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ABSTRACT

A huge number of epigenetic modifications occur on eukaryotic messenger RNAs such as the
addition of a 5 cap, a poly(A) tail or of internal marks including the methylation of adenosine
ring at position 6 (m®A). These modifications tightly regulate mRNAs stability and translational
activity, therefore providing crucial additional levels of gene expression regulation.

The first chapter of my thesis focuses on the study of the PCIF1 protein using Drosophila
melanogaster as a model. PCIF1 is a RNA cap-specific m®A methyltransferase that binds to
RNA polymerase II (RNA Pol II) and deposits a methyl group on the adenosine ring if the first
transcribed nucleotide is an adenosine (m®Am). In knock-out mice, the lack of PCIF1 results in
reduced body weight and deregulation of a pool of genes in several tissues, particularly in testis.
In Drosophila, Pcifl is conserved but a single amino acid substitution inactivates the
methyltransferase activity. I used CRISPR-Cas9 to create Pcifl Drosophila mutants and
performed their phenotypic and molecular analysis in order to determine the non-catalytic
functions of Pcifl. I showed that Pcif] mutants displayed reduced fertility. Moreover, RNA
sequencing revealed a set of dysregulated genes in Pcif] mutant ovaries indicating a role in
gene expression regulation. I also observed that reduced Pcifl dosage in heterozygous flies
induced a suppression of the white gene silencing due to the position-effect variegation (PEV),
in which the euchromatic white gene is translocated near the heterochromatin rendering it
sensitive to slight modifications of gene expression regulation. Finally, experiments performed
by our collaborators in Pr. E. Brasset laboratory revealed that Pcifl binds to euchromatin at
interphasic chromosomal bands, indicating that it is associated with actively transcribed genes.
Taken together, our results suggest that despite the lack of catalytic activity, Pcifl is involved
in gene expression regulation, putatively acting as a scaffolding protein recruited in the RNA
Pol II complex, a hypothesis reinforced by the fact that Pcifl is known to bind to the C-term of
Pol IL

The second chapter of my thesis is centred on the identification of alternative RNA cap
structures and decapping enzymes that ensure both the degradation of mRNA and their
recycling into nucleotides, in Drosophila. The canonical cap is defined as the N/-methylguanine
(m’G-cap) that is attached to the first transcribed nucleotide of eukaryotic mRNAs and
hydrolysed by the conserved DCP2 decapping enzyme. DCP2 belongs to a large family of
evolutionary conserved hydrolases, Nudix, which consists of 22 members in mammals that all
share the ability to hydrolyse different metabolite substrates. In addition, several alternative cap
structures have been identified so far in various bacteria or eukaryotes such as: Nicotinamide
Adenine Dinucleotide (NAD), Flavine Dinucleotide (FAD), diphospho-CoenzymeA (dpCoA)
and diadenosine-tetraphosphate (Ap4A), Uridine Diphosphate Glucose (UDP-GIc), and Uridine
Diphosphate N-acetylglucosamine (UDP-GlcNAc). Since little is known about the role of the
Nudix family members and the putative presence of alternative cap structures in higher
eukaryotes, my goal was to perform a functional analysis of the Nudix family in Drosophila.
By using an RNAi-based genetic screen approach, I induced the silencing of each of the 12
Nudix genes in a tissue specific manner in Drosophila. My work pointed out that the closely
related Nudix proteins Nudt19A and Nudt19B are required for full fly fertility. These proteins
are predicted to hydrolyse Coenzyme A but nothing is known about their putative decapping
activity. We generated CRISPR/Cas9 mutants of Nudtl194 and NudtI9B, in order to further
investigate their specific function in fly fertility and potential role in mRNA decapping in
eukaryotes.



RESUME

Un grand nombre de modifications épigénétiques ciblent les ARN messagers eucaryotes
comme 1’ajout d’une coiffe 5', d’'une queue polyA ou de marques internes telles que la
méthylation du cycle adénosine en position 6 (m°A). Ces modifications régulent la stabilité et
l'activité traductionnelle des ARNm et constituent des niveaux essentiels de régulation de
I'expression génique chez les eucaryotes.

Le premier chapitre de ma thése porte sur 1'étude de I’ARN méthyltransférase PCIF1 chez la
mouche Drosophila melanogaster. PCIF1 se lie a I’ARN polymerase II (ARN Pol II) et dépose
un groupe méthyl sur le cycle adénosine (m°Am) si le premier nucléotide transcrit est une
adénosine. Chez la souris, l'absence de PCIF1 entraine une perte de poids et une dérégulation
de nombreux geénes dans plusieurs tissus, notamment dans le testicule. Chez la drosophile, Pcifl
est conservée mais une substitution d'un seul acide aminé inactive l'activité méthyltransférase.
J'ai analysé les conséquences phénotypiques et moléculaires de mutants Pciflgénérés par la
méthodologie CRISPR/Cas9 afin de déterminer les fonctions indépendantes de 1’activité
catalytique de Pcifl chez la drosophile. J'ai montré que les mutants Pcif] males et femelles
présentaient une fertilité réduite. De plus, le séquengage des ARNm a révélé un ensemble de
genes dérégulés dans les ovaires mutants. J'ai également observé une suppression de la
bigarrure de I’ceil induite par effet de position (PEV) chez les hétérozygotes Pcifl/+ qui
témoigne d’un effet sur I’expression du géne white. Des expériences complémentaires réalisées
au sein du laboratoire du Pr. E. Brasset ont révélé que Pcifl se lie a 1'euchromatine au niveau
des bandes chromosomiques interphasiques correspondant aux geénes activement transcrits.
L'ensemble de nos résultats montrent que malgré 1'absence d'activité catalytique, Pcifl est
impliquée dans la régulation de I'expression génique chez la drosophile. Pcifl pourrait agir
comme modulateur au sein du complexe transcriptionnel, une hypothése renforcée par le fait
que Pcifl se lie directement a la partie C-terminale de I’ARN Pol II.

Le deuxiéme chapitre de ma thése est centré sur l'identification de structures alternatives de la
coiffe et d'enzymes capables de les hydrolyser, conduisant a la dégradation des ARNm et au
recyclage des nucléotides. La coiffe canonique consiste en une N7-méthylguanine (m’G-cap)
qui est attachée au premier nucléotide transcrit des ARNm eucaryotes ; elle est hydrolysée par
DCP2. DCP2 appartient a une grande famille d'hydrolases conservées au cours de 1'évolution,
la famille Nudix, qui comprend 22 membres chez les mammiferes. Plusieurs structures de coiffe
alternatives ont été identifiées chez des bactéries ou divers eucaryotes, telles que: le
Nicotinamide Adénine Dinucléotide (NAD), la Flavine Dinucléotide (FAD), le diphospho-
CoenzymeA (dpCoA) et le diadénosine-tétraphosphate (Ap4A), 1’Uridine Diphosphate
Glucose (UDP-Glc) et I’Uridine Diphosphate N-acétylglucosamine (UDP-GIcNAc). Peu de
données existent sur le role des membres de la famille Nudix et I’existence ou non de coiffes
alternatives chez les eucaryotes supérieurs. Dans ce contexte, mon objectif était d'effectuer une
analyse fonctionnelle de la famille Nudix chez la drosophile. En utilisant une approche de
criblage génétique reposant sur l'expression d’ARN interférents de fagon ciblée dans différents
tissus, j'ai induit I’extinction de chacun des 12 génes Nudix chez la drosophile. Mes travaux ont
mis en évidence que les deux protéines Nudt19A et Nudt19B sont nécessaires a la fertilité
normale des mouches. D’apres leur séquence, ces protéines, qui sont étroitement apparentées,
sont des hydrolases du Coenzyme A, une activité qui reste a confirmer expérimentalement.
Nous avons généré des mutants CRISPR/Cas9 des deux génes Nudtl94 et Nudtl9B, afin



d'étudier plus en détail leur fonction dans la fertilité et leur role potentiel dans I’hydrolyse d’une
coiffe alternative chez les eucarytes.
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Chapter 1: mRNA modifications and the role of PCIF1 at the 5’ cap

1. mRNA modifications and their functional relevance

The central dogma of biology provides a basic explanation of the genetic information workflow
from a DNA sequence to a final cellular product, the protein. The multi-step process, known as
gene expression starts with the transcription of DNA in a molecule of RNA, then translated in
an amino acidic sequence. Since Francis Crick and colleagues stated the dogma for the first
time, a huge number of discoveries have clarified that the RNA intermediate molecule plays a
crucial role in gene expression regulation. More recently, specialists of the field have coined
the word ‘epitranscriptome’ to describe all set of chemical modifications occurring on RNA
molecules without affecting the sequence itself. Around 150 structurally distinct modifications
have been detected in messenger (protein-coding) RNAs (mRNAs) but also in noncoding RNAs
such as tRNAs, rRNAs, snRNAs, snoRNAs and IncRNAs!. A huge number of transformations
include the 5’ end capping, the 3'end poly(A) tailing together with a set of various kind of
modifications on internal sites. The deposition of those modifications is driven by three groups
of enzymes: the writers that physically change nucleosides, the readers that recognize the tag
along the sequence and the erasers that remove the modification. Most of them are conserved
across all three domains of life (Archea, Bacteria and Eukarya) and their dysfunction is
associated to the development of diseases and particularly of cancer?.

The first marks were detected by chromatography and organic chemistry, but the lack of precise
and sensitive instruments prevented scientists to go further. The evolution of sophisticated
technologies for RNA sequencing have given the chance to identify the characterization of a
multitude of modifications. The detection of RNA modifications dates back to the early 1950s,
just like that of DNA modifications, when molecular biology developed. The first RNA
modification discovered was pseudouridine (V¥), which is actually the most frequent post-
translational modification occurring on uridine and often considered as the fifth nucleoside. It
was detected in 1951 by Cohen’s group, two years after the discovery of the first DNA
modification, 5-methylcytosine (m>C). The switch from chromatography to gel electrophoresis
and mass spectrometry approaches highlighted that tRNAs and mRNAs are the richest source
of modifications®. Since those marks change the structure and the chemical properties of RNA
molecules, some of them are thought to optimise translation events in the cell, whereas others
seem to be neutral regarding translational but may have other functions that stay to be
discovered. In particular, internal tags inserted on mRNAs and tRNAs can affect codon-
anticodon recognition and their reversibility suggests a new, essentially unexplored layer of

control of gene expression. Therefore, the importance of understanding the role of RNA

20



modifications could help in unveiling how they affect cellular metabolism in physiological and
pathological scenarios®.
I will further describe in the first chapter of the introduction to my PhD thesis work, the most

relevant modifications described for mRNAs.

1.1. mRNA modifications

mRNA transfers the genetic information from DNA to a protein. Modifications occurring on
mRNAs respect high fidelity to the genetic content and contribute to translation success. High-
throughput technologies have shown that mRNA modifications are distributed both internal and
at the 5" and 3’ ends of the mRNA, all contributing to mRNA stability, metabolism, translation
efficiency or to mRNA decay. The detected modifications on mRNAs include m’G, m'A, m°C,
¥, together with m®A and m®Am; they collectively form the epitranscriptome and code a new

layer of information that controls protein synthesis (Figure 1).
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Figure 1. Modifications on mRNA occur at 5’ end and at the 3’ end and at internal sites of the molecule.
Schematic representation of the most studied mRNA modifications. Methylation occurs at different positions and
on various nucleosides, all along the sequence, including the 5" and 3'UTRs. W is present but less abundant. 5'-cap
at the 5'UTR and the poly(A) tail at the 3'UTR are also shown in the scheme (adapted from Schubert, 2019
Produced by the Science/AAAS Custom Publishing Office)®.

In addition to internal mRNA marks, RNA polymerase II (RNA Pol II)-transcribed RNAs are
modified by the linkage of a 7-methylguanosine (m’G) to the 5’ triphosphate found on the first
transcribed nucleotide forming the 5'cap structure m7GpppN (where N is any nucleotide). This
is a conserved co-transcriptional modification which ensures 5’-3" exonuclease protection and
the efficient pre-mRNA maturation, export and translation®’. The mechanism of canonical and

non-canonical caps will be described in details in Chapter 2.
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The poly(A) tails are arrays of 100-250 adenosine added at the 3’ end of mRNAs in a co- or
post-transcriptional manner and notably mediates the half-life of transcripts; however different
tail lengths show specific properties. The details of poly(A) formation and removal will be
presented in Chapter 2. Here, I will focus on the discussion of the main modifications

distributed along mRNAs.

1.1.1. The first identified RNA modification: Pseudouridine (¥)

Pseudouridine (V) is the first modification identified on RNAs and it is mostly present in rRNAs
and tRNAs resulting in secondary structure changes. It is a conserved RNA modification across
species but very few is known about ¥ modified mRNAs®. W is generated by the isomerization
of uridine by the ¥ synthase family of enzymes encoded by the Pseudouridine Synthase (PUS)

genes, eight of which are well conserved from yeast to mammals (Figure 2).
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Figure 2. Pseuduridine (P) is generated from isomerization of uridine.
The formation of ¥ is due to the isomerization of the uridine catalysed by the Pseudouridine synthase (PUS). The
number of C atoms and N atoms is kept identical (Adapted from Addepalli and Limbach)°.

PUS members are shown to deposit the mark on different types of RNAs according to target-
specific secondary structures rather than a specific consensus sequence'’. Moreover, defective
PUS enzymes have been associated with increased bacteria sensitivity to antibiotics!!, growth
failure in S. cerevisiae, and human disorders such as mitochondrial myopathy and sideroblastic
anemia'?,

In eukaryotic mRNAs, pseudouridine modification shows dynamic changes in response to
several factors including stress and cell growth state. For example, in budding yeast, the level
of pseudouridylation increases during the diauxic growth (growth induced by the presence of
glucose and lactose in the media) inducing mRNA stability'®. In HeLa cells, pseudouridylation
levels of ATPase subunit SE (ATPSE), Ribosomal Protein L19 (RPL19) mRNAs targets,
Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT-1) and RNA Component
of 7SK Nuclear Ribonucleoprotein (RN7SK) ncRNAs significantly decrease upon serum
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starvation suggesting that environmental changes can affect RNA ¥ levels influencing the
expression of genes involved in key physiological pathways in the cell'*. Recently, ¥
modification on mRNA has been implicated in the production of mRNA vaccine for fighting
the COVID-19 wide spreading'®. The presence of ¥ sites on the synthetic mRNA reduced the
immunogenicity response because of its stabilization of mRNA coding the spike protein in

humans that subsequently leads to the stimulation of a controlled immune system activation'*.

1.1.2. N1-methyladenosine (m'A)

N1-methyladenosine (m'A) was first identified on rRNAs and tRNAs because of its low density
on mRNAs. The donor molecule is S-Adenosyl Methionine (SAM), which requires the
hydrolysis of 13 molecules of ATP, highlighting the significance of that modification in cellular
functions®. m'A immunoprecipitation coupled to mRNA sequencing analysis indicated that it
usually maps close to the translation start site upstream of the first splice site specifically

enriched in the 5'UTR of mRNA and promotes RNA translation!® (Figure 3).
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Figure 3. The N1-methyladenosine (m'A) modification.
The m'A modification occurs at the 5' UTR of mRNAs within the GUUCNANNC consensus sequence (in bold).

The red circle indicate the methyl group. N stands for any nucleotide.

m'A modification on mRNAs occurs at the consensus sequence GUUCNANNC (Figure 3) as
well as on tRNAs and it is driven by the same set of TRMT6/61-complex writers and recognised
by the same set of YTHDF1, YTHDF2, YTHDF3, and YTHDC1 readers'®!7. ALKBH3 and
ALKBHI1 are the erasers of the m'A modification on tRNAs, rRNAs and mRNAs, which are
essential for balancing the m'A turnover and the regulation of gene expression. Many evidences
have reported that m!'A imbalance is related to the insurgence of various diseases, such as
Hodgkin lymphoma'®, hepatocellular carcinoma'® and oral squamous cancer?’, revealing that
m'A-related regulatory genes may be used as diagnostic or therapeutic targets for these

malignancies.
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1.1.3. 2'O-methylation

The 2'0-methylation modification has been identified on miRNAs and snoRNAs, but also in
mRNAs and it is a conserved mark from viruses to plants and humans. The donor molecule is
SAM and the enzymes involved in the deposition of the mark on the adjacent nucleotides to the

cap are the so called Cap Methyltransferases (CMTRs)?!?? (Figure 4).
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Figure 4. The 2'O-methylation mostly occurs at the 5' end of mRNAs.
The methylation on the second carbon of the ribose mostly occurs on the nucleotides adjacent to the m’G-cap on

mRNAs. The methyl group is indicated with a red circle.

Most of animals such as Caenorhabditis elegans, Drosophila melanogaster and mammals have
two encoding genes cmitrl and cmtr2, while Trypanosoma cruzi has three®. The 2'O-
methylation on the first transcribed nucleotide is catalysed by CMTR1 while CMTR2 deposits
the mark on the second nucleotide. In trypanosomes, CMTR2 and CMTR3 are able to methylate
the third and the fourth nucleotides close to the 5'cap, showing a redundant activity that has
been identify also for CMTR2 in Drosophila***®. Recently, it has been shown that RNA and
DNA viruses use the 5'cap structure containing 2'0-methylated nucleoside to mimic the host
cap-structure and have their own cmitr gene?®?’. The host translation machinery may start the
translational process, allowing the virus to prevent its detection as foreign RNA and escape the
immune response. Indeed, it was demonstrated by Daffis and colleagues that the 2'O-
methylation is evolutionary conserved and allows cellular recognition of self from non-self
RNA on models of West Nile virus infection of mice fibroblasts?®. Similarly, it was observed
in coronavirus by Case et al. that when the SAM-binding region of the N7-methyltransferase
of coronavirus is mutated, there is a loss of viral replication and enhanced sensitivity to immune
response. These results indicate that viruses may have adapted 2'O-methyltransferase activity

as a mechanism of evading host recognition systems?’.
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It has also been demonstrated the presence of Nm modification on internal sites of mRNA as
well as in tRNAs, rRNAs, and on Ago2 bound siRNAs and miRNAs in Drosophila. This
modification can contribute to increase hydrophobicity, structural stability and RNA-RNA or
RNA -protein interactions** 2. However, despite its potential source for understanding diseases,

Nm functional role requires further investigation.

1.1.4. 5-methylcytosine (m3C)

The 5-methylcytosine (m°C) is a well-studied modification on DNA that has been detected also
in rRNAs, tRNAs*>** and mRNAs**. Bisulphite treatment of RNAs purified from Drosophila
embryos has highlighted m>C hotspots in close proximity to untranslated regions and at the
binding sites for the Argonaute component of the RISC silencing complex Ago®**. Later on,
the wide-spread of high-throughput technologies and next generation sequencing including
m>C-RNA immunoprecipitation (RIP)**, 5-azacytidine-mediated RNA immunoprecipitation
(Aza-1P)3® and methylation-individual-nucleotide-resolution crosslinking and
immunoprecipitation (miCLIP)*’, allowed to detect m>C modification on mRNAs of different
species and tissues. In HeLa cells and in mouse model, m°C enrichments are present in CG rich

sequences and downstream of translation initiation sites (Figure 5).
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Figure 5. 5-methylcitosine modification (m>C) preferentially occurs downstream the translation initiation
sites.
The m°’C occurs downstream the translation start site in mRNA. However, internal sites can be modified as well.

The methyl group is indicated with a red circle.

The tRNA methyltransferase NSUN2 was shown to methylate cytosine in mRNAs and non-
coding RNAs in addition to tRNAs*®. NSUN2 depletion is associated with mental retardation
disorders in humans while in yeast, flies, and mice it impairs cellular differentiation pathways
in skin, testes, and brain®’#°, The m>C seems to promote transcripts shuffling from the nucleus
to the cytoplasm, by recruiting the Aly-REF carrier protein called ALYREF 8. This protein

localises at the nuclear speckles and shares amino acid residues involved in reading the m°A
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modification with the YTH family indicating that ALYREF is the main m°C reader of
mRNAs®. The ALYREF shuttling together with the CMTR mediated mRNA export may play
a role in balancing the level of gene expression depending on the species and the tissue

considered.

1.1.5. The most abundant mRNA modification: N®-methyladenosine (m°A)

The presence of N®-methyladenosine (m°®A) was first detected in the 1970s when methods for
investigating the prevalence of m®A were laborious and poorly sensitive. Recently, a renewed
interest in m®A modification has emerged, showing that it is the most abundant modification in

eukaryotic mRNAs and its conserved at internal sites together with 3'UTRs*'™* (Figure 6).

méA
HaC
3 \NH
N RN
o (I ]
N N
o)
mSA
6
5 OH OH mA ey

Figure 6. N6-methyladenosine (m®A) occurs at internal site and close to 3' UTR region.
The m®A modification is mostly distributed along mRNA internal sites and in proximity of the 3' UTR region. The

methyl group is indicated with a red circle.

mP®A modification has been detected on other RNAs species such as such as tRNAs, rRNAs,
circRNAs, miRNAs, and IncRNAs. The ancient techniques for identifying m®A required
incubating cells with '“C-radiolabeled methionine (the precursor for the endogenous methyl
donor SAM), following which the incorporation of methyl groups into RNAs could be
quantified by radioactivity detection. The detection of m®A modification on mRNAs was
challenging at least for two reasons: first, it required a pre-ordained focus on a particular
transcript rather than a global approach that could detect sites of adenosine methylation in all
mRNAs*46. Second, m°®A modification (unlike m'A) is invisible to sequencing methods, since
both methylated and unmethylated adenosines base pair with thymine or uridine and both are
reverse transcribed as thymine, further endearing the study of m°A role.

More recently, the distribution of m®A modification has been demonstrated by NGS sequencing
which showed on average three to five modifications on one third of the mammalian transcripts.
However the accurate position of m®A modifications have been reached by meRIP (methylated

RIP) through the implication of antibodies directed to the mark followed by sequencing*>*’.
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The m°A modification is reversibly deposited on mRNAs due to the presence of enzymes
involved in the deposition, recognition and removal influencing transcript maturation, stability
and translation efficiency*®*’. Moreover, it has been widely accepted that altered function of
mPA effectors play a role in the progression to pathological conditions that will be presented

further in Chapter 1.

1.1.6. N%, 2'O-dimethyladenosine (m°Am)

A peculiar modification occurring in vertebrate mRNAs is N¢, 2'O-dimethyladenosine (m°Am).
It was first identified in 1975 at the 5' termini of mRNAs and is ten to fifteen times less
abundant than m°A as quantified in several recent studies in HeLa, HEK293T,3T3-L1, MEL624
cells, or brain tissues®! . This modification resides one nucleotide after the 7-methylguanosine
cap, if the first transcribed nucleotide is a 2'0O-methyladenosine and it is co-transcriptionally
inserted by the newly described cap-specific adenosine methyltransferase (CAPAM) also
known as the phosphorylated C-terminal domain interacting factor 1 (PCIF1) (Figure 7).
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Figure 7. N6-dymthyladenosine (m®Am) occurs at the TSS on mRNAs.
The first transcribed nucleotide is 2'O-methylated as soon as the m’G cap is linked by an inverted 5'-5' triphosphate
bond. Then, if the TSS is an adenosine, it is further methylated in position 6 of the adenosine ring, forming the

m®Am modification.

We will refer to it as PCIF1 all along the manuscript.

The role of m®Am is still under debate. By instance, two independent works have reported
opposing effect of this modification on translation efficiency. Ackichika et al. work supports
the idea that the m®Am modification allows capped mRNAs to be efficiently translated>*, while
the work of Sendic et al., rather indicates that m®Am negatively influences mRNA translation>2.
The former demonstrated that m®Am modification does not stabilize mRNAs upon PCIF1 KO

compared to PCIF1 WT cells. However, contradictory results point out the various possible
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outcome depending on mRNAs species and highlights the necessity of additional studies to

clarify m®Am molecular role and PCIF1 physiological functions.

1.2. Writers of m®A modification

The methyl group at the N6 position of m®A is inserted within a RRACH motif (R represents
purine and H is either A, C or U) and plays a key regulatory role in various biological events,
including meiosis, cell differentiation, neuronal function, cancer proliferation, circadian
rhythm, sex determination and chromosomal silencing>*. It is mainly enriched within exons and
close to the 3'UTR, peaking over the stop codon. This distribution suggests a functional
coupling between modification and other RNA processing steps, such as maturation of pre-
mRNAs, alternative splicing and translation events. The m°®A mark is installed co-
transcriptionally on mRNAs by a complex composed of multiple subunits including the main
core formed by the Methyltransferase-Like 3 (METTL3) and the Methyltransferase-Like 14
(METTL14)>>%,

Nonetheless, the methylation process is supported by various RNA Binding Proteins (RBPs)

that I will present in details below.

1.2.1. The methyl transferase complex METTL3/14: the m°A mRNA writer

The METTL3/14 complex is formed by two subunits, the Methyltransferase-Like 3 (METTL3)
and the Methyltransferase-Like 14 (METTL14), the former possesses the catalytic subunit and
the latter acts as an essential component to facilitate RNA binding>~°®. The complex is able to
deposit a CH3 group on the adenosine through the recognition of the RRACH consensus
sequence, with the central A as the methyl acceptor.

Further studies highlighted the presence of the Wilms-Tumour Associated Protein (WTAP) as
an additional component of the methyltransferase complex that is capable of optimising
substrate recruitment and precise localization of METTL3/14 on mRNA targets®’>®. Additional
subunits are critical for the specific activities of the methyltransferase machinery. The Vir-like
m®A Methyltransferase Associated (VIRMA) is crucial for 3'UTR site recognition®” while the
Zinc finger CCCH-type containing 13 proteins (ZC3H13) guarantees nuclear localization of the
writer complex®°. The RNA Binding Motif protein 15/15B (RBM15/15B) binds U-rich regions
and may facilitate the methylation of a specific set of RNAs such as the long non-coding XIST
RNA®! (Figure 8).
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Figure 8. The methyltransferase complex.

The methyltransferase complex is composed by the METTL3 protein, which binds to the mRNA at the RRACH
consensus sequence in association with METTL14. WTAP contributes to the recognition of m°A sites and VIRMA
component is required for 3'UTR site recognition. ZC3H13 localizes the complex in the nucleus. RBM15/15B is

part of the mSA writer complex and recognizes the U-rich regions.

The localization of each subunits of the multi-complex machinery changes depending on
external signals and on the cell type considered. METTL3 is mostly associated with METTL14
in the nucleus, in order to elicit its methyltransferase activity*>*.

For example, in the nucleus of mouse Embryonic Stem Cells (ESCs), METTL3/14 plays a
crucial role in response to heat shock stress together with Microprocessor components (MP):
MP binds to Hsp70 gene, recruiting METTL13/14 and promoting translation of this class of
chaperones®. Interestingly, METTL3 is also recruited in the proximity of UV light-induced
DNA damage sites on chromatin in U20S and HeLa cells. Indeed, METTL3 localizes in the
nucleus 2 minutes after UV irradiation inducing transient m®A modification of mRNA and
subsequent fast re-initiation of transcription®’. In this condition, METTL3 recruits also the Polk
polymerase that is involved in Nucleotide Excision Repair (NER) system to damaged sites.
These observations suggest that this factor mediates Polk recruitment to DNA damage sites
through m°A deposition on mRNAs coding for DNA repair proteins.

Nevertheless, METTL3/14 has also been found in cytosol of HeLa cells and lung cancer cells®*.
In lung cancer, METTL3 seems to play a role as a reader in the cytosol, where it interacts with
the translation factor eukaryotic Initiation Factor H (elFH), and the polyribosomes, then
promoting oncogenes translation. Immunohistochemistry (IHC) of primary human lung
adenocarcinoma samples and adjacent normal control tissue revealed that METTL3 expression
is significantly increased in lung cancer, as well as Epidermal Growth Factor Receptor (EGFR)
and BRomoDomain-containing protein 4 (BRD4) oncogenes®. It is reasonable to hypothesize
that METTL3/14 is mostly nuclear, in order to transfer methyl groups on nascent mRNAs,

while under stressful condition it can move to the cytosol to interact directly with the translation

apparatus.
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As just described above, the METTL3/14 methyltransferase complex is essential for the
deposition of internal m®A in human cells and many homologues have been identified in plants,
yeasts, flies and zebrafish indicated an evolutionary conserved function among eukaryotes. In
mouse embryos, this complex notably regulates the switch from pluripotent stem cells to
‘primed’ stem cells. By knocking out METTL3 and METTL14, pluripotent stem cells do not
undergo differentiation, while knockdown of only METTL3 in primed stem cells drives them
to cell cycle arrest and apoptosis suggesting that the two subunits may have the ability to
function independently to each other in certain circumstances®’.

METTL3/14 role is also elicited in various processes during mouse and human neurogenesis.
Indeed, METTL14 KO mouse cerebrum and human cerebral organoids showed protracted cell
cycle progression in neural progenitors and extended cortical neurogenesis into postnatal
stages®. A sever defect during embryonic hematopoietic cell development has been observed
in zebrafish where METTL3 deletion causes a strong delay in haematopoietic cell
differentiation®’. In the same study, the authors showed similar phenotype in mice issuing that
METTLS3 role in embryonic haematopoiesis is conserved also in mammals. Thus, it is evident
that METTL3/14 complex plays a key role during various processes of eukaryotic development,
by methylation of transcripts directly involved in embryogenesis.

Furthermore, WTAP is responsible for localising the methyltransferase machinery to the
nuclear speckles as shown by KO experiment in zebrafish : the lack of WTAP notably induces
smaller head and eyes, smaller brain ventricle, curved notochord and reduced muscle size
compared to wild type siblings®’. GO analysis following RNA-seq of the WTAP- and
METTL3-deficient cells demonstrated that most of these genes were related to transcription
and RNA processing, further emphasizing the potential significance of WTAP and METTL3 in
RNA metabolism. So, alterations in one of the components reduce the overall efficiency of the
complex.

In Drosophila melanogaster, the orthologue of METTL3, called Ime4 (inducer of meiosis 4)

and Mettl14 are conserved and will be discussed in details in the following sections.

1.2.2. METTL16: a writer of structured RNA substrates

The Methyltransferase-Like 16 (METTL16) deposits m®A on structured RNAs carrying a
specific nonamer sequence UACAGAGAA. It is known that it works on two different structure
contexts: the U6 snRNAs and the vertebrate conserved hairpin 1 (hpl) in human Methionine
Adenosyl-Transferase 2A (MAT2A) 3'UTR®®. MAT2A gene encodes for the SAM synthase,
which regulates cellular concentration of SAM. It is an essential evolutionary conserved donor

of methyl groups regulating all the steps of gene expression among the three domains of life.
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The way by which the mammals control intracellular SAM concentration is not completely
understood, whereas bacteria evolved riboswitches to adapt intracellular SAM levels to new
SAM synthesis®®.

In human cells, methylation of MAT2A mRNA 3'UTR hairpin structure is required for proper
recognition by the YTHDC1 m°A reader, which downregulates MAT2A mRNA in high-SAM
condition. Under Met starvation, SAM concentration decreases and MAT2A mRNA is
stabilized in the cytosol by a prolonged METTL16-MAT2A interaction at the 3'UTR six-
hairpin region®. Apart to its methyltransferase activity, METTL16 is a splicing factor regulator
binding to 3' exon that is retained to promote translation of MAT2A. Then the biological levels
of SAM are restored by a negative feedback loop’®’!.

METTLI16 methyltransferase has been demonstrated to be essential for mammalian HEK293
and HelLa cells viability as shown by the failure in obtaining knock out cells. This suggests a
wide and crucial role of METTL16 in mRNA regulation®®72. As reported in two independent
studies, METTL16 is involved in the regulation of SAM synthesis feedback loop and in the
methylation of U6 snRNA, two key elements for cell survival to methionine starvation and
spliceosome efficiency respectively®®’3. In mouse, depletion of METTLI16 leads to impair
embryonic development with a blockade at around the 64 blastocysts state and failure of its
implantation in the maternal uterus. The general transcriptome is actually heavily dysregulated,
so that the early embryo is unfit to implant and prevented to continue the embryogenesis’'.

These extreme phenotypes also argue in favour of a global role in mRNA regulation.

1.2.3. CAPAM or PCIF1: the cap-specific methyltransferase protein

A new writer protein has been identified in 2018/2019 by Akichika and colleagues as well as
other research groups, the cap-specific adenosine methyltransferase CAPAM, also known as
phosphorylated CTD-interacting factor 1 (PCIF1). PCIF1 inserts a methyl group on 2'O-
methyladenosine in position 6 of the adenine ring to give rise to m®Am, after the 5'cap, in a
SAM—dependent manner’>>*7+7 PCIF1 specifically recognizes the 7-methylguanosine (m’G)
cap structure and preferentially N6-methylates m’GpppAm rather than m’GpppA. It contains
an N-terminal WW domain which interacts with the Ser5-phosphorylated C-terminal domain
(CTD) of the RNA pol II, suggesting that PCIF1 is recruited to the early elongation complex of
RNA Pol II in nascent mRNAs’6"78,

The methyltransferase domain contains the NPPF motif that binds SAM, the donor molecule of
methyl groups, whereas the helical domain helps in binding the 7-methylguanosine 5'cap®*.
PCIF1 has been identified in humans, mice, zebrafish and Drosophila but its functional role in

flies is still not clear and even quite questionable when considering that m®Am modification is
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not present in this organism’%’, In mouse, the knocking out of PCIF1 encoding gene results in
reduced body weight even though the animals are viable and fertile. Transcriptomic analysis
showed that a pool of pseudogenes and predicted genes in mouse testis are dysregulated in
PCIF1 KO mice however deeper investigation would help in unveiling putative interactors of

PCIF1 that may amplify its spectrum of action.

