy type 2 (DM2). Delorimier et al., 2017
Pus1 (TruA family Hs Lof Mild-cognitive impairment, mitochondrial myopathy Cao et al.,, 2016
member) and sideroblastic anemia.
Pus3 (TruA family Hs Lof D Shaheen et al., 2016
member)
DKC1 (dyskerin) Hs Lof X-linked recessive dyskeratosis congenita (DKC) Heiss et al., 1998
mBA METTL3 (m6A writer) Hs Lof Impaired neuronal differentiation and formation of Batista et al., 2014; Geula et al.,
mature neurons from embryoid bodies. 2015
Dm SNPs Severe locomotion defects due to altered neuronal Haussmann et al., 2016; Lence
functions. et al., 2016; Kan et al., 2017
Mettl14 (m6A writer) Mm cKO Delayed specification of different neuronal subtypes Yoon et al., 2017; Wang et al.,
during brain development. Altered axon 2018; Weng et al., 2018
regeneration.
Wtap (m6A writer) Dr KD Smaller brain ventricles and curved notochord. Ping et al., 2014
ZC3H13 Hs SNP Schizophrenia Oldmeadow et al., 2014
Spenito (mSA writer) Dm Lof Control axon outgrowth, branching and synaptic Guetal., 2017
bouton formation.
Ythdc1 (mGA reader) Dm KD Enhancement of SCA1-induced neurodegeneration Fernandez-Funez et al., 2000
ALKBH5 (m6A eraser) Hs SNP Major depressive disorder (MDD). Du et al., 2015

(Continued)
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TABLE 1 | Continued

Modification Gene Organism Defect Effect/Disease References
FTO (mGA eraser) Hs SNP Decreased brain volume, increased risk for Keller et al., 2011; Reitz et al.,
attention-deficit/hyperactivity disorder (ADHD) and 2012; Choudhry et al., 2013;
Alzheimer’s disease. Melka et al., 2013; Li et al.,
2017a
Mm KO Altered behavior (e.g., locomotion defects), Hess et al., 2013; Widagdo
abnormal electrophysiological response to cocaine etal., 2016

(impaired dopamine type 2 and 3 receptor response)
and enhanced consolidation of cued fear memory.

ID, intellectual disability; KD, knockdown, KO, knock out; cKO, conditional knock out; Lof, reduced function or loss of function; Gof, gain of function; SNR, single nucleotide polymorphism;
Hs, Homo sapiens; Mm, Mus musculus; Dr, Danio rerio; Dm, Drosophila melanogaster N6-methyladenosine (mPA); pseudouridine (¥), 5-methyicytosine (m°C); and 2'-O-methylation

(Nm).

carrying distinct FTSJI alleles. Nevertheless, the molecular
consequences arising from the loss of this 2’-O-methylation are
not yet determined. Furthermore, it is noteworthy to mention
two additional studies involving families from the Chinese Han
population (Dai et al., 2008; Gong et al., 2008), where three
single nucleotide polymorphisms (SNPs) in the FTS]1 gene were
analyzed. Authors found a positive association with occurrence
of NSXLID (Dai et al., 2008) as well as with general cognitive
ability, verbal comprehension, and perceptual organization in
male individuals (Gong et al., 2008). Although it seems tempting
to link the variance of FTSJI1 gene to general human cognitive
ability, more profound studies are needed to support this idea.

TRMT44

TRMT44 is a putative 2’-O-methyluridine methyltransferase
predicted to methylate residue 44 in tRNAS" (Leschziner et al.,
2011). Mutations in this gene were identified as a causative
mutation in partial epilepsy with pericentral spikes (PEPS), a
novel mendelian idiopathic epilepsy (Leschziner et al., 2011).
However, the underlying mechanisms are currently unknown.

Small Nucleolar RNAs (snoRNAs)

snoRNAs are a class of regulatory RNAs responsible for post-
transcriptional modification of ribosomal RNAs (rRNAs). Two
families of snoRNAs have been described, based on their
structure and function: C/D box snoRNAs are responsible for
2’-O-methylation (Cavaillé et al., 1996), whereas H/ACA box
snoRNAs mediate pseudouridylation (Ganot et al., 1997 and
see the following chapter in this review). In zebrafish, loss
of three snoRNAs results in impaired rRNA modifications,
causing severe developmental defects including growth delay
and deformations in the head region (Higa-Nakamine et al,
2012). In human, C/D box snoRNAs have been implicated in
Prader-Willi syndrome (PWS), a complex neurological disease
characterized with mental retardation, low height, obesity, and
muscle hypotonia (Sridhar et al., 2008; Doe et al., 2009). In several
independent studies, PWS was shown to be caused by the loss
of imprinted snoRNAs in locus 15q11-q13. Large deletions of
this region underlie about 70% of cases of PWS (Peters, 2008),
whereas duplication of the same region is associated with autism
(Belmonte et al., 2004; Bolton et al., 2004; Cook and Scherer,
2008). Locus 15q11-q13 contains numerous copies of two C/D

box snoRNAs—SNORD115 (HBII-52), and SNORD116 (HBII-
85) (Cavaillé et al., 2000). SNORD115 is believed to play key roles
in the fine-tuning of serotonin receptor (5-HT2C) by influencing
its pre-mRNA splicing (Vitali et al., 2005; Kishore and Stamm,
2006; Falaleeva et al., 2017), whereas SNORD116 loss is thought
to contribute to the etiology of the PWS (Cavaillé et al., 2000;
Sahoo et al., 2008; Duker et al., 2010).

Hen1/Pimet

Henl/Pimet is a conserved enzyme, which adds 2’-O-methyl
group to 3'-terminal nucleotides of miRNAs and siRNAs in
plants, and of siRNAs and piRNAs in animals. Addition of this
modification protects these small non-coding RNAs (sncRNAs)
from 3’ — 5’ exonuclease degradation (Li et al., 2005; Horwich
et al., 2007; Saito et al., 2007; Terrazas and Kool, 2009; Ross et al.,
2014). In the absence of Henl/Pimet, piRNA, and siRNA are
destabilized and sncRNA silencing activities are compromised.
Surprisingly, Henl mutant flies display neither increased lethality
nor sterility under normal laboratory conditions but show
however accelerated neurodegeneration (brain vacuolization),
memory default, and shorter lifespan (Abe et al., 2014). This
suggests a protective effect of Nm and small RNA pathways
against age-associated neurodegenerative events. Accordingly,
Drosophila lacking the siRNA effector, Argonaute 2 (Ago2), are
viable but exhibit memory impairment and shortened lifespan (Li
et al., 2013).

PSEUDOURIDINE (i)

Pseudouridine (also known as 5-ribosyluracil or ) is the
first discovered (Cohn and Volkin, 1951) and most abundant
RNA modification, present in a broad range of non-coding
RNA, and was also recently detected in coding mRNA (Carlile
et al, 2014; Lovejoy et al, 2014; Schwartz et al, 2014a; Li
et al., 2015). The isomerization of uridine into { improves
the base stacking in RNAs by the formation of additional
hydrogen bonds, which influences RNA secondary structure
and increases the stability of RNA duplexes (Arnez and Steitz,
1994; Davis, 1995). Pseudouridylation was shown to have a
strong impact on different aspects of cellular processes, including
translation efficiency, splicing, telomere maintenance, and the
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regulation of gene expression (Mochizuki et al., 2004; Carlile
et al., 2014; Schwartz et al.,, 2014a). This base modification
is catalyzed by pseudouridine synthases (Pus) that act on
their substrates by two distinct mechanisms. One of those
mechanisms is the guide RNA-dependent pseudouridylation, in
which H/ACA box snoRNAs target RNAs for pseudouridylation
via specific sequence interactions between the snoRNAs and the
target RNA. A specific enzyme present in the snoRNP (sno-
ribonucleoprotein) particule catalyzes the uridine modification
(dyskerin in human, Cbf5 in yeast; Duan et al, 2009; Liang
et al., 2009). Alternatively, RNA-independent pseudouridylation
requires stand-alone pseudouridine synthases (Pus) that directly
catalyze { formation at particular target RNA (Yu et al., 2011;
Carlile et al., 2014; Rintala-Dempsey and Kothe, 2017). Each
enzyme has a unique specificity for its target RNA and modifies
uridine in a certain consensus sequence. Pus enzymes are
present in all kingdoms of life, evolutionary conserved and are
categorized into six families, based on their consensus sequences:
TruA, TruB, TruD, RluA, and RsuA. The sixth family member,
Pusl0, is exclusive to eukaryotes and archaea (Koonin, 1996;
Kaya and Ofengand, 2003; Fitzek et al., 2018).

Several pieces of evidence hint toward an implication of s in
regulating neuronal functions. For instance, patients with mild-
to-moderate severity of Alzheimer’s disease show significantly
elevated levels of urinal { (Lee et al., 2007) but it is currently
unknown whether there is a link between this increase and the
Alzheimer’s disease etiology. Furthermore, it has been suggested
that pseudouridylation can serve as a direct indicator of oxidative
stress, which in turn has been linked to an increasing risk
of neurodegeneration (Roth et al,, 1999; Uttara et al., 2009).
Accordingly, in cells exposed to acute oxidative stress by H,O,
treatment, Li and colleagues detected an elevation by ~40-50%
in mRNA 1 levels, demonstrating that mRNA pseudouridylation
acts as a direct response to cellular stress (Li et al., 2015).

A recent report demonstrated a direct implication of ¥ in
neuronal disorders from patients with myotonic dystrophy type
2 (DM2) (Delorimier et al., 2017). DM2 is a neuromuscular
disease characterized by severe gray matter changes, including
neuronal loss and global neuronal impairment (Minnerop et al.,
2011; Meola and Cardani, 2015). DM2 patients have an increased
binding of Muscleblind-like 1 protein (MBNL1) to CCUG
repeats in an intron of the CNBP gene (Cho and Tapscott, 2007).
Interestingly, it was recently reported that pseudouridylation
within CCUG repeats reduces RNA flexibility and thus modestly
inhibits MBNL1 binding (Delorimier et al., 2017). Similarly, {
modification of a minimally structured model RNA resulted in
an even more drastic reduction of MBNLI binding to CCUG
repeats. This study shows that { can reduce the disease-
causing binding of MBNLI1 at extended CCUG repeats and
offers a basis for future research in treating neurodegenerative
diseases.

Pus1

Pusl is a member of the TruA family that typically
pseudouridylates tRNA but was also recently found to act
on rRNA, snRNA, and mRNA (Schwartz et al.,, 2014a; Carlile
et al., 2015). Mutations of Pusl in human lead to mitochondrial

myopathy and sideroblastic anemia (Bykhovskaya et al,
2004; Fernandez-Vizarra et al., 2007; Bergmann et al., 2010).
Recently, a mild cognitive impairment was also characterized
in a long-surviving patient with two novel Pusl mutations
(Cao et al, 2016). A different study demonstrated a Pusl-
dependent pseudouridylation of the steroid RNA activator
(SRA). Pseudouridylated SRA acts as a co-activator of the
nuclear estrogen receptor a (ERa) (Zhao et al., 2004; Leygue,
2007). Given that ERa was shown to regulate neuronal survival
(Gamerdinger et al., 2006; Foster, 2012), it is conceivable that
one of the functions of Pusl in brain activity is mediated via the
control of the ER pathway.

Pus3

Pus3 is another member of the TruA family, which has a strong
sequence homology to Pusl but acts on distinct target RNA.
In situ hybridization showed accumulation of Pus3 mRNA in
the nervous system of mice embryos, suggesting a role of Pus3
in neural development (Diez-Roux et al., 2011). Accordingly,
a truncated form of Pus3 accompanied by reduced levels of
U39 in tRNA was detected in patients with ID (Shaheen et al.,
2016). Taken together, the discovery of impaired cognition caused
by mutations of TruA enzymes emphasizes their importance in
neuronal development and maintenance regulation.

Dyskerin and RIuA-1

The pseudouridine synthase dyskerin is essential for the H/ACA-
box mediated pseudouridylation in human (Heiss et al., 1998;
Lafontaine et al., 1998). Mutations of the dyskerin-encoding gene
DKC1 causes X-linked recessive dyskeratosis congenita (DKC),
a rare progressive congenital disorder that mostly affects highly
regenerative tissues, such as the skin and bone marrow (Heiss
et al., 1998; Mochizuki et al., 2004). Cells of the affected patients
have decreased telomerase activity and thus reduced telomere
length, which may be responsible for the disease (Mitchell
et al., 1999). Interestingly, expression analysis of Dyskerin I
showed a high level in embryonic neural tissue, as well as
in specific subsets of neurons in the cerebellum and olfactory
bulb of adult brains (Heiss et al., 2000). While the function of
dyskerin in hematopoiesis has been studied intensively, we are
yet lacking a detailed understanding about its potential nervous
system function in adult brains. In Drosophila melanogaster,
RluA enzymes modify uridines in rRNA and tRNA. In situ
hybridization in embryos revealed a specific RluA-1 mRNA
localization to dendrites of a subset of peripheral neurons, which
also raises the question about the molecular function of RluA-
1 and its target RNA in the peripheral nervous system during
embryonic development (Wang et al., 2011).

N6-METHYLADENOSINE (m°6A)

mPA is an abundant mRNA modification that regulates nearly
all aspects of mRNA processing including splicing, export,
translation, stability, and decay (Meyer and Jaffrey, 2017;
Roignant and Soller, 2017; Roundtree et al, 2017). This
modification is catalyzed by a stable protein complex composed
of two methyltransferases, Methyltransferase like-3 (Mettl3) and
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Methyltransferase like-14 (Mettl14) (Sledz and Jinek, 2016; Wang
etal., 2016a,b; Scholler et al., 2018). Additional proteins required
for m®A deposition are Wilms‘ tumor 1-associating protein
(Wtap) (Liu et al,, 2014; Ping et al., 2014; Wang et al., 2014),
Vir like m®A methyltransferase associated (Virma) (Schwartz
et al., 2014b; Yue et al, 2018), Zinc finger CCCH domain-
containing protein 13 (Zc3h13) (Guo et al, 2018; Knuckles
et al,, 2018; Wen et al., 2018), RNA binding protein 15 (Rbm15)
and its paralog Rbml15B (Patil et al, 2016). Mettl3 has the
catalytic activity and can accommodate the SAM substrate,
while Mettl14 serves to stabilize the binding to RNA (Sledz
and Jinek, 2016; Wang et al., 2016a,b; Scholler et al.,, 2018).
In vertebrates, m®A modification is dynamically regulated
and can be reversed by two demethylases belonging to the
family of a-ketoglutarate dependent dioxygenases, Fat mass and
obesity associated protein (FTO) and ALKBHS5 (Jia et al., 2011;
Zheng et al, 2013). Recent advances in techniques to map
m®A modification in a transcriptome wide manner enabled
identification of thousands of modified mRNAs and IncRNAs
(Dominissini et al., 2012; Meyer et al., 2012). While m®A
has been involved in many physiological processes, increasing
evidence suggests an importance of m®A modification in brain
development and in the function of the nervous system.

mO®A Writer Complex

m°A levels are particularly high in the nervous system, as
shown in the developing mouse brain (Meyer et al., 2012),
and in heads of adult flies (Lence et al.,, 2016). Furthermore,
a recent study detected higher m®A content in the mouse
cerebellum and in neurons compared to glia (Chang et al,
2017). Using in situ hybridization in zebrafish embryos, Ping
et al. showed that Wtap is ubiquitously expressed at 36 h post-
fertilization with enrichment in the brain region (Ping et al,
2014). Consistently, Wtap depletion using morpholino treatment
resulted in severe developmental defects, including appearance
of smaller brain ventricles and curved notochord at 24 h post-
fertilization. Importance of m®A during neuronal development
was further demonstrated by depletion of METTL3 in human
embryonic stem cells (hESC), which strongly impaired neuronal
differentiation (Batista et al., 2014), as well as the formation
of mature neurons from embryoid bodies (Geula et al., 2015).
Notably, m® A mRNA modification is essential for mouse survival
as mice lacking Mettl3 die at E6.5 (Geula et al., 2015). However,
two recent studies performed a conditional KO (cKO) of Mettl14
specifically in neurons and revealed an essential role of m®A
in embryonic cortical neurogenesis (Yoon et al., 2017; Wang
et al., 2018). Mettll4 ¢cKO animals showed a decreased NSC
proliferation and premature differentiation of NSCs (Wang et al.,
2018), as well as delayed specification of different neuronal
subtypes during brain development (Yoon et al., 2017). Yoon at
al. further demonstrated that m®A modification is required for
timely decay of transcripts involved in stem cell maintenance
and cell cycle regulation in cortical neuronal progenitors. This
allows accurate progression of the cell cycle and in turn induces
the spatiotemporal formation of different neuronal subtypes.
Interestingly, the authors also observed that many transcripts
linked to mental disorders (autism, schizophrenia) are mlA

modified in human, but not in mouse cultures of neuronal
progenitor cells (NPC), raising the possibility that m° A regulates
specifically these human diseases (Yoon et al., 2017). Consistent
with this hypothesis, polymorphisms in ZC3HI13 have been
associated with schizophrenia (Oldmeadow et al., 2014).

Beyond the role in neuronal development, m®A modification
also plays a critical role in the process of axon regeneration
in mature mouse neurons (Weng et al, 2018). Weng et al.
showed that upon peripheral nerve injury m®A levels of many
transcripts in dorsal root ganglion (DRG) were elevated, which
led to increased translation during the time of axon regeneration,
via the specific m®A reader protein Ythdfl. Mettl14 and Ythdfl
conditional KO mice displayed strong reduction of sensory axon
regeneration, resulting from reduced protein synthesis, revealing
the critical role of m® A modification in response to injury (Weng
et al., 2018).

In Drosophila, loss of components of the methyltransferase
complex results in severe locomotion defects due to altered
neuronal functions (Haussmann et al, 2016; Lence et al,
2016; Kan et al.,, 2017). Mettl3 mutants display alterations in
walking speed and orientation, which can be rescued by ectopic
expression of Mettl3 cDNA in neurons. Whether a particular
subset of neurons is responsible for the observed alterations
awaits further investigations. Interestingly, another member of
the m®A methyltransferase complex, Nito (RBM15 in human),
was recently shown to control axon outgrowth, branching and
to regulate synaptic bouton formation via the activity of the
CCAP/bursicon neurons (Gu et al., 2017), providing first insights
toward addressing this question.

m®A Readers

As mentioned above, most characterized functions of m°A rely
on the direct binding of the so-called m®A “reader” proteins to
the modified site. The best-studied m®A readers are the YTH-
domain containing proteins, which can specifically bind m®A
via their YTH domain (Luo and Tong, 2014; Theler et al., 2014;
Xu et al., 2014). RNA in situ hybridization of rat brain sections
showed that one particular member of the YTH family, Ythdcl,
is enriched in specific cells in the brain (Hartmann et al., 1999).
Interestingly, in a yeast two-hybrid screen to identify Ythdcl-
interacting proteins, libraries from P5 and E16 brains were
screened and the rat homolog of Sam68 was found as the main
interactor (Hartmann et al., 1999). Samé68 is known to regulate
neuronal activity-dependent alternative splicing events (i.e., of
neurexin-1) (Iijima et al., 2011). In line with this function, in situ
hybridization assays showed that Drosophila Ythdcl localizes
in the ventral neurectoderm and central nervous system of
Drosophila embryos (Lence et al., 2016) and a reduced level of
Ythdcl was found to enhance SCA1-induced neurodegeneration
(Fernandez-Funez et al., 2000).

Apart from the YTH-protein family of conventional m®A
reader proteins, a number of other proteins that bind RNA in
m®A-dependent fashion has been recently identified (Edupuganti
et al, 2017). Among them, Fragile X mental retardation protein
(FMREP, also known as POF; FMR1; POF1; FRAXA) was shown
to preferentially bind an RNA probe containing m®A sites
(Edupuganti et al., 2017). FMRP plays critical roles in synaptic
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plasticity and neuronal development. Its loss of function in
human leads to the Fragile X syndrome, which is the most
prevalent form of inherited ID and the foremost monogenic
cause of autism (Bardoni et al., 2001; Lubs et al., 2012; Wang
et al., 2012; Hagerman and Polussa, 2015). FMRP has a central
role in neuronal development and synaptic plasticity through the
regulation of alternative mRNA splicing, mRNA stability, mRNA
dendritic transport and postsynaptic local protein synthesis of a
subset of mRNAs (Antar et al., 2006; Didiot et al., 2008; Bechara
et al., 2009; Ascano et al., 2012; Guo et al., 2015). Moreover, it
represses mRNA translation during the transport of dendritic
mRNAs to postsynaptic dendritic spines and activates mRNA
translation of a subset of dendritic mRNAs at synapses (Bechara
et al., 2009; Fahling et al., 2009). Consistent with a potential
interplay between FMRP and m®A, a recent study found that
m°A is present on many synaptic mRNAs that are known targets
of FMRP protein (Chang et al., 2017). Future research will seek
to further illuminate the potential role of FMRP within the
m®A pathway. It is interesting to note that Nm also appears to
contribute to FMRP-mediated translation regulation at synapses.
FMRP can form a complex with the non-coding RNA, brain
cytoplasmic RNA (BC1), to repress translation of a subset of
FMRP target mRNAs (Zalfa et al., 2003). This interaction is
modulated by the Nm status of BCI RNA. In both nucleus and
cytoplasm in the cell body, Nm is present on BCI, but it is
virtually absent at synapses (Lacoux et al., 2012). The authors
suggested that changes in the 2’-O-methylation status of BCI
RNA contribute to the fine-tuned regulation of gene expression at
synapses and consequently to neuronal plasticity by influencing
FMRP local translational control. This example supports a likely
combinatorial role of RNA modifications in the regulation of
similar targets and/or processes during brain function.

m®A Erasers

Two proteins in humans were reported to act as m°A
erasers: (FTO) and AlkB homolog 5 (ALKBH5) (Jia et al.,
2011; Zheng et al, 2013). Both belong to the family of
Fe?"-a-ketoglutarate-dependent deoxygenases and catalyze the
removal of the methyl group of m®A by oxidation. Interestingly,
even though ALKBHS5 is only moderately expressed in the brain,
it has been associated with mental disorders. Du et al. found that
certain polymorphisms within the ALKBH5 gene correlate with
the major depressive disorder (MDD), suggesting an involvement
of ALKBHS in conferring risk of MDD (Du et al., 2015).

In comparison, FTO is highly expressed in the human
brain, especially in the hypothalamus and the pituitary
gland and displays dynamic expression during postnatal
neurodevelopment. Polymorphic alleles of FTO in human were
identified to increase the risk for hyperactive disorder (Choudhry
etal., 2013), for Alzheimer’s disease (Keller et al., 2011; Reitz et al.,
2012) and to affect the brain volume (Melka et al., 2013; Li et al.,
2017a). Molecular and functional studies have shown that FTO
knockout mice display altered behavior, including locomotion
defects, but also influences learning and memory. For instance,
fear conditioned mice showed a significant increase in m®A
intensity on several neuronal targets, and knockdown of FTO

further enhanced consolidation of cued fear memory (Widagdo
et al., 2016). In line with this finding, FTO deficiency reduces
the proliferation and neuronal differentiation of adult NSCs,
which leads to impaired learning and memory (Li et al., 2017a).
Electrophysiological tests in FTO knockout mice demonstrated
an impaired dopamine type 2 and 3 receptor response, resulting
in an abnormal response to cocaine (Hess et al., 2013). Strikingly,
arecent study in mouse embryonic dorsal root ganglia found that
FTO is enriched and specifically expressed in axons, influencing
translation of axonal mRNAs (Yu et al., 2018). This demonstrates
the dynamic role of m®A modification in regulating local
translation. However, it is important to stress that FTO was
also demonstrated to additionally demethylate m® Am, which is
present next to the 7mG cap modification (Mauer et al., 2017).
In comparison to m®A, m®Am also contains a methyl group on
the ribose. As available antibodies recognize both modifications
indistinguishably, it is currently difficult to assign their respective
contribution in the context of brain activity.

CONCLUSION

The association of aberrant RNA modifications with various
neurological disorders highlights the importance of these
chemical moieties for proper brain development and cognition.
However, today the role of RNA modifications in these processes
is not completely understood. One of the current challenges
lies in identifying the class and identity of RNAs that are
targeted by RNA modification enzymes and are causative
of the neurological defects. Common targets for many of
these enzymes are tRNAs and rRNAs, thus it is likely that
in many cases their dysfunction plays an important role in
the etiology of the disease. Yet, this does not explain why
the phenotypes observed upon mutations of these enzymes
are often restricted to the brain. Some of these enzymes or
snoRNAs are predominantly expressed in the nervous system,
which indicates their importance in this tissue and suggests
the existence of differentially modified ribosomes (also recently
called specialized ribosomes) that may carry distinct functions
(Briggs and Dinman, 2017; Sloan et al., 2017). However,
other snoRNA or enzymes exhibit wider tissue distribution,
suggesting that brain specific phenotypes may reflect a higher
sensitivity to altered translation in this tissue compared to
others organs. This would be consistent with other disease-
causing mutations in ribosomal proteins or tRNA synthetase
genes that also manifest their effect specifically in the nervous
system (Antonellis et al., 2003; Antonellis and Green, 2008;
Yao and Fox, 2013; Brooks et al, 2014). What could be
the reason(s) behind this increased sensitivity? It has been
observed that tRNA level is in general higher in the brain
compared to other tissues, suggestive of a bigger translational
demand (Dittmar et al., 2006). This neuronal specificity may
arise from the local translation that occurs at synapses upon
environmental changes. In this context, RNA modifications
represent an attractive system to regulate this acute need in a
dynamic and flexible manner. However, other examples point
toward a translation-independent mechanism. For instance, in
the case of FTSJ1 mutations and the associated NSXLID, neither
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the amount, nor the charging of the concerned tRNAs appear
to be affected (Guy et al,, 2012, 2015), seemingly ruling out a
general translation defect. Perhaps in this case, the absence of
modification can stimulate tRNA cleavage and generate tRFs that
can also interfere with translation. This increase in tRFs would
not necessarily be associated with a corresponding reduction
of the uncleaved tRNA since tRNA levels are tightly regulated
(Wilusz, 2015). Alternatively, the absence of modification on
the tRNA may affect its interaction with the ribosome and
thus influence translation efficiency or fidelity. Therefore, careful
examination at different molecular levels is required to appreciate
the effect of tRNA and rRNA modification enzyme mutations
on translation and their consequence on the neurological
phenotype.

That being said, the general picture is probably more complex.
For instance, recent reports show that tRFs not only interfere
with translation but can also affect transposon regulation
and genome stability (Durdevic et al.,, 2013; Martinez et al,
2017; Schorn et al, 2017; Zhang et al., 2017). This activity
could in principle also contribute to neurological disorders as
growing evidence suggests associations between (re)expression

of transposable elements and the occurrence of neuropathies
(Perrat et al., 2013; Krug et al., 2017; Zahn, 2017; Jacob-Hirsch
et al,, 2018). In addition, beyond tRNA and tRF, the recent
studies on m®A clearly demonstrate the involvement of mRNA
modification in different aspects of neuronal development and
regulation. The large diversity of RNA processing events in
the brain, including the high rates of alternative splicing and
recursive splicing (Duft et al., 2015; Sibley et al., 2015), the
inclusion of microexons (Irimia et al., 2014) and the biogenesis
of circular RNAs (cirRNAs) can all in principle be affected
by RNA modifications. For instance, m®A modification was
recently found on circRNAs, and enables their translation (Yang
et al., 2017; Zhou et al,, 2017). Given that misexpression of
circRNAs has been associated with neurological disorders (Shao
and Chen, 2016; van Rossum et al.,, 2016; Li et al., 2017b),
some of m®A brain functions may rely on circRNA-mediated
regulation. Thus, because neurons face distinct challenges with
regards to localisation of RNAs to distal processes and to localized
translation it is likely that in the brain, more than in any
other tissues, a combinatorial effect of RNA modifications on
different classes of RNAs represents a critical informational

Brain ventricle development
- m°A (mMRNA)

Neurodegeneration
- Nm (small RNA), m°A (mRNA)

Stress response
- W (tRNA/mRNA)

Locomotion and behavior
- m°A (mRNA)

Axon growth and regeneration

Autism

~ Nm (rRNA), m°A (MRNA)
General cognitive ability MRNA)
~ Nm (tRNA), ¥ (tRNA/MRNA)

Intelectual disability
- W (tRNA), m°C (tRNA/mRNA), Nm

(tRNA), m°A (MRNA) - mPA (mRNA)

N6-methyladenosine (m8

Additional types with important functions may be modified as well.

Neuronal differentiation
- mOSA (mRNA), m°C (tRNA/

Neural stem cell motility
- m°C (tRNA/mRNA)

Cortical neurogenesis

FIGURE 2 | RNA modifications are implicated in various neuronal processes. Distinct RNA modifications of tRNAs, small RNAs and mRNAs are required for common
biological processes during brain development (left), neuronal differentiation (middle), and proper functioning of individual neuron (right), (see also Table 1).
A), pseudouridine (¥), 5-methylcytosine (m>C), and 2’—O—methy|ation (Nm). The RNA classes in the brackets are the ones studied so far.

- m°A (mRNA)

Local translation
- m°A (mRNA)

Synaptic transmission and plasticity
- mSA (mRNA), Nm (mRNA)

Neuronal survival
- W (mRNA)
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layer that dynamically fine-tunes gene regulation (Figure 2).
Exciting discoveries are lying ahead for deciphering this intricate
epitranscriptomics code.
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Chapter lll: Aims of the PhD project

1. A genomic screen unravels a novel tRNA methylase involved in the sncRNA pathways

My team is interested in the molecular mechanisms and the connections between the small non-coding
RNA pathways. In the purpose of identifying new actors involved in the miRNA pathway, a self-silencing
gene reporter (automiG) was constructed and characterized (Carre et al., 2013). Under the control of a
single copper-inducible promoter, the system expresses the GFP protein as well as two reprogramed
miRNAs, miG-1 and miG-2, forming perfect dsRNA duplexes and perfectly matched to 2 distinct sites in
the GFP coding sequence for maximizing GFP silencing. For the construction of the automiG reporter the
first coding nucleotides of exon-2, the second intron and the first nucleotides of exon-3 from the
Drosophila RpL17 gene was fused to the coding sequence of the GFP. Then, the sequences of the pre-
miRNAs of the two synthetic miRNAs were inserted within the RpL17 intron. The construct relies on the

property of Ago-2 to load miRNA duplexes having perfect complementarity Figure 11.

automiG sensor
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Figure 11. Schematic representation of the automiG sensor.

My team characterized that the self-silencing of the system does not involve Ago-1, the mediator of
the miRNA pathway. They found that the self-silencing of the automiG gene requires Drosha, Pasha, Dcr-
1, Dcr-2 (for its loading activity) and Ago-2 loaded with the anti-GFP miRNAs miG1 and miG2. Thus, the
resulting sensor is specific in the same time for miRNA biogenesis and for Ago-2-mediated silencing and

can be used to report in vivo for deregulations in both of these mechanisms (Carre et al., 2013).

automiG was then used as a biosensor to screen a chemical library in the search of compounds capable

to inhibit miRNA silencing (Carre et al., 2013) as well as more recently in a genomic screen (unpublished),
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aiming to identify new actors involved in the miRNA pathway or in Ago-2-mediated silencing. Seventeen
new genes, uncharacterized before as involved in the miRNA- or Ago-2-mediated silencing mechanisms,

scored positively in the screen. CG7009, the central subject of my PhD research, was one of these genes.

2. CG7009 is a novel actor of the Ago-2-dependent miRNA pathway

In the beginning of my project CG7009 was known as encoding a protein, whose amino acid sequence
presented high homology with two known tRNA 2'-O methyltransferases: Trm7 in yeast and its human
ortholog FTSJ1. We thus wondered if we discovered a 2'-O tRNA methylase implicated in the miRNA-
Ago-2 pathway. In regards to the novel role of RNA modifying enzymes and tRNA fragments in the
regulation of the sncRNA pathways this gene was interesting to us. Furthermore, the CG7009 gene was
predicted to catalyze 2'-O methylation and, as described before, the sncRNAs loaded in Ago-2 are 2'-O-
methylated at their 3'-terminal nucleotides. As discussed, this modification is catalyzed in Drosophila by
DmHen-1/ Pimet. Surprisingly, in flies, mutant for pimet are viable and fertile and do not present typical
sncRNA phenotypes, contrary to what was expected if the sncRNAs are destabilized. We hypothesized
that maybe we had uncovered a redundant protein of DmHen-1, which could compensate Hen-1 loss-of-

function and thus explain the rather mild phenotypes of DmHen-1 mutant flies.