1.3. Readers of m°A modification
An expanding group of effector proteins, called ‘readers’ have been identified as effector

proteins mediating the functional consequences of transcription (Figure 9).

Nucleus .
m6A writer complex

mb6A readers

mGA erasers Cytoplasm

Figure 9. The mechanism of action of writers, readers and erasers of the m*A modification.
The scheme shows a simplified representation of the action of the m®A effectors: the ‘writers’ deposit the mark,

the ‘readers’ recognize and the ‘erasers’ physically remove m°A from mRNAs (Adapted from Chen € al.,2019)*,

Readers are able to detect m®A modifications on mRNA occurring at different sites through
divergent binding modes (Figure 9). One class of m®A readers is characterised by the conserved
YT521-B homology (YTH) domain, including YTH domain family 1-3 (YTHDF1-3) and YTH
domain containing 1-2 (YTHDCI1-2) in humans. YTHDEF2 is cytoplasmic and promote the
degradation of its mRNA substrates by recruiting the Carbon Catabolite Repression-Negative
On TATA-less (CCR-NOT) deadenylase that removes the poly(A) tail’>%!, whereas YTHDF1
and YTHDF2 promote the translation of mRNAs by interacting with the translation initiation

factor eIF37%%2. All the YTH members are essential for interpreting m®A modifications and
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promote different impacts on mRNAs function or lifetime. They may act in a concerted fashion

to regulate a large set of cellular physiological processes that are m°A dependent®?.

1.3.1 The YTH domain-containing readers: the YTHDF1-3 and YTHDC1-2 proteins

1.3.1.1. YTHDF1-3

Early studies showed that YTHDF1 and YTHDEF3 associate in a complex that binds m°A sites
on transcripts and recruit translation initiation factors. In this process, YTHDF3 helps in
increasing the affinity of YTHDF1 towards the target mRNA and promoting the correct
positioning within the ribosome®?**. Importantly, the YTH protein family is actively involved
in stopping/blocking the reverse transcription of HIV-1 genome after infection. They indeed
bind to the 3'UTR methylated sites on HIV-1 Gag transcript, leading to degradation and
inhibition of protein expression®’. In intestinal organoid experiments, it was observed that
YTHDF1 ensures basal expression for regeneration and intestinal stem cell maintenance while,
upon Wnt3b high stimulation YTHDF1 levels increase, resulting in hyper-expression of TCF4
transcription factor, Dishevelled Segment Polarity Protein 3 (DVL3) and Frizzled class receptor
7 (FZD7) proliferation markers and higher total volume of the organoid®+*.

These results show that YTHDF 1 reader is a strong translational regulator of the Wnt/B-catenin
signalling pathway effectors. Other studies show that YTHDF1 enhances translation of elF3 as
notably observed in ovarian cancer and in Merkel Cancer Cells (MCCs)**%. On the contrary,
YTHDF2 has shown the ability to recognize m°A modification on mRNAs and reduce their
stability through the activation of the deadenylation and degradation of transcript. This role has
been detected when Ythdf2 was deleted in mouse hematopoietic stem cells (HSCs), the level of
mSA-transcripts increased and the most enriched genes encoded for inflammatory factors. This
resulted in hematopoietic stem cell hyper proliferation and loss of HSCs®’.

YTHDEF3 is a protein that shares the 65% of identity with YTHDF1 and YTHDF2 and it has
been shown that it interacts with YTHDF1 and YTHDF2 in HeLa cells. In addition, RIP
experiments have reported that they recognize the 60% of identical m®A-transcripts expressing
translation factors®?. Taken together, YTHDF1 may contribute to recognize the m®A marks and
promotes translation in collaboration with YTHDF3 while YTHDF2 may contribute to m°A-
modified transcripts degradation in a concerted fashion. However, a recent work in HEK293
cells has reported opposite results where the three YTHDF proteins act on the same modified
transcripts provoking mRNA degradation through the interaction with the CCR4-NOT
deadenylation complex®®. In conclusion, the presence of three YTHDF readers in different cell
types and physiological conditions may act in promoting or degrading mRNAs with

mechanisms, which require further experimentation.
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1.3.1.2 YTHDC1 and YTHDC2

A further example of the YTH reader essential role in gene expression regulation is represented
by the YTHDCI1 nuclear reader. This protein controls the proper splicing of XIST RNA, a
IncRNA involved in the XIST-dependent X-chromosome inactivation process in mammalian
cells®’. YTHDC1 binding on XIST m®A sites promotes XIST- mediated gene silencing of
Glypican 4 (Gpc4) in female mouse ESCs. Indeed, CRISPR-Cas9 homozygous knockout of
YTHDC1 (YthdcI™") cells could not be recovered, suggesting that deletion of this gene is lethal.
However, heterozygous YTHDC1 (Ythdc1™") displayed impaired Gpc4 silencing in response
to retinoic acid in these cells. These data support the idea that YTHDCI is required for the
silencing of X-linked genes during ES cell differentiation®'.

Nuclear YTHDCI1 regulates mRNA processing also by interacting with splicing factors and

promoting mRNA decay®”®

. It is able to promote exon inclusion by recruitment of
serine/arginine-rich (SR) splicing factor 3 (SRSF3), a pre-mRNA splicing factor and to
facilitate mRNA nuclear export by SRSF3 and Nuclear RNA export factor 1 (NXF1). A recent
work has demonstrated that YTHDC2 binds preferentially to m®A within the GGACU motif
and plays a role in spermatogenesis’’. However, the induced knock out of the Ythdc2 gene in
mouse pachytene spermatocytes results in microtubule-dependent telomere aggregation and a
massively dysregulated gene expression that is not m®A-dependent. This suggests that
YTHDC2 m°®A-mRNA binding activity is dispensable in pachytene cell’!. Here, the authors
found that upon YTHDC?2 depletion, tubulins, dyneins and kinesins were upregulated and the
pachytene cells showed telomere clustering and apoptosis at late pachytene stage’'. It is possible

that YTHDC2 is required for meiotic transcriptome maintenance independently from m°A

modification in this particular contest.

1.3.2. A minor set of m°A readers other than YTH family

A second set of m®A readers are characterised by the presence of RNA Binding protein
Domains (RBDs) such as the K Homology (KH) domains, the RNA Recognition Motif (RRM)
domains, and/or the arginine/glycine-rich (RGG) domains. These readers are sensitive to the
structural changes induced by the presence of m°A. This is notably the case of the
Heterogeneous Nuclear RiboNucleoProteins (HNRNPs), including HNRNPC, HNRNPG, and
HNRNPA2B1, which regulate alternative splicing of target transcripts®>**. A third family of
protein including the Insulin-like Growth Factor 2 mRNA-Binding Proteins 1-3 (IGF2BP1-3)
recognizes the consensus sequence GG(m®A)C, and enhances mRNA stability and translation®*.

Recently, a new reader has been identified, the Proline rich coiled-coil 2A (Prrc2A), that is able
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to detect m®A modifications on mRNA during oligodendrocytes myelination process. However,
the mode of interaction between Prrc2A and its mRNA targets is still undiscovered®.

All the reported evidences about reader proteins stress their essential contribution to a huge
number of biological processes including infection response, stem cell differentiation and

chromosome silencing.

1.4. Erasers of m°A modification
The m®A modification can be reversed by enzymes called RNA ‘demethylases’ or ‘erasers’ that
counterbalance the activity of writers enzymes. The most representative are Fat mass and

Obesity-associated protein (FTO) and ALKB Homologue 5 (ALKBHS).

1.4.1. The Fat mass and Obesity-associated protein FTO is a m°A eraser

FTO belongs to the non-heme Fell/a-KG-dependent dioxygenase AlkB family proteins shown
to demethylate N-methylated DNA/RNA bases through oxidation. In 2011, Jia and colleagues
stated that FTO possesses a demethylase activity, able to remove the methylation mark in
position N6 of adenosines’®. Further studies have reported that it demethylates also N6, 2'O-
dimethyladenosine (m®Am), a modification that has an identical chemical structure in the base
moiety to m®A and that is found on the first base adjacent to the 5'cap (cap-m°®Am) of
mRNAs>*7. Several studies on FTO functions during more than ten years have revealed its
multifaceted ability of removing methylated groups from various nucleosides, such as m'A in
specific tRNAs, m®*Am in some snRNAs, internal m°A and cap-m®Am in ssDNA and m°C in
some tRNAs>%,

FTO knock down studies in HEK293, HeLa and 3T3-L1 cell lines showed a strong increase of
m®A/A ratio and m®Am presence on mRNAs, confirming that it is able to remove methyl groups
of most of 5'cap and internal adenosines’. FTO is cytoplasmic in HEK293 and HeLa cells
where they target mRNAs that are more abundant in cytoplasm while the m®Am is protected
by 5'cap in the nucleus’®”. Other studies have identified FTO in nuclear speckles of HEK293,
HeLa and MCF-7 cells, which are known interchromatin granule clusters enriched in pre-

mRNA splicing factors'®.

FTO substrate preference is also controversial: it prefers
demethylating m®Am than internal m®A in linear ssRNA. This preference might be due to the
feature of the cap structure (m’Gppp), including the positively charged m’G, the negatively
charged triphosphate, and the 5’ terminus that might increase the binding affinity of mRNA
with FTO.

On the contrary, FTO has an increased demethylating activity towards m®A compared to m°Am

in tertiary-structured RNAs*®. This confirms that FTO demethylates m®A and m®Am, as Wei
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et al. demonstrated too. Nevertheless, Wei and his group claim that FTO preference towards
each of the substrates rather depends on its subcellular localization and the cell type®.

In a previous study, it has been shown that FTO has the ability to sense the amino acid levels
and activates the mammalian Target Of Rapamycin Complex 1 (mTORC1) signalling system
in the cytoplasm. Indeed upon amino acid starvation, FTO mRNA levels are decreased,
resulting in blockage of cell growth through the mTORC]1 pathway and reduction of protein

101" A more recent study showed that mTORC1 pathway is downregulated upon amino

synthesis
acids starvation but the FTO levels are not reduced. Moreover, they showed that FTO can be
ubiquitinated and degraded by the proteasome, an event that can modulate its translocation in
the nucleus'®. The shuttling of FTO from the nucleus to the cytoplasm may occur due to the
binding of partners as the exportin XPO2, which drives FTO towards the cytosol in COS7
cells'®!. Thus, the interaction of FTO with various partners and regulation by ubiquitination
may explain its various levels in different cellular compartments where it affects mRNAs fate.
In the future, a better knowledge of FTO biochemical mode of action could serve to design

inhibitors that can selectively impair its demethylating activity towards either m®A or m®Am in

pathogenic scenarios such as obesity, cancer and neurodegenerative diseases’®.

1.4.2. ALKBHS5 demethylase operates around m®A-enriched stop codon

ALKBHS is the second discovered RNA demethylase that catalyses the removal of the mSA
modification, when enriched around the stop codon on nuclear mRNAs as observed both in
vitro and in vivo. Its demethylation activity affects nuclear mRNAs export and metabolism,
supporting the broad biological roles of the reversible m®A modification on mRNAs”*1%,
ALKBHS has been localised at nuclear speckles where it elicits its demethylating activity on
pre-mRNAs. Apparently, it exhibits a stricter substrate preference by catalysing demethylation
of m°A on ssRNAs and favouring the sequence of (Pu[G>A] m°AC [A/C/U]) over random
sequences' %,

Studies on mice have shown impaired spermatocytes maturation upon ALKBHS5 knock out.
This phenotype might be due to the increase of m®As close to 3'UTR which generate longer
transcripts that undergo aberrant splicing'®. They are processed in shorter transcripts than the
normal size, resulting in spermatogenesis delay and infertility. It could be interesting to
speculate that difference in tissues expression between ALKBHS (mostly expressed in ovary
and testis) and FTO (ubiquitous) correlate with their specific function: ALKBHS KO mice
display spermatogenesis delay, while FTO deficiency is associated with protection from

obesity, but also with growth retardation and premature death!®.
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1.4.3. The conserved FTO and ALKBHS erasers contribute to normal human
metabolism and physiology

The eraser group of proteins is necessary to remove the methylation tag from transcripts,
ensuring a reversible modification event. The two most studied erasers are FTO and ALKBHS,
and their deficiencies lead to a wide set of altered biological processes as described above.
Genome Wide Association Studies (GWAS) has allowed the identification of FTO SNPs along
the first intron which are associated to predisposition to breast cancer, colorectal cancer and
pancreatic cancer development!?’, while FTO depletion can be implicated in the development
of some neuro-pathologies'®.

In Yamaji’s work, the rs8050136 variation in the first intron of ffo increase the risk to develop
colorectal cancer as well as increased leptin concentration. Leptin is the protein product of the
obese gene and its plasma concentration is regulated by the adiponectin. These hormones are
regulators of adipocytes homeostasis and accumulation of leptin is known to predispose to
cancer. In this case-controls study, CRC patients showed a novel SNP rs8050136 in fto gene,
which might impact leptin and adiponectin levels and predispose to colorectal
carcinogenesis'®’.

Other studies suggest that FTO plays a crucial role in neurogenesis, cell proliferation and
migration pathways by removing m®A marks on transcripts and promoting translation of a large
set of mRNAs. New identified SNPs in FTO are associated to some neuropsychiatric diseases
as attention deficit hyperactivity disorder in children!®, Major Depressive Disorder (MDD)!!?
and Alzheimer’s Disease (AD), showing that those variants might modulate the translation
efficiency of target substrates in neuronal cells important for neuronal function!!!. For example,
the 1s9939609 single nucleotide polymorphism of FTO (FTO-AA) is proposed to be associated
to AD and dementia but no causal effect has been demonstrated yet. The only confirmed risk
factor at the present date for AD is APOlipoprotein ¢4 (APOE4), which is hyper-translated in
AD patients'!!1'2 Recently, Han et al. have reported high m®A levels of the APOE4 transcript
in the hippocampus and cerebral cortex in AD mouse models, due to a significant increased
METTL3 coupled to a decreased FTO expression suggesting a crucial role of FTO in the
development of this disease''>.

The second characterised m®A demethylase is ALKBHS, which contributes to the reversibility
of methylation marks at the 3'UTR on RNAs. Recent studies demonstrated that Breast Cancer
Cells (BCSCs) are resistant to chemotherapy because of the Hypoxia Inducing factors (HIFs)
which activate the translation of factors involved in proliferation, motility and metastasis'!*!1>.
In BCSCs, HIFs induce elevated expression of ALKBHS5 demethylase, which mediates
demethylation of NANOG mRNA. It results in an increased mRNA stability and higher
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NANOG protein expression which is required for pluripotency maintenance in BCSCs!'®,

Studies on ALKBHS involvement in tumorigenesis have acquired more and more relevance in
the last few years, for the design of new therapeutic treatments of various cancer types.

In addition, ALKBHS overexpression induces a consistent demethylation of the transcription
factor Forkhead box M1 (FOXM1), which promotes proliferation and malignancy both in

117

glioblastoma and lung cancer cells''’. Furthermore, in lung cancer cells, ALKBHS5

overexpression is induced by intermittent hypoxia, a common feature with breast cancer
development and chemo resistance' %118,

Interestingly, ALKBHS5 seems to be crucial also in male germ cell differentiation during
spermatogenesis. Mice testes expresses the highest levels of ALKBHS, and global inactivation
of ALKBHS leads to male infertility. ALKBHS KO mice display immature testis and elongated
spermatids, confirming that the lack of ALKBHS may lead to the abnormal demethylation of
transcripts involved in many steps of spermiogenesis, such as in ciliogenesis and chromatin

packaging!%>-119,

1.5. Drosophila melanogaster RNA writers, readers and erasers

The deposition of m®A, which is the most abundant mRNA modification, is catalysed by the
METTL3/14 complex in association with WTAP, Vir and RBM15 in higher eukaryotes, as
mentioned before. In Drosophila, corresponding orthologues have been identified: Mettl3
(Ime4), Mettl14, Female lethal-2-d F1(2)d, Virilizer (Vir), and Spenito (Nito). It is known that
Ime4/Mettl14 form the m°A-METTL complex (MAC), while Vir, FI(2)d, Flacc and Nito
constitute the m®A-METTL Associated Complex (MACOM)'®. The m°A modification is
reversible in mammals but scientists failed in finding orthologues of FTO and AlkbhS5
demethylases in Drosophila. It is surprising that other members of Alkbh family are present in
the cytoplasm and in the nucleus, but since their depletion does not affect the m®A/A ratio, it is
hard to believe that they could be involved in demethylating m®A!?°.

It is possible to speculate that other enzymes, classified as DNA methylases might elicit this
role on Drosophila transcripts. If this is the case, it suggests that the evolution drove towards a
further specialization of demethylating enzymes in higher eukaryotes. Lastly, orthologues of
mammalian readers have been characterised in Drosophila: YT521-B is the closest orthologue
of YTHDC1'%°, Benign gonial cell neoplasm (Bgcn) is the orthologue of YTHDC2!%!122 and
CG6422 is the orthologue of YTHDF1/2/3'23, In this chapter, I will present the main players

triggering m®A modification in Drosophila and their functional role.
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1.5. mRNA writers in Drosophila
1.5.1. The main m®A writer in Drosophila is the Ime4/Mettl14 complex

In Drosophila, the deposition of m®A modification is determined by multiprotein complex
called Inducer of Meiosis 4 (Ime4), which shares high sequence and structural similarities with
the mammalian METTL3. Ime4 co-localizes with Mettl14 and RNA Pol II in the nucleus and
recognizes the RRACHA consensus sequence enriched in m®A at internal splicing junctions

120 Deposition of this mark is regulated during development. Indeed, high m°®A

and stop codons
levels are detected during the early stages of embryogenesis while they fall down till
pupariation. During adulthood, m®A is mostly detected on transcripts isolated from heads and
ovaries.

To define Ime4 function in flies, Hongay et al. generated homozygous mutants by deleting the

124 Homozygous mutant males and females displayed larval and

entire methyltransferase gene
pupal lethality while a small deletion at the 5" end of Ime4 gene resulted in a hypomorphic
mutation presenting semi-lethality and subfertility. The generation of hypomorphic flies
allowed to decipher further the role of Ime4 at the molecular level. Here, aberrant expression
of Ime4 causes defects in germ line-soma interactions such as failure of follicle cell
differentiation and germ-line cyst encapsulation, similar to defects reported for Notch signalling
mutants'?*. Indeed, in /me4 mutants Notch activity was recorded at lower levels than observed
in wild type flies, suggesting that Ime4 directly or indirectly modulates Notch expression and
signalling during oogenesis. In addition, Lence et al. and Haussmann et al. demonstrated in two
different studies that /me4 homozygous mutants carrying a deletion of the catalytic domain, are
not lethal but flightless and female mutant flies showed a tendency to maleness'?%!%,

In Drosophila, the Sex-lethal (SxI) factor is the master regulator of sex determination. The
presence of an extra exon introduces a premature stop preventing its expression in males (Figure

10).
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Figure 10. SxI mRNA maturation in Drosophila.

In Drosophila SxI mRNA maturation is controlled by the level of m°A present on the transcript. During the splicing
event, if the exon 3 is skipped, the SxI factor will determine the female phenotypic characteristics in XX. If the
exon 3 is maintained, the presence of a premature stop codon produces a truncated and inactive factor (Adapted

from Guo et al. 2018)'?°,

In females, SxI regulates its own pre-mRNA alternative splicing and other sex determining
transcripts fate, such as the repression of the male-specific lethal 2 (mls-2) encoding transcript.
According to Haussman and collaborators, the number of hatching /me4 null females is lower
than expected and survival females show male sexual bristle combs and tumorous ovaries!%.
Phenotypic studies clearly demonstrates the association of /me4 inactivation with embryonic
development and sexual abnormalities due to dysregulation of target specific transcripts, but
the molecular mechanisms of action of the mutated Ime4 protein are still unknown.

As in the case of the mammalian methyltransferase complex, Ime4 works in association with
other proteins in Drosophila. Ime4 notably binds and co-localises with the protein encoded by
CG7818, named Mettll4 (from its structural and sequence similarity with the human
METTL14). Mettl14 acts as an adaptor of the Ime4 methyltransferase to the mRNA targets and
its deletion results in similar reduced levels of m°A on mRNAs, embryonic development
abnormalities and female to male transformation. These observations clearly indicate a
common requirement of Mett14 and Ime4 during fly development comforting the hypothesis

that they act in the same protein complex'?>.

1.5.2. The WTAP orthologue in fly: the Female-lethal (2)d component (F1(2)d)

Many other methyltransferase components were identified from phenotypic variations induced
by mutants. Female-Lethal (2)d is the orthologue of mammalian WTAP and localises in the
nucleus together with Ime4-Mettl14, Vir, and Spenito!?’. FI(2)d is implicated in alternative

splicing regulation of genes involved in sexual determination!?%128129

, and is also required for
eye development'*. Similarly to other m®A writers in Drosophila, F1(2)d is highly expressed
in CNS and ovaries, imaginal discs, and fat tissue during early embryogenesis. Its expression
decreases during larval stage and rises again in pupal stages, which coincides with the
augmentation of m°A levels.

Since early 1990s, it was clear that FI(2)d mutant display a range of phenotypes from female
infertility to lethality'?”!*!, This is due to the fact that FI(2)d directly interacts with SxI,

influencing the alternative splicing of Sxl dependent targets, such as tra and Sx/ pre-mRNAs.

Moreover, co-immunoprecipitation experiments from ovaries extracts have shown that Fl(d)2
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physically interact with early splicing factors including Snf, U170K, U2AF50, and U2AF38 in
a similar fashion as SxI, suggesting that it might be implicated in early mRNA splicing
steps!2132.
Several functional studies thus highlight that F1(2)d plays a crucial role in sex determination
and dosage compensation. Sequence analysis of FI(2)d have shown the presence of a histidine
and glutamine enriched N-terminus, namely the HQ-domain, that shares structural similarity
with some transcription factors such as TFIID, Spl and SRY, and that is required for protein-
protein interaction. This suggests that FI(2)d may also play a role in transcription regulation
through interaction with these factors'?’.

As I briefly mentioned before, F1(2)d is required for a proper fly eye development. Its role in
this process depends on its association with Sine oculis (So), the first identified member of the
SIX family of transcription factors'*’. So has a dual role in regulating gene expression within

the retina. On one side, So factor activates the transcription of Retina Determination (RD) genes

including itself, eyeless (ey), eyes absent (eya) and dachshund (Figure 11).
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Figure 11. Sine oculis regulatory pathway in eye development in Drosophila.
The scheme shows that Sine oculis (So) factor activates the transcription of Retina Determination (RD) genes
including itself activation, eyeless (ey), eyes absent (eya) and dachshund (dac). The regulation of So expression

could be determined by F1(2)d and Groucho factors (Adapted from Weasner et al. 2007)'33.

On the other side, So is required for the repression of ey expression!**13¢, Moreover, So protein
modulates transcription of target genes through the interaction with factors including Eya and
Groucho (Gro) and others more recently identified, such as F1(2)d!3%!*7-138 Yeast two hybrid
assays and co-immunoprecipitation experiments from Kcl167 cell line showed that So
physically interacts with F1(2)d and belong to the same complex in living cells. Moreover, loss
of function mutation in FI(2)d encoding gene resulted in an increased transcription of the RNA

binding protein Embryonic Lethal Abnormal Vision (Elav) and the Runt-related transcription
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factor (RUNX) Lozenge (Lz) encoding genes leading to overproduction of the two
corresponding proteins. These two proteins are involved in the specification and maintenance
of photoreceptor cells and the non-neuronal accessory cells that are comprised in each unit eye
or ‘ommatidium’. As a result, FI/(2)d mutation causes eye phenotypic defects such as
photoreceptor abnormalities and a roughening of the external surface of the compound eye'°.
Altered F1(2)d also leads to a decrease of So activity, even if the mechanism of interaction with
So and other downstream transcription factors need further investigation. The involvement of
FI(2)d in eye development may shed light on abnormal eye development in humans, where

mutant variants of its orthologue WTAP have been associated to retinoblastoma'3’.

1.5.3. The Fl(2)d/associated complex component or Xiong (Flacc/Xiong)
Recently, two independent studies reported the existence of a new direct interactor of the
methyltransferase complex in Drosophila called Fl(2)/associated complex component (Flacc)

139 also named Xiong in Guo and collegues’work!?®. Flacc has a

by Kuckles and colleagues
conserved zinc finger CCCH domain containing-protein 13 and is broadly expressed during
embryogenesis. As observed for the other components of the methyltransferase complex, Flacc
shows an enrichment in the brain, while a boost of expression is detected at the blastoderm
stage within two hours after fertilization at a time where m°A levels decrease, suggesting Flacc
involvement in early embryonic development and m°A deposition.

Silencing Flacc results in sex transformation in females, which shows male-specific sex combs
in the forelimbs while external female structures are completely absent. Homozygous knock
out females were lethal. On the contrary, males did not show remarkable phenotypic
defects!?®13 These genetic studies of Flacc mutants clearly demonstrate that Flacc is essential
for sex determination and dosage compensation in flies, a result notably supported by the fact
that its mutation induces the appearance of the male specific exon in SxI mRNA in females.
Moreover, RNA immunoprecipitation showed that Flacc mediates the interaction between
Rbm15/Spenito and F1(2)d on mPA target sites. Guo and collaborators found out that Flacc/Xio
has an additional role from further silencing experiments. Indeed, they showed that partial Flacc
depletion induced abnormal wings folding and adult flightless phenotypes as for F1(2)d and

Spenito!®,

1.5.4. SPOC-protein family: the Spenito component (Nito)

Spenito (Spen and Nito complex) is an additional interactor of the methyltransferase machinery
in Drosophila whose human orthologue is RBM15. It has been reported that Nito belongs to
the SPOC-protein family, a group of large and small proteins that possess an N-terminal RRM.
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In the Spenito complex, Spen is the large subunit while Nito is the small one, and both are
involved in various signalling pathways. Nito, in particular, seems to be involved in wing and
eye development in flies'**!*! but a new study has shown that it also plays a role in sex
determination, together with F1(2)d, Flacc and Vir'#?.

During eye development, Nito has the ability to positively regulate Wingless (Wg) signalling,
while its depletion results in defects in the accessory cells required for the spacing of ommatidia.
Similarly, in wing and leg development, Nito mutation affects imaginal disc shaping due to the
reduction of Senseless (Sens) expression!4%-141,

Nito is thought to help the methyltransferase complex in deposing the m®A tag to enhance
translation of proliferation factors downstream Wingless (Wg) signalling. Alternatively, it
might cooperate with splicing factors to control the splicing of target transcripts. Strikingly,
Nito is also involved in the determination of sex in flies, together with other sex determination
factors including Vir, FI(2)d, SPF45, Ul-70K, U2af38, U2af50 facilitating SxI splicing
autoregulation'?>!26:142_ Silencing of Nito in Germline Stem Cells (GSCs) results in complete
female sterility and the appearance of undifferentiated stem-like cells. A similar experiment
was performed in somatic cells, resulting in the development of thickened bristle and structures
resembling those of males, such as penis apparatus'**.

Since both Nito and SxI are nuclear and expressed in both soma and germlines, Yan et al.
performed RIP experiments in S2 cells to analyse whether Nito interacts with Sxl pre-mRNA.
They indeed demonstrated the existence of interactions between Nito, Sx1, and Sx1 pre-mRNA
supporting that Nito forms a complex with SxI and that they regulate together the alternative
splicing of SxI mRNA!3%!42 Therefore, on the one hand, Nito regulates SxI pre-mRNA splicing
in germ cells for sex determination. On the other hand, it is a key factor in embryonic

development (non sex-dependent), as well as in eye and wing imaginal discs morphogenesis

through the indirect regulation of Wg signalling pathway.

1.5.5. The Virilizer component (Vir) assembles with the methyltransferase complex

In Drosophila, Virilizer (Vir) is a nuclear component that assembles with the Ime4/Mettl14
complex. It is ubiquitously expressed during embryonic development regulating m®A levels in
males and females, and shows a particular enrichment in the nervous system and gonads'2%!%,
A first study on Vir showed that female mutants show sexual conversion to male. This
phenotype is due to the fact that Vir acts as a positive regulator of Sx1 during sex determination
in Drosophila, controlling the downstream activation of Tra and Msl factors'*,

Vir partial depletion severely reduces m®A levels on transcripts of knock down cells while null

Vir mutants are lethal at embryonic stage indicating that it is an essential gene!'?%!*. Co-
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immunoprecipitation analysis demonstrated that Vir interacts with F1(2)d, Nito, Flacc and other
early splicing factors ensuring proper Sxl splicing during embryonic development, but the
mechanism of Vir interaction within the methyltransferase complex is still not clear!?*!*2. This
illustrates the difficulty to define which are the complex molecular mechanisms and interplay
between multiple factors from the analysis of common phenotypic defects, such as here female

sexual conversion.

1.5.6. PCIF1 orthologue in Drosophila (Pcifl) is catalytically inactive

Mammalian PCIF1 protein function has been investigated by different labs who demonstrated
that it is a peculiar m®Am writer on mRNAs. Indeed, PCIF1 inserts m®Am modification on the
first transcribed nucleotide if it is a methylated adenosine (Am)>>>*’*. The Drosophila PCIF1
(Pcifl) shares strong structural similarities with its mammalian orthologue PCIF1. It similarly
possess the WW-domain at its N-terminus, followed by a NLS domain, a helicase domain and
an MTase domain at the C-terminal part (Figure 12). However, the amino acidic sequence NPPF
of the catalytic domain differs from the human protein for a single amino acid, a phenylalanine

to histidine (NPPH)».

NLS

Mouse Helicase 720 aa
PCIF1 domain
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y Helicase

NPPH

Figure 12. The Drosophila Pcifl protein structure is conserved with its mammalian orthologue.

The scheme shows the structural organization of the mouse (upper) and fly (lower) PCIF1 protein. The WW
domain at the N-terminal, the Nuclear Localization Signal (NLS) and the helicase domain are shown. The MTase
domain is proximal to the C-term and contains the catalytic motif NPPF in mouse. The fly protein is characterised

by the NPPH motif where the phenylalanine is substituted by a histidine residue.

In Drosophila, Pcifl is catalytically dead which is consistent with the fact that no m®Am
modifications are detected in this organism’®.

Pcifl is a nuclear protein that is able to interacts through its WW-domain with the P-Ser5 of
CTD RNA Pol II, suggesting that it may influence the expression of various target genes’®. It
is reported in Flybase (http://flybase.org/) that Pcif1 is expressed mostly in fly head and ovaries.
However, its physiological role in Drosophila is still unclear. In a previous study, Pcifl was

identified by co-immunoprecipitation experiments in a complex containing RNA Pol II and the
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Cap Binding Complex (CBC) although it was just mentioned as CG number without referring
to this gene as the Drosophila orthologue of CAPAM/PCIF1'%. Taken together, these findings
raised the question whether Pcifl has a function in gene expression regulation independently

of any methyltransferase activity that I tented to investigate in my PhD thesis work.

1.6. Readers in Drosophila model

1.6.1. The YT521-B (CG12076) is the closest orthologue of the human YTHDC1
YT521-B is one of the few reader proteins identified in flies: it is the closest orthologue to the
human YTHDC1. In humans, this reader localises in the nucleus and binds to specific m°A sites
through its aromatic residues in the hydrophobic pocket mediating splicing events. It is known
that it interacts with splicing factors such as SFR3 and SFR10 and also binds XIST, the factor
controlling the X chromosome dosage compensation'*®!'47, Similarly, in Drosophila YT521-B
localises in the nucleus and recognises m®A sites on specific target mRNAs.

In Drosophila, YT521-B is highly expressed in neuro-ectoderm, in heads and ovaries of adult
flies, where it recognises m®A enriched at 5'UTR transcripts. Mutated YT521-B hypomorphic
mutant flies display behavioural defects, such as a decreased ability in climbing and flying,
resembling the phenotypes observed in some mutants of the methyltransferase complex

122123 which is consistent with a role in m°A mark recognition.

Ime4/Mettl14 components
Moreover, RNA-immunoprecipitation studies showed that YT521-B binds with Sx1 on SxI pre-
mRNA mPA intron, modulating the alternative splicing at the third exon in males and females.
Non-functional YT521-B thus causes excess of SxI translation, leading to undifferentiated
GSCs and tumorous ovarioles, however no sex-transformation was observed'?*. These results
suggested that mutation of Y752/-b may be involved in fly sex determination together with other

components and required for proper oogenesis and female fertility.

1.6.2. The mammalian YTHDF2 is encoded by the CG6422 gene in fly

The closest Drosophila orthologue of mammalian YTHDEF2 is a predicted gene CG6422 as
identified in FlyBase. YTHDF2 (encoded by CG6422) strictly localises in the cytoplasm in flies
and possesses the conserved YTH domain, used to recognise specific m®A site on transcripts'>.
It is highly expressed in CNS within two hours after fertilization while it decreases along the
development, except in adult ovaries where its expression is again detected'?2. Homozygous
mutants are viable and in contrast to Yz52/-b mutants, they do not show defects in flight

behaviour, suggesting that CG6422 has no role in regulating development, flight or wing

shaping or that there is some redundancy with other gene(s).
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As other readers, it may be involved in SxI mRNA processing putatively directing this transcript
to the translation machinery in germ cells, but its role there remain equivocal'?*. In addition, it
would be interesting to study its effect on mRNAs in the central nervous system given its high

expression in this structure.

1.6.3. The Benign gonial cell neoplasm (Bgcn) reader is mostly expressed in fly germ
cells

Benign gonial cell neoplasm is the closest orthologue of the vertebrate m°A reader YTHDC?2.
It is a 3'-5" RNA helicase, highly expressed in germline and essential for ensuring a successful
progression of the meiotic program of germline cells by regulating the level of m®A-containing
mRNAs. Indeed, YTHDC?2 recognises m°A tags at the 3'UTR of target mRNAs and drives them
to degradation by recruiting the RNA exonuclease XRN1'“%!14% Knock out mice for Ythdc2
have defective testis and ovaries, showing an incomplete meiosis that stops at the zygotene step
and causing infertility. Two of the most affected mRNA targets of Ythdc2 during
spermiogenesis are the messengers of Smc3 and Cep76, two essential actors of meiosis events,
which are not efficiently translated in Ythdc2 mutants'°. In Drosophila, the predicted Bgen
protein is related to the DExH-box family of RNA-dependent helicases because of its RNA
binding activity but it lacks ATPase and helicase functions.

In GSCs, Bgen cooperates with Bag of marbles (Bam) forming a repressive complex which

controls the translation of proliferation-related transcripts (Figure 13).

Self-renewal Differentiation

@ Bgen

Figure 13. Balance between germ stem cells self-renewal and differentiation in Drosophila ovaries.

Nos/Pum maintain the stemness in germ stem cells (GSC) by repressing the expression of genes associated with
cell differentiation. On the contrary, Bam-Bgcn control cell differentiation into cystoblast (CB) by activating
repressors of Nos/Pum factor and leading to the expression of genes promoting cell differentiation (Adapted from

Shen et al. 2008)'5!.
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The balance between germline stem cells self-renewal and differentiation in fly ovaries is
mediated by the antagonistic relationship between the Nanos (Nos)-Pumilio translational
repressor of differentiation promoting genes, and expression of Bam, a key differentiation
factor (Figure 13)!92-154,

Interestingly, Bam and Bgcn have been associated to sex determination in Drosophila, since
Bam female mutant germ cells display male inappropriate transcripts expression, similar to SxI
female mutants. It was proposed that Sxl and Bam cooperate for repressing alternative splicing
and translation of Nanos mRNA in this process. Co-immunoprecipitation and chromatographic
experiment indicated that Meiotic-P26 (Mei-P26), Bam-Bgcn and SxI physically associate on
Nanos mRNA in ovary germline cells, likely repressing its translation and inducing germ stem
cells differentiation'>.

In Drosophila male germline, SxI is not expressed while Bam-Bgcn and Mei-P26 are active
and control stem cell maintenance and differentiation. Chen et al. in 2014 performed Ethyl
Methane Sulfonate (EMS) largescale mutagenesis and obtained a male sterile mutant line
exhibiting germ cell overgrowth. The mutation localised on the Tumorous testis (Tut) gene.
They further demonstrated that the phenotype of this mutant was comparable to those of Bam,
Bgcn and Mei-P26 mutants. Indeed, they belong to a common complex in which Bam recruits
Tut through its N-terminal domain and Bgen through its C-terminal portion. This complex
anchors on the 3'UTR sequence of Mei-P26 mRNA to prevent its translation and ensure meiotic
division at the proper time'>*.

Under normal conditions, Bgcn is present in all stages of sperm cells whereas the other three
proteins are not (Figure 14). Tut is very weakly expressed in GSC, or in dividing cells, thus
Mei-P26 is not completely repressed. Because Mei-P26 promotes Bam expression and Bam is
required for the full expression of Tut, Tut accumulates in the late amplifying cells in which

Tut, Bam, and Bgcn can form a complex on the 3'UTR of Mei-P26 to repress it'>*!%,

- Mei-P26 -
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Figure 14. Regulation of Tut, Bam, Bgcn, on their target Mei-P26 during germ cells differentiation.
In normal condition Bgen regulates Mei-P26 expression, while Tut is weakly expressed (stem cell status). Mei-
P26 slight accumulation causes Bam activation, resulting in Tut increased production (early to late TA cells). Tut

accumulates and together with Bam and Bgcn, represses Mei-P26. Then Tut starts to be degraded and the
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repressing complex dissociates, letting the expression of Mei-P26. The cells enter meiosis (Adapted from Chen et

al. 2014)'54,

At the end of the amplification stage, when Tut is degraded and Bam levels decrease, Mei-P26
is de-repressed and the germ cells enter the meiotic cycle. Bgen is an unusual RNA-dependent
helicase able to regulate translation through the binding of the 3’UTR of m°A containing
transcripts. The absence of the helicase and ATP activities in flies may be due to two possible
reasons: it could be an ancestral RNA-dependent helicase that has lost those activities or an

inactive protein that has a conserved RNA binding activity '>°.

The wide set of RNA modifications that have been identified so far have shown an implication
in RNA metabolism and regulation. Coding and non-coding RNAs can be modified with a
variety of modification affecting RNA metabolism at different levels. One of the most abundant
mRNA modifications is the m®A and its effectors influence various aspects of mRNA from
stability, splicing and translation. Their biological function is rather conserved from flies to
mammals, suggesting a relevant role in cell physiology.

However, the m®Am modification has gained importance since it has been shown to be
deposited on the first transcribed nucleotide of m’G-capped mRNAs by PCIFI protein.
Interestingly, mammalian PCIF1 is not vital however reduced body weight and gene
dysregulation are observed in mutant mice’®. On the contrary, Pcifl is structurally conserved in
fly but it is catalytically inactive, suggesting that it should have evolved a different function and

may interact with other factors in regulating specific gene expression events.
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Chapter 2: Canonical versus alternative cap structures and decapping
enzymes: the Nudix family

2. A variety of caps and the cap binding proteins

The cap fulfils a variety of functions in all aspects of mRNA metabolism and synthesis, nucleo-
cytoplasmic transport, translation, silencing, and turnover. The decapping process ensures the
regulation of mRNA turnover and the regeneration of free nucleotides then available for de
novo mRNA synthesis. Decapping enzyme 2 (DCP2) was discovered in yeast and subsequently
identified as the first eukaryotic decapping enzyme'’. The destiny of decapped mRNAs in
eukaryotic cells is to undergo degradation in a 5'—3’ or 3'—5' fashion, known as mRNA decay.
It initiates with the polysome-associated deadenylation of the poly(A) tail, subsequent removal
of'the 5’ cap structure, and destruction by 5'—3' exonucleolytic digestion or by 3'—5' exosome-
mediated decay'>®!>°. Since its discovery, DCP2 has been first assumed to be the only enzyme
responsible for the majority of eukaryotic mRNA decapping. However, deep investigations
during the last two decades have demonstrated that other decapping enzymes exist in bacteria,
yeast, plants and mammals suggesting that non-canonical cap structures can control the fate of
RNA molecules'®’. Novel alternative cap structures have been notably identified in vitro such
as Nicotinamide Adenine Dinucleotide (NAD), Flavine Dinucleotide (FAD), diphospho-
CoenzymeA (dpCoA), diadenosine-tetraphosphate (ApsA), Uridine Diphosphate Glucose
(UDP-Glc), and Uridine Diphosphate N-Acetyl Glucosamine (UDP-GIcNAc)'®!. Thus, the
identification of putative alternative cap structures raised the question whether they may be
hydrolysed by pyrophosphohydrolyses other than the canonical DCP2 also in vivo.

DCP2 actually belongs to the NUcleoside DIphosphate linked to another moiety, X (NUDIX)
family, a superfamily of pyrophosphohydrolases sharing a highly conserved 23-amino acids
Nudix motif (Nudix box), GxSEx5[UA]XREx2EExGU, where U is an aliphatic hydrophobic
residue!®®!2. In mammals, there are 22 Nudix hydrolases including DCP2 and several of them

are conserved in prokaryotes and eukaryotes (Figure 15).

49



e —— MTH1

37 58 132 156
FR— NUDT2
43 64 139147
4~ NUDT3
17 51 72 126 172
— e l—— "~ NUDT4
18 51 72 144 180
— sy ——  NUDTS
57 97 119 197 219
A ——— 7~ NUDT6
141 176197 273 36
— ll—~8 NUDT7
37 77 98 172 238
A —— 4~ NUDT8
25 70 91 172 236
e —— NUDTS
178 215 237 334 350
— sl iy ——  NUDT10
g 50 71 144 164
NUDT11
17 50 7 144 164
NUDT12
45 78 98 147 277 308319 355 376 453 462
' NUDT13
46 162 195216 240 323 352
NUDT14
38 111129 206 222
— — NUDT15
9 48 69 145 164
NUDT16
18 61 82 173 195
e f— s —— 7~ NUDT17
90 127 148 236 328
4 NUDT18
37 76 97 167 323
Nudix hydrolase - o — s ————— <y NUDT19
NUDIX box <~ 15 116 137 263 375
Microbody targeting signal - -4 Ml l——~~ DCP2
Ankyrin repeat £~ 10 95 129 150 226 420
NUDIX-like - i ——  NUDT21
ZF-NADH-PPase - 76 109 130 201 227
DCP2 5. - e ————— NUDT22
118 285 303

Figure 15. The mammalian Nudix family.
The Nudix family counts for a group of 22 hydrolases in mammals. They all share a common Nudix box (blue
box) of 23 amino acids which possess the catalytic activity. The length of each member and the specificity varies

along the family. (Adapted from Carreras-Pugivert et al. 2017)'3,

The NUDIX family of proteins hydrolyse cellular metabolites coming from various
physiological processes by breaking the diphosphate bond!®>!®*. Interestingly, in A.thaliana
there are 28 Nudix genes which have been grouped in eight classes according to the substrate
preferences: 8-oxo-(d)GTP (AtNUDIT1); ADP-ribose/NADH (AtNUDT2,6,7,10,19); ADP-
glucose (AtNUDT14); FAD (AtNUDT23); GDP-mannose (AtNUDT9); thiamine diphosphate
(AtNUDT20); and ApaA (AtNUDT25,26,27,13). AtDcp2 is the canonical mRNA decapping
enzyme while the substrate specificity of the remaining members is still not clear!'®.

Nonetheless, it is evident that the plant Nudix proteins show hydrolytic activity towards
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substrates that are not always the same of the human orthologues indicating a possible
specialization or adaptation during evolution.

Some of the Nudix proteins display the ability of hydrolysing the diphosphate bond of
metabolites attached to RNA molecule in vitro and in vivo but the fate of the detached molecule
is still unclear'®?. In this part of the introduction, I will present the canonical cap and the poly(A)
tail formation and removal, including an overview on non-canonical cap structures identified
so far together with the human Nudix enzymes. It is important to underline that in this work
we hypothesize that the Nudix family may have finely evolved as a redundant set of proteins
with a primary role of hydrolyses that can be converted in specific decapping activity in

particular cell type and environmental conditions.

2.1. The canonical 7-methylguanine cap (m’G-cap)

As stated in the first chapter of the introduction, the RNA Pol II transcribed RNAs including
pre-mRNA (messenger RNA), pre-miRNA (micro RNA), pre-IncRNA (long non-coding RNA),
snoRNAs (small nucleolar RNAs) and snRNA (small nuclear RNA) are characterized by the
co-transcriptional addition of the cap, a 7-methylguanine (m’G) attached at the first transcribed
nucleotide by a 5’-5' triphosphate bond'®®. The formation of the cap is a multistep process in
which many partners contribute to the proper formation. Such interactions are necessary for the
cap key nuclear and cytoplasmic functions including pre-mRNA processing, nuclear export,
miRNA silencing, translation initiation, and mRNA decay. The 5'cap of the various RNAs
species have different fates but here we will describe the destiny of the mRNA 5’cap only.

The most important function of the 5' cap is to protect the mRNA from uncontrolled degradation
and to avoid that uncapped or unmethylated mRNAs trigger the innate immune response.
Indeed, uncapped viral RNA is recognized as a foreign material, notably through its binding to
the Retinoic Acid Inducible Gene-I (RIG-I) cytosolic receptor which ultimately induces
Interferon Type 1 (IFN1) activation?®!%, Strikingly, many viruses have developed strategies to
escape the immune system by mimicking the structure of the 5'cap or exploiting the host cell
machinery to form their own cap thus preventing their recognition as foreign RNA2?%167,

The first studies on the formation of the 5' cap were actually performed on viral mRNAs
obtained by the cytoplasmic polyhedrosis virus (CPV) infecting the silkworm Bombyx morii in
the 1970°s'%7. It turned out that the viral 5' end of the mRNA is protected by the m’G cap and
the process starts from the triphosphate group attached to first transcribed nucleotide (PPP-
NTP). Here, the RNA guanylyltransferase and 5' phosphatase (RNGTT) hydrolyses the
triphosphate bond and transfer the GMP to the protruding P-NTP of the nascent transcript. Then,
the RNGTT enzyme is recruited by the phosphorylated Ser5 of the C-terminal domain of the
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RNA Pol II and ensures that the early emerging RNA is capped and methylated in position 7 of
the guanine by the RNA guanine-7-methyltransferase (RNMT)!®*. The structure formed so far
is called cap 0. In the case of mammalian mRNAs, cap 0 is further modified with the 2'O-
methylation of the first and the second transcribed nucleotides by the Cap Methyltransferase 1
(CMTR1) and Cap Methyltransferase 2 (CMTR2) respectively'®®. Other modifications have
been identified recently as the methylation of the first transcribed nucleotide if it is an adenosine
in position 6 (m®Am), internal modifications and the 3’ binding of the poly(A) tail which all

contribute to different level of mRNA turnover regulation.

2.2. The cap binding proteins (CBP)

The mRNA half-life is tightly controlled and this is due to the cross talk of a huge number of
proteins that interacts and/or bind the canonical cap directly or indirectly. Cap binding complex
(CBC) and eukaryotic initiating factor 4F (eIF4F) are the major cap binding proteins in higher
eukaryotes where the CBC ensures mRNA splicing and nuclear export while eI[F4F promotes

165 However, additional binding proteins have been identified such as LA-Related

translation
Protein 1 (LARP1), Pumilio 2 and the exon-junction complex core heterodimer Y 14/Magoh.
LARP1 is able to bind at the 5' cap of ribosomal protein encoding transcripts by the recognition
of the Terminal OligoPyrimidine (TOP) sequence. It results in transcript stability and the
blockage of translation. The phosphorylation of LARP1 induces mRNA release and translation
leading towards ribosome assembly and cell growth!®8.

Pumilio 2 is a 3" UTR RNA binding factor that represses cell differentiation in eukaryotes.
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However, it has been demonstrated that it is able to bind to the cap through the Trp°** residue

impairing eIF4E binding and inhibiting translation (Figure 16).

5
m’G cap
Thri#

PBEs

(Pumilio Binding Elements)

Figure 16. Mechanism of Pumilio 2 repression of mRNA translation in Xenopus oocytes.
Pumilio 2 binds to the Pumilio Binding Elements (PBEs) in close proximity to the 3'UTR of the target mRNA in

Xenopus oocytes as well as to the m’G cap through the Thr’** residue, displacing eIlF4E and preventing

translation'.
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Its ability to bind the cap is coupled with the 3' UTR binding at the Pumilio Binding Elements
(PBEs) on specific transcripts during oocyte maturation in Xenopus, displacing elF4E and
blocking protein translation'”’. In Drosophila, Pumilio is involved in the maintenance of the
GSCs in the germarium by repressing the expression of differentiating genes as mentioned in
the first Chapter of the introduction. Moreover, it is directly involved in the repression of the
el[FAE mRNA at Neuromuscular Junctions (NMJs) during larval synaptic boutons
development!”!. In mammals, Pumilio 1 and Pumilio 2 repress mRNAs translation by recruiting
CCR4-NOT complexes which remove poly(A) tails and prevent translation'’2. These results
point out an important role of Pumilio in modulating mRNA translation through its interaction
with the PBEs and the 5' cap.

The RNA binding protein Y 14/Magoh inhibits DCP2 decapping activity by directly binding the
cap and DCP2, as shown in pull down assays. Moreover, Y 14/Magoh reduces the hydrolysis of
m’G cap by DCP2 in vitro'”. Further studies would help in discovering additional partners that
bind the canonical m’G cap directly or indirectly. Here, I will limit the presentation to the most

conserved cap binding factors.

2.2.1. The cap binding complex (CBC) is conserved in eukaryotes

The CBC is well conserved in all eukaryotes and is composed by two subunits: the Nuclear Cap
Binding Protein 1 (NCBP1) and the Nuclear Cap Binding Protein 2 (NCBP2)%. It has been
shown that none of them has the ability to bind in vitro to the m’G cap alone suggesting that
they act synergistically in a protein complex during the capping process. Indeed, the NCBP2
shows a pocket where the m’G cap locates due to the presence of two tyrosine residues (Tyr*°
and Tyr*) but a conformational change driven by NCBP1 is necessary for NCBP2 binding
(Figure 17).

Figure 17. The CBC binds to the m’G cap and to mRNA by the RRM motifs.
The NCBP2 N-term arm contains the Tyr?® and Tyr* that are involved in the m’G cap binding. The NCBP1
interacts with the NCBP2 in order to induce a conformational change of the N-term that exposes the cap binding

pocket. Both NCBP1 and NCBP2 contain RNA Recognition Motif (RRM)C.

53



Indeed, only through the interaction of NCBP1 with NCBP2, the N-terminal domain of NCBP2
containing the pocket for the m’G will bind to the mRNA cap. Moreover, both subunits activity
are RNA-dependent!'"*!'7>. Surprisingly, CBC depletion is not lethal in S. cerevisiae, A. thaliana,
or in mammalian cells but it leads to severe changes in gene expression and defective
development!’*'"7_ In Drosophila, the CBC is also conserved and formed by the Cbp80
(NCBP1) and Cbp20 (NCBP2) subunits. In fly, Cbp80 has not catalytic activity but is required
for the Cbp20 N-terminal anchoring to the 5' cap of the pre-mRNA. Moreover, CBC also
regulate 5’ pre-miRNA processing in normal condition as well as the siRNA-mediated silencing
during viral infection!”®.

It is known that the CBC maps at 5’ end and within gene bodies of RNA Pol II transcribed genes

as reported by ChIP experiments'”’

and that it can directly and indirectly regulate transcription
via the recruitment of several transcription factors to gene promoters. For example, in S.
cerevisiae, CBC recruits Motlp, a transcription factor that promotes or represses gene
expression in a gene-specific fashion by activating or inhibiting RNA Pol II recruitment®. In
addition, CBC interacts with Burp1 and Ctk1p kinases to phosphorylate RNA Pol II at Ser2 and
recruit transcription factors triggering increasing methylation of H3K36, an epigenetic mark
that enhances transcription!”. Similarly, in mammals, CBC recruits Positive Transcription
Elongation Factor b (P-TEFb) to induce RNA Pol II phosphorylation and promote transcript
elongation. However, in higher eukaryotes, the transcription limiting step is not RNA Pol II
recruitment but escaping promoter-proximal pause.

In fly, the CBC is able to interact with Arsenic resistance protein 2 (Ars2) regulating small
RNAs processing. Indeed, CBC-Ars2 binds to pri-miRNAs through the 5'cap and Ars2 activates
the Microprocessor cleavage to generate pre-mRNAs. In a similar fashion, it has been proposed
that Ars2 is able to activate Dcr2 for the mediated siRNA silencing upon viral infection in
Drosophila through the interaction of CBC which, in this context, may act as co-factor of
Ars2!80,

The fact that CBC binds to m’G is fundamental for the steps following the transcription such

81 "in Xenopus oocytes'®?, in A.

as splicing, nuclear export and translation. In HeLa cells
thaliana'®® and in S. cerevisiae'®*, the deletion of the CBC reduces the activation of snRNPs to
splicing sites, leading towards reduced splicing efficiency. Moreover, CBC guarantees efficient
mRNA export to the cytoplasmic compartment through the interaction with the transport-export
complex TREX, which is recruited in proximity of the transcripts in the nucleus. When the
capped-mRNA is properly spliced and ready to be translated, CBC is displaced in favour of

elF4E which promotes translation initiation'®.
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Despite the fact that the overall cap binding activity of the CBC is shared among eukaryotes, it
is important to highlight that it is able to interact with a wide spectra of factors that can regulate
different steps of mRNA turnover and that these different functions can be specific to each

species.

2.2.2. The elF4F complex binds to the 5’ cap of eukaryotic mRNA

The eukaryotic Initiation Factor 4 F (eIF4F) is a protein complex conserved in eukaryotes and
consists in a helicase component elF4A, a cap binding component called elF4E, and a
scaffolding component eIF4G. eIF4F binds through the two conserved Trp® and Trp!%? to m’G
cap with, as for CBC, an increased affinity when the first transcribed nucleotide is 2'O-
methylated'®. The eIF4F complex is able to recruit elF3, the initiating factor that activates the
tRNA and the 40S ribosome subunit for starting translation. The protein synthesis is balanced
by eIF4E component regulation through the mTOR and MAP Kinase interacting
Serine/Threonine Kinases (MNK 1) which promote cell proliferation and cell growth according
to oxygen, nutrient and growth factor availability!®"-1%8, Additionally, eIF4E possesses two
homologues called eIF4E2 and eIF4E3 with lower affinity to the cap but interacting in particular
conditions at the place of eIF4E!31%° The eIF4E2 factor has shown the ability to mediate
translation upon hypoxia when elF4E is inhibited. In this status, a complex is formed by eI[F4E2,
HIF-2a (Hypoxia Inducible Factor 2 a) and RBM4 (RNA Binding Motif 4) which binds to
specific RNA hypoxia response elements and induces translation'®. Under eIF4E
overexpression, eI[F4E3 competes with eIF4E for cap binding reducing expression of oncogenes
in some subtypes of leukemia thus suggesting eIF4E as a clinical target for inhibitors!*.
Finally, elF4B and elF4H are two proteins required for the helicase activity of elF4A by
modulating its affinity to ATP and to the unsolved secondary structures at the 5' end of the
mRNAs!?>1%3 Moreover, elF4B is essential for the 40S subunit assembly and its depletion is
associated with reduced cell proliferation and cell survival'®*,

The transition from the CBC bound m’G-capped RNAs towards the first step of translation
occurs when importin o bound to NCBP1 interacts with importin B in the cytosol. Here, the
CBC is released and eIF4F binds the m’G cap. The binding of eIF4F to the m’G cap is
coordinated by the eIF4E and the elF4G co-factor (Figure 18).
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Figure 18. Mechanism of translation initiation mediated by eIF4F complex.

Once the CBC is released, the m’G cap is bound by the elF4E factor and the eIF4G scaffolding protein. el[F4A
RNA-dependent helicase is bound too but it is inhibited by the interaction with 4E and 4G. The elF4B and elF4H
are then recruited and activate the helicase activity of eI[F4A by ATP hydrolysis to solve the hairpin structures at
the 5S'UTR region. The eIF4G recruits the PABP bound to the poly(A) tail inducing the mRNA circularization.

Here, the elF3 is actively recruited to the complex which stimulates the 40S subunit to join. The pre complex is

ready for the recruitment of the 80S subunit and the beginning of translation.

The elF4G is able to bind to the 3' end binding protein PABP and further promote the mRNA
circularization, the recruitment of the 40S subunit, the joining of the 80S, and the activation of
elF4A helicase activity'®>!%%. Indeed, the auto-inhibition of eIF4A is due to the eIF4E and eIF4G
interaction and the support of the elF4B and elF4H complex induces the ATP-dependent
unfolding of mRNA secondary structures'®’. Subsequently, protein translation can continue
through the activation of the translation factors and the recruitment of the tRNAs.

It is commonly accepted that the eI[F4F complex is overexpressed in a wide group of cancers
such as lymphomas, angiosarcomes, lung carcinomas, and hepatomes in mice!'*® as well as
increased angiogenesis'” and metastasis formation®”, indicating that increased protein
synthesis is deleterious for normal cell physiology. For this reason, some studies on eIF4F aim

to find a strategy to block dangerous protein synthesis and uncontrolled cell proliferation.
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2.3. The NUDIX family

2.3.1. The canonical Decapping enzyme 2 (DCP2) or NUDT20

The decapping enzyme 2 is the major decapping enzyme, first discovered in Saccharomyces
cerevisiae and conserved from bacteria to eukaryotes'*’. The dcp2 gene encodes for a protein
of 970 amino acids in yeast, while is shorter in humans (420 aa) which is organised in three
conserved structural domains: the N-terminal Regulatory Domain (NRD), the Catalytic Domain
(CD) containing the Nudix box that are linked by a short hinge involved in conformational

changes of the enzyme and C-terminal disordered domain (Figure 19).
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Figure 19. Schematic representation of the Dcp2 protein in S. cerevisiae and its involvement in different
mRNA decay pathways.

The yeast Dcp2 protein is 970 amino acids long and is characterised by an N-terminal regulatory domain which
binds to Dcpl (yellow box), a Nudix box (in grey, between the yellow and the green boxes) and a C-terminal
domain containing binding sites for interacting proteins as Upfl (red boxed), Scd6 (violet box) and Patl (blue
boxes). On the right side of the scheme, various fates of mRNA decay are indicated according to the factors bound

to Dcp2 (He et al.,2022)>°!,

The N-terminal regulatory domain of Dcp2 is involved in the binding with Dcpl, forming the
active decapping enzyme, while the Nudix domain is able to bind the capped RNA and catalyse
the hydrolysis of the 5' cap. The C-terminal disordered domain is the platform mediating the
recruitment of protein partners that can regulate decapping activity in a substrate specific

manner (Figure 19). The Dcpl-Dcp2 holoenzyme is involved in the canonical 5'—3' mRNA
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turnover but also in the Nonsense Mediated Decay (NMD) of aberrant transcripts by the
removal at the 5' end of the m’G-cap. The result is an overhanging mono-phosphorylated 5'
transcript and a 7m-GDP. Mammalian DCP2 is mostly expressed in brain and testis while it is
undetectable in heart and liver, suggesting that other decapping enzymes elicits this role in other
tissues. DCP1 is reported to be ubiquitously expressed (UniProt database).

DCP1 and DCP2 co-localise in the Processing bodies (P-bodies) and are both essential for the
decapping process in metazoa: the deletion of any of the two enzymes results in decapping
deficit?®?. Interestingly, DCP1 is exclusively detected in P-bodies while a minor amount of
DCP2 is detected in the nucleus. Their activity is enhanced in yeast by the interaction with a
set of protein partners, some of which are conserved from flies to humans: Enhancer of mRNA
decapping protein 1 an 2 (Edcl and Edc2) in yeast and Edc4 in flies and humans!372°12%  the
human Proline-rich Nuclear Receptor Coactivator 2 (PNRC2) and probably PNRC12%, These
proteins have in common a proline-rich motif that interacts with Dcpl hydrophobic side and
increases RNA binding and decapping. Mugridge et al. proposed a model for the activation of
Dcpl1-Dep?2 in yeast where the binding of PNRC2 and Edc1 and Edc2 to the hydrophobic cleft
of Dcpl led a conformational change of Dcp2, which allows the scanning of the capped
mRNA'. Subsequently, Dcp2 recognises the cap structures performing a further
conformational change due to the interaction between the Nudix catalytic domain of Dcp2 and
the activating motif YAGxxF of Edcl protein and catalyse the decapping process®®’. Later, it
was shown that, in vertebrates, Dcpl interacts with Patl for the holoenzyme activation and
together with DExD/H box RNA Helicase 1 (Dhh1) and eukaryotic Like Sm protein 1 (Lsm1p-
7p), Dcp2 recognises deadenylated mRNAZ%. A set of activator proteins were identified in the
non-sense mediated decay (NMD), including Up frameshift 1 protein (Upflp), Upf2p, and
Upf3p that are NMD-specific regulators®®!.

The deletion of dcpl or dcp2 orthologues in C. elegans induce reduced fertility, impaired
locomotion and shortened lifespan while overexpression of Dcpl in the brain increases worm
life span and resistance to stress. Moreover, knocking down of Dcp 1 orthologue in Drosophila
nervous system results in unexpanded wings during pupal stage and lack of cuticle tanning in
adults®”’. In mice, the inducible deletion of Dcp2 as well as Dcpl results in embryonic lethality
while in adults it impairs fertility suggesting a pivotal role of the decapping enzyme in cell
physiology®®®:2%°_ Altogether, the published results highlight important roles of Dcpl and Dep2

and their regulators in eukaryotes physiology.
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2.3.2. The mthl, mth2 and mth3 homologues encode for NUDT1, NUDT15 and NUDT18
The mth (MuT homologue) gene is a member of the NUDT family and has three homologues
in humans, called mthl (nudtl), mth2 (nudtl5) and mth3 (nudt18) (Figure 20).

1 3 s 156
MTH1 1 |
1 46 68 170
MTH2 [ | | |
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Figure 20. The three MTH proteins share a common MuT box.

The MTH1 (NUDT1), MTH2 (NUDT15) and MTH3 (NUDT18) share the MuT box close to the N-terminal part
of the protein (grey box).MTHI1 is 156 aa long, MTH2 is 170 aa long and MTH3 is 323 aa long (Adapted from
Takagi et al. 2012)?'°,

The mthl gene encodes a ubiquitous protein of 156 amino acids known as MTH1 (synonym
NUDTT1) that localises mostly in the mitochondrial matrix and in the nucleus of highly
proliferating cells such as Jurkat cells?!!, MEF cells*!? and HeLa cells as well as in post mitotic
neurons?'>, MTH1/NUDT1 was first identified in E. coli and it showed the ability to selectively
hydrolyse 8-0x0-GTP to 8-oxo-GMP and to inhibit oxidised nucleotide insertion on DNA?!*
(Figure 21).

8-oxo guanine
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Figure 21. The insertion of 8-oxo-guanine in the DNA sequence generates a mismatch.
The mis-incorporation of an oxidised guanine (red rectangle) induces the base pairing with an adenine instead of
a cytosine in green), a mutation that can be maintained and amplified during DNA replication, resulting in a C:G-

> A:T transvertion.

The oxidative stress is generated by the continuous production of Reactive Oxygen species
(ROS) in the cell as side products of cellular metabolism. External sources of oxidative

products can further increase the amount of oxidant species in the cell, resulting in DNA

59



damage and/or activation of signalling pathways leading towards cell proliferation or
apoptosis*'>. One of the consequences of ROS accumulation is the oxidation of deoxy-
ribonucleotide that are inserted in the DNA sequence and amplified by DNA duplication. In
particular, the insertion of the 8-oxo-guanine in the DNA sequence drives to C:G -> A:T
transversion, causing mismatching error in the genome which have been associated with the

t216

development of breast?!®, kidney?!”, and lung cancer®'> as well as with neuronal degeneration?!®.

The NUDT]1 protein is active on the hydrolysis of the diphosphate bond within the triphosphate
bond of the 8-0x0-dGTP , which allows to minimise the insertion of the oxidised nucleotide?!®.
However, NUDT]1 is not the only enzyme involved in the surveillance of DNA insertion of
nucleotides: the OGG1 protein is actually capable of removing the 8-0xo-dG by cleaving it
from the DNA sequence??%??!, This redundant activity of the two proteins highlights that it is
extremely important to restrain the genotoxic effect of the insertion of oxidised nucleotide.

In Drosophila, the Ribosomal Protein S3 (RpS3), CG42813, and Nth-like DNA glycosylase 1
(Nthll) CG9272 genes encode products that have the ability to prevent incorporation of
oxidised nucleotide in DNA, but only the protein encoded by CG42813 shares considerable
amino acid identity to the mammalian orthologue mth1?*>. When it is depleted, flies show faster
aging and impaired locomotion together with dopaminergic neuron loss?*3. These phenotypes
were observed also in mice depleted of mthl, where the pool of oxidised NTP increased the
DNA damage in mitochondria®'?2. Similarly, in patients affected by Parkinson’s disease NUDT1
concentrations are low in neurons, and increased mitochondrial DNA damage is observed?!®.
These results indicate that the role of NUDTI is essential for controlling oxidative stress
dependent neurodegeneration along evolution. As in mammals, flies possess a conserved OGG1
orthologue encoded by the gene CG6779, which has a glycosidase activity mediating the
removal of oxidised nucleotides from the DNA sequence. It illustrates further that evolution
has selected various strategies to avoid DNA damage propagation through specialised enzymes.
The mth2 gene encodes for a protein of 165 amino acids and localises in the cytoplasm. It was
initially called as MTH2, since it was proposed to have a similar function of MTH12!®, MTH2
possesses a Nudix box and is also known as NUDT15 (and I will further refer to this protein as
NUDTI15 along the manuscript). Later on, it was demonstrated that NUDT15 had actually a
very low affinity for oxidised NTP while it efficiently hydrolysed active metabolites deriving
from thiopurine drugs such as 6 thio-dGTP in its mononucleotide form?!%??*, Thiopurines drugs
are currently used for treating various cancers and inflammatory diseases. In this context, some
human NUDT 15 variants have been associated with high predisposition to develop thiopurine

226

intolerance??® and to fail recovery from ulcerative colitis?*, inflammatory bowel disease®?’ ,

and acute myeloid leukemia 22®. The number of case-control studies involving people carrying
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alternative variants of the nudt/5 homologue are presently under way in order to contribute to
the development of a personalised medicine.