During my Master 2 we favored two hypotheses: (i) CG7009 encodes an tRNA 2'-O-methyltransferase,
which prevents tRNA fragmentation: in the absence of CG7009 an abnormal amount of tRFs are produced,
the resulting tRFs are loaded into key proteins involved in the sncRNAs pathways, i.e. Dcr-2 or Ago-2
proteins and titrate them. This tRFs loading inhibits the sncRNAs biogenesis and/or silencing activity,
leading to sncRNA pathways' failure. This hypothesis evokes an indirect modulation of the sncRNA
silencing pathways by CG7009, similarly to Dnmt2 function in the siRNA pathway (Durdevic et al., 2013b).
(i) CG7009 encodes an tRNA 2'-O-methyltransferase which can also methylate the sncRNAs and CG7009

absence more directly affects the stability or the silencing activity of the sncRNAs.

Was it possible that CG7009 encodes an tRNA-methyltransferase catalyzing the methylation of both
tRNAs and sncRNAs and/ or their precursors in order to maintain their stability and protect them against

endo- or exonucleases?
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RESULTS and DISCUSSION

Chapter I: The CG7009 and CG5220 genes - tools and characterization of mutants

1. Amino acid alignment and conservation

We discovered CG7009 in a genomic screen for factors involved in the Ago-2 miRNA pathway in flies.
Until our research, this gene had no known function. Preliminary data, received before my arrival in the
laboratory implicated this gene in the miRNA-Argonaute 2-mediated mechanism of RNA silencing in
Drosophila. Amino Acid (AA) sequence analysis indicates that the polypeptide encoded by CG7009
possesses a methyltransferase domain belonging to a conserved methyltransferase subfamily (TRM7
family). Aligning the sequence of the CG7009 protein with the flies’ reference proteome leads to another
protein with unknown function, the CG5220 gene product, which has a 63 % AA sequence identity with
the CG7009 protein (Figure 12). We were later able to also implicate CG5220 in the regulation of the
sncRNA pathways of the fly. Moreover, according to FlyBase, the richest public online database for genetic
and molecular data on Drosophila melanogaster, both CG7009 and CG5220 have the same predicted

orthologs in yeast and in human.

The putative yeast ortholog of CG7009 and of CG5220 is Trm7. Alignment of CG7009 with Trm7 shows
52 % AA sequence identity, with nearly perfect homology in the methyltransferase domain and 66 % of
coverage (Figure 12). Similarly, alignment of CG5220 with Trm7 shows high scores — 48 % identity and 83
% coverage (Figure 12). In yeast S. cerevisiae Trm7 catalyzes Nm deposition at positions 32 and 34 in the
anti-codon (AC) loop tRNAP", tRNAT® and tRNA''T™A (Pintard et al., 2002). Trm7 uses S-adenosyl
methionine (SAM) as donor of methyl groups for the methylation of its RNA substrates and has a SAM-
binding domain. Lack of Trm7 function in the AC loop on its substrate tRNAs has been linked to growth

and translational defects (Pintard et al., 2002).

FTSJ1 is the human ortholog of Trm7 (Guy et al., 2015) and thus the potential ortholog of CG7009 and
CG5220. CG7009 shares 51 % of AA identity and 86 % coverage with FTSJ1, CG5220 shares 58 % of AA
identity and 82 % coverage (Figure 12). Another interesting fact is the implication of FTSJ1 in human
pathology. FTSJ1 lack of function is associated with the development of non-syndromic X-linked

intellectual disability (NSXLID) (Freude et al., 2004), a common neurodegenerative disease. FTSJ1 is also
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reported as differentially expressed in cancer in public databases

(http://www.proteinatlas.ora/ENSG00000068438-FTSJ1/cancer).

The existence of these two potential paralogs in Drosophila complicated the analysis of their intrinsic
function(s) as it was possible that they have redundant functions. In order to study the function(s) of these

two proteins, we first needed to obtain or engineer proper tools, allowing their molecular characterization.

In this first part of the results, obtained during my PhD, | will describe the characterized and/or obtained
CG7009 and CG5220 mutants and tools that allowed us to preform further research on the two genes. |
will also characterize part of the phenotypes, associated with CG7009 loss-of-function, that we uncovered

during the mutants’ characterization.
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2. The CG7009 gene

According to FlyBase, CG7009 is located on the right arm of the 3" chromosome (3R) and its genomic
sequence location is 3R:16958456...16959603[-] (cytological map location 93C1). According to the report
in FlyBase, CG7009 has one annotated transcript and encodes for two reported polypeptides: one of 320
amino acids (35.2 kDa, UniProt, Q9VDD?9), and one of 324 amino acids (35.64 kDa, UniProt, Q8MRW?7).
Analysis of sequences homology suggests that the product of CG7009 belongs to the conserved RImE
family and Trm7 subfamily of the methyltransferase superfamily. In FlyBase no experimental data are
available on CG7009 mutant phenotype(s), 2 mutant stocks are reported, associated with "viable and
fertile" phenotypic classes. Our experimental data agrees with this statement, but we do however find
that homozygous and trans-heterozygous mutants of CG7009 have several interesting phenotypes, i.e.
the aforementioned involvement in the Ago-2-dependent miRNA pathway, as well as other phenotypes

that we discovered during my PhD and that | will present in the following sections.

3. Molecular characterization of the CG7009 mutation

Strain CG7009°%2%7, mutant for CG7009, originates from The Drosophila Gene Disruption Project (GDP,

http://flypush.imgen.bcm.tmc.edu/pscreen/about.html) mutant strains collection. The collection

comprises mutant strains that have single transposon insertions associated with different genes, which
were created by P- and piggyBac transposable element-mediated mutagenesis. In order to map the
insertions in the fly genome, small amounts of gDNA sequences from the insertion region have been
recovered by inverse PCR (iPCR), sequenced and mapped to the reference genome. Thus, for the majority
of the mutant strains generated by the GDP, including the CG7009%%%" mutant strain, the site of

transposon insertion and its flanking genomic sequences were already determined.

The BL18008 strain (Bloomington stock) bears the mutant allele CG7009°02%7, generated by the
insertion of a PBac{RB} transposon in the middle of the CDS (Figure 13A). Confirmation of the reported
insertion was performed by PCR, followed by sequencing. gDNA from homo- and heterozygous
CG7009°%2%" flies was amplified by PCR with CG7009-dTOPO FW and CG7009-dTOPO Rev primers
(Methods) that hybridize respectively at the 5'- and 3'-end of the CG7009 gene (Figure 13A). After
electrophoretic separation of the PCR products, two bands were detected for the heterozygous mutant

migrating at approximately 7kb and 1.1kb which correspond to the size of the PBac{RB} insertion allele
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CG7009°92%" and the wild type alleles of the gene, respectively. Only the band of higher molecular weight
was detected in homozygous flies (Figure 13B lane -/-). This confirms that the BL18008 strain carry an
allele of the gene CG7009 that has an inserted element of around ékb, consistent with the reported size

of the PBac{RB} transposon.

A. B. -/- */- H0
5971 PBac{RB} 1

pB-3SEQ ¥—  — pB-5SEQ
\\ I’

7’

,

CG7009-dTOPO Rev—3p N, ,°  €—CG7009-dTOPO FW

G

3R: 16.959.603 16,958.954 16.958.456

<+—7119 bp

\

<+— 1148 bp

Figure 13. Molecular characterization of the CG7009°%?®'mutation. A. Schematic representation of the CG7009 gene
showing the genomic location of the insertion and the size of the PBac{RB} transgenic transposon. The hybridizing four
oligonucleotides used in the PCR analysis are represented with arrows designating their annealing locations and orientation.
B. Electrophoretic separation of the PCR reaction made on gDNA of flies homozygous (-/-) or heterozygous (+/-) for the
mutant allele CG7009°92%" or H,O (negative control, no DNA) using CG7009-dTOPO FW and CG7009-dTOPO Rev primers.

In order to precisely determine the insertion site, gDNA of homozygous mutants CG700902%" /
CG7009°%2%" was sequenced with divergent primers, aligning either at the 5'-end (pB-5SEQ) or at the 3'-
end (pB-3Seq) of the piggyBac transposon (Figure 13A and Methods). Thus, the sequences obtained from
this reaction started inside the piggyBac and extended towards the CG7009 gene sequence. This
experiment allowed me to precisely map the insertion site at genomic location 3R:16,958,954, which is
consistent with the position reported in FlyBase (Figure 13A). Additionally, by re-sequencing the CG7009
gDNA region in our strain, | was able to verify that the entire coding sequence of CG7009 is identical to
the sequence of the gene in the reference genome, whose translation gives the protein of 32 kDa from

the two reported polypeptides for this gene (data not shown).

The reported insertion site of the piggyBac in the middle of the CDS strongly suggests that the
CG7009°92% allele is null mutant of CG7009. In order to test this, a reverse transcription PCR (RT-PCR) on
total RNA ovaries extract, using internal primers to detect the mRNA of CG7009, was performed in
heterozygous or homozygous mutants. This experiment clearly showed that in contrast to the

heterozygous mutant, no CG7009 mRNA is detected in the CG7009°%%°" homozygous mutant ovaries
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(Figure 14). These RT-PCR results strongly suggest that the CG7009°%?%" allele is a transcriptional null
mutant of CG7009.

Figure 14. Reverse Transcription PCR (RT-PCR) on total RNA
extracts of ovaries. Electrophoretic separation of the RT-PCR
reaction made from total RNA of flies homozygous (-/-) or
CG7009 (midle)  heterozygous (+/-) for the mutant allele CG7009°°%°" or no RT

(negative control, no reverse transcriptase in the RT reaction)
tubulin using CG7009-middle Rev and CG7009-dTOPO FW primers

for the PCR reaction (expected size 500nt) and tubulin RT-
RT-PCR on ovaries gPCR primers (expected size 150nt).

4. Construction of a Drosophila strain carrying an additional WT CG7009 locus

To be able to perform genetic rescue experiments on the loss of CG7009 function phenotypes (see
below) we wanted to obtain a Drosophila strain homozygous for the CG7009°%?%" allele and carrying a
wild type allele inserted in an ectopic genomic location. Our goal was to express the wild type gene under
the control of its endogenous regulatory elements in a CG7009 mutant background and observe if, in this
genomic context, we will be able to rescue the phenotypes observed in the homozygous mutant. We took
advantage of the Placman] transgenesis platform for Drosophila (Venken et al., 2009; Venken et al., 2006).
AttB-Placman] is an enhanced system derived from bacteriophage ®C31 attP/attB-mediated specific
recombination. This system adapted to Drosophila allows site-specific insertional transformation with large
DNA fragments. AttP/ attB recombination in the presence of ®C31 recombinase mediates the insertion
of the desired BAC at a specific attP-landing site engineered in the fly's genome. This system overcomes
size limitations posed by the classically used P-transposase-mediated transformation (Venken et al., 2006).
We used a Placman] clone (CH322-117K12) from a Drosophila bacterial artificial chromosome genomic
library which encompasses 21948bp of the chromosome arm 3R (from 16954560 to 16976507), including
the CG7009 gene as well as 16960 nt of the chromosomal sequence upstream of its initial ATG and 3915
nt downstream of its stop codon (Figure 15). We reasoned that a larger part of the genomic sequence
upstream of the gene's coding sequence as well as a smaller, but still important, part of the sequence

downstream of its coding sequence increases the possibility to retrieve if not all, most of the endogenous

47



cis-regulatory elements of the CG7009 gene. The construction of this transgenic line was a prerequisite

for concluding on the function of our candidate gene in rescue experiments.

3R:

+ } + + + + + + + + + v + + + + } + + + + } +
16955k 16960k 16965k 16970k 16975k
€67009
L]

CH322-117K12

< | SR >
3915b.p. 1148b.p. 16960 b.p.

Figure 15. Schematic representation of the BAC clone CH322-117K12. Shown are the mapping to the genome (blue
double arrow) of the Pl[acman] clone CH322-117K12 depicted in beige. CG7009 gene loci is depicted in red.

A. Verification of the BAC clone

The full-length sequence of the BAC has not been confirmed when the BAC library containing clone

CH322-117K12 was constructed by the Placman] consortium (http://www.pacmanfly.org/credits.html).

Only the terminal sequences of the clone have been aligned to the reference genome. Thus, the presence
of the full sequence of CG7009 in the CH322-117K12 clone had to be validated. | first verified if clone
CH322-117K12 contains the right genomic sequence of CG7009 using Sanger sequencing. In order to
obtain a coverage encompassing the entire CDS of CG7009 a combination of four oligonucleotides was
used. Two of them, which | already presented above are hybridizing at the two extremities of the CG7009
gene: CG7009-dTOPO FW and CG7009-dTOPO Rev (Methods) and a pair of two other divergent
oligonucleotides, complementary to sequences in the middle of CG7009: CG7009-middle FW and
CG7009-middle Rev (Methods). This strategy allowed me to confirm that the entire coding sequence of
CG7009 is indeed contained in the BAC clone. Importantly, the sequencing results (data not shown)
confirmed that the CDS of the gene in the reference genome published in FlyBase and in the BAC clone

are identical.
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B. Mating scheme for introducing the BAC transgene in a CG7009 Mutant Background

An important feature of Drosophila genetics is the absence of recombination in males. Recombination
in female flies can be controlled in laboratory conditions by one of the most distinguishable tools in fly
genetics, the balancer chromosomes. These chromosomes result from induced irradiation inversions. The
resulting scrambling/ inversion of the balancer chromosomes sequences leads to a loss of their ability to
recombine with their normal homolog during meiosis. In addition, the inheritance or not of balancer
chromosomes can easily be followed as they carry dominant marker mutation. Thus, their transmission to
the progeny can be traced. Since they block recombination, their un-recombined normal homolog

(without dominant marker) can also be tracked.

This illustrates one of the most important principles in fly mating schemes, which is that if the progeny
did not get the balancer it must have gotten the homolog unbalanced chromosome. This incapability for
recombination proves to be very useful equally for stocking lethal mutant strains. Since CG7009 is located
in chromosome ll, we chose an attB-docking site located on chromosome Il to simplify future genetic
crosses during the rescue experiment. Figure 16A represents the scheme of the realized crosses for the
establishment of a CG7009 rescue line. A heterozygous male from the BAC line (received by the company
who made the transgenesis for us (BestGene®) was crossed with a double balanced line called CC2. The
CC2 line is a double balanced homemade line. The T(2;3)ap[Xa] translocation forces the segregation of
CyO-GFP(w-) and TM6C balancers always together. Using this capacity and by following the appropriate
dominant mutations present in the balanced chromosomes, | was able to build the following line: w-; BAC;

CG7009202%01/ TMé, Tb, Sb.

The final crosses represented in Figure 16B (green and blue boxes) allowed to realize the rescue
experiment by obtaining a strain homozygous for the CG7009°%?%°" mutant allele or trans-heterozygote
for a deficiency of the CG7009 genomic region that carry in the same time the wild type allele of CG7009
inserted in the second chromosome. This allowed me to observe if the BAC transgene is able to rescue
the phenotypes observed in the homozygous CG7009°%2%" mutant, i.e. its aforementioned involvement in
the Ago-2-miRNA pathway, providing the final proof that the phenotypes we observe are actually due to
the loss-of-function of the CG7009 gene.
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Establishment of the rescue line

BAC(mini-w) . CyO; TM6, Tb, Sb
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Figure 16. Mating scheme for the construction of the transgenic rescue line. A. Schematic representation of the genetic
crosses performed for the establishment of the line w-; BAC; CG7009%?%°'/ TM6, Tb, Sb B. lllustration of the genetic rescue
experiment. CG7009°%%!/ CG7009 corresponds to trans-heterozygous CG7009 mutant, containing one insertional
mutant allele and one deficiency. BAC, Bacterial Artificial Chromosome containing the CG7009 genomic region; w-, mutant
white; mini-w, mini-white marker; Apterous-Xa, CyO, TMé, Tb, Sb and TM3: balancer chromosomes.

C. Validation of the expression of CG7009 mRNA from the BAC by RT-qPCR

| then analyzed by RT-gqPCR the expression of CG7009 in females (Figure 17A), as well as in the ovaries
(Figure 17B) of several fly strains used in our research. For both whole females and ovaries heterozygotes
carrying the allele CG7009°92%°" served as control (Figure 17A and B, black bars). In whole females | tested
the three available mutants: homozygous (CG7009°92%" / CG7009°%?%") and trans-heterozygous
(CG7009°920" / Def3340 and CG7009°92%°" / Def9487) CG7009 mutant flies (Figure 17A, red bars). The
expression of CG7009 transcript in the ovaries was assayed only in trans-heterozygous mutants
CG7009°920" / Def9487 (Figure 17B, red bars). | also analyzed CG7009 transcript expression in the rescue
line BAC / CyO ; CG7009°020" / Def9487 in both females and ovaries (Figure 17A and B, green graphs).
This experiment allowed me to confirm that the three mutants are transcriptional null mutants for CG7009.
It also allowed me to validate that CG7009 expression levels in the rescue line is comparable to the gene

expression level in heterozygous individuals in females (Figure 17A) and in ovaries (Figure 17B).
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Figure 17. Characterization of CG7009 expression levels. Determination by RT-qPCR of the expression level of CG7009
in comparison to its expression in 4 days old heterozygous females “CG7009/TbSb"” (A) or in the ovaries of 4 days old flies
“CG7009/+" (B) (black graphs). Indicated in red are the expression levels of CG7009 transcripts in three null mutants:
homozygous mutants “CG7009/CG7009” (A) and trans-heterozygous mutants “CG7009/Def3340" (A) and
“CG7009/Def9487" (A & B). The green chart represents the expression of CG7009 from one dose of the rescue allele
“BAC" in “CG7009/Def9487" mutant background, by using the strain “BAC/Cyo; CG7009/Def9487" in the whole females
(A) and the strain “BAC/+; CG7009/Def9487" in the ovaries (B). Represented are the average values of two independent
biological replicates. p-values were determined by Student’s test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001;
ns: non-significant p-value > 0.05. All alleles denoted as CG7009, correspond to the mutant allele CG7009°%2%"; BAC:
Bacterial Artificial Chromosome containing the CG7009 genomic region; Tb, Sb, CyO: balancer chromosomes; Def:
Deficiency.

5. Characterization by PCR of CG7009 trans-heterozygous mutants

During my PhD we also worked with hetero-allelic mutants for CG7009 using two deficiencies, Def9487
and Def3340. The deficiencies are chromosomal deletions encompassing more than one, usually tens of

genes. Def9487 (Df(SR)JED10845) is a deficiency corresponding to stock BL9487 of the Bloomington

collection. Its ID in FlyBase is FBab0044383. The full genotype of Def9487 is w''"8; Df(3R)ED10845,
P{3'.RS5+3.3'}ED10845/TM6C, cu' Sb'. It was generated in the terms of the DrosDel deletion project

(Ryder et al., 2007) and affects the expression of more than 40 genomic loci, including CG7009 locus.

The second deficiency, Def3340 corresponds to a deletion of a region on the 3R chromosome
removing several genes including CG7009. Its stock number in the Bloomington database is 3340 and it
is also known as Df(3R)e-R1. Def3340 has the following genotype: Df(3R)e-R1, Ki'/TM3, Sb' Ser' and

FlyBase ID: FBab0002783.
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We established trans-heterozygous mutants CG700902%" / Def9487 and CG7009°%?%" / Def3340 by
crossing the balanced stocks of these 3 mutants and recovering the combinations of interest in the first
progeny. We then verified the presence and absence of the CG7009 locus or mutated locus (containing
the PiggyBac transposon) in both deficiencies (Figure 18). We equally established the strain BAC / Cyo;
CG7009°920" / Def9487 and re-verified the presence of the WT CG7009 locus in this rescue line (Figure
18, lane 7).

Figure 18. Validation by PCR of Def9487, Def3340 and BAC / CyO ; CG7009°%2%" / Def9487. PCR on gDNA, extracted
from flies with the indicated genotypes using primers CG7009-dTOPO FW and CG7009-dTOPO Rev (Methods and Figure
13). The band at 1148 bp corresponds to the WT CG7009 locus, the band at 7119 bp corresponds to the mutant allele
CG7009°0200" with the inserted PiggyBac transposon (Figure 13). BAC: Bacterial Artificial Chromosome containing the
CG7009 genomic region; CyO, TMé, Tb, Sb and TM3: balancer chromosomes; bp: base pairs.

In Figure 18, the first 3 lanes are PCR control conditions, where we confirm only the detection of the
smaller band of 1148 bp, corresponding to the WT CG7009 locus in the reference strain used (w''’8, Figure
18, lane 3). The 1148 bp signal is also present in the strains containing the two deficiencies tested under
wild type for CG7009 balancer chromosomes, TM3, Sb for Def3340 and TMé6, Tb, Sb for Def9487,
respectively (lanes 1 and 2). In the heterozygous mutant CG70092%2%" / TMé, Tb, Sb (lane 4) we detect the
WT allele (1148 bp) amplified from the balancer chromosome TMé6, Tb, Sb and the insertional mutant
allele (7119 bp), amplified from CG700922%°". Lanes 5 and 6 of Figure 18, present only the band of higher
molecular weight that is amplified from CG7009°%?%". This demonstrates that the signal detected in the

two heterozygous individuals Def3340 / TM3, Sb and Def9487 / TMé6, Tb, Sb (lanes 1 and 2), CG7009
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genomic sequence is amplified from the two balancers, confirming that the two deficiencies are deleted
for the CG7009 locus. In the last lane (lane 7) we amplified CG7009 from strain BAC / CyO; Def9487 /
TMé6, Tb, Sb. The reappearance of the smaller band of the WT CG7009 allele in this line (compare lanes 6
and 7), confirmed that during the crosses for the establishment of this trans-heterozygous rescue line the

BAC-carried CG7009 WT allele was not lost.

6. ldentification of a second hit mutation on the CG7009<9200" g]lele

In the beginning of the project, another reason for our interest in the CG7009 gene, apart its afore
mentioned implication in the Ago-2-miRNA pathway, was the observation that we weren’t able to maintain
a homozygous stock with the Bloomington stock BL18008, bearing the null mutant allele CG7009¢%2%',
There were two possible hypotheses to explain this incapacity. Either CG7009 loss-of-function was

associated to semi-lethality or it was provoking fertility problems in flies (semi-fertility).

As the BL18008 stock was generated via insertional mutagenesis and this mutant was obtained by a
consortium generating a big collection of mutants, the obtained stocks were not verified in detail. We
were thus aware of the possibility that our allele is not “clean” and that it could carry a second insertion
or a natural mutation disrupting the function of another gene in the 3 chromosome (a second hit
mutation). In order to be sure that we were not working with a mutant carrying additional mutations we
had two possibilities: (i) We could “clean” the potential second hit by backcrossing the flies. This is
accomplished by crossing heterozygous females over a sufficient number of generations with males with
a controlled genetic background (i.e., w'"®) until the putative second hit mutation is “cleaned” by
recombination with wild type allele. (ii) Another option was to do a genetic analysis on the potential

presence of a second hit mutation in the BL18008 stock.

As we had the two afore described publicly available deficiencies for CG7009 we first undertook this
strategy. It is not probable that a PiggyBac or another natural transposon inserts in the region
encompassed by the deficiency of CG7009, thus working with a hetero-allelic mutant combination will
most certainly put the potential second hit mutation in heterozygous state. Thus, we compared if the
phenotypes of semi-lethality and/or semi-sterility of the homozygous mutant CG7009°2%0" were
maintained in the trans-heterozygous mutants CG7009°02%0" / Def9487. If the studied phenotypes were

maintained in both homozygous and trans-heterozygous mutants, it is strongly suggested that they were
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due to the CG7009 mutation. On the contrary, if the phenotypes observed in homozygous CG7009
mutants were lost in the CG7009 trans-heterozygous mutants, it would clearly demonstrate that the semi-

lethality and/or semi-sterility are not linked to CG7009 lack of function.

A. Sub-lethality test — rationale and result

In a first experiment we addressed the potential semi-lethality thought to be a possible cause of the
incapacity to maintain a stock CG7009¢%2%" / CG7009°02%". We crossed either males and females
CG7009°%2001/ TM6, Tb, Sb together or females CG7009°92%°'/ TMé, Tb, Sb with males Def9487 / TM6, Tb,
Sb, and looked in the progeny for the proportion of mutant descendants CG7009¢%2%" / CG7009°%2%' or
CG7009°020" / Def9487, respectively (Figure 19A).

The expected proportion for both mutants in the F1 generation is 33%, as balancer / balancer is a
known lethal combination. Three independent crosses were done for both conditions and the proportion
of the descendent with the corresponding mutant genotypes was calculated as a function of the total
number of progenies for a given cross (Figure 19B). The bars on Figure 19B represent the average
proportion of mutants in F1 from three biological replicates. The result indicates that the proportion of
CG7009°920" / Def9487 individuals (34.75 %, Figure 19B, light blue bar) is corresponding to the theoretical
expected 33%. In contrast, the descendants with genotype CG7009°02%°'/CG700902%" represented 18.58
% and not 33% of the F1 generation (Figure 19, dark blue bar), indicating that there is a lethality problem
associated with this homozygous mutant. Thus, the result with the trans-heterozygous mutant
demonstrated that the semi-lethal phenotype, associated originally with the stock BL18008
(CG7009°92001/CG7009°92%"), is not due to the loss-of-function of the CG7009 gene but to another

mutation on the third chromosome.
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Figure 19. The function of CG7009 is not linked to a sub-lethality phenotype. A. Schematic representation of the analysis
of semi-lethality, associated with the Bloomington stock 18008 (allele CG7009°92%"). Comparison of the proportion of
descendants arising from the cross of heterozygous individuals CG7009°°?°7 / TMé, Tb, Sb (left) to the proportion of
descendants arising from the cross of heterozygous females CG7009°%?%" / TMé, Tb, Sb and trans-heterozygous males
CG7009°0200" / Def9487. B. Proportion of the descendants in F1, obtained from the described crosses, calculated as ratio
between the number of the descendants with mutant homozygous CG7009°9%°" / CG7009°02°" (dark blue graph) or trans-
heterozygous CG7009°92%0" / Def9487 genotypes (light blue graph) to the total number of descendants in the corresponding
cross. Represented are the average values of three independent crosses for the indicated experiment conditions. p-values
were determined by Student’s test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001.

B. Female fertility test — rationale and result

We also wondered whether the incapacity to maintain a homozygous stock CG7009¢%2%" / CG7009¢02%"
was caused by a semi-sterility phenotype in males or in females. For the male fertility we crossed
homozygous CG7009°%2%" / CG7009%%2%" or trans-heterozygous CG7009°%?%" / Def9487 males with
females w'"® and analyzed the number of the progeny in F1. No fertility problems were detected for both

homozygous and trans-heterozygous mutants compared to control crossings (data not shown).

A similar test was performed for the female sterility by crossing homozygous CG7009°02%" /
CG7009°92%" or trans-heterozygous CG7009°02%7 / Def9487 female mutants to w''"® males and
determining the number of descendants in the progeny for both crosses (Figure 20A, red panel). For both
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conditions, two crosses between 8 females and 3 males were performed and the number of descendants
was determined in 4 flips of these parents. The total number of F1 progeny from these crosses was 486
for the homozygous female parents and 916 for the trans-heterozygous female parent, respectively. As
control, we counted the number of descendants from crosses of w''"®flies or of w''"® males and females
CG7009%200" / TM6, Tb, Sb (Figure 20A, blue panel). For both of the control crosses only one tube of 8
females and 3 males was started. The result in Figure 20B is thus represented by the average of the
progeny per female, because at the beginning of the experiment, not enough control crosses were

initiated in order to perform a relevant comparison or statistical analysis.
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Figure 20. Effect of CG7009 mutation on the fertility in females. A. Rationale for the experiment on the semi-sterility in
females from Bloomington stock 18008 (allele CG7009°92%7). The experiment consisted in comparing the total number of
descendants arising from the cross of homozygous females CG7009202%" / CG7009°%?%" with males w'"'® (red panel, upper
cross) and the total number of descendants arising from the cross of trans-heterozygous females CG700902%" / Def9487
with males w'""® (red panel, lower cross). As control the total number of descendants arising from the cross of w'"® flies
(blue panel, upper cross) of females w''"® and trans-heterozygous males CG7009°9?%" / Def9487 were to be determined. B.
The result is represented as an average of the descendants per female from the following crosses: 2 crosses between 3
males w''"® and 8 females CG700902%" / CG7009%02°" (red graph); 2 crosses between 3 males w'""® and 8 females
CG7009°0200" / Def9487 (blue graph); 1 control cross between 3 males w''"® and 8 females CG7009°%2%" / TMé, Tb, Sb (first
grey graph); and 1 control cross between 3 males w''"® and 8 females w'"'® (second grey graph). The number of descendants
was counted for 4 flips of parents in the indicated crossings and determined first as an average result at each flip by taking
into account the dead parents. The final results represent another average value determined from the number of
descendants per female for each flip and cross.

A first observation on these results is that there seems to be no difference between the two control
crosses used in the experiment (Figure 20B, grey bars). The average number of descendants per
homozygous female CG7009°%2%" / CG7009°02%" is approximately two times lower than in the controls
(12.49 descendants versus 21.88 or 19.58 per 1 female, Figure 20B compare the red bar to the two grey
bars). This indicated that the CG700902%" allele might be linked to female semi-sterility. CG7009 trans-

heterozygous females have more progeny than the homozygous females, indicating that the observed
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semi-sterility of the allele CG7009°%2%°" is not uniquely linked to CG7009 loss-of-function (Figure 20B,
compare the blue and the red bars). However, this simplified analysis suggests that the function of CG7009
might have an effect on female fertility, because the trans-heterozygous mutants do present less progeny

on average per female than the two controls (Figure 20B, compare the blue to the grey bars).

The conclusion of this experiment was that the observed female semi-sterility is majorly not associated

with CG7009 loss-of-function.

The result with the female fertility is also interesting because CG7009 mutants have reduced ovaries

size, which might explain at least partly the fertility problems (Figure 21).

CG7009202001 / Def9487 BAC / + ; CG7009°02001 / Def9487

Figure 21. CG7009 mutation is associated with ovarian size reduction. The image represents ovaries from 4 days old
female of trans-heterozygous CG7009 mutants CG700902°" / Def9487 and the genetic rescue with the line BAC / + ;
CG7009°02%0" / Def9487.

7. Establishment and verification of the CG7009<02001-G10 |ing

In order to remove the second hit mutation from chromosome 3 of the CG7009°%2%" allele, we cleaned
the chromosome by backcrossing heterozygous females with males with a controlled genetic background
(w'""8) for 10 generations. This is how we established the mutant CG7009°0290"-G10 gllele where G10 stands

for backcross generation #10. It is at this point that we realized that we manage to maintain homozygous
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stock with this new “cleaned” mutant stock CG7009202001-670 / CG7009°%200"-610, This indicated that the
second hit mutation allele was changed by recombination with a wild-type allele as we lost the phenotype

of semi-sterility and or semi-lethality, associated with the homozygous stock CG7009¢%2%" / CG7009%2%',

We then verified that the PiggyBac transposon was still present in the stock CG7009e0200"-670 /
CG7009e92001-610 [y PCR on homozygous versus heterozygous individuals for this allele (data not shown),
as described for the mutant CG7009°%2%" / CG7009°02%" (Figure 13). | also determined the expression of

CG7009 transcript from the new homozygous cleaned G10 stock by RT-gPCR (Figure 22).

sk

08

Figure 22. Expression of CG7009 from the allele CG7009202007-G10,
Determination by RT-qPCR of the expression level of CG7009 in the
4 days old homozygous mutants CG700920200"-610 / CG7009e02001-610,
denoted as Mutant (red graph) relative to CG7009 expression in 4
o4 days old heterozygous females CG7009°%?%'/TMé, Tb, Sb, denoted
as Control (green graph). Represented are the average values of
two independent biological replicates. p-values were determined
by Student’s test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value
< 0.001; ns: non-significant p-value > 0.05; Tb, Sb, balancer
chromosomes.

Control Mutant

8. Analysis of the effect of CG7009 mutations on the longevity of Drosophila

During the characterization of the potential semi-lethal phenotype linked to the CG700902%" allele, we
also performed a survival test in 3 biological replicates, using 10 females for each replicate. This result
(not shown) indicated that the mutant CG7009¢%2%"/CG7009°%?%' lives on average 24 days, and the mutant
CG7009°%201 /Def9487 survives on average between 60 and 70 days (67 days). Thus, the earlier mortality
observed in the stock BL18008, bearing the allele CG7009°%?%°", was not primarily caused by CG7009 loss-
of-function, but to the aforementioned second hit mutation. However, this first survival experiment was
interesting, because the trans-heterozygous mutants seemed to live less longer than a heterozygous

individual CG7009¢%2%7/ + (data not shown).
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Determining if CG7009 has a role for normal longevity in Drosophila was also interesting. On one hand
CG7009 is a predicted Nm tRNA methylase, and m°C tRNA methylase Dnmt2 has also been implicated in
Drosophila longevity (Durdevic et al., 2013a). Importantly, both Dnmt2 (Durdevic et al., 2013b) and
CG7009 affect the efficiency of the siRNA pathway activity in Drosophila. On the other hand, CG7009 is
a predicted 2'-O-methyltransferase and DmHen1, the only known 2’-O-methyltransferase, involved in the
sncRNA pathways (Horwich et al., 2007; Li et al., 2005; Park et al., 2002; Saito et al., 2007; Yu et al., 2005)
is also implicated in flies longevity, as it has been shown that dmHen1 mutants have a shorter lifespan

(Abe et al., 2014).

By the time this first survival experiment was performed, the BAC line was not yet established. We thus
decided to reproduce the survival test, by including the rescue line for CG7009. For this survival
experiment we worked with the second deficiency for CG7009, Def3340 (Figure 23). As for the previous
experiments we analyzed the longevity of three females replicates. The flies were of the following
genotypes: mutants CG700902°0" / Def3340 (Figure 23, red curve), heterozygotes CG700902%0" / TM6,
Tb, Sb (Figure 23, black curve), and rescue for CG7009: BAC / BAC, CG7009°%2%°" / Def3340 (Figure 23,

green curve).
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Figure 23. Survival experiment. Life span curves, representing the percentage of survival of heterozygous individuals
CG7009°0200 / TM6, Tb, Sb, denoted as “CG7009 /TbSb" (black curve), trans-heterozygous CG7009 mutants CG7009°02%'
/ Def3340, denoted as CG7009/Def3340 (red curve) and recue line BAC/BAC; CG700%9°9%" / Def3340, denoted as
BAC/BAC; CG7009/Def3340 (green curve). The curves represent the average values of at least three biological replicates.
The flies of the corresponding genotypes were aged under similar conditions and the experiment was performed at 25°C.
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The result indicated that trans-heterozygous mutants CG7009°2°'/Def3340 die approximately 20 days
earlier than heterozygous individuals CG7009°02%°"/TM6, Tb, Sb (Figure 23, compare the black and the red
curves). However, in this particular experiment, the individuals with genotype BAC / BAC ; CG7009202%07/
Def3340 (Figure 23, green curve), which correspond to the CG7009 rescue line reach 0% of survival first.
The BAC was thus not only incapable to rescue the observed phenotype of reduced lifespan, but its

presence provoked a stronger survival defect.

In another independent survival experiment with triplicates of the same genotypes, CG7009°02%" /
Def3340 mutants attained 0% of survival 19 days earlier than the heterozygote CG7009°%2%°" / TMé, Tb,
Sb (data not shown). This seems consistent with the result represented in Figure 23 if we compare the
black and the red curves. The result was thus reproducible in two independent survival experiments, and
CG7009°92%0" / Def3340 mutants had a lifespan of 20 days shorter than CG7009°2%°" / TMé, Tb, Sb flies.
However, as for the BAC line, in this second survival experiment (not shown) the phenotype of reduced
longevity was partially rescued. Flies from the rescue line attained 0% of survival 9 days after the mutant
and 10 days before the heterozygotes. Thus, the BAC line behaved oppositely in regards to the mutant

in this rescue test (not shown) when compared to the result on Figure 23.

| decided to present the survival experiment represented in Figure 23 in order to introduce several
important observations concerning the BAC line. All results obtained with the BAC line are to be
considered with caution. Despite the correct RNA expression of CG7009 from this line, as determined by
RT-qPCR (Figure 22), we noticed that the insertion of the BAC renders the flies “sick”, as the BAC line
stocks seem to have higher occurrence of lethality as well as higher occurrence of infections in the stock

tubes.

We never studied these observations in detail. It is possible that the insertion of the CG7009 locus at
the ectopic genomic location on the second chromosome has some additional consequences for the flies’
fitness. It is also possible that despite the correct levels of CG7009 mRNA expression from the BAC
genomic clone, the presence of CG7009 on its genomic location assures supplementary functions,

unlinked to the expression of the gene.

In conclusion the BAC line either does not restitute all of the CG7009 functions properly or it triggers
supplementary effects in flies not linked to CG7009. However, as described below, the expression of

CG7009 from the BAC seems capable to reconstitute a very important property of CG7009, notably its
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methylation activity (second part of the Results section, Figure 40). We are currently constructing a UAS-

CG7009 rescue line in order to reproduce several crucial experiments, as survival test.

Determining the implication of the CG7009 gene in Drosophila longevity turned out to be very
complicated. A very recent survival test was also performed with mutants homozygous for the cleaned
allele CG7009202001-G10 / C(G7009202901-G10 (data not shown). Briefly, the mutants had a better fitness than
the heterozygous individuals CG7009202%0"-G10 / TMé, Tb, Sb, which served as control. The rescue line used
in this experiment was BAC / BAC ; CG7009%2001-G10 / CG7009202901-G10_ These flies still died before the
homozygous mutants but outlived the control heterozygous individuals used in the experiment. Thus, it is
very complicated to deduce if and how exactly CG7009 impacts ageing in flies. It is possible that one dose
of the second hit, that remains in the CG7009°%2%" allele of heterozygous individuals is sufficient to impact
flies’ longevity. As a last option it is possible to reproduce the survival experiment by using as control
heterozygous females CG70090200"-G0 / + or balancer, after homogenizing the genetic background

variations by backcrossing the flies.
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9. The CG5220 gene

According to FlyBase, CG5220 is located on the right arm of the 3" chromosome (3R) and its genomic
sequence location is 3R:17040682...17041895 [+] (cytological map location 89E10). CG5220 has one
annotated transcript and encodes for one reported polypeptide of 302 amino acids (33.22 kDa, UniProt,
Q9VEP1). Analysis of sequences homology suggests that the product of CG5220 also belongs to the
conserved RImE family and Trm7 subfamily of the methyltransferase superfamily (Figure 12). No
experimental data are available on CG5220 mutant phenotypes. CG5220 was identified in a study
pertaining to its potential yeast ortholog Trm7 (Guy and Phizicky, 2015). trm7A mutants are characterized
with severe growth defects and the group discovered in a rescue experiment that expressing the fly
CG5220 in trm7A yeast mutants is capable to suppress the growth defects observed in trm7A yeast (Guy
and Phizicky, 2015). For CG5220 no mutants are available in the public databases. We generated several
mutants for the gene by using CRISPR/Cas9 (see below) and showed that the mutants are, like for CG7009,

viable and fertile.

A. Generation of catalytically inactive CG5220 mutants by CRISPR/Cas9

Understanding the functional importance of genes is linked to characterizing the phenotypes triggered
by their mutation, inactivation, or overexpression. Flies are a developed model for genetic research and
numerous strategies have been developed to modify their genome from random gene disruption to

insertional mutagenesis (St Johnston, 2013).

Over the years, research on Drosophila has yielded a large collection of mutants. However, for CG5220
no mutants were available in public databases. When RNAi-mediated inactivation of CG5220 was used to
study its functions, another complication raised from its high genomic sequence homology with the gene
CG7009. This complicated the design of efficient and specific siRNA-producing dsRNAs that will not
inhibit simultaneously at least partially the expression of CG7009. In order to unambiguously determine

the function(s) of this gene we decided to construct mutants, allowing a complete disruption of it function.

As of today, the ability to alter genomes has gone one step further with the recent advances in the
CRISPR/Cas9 technology (Bassett et al., 2015; Gratz et al., 2013b; Jinek et al., 2012; Ren et al., 2014). This
tool was initially discovered in bacteria and later adapted in eukaryotes (Jinek et al., 2012; Mali et al.,

2013). CRISPR/Cas9-mediated homologous recombination requires a single guide RNA (sgRNA), a
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template for recombination (ssODN: single strand oligodeoxynucleotide), and a Cas? nuclease.
CRISPR/Cas9 advantages are its remarkable efficiency, its requirement of limited number of upstream
reagents a well as the rapidity in the generation of precise mutations via nucleotide replacements. Pioneer
works on adapting CRISPR/Cas? through Non-Homologous End Joining (NHEJ) or Homologous Directed
Repair (HDR) in Drosophila research was accomplished by Gratz and colleagues (Gratz et al., 2013a; Gratz
et al., 2014).

As a new emerging method assuring high mutagenesis rates, CRISPR/Cas? seemed to be a suitable
strategy for accomplishing mutagenesis on CG5220. We decided to replace two conserved amino-acids
in the predicted catalytic domain of CG5220, which were reported as important for the catalytic function

of its presumable yeast and human orthologs Trm7 and FTSJ1, respectively (Guy et al., 2015).

For reminder, FTSJ1 is known to methylate both positions C3; and Gss in tRNAP® by interacting with
two different partner proteins —- THADA for C3; and WDR6 for Gaa. In their study the authors showed that
the yeast trm7-K28A substitution of a lysine codon at position 28 with an alanine codon (K28A) abolished
the catalytic activity of Trm7 for Nm deposition on C3; and Gzs of tRNAPe. They also described a distinct
mutation of human FTSJ1 (FTSJ1-p.A26P missense allele) and the corresponding yeast engineered mutant
trm7-A26P. In this second mutant version of FTSJ1 an alanine codon at position 26 is substituted with a
proline codon (A26P). This A26P form of FTSJ1 disrupts its catalysis of Nm deposition on Gss of tRNAPe
but leaves the Cs; position normally methylated in the same tRNA. The group discovered that human
patients, bearing a substitution A26P in their FTSJ1 gene, develop the NSXLID. This suggested that the
Nm deposition on Gs4 of tRNAPe s the crucial modification that might be linked to NSXLID development
in human (Guy et al., 2015). Thus, obtaining an A26P mutated form of CG5220 was interesting for us
because, if the described methylation specific defect was conserved in flies, it could provide a catalytically
inactive protein for only one of the methylations (Gmss) whose absence was shown as sufficient for
pathology development in human. Likewise, we reasoned that this mutant could enable us to determine
on the molecular level the importance of Cms, and Gmss modifications for the fitness of the flies, by
analyzing if lack of methylation on Ga4 position (located in the AC loop) in Drosophila is sufficient to trigger

the phenotypes associated with CG5220 loss of function.

In order to obtain the described catalytically inactive CG5220 we used CRISPR/Cas9-mediated one-

step homologous recombination without insertion of a phenotypic marker at the CG5220 locus. All of
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the experiments on the generation of the CG5220 mutants were performed by our collaborator Dr.

Matthias Schaefer from the Medical University of Vienna, Austria.

B. Mutagenesis of the CG5220 lysine 28 and alanine 26 codons in Drosophila

Choosing the right single guide RNA (sgRNA) is important for the mutagenesis efficiency, as it has
been shown that the cleavage site should be as close as possible to the sequence to be edited. The two
corresponding sgRNAs (Methods) were cloned for Drosophila mutagenesis into the pDCCé vector
allowing their expression in Drosophila embryos (Gokcezade et al., 2014). To substitute the target codons,
we generated a 136 nt long ssODN template carrying the lysine (AAG) to alanine (GCG) substitution
(K28A) and a 136 nt long ssODN template carrying the alanine (GCC) to proline (CCA) substitution (A26P).
The whole ssODN was homologous to CG5220 locus except the single base pair changes for the
mutations plus the mutation of the PAM domain. Drosophila w'''® embryos were injected with a mix of
ssODN and the bicistronic vector pDCC6, allowing the simultaneous expression of the corresponding

sgRNA and the Cas? as described in (Gokcezade et al., 2014) (Figure 24).
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Figure 24. Mutagenesis reagents. Represented are the three components required for CRISPR/Cas?-mediated
homologous recombination: single guide RNA (sgRNA), template for recombination (ssODN), and Cas? nuclease. The
gRNA, corresponding to PAM sequences “A-P” and “K-A”", were subcloned into the bicistronic Drosophila CRISPR/ Cas9
vector pDCC6, expressing sgRNA cassette under the control of the Drosophila U6:96Ab (U6-2) promoter as well as an
hsp70Bb promoter driving Cas9 expression Recombination template was provided as a 136 nt long ssODN containing the
desired mutation (GCG alanine codon for the substitution K28A and CCA for the substitution A26P). These two components

were injected in embryos from the w'''® strain. Figure adapted from (Gokcezade et al., 2014).

C. Screen for CG5220 mutations

After injection, single wings or whole adult males were tested for editing events. Interestingly, the
CG5220 locus turned out to be hardly accessible for PCR on small amounts of wing tissues, which might
have to do with the chromatin structure. That is why Matthias Schaefer had to cross out the F1 generation
to balancers before sacrificing the males for molecular analysis. FO flies were individually crossed with a
TM3, Ser balancer strain. Then, F1 flies bearing the Ser balancer were individually crossed with the same
balancer strain. Once larvae emerged, the F1 parents were collected for genotyping. A first step of the
phenotype-independent molecular screening consisted in T7 endonuclease | (T7E1) assays for mismatches
at the locus of CG5220 (Vouillot et al., 2015). T7E1 digestion assays allow to identify mutational events by
recognizing a subset of SNPs (single nucleotide polymorphisms), depending on the base substitution (Tsuji
and Niida, 2008) that form upon amplifying heterozygous regions by PCR. Once the editing events
(punctual mutations) were detected by T7El digestion, an allele specific PCR using primers matching the

two mutations was performed (Figure 25).
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Figure 25. Molecular screening for the CG5220 K28A allele by PCR. A. Rationale for the discriminative PCR for
constructing the mutant allele CG5220%552bearing the substitution K28A.The primers VIE0260 ending with the alanine
GCG codon which correspond to the desired mutation do not anneal to the WT version of CG5220 (left) but hybridize with
the edited allele CG5220%%552 (right). B. Rationale for the discriminative PCR for constructing the mutant allele CG5220%42"1
bearing the substitution A26P.The primers VIE0259 ending with the proline CCA codon which correspond to the desired
mutation do not anneal to the WT version of CG5220 (left) but hybridize with the edited allele CG52207472" (right).

About five single-male F2 progeny from 10 injected founder flies were screened for the presence of
the recombined A to P or K to A mutations in the catalytic center by locus-specific PCR amplification,
using PCR oligos that anneal to the mutated codon. For increasing the PCR specificity, the discriminative
allele-specific primers were designed to match the edited codon at their 3'-end, as it is reported that the
3’-end base pairing is the most important for polymerase elongation (Simsek and Adnan, 2000). Then a
screen for the allele CG5220%852 (substitution K28A) consisted in amplifying the CG5220 edited locus
with an alanine codon matching primer (VIE0260, Methods section) and a screen for the allele
CG5220%#7-21 consisted in amplifying the CG5220 edited locus with the proline codon matching primer
(VIEO259, Methods section), Figure 25. Five lines with A to P mutations, and three lines with K to A
mutations were recovered. The editing events (mutations) were then crossed to obtain a balanced fly line

and their viability was confirmed.

Few mismatches in the primer binding sequence can lead to delayed PCR amplification instead of its
complete abolishment potentially giving rise to false positives. In order to exclude this, as well as to
confirm the presence of the desired point mutations, the PCR amplicons were gel purified and subjected
to Sanger sequencing. Sequencing of the PCR amplicons confirmed that the established fly lines contain

either the A to P or the K to A mutations in CG5220. Flies carrying these mutations are homozygous viable
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and look phenotypically normal (whether these are escapers or really can live without the balancer has to

be seen over generations).

CRISPR/Cas9-mediated mutagenesis is known to produce off-target mutations that can be rather
unpredictable. In order to assure that the phenotypes associated with CG5220 disruption are indeed due
to the loss of function of this gene it will be necessary to clean the potential off-targets in the three mutant
fly stains generated by crossing them over several generations with a controlled genetic background

(w'®). This can be done by crossing heterozygous females with w''"®

males for several generations. Since
the CG5220 alleles are not associated to phenotypic markers, females should be crossed individually at

each generation, then genotyped.

In conclusion, we generated two different codon substitutions in the CG5220 gene and obtained two
new mutant alleles for this gene in Drosophila melanogaster. We managed to edit the alanine 26 to proline
(A26P) and the lysine 28 to alanine (K28A) by single step CRISPR/Cas9 mediated HDR using a single strand
DNA probe as template (ssODN).

D. Generation of a null mutant of CG5220 allele (CG52202") by CRISPR/Cas9

CRISPR/Cas9%-induced double strand breaks are highly mutagenic and promote both HDR and NHEJ
induced mutations at the desired loci. While we introduced a template to promote homologous directed
repair, it was likely that NHEJ-mediated also occurred in the injected flies. The endonuclease activity of
Cas9 generates double strand breaks at predictable sites, depending on the positioning of the used
sgRNAs. Cas9 also possess an exonuclease activity, which was shown to promote insertion/deletion events
(indels) occurring at the double strand break site and extending on 5’ direction of the PAM containing

strand (Bassett et al., 2015; Jinek et al., 2012).

Therefore, it was conceivable that some F1 flies could bear indels in the edited codons. Such mutated
alleles would not be detected with our allele-specific method. Thus, we sequenced DNA sample extracted
from F1 flies. We individually analyzed 10 F1 flies. Among them, we detected a mutant, bearing a deletion
of two nucleotides, corresponding to nucleotides 75 and 76 of the reference CDS of CG5220. Analysis
showed that this deletion, leading to a frameshift mutation, provokes an appearance of a premature TGA
stop codon at nucleotides 2110of the mutated CDS, giving rise to a protein of only 8 kDa, instead of the

33.22 kDa of the WT CG5220 protein. This is most probably a null mutant for CG5220, however more
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functional studies are required in order to unambiguously confirm this. For establishing a balanced Indel
containing line the flies were crossed with balancer TM3, Ser, Sb leading to event/TM3 Ser. The ensuing
stock was used to sequence the CG5220 locus from a homozygous fly. This revealed that the CG5220

locus had a 2 bp deletion.

In conclusion, using CRISPR/Cas?-mediated mutagenesis, we obtained, in collaboration with Dr.
Schaefer, a third new allele of CG5220 containing one deletion of two nucleotides (-2nt) and thus

potentially giving rise to a null mutant.

10. Establishment and characterization of CG7009, CG5220 double mutants

A. Fly crosses for CG7009, CG5220 double mutant recombinants recovery

CG7009, CG5220 double mutants were obtained by homologous recombination of chromosome 3R
during meiosis. In order to obtain the CG7009, CG5220 double mutants the mating scheme represented

in Figure 26 was used.

CG7009¢202001-G10 (minj-w) CG5220K28A%

R e Wi T™®6, Tb, Sb X O a0 Wi T™3, Ser

CG7009¢202001-G10 (minj-w) CyO ; TM6, Tb, Sb
Q S w; X O S0 e e T 3

CG5220K28A * Apterous-Xa

+ CG7009¢02001-G10 (minj-w), CG5220K28A% CyO ; TMé, Tb, Sb

d@ Wi CyO ! TMé, Tb, Sb X 9® W Apterous-Xa

Wigyo ! T™6, Tb, Sb

Q O Sa=2®  + CG7009°%290"510 (mini-w), CG5220}25A%
Q@ =0

Figure 26. Mating scheme for the construction of the double mutant recombinants CG7009'8%08 610, CG5220124,
Schematic representation of the genetic crosses performed for the establishment of the line w-; +/ Cyo; CG7009'8008-G10,
CG5220<%4 | TM6, Tb, Sb. w-, mutant white; mini-w, mini-white marker, Apterous-Xa, CyO, TM6, Tb, Sb: balancer
chromosomes; CG7009'8%06-G10 s the cleaned by backcross mutant allele CG7009202%07, CG5220%%4 corresponds to the allele
CG5220%4852, * The same mating scheme was used to obtain the mutants CG5220%F (not shown).
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A. PCR Screen for CG7009, CG5220 double mutant recombinants

The potential double mutant recombinant males with the expected recombinant genotypes (w- ; + /
CyO ; CG7009e02001-G10 (w+) , CG52201%%4 / TM6, Tb, Sb) or (w- ; + / CyO ; CG7009°02007-G10 (w+) ,
CG52207%F | TM6, Tb, Sb, were selected on the (w+) of the CG7009292007-G10 3||ele and screened for the
presence of the recombined alleles CG5220?%4 or CG5220#%F by PCR with discriminative primers for the
two mutants, as for the generation of the corresponding CG5220 simple mutants by CRISPR/Cas9 (Figure
25 and Methods).

18 served

On the results on Figure 27, amplification with the CG5220 mutant alleles primers on flies w
as negative controls, and no amplification was detected. PCR on CG5220%%% single mutants (positive
control) yielded a band at 284 bp, which is the expected size of the PCR product, for the mutation AAG—
GCG (Figure 27A, lanes “"CG5220%?%4"). PCR on CG5220°%" single mutants (positive control) lead to the
detection of a band at 279 bp, which is the expected size of the PCR product, for the mutation GCC—
CCA (Figure 27B, lanes " CG5220/%F"). We detected 3 recombination events validating the establishment
of the double mutants CG7009202%01-610, CG5220%%4 (Figure 27A, lanes 1, 4 and 7) and 2 recombination
events validating the establishment of double mutants CG7009°020-670, CG52204% (Figure 27B, lanes J

and R).
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Figure 27. PCR Identification of CG7009, CG5220 double mutants. PCR was performed on gDNA from flies with the
following phenotype [w+; Ap] for which they inherited the CG7009 mutation (giving the [w+] phenotype) from the male
parent and Ap from the female parent. To check if these flies have also inherited from the male parent a mutation
CG5220%4852 (CG52205%4) (A) or CG5220%47211 (CG52207%¢") (B), PCR using reverse primers specific to the mutations
(VIEO260 and VIE0259) was performed (Methods). The corresponding simple mutants CG5220 were used as the positive
control, flies w'""® were used as negative control. Numbers 1-11 designate the crossings number of the tested for mutation
CG52201%4 flies, similarly for the letters from crossing F-T for the screen of the CG52204%F mutants. CG5220%¢52 PCR
fragment is and 284 bp, and CG5220%is 279 bp. PCR products were loaded to 1.4% agarose gels, stained with ethidium
bromide. bp: base pairs.
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Then the double mutants corresponding to recombination events 1 and 4 for CG7009¢02%07-G10,
CG5220%%%A and to the event J for CG700992901-G10, CG52207%6F were validated by Sanger sequencing
(GATC Biotech, Figure 28). The sequences in Figure 28 represent antisense strands, as they were

sequenced with the VIEO198 reverse primer (Methods).

To detect heterozygous CG5220 mutations in the double mutant with CG7009, we examined each
chromatogram and compared it with the reference sequence from a single CG5220 mutant (heterozygote
for K28A or homozygote for A26P). In addition, flies not bearing CG5220 mutation, identified in the PCR
on Figure 27 were used as negative controls: Recé for CG5220?®4 and RecF for CG5220% (Figure 27A

and B, lower panels).

Sequencing the edited loci confirmed that the positive genomic DNA PCR amplicons contained the
recombinant alleles at the heterozygous state for CG5220%%4 (Figure 28A, second and third panels) and

at the homozygous state for CG5220°% (Figure 28B, second panel).
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Figure 28. Validation by sequencing of the double mutants CG7009, CG5220. CG5220 PCR fragments were amplified
by PCR from flies bearing the CG7009°9%0"-610 mutant allele (giving the [w+] phenotype) and the mutations CG5220¢%4 (A:
#1 and #4) or CG5220"%" (B: #J) determined previously by PCR were sequenced. Their corresponding simple mutant
CG5220 (a heterozygous for CG5220?%°2 and a homozygous for CG5220°%F) were used as positive controls and flies
characterized with no CG5220 mutation were used as negative controls (A: #6 for CG5220?%4 and B: #F for CG5220/2¢").
The results were generated with 4Peaks and correspond to the PCR fragments sequenced with the reverse primer VIEO198.
The substituted nucleotides are indicated in the red squares. Nucleotides color code: in blue: cytosine, red: thymine; green:
adenine; black: guanine.
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Chapter II: Discovering the molecular functions of CG7009 and CG5220

1. Construction of CG7009 recombinant proteins for in vitro methylation assays

An important line in my project that started from its very beginning was to characterize the molecular
function, first of CG7009 and later also of CG5220. The molecular function of DmHen1/Pimet was
originally described by in vitro methylation assays on small non-coding RNAs (si- and piRNAs) with purified

recombinant DmHen1 and *C-SAM as methyl group donor (Horwich et al., 2007; Saito et al., 2007).

Likewise, in a first strategy we decided to construct and to produce a recombinant CG7009-tagged
protein, a tool which could allow us to biochemically characterize its function. For this purpose, full-length
N-terminally tagged recombinant FLAG_CG7009 and GST_CG7009 proteins were cloned and produced
in E. coli following a routine procedure in the laboratory (Carre and Shiekhattar, 2011). The purified and

intermediates products were analyzed using SDS-PAGE and protein gel coloration (Figure 29 and

Methods).
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Figure 29. Purification of FLAG_CG7009 and GST_CG7009. Shown is the migration of the indicated fractions of
FLAG_CG7009 (A) and GST_CG7009 (B) recombinant proteins in 4-20% SDS-PAGE. MW, Molecular Weight marker. Gels

staining were made using the Simply Blue Safe Stain from Invitrogen.

For the eluted fractions of the FLAG_CG7009 purification (Figure 29A) we observe one band which
appears to be pure and migrates at the expected molecular weight of ~38 kDa (size of the protein plus
FLAG peptide size). However, the recombinant protein was not ideally bound to the anti-FLAG antibody-
containing beads during the purification as a part of the protein seems to remain in the unbound fractions

(Figure 29A, lane unbound). Reduction of salt concentration (here 500 mM KClI) in the washing steps and
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increase of beads concentration might help to avoid this problem in the future. For the GST_CG7009
recombinant protein (61 kDa) we can see that an important proportion of the protein remains in the

insoluble fraction, probably due to aggregation (red arrow, Figure 29B, lane Insoluble).

In conclusion, | managed to clone and establish the condition of the production and purification for the
FLAG_CG7009 recombinant protein. | also constructed a recombinant GST_CG7009 protein. However,
additional optimization of the experimental procedure might be needed for a proper production of the
CG7009_GST recombinant protein to avoid aggregation problems encountered during this experiment,
in particular for our ongoing collaboration to crystalize and resolve the structure of this protein with our

crystallographer collaborators.

2. Expression of recombinant DmHen1 for in vitro methylation assays

As a positive and negative control for the in vitro methylation assays, aiming to test the putative
CG7009 methyltransferase activity, we decided to produce recombinant GST_DmHen1 and
GST_ADmHen1 respectively (74 kDa). The plasmids for these two constructions were already available
(Saito et al., 2007). The experimental protocol for the production of these two proteins was the same as

the one used for producing the CG7009-tagged recombinant proteins (Carre and Shiekhattar, 2011).
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Figure 30. Purification of GST_DmHen1 and GST_ADmHen1. Purification of GST_DmHen1 (A) and GST_ADmHen1 (B).
Shown is the migration of the indicated fractions of the respective tagged recombinant protein in 4-20% SDS-PAGE. MW,
Molecular Weight marker. Gels staining were made using the Simply Blue Safe Stain from Invitrogen.
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On the GST_DmHen-1 protein gel coloration we observe one band that migrates at the expected size
for this fusion protein (74 kDa) (black arrow, Figure 30A). The protein seems to be unstable as in the eluted
purified fractions a second band, migrating at a lower molecular weight appears (red arrow, Figure 30A).
However, the decent amount of full-length protein in Elution 2 (black arrow) as well as the small portion
of the supposedly degraded protein (red arrow) let us think that the methylation test could be carried out

with this Elution 2.

For the mutant form ADmHen1 purification we observe one band migrating around 150 kDa which
corresponds to the double size of the one expected for the recombinant ADmHen1 protein (Figure 30B,
red arrow). This is probably due to the dimerization of the GST fusion protein in this condition of
purification. Thus, for the production of the recombinant ADmHen1 protein, additional optimization of

the experimental conditions will be needed.

3. In vitro methylation

A. In vitro methylation assays with recombinant CG7009-FLAG and CG7009-GST

The purified recombinant CG7009 proteins were used to test their capacity to methylate tRNAs,
miRNAs and piRNAs in vitro in the presence of the methyl group donor SAM (S-adenosyl-L-{methyl-*H]
Methionine). We performed multiple in vitro methylation assays with modifications of the experimental

conditions in the attempt to uncover if CG7009 has a methyltransferase activity.

The experiment on Figure 31 represents an in vitro methylation assays, performed with recombinant
CG7009 proteins by following the protocol described in (Saito et al., 2007). The only difference with the
protocol is that we used as a methyl group donor SAM marked with 3H isotopes instead of *C-SAM
(Methods). We assayed the methylation activity of FLAG_CG7009, GST_CG7009, GST_DmHen1 (positive
control) and AGST_DmHen1 (negative control). Substrates for methylation were a single-stranded small
RNA of 26 nt (synthetic piRNA, left part of Figure 31) and a 3'-terminally 2'-O-methylated 26 nt small RNA,
which served as specificity control for the activity of GST_DmHen1, as DmHen1 is known to be able to
transfer a methyl group from SAM to the 3'-terminal 2' hydroxyl group of the RNA and thus should not
be capable to methylate this substrate. The sequences of the two small RNA substrates are available from

(Saito et al., 2007).
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Figure 31. In-vitro methylation assay. Left part: (ssRNA 2°OH (26nt): Single-stranded small RNAs (26 nt, 0.04 nmol/50 pL)
were incubated with GST_DmHen1 (GST-Pimet), AGST_DmHen1 (GST-Pimet-mut), GST_CG7009 or FIAG_CG7009 in the
presence of *H-labeled SAM. Resultant small RNAs were run on a denaturing acrylamide gel. The top panel shows the
autoradiography of *H-labeled RNAs. Only GST-Pimet (positive control) is able to transfer methyl groups from SAM to the
single-stranded small RNAs (lane 4). The bottom panel shows a staining image (TBO, Toluidine Blue O) of the top gel, which
indicates that comparable amounts of single-stranded small RNAs were used in all the lanes. Right part: (ssRNA 2'OMe
(26nt): 3'-terminal 2'-O-modified 26-nt ssRNAs: the 3'-terminal 2'-O-modified 26-nt ssRNAs is not methylated by DmHen1
(Pimet). Specificity test of the DmHen-1 protein.

In the result on Figure 31, we detected methylation activity only with the positive control
GST_DmHen1. Unfortunately, for the proteins of interest no signal was detected on the autoradiography.
We varied multiple conditions, including the proteins concentration, the substrate concentration, the
buffers and the times of incubation with different substrates for methylation (tRNAs, siRNA, miRNAs). In

any of the tested experimental conditions no activity was detected (data not shown).

B. In vitro methylation assays with recombinant CG7009 and its potential partner

a. ldentification of CG7009 partners

It has been described that many eukaryotic post-transcriptional tRNA modification enzymes require
binding partners (Guy and Phizicky, 2014). Trm7, the predicted ortholog of CG7009, associates with two
distinct partners for its catalytic activity (Guy et al., 2012). Trm7 requires binding with Trm732 to catalyze
the addition of Nms, and interaction with Trm734 for addition of Nm34 on its tRNA substrates: tRNAP"e,

tRNATP and tRNA“ ™A These interactions are also conserved in human cells and THADA and WDR6 are
76



the likely orthologs of Trm732 and Trm734 (Guy and Phizicky, 2015). THADA is able to supplement the
growth defect of Atrm732 mutants, despite the low sequence homology between THADA and Trm732
(~23% overall identity) (Guy and Phizicky, 2015). The amino acid sequences conservation of Trm7's
interacting partners, Trm732 and Trm734 and of the THADA and WDRé proteins, respectively, point to
two potential Drosophila orthologs: CG15618, also known as DmTHADA, is the potential ortholog of
Trm732 (29 % AA coverage, 26 % AA identity; E value: 5¢%2) and THADA (17 % AA coverage, 35 % AA
identity; E value: 3e”¥). CG33172 is the potential ortholog of Trm734 (84 % AA coverage, 22 % AA identity;
E value: 8e"7) and WDR6 (84 % AA coverage, 23 % AA identity; E value: 2e%).

During my PhD | cloned and produced both of these proteins with N-terminal FLAG tag for CG33172
and GST N-terminal tag for CG15618 as described for CG7009 recombinant proteins. | will describe only

the result obtained with CG33172, because we didn’t perform any experiments yet with CG15618.