Finally, the mth3 homologue encodes for the MTH3 (or NUDT18) protein of 323 amino acids,
which localises in the cytoplasm. It has low affinity for oxidised dNTPs, while it is highly active
in the presence of ribonucleotides counterparts®'®. Its role is thus to contribute to ‘house
cleaning’ of the RNA from eventual incorporation of oxidised nucleotides in a context where
the RNA Pol II is able to incorporate oxidised ribonucleotide and lacks any proof reading
activity?”. In conclusion, the well-conserved MuT containing proteins guarantee an efficient

DNA protection from nucleotide oxidation in prokaryotes and eukaryotes.

2.3.3. NUDT?2 hydrolases the diadenosine tetraphosphate (ApsA) metabolite

Nudt? gene is conserved in bacteria, yeast, plants, insects and mammals. The human gene codes
for a protein of 147 amino acids that is able to hydrolyse the phosphodiester bond within the
diadenosine tetraphosphate (ApsA) metabolite. ApsA is a cellular metabolite generated from
the side effect of the aminoacyl-tRNA synthase which ensures the activation and the charging
of the amino acid to the corresponding anticodon tRNA during mRNA translation?*?*!, Indeed,
the enzyme is capable of transferring the activated amino acid onto a molecule of ATP, inducing

the release of the amino acid and the formation of ApsA (Figure 22).
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Figure 22. The diadenosine tetraphosphate (ApsA) metabolite.

The diadenosine tetraphosphate is the side product of the aminoacyl-tRNA synthase. It is generated by the linkage
of an AMP-amino acid (that should be loaded on the tRNA acceptor molecule) with an ATP molecule (Adapted
from Mattay, 2022)?32,

The physiological concentration of ApsA is very low in prokaryotic and eukaryotic cells®** but
it may increase upon stressful condition such as heat-shock, oxidative or ethanol stresses as

shown in bacteria, therefore functioning as an ‘alarmone’?*#?*°, In mammals, ApsA metabolite

234 236

acts as a second messenger in particular cell types, such as mast cells*>* and dendritic cells*®,
contributing to the efficient motility of cells involved in the immune response. However, NpsN
metabolites have been detected only on bacterial RNAs as alternative caps upon oxidative
stress, being the ApsA the most abundant’*’2*%, Indeed, it has been demonstrated that the

bacterial ApaH enzyme is able to hydrolyse NpsA metabolites and keep their concentration
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under control. However, ApaH activity is inhibited upon oxidative stress inducing cellular
increase of NpsA metabolite which are than loaded on RNAs?3,
In higher eukaryotes it is not clear whether ApsA-capped RNAs do exist but defective human

239240 and some variants

nudt? gene has been identified as a prognostic factor in breast cancer
of the gene predispose to the development of intellectual disabilities**'**2. In Drosophila,
CG31713 is the orthologue of the nudt2? gene and it is predicted to have the same hydrolysis
activity as its mammalian counterpart from sequence similarity (FlyBase database). The
CG31713 gene is mostly expressed in the early embryo and in adult ovaries®*® but the role of
this gene is still unknown in flies. Evidently, improvement in the detection tools for poorly

concentrated substrates is required for the detection of putative alternatively capped-RNAs.

2.3.4. NUDT3, NUDT4, NUDT10 and NUDT11 are Diphospholnositol PyroPhosphatases
(DIPPs)

2.3.4.1. NUDT3 is a redundant m’G-decapping enzyme in vitro and in vivo

The human nudt3 gene encode for a cytoplasmic protein of 172 amino acids. It is part of the
Diphospholnositol PyroPhosphatase group (DIPP) of proteins which are able to hydrolyse the
diphospholnositol Pentakisphosphate metabolite (PP-InsP5) (Figure 23) as well as ApsA and
ApsA 16224
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Figure 23. The diphosphoinositol pentakisphosphate PP-InsP5 molecule.

The picture shows the chemical structure of PP-InsP5. In black the inositol ring, in red the phosphate groups. The
NUDT3 breaks the diphosphate bond indicated by the blue arrow
(https://modelseed.org/biochem/compounds/cpd08361)%4.

PP-InsP5 is a high energy molecule present in the cell that is involved in various signalling
pathways and it is tightly regulated by cAMP and cGMP molecules together with phosphatases
in order to guarantee constant turnover of these metabolites?*®. PP-InsP5 plays a crucial role in

the clathrin-mediated vesicle trafficking since it is tightly bound by Adaptor Protein 3 (AP3)?46
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as well as in the myelin binding due to its high affinity for the proteolipid layer**’. Moreover,
it has been found that PP-InsP5 is involved in mRNA export from the nucleus to the

248 Nonetheless, it has not been clarified yet whether PP-InsP5 capped RNAs exist

cytoplasm
in vivo and if NUDT3 is able to decap these putative type of RNAs substrates.

Interestingly, NUDT3 would be able to remove the canonical m’G-cap on mRNAs either in
vitro and in vivo on a subset of mRNAs and its decapping activity would be moderated by PP-
InsP5 itself 247231, Song et al. have demonstrated that upon Nudt3 knock down in MCF7 breast
cancer cell type, the transcript levels of the Integrin f6 (ITGB6) and lipocalin-2 (LCN2)
encoding oncogenes were significantly increased, affecting cell morphology and motility?*.
These results proposed that NUDT3 may act as a decapping enzyme of a specific subset of

mRNAs.

2.3.4.2. NUDT4 hydrolyse cleaves the diphosphate bond in PP-InsP5

NUDT4 protein belongs to the Nudix family and is a conserved hydrolyse from worm to fly
and mammals. The human gene codes for two isoforms differing for one amino acid, but the
isoform a is the most abundant isoform expressed as a cytoplasmic protein of 180 amino acids.
NUDTH4 is involved in the cleavage of the diphosphate bond within the PP-InsP5 and may share
this property with NUDT3, NUDT10 and NUDT11 given their DIPP signature'®***°. Sharma
et al. have reported that NUDT4 protein does not have any decapping activity when different
substrate were tested in vitro'*®, suggesting that they hydrolyse the PP-InsP5 when this substrate
is free in the cell rather than attached to RNAs.

2.3.4.3. NUDT10 and NUDT11 hydrolases encode for identical proteins which are tissue-
specific

NUDT10 and NUDTI11 are identical cytoplasmic proteins, which probably originated from
gene duplication event on the X chromosome. During evolution in mammals, the nudt10 and
nudtl] duplicated genes have experienced ‘sub-functionalization’, which means a tissue-
specific expression despite maintaining the same function!’®, NUDT10 is highly expressed in
liver, kidney and testis while NUDT11 is mostly present in mouse brain 2°2. They are able to
hydrolyse the diphosphate bond within the PP-InsP5 or the diadenosine polyphosphate

252 No decapping activity

removing the B-phosphate with a lower affinity for the latter substrate
has been detected for none of the two proteins but their ability to hydrolyse cellular signalling
molecules indicate that they are involved in cellular metabolic pathways. Recent studies have

identified that NUDT10 expression is significantly increased in gastric cancer from a group of
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Caucasian patients™” while a variant of the nudtll gene is associated with high risk of

developing prostate cancer 2>%253,
These results indicate that they may play an important role in the physiological turnover of

energetic metabolites in association with other members of the Nudix family.

2.3.5. NUDTS is involved in chromatin remodelling

NUDTS is a nuclear protein conserved in yeast, plants and mammals but not in fly or worm. It
is known to have a hydrolytic activity in the presence of ADP-glucose, ADP-mannose and 8-
0x0-GDP and 8-0x0-dGDP due to its conserved MuT domain®*. In the presence of diphosphate
it has also the ability to generate ATP molecules in the nucleus. Similarly as shown for NUDT]1,
NUDTS ability to remove oxidised nucleotide is essential for the proper DNA replication and
to avoid mutation insertion in the sequence, thus acting redundantly with other Nudix members
to ensure DNA cleaning activity*>S,

However, NUDT5 has been originally studied rather because of its involvement in the
progesterone-induced increase of ATP production in the nuclei of breast cancer cells®*’. Indeed,
high levels of NUDTS5 expression are induced by hormone stimulation together with a
significant increase in the levels of nuclear ATP. On the contrary, when nudt5 encoding gene
was silenced, the levels of nuclear ATP were reduced while not the ATP mitochondrial or
cytoplasmic concentration of ATP. Moreover, the hormone-dependent increase of ATP
production was associated with remodelling of the chromatin which activates the expression of
pro-proliferation genes of the Atk/Cyclin D cascade®’. In another study, it was reported that
breast cancer cells from patients display increased NUDTS5 expression which was associated to
increased proliferation, migration and invasion®>*. In normal condition, nuclear NUDT5 may
be involved either in the DNA repairing process as well as in the control of the chromatin status
through the regulation of the ATP turnover. Together these evidences indicate that NUDTS
may be a valuable candidate for treating some types of cancer and few groups tested promising

inhibitor of NUDTS activity on preclinical models®>-26!,

2.3.6. NUDT7, NUDT8 and NUDT19 hydrolyse diphospho-CoenzymeA substrates
2.3.6.1. NUDT?7 hydrolase localises in the peroxisome in mammalian liver
The mammalian nudt7 gene encodes a protein of 238 amino acids, which localises in the

peroxisome and contains an N-terminal Nudix motif and a CoA binding motif that is common

to NUDTS8 and NUDT19 proteins (Figure 24).
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Figure 24. NUDT?7, 8 and 19 hydrolases share a common CoA box.
The scheme shows the conserved CoA box (in yellow) next to the Nudix box (in light blue) of the human NUDT7,

NUDTS and NUDT19 proteins. The C-terminus contains the sequence for the organelle specific localization (in

green).

The nudt7 gene is conserved in prokaryotes and eukaryotes and is known to be involved in the
hydrolysis of the diphosphate bond within fatty acyl-CoA and bile acids-CoA substrates. The
CoA is the key molecule at the centre of different metabolic pathways, such as the fatty acid
synthesis in the cytoplasm, the triacyl glycerol cycle (TCA) and the oxidation of medium-length
chain fatty acids in mitochondria, the conjugation of bile acids and oxidation of long chain fatty

acids in peroxisomes>®

. A little pool of CoA shuttles through the nuclear pores from the cytosol
to the nucleus where it contributes to gene expression regulation through histone acetylation
regulation®®. The subcellular distribution of the CoA sources may be explained by the
organelle-specific distribution of the three hydrolases. NUDT7 mammalian protein mostly
localises in the peroxisomes; in mice, it is specific of hepatic cells, suggesting that its expression
is dependent on the nutrition status. Moreover, its expression levels are inversely correlated
with the CoA levels?®.

A recent study has shown that mutation of nudt7 gene in mice induced increased levels of fatty
acids in hepatic cells driving towards the onset of Non-Alcoholic Fatty Liver Disease (NAFLD).
The NAFLD condition, if it is not controlled, can develop in type 2 diabetes (T2D) and liver
failure?%*?%, Nonetheless, the onset of a dysregulated lipid metabolism can not be attributed
only to defective peroxisome activity but also to impaired mitochondrial function due to the
close interplay between these two organelles.

The mammalian NUDT?7 has the ability to cleave CoA from mRNAs in vitro (Figure 25)
together with NUDT2,8,12,15,16 and 19'®°, however CoA-RNAs have yet been only detected
in the bacteria E.coli and S. venezuelae *%® while not in mammals, questioning the physiological

relevance of these in vitro studies on artificial CoA-RNAs substrates (Figure 25).
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Figure 25. The mammalian NUDT?7 hydrolyses the diphosphate bond within the CoA when attached to
mRNA in vitro.

NUDT?7 cleaves the diphosphate bond of the CoA metabolite when attached to mRNAs in vitro. The blue arrow
indicate the site of cleavage of the NUDT7.

In Drosophila, the CG11095 gene codes for a predicted Nudt7 like-protein that is mostly
expressed in the ovary. This indicates that the regulation of the CoA metabolism by the
orthologue of the NUDT?7 in fly may play a relevant role in ovary maintenance and/or fly
fertility, a hypothesis that stays to be demonstrated by functional studies.

Interestingly, NUDT7 is widely conserved in plants but it modulates the immune response
induced by phytopatogens attack, working as a phosphodiestherase on 2'3'-cyclic AMP (cAMP)
or cGMP second messengers which activates cell death and defense response?¢”-%%. This
function detected in plants indicates that the Nudix members are conserved but they have

developed different substrate specificity during evolution.

2.3.6.2. NUDTS is a novel CoA hydrolase
Mammalian NUDTS has been recently identified as a mitochondrial protein of 236 amino acids
which is mostly expressed in heart, kidneys, liver and brown adipose tissue; this enzyme is not

present neither in lower eukaryotes nor in prokaryotes>®

. NUDT&8 amino acid sequence shares
38% of identity with NUDT7 2%, It is characterised by a CoA box which is located upstream of
the Nudix box?%. In vitro analysis showed that mammalian NUDTS hydrolyses CoA-RNAs as
well as various CoA-fatty acid species'®**%°. Differently from its close relative NUDT7,
NUDTS transcripts levels are not affected by changing nutritional status of mice. This suggests
a specific regulatory mechanism controlling NUDTS8 expression in the mitochondria that

requires further investigation?®’
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2.3.6.3. NUDT19 hydrolyse is highly expressed in mammalian Kidney

The human nudtl9 gene encodes for a protein of 375 amino acids which localises in the
peroxisomes and it is highly expressed in mammalian kidney?®?. It carries the Nudix box, as all
the members of the Nudix family, together with the CoA box which is involved in the CoA-
substrates recognition and conserved in NUDT7 and NUDTS enzymes as stated above 169264,
NUDTT19 is able to hydrolase the diphosphate bond within the CoA-substrates and presents an
enhanced activity towards medium length-CoA-fatty acids substrates®’°. Orthologues of the
mammalian nudtl9 gene exist in bacteria as well as in plants, yeast, worms and in flies.
Interestingly, Drosophila melanogaster possesses three genes closely related to the unique
mammalian nudt19 gene: CG18094, CG10194 and CG10195 that we respectively named and
will referred to as Nudt19A, Nudt19B and Nudt19C. They encode for three proteins that share
only a modest percentage of identity (around the 34%). However, no experimental work has
been performed yet that would shed light on their respective role in fly development or
physiology. I will present the work I have done to characterise the Nudt19 proteins functions
in fly in the Results section (see Results-Chapter 2).

Homozygous knock out mice mutants for the Nudtl9 gene are viable and fertile but show
enlarged heart and abnormal skin according to the International Mouse Phenotyping
Consortium (IMPC database). Moreover the Nudt/9 mRNA levels do not change in mouse
kidney in fed or fasted state, indicating no regulation of nudt19 gene expression by diet?*%.
Another recent study showed that NUDT19 is detected in mitochondria in mice liver, in
addition to kidney, where it influences the ATP production and the respiration rates. Here,
mouse model for the T2D and NAFLD were used to perform RNA sequencing in liver revealing
Nudt19 among the dysregulated genes®’!. In addition, nudt19 knock down in hepatocellular
carcinoma cell line (Hepa 1-6) presented overexpressed pdk4 gene, which is known to induced
increase ATP production and fatty acids oxidation in diabetic mouse model by inhibiting the
pyruvate dehydrogenase (PDH)?"2. The pdk4 gene is also highly expressed in diabetic patients,
which is associated with insulin-dependent inhibition of the Pyruvate Dehydrogenase (PDH).
These findings suggest that NUDT19 may regulate PDK4 function in hepatic mitochondria and
that its activity is not only limited to peroxisomes.

Additionally, NUDT19 has shown diphosphatase activity in vitro on m’G-capped and CoA-
capped RNAs, however there are not evidences showing that it can act as a decapping enzyme
in vivel60:162:250
In A. thaliana, the nudtl9 mammalian orthologue (AtNUDT19) is conserved and localizes in

chloroplasts and peroxisomes, where it controls the levels of ROS, which are particularly
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increased upon light overexposure. Indeed, it has been shown that AtNUDT19 is able to
hydrolyse the NADH in chloroplast and when it is depleted, the levels of NADH strongly
increased?’*. In addition, upon AtNUDT19 mutation, a set of upregulated genes were identified
which are mostly involved in the oxidative stress response and resistance suggesting that in

plants AINUDT19 contributes to the defense against oxidative stress.

2.3.7. The conserved NUDT12 hydrolyses NAD-capped RNAs

The human NUDTI2 is a protein of 462 amino acid long that is conserved from bacteria to
mammals; however there are not orthologues identified in fly so far. Nudti2 gene is mostly
expressed in mammalian kidney, liver and testis and has been detected either in the
peroxisomes®’* or in cytoplasmic granules®”. It is involved in the decapping of the NAD-

capped RNAs through the hydrolysis of the diphosphate bond within the NAD cofactor in vitro

and in vivo (Figure 26).
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Figure 26. NUDT12 hydrolyses the diphosphate bond within the NAD-capped RNAs.
The NUDT12 enzyme breaks the diphosphate bond of the NAD-capped RNAs in vitro and in vivo. The cleavage

site is indicated by the blue arrow. The cleavage site of DXO is indicated by the green arrow.

The oxidised NAD and the reduced NADH form molecules are important cofactor which
regulate the oxidation/reduced status of various metabolic pathways in mitochondria, nucleus,
cytoplasm and peroxisomes due to its ability of transferring electrons®’®. NAD(H) can be
synthesised by three alternative ways: de novo synthesis through the tryptophan amino acid, by
the recycling of its precursor or by its demolition due to NAD(H)-consuming enzymes>’®.

Lower levels of cellular NAD(H) have been detected in several human diseases such as

277,278 279,280

and metabolic diseases
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of mice models have resulted in ameliorating effects. Thus, it is important to maintain proper
concentrations of NAD(H) for the normal cellular metabolism.

NAD-capped RNAs were first identified in E. coli and S. venezuelae by RNA-Mass
Spectrometry (RNA-MS) indicating that bacterial RNA Pol are able to introduce non canonical

cap at the 5'end of RNAs?%?%! Later on, different works demonstrated the presence of NAD-

283 284

RNAs in yeast?®?, mammals®®® and plants®®*. NAD capping may occur in bacteria as soon as the
RNA Pol begins transcriptions through the recognition of a specific DNA sequence R(-2)R(-
1)A(+1)S(+2), where A is the TSS, R is either A or G and S is either G or C**. Various
promoter-specific sequences have been identified for different organisms indicating that NAD-
capping occurs at particular sequences close to TSS?®. The main difference in the fate of NAD-
capped RNAs between prokaryotes and eukaryotes is that in the former RNAs are stabilised
and are more resistant to RNase activity while in the latter case they are degraded®®!?*’. In E.
coli, the levels of NAD-capped RNAs are more likely to be related to the environmental and
the metabolic conditions during the stationary phase or exponential phase suggesting that NAD
caps integration is tightly regulated by bacterial density?*®.

In human cells, the highest pool of NAD-capped RNAs derives from mitochondrial mRNAs
and rRNAs where the presence of NAD is increased and the mitochondrial RNA Pols are more
prone to insert NAD instead of ATP. Here, the levels of NAD attached to RNAs can be

288 However, the levels

influenced by the oxidised/reduced state of the cell and external stimuli
of human NAD-capped RNAs are rather low due to the presence of the nuclear DXO and the
cytoplasmic NUDT12 and NUDT16 enzymes that are able to remove NAD-caps as
demonstrated in vitro and/or in vivo'%®?*, DXO is a nuclear protein not belonging to the Nudix
family, which hydrolyses the 3' phosphodiester bond that links either the canonical m’G cap or
NAD to the following nucleotide, removing the entire metabolite from the 5' end of the RNA
(Figure 26, green arrow). This system was first identified as a mechanism that removes
defective m’G canonical cap triggering rapid mRNA degradation®’. Later, it was discovered
that DXO is also involved in the NAD-decapping of a particular set of small RNAs: snoRNAs
(small nucleolar RNAs) and the scaRNAs (small Cajal body RNAs)??.

It is important to underline that DXO contributes only partially to the NAD-capping control in
the cell. Indeed, NUDT12 plays a crucial role in removing this cap from cytoplasmic mRNAs,
where it localises. In this process, NUDT12 interacts with Bleomycin Hydrolase (BLMH)
through the ANK motif in cytoplasmic granules as shown in studies using HeLa cells model?”.
Here, the authors proposed that mouse BLMH may bind RNA in a concerted fashion with
NUDT12; although this hypothesis is still speculative in the absence of molecular evidences

demonstrating this function. In the same study, the authors reported that nudt/2 knock out mice
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were viable and fertile; however a set of genes encoding for the circadian rhythm proteins was
upregulated?’®. This indicates that while NUDT12 may play physiological role in circadian
rhythm, it is not essential in mammals pointing towards putative redundancy by other
compensating proteins, as it has been also demonstrated in bacteria®®”?%, Overall, the amount
of NAD molecules is regulated by different actors depending on the subcellular localization. It

is still controversial whether NAD-capped mRNAs can be translated. It has been recently

t282 t284

reported in yeast?®?, plant’®* and human?®*-?8 that NAD-capped mRNAs can be properly spliced

and poly-adenylated, although only in plants they co-localise with ribosomes and are most

probably translated?.

2.3.8. NUDT16 hydrolyses NAD and FAD substrates

The human NUDT16 is a protein of 195 amino acids that is conserved in higher eukaryotes
although neither in Drosophila nor in yeast is conserved. It belongs to the Nudix family of
proteins and its expression is rather ubiquitous. NUDT16 has been detected mostly in the
cytoplasm in human cells as well as in the nucleus suggesting a pleiotropic decapping

activity?®

, while in Xenopus it strictly localizes in the nucleus®”. It has shown hydrolytic
activity towards m’G-capped U8 snoRNAs, small nucleolar RNAs involved in the biosynthesis
of ribosomes®’!?*2. In addition, NUDT16 has the ability to hydrolyse m’G capped-mRNAs in
vitro and in vivo, suggesting that it can actively regulate not only the ribosome biosynthesis but
also the mRNAs turnover!®%-21292,

According to its nuclear localization, NUDT16 has also been identified as a (deoxi) Inosine
phosphatase, removing mutated nucleotides that may alter the DNA or RNA sequence or inhibit
DNA or RNA polymerase during DNA duplication or transcription®?. Among them,
deamination of nucleotides can generate (deoxi) Inosine tri- or di- phosphates, which may alter
the normal base pairing. Silencing of nudtl6 in HeLa cells resulted in increased DNA breaks,
blockage of the cells in S-phase and cell growth arrest?®?. All these results highlight that
NUDTI16 contributes to the DNA cleaning from potential dangerous insertion of modified
nucleotides as other members of the Nudix family, such as NUDT1 and NUDTIS5.

More recently, in vitro and in vivo studies have shown NUDT16 decapping activity towards the

canonical m’G, NAD and Flavin Adenine Dinucleotide (FAD) capped-RNAs as well as
towards, dpCoA in vitro (Figure 27).
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Figure 27. The FAD capped mRNA is removed by the NUDT16 hydrolyse.
The NUDT16 enzyme breaks the diphosphate bond of the FAD-capped mRNAs in vitro and in vivo. The cleavage

site is indicated by the blue arrow. The cleavage site of DXO is indicated by the green arrow.

The ability of NUDT16 to remove NAD caps was actually first demonstrated in vitro and then
confirmed in vivo in HEK293 cells deleted for nudt16**. In addition, NUDT16 is able to
remove dpCoA-caps in vitro, as already shown for NUDT2, 7, 8, 12, 15 and 19'°. Therefore,
there are a surprisingly large number of Nudix proteins able to break the link between dpCoA
and the 5'-RNAs in contrast to only few number of NAD-decapping enzymes'®’.

In Sharma et al., the authors report that NUDT16 is a new FAD-decapping enzymes in vitro
and in cellulo as shown in HEK293 cells when FAD is attached to short RNAs!®® (Figure 2.9,
blue arrow). In a more recent work it was demonstrated that DXO human protein has also FAD-
decapping activity in vitro and in vivo by removing the full FAD moiety through the breaking
of the phosphodiester bond at the 5' end of the RNAs*** (Figure 27, green arrow). The
mechanism of FAD-decapping in vivo is, thus, controlled at different levels given that not only
NUDT16 but also NUDT12 and DXO are able to hydrolyse the FAD-capped RNAs. These
results suggest that FAD as well as NAD concentrations in the cell are involved in both the
regulation of the metabolic state of the cell and in the mRNA turnover.

FAD, indeed, contributes to regulate the oxidised/reduced state of the cell components and its
levels in mammalian cells are relatively low. It derives from the riboflavin, also known as
vitamin B2, which is not synthesised in humans but need to be introduced from the diet**>. FAD
exists in the oxidised and in the reduced form (FAD/FADH) in the cell and it serves as a cofactor
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for various essential metabolic pathways such as in electron transport chain in the
mitochondria®®®, in DNA repair®®’, in nucleotide biosynthesis®®®, in fatty acid oxidation, the
synthesis of CoA?%**% and in the heme group metabolism>!.

Decreased levels of FAD in humans has been associated with low intake of riboflavin which

02

results in milder effects as sore throat, loss of hair and skin inflammation to anemia**? and

impaired nerve functions*%

. Many of these defects can be compensated by the diet uptake of
riboflavin and the newest metabolic studies and diet styles are contributing to a better

knowledge and consciousness of the consequences on human health due to an unbalanced diet.

2.3.9. The NUDT6, NUDT9, NUDT13, NUDT14 and NUDT17 Nudix members
2.3.9.1. NUDT6 is the antisense transcript of basic Fibroblast Growth Factor (bFGF)

Among the Nudix family, there is a small group of members for which even more little is known
compared to the Nudix protein previously discussed.

NUDT®6 is a human cytoplasmic protein of 316 amino acids, which is conserved in plants, flies
and mammals. The protein is encoded by the antisense strand of the gene coding for the basic
Fibroblast Growth Factor (bFGF), suggesting that it may interfere with the expression of the
bFGF. Indeed, it has been shown that NUDT6 modulates bFGF-induced proliferation in the
pituitary gland preventing tumour cell growth’*. Another study showed that NUDT6 has a
nuclear MuT like activity that can be evidenced in a context where MTH1 is depleted in rat
liver but the level of oxidised nucleotides is reduced despite the lack of MTH13%. In vitro
analysis has demonstrated that purified NUDT6 is not able to hydrolyse any of the alternative
capped-RNAs previously presented, suggesting that NUDT6 may be implicated in cellular
mechanisms other than RNA decapping.

2.3.9.2. NUDT9 hydrolyses the ADP-ribose substrates (ADPR)

The NUDT9 human hydrolyse is a mitochondrial protein of 350 amino acids that is conserved
in mammals as well as in worm and flies but not in yeast or prokaryotes**. It is known to
hydrolyse the pyrophosphate bond within ADP-ribose substrates (Figure 28), which mainly

derived from the NAD catalysis or from the ADP-ribosylated proteins in mitochondria 7.
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Figure 28. The ADP-ribose is hydrolysed by NUDT?9 in vivo.
The ADP-ribose is the substrate of the NUDT9 and the cleavage site is indicated by the blue arrow.

Mono or poly ADP-ribosylation occur on amino acid carrying a free N-, S- or O- acceptor
group*®®. In eukaryotes, poly ADP-ribosylation is the most common modification compared to
mono- ADP-ribosylation and it is promoted by the poly ADP-ribose polymerases (PARP)
which transfers the polyADP-ribose chains on specific target proteins®®. Following DNA
damage, PARPs are highly activated inducing an increased level of poly ADP-ribose and a
decreased level of free ATP, which are detected as a signal for necrosis. However, the levels of
the PARP are controlled by the Caspases, a class of cysteine proteases that cleave the PARP

and limit poly ADP-ribose production®!?

. Defective Caspase activity will led to increased poly
ADP-ribose concentration and to the activation of the necrosis pathway>!!. ADP-ribosylation
plays also a role in chromatin remodelling and mRNA expression regulation, since this
modification can occur on histones and on mRNA binding proteins, which may result in gene
silencing®'?. However, ADP-ribosylated RNAs have not been identified yet and NUDT9

hydrolyse has not shown any RNA-decapping ability in vitro nor in vivo.

2.3.9.3. NUDT13 and NUDT17 hydrolases are NAD pyrophosphatases

NUDT13 is a Nudix hydrolase of 352 amino acids which localises in the mitochondria and it is
conserved in mammals and plants, but not in yeast or flies®!>. It has the ability to break the
pyrophosphate bond within the NAD substrates which is a rather redundant role in the Nudix
family®!3. However, NUDT13 has no decapping activity towards any of the alternative caps
tested in vitro by Sharma et al'®. Interestingly, it was downregulated in metastatic cells of
patients affected by gastric cancer together with the Major Facilitator Superfamily Domain
containing 4 (MFSD4) protein. Here, the downregulation of these factors correlated with
increased motility and invasiveness®'*. Thus, the increased levels of mitochondrial NAD may

contribute to tumorigenic tendencies in particular cellular environment.
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NUDT17 is a Nudix hydrolase of 328 amino acids, which localises in the peroxisomes. It is
conserved in mammals and in plants, but it is not expressed in yeast, flies or in prokaryotic
cells. Sharma et al. have reported no decapping activity on various alternative-capped RNAs,
however it has the ability to remove the canonical m’G-cap'%°2?. As for other members of the
Nudix family, additional studies will shed a light on the functional role of the poor characterised

Nudix proteins in different organisms.

2.3.9.4. NUDT14 and NUDT?22 proteins are UDP-glucose/galactose pyrophosphatases
NUDT14 is a cytoplasmic Nudix member of 222 amino acids, which is conserved in worms,
flies, plants, and mammals>'>. It is involved in the cleavage of the pyrophosphate bond within

the UDP-glucose moiety in vitro and in vivo (Figure 29).

UDP-glucose
CH,OH 0]
0]
OH %) (I? | /I\Q
OH O0—P—0—P—0 N e}
I I
OH O 0) o
OH OH

Figure 29. NUDT14 hydrolases UDP-glucose.
UDP-Glucose is hydrolysed by the NUDT14 protein within the diphosphate bond and is indicated by the blue

arrow.

The UDP-glucose is the donor of glucose for the storage of glycogen in mammals and the
presence of NUDT14 guarantees the release of glucose for this purpose’!®. Similarly in plants,
glucose is stored as starch and depends in the activity of an orthologue of the human NUDT14
called AtASPP!**316 In E. coli, glycogen storage is assured by the orthologue ADP glucose
pyrophosphatase NudF, which controls the glucose levels in the cell*!”.

Interestingly, Wang et al have recently reported that Dengue virus, bacteria, yeast, mouse and
human cells can load UDP-glucose caps on RNAs as alternative caps; however further analysis
is necessary for understanding the fate of UDP-glucose capped RNAs and the metabolic and
gene expression consequences’>.

NUDT22 is a nuclear protein of 303 amino acids, which is conserved in plants and mammals
but no orthologue has been found in flies. It is a member of the Nudix family involved in the

hydrolysis of the diphosphate bond within the UDP-glucose or galactose®!®. In plants, the
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orthologue of NUDT22 hydrolyses UDP-mannose posing the question whether the human
protein can hydrolyse different UDP-sugars®'’. NUDT22 acts and localises differently from the
NUDT14, which recognises only UDP-glucose and localises in the cytoplasm. The human
protein actually displays a pyrophosphatase activity not only towards UDP-glucose but also on
UDP-galactose?!®. The UDP-sugars levels in the cell contribute to glycolysis, gluconeogenesis

and protein glycosylation indicating that their turnover may affect important pathways.

2.3.10. NUDT21 hydrolase is the Cleavage and Polyadenylation Specificity Factor 5
(CPSF5) that contributes to the removal of the poly(A) tail

NUDT21 hydrolyse is also known as the Cleavage and Polyadenylation Specificity Factor
subunit 5 (CPSF5). It is a 227 amino acid protein, which is part of the Cleavage Factor Im
(CFIm) complex. NUDT21 protein is a member of the Nudix family, which is highly conserved
in metazoans. It takes part to the CFIm together with CSF6/CSF7 subunit which are required
for the 3’end cleavage of the mRNAs and the subsequent poly(A) tail attachment.

Poly(A) tails are arrays of 100-250 adenosine added at the 3’ end of mRNAs in a co- or post-
transcriptional manner. Poly(A) tails are 70-90 nucleotides long in yeast, while are longer in
mammals. Tails are appended by template-independent poly(A) polymerases (PAPs) and
recognised by cleavage and polyadenylation specificity factors. Despite the simplicity, they
play a crucial role in multiple aspects of transcripts life*?°.

As soon as the mammalian RNA Pol II transcribes the polyadenylation signal hexamer

consensus sequence AAUAAA within the open reading frame, the CPSF complex binds to it
and recruits the Cleavage and Stimulator Factor (CstF) (Figure 30A).

A. B.
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Figure 30. Polyadenylation at the 3’end of mRNAs.

A. Cleavage of pre-mRNA at 20 nt downstream of the consensus sequence AAUAAA by CPSF-CstF complex. B.
PAP and PABPNI1 bind to the nascent stretch and catalyse the addition of adenosines (Adapted from Russel PJ,
3" edition 2014 by Steven M. Carr)*?'.

The mRNA is cleaved 20 nucleotides downstream the AAUAAA sequence, leaving a free 3'OH
end. The PAP protein is recruited and activated by the interaction with CSPF and CstF1. PAP
transfers the first 12 AMPs starting from the 3'OH target site’?2. The poly(A) polymerase
binding protein nuclear 1 (PABPN1) binds at the minimal poly(A) stretch and new molecules
are recruited, forming a spherical particle on the growing poly(A) tail (Figure 30B). The
spherical complex drives the interaction with the 5'cap structure and monitors the poly(A) tail
length. After the synthesis of around 250 nucleotides, the addition of further adenosines is
inhibited because PAP activity decreases and dissociate from the complex®??32}. Once the
poly(A) tail is attached to the mRNA, different binding proteins either drive it to the cytoplasm
to start translation or induce nuclear mRNA decay.