CG33172 encodes only one polypeptide of relatively big size (998 amino acids). The protein has an
unknown function, it sequence contains WD40-repeat-containing domain. WDA40 proteins are
characterized to function as platforms for the assembly of multi-protein complexes. The predicted
molecular function of CG33172 is RNA binding due to structural similarity with WDR6. This was very
encouraging for us, because CG7009 does not possess a proper RNA binding domain. | thus cloned and
produced CG33172 in the aim to perform in vitro methylation assays with CG7009 in the presence of its

predicted partner. | managed to successfully clone and produce FLAG_CG33172 in bacteria (Methods).

We then first tested if we can co-immunoprecipitate (co-IP) the protein FLAG_CG33172 with
GST_CG7009.

b. Co-immunoprecipitation of GST_CG7009 and FLAG_CG33172 co-expressed in bacteria

In a first experiment GST_CG7009 and its putative protein partner FLAG_CG33172 were synthesized
separately in E. coli, purified by affinity chromatography and then incubated together before co-IP assays.

Different incubation times and quantities of the incubated proteins were tested.

These first co-IPs were not conclusive, as no bands were detected at the expected sizes (not shown).
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It is also possible that during the incubation one of the two potential partners gets degraded before
the formation of a stable complex. Overall, this negative result suggested that, if there is an interaction
between the two proteins, the complex is not sufficiently stable for the interaction to be detected in our

co-IP experimental conditions.

In an attempt to stabilize the putative protein complex between GST_CG7009 and FLAG_CG33172,
we co-expressed them in E. coli. A co-expression of GST alone with FLAG_CG33172 served as control.
Then a co-IP of GST_CG7009 and FLAG_CG33172 was assayed by a FLAG-IP, followed by an anti-GST
WB (Figure 32A). An anti-FLAG WB served as quality control of the FLAG-IP efficiency (Figure 32B).
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Figure 32. Co-immunoprecipitation of tagged CG7009 and CG33172 recombinant proteins co-expressed in bacteria.
A. Upper panel Anti-GST WB on co-expressed GST_CG7009 and FLAG_CG33172, purified by FLAG-IP; Lower panel Anti-
GST WB on co-expressed GST and FLAG_CG33172, purified by FLAG-IP. B. Anti-FLAG WB on co-expressed GST and
FLAG_CG33172, purified by FLAG-IP (lanes 2 and 4); and co-expressed GST_CG7009 and FLAG_CG33172, purified by
FLAG-IP (lanes 3 and 5); 1 pg recombinant FLAG_CG33172 was loaded as size control (lane 1). Inputs correspond to 5-10%
of 10ug of protein eluates. The expected proteins sizes are GST (26 kDa), GST_CG7009 (62 kDa), FLAG_CG33172 (112
kDa); WB — Western blot; kDa - kilo Daltons.

In the control WB (Figure 32B), we detect FLAG_CG33172 in the purification from its co-expression
with GST (input lane 2 and IP lane 4), as well as from its co-expression with GST_CG7009 (input lane 3 and
IP lane 5). This demonstrated that the FLAG-IP was successful. The anti-GST WB that followed the
FLAG_CG33172 IP (Figure 32A) demonstrated that the GST alone (lane 3, lower panel) does not co-IP

with FLAG_CG33172, as no signal is detected. This also demonstrates that the anti-FLAG antibody used
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in the IP does not interact with the GST tag. On the upper panel of Figure 32A a band at the expected
size of GST_CG7009 was detected in the input, demonstrating that the protein was efficiently co-
expressed with CG33172 (Figure 32A lane 2). Most importantly, a band corresponding to GST_CG7009
was also detected in the eluates of the immunoprecipitation of FLAG_CG33172 (Figure 32A lane 4). This
showed that CG7009 co-immunoprecipitated with CG33172, suggesting that the two predicted partners
are part of a common protein complex. However, we cannot conclude whether the interaction is direct or

mediated by other binding partners.

The result of this co-IP of CG7009 and CG33172 suggests that CG33172 is an interacting partner of
CG7009. However, the complex does not seem to be very stable, because both the GST and GST_CG7009

seem to be degraded, as smaller bands are detected (Figure 32A).

c. Methylation assays with the CG7009-CG33172 complex

In an attempt to optimize the in vitro methylation assay with recombinant CG7009 proteins, we
performed the methylation reaction with the co-IP purified complexes of recombinant CG7009-CG33172.
We reasoned that it is possible that CG7009 functions similarly to Trm7, which requires binding with
Trm734 in order to catalyze Gmas on its substrate tRNAs (Guy and Phizicky, 2015; Guy et al., 2012). If this
is the case, supplementing CG7009 with CG33172 could be sufficient to recover the putative methylase
activity of CG7009 in vitro. However, no signal was detected on the autoradiography of the gels in the
results of the in vitro methylation assays carried out with the purified CG7009-CG33172 complex (data
not shown). This could mean that either the presence of CG33172 is not sufficient to restore CG7009
enzymatic activity in vitro, as the protein could be part of a bigger complex, or that the protein was not
stable enough (as seen from its purification) and is degraded during the in vitro methylation assay. It is
important to note that, to our knowledge, no successful in vitro activity assays of recombinant TRM7 family
proteins have been reported so far, suggesting that obtaining a functional methylase complex in vitro is

more challenging that initially expected.
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C. In vitro methylation assays with immunopurified from S2 cells tagged CG7009 and CG5220

proteins

As a consequence of the negative results of the in vitro methylation assays with the recombinant
proteins, as well as with the in vitro purified GST_CG7009-FLAG_CG33172 complex, we decided to try

another strategy.

We purified endogenous interacting partners of CG7009 and CG5220 by IPs, in the hope of recovering
all the necessary proteins for their methylation activity. We then performed in vitro methylation assays

with the co-IPed complexes.

For this purpose, with the help of Dilyana Dimitrova, (a second year PhD student), we cloned and
expressed tagged versions of CG7009 in S2 cells of Drosophila. CG7009 was cloned using the Gateway
system vectors pAWF and pMT-DEST48, allowing the production of FLAG_CG7009 or CG7009_V5_His,
respectively (Methods). CG5220 expression clone, allowing the production of CG5220_FLAG_HA from a
pMK33-CFH-BD was publicly available (Methods).

The CG7009 and CG5220 endogenous interacting complexes were then co-immunoprecipitated from
S2 cell lysates and used in in vitro methylation assays on in vitro transcribed tRNAP" (see Methods).
Unfortunately, the results on the autoradiography remained negative (data not shown). We thus

considered other strategies in order to decipher what the molecular function of CG7009 and CG5220 are.

4. Characterization of the molecular function of CG7009 by RTLP

We decided to try to determine whether CG7009 and CG5220 are involved in the methylation of their
predicated target tRNAP' by analyzing the presence of 2'-O-methylated nucleotides (Nm) in the anti-
codon (AC) loop of tRNAP" of Drosophila. As tRNA™e is a conserved target of Trm7, the putative
orthologs of CG7009 in yeast (Pintard et al., 2002) and of FTSJ1, the putative orthologs of CG7009 in
human (Guy et al., 2015), we tried to detect the presence of a Nm on tRNAP, using Reverse Transcription
at Low dNTP concentration followed by PCR (RTL-P) (Dong et al., 2012). These experiments were

performed with the help of Cyrinne Achour, a Master 2 student that worked under my supervision.
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In this method, the property of the reverse transcriptase to pause and eventually detach from its
template when it encounters RNA modifications at low [dNTPs] concentration is used (Figure 33A). 2'-O-
methylation (Nm) is one of the RNA nucleotide modifications known to induce such pausing of the reverse
transcriptase. We thus designed specific primers (Fy, and R, Figure 33B) in order to investigate by RTL-P
if there will be a decrease in the predicted products of CG7009 and/or CG5220 catalytic activity: Nms,
and Nmss of tRNAP' (marked in red in the depicted tRNA of Figure 33B) in the corresponding mutants.
In a first experiment, RTL-P was performed on in vitro transcribed tRNAP" (unmodified tRNA template) in
order to determine if the efficiency of cDNA synthesis was similar in the two different dNTPs

concentrations (low and high, Figure 33C).
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Figure 33. RTLP on in vitro transcribed tRNAPe. A. Rationale of the RTL-P experiment. In low [dNTPs] concentration the
reverse transcriptase is blocked by the presence of Nm on the RNA template, yielding lower cDNA synthesis and lower
amounts of PCR products after amplification on the obtained cDNA. B. Schematic representation of tRNAP' of Drosophila.
The position of the primers used in the RT and the PCR (Fu and R) are indicated. Primer R was used both for the RT and
PCR. The two Nm present on tRNAP" Cmaz (B, according to the Modomics nomenclature) and Gmas (# according to the
Modomics nomenclature) are indicated in red. Other modifications in the amplified region, known to be able to block the
RT at low [dNTPs] are m?:Gzs and m'Gay, represented in yellow. C. RTL-P on in vitro transcribed tRNAPre. tRNAPre (73 bp)
was in vitro transcribed using with chimeric forward primer specific to tRNAP" and fused to the T7 bacteriophage promoter
(Methods). Equal volumes of the RTL-P PCR products were loaded on 2.2% agarose TAE gel electrophoresis, stained with
ethidium bromide. High [dNTP] concentration corresponds to 1 mM; low [dNTP] concentration corresponds to 1 pM. bp:
base pairs, dNTP: deoxyribonucleotide triphosphate, Nm: 2'-O-methylation.
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Figure 33C shows that the efficiency of the reverse transcriptase on in vitro transcribed tRNA is, as

expected, not affected by the low [dNTPs] condition (Figure 33C, lane 2).

We then investigated possible modifications on tRNAP" by comparing the low and high [dNTPs]
conditions in RTL-P experiments performed on total RNAs purified from Def3340 / TM3, Sb heterozygous
individuals (Figure 34, lanes 3 and 4) versus CG7009°02°°" / Def3340 hetero-allelic mutants (Figure 34, lanes
8 and 9). The Rp49 mRNA served as an endogenous control of the experiment, as its transcript levels are
constant between the tested genotypes and because the efficiency of its detection is not affected by high

and low [dNTPs] concentrations (Figure 34, lanes 1-2 and 6-7).
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Figure 34. RTL-P detection of modified nucleotides in tRNA-Phe®* of Drosophila. RTL-P on total RNA from heteroallelic
CG7009 mutants (18008/def3340) and heterozygous flies (def3340/TbSb) with primers specific for tRNAPe (73 bp). Rp49
(144 bp) was used as an endogenous control of the RT and PCR steps of the RTL-P (Methods). The high concentration of
dNTPs is 1 mM, the low concentration is 1 pM. Equal volume of PCR products were loaded to a 2.2% agarose gel, stained
with ethidium bromide. This experiment was repeated 3 times.

In heterozygous flies, lower amounts of PCR products were detected in low compared to high [dNTPs]
concentration (Figure 34, compare lanes 3 and 4). This indicated that the reverse transcriptase was
blocked at one, or several, modified nucleotide(s) in the heterozygotes when the concentration of [dNTPs]
was low, as expected. Rp49 amplification from the same flies showed no difference between low and high
[dNTPs] concentration (Figure 34, lanes 1 and 2). Lower amount of PCR products was also detected in low
compared to high [dNTPs] concentration when tRNAP" extracted from trans-heterozygous mutants was

amplified (lanes 8 and 9). However, this decrease in the obtained PCR product in low [dNTPs]
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concentration was less important in the mutants than in the heterozygous control flies (compare lanes 3

and 4 with lanes 8 and 9).

In addition, the PCR product obtained in the mutant for the low [dNTPs] condition is notably stronger
than the product obtained in the heterozygotes (Figure 34, lanes 4 and 9, red double arrow). These results
suggest that lower amounts of RNA modifications on tRNAP"® are detected by RTL-P in the absence of
CG7009 when compared to heterozygous flies. Similar amounts of the Rp49 PCR product were detected
in CG7009 mutants, demonstrating that the experiment functioned in both [dNTPs] conditions (Figure 34,

lanes 6 and 7).

The RTL-P result indirectly provided us with the first clue that the function of CG7009 is linked to
deposition of a modification on tRNAP"¢, as predicted from its homology with Trm7 and FTSJ1. However,
tRNAP"e bears multiple other modifications and the RTL-P cannot prove with certainty that CG7009 is
specifically catalyzing a Nm deposition, as predicted, and not another modification, known to block the

reverse transcription at low [dNTPs] and present in the AC loop of the tested tRNA.

However, in CG7009 mutants the amplification of tRNAP"® was not equally efficient in low versus high
[dNTPs] conditions, as seen for the in vitro transcribed tRNAPhe (Figure 34). This could be due to some
remaining modification(s) on tRNAP in CG7009 mutants, capable to block the reverse transcription and
provoking a decrease in the amount of amplified tRNAP"® at low [dNTPs] in comparison with high [dNTPs].
Such other modifications in the amplified region of tRNAP" are m'Gs; and m?,Gz. (marked in yellow on the
tRNAP"e scheme on Figure 33B and (Motorin et al., 2007). It is also possible that CG5220, the second
predicted ortholog of Trm7 and FTSJ1, is capable to partially modify tRNAP'® in CG7009 mutants. Finally,
it is possible that CG5220 and CG7009 have a redundant function and target the same nucleotide
positions: when one of the putative methyltransferases is mutated the other could still be functional and

perform its activity, hence the blocking of the reverse transcriptase.

84



5. Characterization of the molecular function of CG7009 by LC-MS

The RTL-P result suggested that CG7009 impacts modifications on tRNAP' but was inconclusive to tell
us exactly which modification on the tRNA is occurring. We decided to identify the nature of the
modification by Liquid Chromatography coupled to Mass Spectrometry (LC-MS) with the help of our
collaborators, Dr. Damien Brégeon and Mrs. Catherine Goyenvalle from the IBPS team of Olivier Jean

Jean, as well as Mr. Vincent Guérineau from the ICSN Mass Spectrometry platform at Gif sur Yvette.

LC-MS combines the physical separation by liquid chromatography with analysis by mass spectrometry.
Modified or unmodified nucleosides can be identified because they have specific retention times in the
chromatography column. After the separation of a given fraction, it is subjected to mass spectrometry
analysis providing a quantitative, sensitive and precise method for RNA modifications identification and
quantification. For this purpose, total RNA corresponding to a mix of 1000 females and 1000 males of
CG7009e92001-G10 / Def3340 mutants and CG7009°02%0" / TMé6, Tb, Sb heterozygotes (control) were
extracted. Then Damien and Catherine performed a column-purification of the small RNAs (size < 200 nt),
followed by a specific purification of tRNAP"® with the use of magnetic beads crosslinked to an anti-tRNAP"e
DNA oligonucleotide. Purified tRNAPe were then first digested to the nucleotide level and then
dephosphorylated to the nucleoside level. After adjustment of their concentration the nucleosides were
injected into a liquid chromatography column, coupled to a mass-spectrometry analyzer. We were
particularly interested by the levels of 2'-O-methylation of Nm3, and Nmas, the conserved target sites of

Trm7 and FTSJ1 (Guy et al., 2015; Pintard et al., 2002).

As individual nucleosides are analyzed in LC-MS, the method cannot give us the exact position of the
modification. However, all 8 tRNA™ genes of Drosophila for encode tRNAs with a GAA anticodon

(containing a Gmaa) and a Cms2 (http://modomics.genesilico.pl/ and

http://gtrnadb.ucsc.edu/genomes/eukaryota/Dmelaé/). Only Cms, and Gmas are present in the tRNAPhe

sequence (marked in red in Figure 33B). This meant that if we detect a difference in the Gm or Cm levels
between mutants and control flies with the LC-MS analysis, they will correspond to Gmzs and Cmay, the

two predicted target sites of CG7009.
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Figure 35. Gmas formation in D. melanogaster tRNA™* is performed by CG7009. LC-MS analysis of the Gmas abundance
in tRNAFhe extracted from heterozygous flies CG7009°2%" / TM6, Tb, Sb (upper panel) or trans-heterozygous individuals
CG7009°0200"/ Def3340 (lower panel).

The LC-MS result on Figure 35 reports on the levels of 2'-O-methylguanosine (Gm, green panel) in
tRNAP"e purified from heterozygous flies CG7009°%?%" / TM6, Tb, Sb as control (upper panel) or in
homozygous mutants CG7009¢%290"-G10/ Def3340 (lower panel).

We can see that the peak corresponding to Gm is decreasing in the mutant. This result demonstrated
that CG7009 is involved in Gm formation on tRNA™® in Drosophila, and as there is only one Gm on this
tRNA, it is most probably Gmass. However, the peak did not disappear completely in the mutants. We
propose two possibilities to explain this. (i) Either CG5220 has a redundant function with CG7009, partially
compensating the loss of CG7009 activity. In order to verify this, we needed to perform the experiment
in CG7009, CG5220 double mutants, whose establishment was ongoing by the moment we obtained this
result. (i) A second option was that during the purification of tRNAP" some other Gm containing tRNA
were co-purified and thus the observed remaining peak represents traces of contamination with other
tRNA. It is very less probable that only one of the samples is contaminated by other tRNA(s) binding to
the anti-tRNAP oligo and not the other. The result of the LC-MS strongly suggested that CG7009 is a
tRNA methylase of tRNAP in flies. In order to validate our results, we decided to perform additional
experiments.
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Figure 36. Cmsz formation in D. melanogaster tRNA" seems independent of CG7009. LC-MS analysis on the Cma
abundance in tRNAP extracted from heterozygotes CG7009°92%" / TMé, Tb, Sb (upper panel) or trans-heterozygotes
CG7009°02001/ Def3340 (lower panel).

On Figure 36, the same analysis was performed for 2'-O-methyl cytidine (Cm) (green doted box). The
peak corresponding to Cm is not changed between CG7009°%2%" / TM6, Tb, Sb heterozygous individuals
used as control (upper panel) and CG7009202%07-670 / Def3340 homozygous mutants (lower panel). This

indicates that CG7009 is not involved in the deposition of Cms, on tRNAP* in Drosophila.

Unexpectedly, we also detect m3C and m°C, two modifications that have not been reported as existing
on Drosophila tRNAP. This observation is in support of a contamination during the purification of tRNAPe

or another stage of the experiment. We thus had to reproduce the experiment.
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6. RNase digestion coupled to MALDI-TOF demonstrate that CG7009 methylates position G4
and that CG5220 methylates position Cs, of tRNAPhe

In the search of the molecular function of CG7009 we performed another experiment in collaboration
with Dr. Damien Brégeon, Mrs. Catherine Goyenvalle and Mr. Vincent Guérineau: an RNase digestion
using either RNase A or RNase T1, coupled to MALDI-TOF analysis, a well-established procedure in the
mapping of RNA modification by mass spectrometry. The rationale of this experiment is similar to the one
for LC-MS: different nucleoside-specific RNases, i.e. RNase T1 being guanosine specific, while RNase A is
pyrimidine specific, will generate different products from the digestion of their RNA substrates,
depending on the RNA modifications present (Machnicka et al., 2013), which are then analyzed by MS. A
major difference with LC-MS is that m/z ratio of the generated RNA fragments are compared and not
nucleosides. This allows to exclude the previously observed problems with LC-MS of co-analyzing the
levels of contaminant nucleosides with the nucleosides of interest. Deducing the m/z ratio of the
generated fragments after MALDI-TOF in this experiment also allows to precisely determine not only the
nature, but also the position of the RNA modification, as the modification composition for tRNA™® was

available by the MODOMICs consortium.

We used the property of RNase A to cut after every C or U nucleotide unless they bear a methylation
and the property of RNase T1 to digest RNA after every guanosine, unless it is methylated. Thus, for the
anti-codon loop of tRNAP" (Gm3;AA) and the adjacent Cms, the combination of these two RNases was a

pertinent choice in order to attempt to decipher the exact role of CG7009 on the modification of tRNAPhe,

For this experiment | extracted total RNA of approximately the same number of mix of males and
females (1000 of each). RNAs smaller than 200 nt were then column purified followed by isolation of
tRNAPre with anti-tRNAFPPe oligos as for the LC-MS. The modifications on tRNAP" were then analyzed by
MALDI-TOF MS analysis preceded by digestion either with RNase T1 (Figure 37), or with RNase A (Figure
38).
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A. RNase T1 digestion coupled to MALDI-TOF

Dm tRNAPheGAA 012345678901234567-890--1234567890123456789012345 6789012345678901234567890123456
-GCCGAAAUALCUCAGDD-GGG--AGAGCRPPAGABU#AAKAPCUAAAG 7DCCCCGGTPCA"UCCCGGGUUUCGGCACCA

RNase T1

AB3,U#,,AAKp  2349,374
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Figure 37. MALDI-TOF analysis of RNase T1 digested tRNAP'. A. Sequence of Drosophila melanogaster tRNAP" with
m/z values of fragments containing 2'-O-methyl-guanylate and/or 2'-O-methyl-cytidilate. L is N2-methylguanosine, D is
dihydrouridine, R is N2,N2-dimethylguanosine, P is pseudouridine, B is 2'-O-methylcytidine, # is 2'-O-methylguanosine, K
is 1-methylguanosine, 7 is 7-methylguanosine, T is 5-methyluridine (ribothymidine) and " is 1-methyladenosine. B. MALDI-
MS spectrum of fragments resulting from RNAse T1 digestion of tRNAP" originated from Control flies: CG700902007-610/
TMé, Tb, Sb (top left); CG5220 mutants: CG52201%4 / CG5220°%*4 (top right), CG7009 mutants: CG7009°02%07-610 /
CG7009e02001-G10 (hottom left) and double mutant CG7009, CG5220: CG7009e02001-G10 - CG52205%84 | CG7009e02001-G10,
CG52201%4 (bottom right). Relevant peaks are identified by their m/z values denoted in green.
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Figure 37A, represents the sequence of tRNA™ of Drosophila, reported on the MODOMICs project

website (http://modomics.genesilico.pl/). The sizes in Daltons (Da) of the different combination of

fragments expected to be obtained following tRNAP' digestion with RNase T1 if the positions Cs;and Gas

bear (B3, and #34) or not (Cs2and Gss) a Nm modification are indicated below the sequence.

A PPAGp fragment will always be obtained from the activity of RNase T1 after the N2,N2-
dimethylguanosine at position 26 and the guanosine at position 30. The accumulation of this fragment is
seen on Figure 37B, but it is not denoted because it is not linked directly to the modification status of

Cmasz and Gmag in the AC-loop of tRNA.

The fragments bigger than 2000 Da (between As; and 1-methylguanosine: Ks;), presented on Figure
37A, will be obtained if position Gss keeps its 2'-O methylation modification. These fragments are not

shown in Figure 37B.

We can deduce the Gmzs modification status from fragment AB3,UGzp (1318, 191 Da), which will be
obtained if Cmaz (B32) remains modified but Gmas (#34) is lost, giving an unmodified Gzi. We can also
deduce the Cmas; (Bs2) modification status by analyzing the accumulation of fragment AC:,UGz4p (1304,175

13 Da), which will increase if both Cs, and Gs4 lose their Nm modification.

We analyzed tRNAPr from CG7009°02%°" / TM6, Tb, Sb heterozygous flies (Figure 37B, top left), as
control, CG5220%%% / CG5220%%4 (Figure 37, top right) and CG7009°02%"-G10 / CG7009°0200"-610 (Figure 37,
bottom left) homozygous single mutants, as well as CG7009202%7-G10, CG52201%84 |/ CG7009202001-G10,
CG52201%% Rec1 double mutants (Figure 37, bottom right).

In Figure 37 we see that the peak at 1318 Da increases in CG7009 mutants: AB3UGzp (1318, 191 Da)
(Figure 37, bottom left). This indicates that CG7009 is a Nm methylase of position Gz of tRNAPe in wild-

type flies.

The peak at 1304 Da increases in the double mutants: AC3,UGszsp 1304,175 (Figure 37B, bottom right).

It thus seems that CG5220 is a methylase of position Cs2 of tRNAP in wild-type Drosophila.
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B. RNase A1 digestion coupled to MALDI-TOF

Figure 38A represents the tRNAP" sequence according to MODOMICs and the expected fragments
upon RNase A digestion depending on the modification status of Cs,. Digestion with RNase A can give us
more precise information on the modification of Csz, as this nuclease will cut directly after the cytosine if
it is not methylated (giving rise to a smaller fragment: AGAC::p — 1327,202 Da) and will cut at the next
non-modified pyrimidine if C bears a Nm (B3>) (giving rise to a bigger fragment: AGAB::Up - 1647,243
Da). As for the RNase T1 analysis, peak bigger than 2000 Da are not represented in Figure 38.

A AGAB,,Up 1647,243 | #,,AAKAPp 2030,317
AGAC,,p 1327,202 | G;,AAKAPp 2016,301
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Figure 38. MALDI-TOF analysis of RNase A digested tRNAP". A. Sequence of Drosophila melanogaster tRNAP* with m/z
values of fragments containing 2'-O-methyl-guanylate and/or 2'-O-methyl-cytidilate. L is N2-methylguanosine, D is
dihydrouridine, R is N2,N2-dimethylguanosine, P is pseudouridine, B is 2'-O-methylcytidine, # is 2'-O-methylguanosine, K
is 1-methylguanosine, 7 is 7-methylguanosine, T is 5-methyluridine (ribothymidine) and " is 1-methyladenosine. B. MALDI-
MS spectrum of fragments resulting from RNAse A digestion of tRNAP* originated from Control flies: CG7009202007-610/
TMé, Tb, Sb (top left); CG5220 mutants: CG52201%4 / CG5220°%*4 (top right), CG7009 mutants: CG7009°02%07-610 /
CG7009e02001-G10 (hottom left) and double mutant CG7009, CG5220: CG7009e02001-G10 - CG52205%84 | CG7009e02001-G10,
CG52201%4 (bottom right). Relevant peaks are identified by their m/z values denoted in green.
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Figure 38B shows that the peak at 1327 Da increases importantly in CG52201%84 / CG5220%?%4 mutants
(Figure 38B, top right), a little in CG7009°02%0"-670 / CG7009°0200"-6™0 (Figure 38B, bottom left) and
moderately in the CG7009202001-610 C(G52201%84 | CG7009202901-G10, CG5220%%4 Rec1 double mutants
(Figure 38B, bottom right). We can thus conclude that CG5220 is a methylase of position 32 in tRNAP of

Drosophila.

In conclusion we managed to characterize the exact molecular function of two novel 2'-O-
methyltransferases in flies in regards to tRNAP". |t seems that Drosophila has evolved 2 paralogues which
specialize in the modification of distinct nucleotides in the AC-loop of tRNAP". The result is interesting
because both FTSJ1 in human, and Trm7 in yeast are capable to methylate the two positions 32 and 34

in their tRNA substrates.
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7. RiboMeth Seq

To support the results from the MALDI-TOF analysis, as well as to get a wider overview on the function

of CG7009 and CG5220 on tRNA modifications, we performed a RiboMethSeq analysis (Marchand et al.,

2016) in collaboration with Pr. Yuri Motorin and Dr. Virginie Marchand. The method is based on the

combination of alkaline RNA fragmentation with high-throughput sequencing, allowing simultaneous

detection of multiple modifications sites from small amounts of biological samples. The phosphodiester

bond at the 3’-end of Nm-containing nucleotide is more resistant to nucleophilic cleavage under alkaline

conditions, than nucleotides containing a 2’-OH at their 3'-terminus.

It was shown that, when combining alkaline hydrolysis with random fragmentation of RNA, the RNA

fragments starting or ending at the +1 nucleotide to a Nm modified residue were excluded from the
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sequencing libraries (Birkedal et al., 2015). Thus, by
analyzing the “gaps” of the mapped reads ends profiles,
the position adjacent of Nm residues can be deduced. In
their work, Marchand and colleagues report a method for
transcriptome-wide Nm detection based on alkaline
hydrolysis of randomly fragmented RNA samples,
adapted for an lllumina high-throughput sequencing
platform (Marchand et al., 2016). Figure 39 provides an

overview of the method.

Figure 39. General overview of the RiboMethSeq protocol.
RNAs containing 2'-O-Methylation residues (Nm) are randomly
fragmented, 5'- and 3'-ends are repaired and adapters are ligated
to both extremities. After amplification and barcoding, amplicons
are subjected to lllumina sequencing. HiSeq sequencing is
generally performed in a single-read mode. Orientations and
mapping of reads are indicated. The 2'-O-Me (Nm) residues protect
the 3"-adjacent phosphodiester bond from cleavage, generating a
typical gap in 5-/3-ends coverage profile. The + 1 position
indicates the +1 positions regarding the 2'-O-Me residues (0
position correspond to the 2'-O-Me residue). Figure adapted from
(Marchand et al., 2016).
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The results present on Figure 40 are very recent. After preparation of the desired RNAs in our lab, Pr.
Motorin and his co-workers have generated the presented results following the RiboMethSeq protocol.
With their help, we analyzed the data in the very last week of my PhD manuscript writing. For this reason,
| will only present several major conclusions issued from this experiment, as we have not yet had the time

to do a deeper analysis of the data.

In the Illumina-based RiboMethSeq method (Marchand et al., 2016), the presence or absence of Nm is
represented as 5'-/3'-ends coverage reads profiles (Figure 39). The 5'-/3'-ends coverage profiles are
determined by simultaneous 5’- and 3’-ends reads counting. As the 2'-O-Me (Nm) residues protect the 3'-
adjacent phosphodiester bond from cleavage, a gap in the 5'-/3"-ends coverage profile means that the
beginning and the ending of reads at a certain nucleotide position is under-represented in comparison to

the frequency of reads beginning and ending at adjacent nucleotide positions.

Figure 40 shows the analysis of Nm presence at position 34 for tRNAP" (Gma,). The reasoning is the
following: when Gmas is present (i.e., in the control, Figure 40A), the reads beginning and ending at the
3’ adjacent position 35 will be under-represented, in regards to their environment. This will make the
reads beginning and ending at Gmas to be over-represented in comparison to position 35. The under-
represented reads coverage at position 35 is thus giving a gap for this position on the 5'-/3"-ends coverage

reads profiles.
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Figure 40. 2°-O-Methylation analysis using RiboMethSeq on tRNAP of Drosophila. RiboMethSeq protocol on total
RNAs, extracted from whole flies was performed on flies with the indicated genotypes. A to F: Fragmentation profiles for
regions of Drosophila tRNAP are shown in different genotypes, indicated on the top of each panels. Here the +1 analyzed
position is position 35. The position of interest is position 34. If Nm is present on position 34, a protection will be seen at
position 35. If no Nm is present at position 34, no protection will be seen on 35. The ordinates on the graphs represent the
total number of reads. Random RNA fragmentation was performed with bicarbonate buffer (OH-) and sequencing on
HiSeg-1000 in single read of 50 nt.

Here, when centering the analysis on position 35, “Gaps” are detected in the heterozygous control
flies (Figure 40A), in CG5220 mutants (Figure 40E) and for the genetic rescue of CG7009 (Figure 40D).
The presence of Gmas in CG5220 mutants confirms the results previously obtained with the MALDI-TOF
experiment, indicating that CG5220 is not involved in the catalysis of Gmas on tRNAP"® of Drosophila. On

the contrary, in both CG7009 homozygous (Figure 40B) and trans-heterozygous mutants (Figure 40C), as
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well as in the CG7009, CG5220 double mutant (Figure 40F) the 5'-/3'-ends coverage profiles of reads
beginning and ending at position 35 (position +1 to the expected Gmas) are over-represented in
comparison to the adjacent reads 5'-/3-ends coverage positions, demonstrating that in the absence of
CG7009, Gs4 position is not 2'O-methylated, because the “gap” in number of reads beginning or ending

at its 3'- adjacent position +1 (35) disappear.

This result is a strong second indication that CG7009 is the 2'-O-methylase of Gas in tRNAP in
Drosophila. Importantly, mutants for CG7009 rescued by the BAC transgene seem to restore the Gma,

formation (Figure 40D), but a more detailed analysis will be required to confirm this important control.

The same RiboMethSeq read profiles analysis was made for position 33 of tRNAP (+1 position to the
expected Cms, data not shown). The results clearly indicated that CG5520, and not CG7009, is
responsible for Cm methylation at position 32 in tRNAP". Importantly this new result confirmed our

MALDI-TOF experiments as well as the tRNAP"® Cms, methylation reported by MODOMICs.

Our preliminary analysis was also performed on tRNA™®, an expected target of CG7009 and CG5220.
In flies, 8 genes encode tRNA™ and all of them have a C at position 32. The results clearly indicated that
CG5520 is responsible for Cm methylation at position 32 on tRNA™ as expected (data not shown).
However, for the Cmas status of tRNATPCCA, the result is not clearly interpretable. This preliminary analysis

seems to indicate that neither CG5220, nor CG7009 are catalyzing Cmas tRNATP-CCA,

Very unexpectedly, in regards to the known targets of TRM7 family members throughout evolution
(Phe, Leu-TAA and Trp), our analysis showed that CG5220 is also able to methylate tRNAS" at position 32
(not shown). In Drosophila 8 genes are encoding for the tRNA isoacceptor tRNA®™CTS and 4 genes are
encoding tRNAS"TTG (ongoing analysis, data not shown). All of those genes encode a C at position 32 of
the corresponding tRNAs. Thus, the results of the RiboMethSeq indicate that CG5220 is most probably

methylating Cs2 on both tRNA isoacceptors.

Finally, the same unexpected observation was also made for tRNAS (ongoing analysis, data not
shown). There are 19 genes encoding tRNA®" with two different anti-codons: tRNASUTTC and tRNAG!-CTE,
All of them have a C at position 32. CG5220 is also able to methylate tRNAS" at position 32. Importantly
for the validity of our analysis, the modifications composition of tRNASTTC was already determined by
mass spectrometry analysis, as reported by the MODOMICs consortium. The reported sequence of

tRNASUTTC revealed that, similarly to our analysis, C32 of tRNASUTTC is 2'-O-methylated. This is a crucial
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information, as position 32 on this specific tRNAS" isoacceptor, as well as on tRNAS" isoacceptors, are, to
our knowledge, not yet reported to be catalyzed by a member of the conserved methyltransferase family

TRM7.

Altogether, the analysis on the function of CG5220 in flies seems to reveal a specificity of this protein

for ribonucleotides C at position 32, inside the AC loop on several tRNAs.

CG7009 is to date involved in G methylation inside the AC loop, at the wobble position 34. Our study
on the methylation activity of CG5220 and CG7009 in flies tRNAs is, to our knowledge, the first one that

identified and characterized in details the molecular function of those two 2'-O RNA methyltransferases.
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Chapter llI: Involvement of the CG7009 and CG5220 genes in the sncRNA pathways

1. Involvement in the miRNA pathway

A. Confirmation of the genomic screen: CG7009 is an actor of the Ago-2 miRNA pathway

Our team had discovered the CG7009 gene prior to my arrival in a genome wide screen searching for
factors involved in the miRNA and/or the Ago-2-mediated small RNA gene silencing (Figure 41). As a
reminder (see Introduction), in flies, a subset of miRNAs presenting higher duplex complementarity is

loaded into Ago-2, the siRNA pathway effector protein (Figure 41B).

The sensor used for this screen, presented in the Introduction, was automiG (Figure 41A). This
biosensor is expressing the GFP mRNA and two miRNAs (miG1 and miG2) perfectly complementary to
the GFP mRNA (Figure 41A and (Carre et al., 2013)). AutomiG was used in an RNAi screen in Drosophila
S2R+ cells in order to uncover novel factors of the Ago-2-dependent miRNA pathway (Figure 41C).
AutomiG is a specific biosensor for the miRNA-Ago-2 dependent pathway, as the silencing of the GFP
requires miRNA biogenesis factors like Drosha and Dicer1 (Dcr-1), as well as Ago-2, and not Ago-1 for the

GFP repression (Figure 41D).

In the WB on Figure 41D, Ftz and luciferase were used as negative controls and Ago-2, Dcr-1 and
Drosha as positive controls, for their function in the self-silencing of automiG (Carre et al., 2013). It is
important to remember, that when the self-silencing automiG sensor detects a defect in the miRNA Ago-

2-dependent silencing pathway, the GFP signal increases.

The WB on Figure 41D showed that CG7009 loss-of-function leads to the automiG’s auto-repression
of the GFP, and thus uncovered, for the first time, CG7009 as a novel factor of the Ago-2-dependent

miRNA silencing pathway.
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Figure 41. CG7009 is involved in miRNA-Ago-2 silencing. A. Schematic representation of the automiG system. The two
miRNAs programmed against the GFP and the GFP CDS are expressed under the control of the same copper inducible
promoter (pMT). B. Schematic representation of the overlap between the si- and the miRNA pathways in flies. Structural
features of the miRNA duplexes trigger their loading in the Ago-2 protein, where they get 2'-O-methylated at the 3'-end
by DmHen1 in difference to Ago-1 loaded miRNAs. Dcr-2/R2D2 is only required for the loading of miRNAs into Ago-2 and
not for their biogenesis. Once loaded into Ago-2, the miRNAs silence their targets by endonuclease cleavage, accomplished
by their partner Ago-2 C. Schematic representation of the RNAi screen in S2 cells. Cells, stably transfected with the automiG
sensor, were inactivated for target genes expression by transfection with dsRNAs, corresponding to 94% of the annotated
protein-coding genes of Drosophila. After 2 days of incubation, in order to establish target gene repression, the automiG
sensor expression was induced at 600 pM CuSOa. 24 to 48 hour later the GFP expression was analyzed by microscopy as a
readout for the sensor de-repression. D. Analysis of the automiG derepression by anti-GFP WB on S2R+ cells stably
transfected with the automiG sensor and inactivated by RNAi for the indicated genes. Ftz and luciferase are negative
controls. automiG silencing requires Drosha, Dcr-1, Ago-2, CG7009 as well as Dcr-2 for the loading. Mbf1 was used as a
loading control. GFP: green fluorescent protein; CDS: coding DNA sequence; Ftz: fushi tarazu, WB — Western blot.

Reproducing the result shown Figure 41 was a high priority for our project. For this purpose, Drosophila

S2 cells were transiently co-transfected with a plasmid carrying the automiG sensor as well as with dsRNA
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precursors of siRNAs complementary to the transcripts of CG7009, Ago-2 (positive control) and fushi
tarazu, Ftz (negative control). Three dsRNAs producing siRNAs targeting different parts of the CG7009
mRNA were used: CG7009#1, CG7009#2 and CG7009#3 (Figure 42A and Methods). The expression of
GFP levels, as readout for the extent of the automiG-silencing, was determined using a microscope (data

not shown) and via Western Blot. y-Tubulin levels were used as a loading control (Figure 42B and

Methods).
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Figure 42. CG7009 is involved in the miRNA-Ago-2 silencing. A. Transfection scheme. B. GFP WB. Shown are the dsRNAs
used for knocking down the corresponding associated genes, as well as the utilized antibodies. Ftz, negative control, Ago-
2 positive control. GFP: Green Fluorescent Protein; Tub: y-Tubulin.

Analysis of the Western Blot in Figure 42B shows that inactivation of CG7009 with dsRNAs CG7009#1
and #3 leads to an increase of GFP expression, consistent with a de-repression of the miRNA-dependent
automiG biosensor in a CG7009 knockdown background. | was thus able to reproduce and confirm the
involvement of CG7009 in the Ago-2-dependent miRNA silencing using a different transfection scheme

and in S2 cell lines of Drosophila.
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B. CG7009 is involved in the Ago-2-dependent miRNA pathway in living flies

In order to investigate the effects of CG7009 and CG5220 on Ago-2-miRNA silencing in living flies we
took advantage of a home-made transgenic reporter system: automiW, a transgene reporter of the Ago-
2-dependent miRNA pathway in adult flies (Besnard-Guerin et al., 2015). This construct is derived from
the automiG sensor (Carre et al., 2013). The automiW construct contains a UAS promoter driving the
expression of the GFP protein together with two artificial miRNAs miW-1 and miW-2 embedded in the
Rpl17 intron. The sequences of the mature miW-1 and miW-2 miRNAs are perfectly complementary to
sequences of the white gene marker in the construct, whose product is involved in red pigment deposition
in adult eyes. miW-1 and miW-2 are able to repress expression of the white gene, resulting in white

colored eyes (Figure 43A and B) (Besnard-Guerin et al., 2015).

A B
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miR{white} GFP white
UAS 1 2
miWw-1 %\\ miWw-2 o i
automiW automiW . GMR-GAL4 [w-]
. miW-2 miw-1 automiW automiW ' GMR-GAL4 [w-]
_______ 2
......... GMR-GAL4 [w-]
GMR-GAL4 [w-]
sutomiW automiW . GMR-GALS [w]
-+ + +

automiW / + ; GMR-GAL4 [w-] / + X indicated IR

Figure 43. CG7009 is involved in the Ago-2-dependent miRNA pathway in flies. A. Schematic representation of the
automiW transgene (Besnard-Guerin et al., 2015). The automiW system allows the expression of the white gene and two
miRNAs targeting white and acting through Ago-2 (not shown). B. Analysis of the automiW silencing in adult fly eyes. The
automiW transgene is expressed in eyes of Drosophila by the presence of a GMR-Gal4 transgene. When the transgene is
not expressed (left, upper and lower panels), the eye color is red. Expression of the transgene in the eye in the presence of
a GMR-Gal4 driver (middle, upper and lower panels) leads to loss of eye color pigmentation. Two doses of the automiW
transgene silence the white gene more efficiently (middle, upper vs lower panels). Flies, homozygous for the eye-specific
GMR-Gal4 driver do not bear functional copies of the white gene (right panel). C. The automiW transgene was specifically
expressed in eyes of Drosophila by the presence of a GMR-Gal4 transgene. The silencing by the automiW sensor was
analyzed in flies of the CantonS strain, having very strong red eye coloration (panel 1). automiW expression was induced in
the eyes of CantonS flies as a negative control (panel 2, no IR) and upon RNAI knockdown by inverted repeats transgenes
(IR) of Ago-2, as a positive control (panel 3) and CG7009 (panel 4).
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Experiments performed in our lab demonstrated that inverted-repeat (IR) triggered RNAi knock-downs
of Drosha or Ago-2 strongly inhibit the silencing of the white gene in flies expressing the automiW
transgene in the eyes. These data thus characterized the automiW system as a biosensor for Ago-2-miRNA
mediated silencing of the white gene by the two artificial mMiRNAs miW-1 and miW-2 (Besnard-Guerin et
al., 2015). A Drosophila transgenic line expressing an automiW construct and a GMR promoter-dependent
GAL4 driver allows the expression of the miW miRNAs together with the white gene copy contained in
the automiW transgene only in the differentiated eye, as GMR is an eye specific promoter expressed
during this eye developmental stage. Flies of a CantonS [w+] genomic background, that are homozygous
or heterozygous for the automiW transgene and do not bear a GAL4 driver, do not express the automiW
and have a dark red color of the eyes (Figure 43B, left, upper and lower panels). In contrast, flies
homozygous for the eye-specific driver GMR-GAL4 [w-] having no functional copies of the mini-white gene
and have white colored eyes (Figure 43B, right panel). When the automiW transgene is expressed in the
differentiated eyes of adult flies under the control of the GMR-GAL4 [w-] driver (Figure 43B, middle, upper
and lower panels) the eye color turns white or orange. This indicates that the two artificial miRNAs, miW-
1 and miW-2, are capable to silence in vivo the expression of the mini-white marker carried by the automiW
transgene, as well as the endogenous copy of white of the CantonS [w+] flies. Moreover, the silencing is
dose-dependent as the eye loss of pigmentation is stronger when two doses of the automiW transgene
are expressed in flies with the genotypes w+; automiW [w+] / automiW [w+] ; GMR-GAL4 [w-]/ GMR-GAL4
[w-] (Figure 43B, middle, upper panel) when compared to flies heterozygous for the transgene of genotype

w+; automiW [w+]/ + ; GMR-GAL4 [w-] / + (Figure 43B, middle, lower panel).

During my PhD we analyzed the functions of CG7009 and CG5220 in Ago-2-miRNA silencing in adult
flies by using the described automiW sensor silencing system. As described above, expression of the
automiW transgene in the eyes of CantonS flies leads to decrease in the intensity of the eye pigmentation
(Figure 43C, compare panel 1 and 2). The simultaneous expression of automiW and an IR against Ago-2
as positive control (Figure 43C, panel 3) or CG7009 (Figure 43C, panel 4) leads to derepression of the
white gene leading to darker eye coloration. This indicated that, similarly to what we observed in cells,

CG7009 is implicated in the Ago-2 miRNA pathway in living flies.
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We are currently analyzing a small RNA sequencing experiment, which was performed on heterozygous
(controls), CG7009 mutants and CG7009, CG5220 double mutants. We sequenced both adult somatic
tissues (heads) and a germinal tissue (ovaries) for all the indicated genotypes in at least two biological
replicates for the indicated conditions. Several important preliminary observations have been validated.
Briefly, the CG7009 single mutation, as well as the CG7009, CG5220 double mutation, don’t seem to be
linked to a global down-regulation of the three sncRNAs populations (data not shown, ongoing analysis).
However, when studying the different categories of RNA classes, there seem to be a =10 % decrease in

the global miRNA populations in the ovaries of CG7009 mutants (data not shown, ongoing analysis).

When analyzing the differential expression of miRNAs in more detail (using the DESeq?2 tool in Galaxy),
my analysis suggests that several miRNAs are deregulated in ovaries as well as in heads for both mutants
and the double mutant compared to the control. | am currently trying to validate these deregulated

miRNAs candidates by RT-gPCR on small RNAs and by Northern blot.

Interestingly, the Northern blot below performed on miG1 and Bantam on S2 Drosophila Cells
expressing the automiG inducible sensor suggests that, miG1 (in difference to bantam) miRNAs,
accumulation is affected in a CG7009 KD condition in S2 cells (Figure 44). However, it is hard to conclude
from this Northern blot whether CG7009 KD affects the stability of miG1 or if the of the automiG sensor

expression was affected in the condition CG7009 KD.

transfection S2R+ automiG

+ + + - + copper

miG1
Figure 44. CG7009 is involved in miRNA stability or
expression. Northern blot experiment performed in the
indicated knockdown cells (the name of the KD gene is indicated
bantam

on the top) with or without induction of the automiG sensor (+/-
copper) in Drosophila S2R+ cells. The same membrane was
probed 3 times with the different indicated probes (miG1,

‘..“.‘.‘ 25 bantam and 2S rRNA). Probes sequences and methods are

available in (Carre et al., 2013).
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2. CG7009 is involved in the siRNA pathway

Since Ago-2 is mainly known as the mediator of the siRNA pathway, the involvement of CG7009 in this
silencing pathway was assayed. In a first assay, performed before my arrival in the laboratory, the effect
of CG7009 on the siRNA pathway was determined by a dual luciferase assay in S2R+ cells (Figure 45).
Cells were transfected by the transfection scheme illustrated on Figure 45C with a dsRNA against Firefly
luciferase as well as with two plasmids expressing firefly and renilla luciferases CDS. Renilla was used for
transfection efficiency normalization. The cells were simultaneously inactivated for Ago-2 or Dcr-2 (positive
controls), Ftz (noted on the figure as control), as negative control, and also for the miRNA pathway factors

Ago-1, drosha and Dcr-1 by co-transfection with a corresponding dsRNA (Figure 45D).
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Figure 45. Involvement of CG7009 in the siRNA pathway. A. Schematic representation of the siRNA pathway. The key
proteins inactivated as positive controls are shown. B. lllustration of the dual luciferase assay. The expression of the coding
sequence of firefly luciferase was made dependent of the siRNA pathway by a co-transfection with a dsRNA against firefly
in S2R+ cells. The cells were equally transfected with a plasmid allowing the expression of Renilla luciferase, as transfection
control. C. lllustration of the transfection scheme used to test CG7009's involvement in the siRNA pathway. The activities
of firefly and Renilla were measured 48h after the transfection. D. Averages values of the ratio of firefly / renilla activities
from three independent experiments. The average values of the firefly / renilla activities ratios of a dsRNA inactivation of
the GFP (negative control) was set at 1. Statistical analysis was performed using the Student test; *: p-value < 0.05.
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Figure 45D demonstrated that Ago-2 inactivation strongly inhibits the repression of the firefly luciferase
by dsRNA. The same was observed, although to a lesser effect, for the Dcr-2 RNAi-inactivated condition.
Interestingly, inactivating CG7009 led to mild but significant repression of the siRNA-mediated silencing

of the firefly luciferase, involving the gene in the siRNA pathway.

At the beginning of my project, | had to reproduce this experiment. A similar transfection scheme to
the one used for testing the gene's implication in the miRNA-Ago-2 pathway was used in S2 cells (Figure
46B). The difference here is that the GFP expression was made dependent on the siRNA pathway only,
rather than the miRNA-Ago-2 pathway where GFP expression depends on both miRNA biogenesis and

Ago-2 repression.

For this purpose, | took advantage of another construct derived from the automiG reporter and termed
automiG-A1-A2 (referred here as automiGO00) (Carre et al., 2013). In this construction the two artificial anti-
GFP miRNAs have been deleted from the automiG sequence, resulting in a plasmid expressing the GFP
CDS under the control of automiG's copper-inducible promoter, pMT (Figure 46A). The GFP transcript
can thus be targeted by transfection with anti-GFP siRNAs, similarly to the firefly experiments described
above. Accordingly, in a non-functional siRNA pathway background (Ago-2 knock-down for example), the
anti-GFP siRNAs derived from the dsRNA dicing will not be able to cleave the GFP mRNA, inducing an

increase of the GFP signal (Figure 46A).
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Figure 46. Involvement of CG7009 in the siRNA pathway. A. lllustration of the experimental design used to test the
implication of CG7009 in the siRNA pathway: the GFP expression by the automiG® sensor depends on the siRNA silencing,
as it is co-transfected with a dsRNA producing siRNA against the GFP. B. lllustration of the transfection scheme used to
test CG7009's involvement in the siRNA pathway. C. Western Blot analysis of the GFP expression. dsRNAs used for knocking
down the corresponding associated genes as well as the utilized antibodies are shown. Ftz, negative control, Ago-2 positive
control. GFP: Green Fluorescent Protein; Tub: y-Tubulin.

The result of the Western Blot (Figure 46C) demonstrates that CG7009 is implicated in the siRNA
pathway, since we can see that inactivation of this gene induces an increase in GFP expression levels, in
contrast with the Ftz control. The CG7009#3 dsRNA condition seems to induce the strongest effect on
the RNAI response targeted against GFP. The result obtained with Ago-2, the positive control, further
validates our conclusion. | was thus able to confirm the preliminary result from the dual-luciferase assay,

using a different system and in a different cell line.
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A. Reduced viral resistance to DCV injection

In order to investigate if CG7009 and CG5220 have a biological function in the siRNA pathway, we
decided to determine the resistance of the two corresponding mutants to Drosophila C virus (DCV)
infection. First, we tried to analyze the survival of the flies after intra-thoracic injection, either with DCV
particles, or with buffer, as control. However, the flies were dying so fast after the DCV injection that the
results were hardly interpretable (data not shown). We decided to analyze the antiviral defense in the

genotypes of interest by determining, after injection, the DCV load by RT-qPCR (Figure 47).
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Figure 47. Effect of CG7009 and CG5220 mutations

on the resistance to DCV. RT-gPCR analysis on the

DCV viral load in flies injected with a 50x diluted stock

2 of DCV at 108 PFU / ml (plaque-forming units / ml) or

buffer as control (Methods). Two replicates of 5 flies

15 from the following genotypes were used:

CG700920200" / TM6, Tb, Sb, as control (black bar);

10 CG7009e02001-G10 / CG7009202001-G10 35 mutant for

CG7009; and CG5220K%~ | CG5220%%%4, as mutants

5 for CG5220. p-values were determined by Student's

test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value

o - o - - < 0.001; ns: non-significant p-value > 0.05. The

Control  Mutant  Mutant  Control  Mutant  Mutant primers used for the RT-gPCR are DCV_FW and

CG7009  CG5220  (buffer) ((:s::eor‘)’ fiifz:r‘)’ DCV_Rev (see Methods). Rp49 was used for
normalization (primers SD22 and SD23, (Methods).

25

DCV relative expression

Figure 47 represents the viral load of injected with DCV CG700902%°" / TM6, Tb, Sb flies as control
(black bar), CG70092%29"-G10 homozygous mutants (red bar), and CG5220%%4 homozygous mutants (blue
bar, Methods). The last three bars on Figure 47 represent the DCV load of flies with the same genotypes,
injected with buffer as control. It turned out that even with a very sensitive technique as RT-gPCR, it is

difficult to obtain enough robust data in order for it to be challenged statistically.

The DCV load in the control heterozygotes was always very variable between the replicates of the

experiment, even if very low concentrations (up to 50 times dilution of the DCV initial stock 108 PFU/ml)
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of the injected virus were tested. This complicated the possibility to draw a clear conclusion on the

experimental result.

It is possible that, due to experimental imperfection, the flies are too sensitive to small differences in
the amount of injected virus. However, in a same replicate, the tendency is that there is more DCV load
in the two mutants compared to the control. Sometimes more DCV load was detected in the CG7009
mutant, and sometimes more was detected with the CG5220 mutants, but they were always having a

more important viral load than the heterozygous control flies.

This observation suggests a role of the two genes CG7009 and CG5220 in the anti-viral defense against
DCYV, viral defense well known to involve the siRNA pathway in flies. Additional experiments are required

to solidify those results further, e.g. using more files per replicate or dilute the DCV stock even more.
3. Involvement in the somatic piRNA pathway
A. Test of the genes positively scoring in the automiG screen with a gypsy::LacZ sensor

To further analyze the candidates identified by our genomic screen with the automiG sensor, we took
advantage of another reporter construct available in our laboratory, allowing to identify actors involved in

the somatic piRNA pathway (gypsy::lacZ reporter)(Sarot et al., 2004).

This construct expresses the lacZ gene under control of the gypsy retrotransposon long terminal repeat
(LTR) and produces a transcript containing 700nt of the gypsy sequence fused to the lacZ gene (Figure
49A). This region is naturally targeted by a high number of isolated piRNAs, which can thus guide efficient
silencing of the 700nt of gypsy and consequently of the LacZ fused gene in flies having a functional somatic
piRNA pathway. In contrast, a knockdown of key somatic piRNA pathway components, which will lead to
a strong decrease in the levels of gypsy-derived piRNAs, triggers reporter de-silencing. Impairment of the
silencing of the gypsy::LacZ sensor by the somatic piRNAs is detected by the appearance of lacZ
expression. A readout for LacZ expression is the blue color produced from the action of the LacZ-encoded
B-Galactosidase on the substrate X-gal: the higher the intensity of the ovariole’s blue coloration, the

stronger the de-repression of the somatic piRNA pathway (Sarot et al., 2004).

Using this sensor we discovered that 6 of the 17 candidates, which were already implicated in the

miRNA-Ago-2 repression pathway, scored positively with the gypsy::LacZ sensor and thus seem to also
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be involved in the somatic primary piRNA pathway. One of the genes that scored in both of the described

screens is CG7009 (Figure 48 and Figure 49B).

control

Figure 48. Silencing of a gypsy::lacZ sensor in follicular cells of
wild-type ovaries (control) or in ovaries with RNAi knockdown
of the indicated gene. Hen1 and Piwi are known positive
controls. Three (in red) of the 6 genes identified in our RNA]
screen have been independently identified in other screens for
genes involved in piRNA silencing (Czech et al., 2013; Handler et
al., 2013).

CG7009 CG42240 CG16817
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Figure 49. CG7009 has a function in the somatic piRNA pathway. A. Schematic representation of the gypsy-LacZ reporter
showing the portion of the gypsy element inserted in the reporter construct. B. (black panel) X-Gal staining of ovarioles, as
readout for the effects of the knockdown by RNAI using inverted repeats (IR) of Piwi, as positive control, white, as negative
control, or CG7009 in flies expressing the gypsy::lacZ reporter; (blue panel) X-Gal staining of ovarioles, as readout for the
effects of the knockdown by RNAI using inverted repeats (IR) of CG7009, CG5220, CG7009 and CG5220 double
inactivation, and CG33172; (red panel) X-Gal staining of ovarioles, as readout for the effects of the trans-heterozygous
mutations of CG7009: CG700902°1/Def9487 (left) and CG7009°02%°/Def3340 (right) in flies expressing the gypsy::LacZ
transgene; (green panel) X-Gal staining of ovarioles, as readout for the effects of the homozygous mutations of CG7009:
CG7009202001/ CG7009:°%2%°" (Jeft) and the genetic rescue of the reporter derepression by the line BAC/+; CG7009202001/
CG700902" in flies expressing the gypsy::LacZ transgene.

X-gal staining was performed on ovaries dissected from 4-5 days old females with the indicated RNAi
inactivation (blue and black panels) or mutant genotypes (green and red panels). RNAI inactivation of the
white gene, by using inverted-repeats (IR), served as a negative control; RNAi inactivation of Piwi, was

used as a positive control (Figure 49B, black panel). RNAI inactivation of CG7009, CG5220, or
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simultaneous inactivation of both induced the sensor de-repression. This result implicated both CG7009

and CG5220 in the somatic piRNA pathway.

Interestingly, RNAI inactivation of CG33172, the predicted partner of CG7009 and putative ortholog
of the yeast and human proteins Trm734 and WDR6 (respectively), triggered even stronger de-silencing
of the gypsy::LacZ sensor. As a reminder, we were able to detect and in vitro interaction between CG7009
and CG33172 recombinant proteins produced in bacteria (Figure 32A). It is interesting to mention that a
synonym name for the yeast Trm734 is RTT10 (Regulator of Ty1 transposition protein 10). In S. cerevisiae,
RTT10 was implicated in the control of Ty1 transposition (Nyswaner et al., 2008). In a RTT10 mutant, Ty1
was shown to be up regulated (30-fold increase). Trm7 Nm methylase, the yeast ortholog of CG7009, also

scored in the same study as a Ty regulation gene.

The derepression of the gypsy:LacZ sensor was also confirmed with two hetero-allelic null mutants
expressing the sensor: CG7009°02%", gypsy::LacZ / Def9487 and CG7009°%?%", gypsy::LacZ / Def3340
(Figure 49B, red panel), as well as with the homozygous mutant CG7009°%2%", gypsy::LacZ/ CG700902°"",
(Figure 49B, green panel), bearing the second hit mutation. However, the fact that this phenotype was
retained between the homozygous and trans-heterozygous CG7009 mutants indicated that the reporter

de-silencing is due to CG7009 loss-of-function and not to the second hit mutation.

Moreover, we were able to rescue the reporter de-repression with a transgenic line “BAC” in the
homozygous mutant for CG7009 (BAC/+ ; CG7009°%%", gypsy::LacZ / CG7009°%?%7). However, it is
important to mention that the BAC rescue is to be taken with caution, as the result is not always as clear
as the depicted in the picture of Figure 49B. As discussed for the survival experiments, we have observed
that the insertion of the “BAC" renders the flies “sick”, and probably does not restitute all of the CG7009

functions properly, despite its capacity to rescue the methylation activity on tRNAPe (Figure 40D).

B. RT-qPCR analysis confirms the role of CG7009 in gypsy silencing in flies expressing

gypsy::LacZ

In an attempt to validate the result of the gypsy::LacZ staining in ovarioles, | performed RT-gPCR on
total RNA extracted from ovaries of 4 days old CG7009°02"-G10, gypsy::LacZ / + females, used as control
and on CG7009 mutants expressing the gypsy-LacZ sensor: CG7009°02%°"-G10, gypsy::LacZ / CG7009°0200-

G10 (Figure 50). For this experiment | used primers annealing to a region in the first 700 nt of the gypsy
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sequence (Figure 50A), and thus giving information on gypsy expression from both the gypsy sensor
transgene and the potential endogenous copies of gypsy retroelements. | also used primers specific to
the LacZ CDS region (Figure 50B), providing information on the expression and thus repression level of
the gypsy::LacZ sensor. A third set of primers, annealing to the Pol gene of the retrotransposon (between
2.6 and 2.8 kb of gypsy CDS), and thus amplifying a sequence of gypsy not present in the sensor, gave
me information on the expression level of only the endogenous gypsy transcripts (Figure 50C). As a control
for the specificity of the primers annealing to LacZ | performed RT-qPCR on flies not expressing the
gypsy::LacZ transgene (not shown), and indeed confirmed that no amplification is detected for LacZ in this

experiment.

LacZ gypsy2600-2800

* %

gypsy'7%

35 *% 35 35

Control Mutant Control Mutant Control Mutant

Figure 50. gypsy expression in CG7009 mutants, expressing the gypsy::LacZ sensor. Determination by RT-qPCR of the
relative expression level of gypsy (A and C) and LacZ (B) in ovaries from 4 days old flies with genotype CG7009202007-G™0,
gypsy::LacZ / CG70090200-G10, denoted as “Mutant” (green bars), compared to gypsy expression in ovaries from 4 days old
heterozygous females CG7009°92°07670, gypsy::LacZ / +, denoted as “Control” (black bars). Average values of three
independent biological replicates are shown. p-values were determined by Student’s test; *: p-value < 0.05; **: p-value <
0.01; ***: p-value < 0.001; ns: non-significant p-value > 0.05. The sequences of the primers used for the RT-gPCR, as follows:
primers MAO87 and MAO088 in A., LacZ_2-FW and LacZ_2-Rev in B. and primers MA037 and MAOQ38 in C. are available in
the Methods section. Rp49 was used for normalization (primers SD22 and SD23, Methods).

The result on Figure 50B validates the effects observed for CG7009 loss-of function, as previously
detected with the ovarioles X-gal staining. As expected, the gypsy sequence contained in the gypsy::LacZ
transgene as well as on the potential endogenous copies of gypsy (gypsy'’®) also showed up-regulation
in CG7009 mutants (Figure 50A). The last bar shows that in flies expressing the sensor in a CG7009 mutant

background, the endogenous copies of gypsy are transcriptionally up-regulated (Figure 50C, gypsy?®
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2800primers). In the three tested conditions | detected significant up-regulation of gypsy mRNA levels when

the gypsy-sensor transgene is present in the tested flies.

An in-silico analysis of the primers used showed that they do not hybridize, in the conditions of this
experiment, with the flamenco locus transcript, which contains some gypsy anti-sense sequences that can
potentially be amplified by this RT-qPCR. Thus, the difference in gypsy expression levels between the
control heterozygous individuals and the homozygous mutant flies detected in this RT-qPCRs is most
probably a readout for differences in the transcript levels of gypsy between CG7009 mutants and
heterozygous individuals expressing this transgene. This result solidifies the previously detected

involvement of CG7009 in gypsy expression regulation.

| would also like to mention that we tested for a role of CG7009 in the piRNA pathway operating in
germ cells. We did this by using Burdock-lacZ, another genetic sensor specific for the germinal piRNA
pathway (Handler et al., 2013). We couldn’t find clear, reproducible effects with neither CG7009 nor with
CG5220 mutants (Figure 51). However, this result should be challenged in the future with the new CRISPR

alleles now available in our laboratory.
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Figure 51. Burdock piRNA sensor in germ cells. X-Gal staining of
) ‘,‘ & IR5220+IR7000  Ovarioles, as readout for the effects of the knockdown by RNAI using
r' \ pe. inverted repeats (IR) of Piwi, as positive control, white, as negative control,
w:h ! i “ or CG7009, CG5220 or both CG7009 + CG5220 in flies expressing the
Sl

Burdock::lacZ reporter (Handler et al., 2013).
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4. CG7009 and CG5220 mutants not expressing gypsy::LacZ transgene have opposite effects on

the endogenous gypsy expression in the ovaries

A very unexpected result was obtained when | amplified gypsy mRNA in flies not expressing the
gypsy::LacZ sensor by RT-qPCR (Figure 52A and B). Both of the tested set of primers, allowing
amplification of regions 1-700 (Figure 52A) and 2600-2800 (Figure 52B) of the retrotransposon sequence,
showed significant down-regulation of endogenous gypsy in the ovaries of CG7009°02%0"-610 / CG7009°02%"-
Gl0females (red bars) and CG5220%%4 / CG5220%?%4 females (green bars) compared to gypsy expression in
CG7009%200" / TM6, Tb, Sb heterozygous flies (black bars).