The molecular mechanism that leads towards mRNA stabilization and export or transcript
degradation depends on the length of the poly(A) tail. Nonetheless, studies on the human system
have demonstrated that various conditions, such as cell type considered, cell cycle phase or
environmental conditions may influence nuclear export or mRNA decay rates in addition to
poly(A) tails length®*,

In particular, NUDT21 (CPSF5) binds to an upstream conserved sequence UGUA which
induces the recruitment of CSPF6/CPSF7 containing the Serine/Arginine (SR) sequence, which
is a C-terminal serine-arginine rich region able to bind to other SR-proteins*?°. Here, the CPSF
complex is recruited by the SR motif of the NUDT21-CSPF6/CPSF7 complex and binds the
conserved AAUAAA polyadenylation signal, upstream of the cleavage site®?. Then, the CstF
is activated and binds to the GU- or U-rich element downstream of the poly(A) site**’. When
the cleavage occurs, CPSF remains bound upstream to the cleavage site and recruits PAP to
start the polymerization of poly(A) tail*?®. In HeLa cells, NUDT20 localises in the nucleus, in
punctuate structures called paraspeckles®?’. It is still controversial whether it is involved in the
nuclear export of the mRNA since only its cofactor CPSF6 has been detected in the cytoplasm
and associated with the nuclear export factor 1 (NXF1) through the SR domain in HEK293
cells*.

Various studies have shown that the suppression of NUDT21 expression in HeLa cells provokes
a shift in the polyadenylation site recognition, driving towards an alternative
polyadenylation®*!. This process is normally occurring in the cell and generates mRNAs with
variable 3’ ends. Thus, alternative polyadenylation contributes to regulate gene expression in a

tissue-specific manner as well as during development®*2. One of the best example is the human
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IgM heavy chain gene which switches from a membrane protein to a secreted one according to
the poly(A) site used**. In this case, CPSFS5 is involved in regulating the recognition of the
upstream poly(A) sequences by CPSF and CstF that would define the terminal exon and
influence exon splicing. Indeed, CPSF5 seems to provoke the looping of the AAUAAA signal
and preventing the usage of the upstream poly(A) sequence in favour of the downstream
one334333.

Such alternative polyadenylation system has been detected in other eukaryotes, including
Drosophila melanogaster. The cleavage and polyadenylation complex in flies contains subunits

that share high similarity to the human counterparts and also influences the generation of

variable 3' end transcripts (Figure 31).

Human vs Drosophila
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Figure 31. Fly cleavage and polyadenylation complex shares high similarity to the human one.

The cleavage and polyadenylation complex in Drosophila is highly conserved and shares high similarity with the
human one. It is composed by the CFI (Cfi25=Cpsf5, Cfi68=Cspf6) and CFII, CSPF and CstF components. The
bar below the picture indicates the percentage of similarity of the fly components with the human one going from
0 (blue) to 100 (red). CPSF5 and CPSF6 share more than 70% of similarity with the human counterparts. (Adapted
from Vallejos-Bajer et al.2017339),

During embryogenesis, the expression pattern of the CPSF, CSFI and CstF decreases, however
as soon as the central nervous system starts to develop, the two components of the CFI, that are
Cpsf5 and Cpsf6, are highly expressed in the CNS**. When Cspf5 is depleted by RNAi
silencing, genes known to have APA sites and coding for neuronal differentiation (Abdominal-
A(abd-A), Abdominal-B (Abd-B), Neuroglian (Nrg), brain tumour (brat)), post transcriptional
regulating proteins (Adenosine deaminase acting on RNA (Adar)) and RNA binding proteins
(alan shepard (shep), IGF-II mRNA-binding protein (Imp)) showed shortened 3' ends®*¢. These

results are in line with mammalian studies where silencing cpsf3 induces the shortening of the
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3' ends of genes such as cyclin D1 which is associated with cellular proliferation and tumour
growth in glioblastoma®’.

In conclusion, CPF5 is a conserved factor in metazoans that is required for the regulation of the
alternative polyadenylation in different cell types and during development since it can control
3' ends of transcripts, which may be sites for miRNAs or regulatory proteins binding. Further
analysis may help in uncovering the regulatory system of the PAP and propose CSPFS5 as a

potential target for drug treatment against different types of diseases, which depend on PAP.

Given the fact that most of the Nudix proteins are conserved both in prokaryotes and in
eukaryotes and that they share a common pyrophosphatase activity, hundreds of studies have
tried to characterize their function applying sophisticated technologies. In the last three decades,
in vitro and in vivo analysis have demonstrated that some of the members act as alternative
decapping enzymes in the presence on non-canonical capped-RNAs. These results pointed out
that DCP2 is not the only decapping enzyme, which have completely revolutionized the ancient
idea of RNA turnover and has allowed to investigate the interplay between the metabolic
conditions of the cell with gene expression regulation. Nonetheless, it still is hard to detect non-
canonical capped-RNAs since their low availability in vivo suggesting that the sensitivity of the

tools used so far need to be further implemented.
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OBJECTIVES OF MY THESIS

Epigenetic modifications can occur along the mRNA sequence at internal sites as well as at the
5" and 3' ends and a wide variety of effectors are involved in the deposition, recognition and
removal of these marks. The 5' cap is one of the most conserved modification on eukaryotic
mRNAs and the mRNA interacting proteins contribute to modulate transcripts stability, splicing
and translation despite the overall pictures is still uncomplete due to the complexity of the
interactions.

As shown in my introduction, these epigenetic marks play an essential role in mRNA biology
and organisms physiology. In this context, the global objective of my thesis was to contribute
to a better understanding of the molecular mechanisms governing epigenetic modifications

occuring at the 5> mRNA cap.

A first objective was to decipher the role of the structurally conserved methyltransferase PCIF1
in Drosophila melanogaster. Strikingly, this protein is catalytically dead in flies, but still shows
the binding to the CTD of the RNA Pol II offering the opportunity to answer to the question
whether the catalytic dead Pcif1 has a function using molecular genetics approaches in a living

organism.

The second part of my thesis aimed at the genetic screening of the 12 Nudix orthologues
conserved in flies in order to detect a potential role of this class of enzymes and further
investigate their putative ability to hydrolyze non-canonical capped-RNAs in vitro or in vivo.
To this end, I took advantage of tissue-directed gene silencing to impair the expression of the

Nudix orthologues and study the resulting phenotypes in living flies.
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Chapter 1: Catalytic dead Pcifl regulates gene expression and fertility in

Drosophila

1.1. Presentation of the two papers included in this manuscript (Pandey et al.,Cell Reports
and Franco et al., accepted for publication on RNA journal)

The first part of my thesis project has been focused on the functional characterization of the
conserved PCIF1 protein using Drosophila melanogaster as a genetic model.

The PCIF1 protein was first identified by Fan et al. as the Phosphorylated C-terminal domain
interacting protein 1, able to bind the phosphorylated C-term of the RNA Pol Il in vitro through
its WW-domain’®. The human PCIF1 protein is 704 amino acids long and is characterized by
an N-terminal WW domain, a central helical domain able to bind to the m’G capped mRNA
and C-terminal domain, involved in the methylation process. PCIF1 has been further
characterized as the methyltransferase depositing a methyl group in position 6 of the adenosine
ring if the first transcribed nucleotide is an adenosine, forming the so called m®Am
modification’>>*7* Recent works agree on the fact that m®Am modification contributes to
stabilize mRNA but it is not clear whether it promotes or represses translation >>°*. In mouse,
the m®Am modification is enriched at the TSS of poly(A) tailed mRNAs. Mutation of the
catalytic motif does not affect mouse viability nor fertility but induces reduced body weight.
Moreover, RNA deep sequencing in knock out mice showed a significant dysregulation in
pseudogenes associated to the Y chromosome in mouse testis’®.

Interestingly, Pandey et al. showed that the fly orthologous protein Pcifl is expressed in flies
and structurally conserved. However, a single amino acidic substitution in the NPPF motif
renders fly Pcifl catalytically inactive. In this study, I performed the immunostaining of
Drosophila ovaries in order to determine the subcellular localization of the fly Pcifl protein. I
showed that, as observed for its human counterpart, the fly Pcifl protein is nuclear. Moreover,
it is excluded from the nucleolus as shown through co-immunostaining of Fibrillarin, a
nucleolar protein (Pandey et al., 2022 Fig 4D, Annex 1). In addition, Pandey and colleagues
showed that the fly Pcifl is able to bind to the CTD of RNA Pol II by pull down experiments
using fly WW-domain. These results suggested that fly Pcif]l has conserved this feature since
previous findings demonstrated that mammalian PCIF1binds the CTD of the Pol II in human
cells76:77:338
In the continuity of this first set of results, I further unveiled the function of the Pcif1 protein in
fly by generating CRISPR-Cas9 knock out mutants (Franco et al., under consideration for
publication in RNA Journal, Manuscript below). In this work, we used a CRISPR/Cas9

mutagenesis strategy and obtained two independent alleles that we named Pcif7*%! and
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Pcif1™NES (Franco et al. Fig. 1). The PcifI™®’ allele carries a frame-shift mutation that
generates a premature stop codon. The Pcif1"**NS mutant allele carries an in frame deletion of
the predicted Nuclear Localization Signal (NLS) which restores the open reading frame. First,
I analyzed Pcifl expression in fly heads protein extracts and observed that the wild type Pcifl
is expressed as a protein of the expected sized of 130 kDa. I did not detect any signal in the
mutant Pcif1M5"F strongly suggesting that it is a null mutant which is in accordance with the
genetic alteration producing a premature STOP codon. A shorter protein of 120 kDa was
detected in Pcif1™*NS, which is consistent with the in-frame deletion of the NLS sequence. I
then performed immunostaining and showed that, in contrast to the wild type situation where
Pcifl is nuclear, in PcifI™M5 mutants Pcifl is cytoplasmic and excluded from the nucleus.
This indicates that the NLS is indeed functional and strictly required for Pcifl nuclear
localization.

Phenotypic analyses were then performed on mutants outcrossed for 10 generations over
control flies (Pcif1%9%%>*7_ Franco et al., Fig. 1). The PcifI*%" mutants did not show any
morphological defect and were viable although around 20% of embryos failed to hatch in the
progeny from Pcif1M%5°? males and females crosses. Moreover, males, but not females, showed
a significantly reduced body weight. Fertility analysis demonstrated that Pcif7*%"P mutants
were less fertile than controls; this decreased fertility was particularly strong in females
although mutant ovaries presented normal morphology when compared to controls.
Interestingly, Pcif1"**M5 mutant flies showed similar or even stronger phenotypes compared to
Pcif1M%P mutants. Indeed, both males and females had a significant reduced body weight.
Moreover, Pcif17*NtS mutants not only displayed a reduced fertility, but also a shorter life span,
suggesting that the cytoplasmic Pcifl has deleterious effects in the absence of the nuclear
protein.

To decipher the effect of PcifImutations in gene expression regulation, I prepared fly mutant
ovaries for the analysis of gene expression by RNA deep sequencing that was performed in Pr.
RS Pillai’s laboratory (Franco et al., Fig. 2). This analysis pointed out a set of common
dysregulated genes in both mutants with a higher number of dysregulated genes in Pcif1*NtS
than in Pcif1%s°? mutants. GO term analysis showed enrichment in genes associated with
mitochondrial function in both mutants. Although we did not find any dysregulated gene that
could be directly associated with the decrease in fertility of Pcif/ mutants, defective
mitochondrial function may impact gametogenesis and more particularly oogenesis>*°. In order
to analyze the protein level of expression of mitochondrial markers in Pcifl mutants, |
performed western blot using protein extracts from fly ovaries and the antibody against ATPSA

mitochondrial protein (Franco et al., Suppl. Fig S2A, B). However, the ATP5A expression in
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mutant ovaries was comparable to that observed in control ovaries. In addition, EM analysis of
mutant ovaries performed at the ISBG platform (https://www.ibs.fr/research/research-
groups/methods-and-electron-microscopy-group/schoehn-team/group-
equipment/article/microscope-tecnai-12-fei) showed no remarkable defects in mitochondrial
network (Franco et al., Suppl. Fig S2 B). Thus, lack of nuclear Pcifl may slightly affect gene
expression and subsequently of proteins that by acting in common networks may globally
influence fly fertility and physiology.

Given the nuclear localization of the Drosophila Pcifl protein and the fact that it is able both
to bind the CTD of the RNA Pol II’® and to co-immunoprecipitate in a protein complex with
RNA Pol II'*, we investigated whether it associates to chromatin by performing
immunostaining of the giant larval polytene chromosomes from the fly salivary glands in
collaboration with Pr. E. Brasset and N. Gueguen (iIGRED, Univ. of Clermont-Ferrand). They
showed that Pcifl was distributed along the euchromatic regions of the polytene chromosomes
at the level of interbands known to be actively transcribed (Franco et al., Fig. 3A). In order to
correlate Pcifl association to euchromatin to its potential role in gene expression regulation, I
tested the effect of Pcifl mutations on Position Effect Variegation (PEV) (Franco et al., Fig. 3).
In this sensitized background, the wild type euchromatic white gene, which is responsible for
the red pigmentation of the fly eye, is translocated towards the vicinity of heterochromatin,

m4h

inducing a variegated eye color due to the stochastic silencing of the w”*" allele that is clonally

inherited in daughter cells***3%. 1

showed that reduced dosage of nuclear Pcifl in heterozygous
mutants, or hemizygous deficiencies of the Pcifl locus, induced a significant suppression of

w" silencing, suggesting that Pciflcontributes to heterochromatin-dependent gene silencing.

With this work, we aimed to shed a light on the evolutionary conserved PCIF1 protein apart
from any methyltransferase activity using Drosophila as a genetic model in which this protein
is catalytically inactive. We found that fly Pcifl is nuclear and that the NLS is required for this
nuclear localization. Moreover, we showed that nuclear Pcifl was required for normal gene
expression, full fertility and fly physiology. Indeed, total lack of the protein or its mis-
localization in the cytoplasmic compartment resulted in gene dysregulation, decreased fertility
and loss of weight. Thus, despite the lack of catalytic activity, we demonstrated that Pcif] has
a functional role in fly physiology. As stated above, we suggest that fly Pcifl protein contribute
to gene expression in interaction with the CTD of the RNA Pol II. Since we mostly observed
gene derepression by either RNAseq or PEV experiments, Pcifl may mainly contribute to RNA
Pol II inactivation by directly preventing the recruitment of other important factors required for

its activation and/or contributing to chromatin opening.
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Investigating protein-protein interaction involving Pcifl and generating mutants unable to
interact with RNA Pol Il would be very promising strategies to further understand Pcifl activity
in gene expression regulation. In addition, we could investigate Pcifl binding to specific
promoters by ChIP method in order to determine if it regulates the expression of specific set of

genes in a tissue-specific manner or according to variable stress conditions.
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ABSTRACT

Eukaryotic mRNAs are modified at the 5’ end with a methylated guanosine (m’G) that is
attached to the transcription start site (TSS) nucleotide. The TSS nucleotide is 2'-O-methylated
(Nm) by CMTRI1 in organisms ranging from insects to human. In mammals, the TSS adenosine
can be further N°-methylated by RNA polymerase Il Phosphorylated CTD-Interacting Factor 1
(PCIF1) to create m*Am. Curiously, the fly orthologue of mammalian PCIF1 is demonstrated
to be catalytic-dead, and its functions are not known. Here we show that Pcif] mutant flies
display a reduced fertility which is particularly marked in females. Deep sequencing analysis
of Pcif] mutant ovaries revealed transcriptome changes with a notable increase in expression
of genes belonging to the mitochondrial ATP synthetase complex. Furthermore, the Pcifl
protein is distributed along euchromatic regions of polytene chromosomes and the Pcif]
mutation behaved as a modifier of position-effect-variegation (PEV) suppressing the
heterochromatin-dependent silencing of the white gene. Similar or stronger changes in the
transcriptome and PEV phenotype were observed in flies that expressed a cytosolic version of
Pcifl. These results point to a nuclear co-transcriptional gene regulatory role for the catalytic-
dead fly Pcifl that is probably based on its conserved ability to interact with the RNA

polymerase II C-terminal domain.

INTRODUCTION

RNA polymerase II transcripts are capped at the 5’ end with a 7-methylguanosine (m’G) moiety
which is attached via an inverted 5'-5' triphosphate bridge to the transcription start site (TSS)
nucleotide (Shatkin, 1976). This cap0 structure is seen in lower eukaryotes like yeast. In
organisms ranging from insects (Haussmann et al., 2022) to human (Belanger et al., 2010), the
TSS nucleotide is 2'-O-methylated (Nm) on the ribose by CMTRI1 to create the capl structure
(Inesta-Vaquera and Cowling, 2017). In viral and mammalian RNA caps, the TSS adenosine
(Am) can be further methylated at the N° position to form the dimethylated m®Am (Moyer and
Banerjee, 1976; Wei et al., 1975). The activity responsible for this m®A methylation was
partially purified from human HeLa cell extracts (Keith et al., 1978), and 40 years later
identified to be the RNA polymerase II Phosphorylated CTD-Interacting Factor 1 (PCIF1)
(Akichika et al., 2019).

PCIF1 was originally identified as a nuclear protein that uses its N-terminal WW domain
to interact with the phosphorylated C-terminal domain (CTD) of RNA polymerase II (Fan et
al., 2003). PCIF1 interacts with the Ser5-phosphorylated CTD of the RNA Pol II, suggesting a
recruitment to the nascent RNA early during transcription (Akichika et al., 2019; Boulias et al.,

2019; Sendinc et al., 2019). Presence of the m®Am modification on the RNA cap is associated
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with RNA stability in human cells (Boulias et al., 2019) and mouse testes (Pandey et al., 2020).
Additionally, it is shown to also regulate cap-dependent translation (Akichika et al., 2019;
Sendinc et al., 2019). We previously reported that mice lacking Pcif] are viable and fertile, with
no dramatic phenotypes, except a slightly reduced body weight (Pandey et al., 2020).
Interestingly, insect Pcifl orthologues have mutations in the catalytic motif that are predicted
to render them inactive as RNA methylases. We demonstrated that purified Drosophila Pcifl
is inactive as a methylase in vitro, but it retained a WW domain capable of specifically
interacting with Ser5-phosphorylated CTD of RNA polymerase II (Pandey et al., 2020). This
makes the fly system a unique model to investigate the non-catalytic role of Pcifl.

In this study, we generated and analysed two independent fly mutants of Pcifl
(CG11399) to examine the in vivo role of Drosophila melanogaster Pcifl. Our results show
that the protein acts in the nucleus to regulate levels of hundreds of transcripts and is required
for female fertility and to a lesser extent for male fertility. We also observed that Pcifl localised
to polytene chromosome interbands known to be transcriptionally active sites and open
euchromatin regions. Moreover, we observed that loss of the nuclear Pcifl protein modified
position-effect variegation (PEV) by suppressing the chromatin-dependent silencing of the

m4h

white (w) gene in w"*" mutants. We propose a model where nuclear catalytic-dead fly Pcifl

associates with RNA pol II CTD to regulate gene expression.

RESULTS

Fly Pcif] mutants display reduced body weight and decreased fertility

Drosophila Pcifl is a multi-domain protein of 920 amino acids with a predicted N-
terminal WW-domain and a C-terminal methyltransferase domain (Figure 1A). A central
helical domain homologous to an alpha helix-rich region in the crystal structure of the human
PCIF1 (Akichika et al., 2019) is indicated. A putative nuclear localization signal (NLS) is also
identified between the WW and helical domains.

To investigate the physiological role of Drosophila Pcifl, we used the CRISPR-Cas9
genome engineering tool to generate a genomic deletion in the region encoding for the NLS in
the w///® background. Two mutated alleles were identified: Pcif1*%"P and Pcif1***MS, The
deletion in the Pcif1M%" allele induces a frameshift ending in a premature stop codon (Figure
1B). On the other hand, the Pcif1**M5 allele has an in-frame deletion of the NLS, generating a
protein of 829 amino acids (Figure 1B). To clean up any potential off-target mutations, the
selected alleles were backcrossed for up to ten generations with a fly line carrying a P-element

inserted in the first intron of Pcifl (P{GT1}CG11399599%537), also referred to as the Pcif1290%3%7
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line (Figure 1C). This P-element contains a miniwhite [mw+] gene that confers a red eye colour
to the flies in a w!//® context, while the Pcifl CRISPR/Cas9 mutants generated in a w’!!%
background have white eyes, thus allowing to trace the presence of the Pcif/ mutations along
generations (see Materials and Methods). Thus, the two PcifI mutant alleles used for our studies
are in the w!/’8; Pcif1?6%?>7 background, with the original Pcif1?¢9***7 line hereafter referred
to as control. Western blot analysis of fly head lysates indicated that the control flies expressed
the Pcifl protein at similar levels as the w’/!% strain, while the absence of detectable signal in
the homozygous Pcif1%" flies confirmed these to be null mutants (Figure 1D). In contrast,

]F 9ANLS

flies homozygous for the Pcif. allele expressed a slightly smaller protein, which is

consistent with the deletion of the NLS sequence. Immunofluorescence analysis showed that

ANLS protein failed

the wild type protein was nuclear in the control fly ovaries, while the Pcifl
to enter the nucleus and was consequently stranded in the cytoplasm (Figure 1E). In
heterozygous, PcifI*"t5/+ ovaries, immunostaining revealed the presence of the Pcifl protein
in both the cytoplasmic and the nuclear compartments, most probably corresponding to the
mutated and wild-type proteins, respectively (Figure 1E).

Adult Pcif1"%"r mutant flies did not show any obvious morphological defects (Figure
1F) and displayed normal longevity (Figure 1G). However, about 20% of eggs issued from
crossing PcifIM%" mutant siblings did not hatch, most probably due to the lack of egg
maturation or fertilization (white eggs) (Supplementary Fig. S1A). We also observed that
Pcif1M%P males, although not the females, had a significant reduced body weight (Figure 1H).
Further investigation revealed that homozygous PcifI**? mutants showed a significantly
reduced fertility that was particularly strong in females (Figure 11), although examination of
dissected fly ovaries did not reveal any gross morphological differences (Figure 1F).
Hemizygous females carrying the Pcif1%"" allele over a deficiency covering the Pcifl locus
similarly displayed a strongly decreased fertility (Supplemental Fig. 1B).

Interestingly, Pcif1”™**5 mutant flies displayed similar or even stronger phenotypes
compared to Pcif1M%°? mutants. Both Pcif1"™***5 homozygous males and females displayed a
reduced body weight and a significantly decreased fertility, which was, as observed for
Pcif1M5sP particularly strong in females compared to a moderate effect in males (Figure 1H,1,
Supplemental Fig. 1B). In contrast to Pcif1%"? the Pcif1™S mutants had a significantly
reduced longevity (Figure 1G). Enhanced physiological defects observed in Pcif1"#MS flies
indicate that the cytoplasmic protein cannot compensate for the lack of Pcifl nuclear protein.
Moreover, the Pcifl protein may have a deleterious effect when present in the cytoplasm in the

absence of the nuclear protein.
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Taken together, these results show that Pcifl mutants are viable but display
physiological defects such as reduced body weight and decreased fertility. Female fertility
decrease was notably observed in the two independent alleles outcrossed for 10 generation with
the control line, as well as in trans-heterozygous mutants over a deficiency. Thus, this
phenotype can be attributed to the lack of nuclear Pcif rather than to a genetic background
effect.

Loss of fly Pcif] upregulates transcripts involved in mitochondrial ATP synthesis
To understand the female fertility defect, we sequenced the mutant ovary transcriptome.
We prepared total ovary RNAseq libraries from 5-day-old homozygous mutant Pcif165%p,

homozygous mutant Pcif17#4NS

, and control female flies. Consistent with complete absence of
the protein, there was a strong reduction in Pcif] transcript levels in the null mutant where the
premature stop codon may induce degradation of the transcript by the Nonsense Mediated
Decay (NMD) (Baker and Parker, 2004), while the levels were unchanged in the Pcif17*4VtS
mutant (Figure 2A). Levels of several hundred transcripts were altered, with ~500 transcripts
being upregulated and ~250 transcripts downregulated in the loss-of-function Pcif1M%? mutant
(Figure 2B, Supplementary Table S1). The altered genes are distributed across different
chromosomes, with a slight overall upregulation of transcripts from the mitochondrial genome
(Figure 2C). Interestingly, gene ontology analysis showed that nuclear encoded genes involved
in proton transport and mitochondrial ATP synthesis were upregulated in the Pcif/M%°? mutant
(Figure 3A, Supplementary Table S1).

Next, we used the homozygous PcifI”*M5 mutant ovary transcriptome to examine if
the observed transcript changes in the null mutant could be attributed to potential nuclear

functions of Pcifl. The RNA sequence analysis from Pcif1/NES

mutant ovaries revealed a
much larger disruption of around 3000 transcripts, with an equal number being up- and down-
regulated (Figure 2B, Supplementary Table S1). We attribute this larger disruption in the

lANLS

transcriptome to potential deleterious effects of the mis-localized Pcif protein in the

cytoplasm (see above and Figure 1E). Significantly, a large part of the altered ovarian

if 17NS mutant

transcriptome in the PcifI**? mutant overlapped with that seen in the Pc
(Figure 2D). Among this shared set of altered genes are those involved in proton transport and
mitochondrial ATP synthesis, and these were uniformly upregulated in both the null and the
Pcif1™NES mutant fly ovaries (Figure 3B-C, Supplementary Table S1).

One of the transcript upregulated in PcifI**"? and Pcif1"™**"5 mutant ovaries encodes the o
subunit of the mitochondrial F1FO ATP synthase of complex V (ATP5A synonym bellwether

(blw) in Drosophila). Western blot analyses of protein extracts isolated from ovaries revealed
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that the ATP5SA protein was however not significantly upregulated (Supplementary Figure
S2A). No obvious defects were detected on mitochondrial network of the Pcif 757 null mutant
by electron microscopy although we cannot exclude subtle morphological or functional
differences at the level of this analysis. In the case of the Pcifl**"5 mutant, we observed some
enlarged mitochondria that may however results from the ectopic localization of the protein in
the cytoplasm rather than the absence of nuclear Pcifl protein. For this reason, a putative effect
would not reflect a physiological role of Pcifland was not further investigated (Supplementary
Figure S2B).

Mammalian PCIF1 targets m’G-capped RNA substrates with an adenosine as the
transcription start site (TSS) nucleotide for co-transcriptional catalysis of the m®Am
modification, and such modified transcripts are preferentially stabilized in cell culture and
mouse testes (Boulias et al., 2019; Pandey et al., 2020). However, we did not find any influence
of the TSS nucleotide in regulating transcript levels in the mutant fly ovaries (Figure 3D). In
conclusion, our results show that although catalytically inactive, fly Pcifl has a functional role
in regulating gene expression, and this depends on its nuclear localization. We propose that this
collective regulation of a few hundred transcripts (either direct or indirect) may contribute to

overall fly fertility.

Pcifl binds to euchromatic regions along polytene chromosomes

Drosophila Pcifl lacks the m®Am RNA methylation activity found in its mammalian
counterpart, but as observed for the mammalian protein, Drosophila Pcifl is nuclear and has
the ability to interact in vitro with the Ser5-phosphrylated C-terminal domain (CTD) of RNA
polymerase II (Pandey et al., 2020). Our experiments above point to a role for Pcifl in gene
regulation, but the mechanism of action is unclear. To obtain further evidence for this nuclear
role, we performed Pcifl immunostaining on larval polytene chromosomes. These experiments
showed that Pcifl localised to polytene chromosome interbands which are known to contain
other proteins characteristic of open euchromatin and to be transcriptionally active regions
(Figure 4A). We propose that Pcifl, in association with RNA Pol II, contribute to gene

expression regulation at transcriptionally active sites.

Loss of Pcifl suppresses position-effect variegation

The detection of Pcifl at transcriptionally active euchromatic sites prompted us to use the
sensitive position effect variegation (PEV) assay to investigate further whether loss of Pcifl
has functional effects on gene regulation. In this experiment, a variegated eye phenotype is

m4h

induced by the w™* allele, where the wild-type white gene (w") that specifies red eye colour, is
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translocated from its normal location in an euchromatin region on the X chromosome to a
pericentric heterochromatin zone (Reuter and Wolff, 1981; Wang et al., 2014). This induces a
clonally inherited epigenetic silencing of the w" gene that results in a variegated eye due the
different levels of expression of the gene in individual photoreceptors that constitute the
compound eye in flies. This translocation renders White protein expression and subsequent eye
coloration very sensitive to subtle changes in transcription of the w* gene.

As expected, we observed that hemizygous w™#/w!/!!8 female flies displayed a
variegated eye phenotype instead of the uniform red eye observed in w*/w" females (Figure
4B). When placed in the heterozygous PcifI™55P/* background, we observed a significant
suppression of PEV, resulting in a uniformly dark red eye colour (Figure 4B,C). We confirmed
that this is specifically due to loss of nuclear action of Pcifl, as an identical observation was
made in the heterozygous Pcif1”**M5/* background (Figure 4B,C). As an additional support,
we showed that a similar suppression of PEV was induced in a different genetic background
where flies carried a large genomic deletion covering the Pcifl locus at hemizygous state
(W™h/+; Df(3L)BSC563/+) (Figure 4B,C). Moreover, two other independent genomic deletions
(Df(3L)BSC797/+ and Df(3L)BSC7452/+) encompassing the Pcif] gene locus also displayed

# silencing although with a lower penetrance in the case of

similar suppression of w"
Df(3L)BSC452/+ (Figure 4B).

These results show that, in addition to being present at transcriptionally active
euchromatic sites, Pcifl participates directly or indirectly to the epigenetic phenomenon of

PEV.

DISCUSSION

Our genetic analyses revealed that fly Pcifl is not essential for life and normal
development, while a strong and significant reduction in female fertility was observed in the
two mutant alleles generated in this study. RNAseq analysis showed that absence of fly Pcifl
resulted in alteration of hundreds of transcripts. A set of upregulated transcripts in Pcif] mutants
ovaries corresponded to nuclear genes encoding mitochondrial proteins involved in the
respiratory chain. Functional respiratory chain components are required in the late germarium
for the proper replication of mitochondrial DNA (mtDNA) and normal mitochondrial
biogenesis (Wang et al., 2019). We did not detect neither significant changes in the expression
level of one of these mitochondrial proteins (ATP5A) by Western analysis > We did not
detect neither significant changes in the expression level of one of these mitochondrial proteins
(ATP5A) by Western analysis nor morphological defects in the mitochondrial network of

Pcif1M5; however in Pcif1™M>5 some mitochondria appeared slightly enlarged which might
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be a consequence of Pcifl mis-localization while not reflecting the physiological function of
Pcifl. Nevertheless, because the observed transcript upregulation was only around 20%, this
difference might be difficult to detect at the protein level by Western analysis and we may still
speculate that subtle alteration of mitochondrial function may prevent proper egg maturation or
development (Hill et al., 2014; Wang et al., 2019).

Analysis of another fly mutant where the nuclear localization signal (NLS) in Pcifl is
specifically deleted showed even larger number of transcript changes. We propose that this is a
compounded effect of both direct loss of Pcifl-mediated nuclear functions and potential
deleterious effect of an RNA-binding protein that is stranded in the cytoplasm. In fact,
compared to the complete Pcifl null and control flies which have similar life spans, the
PcifI™NS flies have a strikingly reduced longevity. This is likely due to the potential toxicity
caused by the cytosolic mis-localization of the protein.

This leads to the most important question of how the catalytic dead Pcif1 protein might
directly regulate gene expression in the nucleus. Hypophosphorylated RNA pol II is recruited
to gene promoters, which at initiation of transcription becomes phosphorylated on Ser5 within
the consensus heptapeptide YSPTSPS repeats in the CTD of the largest subunit of the RNA pol
IT (Buratowski, 2009). This modification helps to recruit RNA capping enzymes that use WW
domains to interact with the phosphorylated CTD (Galloway and Cowling, 2019; Ghosh et al.,
2011; Haline-Vaz et al., 2008). Later during elongation, phosphorylation at Ser2 helps to recruit
3" end processing factors (Licatalosi et al., 2002; Meinhart and Cramer, 2004) and histone
methyltransferases (Hampsey and Reinberg, 2003), and this is accompanied by
dephosphorylation at Ser5. Thus, the dynamic phosphorylation of the RNA pol II CTD can
impact gene expression at multiple steps. Human PCIF1 (Akichika et al., 2019; Boulias et al.,
2019; Pandey et al., 2020; Sendinc et al., 2019) and fly Pcifl (Pandey et al., 2020) both interact
with Ser5-phosphorylated CTD in vitro. Consistently, we observed that Pcifl localised along
the polytene chromosomes at the level of transcriptionally active sites. Human PCIF1
overexpression is shown to regulate transactivation of gene reporters and this is dependent on
its ability to interact with the CTD (Hirose et al., 2008). Interestingly, the interaction of
recombinant WW domain of human PCIF1 -that lack any catalytic activity- inhibits the
dephosphorylation of Ser5 in the RNA pol II CTD in vitro (Hirose et al., 2008), suggesting a
potential mechanism by which the fly protein may influence gene expression by similarly
interfering with RNA pol II phosphorylation status. Moreover, our study demonstrated that loss
of Pcif1 or mis-localization of Pcif1 to the cytoplasm influenced the epigenetic phenomenon of
position effect variegation (PEV). We therefore propose that the nuclear effects of fly Pcifl is
dependent on its WW domain and its ability to interact with Ser5-phosphorylated CTD of RNA
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pol Il at transcriptionally active sites. In fact, fly Pcifl was found in immunoprecipitated nuclear
complexes consisting of the RNA pol II subunits and the cap-binding complex (CBP) that binds
nascent RNA (Kachaev et al., 2019). Evidently, such a gene regulatory role would be co-
transcriptional. Since we did not find any enrichment of genes with a TSS adenosine in these
altered gene set, other mechanisms might specify such targets.

Multifunctionality of RNA modification writer enzymes is a topic that is gaining
increasing attention. The focus so far has been on the catalytic activity and the impact these
modifications have on gene regulation (Roignant and Soller, 2017). Nevertheless, several
studies point to non-catalytic roles for some of the major RNA methyltransferases active in
human cells. The nuclear m®A writer METTL3 is shown to have a cytosolic role in enhancing
translation by promoting formation of the mRNA closed loop structure (Choe et al., 2018).
Another nuclear mammalian m®A writer METTL16 methylates nuclear U6 snRNA (Pendleton
etal., 2018), but METTL16 is also shown to have a cytosolic function (Nance et al., 2020) as a
translation factor (Su et al., 2022). While mammalian PCIF1 is known as an m®Am writer
(Akichika et al., 2019), in this study we use the naturally catalytic-dead fly Pcif1 to describe its
non-catalytic role in nuclear gene regulation to ensure female fertility and as a modulator of

epigenetic processes.

MATERIALS AND METHODS
Generation of Pcifl mutant flies
The Drosophila melanogaster Pcifl orthologue (Pcifl, CG11399) was targeted with two
gRNAs designed to delete the putative nuclear localization signal (NLS) at the N-terminus of
the protein (Figure 1A). The sgRNAs were identified with the “CRISPR Optimal Target Finder”
website (http://tools.flycrispr.molbio.wisc.edu/targetFinder/). They are located within the CDS,

at the following positions:

chr3L:20783975 (AGCATCATCACCTGAAGCGG, sgRNA1)

chr3L:20783692 (CCTTGCGTTCCATCAGCCAG, sgRNA2)

The two sgRNAs were cloned separately into the vector pU6-Bbsl-chiRNA using
oligonucleotides RRoligo1161 + RRoligo1162 for sgRNA1 and RRoligo1163 + RRoligo1164
for sgRNA2 (Table S1). The positive clones were PCR identified and sequenced to confirm the
presence of correct sgRNA sequences.

The resulting plasmids were injected into ~200 embryos of a nos-Cas9 transgenic strain
(genotype: yw;attP40[nos-Cas9]/CyO, Bloomington Drosophila Stock Center #54594) by
BestGene Inc. (Chino Hills, CA, USA).
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The adult founder males (GO) were crossed with virgin w/w; MKRS/TM6 females. Ten G1
males emerging from each GO cross were then individually crossed with five virgin females
w/w;, MKRS/TMG6 for three days at 25°C and each male was collected for PCR genotyping using
primers CG11399 PCR2 F and CG11399 PCR2 R that flank the targeted region (Table S1).
This gave PCR products indicative of alleles with either deletion (~300 bp) or the wild type
allele (582 bp). The deleted PCR products were further characterized by Sanger sequencing
which leads to the identification of two independent deletions of the targeted sequence (alleles
PcifI"NES | peif[M6sor) (Figure 1B).

In order to remove putative mutations induced by the CRISPR-Cas9 mutagenesis from the
genome of Pcifl mutants the Pcifl alleles were outcrossed wusing the
Dmel\P{GT1}CG11399B692557 (pcijf] BG02357 here referred to as the control) fly line. This fly
line carries a P element containing a miniwhite [mw'] gene inserted in the first intron of the

118 context, and showed no phenotypic defects. It was used to

Pcifl gene (Figure 1C) ina w
backcross the Pcif/ mutant alleles for five (longevity assay) to ten generations (weight
monitoring, fertility analysis and PEV assay). Therefore, except if otherwise indicated (PEV
assay with w"*, see below), the phenotypic analysis of PcifI™*NtS PcifiMop alleles was

performed in the w’/’® background of the P{GT1}CG113998592557 Jine.

Other fly lines used in this study

Three deficiency fly lines carrying three different chromosomal deletions encompassing Pcif]
locus on the third chromosome were used in this study to observe the variegation eye phenotype.
These lines were provided by the Bloomington Drosophila Stock Center (BDSC):

25721 w[1118]; Df(3L)BSC563/TM6C, cuf1] Sb[1] (Df(3L)BSC563);

27369 w[1118]; Df(3L)BSC797/TM6C, Sb[1] cu[l] (Df(3L)BSC797);

24956 w[1118]; Df(3L)BSC452/TM6C, Sb[1] cull] (Df(3L)BSC452).

The w™# fly line was provided by Dr. C. Grimaud (Montpellier).

Hatching rate analysis

50 adult females were mated with males for 24h at 25°C on media allowing eggs collection
(335 mL H>O, 15 g Agar, 165 mL grape jus and 8 g sucrose). 100 eggs issued from each cross
were transferred on fresh media and incubated at 25°C for 24h. The number of unhatched eggs

were counted. Three independent replicates were performed for each cross.
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Fertility analysis

50 males or virgin females were collected and crossed individually with three wild type w!/*®
flies of the opposite sex at 25°C. After a mating period of 2 days, they were transferred to a
new vial for 5 days and discarded. The emerging flies were counted and the statistical analysis

was performed using the one-way ANOVA test in GraphPad Prism9.

Longevity analysis

A total of 100 to 150 males of the same age were collected and raised at 25°C per group of 10
flies per vial. Flies were flipped into fresh vials every 2-3 days for the duration of the
experiment. The number of dead flies was counted every 2 days. The statistical analysis was

performed using the Log-rank (Mantel-Cox) test in GraphPad Prism 9.

Weight analysis

The larval density was here controlled by transferring 50 L1 larvae in new vial. The resulting
males and females were weighted by group of ten flies 2-3 days after emergence on a Mettler
Toledo Classic precision balance. Ten replicates were performed for each sex and genotype.

The statistical analysis was performed using the one-way ANOVA test in GraphPad Prism9.

Immunofluorescence analysis

5-10 ovary pairs were dissected from control, Pcif17*NS | Pcif1M% P or Pcif1™NS/+ females
in PBS. They were immediately fixed in 4% PFA for 30 min at room temperature (RT). Fixed
tissues were then washed (3 x 5 min) with 1xPBS, permealized for 5 min with PBT (1xPBS
containing 0.1% Triton X-100) at RT and blocked in blocking buffer (1xPBS, 0.1% Triton X-
100, 5% horse serum) for 1 h at RT. They were incubated with rabbit anti-Pcifl (1:100)(Pandey
et al. 2020) and mouse anti-fibrillarin (1:100; AbCam ab4566) antibodies in blocking buffer
overnight at 4°C. They were then washed (3 x 15 min) in PBT at RT and incubated for 4 h with
anti-rabbit conjugated to Alexa 488 (1:500; Invitrogen, Cat. No. A11029), anti-mouse
conjugated to Cyanine 3 (1:500; Jackson ImmunoResearch, Cat. No. 111165144) antibodies
and Hoechst (1:1000; ThermoFisher, Cat. No. 33342) in blocking buffer at RT. Ovaries or fat
bodies were then washed in PBT (3 x 10 min) at RT and stored in PBS before mounting in
Dako (Cat. No. S3022). Images were captured with The Nikon AI1RSi confocal
microscope (CEA, Grenoble).
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Western Blot

For analysing Pcifl expression, 10 heads from five days old males were dissected for western
blot analysis. To check the expression of ATPSA mitochondrial marker, 10 pairs of ovaries
from female adult flies were dissected. Samples were lysed in 100 pl of 1x Laemmli buffer
(BioRad Cat. No0.1610747) containing 1x B-mercaptoethanol (Sigma Cat. No.07917KE). The
lysates were boiled at 95°C for 5 min and centrifuged at 12000 rpm at RT for 5 min. 30 pl of
each sample were loaded on 7.5% Mini-PROTEAN® TGX (BioRad Cat. No. 456-8025). Gel
electrophoresis was performed at 70V for 200 min. After separation, the proteins were
transferred on Immobilon-P 0.45 pm nitrocellulose membrane (Merk Millipore Ltd. Cat. No.
IPHV00010) overnight at 5V at RT using Trans-Blot SD Semi-Dry Transfer Cell system (Bio-
Rad, Cat. No. 1703940). After the transfer, the membrane was washed in Tris-buffered saline
(TBS, 20 mM Tris, 150 mM NaCl, pH 7.6) and blocked for 1 h at room temperature with 5%
fat free milk in TBS with 0.05% Tween20 (TTBS) (Sigma, Cat. No. P7949). The blocked
membranes were incubated with with rabbit anti-Pcifl (1:1000) (Pandey et al., 2020) for 3 h at
room temperature in 5% milk with TTBS, or with anti-mouse ATP5A (1:1000, AbCam
ab14748) overnight at 4°C. Then, membranes were washed 3 times for 10 min with TTBS and
incubated with HRP-conjugated secondary antibody at either 1:10000 dilution with anti-rabbit
IgG HRP-linked or at 1:2000 dilution with anti-mouse IgG HRP-linked for 1 h at RT in 5%
milk in TTBS. The membranes were washed 3 times for 10 min with TTBS and incubated with
SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher, Cat. No. 34095) for
5 min at RT or with Immobilon Forte Western HRP Substrate (Merk Millipore Ltd., Cat.
No.WBLUF0500) for 15 min at RT. The signal was detected using Molecular Imager
ChemiDoc™ XRS+ (BioRad Cat. No0.252559) with ImageLab software (v 5.1).

Transcriptome analyses
Ovaries were dissected from 5-days old homozygous Pcif1M%"" homozygous Pcif1™*MtS, and
control female flies. Three pairs of ovaries were collected per line for RNA extraction with
Trizol reagent. Ribozero-depleted deep sequencing libraries were prepared and sequenced as
previously described (Pandey et al., 2020). Specifically, the NEB Next ultra-kit (NEB: E7760L
kit) was used to prepare the pair-end libraries which were sequenced in high-mode on Next-seq
500 at GeneCore, EMBL.

Reads were sorted into individual libraries based on the barcodes and mapped to the fly
transcriptome (Ensembl release 95) using salmon v1.3.0 (salmon quant with options -1 A --
validateMappings --gcBias) (Patro et al., 2017). Further analysis was performed using R version

3.6.3 and Bioconductor (Huber et al., 2015). The DESeq function of DESeq2 1.25.10
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bioconductor package (Love et al., 2014) was used to obtain log2 fold changes of gene
expression between control and mutant samples and the adjusted p-values. Adjusted p-value
0.1 was used as a threshold for statistical significance. In MA plots the genes with significantly
different expression between the mutant and control samples were highlighted in red (Figure
2B). The sets of genes upregulated and dowregulated in the mutant ovaries were compared
using Venn diagrams (VennDiagram 1.6.20) (Figure 2E). The Volcano plots were plotted using
EnhancedVolcano function from EnhancedVolcano 1.3.5 package

(https://github.com/kevinblighe/EnhancedVolcano). To see whether whole chromosome

expression might be affected, we produced boxplots of log2 fold expression changes for genes
lying on individual chromosomes with the y-axes limited to <-1,1> to better see whether the
median fold change deviates from zero (Figure 2C). The wilcox.test was used to test the
symmetric distribution of log2 fold changes for each chromosome. To see whether the transcript
starting nucleotide affects the overall gene expression changes, we filtered only genes which
produce transcripts with specific starting nucleotide and divided them into the groups based on
that nucleotide. Using stats:::ecdf we then computed empirical cumulative distribution function
on log2 fold changes between the mutant and control samples and plotted the distribution
(Figure 2H). The group of genes found to be significantly up- or downregulated in the mutant
were searched for enriched Gene Ontology terms in the Biological Process ontology using
ENRICHR (Chen et al., 2013; Kuleshov et al., 2016) and top ten enriched categories were
shown (Figure 2D). The proton transport genes (associated with the term GO: 0015992) were
found to be enriched among upregulated genes in the mutant samples. To visualize their
expression across all samples, we calculated the z-scores of log2 expression (reads per million)
for each of those genes and plotted the boxplots for individual samples (Figure 2F). Similarly,
the heatmap of z-scores was plotted using pheatmap 1.0.12 (Figure 2G).

Deep sequencing data generated in this study are deposited with Gene Expression

Omnibus (GEO) under accession number GEO: GSE218059.

Electron microscopy imaging of fly ovaries

For transmission electron microscopy (TEM) imaging, dissected ovaries from 5 days old
fertilized females were fixed for 30 min at room temperature by addition in the culture medium
of a 2x fixative solution (4% paraformaldehyde, 0.4% glutaraldehyde, 0.2 M PHEM). They
were then fixed for another 30 min at room temperature in 2% paraformaldehyde, 0.2%
glutaraldehyde in 0.1 M PHEM (30 mM PIPES, 12.5 mM HEPES, 5 mM MgCI2, 1 mM EGTA,
pH 7). Ovaries were rinsed three times in 0.1 M PHEM and post-fixed in 1% osmium tetroxide

(0Os0O4), 1.5% potassium ferrocyanide in 0.1 M PHEM buffer for 1h at room temperature. After
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3 washes in 0.1 M PHEM, they were post-stained using 0.5% uranyl acetate in 30% ethanol for
30 min at room temperature, in the dark. Ovaries were then dehydrated in graded ethanol series
(50%, 70%, 90%, 5 min each, then 100% for 5 min, 3 times), and embedded in Epon resin.
After polymerisation during 48 h at 65 °C, the blocs were cut on a Leica UC7 ultra-microtome
using a Diatome 35° diamond knife. Ultrathin sections (70 nm) were collected on Formvar
carbon coated copper grids and post-stained with 2% uranyl acetate and 2% lead citrate. Images
were recorded on a Tecnai G2 Spirit BioTwin (FEI) transmission electron microscope (TEM),

operating at 120 kV, using an ORIUS SC1000 CCD camera (Gatan).

Larval chromosome staining from dissected salivary glands

Chromosome squashes were performed with the acid-free technique as described in Johansen
et al. 2009. Pcif1269%37or Pcif1M%? third-instar larvae were rinsed in PBS and dissected in a
formaldehyde dissection buffer (0.15M PIPES, 3mM MgSO3, 1.5mM EGTA, 1.5% NP40, 2%
formaldehyde). Then the salivary glands were incubated 5 min in glycerol 50% and squashed
on a frosted microscope slides. After squashing, the slides were incubated for 30 min in 0.1%
Triton X-100 in PBS (PBST) and blocked for 1h in PBST-BSA 5%. The slides were incubated
in a humid chamber with the rabbit anti-Pcifl (1:100) overnight. The slides were washed 3
times in PBST before being incubated with anti-rabbit conjugated to Alexa 488 in a humid
chamber for 2h at RT. Two additional washes in PBS were performed and the samples stained

with DAPI. The slides were immediately observed with a microscope confocal LSMS800.

PEYV observation and pigment quantification

5 virgin W™/ +/+ females were crossed with three males of the following genotype:
wll18: Peif[Mostor 1118 pejf [FOANLS -\ 1118 D31 )BSC797/TM3, w''!8:Df(3L)BSC563/TM6 or
w8 Df(3L)BSC452/TM6. In the Gl progeny, variegated eyes were checked in
transheterozygous females. Pictures of three days old adults were taken using a Leica MZFIII
microscope (Leica Microsystem CHS).

For pigmentation quantification, five heads from six days-old females of the genotypes of
interest were dissected and snap-frozen in liquid nitrogen. Heads were lysed in 500 ml of AEA
lysis buffer (30% ethanol, 0.2% HCI) and homogenized with an electric pestler and the mix was
stored at 25°C for 48h in the dark. Each sample was then centrifuged at 10000 rpm for 5 min at
room temperature and the supernatant was transferred in a new tube and centrifuged again at
10000 rpm for 5 min at RT. 150 pl of the supernatant were loaded on a 96 well plate and the

absorbance of the extracted pigments were measured at 480 nm. Ten replicates were analysed
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for each genotype. The statistical analysis was performed using the one-way ANOVA test in

GraphPad Prism 9.
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FIGURE 1. Molecular characterization of Pcifl in Drosophila melanogaster. A. Structural
organization of the wild type Pcifl protein. The N-terminal WW domain, the Nuclear
Localization Signal (NLS), the helical domain and the C-terminal Methyl-Transferase (MTase)
domain are shown. B. The CRISPR-Cas9 mutagenesis generated the Pcif1M%? allele which
causes a frameshift ending in a premature stop codon generating a truncated protein and the
PcifI™NS allele which has an in-frame deletion of the NLS. C. Illustration of the Pcifl locus
with the indication of the P element insertion site in the Pcif1?%%*7 line
(Dmel\PCG113998602557) "here used as control, and of the position of the sgRNAs, gRNA1 and
gRNA2 designed for the CRISPR-Cas9 mutagenesis (purple lines). D. Western blot analysis of
head protein extracts from Pcif1?¢9?7 control, or PcifI™%" and Pcif1™"5 mutants as
indicated. Wild type Pcifl and Pcif1*N'S protein size are indicated by the black arrows. B-Actin
was used as loading control. The asterisks indicate unspecific bands. E. Immunostaining of

]BG02557

ovaries dissected from Pcif: FOANLS )4

controls, or Pcif1™M5 homozygous or Pcifl
heterozygous females. The egg chamber, formed by an external layer of follicle cells (somatic
cells) which surround the nurse cells (germ cells), is shown. Pcifl: green, DNA: blue, Fibrillarin
(nucleolar marker): red F. Pictures of 5-days old females, males or dissected ovaries of either
Pcif129%%3>7 (control) or, PcifI™*P and PcifI™*M5 mutants. G. Longevity analysis of
Pcif1269237 control (n=150) or Pcif1"%5°? (n=150) and Pcif1"**M5 (n=130) mutants. H. Weight
analysis of Pcif1259?7 control or PcifI™% and Pcif1"™**S mutants: each dot represents the
weight of a group of ten adult flies per genotype for either males or females as indicated. Ten
replicates were performed. 1. Fertility analysis of females or males expressed as the number of
emerging flies per cross of one individual of the indicated genotype with three wild type flies
of the opposite sex. Log-rank (longevity) and one-way ANOVA (weight and fertility) tests were

performed using GraphPad Prism9. p value : ***P<0.001, **** P<0.0001. ns: non significant.
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FIGURE 2. Transcriptomic analyses in Pcif] mutants A. Barplot showing reduced transcript
levels of Pcifl in PcifI™%" while the transcript levels in Pcif1™**S are not affected. Data
shown as mean + standard deviation from three biological replicas. B. MA plots and volcano
plots showing gene expression changes in PcifI™*’ and in Pcifl"™ S, Significantly
dysregulated genes (padj <= 0.1) are shown in red. C. Boxplots showing gene expression
changes from individual chromosomes. The view is limited to only changes below 2-fold to
better see the median differences (p value : * P<0.05, *** P<0.001; wilcox.text of symmetric
distribution). D. Venn diagrams showing overlap in sets of upregulated and downregulated

genes in Pcif1"%" and Pcif1"™*Nts,
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FIGURE 3. Pcifl regulates gene expression of proton transport genes A. Gene ontology
analysis for differentially expressed genes. Only top 10 significantly enriched terms are shown.
B. Boxplot showing the z-scores of expression across individual samples for proton transport
genes (GO:0015992). C. Heatmap showing the z-scores of expression for proton transport
genes (GO:0015992). D. Plots showing the cumulative distributions of gene expression changes
in the Pcif1% and in Pcif1"™* 5 when compared to the control. Separate curves are plotted

based on the transcription start site nucleotide (TSS).
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FIGURE 4. Pcifl binds to euchromatic regions of polytene chromosomes and behaves as a
suppressor of position-effect variegation. A. Larval polytene chromosome immunostaining was
performed for Pcif129"?>*7 controls (2 samples) and Pcif1"%P mutants as indicated. B. PEV
assay. Schematic illustration of the position-effect variegation affecting the white gene in the
w" allele. Representative eye phenotype out of 20 to 50 females of the following genotypes:
w8 - peif[Mosiop /v op wndhp 1118 - peif [F9ANLS/+ compared to control w™# /w18 +/+ flies
(first row) and w™mw!'8: D@BL)/+ females flies carrying a chromosomal deletion
encompassing the Pcifl gene (Df(3L)BSC563, Df(3L)BSC797 or Df(3L)BSC452 as indicated
on figure) compared to w8 +/+ flies (second row). C. Quantification of pigment
absorbance was performed for five heads per genotype at a wavelength of 480 nm. Ten
replicates were performed. One representative experiment out of two is shown. One-way

ANOVA test was performed using GraphPad Prism9. P value: **** P<(0.0001.
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Supplementary Figures
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Supplemental Fig S1. A. Histograms shows the hatching rate analysis of control, Pcif1/**NtS
and PcifIM%P mutants expressed as percentage of hatched embryos. The mean of three
independent experiments are shown. A total of 100 embryos were tested. B. Fertility analysis
expressed as the number of emerging flies per cross of one mutant female (genotypes indicated
on figure) with three wild type males. Statistical analysis was performed using GraphPad

Prism9, p value: ****P<(0.0001.
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Supplemental Fig S2. A. Western blot analysis of protein extracts from 10 pairs of ovaries
from w!l18 wll18; pejf]BG02357 1118, pojfpMosiop 1118, pejfF9ANLS flies  B-Actin was used as
loading control. The histogram indicates the quantification of ATPSA expression over four
independent replicates normalized to protein loading control. Statistical analysis was performed
using GraphPad Prism9. ns: non significant. B. Electron microscopy pictures of ovaries of
control, Pcif1M55°P and Pcif1"™NS flies (two pictures per genotype). Scale bar correspond to

0.2 pm.
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Supplementary table S1.
List of genes dysregulated in Pcif1™"S and Pcif1M%°P mutants together with expression of

proton transport genes (GO:0015992).

118



119



Chapter 2: Nudt19B is required for fly fertility

2. A genetic screen for the identification of new decapping enzymes and

alternative cap structures in Drosophila melanogaster

The second part of my PhD project consisted in the realization of a genetic screen of the Nudix
gene family in Drosophila for the discovery and study of putative new decapping enzymes that
may remove alternative cap structures. The interest for this topic arose from recent findings that
demonstrated that some enzymes of the Nudix family, other than the canonical DCP2, are able
to hydrolyze alternative cap structures attached at the 5’ end of RNAs in prokaryotes and
eukaryotes®®>2% One of the main limitation for the observation of alternative cap structures
and determination of their function in eukaryotes is their scarcity due to the low cellular
concentration of non-canonical metabolites putatively involved in the formation of these
alternative caps'®. In this context, we hypothesized that silencing each of member of the Nudix
family in Drosophila may both reveal their potential functions and provoke the accumulation
of alternative cap structures that would become detectable by Mass Spectrometry. By
performing BLAST searches, I aligned each of the 22 human Nudix proteins to the Drosophila
melanogaster database and I found 12 orthologues (Table 1). Interestingly, three NUDT19
orthologues are present in the fly genome which are the result of a recent triplication common

to the Diptera order.

In order to bring light to Nudix proteins possessing a physiological function in Drosophila, 1
induced the silencing of each of the 12 Nudix genes in a tissue-specific manner using the UAS-
Gal4 system. To do so, I used three different existing driver lines expressing the yeast Gal4
gene under the control of a tissue-specific promoter: the Glass Multimer Reporter Gal4 (GMR-
Gal4) line that expresses the GAL4 protein in the photoreceptors, the nanos-Gal4d (NGT-Gal4)
line that expresses the GAL4 protein in the ovaries and the Embryonic lethal abnormal vision
Gal4 (Elav-Gal4) line that expresses the GAL4 protein in post-mitotic neurons. Virgin females
carrying one of these GAL4 expressing transgenes were crossed with males carrying a Nudix
silencing transgene expressed under the control of a UAS (Upstream activating sequence)
promoter activated by the GAL4 factor. Here, silencing transgenes (RNA1) express inverted
repeated sequences (IR) generating either a long double strand RNA (dsRNA) of about 200
nucleotides that is further processed into 2 Imers by the Dicer machinery, or a short interfering
RNA (siRNA). Two different RNAI lines per each Nudix orthologues were tested (Table 1.)

with each of the three GAL4 driver lines in order to increase the chance to detect a specific
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phenotype associated with the silencing of a Nudix gene. Indeed, in some cases, RNAI lines

produce off-target effects or inefficient silencing of the target gene.

Drosophila Homo Predicted Function RNAI fly line
melanogaster sapiens
CG12567 NUDT 1 8-0x0-dGDP phosphatase activity, BDSC ID: 57241

NUDIX hydrolase-like domain superfamily | VDRC ID: 47420

CG31713 (Datp/Apf) NUDT 2 Bis(5'-nucleosyl)-tetraphosphatase, VDRC ID: 39150, 102412
NUDIX hydrolase-like domain superfamily

CG6391 (Aps) NUDT 4 diphosphoinositol-polyphosphate VDRC ID: 109431, 110607
diphosphatase activity,

NUDIX hydrolase-like domain superfamily
CG8128 NUDT 6 ADP-Ribose diphosphatase, VDRC ID: 47740, 107574
NUDIX hydrolase-like domain superfamily

CG11095 NUDT 7 COA Pyrophosphatases, BDSC ID: 67793
NUDIX hydrolase-like domain superfamily | VDRC ID: 37911
CG4098 NUDT 9 ADP-ribose diphosphatase activity, VDRC ID:105277, 110042
NUDIX hydrolase-like domain superfamily
CG42813 NUDT 14 UDP-sugar diphosphatase, BDSC ID: 56045, 57708
CG18094 (Nudt19A) NUDT 19 COA Pyrophosphatases, BDSC ID: 62908

NUDIX hydrolase-like domain superfamily | VDRC ID: 100138

CG10194 (Nudt19B) NUDT 19 COA Pyrophosphatases, VDRC ID: 41170, 107721
NUDIX hydrolase-like domain superfamily

CG10195 (Nudt19C) NUDT 19 COA Pyrophosphatases, VDRC ID: 26771, 109468
NUDIX hydrolase-like domain superfamily

CG6169 (Dep2) NUDT 20 m7G(5")pppN diphosphatase activity, VDRC ID: 22272, 105130
NUDIX hydrolase-like domain superfamily

CG3689 (Cpsfs) NUDT 21 hydrolase activity, VDRC ID: 45278, 105499
NUDIX hydrolase-like domain superfamily

Table 1. The 12 Nudix orthologues in Drosophila melanogaster.

The table contains the CG numbers of the 12 orthologues of the Nudix family in Drosophila (first column), the
corresponding Nudix proteins in human (second column), the predicted function of the fly protein according to
sequence similarity to the human orthologue (third column) and the identification code of the RN A lines provided
by the Vienna Drosophila RNAi stock Center (VDRC) or Bloomington Drosophila Stock Canter (BDSC) that

were used in this work (forth column).

2.1. Nudt20 (Dcp2) silencing affects normal cell differentiation in fly photoreceptors

Silencing Nudix genes in the photoreceptors did not produce any marked eye phenotype except
in the case of one out of the two Nudt20 silencing transgenes (that correspond to dcp?2
orthologue in Drosophila). Nudt20 silencing in the photoreceptors indeed produced a ‘rough
eye’ phenotype, which is commonly attributable to apoptotic cells or mis-differentiation of

photoreceptor cells (Figure 32). The eye phenotype observed upon Nudt20 silencing show that
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impairing Dcp2 normal expression affects cell differentiation and/or survival as reported in

another study®’.

GMR-Gal4>Nudt20 RNAI
GMR-Gal4/+ (105130)

Figure 32. 105130 RNAI silencing of Nudt20 (Dcp2) in the photoreceptors results in ‘rough eye’ phenotype.
The pictures show the ‘rough eye’ phenotype observed in females (first row on the right) and males (second row
on the right) upon 105130 RNAI silencing in the photoreceptors. Flies were grown at 30°C to increase GAL4
mediated expression of the RNAI transgenes.

Genotypes: GMR-Gal4/+ is the abbreviation of GMR-Gal4/+;+/+ and GMR-Gal4>Nudt20 RNAi(105130) is the
abbreviation of GMR-Gal4/+; UAS Nudt20 RNAi(105130)/+.

Interestingly, only one of the two RNAI silencing transgenes targeting Nudt20 (Dcp2) showed
the rough eye phenotype suggesting that probably the other RNAi transgene was poorly or not

efficient.

2.3. Nudt19A is required for normal fly locomotion

Then, we investigated the effect of the silencing of each of the 12 Nudix genes in post-mitotic
neurons by performing a locomotion test as described in Nichols et al.>*}. Ten males were
placed in an empty vial and, after having gently hit the vial to ensure that the ten flies were at
the bottom, a locomotion score ranging from 0 to 10 was calculated as the number of flies
reaching or overcoming a distance of 6 cm from the bottom of the vial in 5 seconds (Figure 33).
This measurement was repeated five times on the same group of ten flies with a 30 seconds rest
between two subsequent runs and five independent groups were tested per genotype (see
Materials and Methods). This screen revealed that silencing Nudt20 (Dcp2) or Nudt21 (Cpsf3)
in post-mitotic neurons significantly impaired fly locomotion (Suppl. Figure 1). Furthermore,
we identified a defective locomotion phenotype in flies carrying one of the two Nudtl194

silencing transgenes (Figure 33A)
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Figure 33. Fly locomotion is affected upon Nudtl19A silencing in post-mitotic neurons.

A. The scattered plot indicates the locomotion score (5 test per group x 5 independent replicates= 25 dots per
genotype). Statistical analysis was performed using GraphPad Prism. **** = p<0.0001. B. The histogram shows
the RT-qPCR analysis of mRNA levels in male head lysates to check the level of expression of Nudtl94 upon
silencing by the Elav-Gal4 driver.

Genotypes: Elav-Gal4/+ is the abbreviation of Elav-Gal4/+;+/+ and Elav-Gal4>Nudt194 RNAi(100138 or
62908) is the abbreviation of Elav-Gal4/+; UAS Nudtl19A4 RNAi (100138 or 62908)/+.

The phenotype observed correlated with a reduced expression levels of Nudtl9A4 gene
transcripts in the fly head in the 1000138 RNAI line (Figure 33B). The observed modest
reduction of Nudtl9A transcripts is attributable to the fact that the silencing was induced in
neurons in the brain while I performed the RT-qPCR in the whole head.

The second RNAI line did not produce any locomotion defects and displayed no reduction in
Nudt194 expression in the head suggesting that it was not or poorly efficient in inducing

Nudt194 gene silencing in this particular setup.
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2.4. Nudt19B depletion affects fly fertility

In a third set of experiments, we tested whether the silencing of the Nudix family genes may
result in defective fertility. To this end, virgin females carrying both the NGT-Gal4 driver and
each of the Nudix RNAI transgenes (NGT-Gal4/Nudt RNAi) were crossed with wild type males
and the number of progeny was counted from each cross. I observed that silencing either Nudt20
(Dcp2) or Nudt21 (Cpsf5) in the ovaries significantly decreased female fertility confirming their
known essential function in fly development and physiology***** (Suppl. Figure 2). Moreover,
I observed that at least one RNAI line out of two induced significant decrease of female fertility

in the case of Nudt7, Nudt19A4 or Nudt19B, three genes with unknown function in Drosophila

(Figure 34).
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Figure 34. Female fertility decreases upon Nudt7, Nudt19A or Nudtl9B silencing in Drosophila ovaries.

A. The scattered plots show the female fertility analysis expressed as the number of emerging flies in the progeny
of the flies carrying Nudt7, Nudtl94, or Nudt19B silencing transgene. B. The RT-qPCR analysis was performed
on ovaries of NGT-Gal4/Nudt7 (CG11095), Nudt19A4 (CG18094), or Nudt!9B (CG10195) compared to control
NGT-Gal4/+. Two RNAI lines targeting each Nudt gene were tested as indicated in the graphs. The statistical
analysis was performed using GraphPad Prism9. *= p<0.05, **= p<0.01.

Genotypes: NGT-Gal4/+ is the abbreviation of NGT-Gal/+; +/+, (A) NGT-Gal4>Nudt7 RNAi(37911 or 67793) is
the abbreviation of NGT-Gal4/+; UAS Nudt7 RNAi(37911 or 67793) /+, (B) NGT-Gal4>Nudt!94 RNAi(62908
or 100138) is the abbreviation of NGT-Gal4/+;UAS Nudtli9A RNAi(62908 or 100138)/+, (C) NGT-
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Gal4>Nudt19B RNAi(41170 or 107721) is the abbreviation of NGT-Gal4/+;UAS Nudtl9B RNAi(41170 or
107721)/+.

To evaluate the RNAI silencing efficiency, we tested the level of expression of Nudt7, Nudt19A4
or Nudtl9B transcripts by RT-qPCR in total RNAs extracted from dissected ovaries. We noticed
that the silencing of the candidate genes correlated with the phenotype even though the silencing
efficiency range was modest, between 30 and 60% (Figure 34A, B, C). At this stage, given the
fact that only one RNAIi line produced a significant effect, we cannot exclude that reduced
fertility could be due to off target effects.