Thus, in striking contrast to the sensor de-repression and the RT-gqPCR results seen in presence of the
gypsy::LacZ, endogenous gypsy gene seemed to be down-regulated by CG7009 lack-of-function when

the gypsy::LacZ sensor is absent.
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Figure 52. Endogenous gypsy expression in CG7009 and CG5220 mutants, in the absence of the gypsy::LacZ sensor.
Determination by RT-gPCR of the relative expression levels of gypsy transcript regions 1-700 nt (A) and 2600-2800 nt (B) in
ovaries from 4 days old flies with genotype CG7009292001-G10 / CG7009°020°"-610, denoted as “Mutant CG7009" (red graphs),
and in flies CG5220%% / CG52201%%4, denoted as “Mutant CG5220" (green graphs), both compared to gypsy expression
in ovaries from 4 days old heterozygous females CG7009°%2%°" / TM6, Tb, Sb, denoted as “Control” (black graphs). Average
values of three independent biological replicates are shown. p-values were determined by Student'’s test; *: p-value < 0.05;
**: p-value < 0.01; ***: p-value < 0.001; ns: non-significant p-value > 0.05. The sequences of the primers used for the RT-
gPCR, as follows: primers MA087 and MAO088 in A. and primers MAO37 and MA038 in C. are available in the Methods
section. Rp49 (primers SD22 and SD23) was used for normalization.
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This result has been reproduced multiple times, including with trans-heterozygous mutants
CG7009°920"/ Def3340 (Figure 55) and CG7009°%2%7/ Def9487 (data not shown). We further searched to
explain this discrepancy between the expression of gypsy in CG7009 mutant in the presence and absence

of the gypsy::LacZ transgene.
A. The spliced form of gypsy is not increased in CG7009 mutants

It has been shown that when the gypsy retrovirus is mobilized it gets spliced, in order to express its
envelope protein env and to infect the germline from the follicular cells (Pelisson et al., 1994). The primers
that were used in our RT-qPCR for amplification of the gypsy regions 1-700 or 2600-2800 cannot give a
product from the spliced form of gypsy (Figure 53).

Gypsy element
1 | | | I | | | 72|77
— == (A)n
LTR LTR
Genomic 5€|38 55|51
---AAAAGCATGTAAG-----TTAATTTCCAGGTTCACC--- A
— >~ PP (A)n
>~ ~ -~ - . . .
~.- Figure 53. Schematic representation of the
Spliced ---AAAAGCATGTTCACC--- splicing of gypsy. Image from (Genenncher et
al., 2018). The reverse primer MA088 used to
amplify gypsy sequence 1-700 nt hybridize
Envelope protein exactly at nucleotides 639-658 and can thus not

give amplification on the spliced from of gypsy.

It is possible that an increase of the spliced form of gypsy spliced, accompanied by a decrease of its
un-spliced form, is occurring in CG7009 and CG5220 mutants and not in the CG700902%0" / TMé, Tb, Sb
control heterozygotes. If this is the case, by amplifying the gypsy un-spliced form (gypsy’’® or gypsy?s®-
2800 primers) we would obtain a decrease in mutants and not in control, as seen in the RT-qPCR result on

Figure 52A and B.

Therefore, | performed an RT-qPCR on CG7009 and CG5220 mutant females with specific primers for
the spliced form of gypsy (Genenncher et al., 2018). Even if the expression levels were very variable
between the replicates (data not shown), the tendency was that similarly to the other gypsy transcripts,
the spliced transcript is down-regulated in both CG7009 and CG5220 mutants when compared to control

in the absence of gypsy::LacZ sensor.
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B. CG7009- and CG5220-mediated gypsy down-regulation is independent of the heat-shock

response

The study of Genenncher and colleagues (Genenncher et al., 2018), to which my team was associated,
showed that the tRNA methylase Dnmt2 affects gypsy transcription in a more pronounced way during the
heat-shock response. NSun2, another tRNA methylase, was shown to mediate its effect on gypsy
transcription in a heat-shock-independent fashion (Genenncher et al., 2018). However, it is important to
mention that lack-of-function of both of these tRNA methylases was linked to gypsy transcripts up-
regulation and not down-regulation, as seen for CG7009 in the ovaries (Figure 52A and B) and in whole

females (data not shown) flies that do not carry a gypsy-sensor construct.

In an attempt to understand the effect of CG7009 mutation on gypsy, | tested the transcription of
gypsy (region 2600-2800) in heat-shocked 4 days old females by RT-gPCR (Figure 54).
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Figure 54. The heat-shock response does not affect expression of gypsy in CG7009 and CG5220 mutants.
Determination by RT-qPCR of the relative expression levels of gypsy transcript regions 2600-2800 nt in 4 days old females
subjected to 1 hour heat shock in water bath at 37°C, followed by 5 hours of recovery at 25°C. The flies have the following
genotypes: CG7009°02001-G10 / CG700902%"-610, denoted as “Mutant CG7009" (red graph); CG5220¢%4 / CG5220<%%,
denoted as "Mutant CG5220" (green graph). Both mutants were compared for gypsy expression with heterozygous females
CG7009202%0"  TM6, Tb, Sb, denoted as “Control” (black graph). Average values of three independent biological replicates
are shown. p-values were determined by Student's test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; ns: non-
significant p-value > 0.05. The sequences of the primers used for the RT-qPCR are primers MA037 and MA038 (Methods).
Rp49 (primers SD22 and SD23, Methods), was used for normalization.
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Figure 54 shows gypsy transcript levels of females with genotypes CG7009202%0"-G70 / CG700902007-G10
and CG5220%%%A / CG5220%%4 compared to control flies with genotype CG7009202%" / TM6, Tb, Sb. The
result shows that endogenous gypsy is down-regulated in the CG5220 or CG7009 mutant backgrounds
during the heat-shock response, as seen before in a non heat-shock condition. Thus, it seems that, in
contrast to the m>C methylase Dnmt2, CG7009 and CG5220 function independently of the heat-shock

response regarding gypsy control.

C. The effect of CG7009 on gypsy down-regulation is independent of ageing

It has been reported that during normal ageing TEs, including gypsy, get de-repressed naturally (Li et
al., 2013a). Moreover, this study reported that TE activation in ageing flies is linked to neuronal decline.
In regards to the function of FTSJ1, the human CG7009 ortholog, in the development of neuropathology
and to our results involving CG7009 in the sncRNA pathways regulating TEs, | performed another
investigation on gypsy expression by RT-qPCR in ageing flies of 4, 14 and 28 days, the idea being that
maybe CG7009's function on gypsy up-regulation appears later in the development of the fly. This study
was conducted with flies CG7009%%2%"/Def3340, as at this time the homozygous line CG7009 (G10) was
not yet established. For the experiment | analyzed gypsy expression separately in ovaries, heads (from
females) and whole males. In the ovaries, gypsy expression from region 2600-2800 remained similarly
repressed in 4, 14 and 28 days old mutants for CG7009 compared to the heterozygous balanced

individuals (data not shown).

This result indicated that the observed repression of endogenous gypsy, detected in the ovaries of

CG7009 mutants, is independent of the flies’ age.

D. Gypsy is up-regulated in CG7009, CG5220 double mutants

Interestingly RT-gPCR analysis showed that gypsy expression is increased in the ovaries of
CG7009e02001-G10, C(G52201%84 | CG7009202001-610 CG5220%?%A (Rec1) homozygous double mutants (Figure

55, orange bar) in comparison to control heterozygous flies (black bar).
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Figure 55. gypsy is up-regulated in the ovaries of CG7009, CG5220 double mutants. CG7009°02001-G10, CG5220K284 mytants.
Determination by RT-gqPCR of the relative expression level of gypsy transcript region 2600-2800 nt in 4 days old females
with the following genotypes: CG7009°%2%" / TM6, Tb, Sb, denoted as “Control” (black bar); CG7009:02%" / Def3340,
denoted as “Mutant CG7009" (red bar); BAC/BAC; CG7009°02°" / Def3340, denoted as “Rescue” (green bar); Ago-24'4
/Ago-2*14, denoted as "Mutant Ago2” (blue bar); and CG700902001-G10, CG5220K28A-Rect / (C(G 70 9e02001-G10, CG5220k28ARec!  denoted
as “Double Mutant”, (orange bar). Average values of three independent biological replicates are shown. p-values were
determined by Student's test; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; ns: non-significant p-value > 0.05.
The primers used for the RT-qgPCR are MAO37 and MAO038 (see Methods). Rp49 (primers SD22 and SD23, see Methods),
was used for normalization.

E. A putative role of the siRNA pathway in the repression of a gypsy::LacZ sensor

In the ovaries of CG7009 mutant flies the siRNA pathway is expected to be compromised. It was thus
possible that the repression of gypsy transcription in the ovaries of flies having a gypsy::LacZ sensor can
be influenced by the impaired siRNA background in this flies. If this was to be true a siRNA pathway
component was expected to also affect the gypsy::LacZ sensor regulation. In order to test this we analyzed

the effect of an siRNA pathway component, Dcr-2 on the silencing of a gypsy::LacZ reporter (Figure 56).

118



tj-GAL4  gypsy:lLacZ tj-GAL4 | gypsy::LacZ Dcr-2R416X  gypsy::LacZ Dcr-2R416X  gypsy::LacZ
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Figure 56. Dcr-2 is involved in gypsy::LacZ silencing. X-Gal staining of ovarioles, as readout for the effects on gypsy::LacZ
silencing of the knockdown by RNAI using inverted repeats (IR) of GFP, as negative control, (first panel) and Piwi, as positive
control (second panel). X-Gal staining of ovarioles, as readout for the effects on gypsy::LacZ silencing of the heterozygous
(third panel) and homozygous (fourth panel) mutations of Dicer-2 (Dcr-2%'%%) in flies expressing the gypsy::lacZ reporter.
GFP: green fluorescent protein

Figure 56 indicates that Dcr-2 is involved in the repression of the gypsy::LacZ sensor (Figure 56, last
two panels ). Even one dose less of Dcr-2 seems to be sufficient to trigger the sensor de-repression (Figure
56, third panel). An RNAI inactivation of GFP was used as a negative control (Figure 56, first panel) and

an RNAI inactivation of Piwi, served as positive control of the experiment (Figure 56, second panel).

We were surprised that if there is an implication of Dcr-2 in the regulation of gypsy::LacZ silencing it
was not characterized before, because several genome-wide screens unraveled multiple factors involved
in the piRNA pathway (Czech et al., 2013; Handler et al., 2013). However, those were RNAi based screens,
and our results were obtained with mutants for Dcr-2 and not with RNAIi KD inactivation which depends
on Dcr-2. Our experience with RNAi-mediated inactivation of Dcr-2 (Carre et al., 2013) shows that we
have to perform the tests very soon after the expression of a dsRNA against Dcr-2 (a well-known
processive enzyme) in order to see the result of the silencing, as RNAi-mediated silencing is strongly
dependent on Dcr-2 activity. It is possible that an effect of Dcr-2 on the gypsy::LacZ sensor was missed by

those screens.

The result on Figure 56 has to be taken with caution as it has been tested only with one mutant for
Dcr-2 line. If it gets confirmed using other mutant combination it opens the possibility that there is indeed

an effect of the siRNA pathway enzyme Dcr-2 on the regulation of a gypsy::LacZ-sensor.
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F. CG7009 induces de-repression of endogenous gypsy in heads

In their study, Li and colleagues, linked neuronal decline to the up-regulation of gypsy (Li et al., 2013a)
and CG7009 is the ortholog of the neuro-pathology linked gene FTSJ1. Thus, | also tested if CG7009 has
an impact on gypsy expression in the heads of the flies. This tissue, different than the gonadal somatic
cells, provides a supplementary advantage: an analysis in the head allows to determine CG7009's function

in the soma, unbiased by peculiarities specific to germinal tissues.
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Figure 57. gypsy is up-regulated in the heads of CG7009 mutants. Determination by RT-gPCR of the relative expression
level of gypsy transcript region 2600-2800 nt in 4 days old females with the following genotypes: CG7009%2%0" / TMé6, Tb,
Sb, denoted as “Control” (black bar); CG7009°9%%" / Def3340, denoted as “Mutant CG7009" (red bar); BAC/BAC;
CG7009202%0" / Def3340, denoted as “Rescue” (green bar); and Ago-24'* /Ago-2*'4, denoted as “Mutant Ago2" (orange bar).
Average values of two independent biological replicates are shown. p-values were determined by Student's test; *: p-value
< 0.05; **: p-value < 0.01; ***: p-value < 0.001; ns: non-significant p-value > 0.05. The primers used for the RT-qPCR are
MAO037 and MAO038 (Methods). Rp49 (primers SD22 and SD23, Methods), was used for normalization.

| performed an RT-gPCR with primers amplifying the internal gypsy sequence (2600-2800) in heads of
4 days old female CG700902%" / Def3340 trans-heterozygous mutants (Figure 57, red bar) and
CG7009°02%"/TM6, Tb, Sb heterozygotes as control (Figure 57, black bar). Gypsy transcripts are
significantly upregulated in the CG7009 mutant heads when compared to the control (compare red and

black bars). The BAC line is uncapable to restore this up-regulation of gypsy (Figure 57, green bar).

In conclusion, we showed that CG7009 and CG5220 seem to promote gypsy expression in the ovary

when the gypsy::LacZ sensor is not present. As both genes are involved in the siRNA pathway, this could
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be due to the fact that in an impaired background for the siRNA pathway, gypsy transcripts are better
down-regulated in the ovary. This hypothesis is also supported by the observed decrease of gypsy

transcripts levels in Ago-2 mutants, as seen by RT-qPCR (Figure 55).

In the ovaries of CG7009, CG5220 double mutants endogenous gypsy transcripts are de-repressed.
This suggests that CG7009 and CG5220 might have a redundant function with regards to gypsy
regulation. Moreover, the effects of CG7009 on gypsy transcript regulation seem to be tissue specific, as
in the heads the protein seems to be required for gypsy repression, contrary to its effect in the ovarian

follicular cells.

We were able to involve CG7009, CG5220, CG33172 and Dcr-2 in the regulation of the gypsy-LacZ
sensor. This suggests a link of the siRNA pathway to the regulation of the gypsy-sensor, whose expression
is considered as dependent only on the somatic piRNA pathway. Many validated piRNA pathway
components were discovered by the use of the gypsy-sensor transgene, and we do not question its
capacity to unravel novel piRNA pathway factors. The result implicating Dcr-2 in the sensor regulation

however has to be reproduced in order to state unambiguously its validity.
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Chapter IV: CG7009 is involved in tRNA fragmentation in flies

1. Differential tRFs accumulation in CG7009 mutants from tRNAPhe

During my PhD and during our collaboration with Dr. Matthias Schaefer, we both performed several
Northern blots (NB) analyses of tRNAP" profiles in mutants for CG7009 and CG5220. On my part, | also
performed tRNA profiles analyses by NB on tRNAT™®, as later seen target of CG5220 (see RiboMethSeq
chapter) and on tRNA"", which by now remains predicted targets of CG7009 and / or CG5220. | decided
first to present one NB performed by our collaborator Dr. Schaefer (Figure 58), as some of the general

conclusions on this NB are coherent with my own results.

Figure 58A, represents a NB on total RNAs extracted from 4 days old males of the indicated genotypes.
w'""® was used as control genotype. Three different mutants for CG7009 were analyzed: the cleaned allele
CG7009 (G10), and the two trans-heterozygous mutants CG7009°%2%7 / Def3340 or Def9487. CG5220
catalytically dead mutant (K28A) and the double mutant CG7009 (G10), CG5220%%4 Rec1 were also

analyzed.

The same genotypes are represented on Figure 58B, with the difference that the flies were subjected
to 1 hour heat-shock at 37°C, followed by 3 hours of recovery at 25°C before they were sacrificed. 5S

rRNA served as loading control in both experiments.
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Figure 58. Northern blot characterization of 5’-tRNAP'-derived tRFs. Northern blot on the indicated genotypes was
performed on control (A) or heat-shocked flies (1 hours at 37°C on water bath), collected after 3 additional hours of recovery
at 25°C (B) using a 5’'-tRNAP specific probe, upper panels (Methods) and 5S rRNA probe as loading and transfer control,
lower panel. Mature tRNAPe size is ~70nt, (upper panels, A and B). 5'-tRNAP"-derived tRNA fragments (5'-tRFs™*) were
detected at ~35nt (red doted squares, A and B) and at ~45nt (red arrow, B). nt: size in nucleotides.

On the upper panel of the NB presented in Figure 58, we can see the full-length tRNAP" detected with
a 5'-tRNAPre-specific probe. A first observation is that mutation of the indicated genes seems not to affect,
at least drastically, the expression of full-length tRNAP. This suggests that if the effects we characterized
in our study on CG7009 and CG5220 are due to translational problems, they will be probably not caused

by a severe decrease in the mature tRNAP levels.

On the NB on Figure 58A, a first observation is the appearance of a band migrating slightly higher than
30 nt in the double mutants CG7009 (G10), CG5220 (Figure 58A, red doted square). The appearance of
this band of 30-35 nt, detected strongly in the double mutants is linked to a decrease of a band migrating
at around 40 nt (Figure 58A, compare lanes 1 and 6, red arrow). It seems that, at least in the homozygous
CG7009 G10 mutants and trans-heterozygous mutants CG7009°%?%" / Def3340 (Figure 58A, lanes 2 and
3), the band of 30-35 (red doted square), well seen in the double mutants, is increased in comparison to
control. However, it is hard to clearly conclude especially because the loaded material in w''"® (Figure

58A, red star) was lower than in the different mutants combinations on the blot.

123



However, the increase of the band of 30-35 nt becomes more obvious on the NB on Figure 58B, (red
doted square) performed on heat-shocked flies. On Figure 58B we clearly detect more 5'-tRNAP"-derived
fragments (5'-tRF"¢) at 30-35 nt in the mutants for CG7009 and in the double mutants CG7009, CG5220,
compared to CG5220 mutants and flies or the strain w''’8. On the contrast in the NB on heat-shocked flies

is harder to deduce if there is a decrease of the 5'-tRFP" of approximately 40 nt.

The profiles of 5'-tRNAP" derived fragments are very complex, but several important conclusions from

these NBs agree with my previous observations.

(i) In CG7009 mutants and in the double mutants CG7009, CG5220 Rec1 we detect a differential
accumulation of tRNAP 5’-derived fragments (5'-tRF™"e).

(ii) The accumulation of 5'-tRF™'® is not accompanied by decrease in the levels of the
corresponding mature tRNAs.

(iii) A stabilization of a distinct 5'-tRFP" of 35 nt is seen in CG7009 mutants and double mutants
CG7009, CG5220 Rec.

(iv) This 35 nt 5'-tRFP"e stabilization seems to be accompanied by a decrease of a 5’-tRF™® of 40-45

nt (suggesting that the 40-45 nt band is a precursor of 35 nt).

My experiments showed an effect of CG5220 only once during the reproduction of the experiment
with 4 different independent biological replicates, each from 4 days old females (data not shown). In the
rest of the cases the profiles of tRNAP" fragmentation in CG5220 mutants were the same as the profiles
of heterozygous flies CG7009°02%" / TMé, Tb, Sb, which | used as control. This indicated that some
variability is present in the accumulation of 5-tRF™ fragments. | wasn't able to make a clear conclusion
on the implication of CG5220 in tRNAP" fragmentation, but the data strongly suggests that CG5220 is
not as implicated in differential accumulation of 5'-tRFs™ as CG7009. On the contrary, several

reproducible important observations were made for the role of CG7009 on the fragmentation of tRNAPhe,
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Figure 59. Northern blot characterization of 5’-tRNAP"-derived tRFs. Northern blot was performed on 10 pg of total
RNAs extracted from 4 days old females with the following genotypes: trans-heterozygotes Control flies (CG7009:%2%" /
TMé, Tb, Sb), Mutants for CG7009 (CG7009202%01-G10 / CG7009°02007-610) Rescue CG7009 (BAC / BAC ; CG7009°02001-G10 /
CG7009202001-G10) and Double Mutants (CG 700992006101 CG5220%%4 /| CG7009202%01-G10, CG52201%4). The NB was performed
on control (lanes 1 to 4) and on heat-shocked flies (lanes 5 to 8). For the HS condition, flies were incubated 1 hour at 37°C
on water bath, followed by 5 hours of recovery at 25°C. The NB was performed using a 5’-tRNAP' specific probe, and U6
snRNA probe as loading and transfer control (Methods). The mature tRNAP" is not presented. 5'-tRNAP"-derived tRNA
fragments (5'-tRFs™) are detected at ~35nt and at ~45nt. nt: size in nucleotides.

The result on Figure 59 represent a NB on total RNAs extracted from females with the indicated
genotypes hybridized with the same specific 5'-end of tRNAP"® probe as in Figure 58 and with a U6 probe

as loading control (Methods). The full-length tRNAP" is not represented.

In the heterozygous individuals CG7009°02%°" / TMé, Tb, Sb, used as control genotype | detected a
massive accumulation of diverse 5'-tRFs™ (Figure 59, lane 1). A 5'-tRFPhe of 45 nt disappears in
CG7009e02001-G10 / CG7009202901-610 homozygous flies, and a distinct fragment of approximately 35 nt is

stabilized (Figure 59, lane 2).

This phenomenon seems to be partially restored by the rescue line BAC / BAC ; CG7009202001-670 /
CG700920201-G10 (Figure 59, lane 3). The disappearance of the 5'-tRF'® of 45 nt is also detected in double
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mutants CG7009e02001-G10  CG5220K28A /| CG7009202001-G10  CG5220K28A, and the accumulation of the 35 nt

fragment is even more pronounced than in the single mutants for CG7009 (Figure 59, lane 4).

On the right part of the membrane of this NB (Figure 59, lanes 5 to 8) are loaded RNAs from females
of the same age, which were subjected to heat-shock. The tendencies concluded for the non-heat-shocked
flies with the different genotypes are similar for the flies subjected to heat-shock. On this stage of the

project we have focused our attention on the condition non-heat-shocked flies.

2. Differential tRFs accumulation in CG7009 mutants from tRNAv

As we do not yet have any link between CG7009 or CG5220 with the third described substrate of Trm7,
tRNATAA (Pintard et al., 2002), | decided to join my NB result analyzing the profiles of fragments derived
from the 3’-end of tRNA" of Drosophila (Figure 60).

control heat-shock (HS)

3'-tRNAlev

Figure 60. Northern blot characterization of 3’-tRNA'*‘-derived tRFs. Northern blot was performed on 10 pg of total
RNAs extracted from 4 days old females with the following genotypes: trans-heterozygotes Control flies (CG7009202%" /
TM6, Tb, Sb), Mutants for CG7009 (CG7009202%1-G10 / C(G700902001-G10)  Rescue CG7009 (BAC /BAC ; CG7009e02001-G10 /
CG7009202001-G10) and Double Mutants (CG7009¢92007-610, CG5220%%4 /| CG7009202%01-G10, CG52201%4). The NB was performed
on control (lanes 1 to 4) and on heat-shocked flies (lanes 5 to 8). For the HS condition, flies were incubated 1 hour at 37°C
on water bath, followed by 5 hours of recovery at 25°C. The NB was performed using a 3'-tRNA" specific probe, and U6
snRNA probe as loading and transfer control (Methods). Mature tRNA' (87 nt) and pre-tRNA (127 nt) are detected. The
NB represents the same membrane as in Figure 59, re-probed for 3'-tRNA'e.
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The result on Figure 60 represent a NB on total RNAs extracted from females with the indicated
genotypes hybridized with a probe designed against the 3'-end of tRNA"" and an anti-Ué probe as
loading control. As the 3'-end of tRNA' is conserved between the different tRNAUisoacceptors not only
tRNA'wT s detected on the NB. This explains the two bands, detected for the full-length tRNAe (Figure

60, 127 and 84 nt), as the intron-containing pre-tRNALUCA4 (127 nt) is also detected.

In the heterozygous individuals CG7009°%2%" / TMé, Tb, Sb, used as control and in the rescue line BAC
/ BAC ; CG7009e02001-G10 / CG70099201-G10 (Figure 60, lane 3) a smear with no distinct fragment is visible
(Figure 60, lane 1). In CG7009202001-610 / CG70092%2%1-G10 homozygous flies and in double mutants
CG7009e02001-G10 - CG52201%84 | CG7009e02001-610, CG5220%%4, we observe a distinct fragment

accumulation, not seen in the heterozygous flies nor in the rescue line.

The next part of the membrane (Figure 60, lanes 5 to 8) is the corresponding flies this time subjected
to heat-shock. The tendencies concluded for the non-heat-shocked flies with the different genotypes are

similar for the flies subjected to heat-shock.

This tRNA™ profile of fragmentation is even harder to understand as 2 different isoacceptors of
tRNA' are revealed. However, this is clear that, the observed profile is changing between the WT and

the CG7009 mutant conditions.

3. Dcr-2 is involved in the fragmentation of tRNA™ in CG7009 mutants

It is known that Dicer proteins are involved in tRFs generation (Cole et al., 2009; Martinez et al., 2017).
We decided thus to see if the fragments accumulating in CG7009 mutants are dependent on Dcr-2 activity.
For this, | analyzed by NB the 5'-tRFs""¢in Dcr-2, CG7009 double mutants.

In the NB result on Figure 61, | compared 5'-tRNA™e fragmentation profiles in heterozygous females
CG7009e02001-G10 / TM6, Tb, Sb as control (lane 1), CG700992001-G10 / CG7009°0200"-610 homozygous mutants
(lane 2) and double mutants Dcr-2181"%X / Dcr-2811X . CG7009°02001-G10 / CG7009%2%01-G10 (lane 3) to

challenge the loss of Der-2 in combination with a CG7009 mutant background on tRFs profiles.
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73 nt

— 45 nt

Figure 61. Northern blot characterization of 5'-tRNAP"-derived tRFs. Northern
—35nt  blot was performed on 10 pg of total RNAs extracted from 4 days old females with
the following genotypes: trans-heterozygotes Control flies (CG7009°02°" / TM6, Tb,
Sb), Mutants for CG7009 (CG7009e02%01-G10 / CG7009°02001-G10)  and Double Mutants
—22nt  (Dcr-2'8115X [ Dcr-21811%X - CG7009 02001610 / CG70092%29°7-679), The NB was performed
using a 5'-tRNAP specific probe, and U6 snRNA probe as loading and transfer

P 28 control (Methods). The mature tRNAP"™ is at 73 nt. 5-tRNAPre-derived tRNA
ué ﬁ fragments (5'-tRFs™ ) are detected at ~35nt and at ~45nt. nt: size in nucleotides.

On Figure 61 we can see a strong accumulation of 45 nt fragments in the heterozygotes as seen (lane

5’-tRNAPhe

1). In CG7009 mutants the fragment of 45 nt is decreasing and a band corresponding to 35 nt looks
stabilized (lane 2). Surprisingly, the simultaneous mutation of dcr-2 and CG7009 partially restores the wild-

type fragment’s profile (lane 3).

The reappearance of the fragment of 45 nt as well as the decrease of the band at 35 nt indicates that
Dcr-2 endonuclease activity can be responsible for the cleavage of this 45 nt fragment in CG7009 mutants

and for the consecutive accumulation of the smaller fragment of 35 nt.

It will be very interesting to see if the accumulation of the 35 nt or the decrease of the 45 nt fragment
is causative for the deregulation of the sncRNA pathways in CG7009 mutants. It is possible that in the
absence of CG7009, its tRNAs substrates are de-stabilized and probably fragmented by Dcr-2. If Dcr-2
gets titrated for processing the tRFs observed in CG7009 mutants, maybe it becomes enough
“unavailable” to process long dsRNAs to siRNAs. We named this hypothesis the “saturation theory”. The
result on Figure 61, is the first genetic link between CG7009 and Dcr-2, which favors the saturation theory
of Dcr-2.
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CONCLUSION AND PERSPECTIVES

Methylation of sncRNAs

RNA 2'-O-methylation, a post-transcriptional modification added to the 3'-terminal nucleotides of
sncRNAs directly impacts their stability (Kamminga et al., 2010; Li et al., 2005; Lim et al., 2015b). In flies
piRNAs and Ago-2-loaded small RNAs: mi- and siRNA are methylated by DmHen1/Pimet. Dm-
Hen1/Pimet, as well as its orthologs in other species, are the only known methylases which function in the
sncRNA pathways. In regards to the important biological processes mediated by the sncRNA pathways,
such as regulation of gene expression, antiviral defense and preservation of the genomic integrity via the
repression of transposons, it is not surprising that their deregulations have been associated with multiple
phenotypes, like increased susceptibility to viral infection or infertility. Hen-1 proteins mediated
methylation is conserved throughout the evolution, suggesting its importance. It is thus surprising that
loss-of-function on DmHen-1 in Drosophila is not associated with the aforementioned “classical”
phenotypes, characteristic of a loss-of-function of the major actors of the sncRNA pathways. In flies
DmHen-1 mutations are not linked with a major decrease of the sncRNA populations. The loss of the
protein has been associated with shortening of piRNAs, which in turn depends on the age of the flies
(Wang et al., 2016). However, DmHen-1 mutant flies have a good fitness and are fertile. In contrast, in
zebrafish and mice, loss of function of DmHen-1 orthologs (hen1 and HENMT1) has been associated with
female and male sterility, respectively (Kamminga et al., 2010; Lim et al., 2015a, b). It is thus puzzling why
DmHen-1, which maintains its function to methylate sncRNAs in Drosophila, is not associated to any
destabilization of its target small RNA populations, or to phenotypes such as fertility problems. An
interesting observation comes from a pioneer study, which described the activity of DmHen-1 by in vitro
analysis of its encoded protein catalytic activity (Horwich et al., 2007). The authors showed that unknown
factor(s) contained in flies extracts strongly enhances DmHen-1 recombinant protein enzymatic activity in
vitro. This opened the possibility that in flies, (a) protein(s) redundant to DmHen-1 might compensate its

|oss-of-function.
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Methylation of tRNA and tRFs

RNA methylation is also important for the stability of tRNAs. Transfer RNAs are the most heavily
modified RNAs throughout species. These modifications are not only required to maintain their structure,
they also allow to avoid frame shifting during translation, cleavage of tRNAs by endonucleases and
contribute to the diversity of nucleotides. tRNA m>C methylases, like NSUN2 and Dnmt2 have also been
shown to be important for the stability of tRNAs, as their loss is linked to differential tRNA-derived
fragments (tRFs) accumulation (Blanco et al., 2014; Schaefer et al., 2010). Both proteins are also linked to
through unknown exact mechanism to the sncRNA pathways (Durdevic et al., 2013b; Genenncher et al.,
2018). Thus, there seems to be a correlation between the role of RNA methylation for the stability of
tRNAs and the sncRNAs. But an interesting observation arises: when tRNAs lose their methylation, tRFs
are produced. Research on tRFs in recent years showed that these molecules can function as sncRNA-like
molecules, by binding to partners of canonical sncRNAs, i.e. Dicer or Argonaute proteins, by regulating
similar targets, i.e. TEs, or by regulating similar biological processes and being involved in the emergence

of common pathologies, i.e. cancer, neuronal disorders and viral resistance.

CG7009 and CG5220

During my PhD | characterized the molecular functions of CG7009 and CG5220, two novel tRNA 2'-O-
methyltransferases, which have conserved orthologs from yeast to human, Trm7 and FTSJ1, respectively.
| was able to link both CG7009 and CG5220 to the regulation of the sncRNA pathways. Additionally,
CG7009 is also associated to differential tRFs accumulation. My PhD studies thus unraveled two novel
aspects of these processes. On one hand we show that tRNA methylases catalysing different post-
transcriptional modification than m°C, like 2'-O-methylation, seem also involved in the regulation of the
sncRNA pathways efficiency. We also show a first report of a 2’-O methyltransferase distinct from DmHen-
1 and which impacts sncRNAs. On the other hand, our results suggest that there is also a link between 2'-

O-methylation and differential accumulation of tRFs.
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Involvement in the sncRNA pathways

Historically we started working on CG7009 because of its implication in the sncRNA pathways. Before
my arrival in the laboratory experiments had shown that this gene is involved in the siRNA and the Ago-
2-dependent miRNA pathways in cells. During my PhD, we were able to validate these results, as well as
to obtain new results that CG7009 is also involved in the somatic piRNA pathway and in the Ago-2-miRNA
silencing in adult flies. During my project | discovered that CG7009 has a potential paralog, CG5220.
Further experiments allowed us to show that, similarly to CG7009, CG5220 is also involved in Ago-2

miRNA silencing and in the somatic piRNA pathways in flies.

Mutants Characterization

Discovering the function of CG7009 and CG5220 was a long process, which led to several
supplementary developments and observations. Indeed, in the process of their characterization multiple
tools were constructed and a molecular characterization of several publicly available mutants was
performed. | precisely characterized the insertion site of a transposon, PBac{RB}, present in the
CG7009°92%" mutant allele and confirmed that its sequence in the BL18008 fly stock was identical to the
one of the reference genome. | determined the expression levels of the gene's transcript and concluded
that CG7009°%2%" is a null allele of CG7009, as no mRNA is detectable in the homozygous mutant. | also
established a Drosophila rescue line (BAC) that carries the wild type allele of CG7009 surrounded by 21kb
of its genomic region inserted in the second chromosome. However, due to some discussed complications
with this line, we are currently establishing a UAS-CG7009 rescue line, as well as a UAS-CG5220 rescue
line, in order to reproduce some crucial experiments as well as to unambiguously validate the effects of

the proteins of interest on the determined processes.

Importantly, with the help of Dr. Schaefer, we established three new mutant alleles for the CG5220
gene using the CRISPR/Cas%-mediated mutagenesis: (i) one allele bearing a 2-nucleotide deletion and
leading to a frameshift mutation with a premature stop codon, potentially leading to a truncated protein
from this allele. Further functional assays will determine whether this allele is null for CG5220 function. (ii)
CG52201%%A, a catalytically dead allele, bearing a substitution in the active center of CG5220. The use of
this mutant allele made the characterization of the molecular function of CG5220 possible. (iii) CG52204%F,

an allele bearing the A26P substitution. This particular substitution is interesting because a corresponding
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substitution in FTSJ1, the human ortholog of CG5220 and CG7009, is sufficient to provoke a neuronal

disorder, non-syndromic X-linked intellectual disability (NSXLID) in its carriers (Guy et al., 2015).

Interestingly in humans, this allele is linked to loss of only one of the two positions methylated by FTSJ1
on its substrate tRNAP'e: the wobble position of the anticodon, position Gss, while the other positions,
methylated on Cs; by FTSJ1, remained intact. This suggested a higher importance of this position
methylation for ID pathogenesis in human. While during my PhD we managed to construct the
corresponding allele for the gene CG5220, we are currently establishing the corresponding alleles for
CG7009, i.e. CG7009*%6F and CG7009%?%A. We are interested to investigate if, similarly to FTSJ1 in humans,
there will be molecular consequences of this A to P substitutions in flies on the targets of the CG7009 and

CG5220 proteins (which were identified in this study).

Molecular Function

During my PhD we discovered an important difference when comparing the modification of Csz and
Gas of tRNAPPe between flies and human (as well as yeast). Indeed, while in yeast and human Trm7 and
FTSJ1 (respectively) catalyze Cms; and Gmss formation on tRNAP (Guy et al., 2015; Pintard et al., 2002),
| was able to show that Drosophila evolved two paralogs CG7009 and CG5220, which diverged and
specialized in the modification of distinct nucleotides in tRNAP"e: CG7009 is responsible for Nm deposition
at the wobble position 34 of the anti-codon loop of tRNAP', while CG5220 is involved in deposition of
Nm at position 32. These interesting findings were confirmed in several different experiments: CG7009's
function on Gmaswas shown by a MALDI TOF analysis preceded by RNase T1 digestion, by a RiboMethSeq
analysis and by a LC-MS analysis; CG5220s function on the methylation of C3; of tRNAP"® Nm was shown
by RNase A digestion coupled to MALDI TOF and by RiboMethSeq.

Analysis of the distribution of Nm on tRNAs in flies by RiboMeth seq further indicated that, apart Cs;
in tRNAPhe, CG5220 is also methylating Cs2 in tRNA™™, a conserved target of Trm7 and FTSJ1 (Guy et al.,
2015; Pintard et al., 2002), as well as methylating Cs2 in tRNAS" and in tRNASY isoacceptors (data not
shown). The latter two tRNAs haven't been characterized before as targets of the conserved Trm7
methyltransferase sub-family. Taken together, these results support a substrate and position specificity of

CG5220 in Drosophila for tRNAs having a cytosine at position 32.
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In the future, it will be interesting to gain more information on what factors influence the different
specificities of these two proteins in flies. One could wonder for example if it is a position specificity,
meaning that CG7009 will preferentially methylate position 34 and CG5220 will “prefer” position 32?
Conversely, their differing specificity could be base-related, i.e. CG7009 has more affinity for G, while
CG5220 would have more affinity for C? Ultimately, it could be a combination of both hypotheses. Further
investigation of the effects of CG7009 and CG5220 mutations on another of their predicted targets can

give hints to answer these questions.

On the molecular level tRNAT™ is very interesting, because it has a C32 and a Czs. As RNase A cuts after
a C or U if not Cm or Um, it is possible to use the same approach as for tRNAP — RNaseA digestion
coupled to MALDI TOF. By analyzing tRNA™ modifications in CG7009 and CG5220 single mutants, as
well as in the CG7009, CG5220 double mutant, we would be able to deduce more details on whether
CG70089 is specific for position 34 or for the base G, and similarly for CG5220 and the position 32 and C.
If CG5220 methylates both Cs2 and Cas in tRNAT™ this divergence between CG7009 and CG5220 would
be based on base specificity; on the contrary if CG7009 methylates Czs and CG5220 Cs; in tRNAT™P, the
specificity difference between the two proteins will be more probably based on position. However, the
preliminary analysis of the RiboMethSeq on the modification of position 34 of tRNAT®, which is also a C,
suggests that, in contrast with Trm7 and FTSJ1, neither CG7009 nor CG5220 are responsible for catalysis

of this modification.

A fascinating question is if the functional divergence of CG7009 and CG5220 in flies is linked to their
implication in the sncRNA pathways. Indeed, as discussed in the Introduction, proteins involved in the
sncRNA pathways, such as Ago-2 and Dcr-2, are amongst the most rapidly evolving genes (Obbard et al.,
2006). Another example is Moonshiner, the paralog of the subunit of TFIIA, specifically involved in the
transcriptional initiation from dual-strand piRNA clusters (Andersen et al., 2017). It is thus possible that,
during evolution, the selection pressure to respond to rapidly evolving viruses or retroelements has

selected a duplication and divergence of those two paralogs of Trm7 and FTSJ1 in flies.

tRFs accumulation

During my PhD, we also established and characterized two double mutants for CG7009, CG5220 by
using two new alleles of CG5220 (CG52201%4 and CG5220°%¢F). The experiments described in this
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manuscript were performed with the double mutants CG7009(G10), CG5220%?** (Rec1), which bear the
catalytically dead for CG5220 allele CG5220%%4. A Small RNA-Seq was performed on RNAs extracted
from the ovaries and the heads of these double mutants, as well as from single CG7009 mutants and
control flies. Interestingly, in a preliminary analysis of this experiment, | was able to detect differentially
expressed tRFs in CG7009 single mutants, as well as in CG7009, CG5220 double mutants. | also detected
differentially expressed tRFs from tRNASY and tRNAS", the two novel unexpected targets of CG5220,
before having the RiboMethSeq results. It will be interesting to investigate if there is a correlation between
the affected modifications on the different tRNAs, as detected by the RiboMethSeq, and the differentially
expressed tRFs observed in the small RNA sequencing. If this is the case, such analysis will solidify our
discovery that Nm RNA modification on tRNAs is involved in the accumulation of differential patterns of

tRFs.

| analyzed the differential level of tRFs from the three predicted targets of CG7009 and CG5220: tRNAs
Phe, Trp and Leu-TAA, by Northern blot. This allowed me to conclude that differential tRFs, derived from
the 5'-end of tRNAP" and from the 3’-end of tRNA' accumulate in a CG7009-dependent manner.
Interestingly, | also found that the production of 5’-tRNAP-derived fragment of 35 nucleotides in CG7009
mutants is linked to Dcr-2, the key protein of the siRNA pathway. The result from this NB not only provided
the first proof of a genetic link between CG7009 and Dcr-2, but also favored one of the currently most

studied theories in my lab: the “saturation theory”.

Saturation theory

Indeed, we are very interested to understand if the tRFs observed in CG7009 mutants are causative
for the deregulations of the sncRNA pathways that we described. It is possible that the tRFs “saturate”
the proteins of the sncRNA pathways, notably Argonaute proteins, as they are common for the three
pathways, making them unavailable for their classical substrates, the small RNAs. To test if CG7009 has a
function in the Ago-2 and in the Piwi mediated silencing, we are currently immunoprecipitating these two
proteins and are investigating their bound small RNAs. A recent result of Dilyana Dimitrova, a second year
PhD student in the lab, indicated that 5'-tRFs from tRNAP"® are loaded into Ago-2 in flies. We next aim to
compare ifin CG7009 and CG5220 mutant backgrounds this detected tRFs accumulate and if this is linked

to a decrease in the levels of classical sncRNAs. As a simple experiment to determine if the tRFs are
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triggering the deregulation of the sncRNA pathways, we can transfect cells expressing the automiG sensor

with those specific tRFs from tRNAP'® and analyze if the sensor becomes de-repressed.

We are currently also challenging the saturation theory in flies by overexpressing Piwi and Ago-2 in a
CG7009 mutant background and in the presence of the gypsy-LacZ sensor and a version of the automiG
adapted for expression of the GFP in adult flies. If for example overexpression of Piwi is sufficient to
abolish the effect of the CG7009 mutation on gypsy-LacZ, this will strongly suggest that Piwi is saturated
in a CG7009 mutant background.

The “saturation theory” could explain, at least partly, the effects of CG7009 loss-of-function on the
siRNA and Ago-2-dependent miRNA pathways. It might be difficult to argue that one specific fragment
will be capable to titrate the small RNA pathways proteins, i.e. Dcr-2 as suggested by the Northern blot
result in Figure 61, strongly enough abolish the pathways in order to obtain the observed effects with the
automiG and automiW genetic sensors. But, as we saw, CG7009 mutant does not impact the
fragmentation profile only of 5'-tRNAPhe. CG7009 mutation also induces accumulation of a fragment
derived from tRNAe. This strengthens our discovery, that tRNA 2'-O-methylation, similarly to m>C tRNA
methylation, is associated with changes in tRNA fragmentation in flies. It will be also interesting to analyze

if Der-2 function is linked to the accumulation of this fragment.

However, the preliminary analysis a small RNA-Seq result suggests that the mechanisms through which
CG7009 impacts the sncRNA pathways are more complicated than the saturation theory. As the analysis
of this experiment is still ongoing | will not show the data but will state several hypotheses based on the
preliminary observations. First, there seems to be no general decrease of sncRNAs populations linked to
CG7009 loss-of-function, although the sncRNAs are expected to be destabilized if they are not bound to
their interacting Argonaute partner, wich argues against a general saturation theory. A second
observation is that an analysis of the differentially expressed miRNAs, as well as small RNAs matching TE
sequences (thus endo-siRNAs and piRNAs), suggests that individual small RNAs are not only down-
regulated, as it would be expected in the case of a “simple” saturation of the Argonautes by the tRFs.
Indeed, many of the sncRNAs in this preliminary analysis seem to be up-regulated in CG7009 mutants and
double mutants CG7009, CG5220. | found this observation fascinating and tried to understand how some
small RNAs, i.e. piRNAs and endo-siRNAs can be up-regulated in CG7009 mutants and double mutants
CG7009, CG5220 while others are down-regulated. | thought about two possibilities, remaining as open

questions: (i) Is there a tendency that all the up-regulated piRNAs are always derived from the same
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clusters, while all the down-regulated piRNAs would derive from different clusters? It will be interesting
to analyze if there is such a correlation between the expression tendency and the cluster of origin. This
could suggest the existence of a regulation network between the clusters, in which, when one specific
piRNA-producing cluster is downregulated, another cluster will be up-regulated. (ii) Is it possible that
CG7009 impacts the populations of maternally deposited piRNAs in the next generation? This could lead
to redistribution of heterochromatin and provide a potential explanation for such a diverse differential
expression pattern of the small RNAs mapping to TE sequences. The future validation of my small RNA-
Seq analysis by Dr. Christophe Antoniewski will shed more light on the global role of CG7009 and CG7009,

CG5220 double mutants on the sncRNAs biogenesis and identities.

Hypothesis to explain CG7009 and CG5220 effects on gypsy transcription in flies’ ovaries

The results linked to the analysis of the transcriptional expression of endogenous gypsy showed
repression of gypsy transcript in the ovaries of CG7009 and CG5220 mutants compared to the control
flies. In the same time CG7009 mutants were shown to de-repress the gypsy::LacZ sensor as well as
endogenous gypsy transcription in flies having a gypsy-LacZ sensor. My experiments suggested that the
presence of the gypsy::LacZ transgene could play a role in this phenomenon of inverse effect of CG7009
mutation on gypsy transcription in the ovaries of flies having or not this transgene. Two hypotheses

outlined below could explain the effect of CG7009 on gypsy transcription in the two different cases:

Hypothesis 1:

In the Drosophila germline, TE repression by the piRNA pathway is more efficient when the siRNA
pathway is compromised. CG7009 and CG5220 functions are rendering gypsy repression more efficient,

either by abolishing the siRNA pathway or through another unknown mechanism.

As discussed in the Introduction, there is a cooperation between the si- and the piRNA pathway in
Drosophila somatic tissues for the regulation of several TEs. CG7009 loss-of-function impairs the siRNA
pathway, as we were able to show in Drosophila S2 cells. Is it then possible that in the ovaries of CG7009
mutant flies (not having the gypsy::LacZ sensor) the piRNA pathway more efficiently represses gypsy in
this siRNA pathway impaired background, which could explain our RT-gqPCR results showing a down-
regulation on endogenous gypsy (Figure 52)? This hypothesis is also supported by the observed down-

regulation of gypsy transcription in ovaries of ago-2 mutants, as seen of Figure 55.
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Thus, CG7009 and CG5220 mutations in the ovaries is linked to down-regulation of the transcript levels
of gypsy. This indicates that CG7009 and CG5220 are 2 tRNA 2'-O-methylases whose normal function

seems to promote gypsy de-repression in the ovaries of Drosophila.

Hypothesis 2:

gypsy::LacZ triggers silencing of endogenous gypsy sequences via an siRNA pathway dependent

mechanism. CG7009 disrupts this sensor-initiated silencing.

How to explain the up-regulation of endogenous gypsy and of the gypsy::LacZ sensor in CG7009
mutants expressing the gypsy::LacZ sensor? A clue comes from the study on the initiation of the
transcription from dual-strand piRNA clusters by Andersen and colleagues (Andersen et al., 2017). The
authors showed that, when they delete the promoter of a piRNA cluster adjacent gene locus Pld, the
PiRNA cluster seems to extend into the promoter-less Pld locus. Moreover, the authors showed that
deleting the promoter of the Pld locus is associated with a sharp increase of siRNAs, corresponding to the
Pld sequence and only a slight increase of piRNA sized small RNAs mapping to this genomic region.
However, a sharp increase in piRNAs corresponding to Pld sequences was observed when the authors
simultaneously deleted the promoter and introduced an ectopically expressed cDNA of Pld. If we look at
the Pld cDNA as a “target” of those Pld-locus-derived piRNAs, their result indicated that the presence of

a target can influence the level of piRNAs produced against that target (here the Pld sequences).

A similar effect of the homologous target, acting in trans, in a phenomenon of temperature-induced
epigenetic conversion of a non-piRNA producing cluster to piRNA producing cluster was recently

described by Casier et al. (https://www.biorxiv.org/content/early/2018/07/03/360743).

Let’s consider the gypsy::LacZ sensor as a “target”, which similarly to the cDNA of Pld induces the
production of more piRNAs and/or endo-siRNAs involved in its own silencing, as well as of homologous
sequences. We can name this phenomenon target-induced silencing. Then the de-repression of
gypsy::LacZ and endogenous gypsy sequences in CG7009 mutants might be due to a role of CG7009 in

abolishing this target-induced silencing.

However, how can we explain that apart from the sequence 1-700, which is present on the gypsy::LacZ
sensor, other gypsy sequences (i.e. 2600-2800), not contained in this transgene, are also overexpressed

in CG7009 mutants expressing the sensor?
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A study on the genetic interaction between a novel gypsy element inserted in a euchromatic site and
a flamenco permissive allele, suggested that gypsy elements might cause post-transcriptional silencing by
the endo-siRNA pathway of flamenco (Guida et al., 2016). Indeed, as parts of the flamenco locus contains
gypsy antisense sequences, potential dsRNA parts can form with gypsy TE transcripts and be processed
by Dcr-2. Interestingly, the authors showed that not only gypsy, but also other transposons regulated by

the flamenco locus were affected by the novel insertion of gypsy (Guida et al., 2016).

If the gypsy::LacZ sensoris “seen” by the defense mechanisms of flies as a novel gypsy insertions, not
only the 1-700 gypsy sequence contained in the sensor, but also other sequences regulated by flamenco
could be affected (i.e. gypsy region 2600-2800). This could explain the up-regulation of gypsy sequences
in CG7009 mutants expressing the gypsy::lacZ transgene (Figure 50C).

| thus hypothesized that gypsy::LacZ is triggering its own repression by target-induced or novel-
insertion induced post-transcriptional gene silencing and CG7009 mutation is abolishing this silencing

through a not known yet mechanism.

The opposite effect of CG7009 and CG5220 on gypsy expression in the presence and the absence of
the gypsy-sensor indicated that, for certain genes, a role in the de-repression of the gypsy transposon can
be misleading when determined with a gypsy-LacZ sensor. This suggested that the sensor presence is
linked to a more complicated repression system and that the sensor presence itself is not neutral in regards
to gypsy transcripts expression. The investigation of the opposite effects of CG7009 mutants expressing
a gypsy-sensor on gypsy expression led to the proposition of a siRNA pathway-based gypsy-sensor

induced silencing mechanism, affecting the repression of gypsy transposon in the ovaries. This initiated

us to test for a role of Dcr-2 in the repression of a gypsy-sensor. Although the positive effect of Dcr-2 on
the derepression of a gypsy-LacZ sensor is very preliminary and should be reproduced with other genetic
combinations, its potential validity raises interesting questions on how many of the piRNA factors
identified with this sensor function uniquely in the piRNA pathway and how many of them can be actually
involved in such a putative siRNA-piRNA cooperation network? We are currently establishing an Ago2,
gypsy:LacZ strain by recombination, in order to test the effect of another major siRNA pathway

component on this piRNA pathway sensor.

It will be equally interesting to see if CG7009 also affects the expression of other flamenco transcripts,

like ZAM or Idefix. As a ZAM-LacZ and Idefix-LacZ reporters are also available (reviewed in (Goriaux et al.,
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2014b)) we are able to investigate if, similarly to gypsy, ZAM or Idefix will be repressed by CG7009 and

up-regulated only in the presence of the reporter.

Interacting partners

Another result obtained during my PhD was the co-IP of the recombinant FLAG-CG33172 and GST-
CG7009 proteins co-expressed in bacteria. We also showed that CG33172 is involved in the repression of
gypsy-LacZ sensor, similarly to CG5220 and CG7009. The fact that the potential yeast ortholog of
CG33172 has been linked to Ty1 regulation, further suggests that if CG33172 is not the partner of CG7009
and CG5220, at least these proteins are involved in similar processes. It will be interesting to validate this
result in flies extracts. For this purpose, we are currently editing the flies’ genomes in order to obtain
transgenic Drosophila lines expressing tagged versions of CG7009 and CG5220. These lines can be very
useful in IP-experiments to identify interacting proteins by subsequent mass spectrometry. This tagged
line will be also extremely valuable to determine the sub-cellular localization of CG7009 and CG5220,

which can shed more light into the pathways and mechanisms into which these proteins are involved.

Crystallography

During my PhD | also constructed two full-length N-terminally tagged recombinant CG7009 proteins,
FLAG_CG7009 and GST_CG7009 and determined the optimal purification conditions for FLAG_CG7009.
| managed to produce both of these proteins. These proteins will be used in a collaboration with Dr. Julien
Henri in order to try to resolve the crystal structure of CG7009. It will be interesting to also produce
CG5220, as well as its human ortholog FTSJ1. The structure of the three proteins might provide further

information on the structural basis underlying the diversification of those three proteins in the evolution.

Functional conservation between flies and human

The characterization of CG7009 and CG5220 performed during my PhD potentially links sncRNAs and
tRFs biology to human physiology and pathophysiology via their high orthology with the human FTSJ1

protein.
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Patients carrying mutation in the FTSJ1 methylase suffer NSXLID. In our laboratory we initiated a work
on LCLs bearing a mutation in FTSJ1 derived from such patients. We are currently trying to determine if,
similarly to what | see in flies, there is an accumulation of tRFs in these cell lines. If so, this tRFs
accumulation can be very useful for future functional diagnosis of the disease. We also want to investigate
if the sncRNA pathways are impaired, similarly to what we observe in flies. Such finding can lead to better

understanding of the etiology of the disease.

A future project of the lab is also to perform small RNA-Seq in FTSJ1-deficient cells. This work could
lead to the discovery of a novel role of sncRNAs and/or tRFs in the development of NSXLID, a pathology
whose development is so far only attributed to tRNA methylation defects that could trigger translation
failure. Our results concerning the effects produced in CG7009 and CG5220 mutants do not support a
general translation failure as an underlying reason and alternatively suggest a revisiting of the mechanisms

by which FTSJ1 is causing NSXLID.

| am currently writing an article on the functional characterization of CG7009 and CG5220 Nm
methylases and their involvement in the sncRNA pathways in flies and tRFs biology. We were recently
invited by Genes to submit our work in a special issue on "RNA Modifications" as well as by Non-coding
RNA Investigation journal to submit an article on "functions of small RNA silencing in the fruit fly".
Considering the originality and impact of our research in the emerging field of epitranscriptomics, we are
considering the submission of a second article at longer term on the human aspect of this project to which

| was also collaborating during my PhD.
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Drosophila stocks

# Lab Stock ID#

1 wii18

2 (G7009e02001

3 Defo487
4 Def3340
5 (G7009e02001-G10

6 BAC

7 (65220 K28A
8 (65220 A26P

9 (G7009e02001-G10,
(65220 K28A Rect

(G7009e02001-G10,

10 065220 K28A Recs

(G7009e02001-G10,

" (65220 A26P Rec!

12 Piwi2

13 Der-2 R416X

14 Dcr-2L.811fsX

15 Ago2 414
16 nos-GAL4
17 DA-GAL4
18 GMR-GAL4
19 tj-GAL4

20 [R-white

21 IR-Piwi

22 IR-Ago2
23 IR-Ago2
24 [R-CG7009
25 [R-CG5220
26 [R-CG5220

27 IR-CG33172
28 automiW

29 gypsy lac Z

30 burdock LacZ

31 (60

MATERIAL and METHODS

Category Genotype

mutant allele wit18

mutant allele w1118; CG7009e02001 (mini-white)

deficiency for wi118; Df(3R)ED10845, P{3'RS5+3.3'}ED10845 / TM6C,
(G7009 cul Shi

deficiency for  prapieRi, Kit/TM3, Sbi Sert
€G7009

mutant allele w1118; CG7009e02001 (mini-white)
cmogegsc“e 2l B e iR T ()

mutant allele wi118; CG5220 248.5.2 / TM3, Ser

mutant allele wi1118; CG5220 247.21.1 [ TM3, Ser

wi118; (G7009e02001-G10 (mini w), CG5220 248.5.2 /
double mutant allele

TM6, Tb, Sb

double mutant allele wi1118; (G7009€02001-G10 (mini w), (G5220 248.5.2 /
TM6, Tb, Sb

double mutant allele wi1118; €G7009e02001-G10 (mini w), (G5220 247.21.1 /
TM6, Tb, Sb

mutant allele P{ry11}piwi2

mutant allele w1118; dcr2R416X/Cyo

mutant allele - 3);(112“7;1}131 18 P{ey-FLP.N}2;  Dcr-2L811fsX;  P{Dcr-

mutant allele w1118; Ago2414 /TM6cTbSh

GAL4 driver w1118 ;; w+,nos>Gal4

GAL4 driver w1118 ;; p[w, da-GAL4]

GAL4 driver P{GMR-GAL4.w-}

GAL4 driver P{tj-GAL4.U}

RNAi white y1 vi; P{TRiP.HMS00017}attP2

RNAi Piwi w1118; UAS-IR(Piwi) CG 6122

RNAi Ago2 w1118; UAS-RNAi(Ago2)

RNAi Ago2 wi1118; ; UAS-RNAi(Ago2)

RNAi (G7009 w1118; ; UAS-RNAi (CG7009)

RNAi (G5220 w1118; ; UAS-RNAi (CG5220)

RNAi (G5220 w1118; ; UAS-RNAi (CG5220)

RNAi CG33172 wi1118; P{KK102903}VIE-260B

genetic sensor UAS-automiW (w-+)

genetic sensor R'; tjgal4 / Cyo ; Gypsy lacZ / Tb,Sb

UAS-Dicer2 (X ) / hs-hid (Y) ; NGT-Gal4 ; nos-Burdock sensor

genetic SeNSOr pyrdock: GFP.LacZ 3'UTR Burdock)

double balanced e W T(2i3)ap[Ka] / G0, P{ [w*]=ACtGFP}CC2; TMEC, Sb
Tb

Notes
FlyBase ID FBal0018186

Bloomington stock 18008

Bloomington stock 9487

Bloomington stock 3340

This work, cleaned by backcross

stock #2

This work, FlyBase

cloneFBIc0000784

This work

This work

This work

This work

This work

FBal0060945

FBal0156732
Bloomington stock 32064

FBal0162855

Bloomington stock GAL4 lines
Bloomington stock GAL4 lines
FBti0072862

FBtp0089190

Bloomington stock: 33623
VDRC N° stock: 22235 (GD)
VDRC N° stock: 49473 (GD)
VDRC N° stock: 100356 (KK)
VDRC N° stock: 27789 (GD)
VDRC N° stock: 34972 (GD)
VDRC N° stock: 108672 (KK)
VDRC N° stock: 100006 KK
(Besnard-Guerin et al., 2015)

(Sarot et al., 2004)

(Handler et al., 2013)

home-made
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Primers and Probes

primer sequence experiment
SD22 (RP49_FW) GACGCTTCAAGGGACAGTATCTG
SD23 RP49_Rev) AAACGCGGTTCTGCATGAG
MA-037 (Gypsy (2772) _FW) (CAGGTCGGGCTGTTATAGG
MA-038 (Gypsy (2663) _Rev) GAACCGGTGTACTCAAGAGC
MA-087 (Gypsy (493) _FW and Gypsy CAACAATCTGAACCCACCAATCT
spliced_FW)
MA-088 Gypsy (658) _Rev ATTACGTGGCCAGATACACCA
MA-090 (Gypsy spliced_Rev) TATGAACATCATGAGGGTGAACA
(G7009_gPCR2_FW GAGTTTTGTCTGCCCGATGG
(G7009_gPCR2_Rev ACTTGGCTCGTTTTCTGCAG RT-qPCR
(G5220_gPCR2_FW GATTAACCCTGCTCGCGATG
(G5220_gPCR2_Rev TCCAGGGGATAAGATGCGTC
DCV_FW TCATCGGTATGCACATTGCT
DCV_Rev CGCATAACCATGCTCTTCTG
lacz 2 FW ACTATCCCGACCGCCTTACT
LacZ_2_Rev GTGGGCCATAATTCAATTCG
(G7009_Hind_ATG GCAAAGCTTATGGGCAGGACTTCGAAGGATA
(G7009_EcoRI_ATG AAGAATTCATGGGCAGGACTTCGAAGGATA
(G7009_Notl_Stop GCAGCGGCCGCTTACGTTACACAGGCACCTAACT
(G5220_Hind_ATG GCAAAGCTTATGGGGAAAACATCAAAGGA
(G33172_hind_ATG CAACTGGCAAAGCTTATGGTTTTGATTTCTGACGC
Cloning of
(G33172_EcoRI_ATG AAGAATTCATGGTTTTGATTTCTGACGC recombinant
(G33172_Notl_Stop ACTGGCAGCGGCCGCTTAAAGTATATTACTTATGCTCATAGTCTGC proteins
pAWF_CG7009_FW CACCATGGGCAGGACTTCGAAGGATA
pAWF_CG7009_Rev CGTTACACAGGCACCTAACT
Fu tRNA-Phe or FU GCCGAAATAGCTCAGTTGGG
Rev tRNA-Phe or R TGCCGAAACCCGGGATTGAA RTLP
T7_Ftz_FW GAATTGTAATACGACTCACTATAGGGCTGGCAAAGTCGCCATTCT
T7_Ftz_Rev GAATTGTAATACGACTC-ACTATAGGGCCAACATGTATCACCCCCA dsRNA
T7_GFP_FW GAATTGTAATACGACTCACTATAGGGCTTACTTGTACAGCTCGTC synthesis
T7_GFP_Rev GAATTGTAATACGACTCACTATAGGGCATGGTGAGCAAGGGCGAG
(G7009-dTOPO FW CACCATGGGCAGGACTTCGAAGGAT
(G7009-dTOPO Rev TTACGTTACACAGGCACCTAACTTC
(G7009-middle FW TCCACTGGAATGCACGACTT
(G7009-middle Rev AAGTCGTGCATTCCAGTGGA
pB-3SEQ CGATAAAACACATGCGTCAATT
pB-55EQ CGCGCTATTTAGAAAGAGAGA G genotyping
VIE0197: 5220 mutant screening FW GATATATCGATAGGCTGGCC
VIE0198: 5220 mutant screening Rev CAGGTATCGTAGAGTTTCCG
VIE0259: 5220 mutant screening Rev [A to P] ACGTGGAGCAACTTGAATGG
VIE0260: 5220 mutant screening Rev [K to A] TCGTCCACGTGGAGCAACGC
tRNA Phe GAA 5' probe (MA_075) GCTCTCCCAACTGAGCTATTTCGGC
tRNA Leu TAA 3' probe (MA_103) TGCCAGGTGTGGGGTTCGAACCCA Northern blot
as-U6 (primer 5379 CA lab primers) CGATTTTGCGTGTCATCCTTGC



Genomic DNA extraction

A routine procedure in the laboratory for extraction consists in freezing the flies at least briefly at -
20°C followed by homogenization in Squishing buffer (10 mM Tris HCI pH 8, 2.1 mM EDTA, 25 mM NaCl,
200 pg/ml Proteinase K). After incubation of the lysates for 30 min at 37°C Proteinase K is heat inactivated
for 10 min at 95°C. The samples are then briefly centrifugated and the gDNA contained in the supernatant

is recovered.

Drosophila total RNA extraction

Whole flies were grinded manually with a pestle and total RNA was extracted with TRI-Reagent (Sigma)
and Chloroform (ThermoFischer), following the manufacturer’s instructions. After recovery of the aqueous
phase 2/3 volumes of Isopropanol are added for RNA precipitation, the reactions are incubated 10 min
on RT or 1 hour on ice and centrifugated for at least 30 min at maximum speed. The RNA pellets are then
washed with 70% ethanol, air dried and dissolved in RNase free water. Quantification is performed on

NanoDrop 1000 spectrophotometer.

RT-qPCR

Whole flies, dissected ovaries or heads were crushed with a pestle in TRI-Reagent (Sigma Aldrich).
Proteins and cell debris were precipitated by addition of 2/3 Volumes of Chloroform (Thermo Fisher) and
the RNA was precipitated using Isopropanol, by following the described RNA extraction protocol. After
DNase digestion using the TURBO DNA-free™ Kit (Ambion), the total RNAs were used in a reverse
transcription reaction with Random Primers (Promega) and Super Script® Il Reverse Transcriptase
(Invitrogen). The cDNA that was obtained after this reaction was then used to perform a RT-gPCR on a
CFX96 Touch™ Real-Time PCR Detection System (Life Sciences) using targets-specific primers, as well as
Rp49 primers used for normalization. The analysis was performed using double delta Ct and basic Student

test for statistical analysis.

tRNAP"e in vitro transcription

DNA template containing tRNAP"®GAA was obtained from PCR on genomic DNA, using a chimeric

forward primer containing the T7 promoter sequence at their 5’-end. 500 ng of the templates were using
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the MEGAscript® T7 Kit (Ambion) following the manufacturer’s recommendations. After digestion of the
DNA template with Turbo DNase kit (Ambion) for 30 min at 37°C, in vitro transcribed tRNAP"®CAY was
extracted with TRI-Reagent (Sigma Aldrich), followed by isopropanol precipitation. The RNA pellet was
then washed with 70% ethanol, air dried and dissolved in RNase free water. Quantification was performed
on NanoDrop1000 spectrophotometer and the purity and size of the in vitro transcribed RNA was
controlled by agarose gel electrophoresis in 1X Tris-Acetate EDTA (TAE) buffer and ethidium bromide
(EtBr) staining. Migration products were visualized under UV light box. RNA was stored at -20°C. In vitro

transcribed tRNAs were used in methylation assays and in RTL-P experiments.

Genotyping of CG700992°0" / CG7009°°2°'mutants

Genotyping of the strain mutant for CG7009 was performed by PCR (Polymerase Chain Reaction) and
Sanger sequencing. Genomic DNA (gDNA) from 5 homo- or heterozygous individuals for the CG7009
mutant allele (denoted by CG7009°%?%") was extracted according to the protocol 5 Fly Drosophila
Genomic Prep for iPCR in 96-well Format by R. Buchholz, W. Miyazaki and N. Dompe. The prepared gDNA
was then amplified by PCR using a pair of convergent primers hybridizing at the 5'- and the 3'-ends of the
gene CG7009 entitled CG7009-dTOPO FW and CG7009-dTOPO Rev respectively. The reaction was
carried out on a 1:10 dilution of the prepared gDNA with the Q5 High-Fidelity DNA Polymerase (BioLabs),
according to the manufacturer's instruction and using the following program: initial denaturation at 98°C
for 30s; 30 cycles of amplification (98°C for 10s, annealing for 30s at 63°C and elongation at 72°C for

4min); final elongation at 72°C for 2 min.