It is worth mentioning that from sequence similarities, the Nudt7, Nudt19A and Nudt19B
proteins are predicted to function as dpCoA hydrolases although it has not been shown
experimentally whether or not they can indeed perform this role and if this enzymatic function
is important for female fertility. Nudt7 and Nudt19 genes are conserved in mammals and it has
been shown that recombinant mammalian NUDT7 and NUDT19 proteins hydrolyze dpCoA-

RNA in vitro'®. However, no decapping activity has been identified yet in vivo.

We then focused on a deeper analysis of the three Nudt19 genes in Drosophila, named here as

Nudt19A4, Nudt19B and Nudt19C (Figure 35).

4,000.000 6.000.000 8.000.000 10.000.000 12.000.000 14,000,000 16.000.000 18.000.000
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Nudt19C Nudt19A

Nudt19B
Figure 35. The Nudt19A4, Nudt19B and Nudt19C genes localize very close to each other.
Schematic representation of Nudt194 (CG18094), Nudtl9B (CG10194) and Nudt19C (CG10195) gene loci on the

second chromosome in fly (Source: GBrowse/FlyBase).

These three genes map to the left arm of the second chromosome (2L) in Drosophila and this
triplication event is quite recent and common to the Diptera order. It is still unknown whether
they have independent or complementary function in fly. By protein sequence alignment of the
Nudt19 proteins, we found that Nudt19B displays the highest identity with the unique NUDT19
human orthologue (33%). Moreover, the fly Nudtl9 proteins share approximately 34.5% of
sequence identity (Suppl. Figure 3).

The previous experiments suggest a role of the Nudtl9 proteins in fly development or
physiology, although the low rate or absence of gene silencing and lack of reproducible

phenotype between the two RNAI lines did not permit a clear conclusion.

125



In order to further analyze the role of Nudtl9 genes in Drosophila, we ordered new lines
carrying P element insertions in either the Nudt19A4 (Nudt194"%°%), Nudt19B (Nudt19BX°"7#12)
or Nudt19C (Nudt19C0"%) loci (Figure 36A) as well as a chromosomal deficiency covering
the three loci (Df(2L)ED1272). Using these lines, I generated trans-heterozygous flies carrying
a P element inserted in either Nudti9A4, Nudtl9B or Nudtl9C over the deficiency
(Nudt19A473°8/Df(2L)ED1272; Nudt19BX°"*12/Df(2L)ED1272; Nudt19C"°/Df(2L)ED1272).
The purpose was to efficiently reduce the dosage of each Nudt19 gene and study the resulting
phenotype. Trans-heterozygous flies were fully viable in each case suggesting either that none
of the Nudt19 genes is essential for survival or that the P elements does not significantly affect
gene expression (Suppl. Figure 4). No effect on male or female fertility was observed in the
case of Nudt19A4 or Nudt19C trans-heterozygous flies (Figure 36B). On the contrary, male and
female fertilities were significantly affected in Nudtl/9B trans-heterozygous flies

(Nudt19BX97412/Df21 )ED1272) (Figure 36B).
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Figure 36. Nudt19B trans-heterozygotes display reduced fertility in Drosophila.

A. Schematic representation of the insertion of P element in the Nudt!94, Nudtl9B and Nudt19C genes in the
genome of the fly lines used in the study. The red arrows indicate the localization of the primers used for the RT-
gPCR. B. The scattered plots show females (left) and males (right) fertility expressed as number of emerged flies
from 25 individuals of the indicated genotypes (left). The statistical analysis was performed using Graph Pad
Prism. *= p<0.05, ****= p<0.0001. C. The histograms show the level of expression of Nudti9A4, Nudti9B or
Nudt19C transcripts in the ovaries of the genotypes indicated.

Genotypes: +/+ is the abbreviation of w!//8w!!!8:+/+, Nudt194"3?%/Df(2L)EDI272 is the abbreviation of
w! A8 Nudt19AY328/Df(2L)ED1272, Nudt19BKC"7#12/Df(2L)ED1272 is the abbreviation of w!//$a!!’8;
Nudt19BKC412/DF2L)EDI272,  Nudtl9C"%%/Df(2L)EDI1272 is the abbreviation of  w!//Sw!!!8;
Nudt19C"/Df(2L)ED1272 and  Nudt19BK7#2/Nydt19BXKG7#12 is  the abbreviation of w!!//8/w!!!;
Nudt19BXC07412 /Nyt ] 9BKGI7412,

The fertility defect observed in Nudt19BX"7#12/Df21)ED1272 flies (Figure 36B) confirms the

phenotype showed by RNAL1 silencing of Nudt/9B in the ovaries (Figure 34B). Moreover, the

fertility of Nudt19BX677#12/Nudt19BX"7#12 homozygotes was reduced but not as much as that of

Nudt19BXC#12/Df21 )ED1272 flies, indicating that it is not a null allele (Figure 36B). The level

of the transcript did not decrease in Nudt19BX“"*12/Df(21)ED1272 ovaries according to the
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RT-qPCR analysis (Figure 36C center) which indicated that although the P element was
inserted in the first exon of the Nudt19B gene, the mRNA is still expressed. Whether or not this
mRNA is functional and able to produce the Nudt19B protein will be determined by Western
blot analysis using antibodies directed towards Nudt19B that BIOTEM company is producing
for this purpose. For Nudt194"3?%/Df(21)ED1272 flies, we did not observed any fertility
phenotype (Figure 36B), although the level of transcript was reduced by the 80% (Figure 36C
left). In contrast, we had observed a fertility phenotype by RNAI silencing of Nudtl94 in the
ovaries, which was not confirmed in this analysis. Thus, we hypothesised that the fertility
decrease observed by RNAIi silencing of Nudtl9A4 (Figure 34A) may be due to an off target
effect and that Nudt19A may not be involved in fly fertility or that the P element insertion has
not disrupted the gene. Finally, we observed no fertility phenotype in
Nudt19C"%%/Df2L)ED1272 flies (Figure 36B) in accordance with the absence of effects when
expressing RNAI silencing transgenes of Nudt19C in the ovaries (Suppl. Figure 5). However,
we observed only a partial reduction of Nudt19C transcript (Figure 36C right), probably due to
fact that the P element is inserted in the 3'UTR of the gene. Thus, the level of transcription may
be only slightly affected which may not allow to detect a putative physiological function of this
gene. Moreover, there might be some functional redundancy between the three Nudt19 genes.

Overall, we have no strong indication to conclude whether Nudt19A, B and C are each essential

or redundant (or even not contributing) to fly fertility at this stage of the study.

2.5. Generation of CRISPR-Cas9 mutant to characterize the Nudt19A4 and Nudt19B genes
in Drosophila

In order to characterize further the function of Nudt/9 genes in Drosophila, sgRNAs driving
the Cas9 endonuclease were designed to generate deletions of Nudtl9A4, Nudt19B or Nudtl9A
and Nudt19B together, (later on indicated as Nudt19A4B) with the help of WellGenetics Inc., a
company who took in charge the generation of CRISPR/Cas9 mutants (Figure 37A, B, C

respectively).
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Figure 37. Generation of CRISPR-Cas9 Nudt19 knock out flies.

A-C. Schematic illustration of the cutting sites of the Cas9 enzyme to induce the mutation of (A) Nudtl94
(CG18094), (B) Nudt19B (CG10194) or (C) Nudt19A4 and Nudt19B genes. The PAM sequences are highlighted in
green, the sgRNAs sequences are highlighted in yellow and the inserted sequence in the Nudt!94B KO allele is
highlighted in red. The start codon and the stop codons are indicated in bold.

Wellgenetics injected plasmids expressing these sgRNAs into transgenic embryos expressing
the Cas9 endonuclease (Figure 37) and screened the putative mutants by genomic PCR. |

characterize the mutant alleles by sequencing and confirmed the mutations for Nudt/9A4 (two
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independent alleles, Figure 37A), Nudti9B (four alleles, Figure 37B) and Nudtl/9A4 and
Nudt19B together (one allele, Figure 37C).

All these alleles were then outcrossed for seven generations in order to remove off target
mutations that the Cas9 endonuclease might have induced in the genome. These mutants will
allow the in-depth analysis of the fertility and locomotion phenotypes identified by RNAi
silencing or using the P element insertion in the Nudt!9 genes. Moreover, we will check if there
are any detectable changes in CoA levels in these flies by Mass Spectrometry or in gene

expression by RNA sequencing.

2.6. Cloning Nudtl19A, Nudt19B and Nudt19C for recombinant protein expression to test
dpCoA-decapping activity in vitro and for generating transgenic flies

In addition, I produced catalytic dead versions of the Nudt19A, Nudt19B and Ndt19C proteins
by mutating the predicted catalytic residues, as shown in Shumar et al.’*. In this work, the
mutation of two Glutamate residues within the Nudix motif drastically reduced the catalytic
activity of mouse NUDT19%**, Thus, we induced missense mutations in the two conserved
catalytic Glutamate residues within the Nudix motif of Nudt19A, Nudt19B and Nudt19C which
were converted in two Alanine residues in order to abolish the enzymatic activity (Figure 38)

using the Quick Change II Site-Directed mutagenesis Kit (see Materials and Methods).

Nudt19A

MTTKTGTYRPSASLIVAAKEDSLEDYDYRLLLIKRTEKTSYALNHCVFPGGVEDPIEDQSAKWITFFKSFGVTDEQLKMCRHN
ODSPRPEFLSGGDHISRDIALRLTALRETFEEVGILICTEQDDIQKWDSKSGHPRTVLLESSEHFEWQHRVHNDASQFLELEFR
HYKVIPNIWSLOEWSIWRTAATANRKYDTVYYITMLDKYTRNIKLLLEPHEVASAHWLSPIEAWSSSQKATIIWLPFMLLYDIA
RLMNFYSFQELLNFSRQRSCNGSTMVQPVYYRCDDCMFGVLPGDELYPKEPGACTQTIILSGSVDDLHRKSKQYNRYIVYDFH
KVVLASNIPPCDGHLPLQPLVNNKLAKL

Nudt19B

MSRLLPKIRSSSSLILLAKNQVEKSTSCDYNALLLTRTQKSTFMPESSVEFPGGVCDASDSSPAWLEHFQRNEFSAAKLRNVGH
VKGPRPDIFHTKADKKSLDPSLALRLTAIRETFEELGILLCRDSKSLTSTSDYGAFYDQFDRAHWQHIVHNNASQFLELCKQL
DVLPDVWSLHEWSVWRTPSTFKKRFETAFFMTALEQEPRVHIEPNEVKDSAWRSPLDYLOQASLRKELWLPPPQFYELSRCLNE
SSLDNLRQFAAEREVKGIQLIHPVVHKCTNGLVHLLPGDDAYPADPDASNEKIEIDLSVEEFRSKTNAKLHRSEHWNQHQSQL
IIKFERDDGQVHPLDPTKL

Nudt19C

MSQPASPTKWRTSASVILVSRDDGNNKDYKVLMLKRSDATATIALNQTVFPGGLLDSGADESVAWLHYLEEFGVPQEALRRLVL
IREDRPATILAPQGTGCYDRFFKRSRIWAREITLRLTAVRECFEEVGLLLCRSRSQLDFGAVTCAQAVPDLESWQRRVHNKPAE
FLTLCRELNVVPDLWALHEWSAWASPGFIRKGHETVEFEFMAFVDKQPELLEEPSEVKETLWLTPVELLRLADLGNVWEMPPQVY
ELSRLMGIKAYQSLLEFAIKRSGLGTTMFLPIGYNCQGSMVEVLPGDDFYVPEPHLVHEIISFPGSEEEFRARSKHLHRYTYG
PGVRNLELNIAPPNGHLKPLKFQAERQKL

Figure 38. The predicted Glutamate catalytic residues are mutated in two Alanine residues.
The protein sequence of Nudt19A, Nudt19B and Nudt19C are represented. In yellow, the two predicted catalytic
Glutamate residues which were mutated to Alanine residues according to sequence homology to the mammalian

NUDT19 protein.
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On one hand, the wild type and catalytic mutant Nudtl9 sequences were cloned in the
pETM11SS-His6-Strep-SUMO-Tev expression vector for producing the recombinant proteins
to perform an in vitro dpCoA-RNA decapping essay and check if they have a similar decapping
activity in vitro as the mammalian NUDT7 and NUDT19. The advantage of using pETM11SS-
His6-Strep-SUMO-Tev is double: first it expresses SUMO (Small Ubiquitin-like Modifier)
which is a small protein of 12 kDa serving as a fused soluble protein; secondly the vector carries
the Histidine and Streptavidin stretches as two alternative tags that can be used during the

purification steps to increase the purification yield (Figure 39).
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Figure 39. The pETM11SS-His6-Strep-SUMO-Tev vector contains the SUMO sequence and the His6 and
Streptavidin tags.

The vector used for the generation of recombinant wild type and mutated Nudt19 proteins is shown in the figure.
The insertion site of the Nudtl9 genes is indicated in red. The SUMO sequence localization is indicated together
with the His6 and the Streptavidin tags. Tev is the recognition site for TEV protease to cleave the tags from the

protein.

On the other hand, the wild type and catalytic mutant sequences were cloned in the pP[UAST]
transgenesis vector (Figure 40) and sent to the BestGene company to generate transgenic flies

expressing the Nudt19 proteins (wild type or mutated) under the UAS promoter.
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Insertion site ofthe
Nudt19genes

pP[UAST]

Figure 40. The pP[UAST] vector is used for generating transgenic flies.
The pP[UAST] vector used for transgenesis in Drosophila carries the UAS promoter upstream the insertion site
of the Nudt19 genes. P3’ and P5' are P element ends that carry the white gene marker used for tracing the insertion

of the gene in the fly acceptor genome.

These transgenic flies will be crossed with fly lines carrying a tissue specific driver (i.e. NGT-
Gal4) in order to induce the expression of the Nudt19 proteins (wild type or mutated in a tissue-
specific manner (i.e. in the ovaries)) in Nudt19 KO flies. The aim would be to rescue the fertility
phenotype that we expect to see in Nudt/9 KO mutants and that we have already observed in
the Nudt19BXC*12/Df(21)ED1272 and in NGT-Gal4>Nudt19B RNAi (41170).

The phenotypic and molecular analysis of the Nudt9 knock out mutants and in vitro testing of
the Nudt19 decapping activity will contribute to shed light on the role of the conserved Nudt19

proteins in fly.
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Suppl. Figure 1. RNA.I silencing of Nudt20 (Dcp2) and Nudt21 (Cpsf5) genes in Drosophila neurons affect

fly locomotion.

The scattered plot indicate the locomotion score for each indicated genotype (see Materials and Methods). The
statistical analysis was performed using GraphPad Prism. **= p<0.01, ***= p<0.001.

Genotypes: Elav-Gal4/+ is the abbreviation of Elav-Gal4/+ ;+/+, Elav-Gal4>Nudt20 RNAi (105130 or 22272) is
the abbreviation of Elav-Gal4/+; UAS Nudt20 RNAi (105130 or 22272), Elav-Gal4>Nudt21 RNAi (105499 or
45278) is the abbreviation of Elav-Gal4/+; UAS Nudt21(105499 or 45278).
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Suppl. Figure 2. RNA.i silencing of Nudt20 (Dcp2) and Nudt21 (Cpsf5) genes in Drosophila ovaries affect
female fertility.

The scattered plot shows female fertility expressed as the number of emerged flies per each genotype indicated.
The statistical analysis was performed using GraphPad Prism. **= p<0.01, ****= p<0.0001.

Genotypes: NGT-Gal4/+ is the abbreviation of NGT-Gal4/~+ ;+/+, NGT-Gal4>Nudt20 RNAi (105130 or 22272)
is the abbreviation of NGT-Gal4/+; UAS Nudt20 RNAi (105130 or 22272)/+, NGT-Gal4>Nudt21 RNAi (105499
or 45278) is the abbreviation of NGT-Gal4/+; UAS Nudt21(105499 or 45278)/+.

A. CLUSTAL OMEGA (1.2.4) multiple sequence alignment

NUDT19 MSSSLRPGPSRWRRAASIVLAAGWSRPETATPPSRPPPAEGFRLLLLQRSPHQGFMPGAH 60
Nudt19a ----MTTKTGTYRPSASLIVAAKE-—---——--— DSLEDYDYRLLLIKRTEKTSYALNHC 46
Nudt19C --MSQPASPTKWRTSASVILVSR-——---——==- DDGNNKDYKVLMLKRSDATAIALNQT 47
Nudt19B ----MSRLLPKIRSSSSLILLAKNQV----—--- EKSTSCDYNALLLTRTQKSTFMPESS 48
* e oK o o o . . Koo . * .
NUDT19 VFSGGVLDAA-DRSADWLGLFAPHHGPPRFGLGPAPFSRTAFPSLPD-—--——-=-- TDD 109
Nudt19a VFPGGVFDPIEDQSAKWITFFKSFG-——--- VTDEQLKMCRHNQD-§-—----—=-=-— PRP 89
Nudt19C VFPGGLLDSGADESVAWLHYLEEFG-—---- VPQEALRRLVLIREDRPAILAPQGTGCYD 101
Nudt19B VFPGGVCDAS-DSSPAWLEHFQRNE-——--— FSAAKLRNVGHVKGPRPDIFHTKA-—--— 96
* K **: * * K *: .
NUDT19 HKTDNTGTLPEDVAFRICAVREAFEEAGVLLLRPRTSPPGPAPG---PGLALEPPPGLAS 166
Nudt19a EFLSGGDHISRDIALRLTALRETFEEVGILICTEQDDIQKWDSKSGHPRTVLLESSEHFE 149
Nudt19C RFFKRSRIWAREITLRLTAVRECFEEVGLLLCRSRSQLDFGAVT-—----— CAQAVPDLES 155
Nudt19B ----DKKSLDPSLALRLTAIRETFEELGILLCRDSKSLTSTSD----- YGAFYDQFDRAH 147

ok . kekk kAhkk ke ko

NUDT19 WRDRVRQDPRHFLRLCAHLDCTPDIWALHNWSAWLTPFLRGTTRRFDTAFFLCCLREP-- 224
Nudtl19A WQHRVHNDASQFLELFRHYKVIPNIWSLOEWSIWRTAAT--ANRKYDTVYYITMLDKYTR 207
Nudtl9C WORRVHNKPAEFLTLCRELNVVPDLWALHEWSAWASPGF--IRKGHETVEFFMAFVDKQ-- 211
Nudt19B WQHIVHNNASQFLELCKQLDVLPDVWSLHEWSVWRTPST--FKKRFETAFFMTALEQE-— 203
oo xua. P T R R R A HEE
NUDT19 -PPVYPDLAEVVGYQWSSPSEATESFLSKEIWLPPPQFYEVRRLANFASLSDLHKFCLGR 283
Nudtl19A NIKLLLEPHEVASAHWLSPIEAWSSSQKAIIWLPFMLLYDIARLMNEFYSFQELLNEFSRQR 267
Nudtl9C -PELLEEPSEVKETLWLTPVELLRLADLGNVWFMPPQVYELSRLMGIKAYQSLLEFAIKR 270
Nudt19B —PRVHIEPNEVKDSAWRSPLDYLQASLRKELWLPPPQFYELSRCLNFSSLDNLRQFAAER 262

* % * . % . ok . * e . * . . * .- % *
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NUDT19 ALEGLERWLPIILLTADGMVHLLPGDELYLEDSDFLENLMSTEKKTEEIMKEGK-QFHRI 342

Nudt1l9A SCNGSTMVQPVYYRCDDCMEGVLPGDELYPKEPGACTQTIILSGSVDDLHRKSK-QYNRY 326

Nudt1l9C SGLGTTMFLPIGYNCQGSMVEVLPGDDEFYVPEPHLVHEIISFPGSEEEFRARSK-HLHRY 329

Nudt1l9B EVKGIQLIHPVVHKCTNGLVHLLPGDDAYPADPDASNEKIEIDLSVEEFRSKTNAKLHRS 322
* * . TR PR . A ce. e ek

NUDT19 VITYHRHLYDIHVTVQPKYKHVYPKNSVVRKSH-L 375

Nudtl9A IVYDFHKVVLASNIPPCDGHLPLQPLVNNKLAKL 360

Nudt1l9C TYG-PGVRNLELNIAPPNGHLKPLKFQAERQ-KL 361

Nudtl1l9B EHWNQHQOSQLIIKFERDDGQVHPLDPTKL-—-—— 351

B. Percentage of Nudt19 protein identity

Nudtl9 Nudtl9A Nudtl9C Nudtl9B

1: NUDT19 100.00 27.27 28.94 33.04
2: Nudtl9A 27.27 100.00 34.48 33.04
3: NudtlocC 28.94 34.48 100.00 34.30
4: Nudtl9B 33.04 33.04 34.30 100.00

Suppl. Figure 3. The Nudt19B protein shares the highest identity to the human NUDT19 orthologue.

A. Alignment of the Nudtl9A, Nudt19B and Nudt19C proteins to the human NUDT19 was performed using
Clustal Omega Multiple sequence alignment tool. * identical amino acids : similar amino acids . different amino
acids. B. The matrix shows the percentage of identity of the four Nudt19 proteins considered. In bold red are

indicated the highest percentages of identity.
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Suppl. Figure 4. Nudt19A4 and Nudt19B trans-heterozygous and heterozygous mutants are viable.

A-B. The histograms show the expected vs the observed number of individuals of (A)
WIS - Nyudt19473285/Df2L)ED1272 trans-heterozygotes (black bars) and w!!/8w!!'8 :Nudt194™3%%/+ or
w18 - DA2L)ED1272/+ heterozygotes (grey bars) or (B) w//8m! 18 :Nudt19BXC7412/Df( 21 )ED1272 trans-
heterozygotes (black bars) and w//*$/w!!18 : Nudt1 9BKCO712/+ or w1818 - Df(2L)ED1272 /+ heterozygotes (grey

bars). Chi-squared test analysis was performed using Graph Pad Prism9.
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Suppl. Figure 5. RNAi silencing of the Nudt19C gene in Drosophila ovaries does not affect female fertility.

The scattered plot shows female fertility expressed as the number of emerged flies per each indicated genotype
(left). The RT-qPCR analysis was performed on ovaries of NGT-Gal4>Nudt19C RNAi compared to control NGT-
Gal4/+. Two RNAI lines targeting Nudt19C gene were tested as indicated in the graphs. The statistical analysis
was performed using GraphPad Prism9.

Genotypes: NGT-Gal4/+ is the abbreviation of NGT-Gal/+, +/+, NGT-Gal4>Nudt19C RNAi(109468 or 26771) is

the abbreviation of NGT-Gal4/+; UAS Nudt19C RNAi(109468 or 26771) /+.
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Chapter 1. Catalytic dead Pcifl has a role in fertility and gene expression in
Drosophila

1.1. Putative mechanism of action of the catalytic dead Pcifl in gene regulation
One of the modifications that has attracted the attention of different groups in the recent years
is the m®Am modification, which has been detected on the first transcribed nucleotide if it is an

adenosine®' 24

. It is 10 times less abundant in human cell and the writer protein involved in
the deposition is the Phosphorylated CTD Interacting Factor 1 (PCIF1), previously known to
bind to the CTD of the RNA Pol 1’7, It has been demonstrated that m®Am modification
contributes to mRNA stability, however it is still under debate whether it promotes or repress
translation®>>*’8, In mice, PCIF1 depletion does not affect viability nor fertility, but mutant
animals show reduced body weight and RNA seq data indicate a set of dysregulated
pseudogenes associated to the Y chromosome.

In Drosophila melanogaster, a single amino acidic substitution in the catalytic motif of Pcifl
renders it catalytically inactive’®. Accordingly, no m®Am modification exist in this organism.
However, pull down essay reported that the Pcifl WW-domain in fly is still able to bind the
CTD of the RNA Pol 11’ Thus, Pandey et al. suggested that Pcifl in flies is probably
involved in the interaction with the polymerase without any methyltransferase activity’®.
Other methyltransferase proteins are conserved during evolution but have developed additional
roles as in the case of METTL3. It is a member of the nuclear methylation complex involved
in the m®A deposition on mRNA sites close to the 3' stop codon. When in the cytoplasm, it has
shown the ability to promote translation by contributing to the formation of the mRNA loop
structure by binding the eIFH at the 3'end of the mRNA®*. Similarly, the cytoplasmic METTL16
is a methyltransferase involved in the deposition of the m®A marks on U6 snRNAs as MALATI
and XIST and on MAT2 mRNAs®®"1347 However, it is additionally involved in recruiting the
elF3a and b translation factors together with ribosomal RNAs to promote the assembly of the
small and large ribosome subunits®*.

A possible mode of action of Pcifl in regulating gene expression may be through the interaction
with diphosphatases that are not able to dephosphorylate Ser5, inducing RNA Pol II stalling.
Indeed, the CTD of RNA Pol 1II is first phosphorylated on Ser5 by TFIIH as soon as the
transcription starts. Subsequently the RNA Pol II proceeds when Ser2 is phosphorylated by p-
TEFb and Ser5 is dephosphorylated. A mistaken hyperphosphorylation status of the polymerase
results in transcription blockage as it has been already demonstrated through the overexpression
of Pin1°**_ Pin1 is able to inhibit the FCP1 phosphatase, which hydrolyzes the phosphate bond
on Ser2, reducing the transcription rate. Similarly, PCIF1 is able to bind and inhibit the CTD

dephosphorylation mediated by SCP1 phosphatase in vitro*°. In our work, the upregulation of
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genes upon Pcifl mutation observed by RNA sequencing and the de-repression of the
heterochromatin-dependent w"# gene suggest that Pcifl may contribute to gene expression
repression. This repression may depend on interference with phosphatases in a similar fashion
as Pinl.

In conclusion, this work has demonstrated that there is a link between Pcifl role in gene
expression and the phenotype observed in the PEV, although we missed the identification of the

molecular mechanism which would explain the results we obtained.

1.2. Novel high-throughput technologies to unveil Pcifl binding-enriched genes

As a perspective of my work to better characterize the role of Pcifl in gene expression
regulation through its WW-domain, it should be analyzed whether its binding to the RNA Pol
II is modulated by particular environmental conditions or cell types. This could be addressed
by performing ChIP sequencing in S2 cells, which would identify the enriched genes of Pcifl
binding and integrate the results we obtained by RNA-seq in ovaries. Nonetheless, we have
observed that Pcifl binds along the chromosome rather uniformly so it might be trivial to
determine whether there is any gene-specificity. Some recent technologies may help in
unveiling Pcifl specificity on RNA pol II transcribed genes binding. Native Elongating
Transcript sequencing (NET-seq) does not use crosslinking step, the cells are lysed and the
proteins involved in the transcription are bound to specific antibodies for immunoprecipitation.
Then, the mRNAs trapped by the Pol II are reversed transcribed and then sequenced™".
Alternatively, the Global Run-On sequencing (GRO-seq) exploits the in vitro transcription of
the nuclear genome through the incorporation of Brome-Uridine step, giving a quantitative
analysis of the RNA Pol II distribution and position®>2.

With the phenotypic analysis performed during my PhD, we highlighted an undescribed
involvement of the fly Pcifl catalytic dead protein in gene expression regulation, which
absolutely deserve further mechanistic studies. The use of S2 cell lines could be a preliminary
step to perform the experiments proposed here and switch to in vivo analysis for validating the

results obtained in cellulo.

1.3. Proximity labelling assay to identify Pcifl interacting proteins in gene transcription
regulation

Another perspective of my work would be to identify Pcifl interacting proteins mediating gene
transcription regulation. Apart from its interaction with the Pol II, mammalian PCIF1 has
already been identified in binding and inhibiting the Pancreatic and Duodenal homeobox 1

(PDXT1) protein, a transcription factor involved in the pancreatic B-cells differentiation which
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secrete insulin®**2%*, Additionally, it has been shown that the WW-domain sequence of PCIF1
is conserved in the peptidyl-prolyl cis/trans isomerase 1 (Pinl) protein which also binds the P-
Ser5 of RNA Pol II and inhibits the diphosphatase FCP1 by modulating the Cyclin Dependent
Kinase 2 (CDK2) phosphorylation of Ser5**. These findings, together with the ability of the
conserved WW-domain binding activity of Pinl to some phosphorylated proteins such as the
Tau and App involved in the onset of the Alzheimer disease®*®, suggest that also PCIF1 may
interact with other substrates.

Moreover, the interaction of PCIF1 with the polymerase is co-transcriptional and it is known
that this process is modulated by the interaction with different factors including cap binding
proteins, poly(A) binding proteins and translation initiating factors. It is thus reasonable to
propose a proximity labelling assay using fused enzymes able to catalyze the biotinylation of
proteins close to the protein of interest*>®. The two most common available enzymes are APEX
(Ascorbate Peroxidase) or Biotin ligase and their modified versions to improve the labelling

efficiency (Figure 41).
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Figure 41. Protein labelling assay to identify putative Pcifl interactors.
The graph illustrates a putative APEX protein or biotin ligase fused with the fly Pcifl that in presence of biotin
(and H»0, if using APEX) in cellulo, it can drive the biotinylation of tyrosine (APEX) or lysine (biotin ligases)

residues of proteins that are located within the labelling radius (20 nm).

In our case, APEX or biotin ligase would be fused with fly Pcifl and in the presence of Biotin
substrates (and H>O», if using APEX) proteins within 20 nm would be biotinylated on their
tyrosine (APEX) or lysine (biotin ligase) residues. The biotinylated proteins are then trapped
with streptavidin beads and identified by Mass Spectrometry. In the last decade, the
biotinylation binding assays have been applied in the identification of interacting proteins in
bacteria, yeast, flies and mammals**3%°, In conclusion, this system could shed light on a set of

putative interacting proteins with fly Pcifl starting from S2 cell culture, where putative
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interacting proteins may not strictly binding to it but that are in its surrounding and probably

involved in the modulation of Pcifl activity.
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Chapter 2. Functional role of Nudt19 proteins in fly physiology

As previously reported, DCP2 was considered the main decapping enzyme able to remove the
5'end m’G cap. However, it has been recently demonstrated that other decapping enzymes exist
in bacteria, yeast, plants and mammals suggesting that non-canonical cap structure can control
the fate of RNA molecules'®’. Indeed, novel alternative cap structures have been identified in
vitro or in vivo such as NAD, FAD, dpCoA, Aps+A and UDP-Glc, suggesting a further layer of
gene expression regulation by other members of the Nudix family!®!.

The interest in studying the Nudix protein family members and their putative role in removing
alternative caps form RNAs also rises from various evidences showing that there is a complex
concerting system that regulates gene expression according to external stimuli and the
metabolites availability in the cell. Moreover, various Nudix genes are conserved among
prokaryotes and/or eukaryotes indicating that the selective pressure has maintained them for
key role in gene expression regulation dependent on cellular metabolism that still need to be
deciphered.

The aim of the second project of my PhD thesis was to identify novel decapping enzymes
targeting alternative cap-structures by taking advantage of the Drosophila melanogaster model.
First, I found that 12 out of 22 Nudix mammalian genes are conserved in the fly genome. To
characterize their unknown function in fly, we used RNAI silencing strategy to knock down

their expression and look for a potential effect on fly phenotype.

2.1. The Nudt20 (Dcp2) gene in Drosophila is required for proper photoreceptor shape
The genetic screen was designed to induce first the silencing of the Nudix genes in the
photoreceptors. We observed that the silencing of Nudt20 (Dcp2) induced the ‘rough eye’
phenotype, indicating that the Dcp?2 is essential for cell organization and survival in the
developing eye. The eye development begins during the third instar larvae in the so called ‘eye
imaginal disc’ where the eye differentiation starts by the cross talks of hedgehog (hh),
decapentaplegic (dpp) and wingless (wg) signaling pathways*®’. The ‘rough eye’ phenotype has
been identified as a consequence of silencing or impaired expression of many different genes,
indicating that eye formation is a sensitive model for studying the function of proteins and
signaling pathways involved in cell growth and differentiation.

In our study, we demonstrated that silencing the canonical decapping enzymes disrupts the
normal eye conformation. Although we did not explored the effects at the molecular level, we
can hypothesize that the stability of a large set of mRNAs is profoundly affected in the absence

of Dcp2 thus perturbing normal eye development.
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Surprisingly, we did not observed any eye phenotype when silencing the other Nudix genes in
the photoreceptors. We hypothesized that Nudix proteins other than Nudt20 are redundant or
not active in eye development or that the other RNAI lines were not efficient enough to reveal

their functional requirement.

2.2. Nudt194 may be required in post-mitotic neurons

Later, we investigated the effects of the 12 Nudix orthologues silencing induced by Elav driver
in the adult fly neurons. We observed that the flies carrying the silencing of Nudt20 (Dcp2) or
Nudt?1 (Cpsf5) showed a significant defect in locomotion indicating that the impairment of
genes involved in mRNA metabolism are detrimental for fly physiology as expected. Moreover,
it has been shown that worms carrying loss of function mutation in Dcpl and Dcp?2 are viable
but demonstrated reduced locomotion®®! while neuronal-specific depletion of Dcpl and Dcp2
affect normal axon development and regrowth after injury®®>. In accordance with these results,
Dcpl specific silencing in fly neurons result in shorter lifespan and defective wing
morphogenesis®’’.

Here, we additionally identified a defective locomotion following the expression of a Nudtl9A4
silencing transgene, whose phenotype correlated with the decreased transcript levels as
observed by RT-qPCR. This suggests that Nudtl9A may be required for proper neuronal
function in post-mitotic neurons, a hypothesis that stays to be investigated with the recently
obtained CRISPR/Cas9 mutants given the fact that only one out of the two RNAI line presented
this defect.