PCR products were added with 1/6 volume of Gel loading dye 6X (50mM EDTA, 0.2% SDS, 50%
glycerol, 0.05% w/v bromophenol blue) for a final concentration 1X and were separated by electrophoretic
migration in 1% Agarose gel dissolved in 1X TAE buffer (Tris-Acetate electrophoresis buffer: 40mM Tris-
OH, 20mM Acetic Acid, pH 7.8) added with 1/1000 of ethidium bromide (EtBr) at 0.5 mg/mL. 8 pL of the

molecular weight marker 1kb Ladder (Thermo Scientific) were also loaded on the gel.

The insertion site was deduced by classical sequencing (GATC Biotech) of the gDNA of the
heterozygous CG7009°%2%"T mutant, using two divergent oligonucleotides, pB-5SEQ and pB-3SEQ

hybridizing at the 5' and the 3'end of the inserted piggyBac transposon respectively.
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Transgenic Drosophila strain carrying WT genomic CG7009 locus

Verification and amplification an attB-Placman] clone CH322-117K12 (BACPAC Resources®) was
received as transformed EPI300™ (TransforMax™) electrocompetent E. coli living stock in agar tube (stab
culture). After spreading in agar plate with Chloramphenicol (12.5 pg/ml) and grow over night of the stab
culture at 37°C, 4mL pre-culture started from a single clone was grown overnight in Luria-Bertani (LB)
broth, supplemented with Chloramphenicol (12.5 pg/ml) at 37°C. In the morning, 250 mL culture in LB
medium supplemented with the appropriate amounts of chloramphenicol was started. Cell were grown
at 37°C under vigorous agitation. At an ODgw 0.4 bacteria were induced by adding Arabinose at 0.01%
to induce multi copy production of the plasmid. The bacteria were incubated for 5 hours at 37°C under
agitation. DNA of the BAC was prepared using Large-Construct Kit (QIAGEN®), following the
manufacturer's instructions. Validation of the presence of CG7009 gene in the clone CH322-117K12 was
performed by sequencing using CG7009-dTOPO FW, CG7009-dTOPO Rev, CG7009-middle FW and
CG7009-middle Rev oligonucleotides. The prepared BAC was sent for targeted attP/ attB transformation
in y'wé7<3; P{CaryP}attP40 landing line of Drosophila (BestGene Inc.) by embryos injection. The “BAC
transgenic line” of CG7009 was established using attP/ attB recombination system and appropriate

transformation protocol elaborated by the BestGene Inc society.

Construction of sgRNA vector for fly transgenesis

The sgRNA, corresponding to PAM sequences “A-P” and “K-A", was subcloned into the bicistronic
Drosophila CRISPR/ Cas9 vector pDCCb, expressing sgRNA cassette under the control of the Drosophila
U6:96Ab (Ub-2) promoter as well as an hsp70Bb promoter driving Cas9 expression. One gRNA, was
expressed from vector pDCC6 as chimeric gRNA. In short, two DNA oligos were bought, in vitro
phosphorylated, annealed and cloned as dsRNA into the pDCCé vector cut with Bbsl (Oligo 1: 5'-
CTTCGAGCAACTTGAAGGCACTCC-3' and Oligo 2: 5-AAACGGAGTGCCTTCAAGTTGCTC-3"). The
chimeric gRNA anneals to the genomic DNA of the CG5220 locus. ssODN: donor template K to A
mutation in CG5220 was 136 nt (5'-
TTCATATATTTATTTACAATGGGGAAAACATCAAAGGACAAAAGAGATATCTATTACCGACAAGCCAA
AGACGAAGGCTGGAGGGCGAGGAGTGCCTTCGCGTTGCTCCACGTGGACGAAGCCTACGGAATTCT
AA-3'); ssODN: donor template A to P mutation in CG5220: 136 nt (5'-
TTCATATATTTATTTACAATGGGGAAAACATCAAAGGACAAAAGAGATATCTATTACCGACAAGCCAA
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AGACGAAGGCTGGAGGGCGAGGAGTCCATTCAAGTTGCTCCACGTGGACGAAGCCTACGGAATTCT

AA-3'). Mutagenesis was performed as described in (Gokcezade et al., 2014).
Allele-specific PCR

The primer sequences for screening for indels the flies from the F1 cross-out are VIEO197 (genomic
primer forward in CG5220, used with VIE0198 yields 438 bp amplicon that includes the targeted region).
VIEO198: (genomic primer reverse in CG5220, used with VIEO197 yields 438 bp amplicon that includes the

targeted region). These primers should be used to sequence the region.

In order to look for the specific mutations the following primers were used: VIEO197 as forward and
VIE0259 as reverse primer to detect CG5220 edited with A to P (yields a 279 bp PCR product), fly stock
denomination: #247.21.1 or A26P; and VIEO197 as forward and VIE0260 as reverse primers to detect
CG5220 edited with K to A (yields a 284 bp PCR product), fly stock denomination: #248.5.2 or K28A.
VIE0259 and VIE0260 reverse primers are only annealing to the modified loci in CG5220 and should yield

no PCR product if the locus is wild type.

Identification of CG5220 mutant alleles in CG7009, CG5220 double mutant recombinants

The PCR was carried out gDNA from CG5220%#-2Tmutants with specific primers VIE0197 and VIE0259
and on CG5220%%¢52 mutants with the corresponding specific primers VIEO197 and VIE0260. VIEO197
forward primer (Eurogentec) and reverse primers VIE0260 and VIE0259 were used to amplify CG5220
containing nucleotides substitutions in CG5220 performed by CRISPR/Cas? (M. Schaefer). PCR was
carried out with DreamTaq Polymerase Master Mix (ThermoFischer), using the following program:
annealing at 51°C (30 sec), elongation 72°C (30 sec), final extension of 2 min at 72°C. The PCR products
were migrated on 1.4% agarose electrophoresis, stained with ethidium bromide. Upon amplification
detection, gDNA from both genotypes was subjected to PCR with the high fidelity Q5 DNA Polymerase
(BioLabs) with VIEO197 and VIEO198 primers and the amplification products were columns purified
(NucleoSpin® Gel and PCR Clean-up, Macherey-Nagel) and subjected to Sanger sequencing (GATC
Biotech) The obtained sequences correspond to fragments covering 438 bp of the CG5220 gene.

Sequences analysis was carried with 4Peaks and ApE.
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Injection of DCV virus in adult flies / injection test with different concentration

Flies with the following genotypes were subjected to intra-thoracic injection with the Drosophila C virus
(DCV): CG7009202%0" / 4+ or CG7009202%" / TM6, Tb, Sb (controls); CG7009°%2%°"/ Def3340, CG7009202%"/
Def9487, CG700920200-610 / CG700920201-G10(CG7009 mutants); BAC / Cyo; CG7009°02%07/ Def9487, BAC
/ +; CG7009°0207/ Def3340, BAC / BAC; CG7009:%?"/ Def3340; BAC / BAC; CG7009e02001-G10/
CG7009e92001-G10 (CG7009 rescue lines); CG5220%284/ CG52201%%4 (CG5220 catalytic mutant); CG700920200-
G10, CG5220K%4/ CG7009°02001-610 CG5220%%84 Rec1 (CG7009, CG5220 double mutant), CG5220%%84/
CG7009e02001-G10 - CG5220%?%A Rec7 (CG7009, CG5220 double mutant), Dnmt2% (positive control). In the
experiment setup 2 to 4 days old flies were divided in tubes of 10 (5 males + 5 females) and 20 flies from
each genotype were injected with DCV while 20 other flies were injected, as controls, with adult Injection
Buffer, containing 10 mM Tris pH 6.3 and 1TmM MgClz. Each fly was injected with 4.6 nL of DCV
concentration of 2x10° PFU/ml (9.2 PFU/injection). Intra-thoracic injections were made using the
Drummond Automatic Nanoliter Injector “NANOJECT II”. After injection, flies were kept at 25°C. Three
to four days after the injection, 3 injected flies from each genotypes and conditions were frozen at -20°C.
Those flies were then crushed with a pestle in TRI-Reagent (Sigma Aldrich) and total RNA was extracted
as described above. After DNase digestion using the TURBO DNA-free™ Kit (Ambion), the total RNAs
were used in a reverse transcription reaction with Random Primers (Promega) and Super Script® Il Reverse
Transcriptase (Invitrogen). The cDNA that was obtained after this reaction was then used to perform a
Quantitative-PCR using primers DCV_FW and DCV_Rev (Primers and Probes Table above). Rp49 was used

for normalization.

Survival experiments

Lifespan tests were carries out in each experiment on 10 females, aged between 1 and 2 days. During
the different experiments the following genotypes have been used in different combinations:
CG700920201 / 4+ or CG7009°02907 / TM6, Tb, Sb (controls); CG7009°92%°"/ Def3340, CG7009°02%07/ Def9487,
CG7009e02001-G10 / CG7009202001-610 (CG7009 mutants); BAC / Cyo or + or BAC; CG7009202%07/ Def9487,
BAC / Cyo or + or BAC; CG7009°%?%"/ Def3340, BAC / BAC; CG7009°%?%'/ Def3340, BAC / BAC;
CG7009e02001-G10/  CG7009202001-610 (CG7009 rescue lines); CG52201%%4/ CG5220%%%A (CG5220 catalytic
mutant); CG7009202901-G10 CG5220K%84/ CG7009°0200-610, CG5220%%%4 Recl1 (CG7009, CG5220 double

mutant), The flies were kept at 25°C, and flipped every 2 to 3 days in new tubes.
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RNA Interference in S2 cells

Double stranded RNAs were synthesized by in vitro transcription (MEGAscript® T7 Kit, Ambion) of PCR

18 genomic DNA using primers flanked by T7 promoters. Sequences of

products amplified from w
amplicon templates for dsRNA production are available at the Drosophila RNAi Screening Center
(http://www.flyrnai.org/cgi-bin/RNAi_gene_lookup_public.pl) and identified as follows: Ago-2
DRSC10847, CG7009#1 DRSC16171, CG7009#2 DRSC39197, CG7009#3 DRSC39198. PCR products for
T7 transcription of fushi tarazu (Ftz) or GFP dsRNAs were amplified using primers: T7_Ftz_FW and

T7_Ftz_Rev (fushi tarazu); T7_GFP_FW and T7_GFP_Rev (Primers and Probes Table above).

Standard S2 cells transfection scheme

100 pL of S2 cells at a concentration of 10¢ cells/ml are resuspended in Schneider’s Drosophila medium
(GIBCO-Invitrogen) and plated in 96-well plates. Cells are transfected with dsRNA or co-transfected with
dsRNA and sensor (see sub-chapters) using Effecten transfection reagent (Qiagen) following the
manufacturer’s instructions. After transfection, cells were left to rest 30 min and supplemented with 50 pL
Schneider’s Drosophila medium (GIBCO-Invitrogen), containing 10% heat-inactivated fetal calf serum, 100
U/ml penicillin and 100 mg/ml streptomycin. Cells were grown at 23°C without CO,. After 24 to 48 hours
(see sub-chapters), the copper-inducible metallothionein promoter was induced by 600 pM CuSO4 and
GFP fluorescence appearance was followed using an inverted epifluorescence basic microscope in a dark

room.

Ago-2-mediated miRNA pathway involvement in cells

Cells were co-transfected with 0.1 pg of AutomiG-vector and 0.32 pg of dsRNA targeting either Ago-
2, either CG7009 (#1, #2, or #3), or Ftz. 48 hours later the automiG promoter was induced by adding

600uM final concentration of copper (more details in (Carre et al., 2013).

siRNA pathway involvement

Cells were initially transfected with 0.32 ug of dsRNA targeting either Ago-2, either CG7009 (#1, #2,
or #3), or Ftz. 24 hours later a second co-transfection was performed with 0.14 ug of dsRNA against GFP
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and 0.1 pg of AutomiG-A1-A2vector (Carre et al., 2013). 30 min later 50 pL of serum- and antibiotics-
supplemented medium was added as described above, and the experiment followed the described

standard transfection scheme.

GFP Western Blot on automiG transfected S2 cells

Expression of the GFP was analyzed by western-blot using anti-GFP (Roche®) and anti-y-Tubulin
(Sigma®) as loading control. 72 hours following transfection, the culture medium was carefully removed
and 80pL of Sample Buffer Laemmli 2X (Sigma®) was added in each well. Drosophila S2 cells are weak and
this treatment is sufficient for cracking the cells. The samples were boiled in the Laemmli buffer and 18 pL
were loaded on 4-20% Mini-PROTEAN®TGX™ Gel, 12 well (Biorad®). After transfer (liquid) onto
nitrocellulose membrane, membranes were blocked in 5% milk, 1X PBS (137 mM NaCl, 2.7 mM KCI, 10
mM Na;HPO,, 2 mM KH2PO4), 0.1% Tween, and incubated overnight with anti-GFP (1:2000; Roche®) or
anti-y-Tubulin (1:2000; Sigma®) antibodies diluted in the blocking solution under agitation. Appropriate
secondary antibody (1:5000) coupled to alkaline phosphatase (Biorad®) was added and incubated for 2
hours at room temperature under agitation. Detection was performed using the BCIP/NBT reagents

(Thermo Scientific®).

Cloning of CG7009 in pAWF Gateway plasmid

A first PCR was performed to amplify the CDS of CG7009 from the home made pGEX4T1_CG7009
vector using the following designed for Gateway cloning primers pAWF_CG7009_FW and
pAWF_CG7009_Rev. The obtained PCR product was then cloned into a pENTR/D-TOPO vector following
the manufacturer’s instructions of pENTR™/D-TOPO® Cloning Kit (Invitrogen). The obtained
PENTR_CG7009 vector was then transformed in E. coli ccdB resistant strain, allowing the amplification of
the pENTR_CG7009 plasmid. The construction was checked by PCR on colonies, then the plasmids were
in purified using NucleoSpin® Plasmid kit (Macherey-Nagel), and verified by Sanger Sequencing (GATC
Biotech), using the CG7009_middle Rev primer. Once verified the plasmid was recombined using LR

recombination reaction (https://www.thermofisher.com/fr/fr/home/life-science/cloning/gateway-

cloning/protocols.html#lr) into the destination vectors pAWF and pMT-DEST48, allowing the production

of FLAG_CG7009 or CG7009_V5_His, respectively in Drosophila S2 cell lines. The obtained constructions
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were verified by PCR with primers CG7009_middle Rev for pAWF and CG7009_middle FW for pMT-
DEST48 and by Sanger sequencing (GATC Biotech).

Expression and co-IP of CG5220_FLAG_HA protein in S2 cells

CG5220 CDS, fused to a C-terminal FLAG-HA tag, cloned into a pMK33-CFH-BD vector and allowing
expression of recombinant protein CG5220_FLAG_HA in Drosophila S2 cells, was ordered from Berkeley

Drosophila  Genome Project's collection: expression clone FMOO01654 (https://sina.lbl.gov/cgi-

bin/labtrack/community query/cloneReport.pl?clone id=FMO01654). The plasmid was verified by

Sanger sequencing, amplified in bacteria and transfected in S2 cells. CG5220 interacting complexes were

co-IP from cells transiently transfected with the vector and used in in vitro methylation assays as described.

Recombinant Protein Plasmid constructs

FLAG CG7009. Amplification of full-length ¢cDNAs of CG7009 (#SD16956 in FlyBase) was done using
standard PCR techniques with VENT polymerase (New England BiolLabs-NEB). Amplification products
were cloned between the Hindlll and Notl restriction sites of the pET-28a (Novagen) vector (modified to
contain FLAG peptide) using the primers CG7009_Hind_ATG and CG7009_Notl_Stop (see primers and

probes).

GST_CG7009. Glutathione S-transferase (GST) fusion constructs were generated by PCR amplification of
full-length cDNAs of CG7009 using standard PCR with VENT polymerase (New England BioLabs). Products
were cloned between the EcoRI and Notl restriction sites of the pGEX-4T1 (GE Healthcare) vector using
primers CG7009_EcoRI_ATG and CG7009_Notl_Stop (see primers and probes).

The GST-DmHen1 and GST-ADmHen1 constructs, a kind gift of Mikiko Siomi, were previously described

(Saito et al., 2007).

FLAG CG33172. Amplification of full-length cDNAs of CG33172 (clone MIP10235 in BDGP) was done

using standard PCR techniques using Q5 high fidelity DNA Polymerase (New England Biolabs).
Amplification products were cloned between the Hindlll and Notl restriction sites of the pET-28a
(Novagen) vector (modified to contain FLAG peptide) using the primers CG33172_Hind_ATG and
CG33172_Notl_Stop (see primers and probes).
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Bacterial heat shock transformation protocol

Competent bacteria BL21 Star (DE3, Invitrogen), C41, TOP10 (Invitrogen), HB101 (Promega) were
transformed by heat-shock with 100-200 ng of plasmid DNA according to each manufacturer’s
instructions. After expression on the corresponding antibiotic resistance genes by incubation for 1-1,5
hours at 37°C under agitation of 250 rpm, 1/10 and 9/10 of the transformed bacteria were plated on LB

agar plates, supplemented with the corresponding antibiotics.

Methylation assays with CG7009 recombinant protein

In vitro methylation assays were made in 50ul of reaction mixture, using 12 pg of RNA substrates (~0.5
nmol) and 2 pg of recombinant proteins produced in the laboratory. The different RNAs used as substrate
were in vitro synthesized tRNAP', and chemically synthesized miRNA and piRNA (Eurogentec). The
recombinant proteins FLAG_CG7009, GST_CG7009, FLAG_CG33172, GST_DmHen1, GST_ADmHen1,
and Dnmt2 (kind gift of M. Schaefer) produced in E. coli were used in the different methylation assays.
Each protein was incubated with one of the substrates at a time, at 25°C in a buffer containing: 50 mM
Tris-HCl (pH 8), 100 mM KCI, 5 mM MgCl2, 2 mM DTT, 5% glycerol, 0.2 pl RNasin (Promega) and 0.25 pCi
S-adenosyl-L-{methyl-3H] Methionine (SAM-3H, PerkinElmer). After 3 hours of incubation at 25°C, the RNA
was precipitated and extracted using the standard Isopropanol RNA extraction protocol. All the
precipitated RNAs was resuspended in 10-13 pL of Gel Loading Buffer Il (Invitrogen) and loaded on 15%
PAA-Urea TBE precast gels (BioRad) and migrated according to the manufacturer’s instructions. The gels

were then dried using a vacuum pump and exposed to a photographic film (GE Healthcare).

Immunoprecipitation of CG7009 and CG5220 from S2 cells for methylation assays

Cells expressing CG5220_FLAG_HA, FLAG_CG7009 or CG7009_V5_His were frozen, then
homogenized in 50 pl of Lysis Buffer containing: 20 mM Tris pH 7.4-8, 100 mM NaCl, 0.5% NP40, DTT
1mM and PIC 1X. After a 3000 rpm centrifugation at 4°C for 5 mins, the lysate was mixed to Flag-M2
beads (Sigma Aldrich, ANTI-FLAG® M2-Agarose from mouse) and incubated for 2 hours at 4°C. The
beads were then washed 3 times with BC500 (a buffer containing 20 mM Tris HCl pH 7.4-8, 500 mM NaCl,
10% Glycerol, 0.2 mM EDTA, 15 mM B-mercaptoethanol, 0.1% Triton, 1mM DTT and 1X PIC) and 1 time

with the buffer BC100 (containing 20 mM Tris HCl pH 7.4-8, 100 mM NaCl, 10% Glycerol, 0.2 mM EDTA,
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15 mM B-mercaptoethanol, 1TmM DTT and 1X PIC). FLAG_CG5220 was then eluted by addition of FLAG
peptide (Sigma Aldrich) at 400pg/ml final concentration. Each of 4 elutions was incubated 30 minutes on
ice before centrifugation at 3000 rpm for 5 mins at 4°C. 4 pl of each immonuprecipitate were used in
methylation assays carried out in identical conditions as for the recombinant proteins produced in

bacteria.

Production and affinity purification of recombinant fusion proteins

Fusion proteins GST- and FLAG- G7009; GST- DmHen1 and GST- DmHen1 (mutated) and FLAG-
CG33172 were expressed in Escherichia coli BL21 Star (DE3) (Invitrogen®) or C41 and purified over
glutathione-coupled resin (Pharmacia®) / Glutathione Sepharose 4B resin (GE Healthcare) as previously
described (Naar et al., 2002) for GST-containing constructs, or on anti-FLAG M2 beads (Sigma) for pET-
28a-Flag fusion proteins. Bound peptides were eluted on Bio-spin disposable chromatography columns
(Bio-Rad) either with 20 mM GSH (pH 8) or with 400 ug/ml Flag peptide (Sigma®) in BC100 (100mM KClI)

buffer for 20 min on ice.

In vitro interaction of GST-CG7009 and FLAG-CG33172

GST (pGEX4T1-CG7009) and FLAG (pET28a-FLAG-CG33172) fusion constructs were generated

separately, as described above in Recombinant Protein Plasmid constructs section.

In a 2" approach the proteins were co-expressed in bacteria and the transformants were selected on
LB agar supplemented with both corresponding antibiotics (kanamycin for the pET28a-FLAG vector and
ampicillin for the pGEX4T1 vector). The recombinant proteins were then purified as described (Naar et
al., 2002) and quantified by spectrophotometry at 280 nm using NanoDrop1000. When the two proteins
were co-expressed WB was performed immediately after the purification. When the two recombinant
proteins were expressed separately, an additional step of interaction was performed after the purification,
in which 5 pg of each protein were mixed in a final volume of 200 pl and incubated 90 min on rotating
wheel, 25°C. Then, the proteins were incubated with either 20 pl beads Glutathione Sepharose 4B washed
in BC100 buffer for GST pull-down or 50 pl anti-FLAG M2 beads for FLAG-IP for 2 hours at 4°C on rotating

wheel, following the purification protocol of (Naar et al., 2002).

For WB, samples were boiled in 2X Laemmli buffer (Sigma), migrated on 4-20% Mini-PROTEAN TGX

gel (Bio-Rad), and transferred on a PVDF (polyvinylidene fluoride) membrane (Amersham Hybond, GE
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Healthcare) for 2 hours (300 mA) at 4°C. Then the membrane was blocked with 5% non-fat dry milk
dissolved in 1X TBST (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 2 mM KH2PO4, 0.1% Tween) for 1
hour at room temperature. After washing with 1X TBST the membranes were incubated with 1:10,000
anti-GST HRP (horseradish peroxidase) conjugate (Amersham GE Healthcare) or 1:10,000 anti-FLAG
(Sigma) antibodies for 1 hour at room temperature under agitation. GST was visualized by adding
enhanced chemiluminescent (ECL) substrates (ThermoFisher) of the anti-GST HRP. For FLAG detection in
the anti-FLAG WB, a secondary 1:10,000 anti-mouse antibody coupled to alkaline phosphatase (AP)
(Promega) was incubated for 1 hour at room temperature under agitation. Detection was performed using
BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (nitro-blue-tetrazolium), (ThermoFischer) reagents
diluted in AP buffer (100 mM Tris-HCI pH 9.5, 100 mM NaCl, 5 mM MgCl,). Fusion proteins purified by
anti-FLAG affinity purification were assayed for purification quality control by anti-FLAG WB and with anti-
GST WB to assay the co-immunoprecipitation of GST-7009 with FLAG-CG33172.

RTLP

RT was performed in 20 pl reaction volume on 200 ng total RNA, 10 uM RT primers Rev tRNA-Phe (see
Primers and Probes table), dNTP mix at 1 mM high or 1 pM low concentration and water adjusted to 12
pl. Samples were denatured at 65°C for 5 min and kept on ice. After adding RT buffer, initial annealing
with primer Rev tRNA-Phe was performed at 42°C for 2 min. Then Superscript Il RT (10 U/ul per reaction
- ThermoFischer) was then added and the reactions were incubated at 42°C for 50 min, followed by RTase
deactivation (70°C, 15 min). PCR was carried out in 20 pl final volume (0.2 mM dNTP and 0.2 pM of each
primer: Primers and Probes table) with DreamTaq DNA polymerase (1.25 U - ThermoFischer) on 2 pl of
the cDNA template, using primers Fu tRNA-Phe and Rev tRNA-Phe (see Primers and Probes table). PCR
program: initial denaturation 94°C for 4 min; 28 cycles of denaturation (?4°C for 30 s), annealing (51°C for
30s), and extension (72°C for 30 s); final extension 72°C for 5 min. PCR products were migrated on 2.2%

agarose gel, stained with EtBr, and visualized under UV light.

MALDI-TOF and LC-MS RNA Extraction

1000 females and 1000 males were collected in lot of 50 and homogenized on a tissue homogenizer
(Precellys 24®, Bertin Technology) in 1 mL TRI-reagent (Sigma Aldrich). A total 20 mL of fly lysates,

corresponding to 1000 flies, were extracted together in 50 mL falcon tubes. Extraction followed the
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standard lab extraction procedure by adjustment of the reagents volumes. RNA was resuspended in

RNase free water.

Purification of PPetRNAsaa

Total RNA preparations were supplemented with LiCl to a final concentration of 0.8 M and incubated
overnight at 4°C to precipitate high molecular mass molecules. The precipitate was eliminated by
centrifugation and the supernatant was supplemented with two volumes of 100% ethanol and incubated
at —20°C for 2 h to precipitate small RNAs. After centrifugation, pelleted small RNAs were washed twice
in 70% ethanol and resuspended in 1 ml of RNAse-free water. tRNAs were further purified using the
NucleoBond RNA/DNA 400 kit (Macherey-Nagel) following manufacturer's instructions, except that the
elution step was performed with 5 ml of 100 mM Tris-acetate (pH 6.3); 15% ethanol and 600 mM KCI.

Eluted tRNA were ethanol precipitated and resuspended in 1 ml of RNAse-free water.

Purification of P"*tRNAyas was made with a 5' biotinylated complementary oligonucleotide (5'-biotine-
TGGTGCCGAAACCCGGGATTGAACCGGGG-3') coupled to Streptavidin Magnesphere Paramagnetic
particles (Promega). Annealing of specific tRNA was made in 1 x TMA buffer (Tris-HCI pH 7.5 10 mM,
ethylenediaminetetraacetic acid (EDTA) 0.1 mM, tetramethylammonium chloride 0.9 M) by heating the
mixture at 95°C for 3 min and cooled to 60°C for 30 min. Paramagnetic particles were then washed three
times with 1 x TMA buffer and specific tRNA was recovered by heating the final suspension at 95°C for 3
min. "P*tRNAsaa was desalted and concentrated four times to 50 pL in Vivacon 500 devices (Sartorius;
2000 MWCO) using 100 mM ammonium acetate (pH 5.3) as a final buffer. Note: if used for RiboMethSeq,

LiCl has to be washed away because it interferes with ligation of adaptors during library preparation.

MALDI-TOF analysis of digested P"*tRNAyaa

For mass spectrometry analysis, about 50 pg of P'*tRNAyaa were digested with 100 units of RNAse T1
(Sigma), which cleaves after G residues and generates 3'-phosphate nucleosides, in a final volume of 10
pL at 37°C for 4 h. One microliter of digest was mixed with 9 pL HPA (40 mg/ml in water: acetonitrile
50:50) and 1 pL of the mixture was spotted on the MALDI plate and air-dried ("dried droplet" method).
MALDI-TOF MS analyses were performed directly on the digestion products using an UltrafleXtreme

spectrometer (Bruker Daltonique, France). Acquisitions were performed in positive ion mode.
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Northern blot analysis

For Northern blot analysis of miRNA or tRNA, 10 pg of S2R+ total RNA extracted using Trizol Reagent
(Invitrogen) and resuspended in water were resolved in 15% urea-polyacrylamide gel, transferred to
Hybond-NX membrane (GE Healthcare) and EDC-crosslinked (Sigma Aldrich). Oligonucleotides were 5’
32P end-labeled using T4 polynucleotide kinase (Fermentas) and used as probes. Hybridization was
performed over-night at 37°C in PerfectHyb Plus (Sigma) hybridization buffer. Probes are detailed in the
primer table. The bantam and the miG-1 probes were previously described (Brennecke et al., 2003; Carre

et al., 2013). More details on NB procedure are available in (Carre et al., 2013).

RiboMethSeq preparation and analysis

Adapted from: lllumina-based RiboMethSeq approach for mapping of 2’-O-Me residues in RNA.
Virginie Marchand; Florence Blanloeil-Oillo; Mark Helm and Yuri Motorin. Nucleic Acids Research, Volume

44, Issue 16, 19 September 2016, Pages €135, https://doi.org/10.1093/nar/gkw547.

RNA fragmentation conditions: RNA (1-250 ng) are subject to alkaline hydrolysis or metal ion-based

RNA cleavage (magnesium or zinc ions). RNA hydrolysis is performed in 50 mM bicarbonate buffer pH 9.2
for 4-10 min at 95°C or in 100 mM Tris—HCI buffer, pH 8.0, containing either 0.1 mM ZnCI2 or 2 mM
MgCI2 for 2 or 3 min, respectively. The reaction is stopped by ethanol precipitation using 3M Na-OAc,
pH 5.2 and glycoblue as a carrier in liquid nitrogen. In addition, the zinc-based RNA cleavage is stopped
by addition of 2 pl of 0.5 M EDTA pH 8.0 before ethanol precipitation. After centrifugation, the pellet is
washed with 80% ethanol and resuspended in nuclease-free water. The sizes of generated RNA fragments
is assessed by capillary electrophoresis using a PicoRNA chip on Bioanalyzer 2100 (Agilent, USA) and are
ranging from 30 to 200 nt. End repair: RNA fragments without any gel-purification step are directly 3'-end
dephosphorylated using 5 U of Antarctic Phosphatase (NEB, UK) for 30 min at 37°C. After inactivation of
the phosphatase for 5 min at 70°C, RNA fragments are phosphorylated at the 5’-end using T4 PNK and 1
mM ATP for 1h at 37°C. End-repaired RNA fragments are then purified using RNeasy MinElute Cleanup
kit (QIAGEN, Germany) according to the manufacturer's recommendations except that 675 pl of 96%

ethanol were used for RNA binding. Elution is performed in 10 pl of nuclease-free water.

Library preparation: RNA fragments are converted to library using NEBNext® Small RNA Library kit
(NEB ref E7330S, UK or equivalent from lllumina, USA) following the manufacturer's instructions. DNA

library quality is assessed using a High Sensitivity DNA chip on a Bioanalyzer 2100. Library quantification
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is done using a fluorometer (Qubit 2.0 fluorometer, Invitrogen, USA). Sequencing: Libraries are
multiplexed and subjected for high-throughput sequencing using an lllumina HiSeq 1000 instrument with
a 50 bp single-end read mode (or using an lllumina MiSeq for paired-end read runs). Since clustering of

short fragments is very efficient, libraries were loaded at 8 pM concentration per lane.

Bioinformatics pipeline: Initial trimming of adapter sequence was done using Trimmomatic-0.32 or
equivalent with the following parameters: LEADING:30 TRAILING:30 SLIDINGWINDOW:4:15 MINLEN:17
AVGQUAL:30. Alignment to the reference mRNA sequence is done using Bowtie2 in End-to-End mode
and k = 1. 5’-end counting is done directly on *.sam file using a dedicated Unix script. Simultaneous 5'-
and 3'-ends counting is done by bedtools v2.25.0 after conversion to *.bed file. Final analysis is performed

by calculation of score MAX for detection of 2'-O-Me residues, and MethScore for their quantification.

Calculation of score MAX and MethScore (not presented in this PhD manuscript): To calculate score

MAX, the relative change of end coverage position by position is calculated in 5'-'3" and reverse direction.
The relative change is normalized to average values for -6 and +6 nucleotides. The normalized relative
change for 5'-3" and reverse direction are averaged and the maximal value between the average and
normalized relative change is retained (score MAX). MethScore is calculated essentially as described in
(Birkedal U. Christensen-Dalsgaard M. Krogh N. Sabarinathan R. Gorodkin J. Nielsen H. Profiling of ribose
methylations in RNA by high-throughput sequencing Angew. Chem. Int. Ed. Engl. 2015 54 451 455) for

ScoreC using the same relative impact of neighboring nucleotides.
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