2.3. Nudt19B is required for full fertility in fly

Lastly, we have induced the 12 Nudix orthologues silencing in the ovaries through the NGT
driver and observed that the fertility was significantly affected when silencing transgene
targeting either Nudt7, Nudt19A4 or Nudtl19B was expressed. Although, also in this case, only
one out of the two silencing transgene produced a phenotype. Reassuringly, we observed that
reduced expression of either the Nudt7, Nudt194 or Nudtl9B correlated with the decreased
fertility phenotype strongly suggesting a role of the corresponding genes in full fertility. We
speculated that the second RNAI1 line probably had poor or null silencing efficiency although
we cannot exclude at this stage that reduced fertility would be due to off-target effects of the
efficient silencing transgenes. Strikingly, the RNA1 line targeting Nudt19A4, which was efficient
in post-mitotic neurons and induced a locomotion phenotype, was inefficient in silencing
Nudt194 in the ovaries (and viceversa) further questioning the relevance of the phenotypic

defects observed with these two RN A lines. Alternatively, we may induce suboptimal silencing
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generating a poorly robust phenotype, pointing out the absolute requirement to produce null

mutants.

2.4. Nudix proteins inducing fly fertility defect all share a common putative enzymatic
function

The predicted function of Nudt7 and Nudtl9 proteins in Drosophila is to hydrolyse CoA
metabolites from sequence similarities. Despite there are no experimental evidences
demonstrating this enzymatic activity in fly model (FlyBase database), the mammalian NUDT?7

and NUDT19 showed dpCoA decapping activity in vitro'*

. NUDT?7 is a peroxisomal protein
and it is highly represented in liver while NUDT19 localizes in the peroxisomes but it is mostly
expressed in the kidney?®*. In peroxisomes, oxidation of fatty acids occurs and this is a relevant
step in cellular metabolism the dynamic of which is finely regulated. It is difficult to say at this
stage of the study and according to the literature if fly Nudt7 and Nudt19 proteins are hydrolases
involved only in the fatty acid metabolism or if they can play a role in mRNA regulation. In
both cases, this could profoundly affect fertility and/or neuronal function leading to the
phenotypes observed in this study. At the present day, only in E. coli and S. venezuelae CoA-
RNAs have been isolated but their role is still unknown?%,

Our screen provides an unprecedented general overview of the effect of silencing of the 12
Nudix orthologues in flies from a phenotypic point of view, despite some limitations in the
interpretations of the phenotypes obtained or of the absence of phenotypes observed following
the expression or silencing transgenes. Indeed, it is important to highlight that for all the positive
genes we identified, only one line out of two RNAI lines tested produced a phenotype,
indicating that the other line may be poorly or not efficient in reducing gene expression, or
raising the question of a putative off-target effect of the silencing transgene that produced a
phenotype. These results therefore point out towards some limitations in the use of RNAi-
mediated gene silencing with poorly efficient gene extinction in some cases.

Still, this screen allowed to select few candidate genes belonging to the CoA hydrolase family
for a deeper phenotypic characterization. Indeed, we ended up with the three Nudt/9 genes,

which are orthologues of the mammalian nudt19 and specific to the Diptera order.

In conclusion, we found that Nudtl9B depletion in fly ovaries affects fertility but the
identification of the molecular causes of this phenotype needs further investigation. It is
important to note that any fertility phenotype associated to the NUDT19 proteins has never
been demonstrated, opening up new avenues in the understanding of their biological function

in living organisms.
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2.4. CRISPR-Cas9 knock out mutants may validate the fertility phenotype

The phenotype observed by depleting Nudt19B in fly was promising and the triplication of the
Nudt19 genes observed in the Drosophila genome was intriguing. We thus designed a CRISPR-
Cas9 knock out mutagenesis strategy to create single or combined mutants of Nudt/94 and
Nudt19B genes that were generated by WellGenetics Inc. In particular, we designed the coupled
deletion of the two Nudtl9A4 and Nudtl9B loci in case of redundancy of the two genes. These
knock out mutants should allow us to characterize deeply the fly Nudtl9A and Nudt19B
function in physiology and determine if they play a metabolic and/or a decapping role in
Drosophila by testing the putative accumulation of CoA-RNA.

Fertility and locomotion analysis will be thus performed using the Nudt19 KO flies in order to
check if the phenotypes observed by RNAI silencing or using P elements can be reproduced
and validate their functional roles in fly physiology. This would give a primary information
about the function of Nudt19 genes in Drosophila. Obviously, it must be checked by RT-qPCR
that the transcripts levels are abrogated and that there is no expression of the corresponding
protein by Western blot. To go further, it would be also very informative to perform RNA-Mass
Spectrometry in order to verify whether there are detectable CoA-RNAs in Nudt19 KO mutants
since we expect the depletion of the putative decapping enzymes. However, the interpretation
of the results may be misleading since we may not be able to discriminate if there is no CoA-
RNAs at all or if we are not able to detect them because of their low abundance. A complemental
analysis would be furnished by metabolomics studies, in order to check whether lack of Nudt19
proteins may alter the fatty acid oxidation and recycling. In addition, we may observe
dysregulation of genes involved in fertility or locomotion by RNA sequencing.

As a parallel study, we plan to perform rescueing experiments to check whether the fertility or
locomotion phenotypes are truly due to the disruption of Nudtl/94 or NudtI9B genes
respectively. This experiment tool will allow us to express the wild type Nudtl9 genes in

Nudt19 knock out mutants and likely confirm the fertility and locomotion analysis.

2.5. Biochemical assays to test dpCoA activity in vitro and in vivo

A sophisticated technique has allowed the detection of NAD-capped RNAs and FAD-capped
RNAs: the NAD (or FAD)-capture sequencing?®’. This protocol includes RNA extraction and
fragmentation followed by a click reaction which ensures the attachment of the biotin-
alternatively capped-RNAs to streptavidin beads. Later, a reverse transcription step occurs for

quantification of cDNA and NGS sequencing®®”*%3 (Figure 42).
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Figure 42. The NAD-capture sequencing.

The scheme shows the steps characterizing the NAD-capture sequencing. Total RNA is isolated and fragmented
followed by Adenosine Diphosphate Ribocyclase (ADPRC) reaction which replace the nicotinamide with a
pentynyl group. The substrate is then bound to biotin in the so called “’click’’ reaction in order to pull down bound
RNAs with streptavidin beads. Then, the reverse transcription occurs to generate cDNA ready to be amplified by
PCR. The product is sequenced by NGS and the results are analyzed (Adapted from Cahova et al. 2015)?7.

Unfortunately, we have no idea of the amount of CoA-RNAs, if any, that may be present in
Nudt19 KO flies which means that this technique could be applied only as a second step of
analysis if RNA-Mass Spectrometry identifies the existence of CoA-RNAs in Nudtl9 mutants.
Moreover, an additional obstacle could be choosing the best click reaction for specifically
sequestering CoA-RNA and reduce the background noise. An alternative method or prior to the
cap-capture sequencing could be the small molecule cleavage method which led to the
identification of CoA-RNAs in E. coli and S. venezuelae**®. In this protocol, total RNA is
extracted, fragmented and subjected to a tandem size exclusion chromatography for larger and
for smaller molecules. The aim is to obtain small capped RNAs for MS analysis. However, the
results may include other cap-structures attached to small RNAs which could reduce the total
yield of CoA-RNAs, if they are way less abundant than others.

In order to support the phenotypic and molecular experimentation with biochemical analysis of
the Nudtl9 proteins, we produced vectors expressing the wild type and the catalytic mutant
sequences of the fly Nudtl9 genes in order to produce recombinant proteins for testing their
decapping activity in vitro, if any. As previously proposed by Sharma et al., we may radiolabel
the B-phosphate (*’P) of the dpCoA cap synthesized within the RNA stretch and perform
decapping activity by adding the Nudt19 proteins. The resulting reaction will be loaded on Thin
Layer Chromatography (TLC) or analyzed by Mass Spectrometry for checking if the decapping
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activity has occurred. In this condition, the difficulty of the synthesis of (**P)-dpCoA RNAs
should be taken into account.

Quantitative analysis of the decapping activity may be performed by adding a colorimetric or
fluorescent dye to the capped RNAs that would release a certain wavelength of fluorescence
proportional to the amount of free caps and so to the decapping efficiency®”.

In conclusion, the combination of a huge variety of biochemical, molecular and genetic tools
will be used for complementing and supporting the phenotypic investigation on the Nudtl9
genes that [ have begun during my PhD thesis and would probably help in shed a light on their

physiological function in living organisms.
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Chapter 2

Table 2. Primers for PCR

TARGET GENE SEQUENCE SOURCE
Primer CG7939 for AAGAAGTTCCTGGTGCACAACGTG Sigma
Primer CG7939 rev AATCTCCTTGCTTCTTGGAGGA Sigma
Primer CG11095 for | CGGCTACAGCGGTCCAGTATTTGT Eurofins
Genomics
Primer_ CG11095 rev TTGAGGCAATCGGGCAGCAAATTG Eurofins
Genomics
Primer CG18094 for | TATTTGGCTCCCGTTCATGCTGCT Eurofins
Genomics
Primer CG18094 rev | CCATTGTGCTTCCATTGCAGCTCC Eurofins
Genomics
Primer_ CG10194 for TGCCCAAAATTCGCTCCTCCTCCTCAA Eurofins
Genomics
Primer CG10194 rev | AAGTGGACTCTGCGTGCGTGTAA Eurofins
Genomics
Primer-CG10195 for ATTTGTGGGCTCGCATGAGTGGT Eurofins
Genomics
Primer-CG10195 rev AAGGTTCTTCCAGCAATTCGGGCT Eurofins
Genomics
Primer- CCCCCCTCGAGTTACCTAAATATGTCGAGGCTTTTGC Eurofins
CG10194 Xhol for Genomics
Primer- CCCCGCGGCCGCAATGCACCTGACATAGAGGAAACC Eurofins
CG10194 Notl rev Genomics
Primer-GR-N19Afor TTTCAGGGCGCCATGATGACTACTAAAACTGGACTT Eurofins
Genomics
Primer-GR-N19Arev TCGAATTCGGATCCGCTACAACTTGGCTAGCTTGTT Eurofins
Genomics
Primer- TTTCAGGGCGCCATGATGTCGAGGCTTTTGCCCA Eurofins
CG10194 Ncol for Genomics
Primer- TCGAATTCGGATCCGCTATAATTTTGTTGGATCCAATGGA Eurofins
CG10194 Kpnl rev Genomics
Primer- TTTCAGGGCGCCATGATGAGCCAACCTGCATCTCC Eurofins
CG10195 Ncol for Genomics
Primer- TCGAATTCGGATCCGTTACAGCTTTTGGCGCTCCG Eurofins
CG10195 Kpnl for Genomics
Primer-Bgl-N19Afor CCCCAGATCTATGACTACTAAAACTGGAAC Eurofins
Genomics
Primer-Not-N19Arev | CCCCGCGGCCGCCTACAACTTGGCTAGCTTGT Eurofins
Genomics
Primer-Bgl-N19Bfor | CCCCAGATCTATGTCGAGGCTTTTGCCCA Eurofins
Genomics
Primer-Not-N19Brev CCCCGCGGCCGCCTATAATTTTGTTGGATCCAATGGA Eurofins
Genomics
Primer-Bgl-N19Cfor CCCCAGATCTATGAGCCAACCTGCATCTCC Eurofins
Genomics
Primer-Not-N19Crev | CCCCGCGGCCGCTTACAGCTTTTGGCGCTCCG Eurofins
Genomics
Primer-PIPEN19Afor | [PHO]TTATTGTTGATAAACGAACTGAAAAAACTTCCTATGC Eurofins
Genomics
Primer-PIPEN19Arev | GCATAGGAAGTTTTTTCAGTTCGTTTAATCAACAATAATCTGTAG | Eurofins
TCGTAGTCCTCTAAAGAATCC Genomics
Primer-N19A KO for | CAAGCTCTTATTGCTTTGAGAC Eurofins
Genomics
Primer-N19A KO rev | CAGACCGAGTTGGATAGTGG Eurofins
Genomics
Primer-N19B_KO for | ACCCTCGGATACCTCTGACA Eurofins
Genomics
Primer-N19B KO rev | TGCACCTGACATAGAGGAAAC Eurofins
Genomics
Primer-N19A- AAATCCCAGCATGTCGATTC Eurofins
N19BKO for Genomics
Primer-N19A- AGAACAAGGACGGTTTGTGC Eurofins
N19BKO rev Genomics
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Table 3. Primers for the Site directed mutagenesis

TARGET GENE SEQUENCE SOURCE
19A E111A_E115A for CAAGATGCCCACCGCTTCAAAGGTTGCCCTGAGCGCAGTC Euroﬁn's
19A_E111A_E115A rev | GACTGCGCTCAGGGCAACCTTTGAAGCGGTGGGCATCTTG SE?;{:;ISC ;
19B_E114A_E118A_for | CAGGATACCCAACGCCTCGAACCTTGCTCGTATGGCAGTC ](E}S?c?flilrlllsc ;
19B_E114A E118A rev | GACTGCCATACGAGCAACCTTCGAGGCGTTGGGTATCCTG gsﬁ:f?sllsé ;
19C_E123A _EI127A_for | CAACAGACCCACCGCTTCAAAGCATGCCCTCACGGCGGTTAG SE?;{:;ISC ;
19C_E123A _EI127A_rev | CTAACCGCCGTGAGGGCATGCTTTGAAGCGGTGGGTCTGTTG ](E}S?c?flilrlllsc ;
Genomics

Table 4. Reagent or resource

REAGENT or RESOURCE SOURCE | IDENTIFIER
Bacterial strains
One Shot TOP10 competent cells Invitroge | Cat. No. C4040
n
Chemicals
NucleoZOL Macherey | Cat. No. 740404-200
-Nagel

Critical Commercial Assays/Kits

DNA, RNA and protein purification RNA Macherey | Cat. No. 740406-50
-Nagel
Affinity Script gPCR cDNA synthesis kit Agilent Cat. No. 600559
Technolo
gies
Brilliant IT SYBR Green qPCR Master Mix Agilent Cat. No. 600828
Technolo
gies
Qia Miniprep Spin Kit (250) Qiagen Cat. No. 27104
NucleoBond Xtra Midi Prep kit Macherey | Cat. No. 740410-100
-Nagel
Gel and PCR Clean up kit Macherey | Cat. No. 740609-250
-Nagel
Rapid DNA Ligation kit Thermo Cat. No. K1422
Fisher
Quick Change II site-directed kit Agilent Cat. No. 200523
Technolo
gies
Gibson Assembly Master Mix NEBio Cat. No. E2611S
Labs
Experimental Models: Organisms/Strains
Fly: Nudt knockdown (Table 4) Blooming | BDSC
ton stock
center
Vienna
stock VDRC
center
w!8: PBac{w[+mC]=WH}CG18094[f03285] BDSC 85214
y[1]w[67c23];P{y+mDint2]w[BR.E.BR]=SUPor- BDSC 14625
P}CG10194/KG0412]
w!8:PBaciw[+mC]=WH}CGI10195[f06699] BDSC 19001

w!8:Df(2L)ED1272, P{w[+mW.Scer\FRT.hs]=3"RS5+ | BDSC 24116
3.3ED1272/SM6a

Oligonucleotides

DNA oligos See Table 1

Recombinant DNA
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pU6-BbsI-chiRNA
pCRII vector

pBlue Script KII vector
pOT2 vector

pFCLI vector
pETM11-Hise Strep SUMO TEV vector Pr. Pillai Lab
pP[UAST] vector
Software and Algorithms

GraphPad Prism v.9

Adobe Photoshop

Imagel

CRISPR Optimal Target Finder http://tools.flycrispr.molbio.wisc.edu/
targetFinder/

Takara Primer Designing tool https://www.takarabio.com/learning-

centers/cloning/primer-design-and-
other-tools

2.1. RNAI silencing of the Nudix family genes in Drosophila melanogaster

To induced a tissue-specific silencing of each of the 12 Nudix orthologues in Drosophila, we
took advantage of three different existing fly lines carrying the yeast Gal4 gene under the
regulation of tissue-specific promoter: the Glass Multimer Reporter Gal4 (GMR-Gal4) line
expresses the GAL4 protein in the photoreceptors , the nanos-Gal4 (NGT-Gal4) line expresses
the GALA4 protein in the ovaries and the Embryonic lethal abnormal vision Gal4 (Elav-Gal4)
expresses the GAL4 protein in post-mitotic neurons. Females carrying one of these constructs
were crossed with males carrying the silencing transgene containing an inverted repeated
sequence (IR) coding for a dSRNA or shRNA targeting each of the 12 Nudix orthologues under
the control of the UAS promoter (Nudt RNAiQ). Two different RNAI lines targeting the same
Nudix orthologue were tested for the phenotypic analyses (Table 1). The flies were grown on

regular medium containing 60 g/L corn flour , 40 g/L yeast extract and 7g/L agar.

2.2. Phenotypic analysis of flies carrying Nudix gene silencing

2.2.1. Eye phenotype

Five virgin GMR-Gal4/GMR-Gal4 were crossed with three UAS Nudt RNAi males at 25°C and
flipped each 2 days for one week. The GMR-Gal4/+; UAS Nudt RNAi/+ progeny was screened
according to the eye phenotype and compared to control GMR-Gal4/+;+/+ flies.

2.2.2. Fertility analysis

Five virgin NGT-Gal4/NGT-Gal4 females were crossed with three UAS Nudt RNAi males at
25°C and flipped each 2 days for one week. In the progeny, 10 to 25 NGT-Gal4/+; UAS Nudt
RNAi/+ virgin females were individually crossed with three wild type w!//8/w!!’8;+/+ males at
25°C. After a mating period of 2 days, they were transferred to a new vial for 5 days and

discarded. The emerging flies were counted and the statistical analysis was performed using the
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one-way ANOVA test in GraphPad Prism9. This experiment was done for the two RNAI lines
targeting each of the 12 Nudix orthologues.

2.2.3. Locomotion analysis

Five virgin Elav-Gal4/Elav-Gal4 females were crossed with three UAS Nudt RNAi/+ males at
25°C and flipped each 2 days for one week. In the progeny, five independent groups of ten
Elav-Gal4/+;UAS Nudt RNAi males were collected for performing the locomotion assay
(Protocol adapted from Nichols et al. 2012)°.

Briefly, the locomotion test consisted in grouping ten adult males in a vial and after a gentle
tapping to ensure that all the 10 flies were at the bottom, the number of flies overcoming 6 cm
run in 5 seconds was recorded (locomotion score). Each group of ten flies was tested five times,
with a resting time of 30 seconds after each run. Five independent replicates were performed
for each genotype. The statistical analysis was performed using the one-way ANOVA test in
GraphPad Prism9. The test was performed for the two RNAI lines targeting each of the 12
Nudix fly orthologues.

2.2.4. RT-qPCR

In order to validate the silencing efficiency, five pairs of NGT-Gal4/+;UAS Nudt RNAi/+
ovaries or 10 Elav-Gal4/+;UAS Nudt RNAi/+ male heads were dissected and used for RT-
qPCR analysis. A couple of primers targeting each of the Nudix orthologue were designed to
quantify the level of expression of the specific gene (Table 2). The analysis was conducted in
the ovaries or heads of flies showing a significant decreased fertility or locomotion after Nudix
silencing. Five pairs of ovaries or ten male heads were lysed in 300ul of NucleoZOL and
mechanically homogenised using an electric pestler. The Nucleo Spin RNA Set for NucleoZOL
kit (Macherey-NAGEL, Ca.N0.740.406.50) was used for RNA purification according to the
manufacturer instructions. The RNA concentration was measured by Nano Drop.

For the Reverse transcription step, 150 ng of RNA were reverse transcribed in a final volume
of 10ul. The reaction mix was composed by Sul of Master Mix 2X, 1,5ul of oligo-dT and 0.5ul
of Reverse Transcriptase. The reaction lasts for 25 min (5 min at 25°C, 15 min at 42°C, 5 min
at 95°C) in BIO-RAD T100 Thermal Cycler.

The qPCR reaction was performed in a 96 well plate in the STRAGENE Mx-3005P. The 20ul
reaction mix contained: 12.5ul of SYBR-Brilliant gPCR mix, 10pug/pl of Primer forwards and
10pg/pl of Primer reverse and 6.3ul of deionised water. 100ng of cDNA were added in each
reaction loaded on a 96 well plate. The plate was centrifuged and the cDNA was amplified by
45 cycle steps 10min at 95°C, 10s at 95°C and 30s at 60°C for 45 cycles, Imin at 95°C, 30s at
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55°C and 30s at 95°C. The analysis of RNA quantification was performed using the MxPro-
Mx3005P Comparative quantitation program.

2.3. Generation of flies carrying a P element insertion in one of the Nudt19 genes and a
chromosomal deletion covering the Nudt19 locus

In order to study the phenotype of flies carrying a P element insertion in one of the Nudtl9
genes and a chromosomal deletion covering the Nudt19 locus, the fly line were provided by the
Bloomington Stock Center (BSC) and the genotypes are reported in Table 4.

25 individual females or males were crossed with three wild type w’//8w!!’8:4/+ flies of the

opposite sex as described in 2.2.2 and the RT-qPCR on fly ovaries was performed as in 2.2.4.

2.4. Cloning of Nudt19A4, Nudt19B and Nudt19C genes for protein purification

In order to produce recombinant proteins for the in vitro catalytic activity analysis, we order
the cDNAs coding for the Nudt19 orthologues from the Drosophila Genomics Resource Center
(DGRC) on Whatman FTA discs (cDNA #L.D43867 for Nudt194 (CG18094) cloned in pOT2,
cDNA #GHO04973 for Nudt19B (CG10194) cloned in pOT2 and cDNA #RE56218 for Nudt19C
(CG10195) cloned in pFLCI). The cDNA #L.D43867 was mis-annotated and we could not use
for Nudt19A construct. For this reason, we amplified the genomic sequence by genomic PCR
of wild type fly genome using Bgl-N19A for and Not-N19A rev primers (Table 2). In order to
remove the intron from the genomic sequence, we performed an additional PCR using
PIPEN19Afor and PIPEN19Arev primers.

The Whatman discs containing the Nudt/9B (CG10194) cloned in pOT2 or Nudtl9C
(CG10195) cloned in pFLCI ¢cDNA were used for the excision of the cDNA by PCR. The
primers used for the PCR amplification of the #GH04973 were Primer-Bgl-N19Bfor and
Primer-Not-N19Brev (Table 2) while the primers used for #RE56218 were Primer-Bgl-
N19Cfor Primer-Not-N19Crev (Table 3).

The cDNAs corresponding to Nudtl9A, Nudtl9B or nudtl9C were subcloned in the
pBlueScriptll SK+ vector (here referred to as pBS vector).

2.5. Cloning of Nudt19A4, Nudtl19B and Nudtl19C sequences in pBS vector

Digestion of pBS vector using BamHI and NotI restriction enzymes was performed in a final

volume of 30ul for 3h at 37°C. Subsequently the overhanging ends of pBS were

dephosphorylated in order to avoid the closure of linearized plasmid by the addition of 1ul of

Antartyk Phosphatase for 30 min at 37°C. Digestion of Nudt19A4, Nudtl9B or Nudtl9C using

BgllI and Notl restriction enzymes was performed in a final volume of 30ul for 3h at 37°C. In
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order to purify the pBS vector, and Nudt19A4, Nudt19B and Nudt19C, we loaded the digestion
volume onto 0.7% agarose gel 0.5% TBE and the bands corresponding to the DNA of interested
were excised and purified as before. The DNA concentrations were measured at Nano Drop
and adjusted for the ligation step.

The ligation of the Nudt19A4, Nudt19B or Nudtl9C genes to the pBS vector was performed using
the Rapid Ligation kit according to the manufacturer instructions (Thermo Fisher, Cat. No.
K1422). 25ul of One Shot TOP10 competent bacteria were transformed using 2.5ul ligated
DNA for 30min at 4°C as before. The bacteria were then heated-shocked for 30min at 42°C and
placed back for 2min at 4°C as reported before.

Six independent colonies were randomly dissolved in 3ml of LB + Amp medium and shake
overnight at 37°C. 2ml of liquid bacteria were used to purify the pBS-Nudt19A4, pBS-Nudt19B
and pBS-Nudt19C construct as before.

In order to check the size of the insert, the pBS-Nudt19A4, pBS-Nudt19B and pBS-Nudt19C
constructs were digested using Xhol and Notl in a final volume of 10ul for 1h at 37°C. The
digested DNA was then loaded onto 0.7% agarose gel 0.5% TBE. The DNA was send to
Eurofins for sequencing in order to confirm the nucleotide sequence of wild type Nudtl9A,

Nudt19B and Nudt19C genes.

2.5. Site directed mutagenesis for generating catalytically-dead Nudt19 fly proteins

In order to produce catalytic dead version of Nudt19 fly proteins, we generated point mutations
in the predicted catalytic motif of the Drosophila Nudt19 proteins using the Quik Change II
Site-Directed Mutagenesis Kit (Agilent Technologies, Cat. No. 200523). According to Shumar
et al. we induced point mutations E->A on the two Aspartates in the catalytic residues putatively
involved in the CoA hydrolysis of Nudt19 in vitro’. The Quik Change II Site-Directed
Mutagenesis Kit consists in the PCR amplification of the DNA sequence of interest using
primers containing the desired mutation. Briefly, we designed a couple of primers for each of
the three fly Nudt19 orthologues (Table 3).

The primers amplify the template through the Pfu Ultra HFF DNA polymerase (2.5 U/ul) and
the reaction buffer 10X to a final volume of 50ul. The PCR amplification protocol was adapted
to the length of the dsDNA template Nudt!9A4, Nudtl19B and Nudtl9C cloned in pBS vector
(4kb->16 cycles): 95°C 30 sec, 55°C 1 min, 68°C 4min, ice. The PCR products were than
digested using Dpn1 restriction enzymes, in order to degrade the remaining original template
for 1h at 37°C. 1ul of digested dsDNA was used to transform XLC1 competent bacteria for
30min on ice. Than they were heat-shocked for 45sec at 42°C and placed on ice for 2min as

reported before.
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Liquid cultures were used to purify the mutagenized DNA constructs by the Qia Miniprep kit
as reported before. The DNA concentrations were measured at the Nano Drop and adapted for
further digestion in order to check the size of the inserts as presented before. The Nudt19 genes

clones in pBS vector were sent for sequencing for validation.

2.6. Cloning of Nudt19A4, Nudt19B and Nudt19C sequences in pETM11-His6-Strep-SUMO
TEV vector (pETM11)

In order to express the recombinant Nudt19 proteins, we used the pETM11-His6-Strep-SUMO
TEV vector (here after referred as pETM11) to clone the Nudt19 genes.

The pETM11 vector was digested using Kpnl and Ncol restriction enzymes to a final volume
of 10 pl. Briefly, the digestion occurred in the presence of 0.5 pl of each of the two restriction
enzymes, 1 pl of the buffer 3.1 10X and 500 ng of purified vector.

The insertion of the Drosophila purified Nudt19 genes in pETM11 was performed by Gibson
assembly due to recombination and ligation of overhanging complementary sequences of the

insert and the vector (NEBio Labs, Cat. No. E2611S). Briefly, a couple of PCR primers were

designed according to the Takara Primers designing Tool https://www.takarabio.com/learning-

centers/cloning/primer-design-and-other-tools. The forward primer contains the Ncol

restriction site and the complementary sequence close to the ATG of the Nudt19A4, Nudt19B or
Nudt19C gene respectively. The reverse primer contains the Kpnl restriction site and the
complementary sequence close to the stop codon of the Nudt194, Nudtl9B or Nudt19C gene
respectively. The PCR was performed by: Denaturation at 95°C for 30 sec, Annealing at 63°C
for 30 sec, Elongation at 72°C for 1 min in a final volume of 50ul. The PCR products were
purified using the Gel and PCR Purification kit as before. The DNA was eluted in 30 pl of NE
buffer and the DNA concentration was measured at the Nano Drop. A further step of
purification was performed by loading the purified PCR products onto 0.7% agarose gel. The
bands corresponding to Nudtl9A4 (1200bp), Nudt19B (1080bp) and Nudtl9C (1060bp) were
excised from the gel and purified for the Gibson assembly reaction.

The ligation of Nudt19 orthologues in the pETM11 vector occurred in a final volume of 20 pl
according to the manufacturer instructions. Briefly, 0.5 pmol of DNA were added (vector +
insert), 10 pl of Gibson assembly master mix 2X (NEBio Labs, Cat. No. E2611S) and deionised
water were supplied till the final volume. The reaction was held at 50°C for 15 min. As
suggested by the manufacturer, we diluted the ligated DNA 4 times in deionised water and used
4ul for transforming 50ul of One shot TOP10 competent bacteria as described before.

200 pl of transformants were plated on LB + Kan agar plate and incubated overnight at 37°C.

Single colonies were diluted in small cultures to check the efficiency of cloning and the positive
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clones were used for producing large culture of bacteria expressing the proper constructs as
previously described.

For the mutated Nudt194, Nudt19B and Nudt19C cloning in pETM11 vector, a PCR reaction
was performed by using GR NI9Afor and GR NI19Arev, CG10194 Kpnlfor and
CG10194 Ncolrev and CG10195 Kpnlfor and CG10195 Ncolrev (Table 2). The PCR
products were ligated to pETM11 vector by the Gibson assembly reaction as presented before
and competent bacteria were used to express the constructs.

The Nudt19A, Nudt19B and Nudt19C (wild type and mutated) cloned in pETMI11 vector were
sent to sequence for validation. The constructs were sent to EMBL Heidelberg for further

protein expression and purification.

2.7. Cloning of Nudt19A, Nudtl19B and Nudt19C sequences in p[PUAST] vector for fly
transgenesis

In order to inject Nudt19A4, Nudtl9B and Nudt19C DNA in flies, we cloned the three Nudt19
genes in the transgenesis vector pP[UAST]. Each of the three Nudt19 genes were amplified by
specific primers generating overhanging sequences recognised by Bglll and Notl (Table 2). The
pP[UAST] vector and the three PCR products were digested by BglII and Notl in a final volume
30ul for 3h at 37°C. The pP[UAST] vector was dephosphorylated using 1ul of Antartyk
Phosphatase for 30min at 37°C. The digested products were loaded on 0.7% agarose gel 0.5%
TBE and the bands corresponding to the insert or to the vector were cut and purified using the
Gel and PCR clean up kit as previously reported. The concentration of the three Nudt19 genes
and of the vector were measured by the Nano Drop.

The ligation of each of the three Nudt/9 genes with the pP[UAST] vector occurred in a final
volume 20ul according to the rapid Ligation kit as reported before.

25ul of One Shot TOP10 competent bacteria were transformed with 2.5ul of ligated product
for 30min on ice as reported before. The liquid cultures were used to purify the putative DNA
using the Qia Miniprep kit and the purified DNA were digested using HindIII and NotlI for 1h
at 37°C.

For the mutant Nudt194, Nudt19B and Nudt19C cloning in pP[UAST] vector, a PCR reaction
was performed by using the Bgl-N19Afor and Not-N19Arev, Bgl-N19Bfor and Bgli-N19Brev
and Bgl-N19Cfor and Bgl-N19Crev (Table 2). The PCR products were ligated to pP[UAST]
vector by the Rapid ligation reaction as presented before and competent bacteria were used to
express the constructs.

The Nudt194, Nudt19B and Nudt19C (wild type and mutated) cloned in pP[UAST] vector were

sent to sequence for validation. The constructs were sent to Best to produce the transgenic lines.
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The genotype of the flies injected is y/1] w[67c23]; P{y[+t7.7]=CaryP}attP2. The flies were
amplified at 25°C and stocked at 17°C.

2.8. Generation of Nudt19 CRISPR-Cas9 mutant flies

The generation of Nudtl9 gene knock out flies was performed by WellGenetics Inc. Briefly
they designed two sgRNAs targeting the Drosophila melanogaster Nudtl19 orthologues
Nudt194 (CG18094), Nudti9B (CG10194) and Nudt19A4 and Nudtl9B together in order to
delete the target gene. The sgRNAs were injected in nanos-Cas9 expressing embryos and the
adult flies emerging were sent to us for further genotyping and sequencing.

Genomic PCR with specific primers (Table 2) were run to check the nature of the indel mutation
induced (Annex). Reaction mix for 20 pl PCR reactions: 4 pl of 5X Phusion HF buffer (Thermo
Scientific, Cat. No. F126L), 0.2 pl Phusion Hot Startll DNA Polymerase (2U/ul) (Thermo
Scientific, Cat. No. F549S), 2.0 pl primer mix (stock 10 uM each), 0.4 ul oligo-dNTP (100uM),
2.0 ul genomic DNA, and 11.4 ul water to make up to 20 ul final volume. Reactions were run
using the following conditions: 94°C for 4 min, 35 cycles of [94°C for 30 s, 52°C for 30 s and
72°C for 30 s], 72°C for 5 min, and finally at 12°C to hold the reaction. Reactions were
examined by 2% agarose gel electrophoresis followed by sequencing.

In order to clean the genome of KO mutants from putative cryptic mutations induced by the
CRISPR-Cas9 mutagenesis, all the alleles were outcrossed with w/l1118]/;
PBac{w[+mC]=WH}CG10195[f06699] fly line, in the work indicated as Nudt19C"*%*’ (Table
3). This fly line carries a P element in the Nudt19C (CG10195) gene which shows no phenotypic
defects and it carries a red eye color marker used for tracing the mutation along the generation
since the mutants carry a white eye color instead.

This process was repeated five times in order to remove the putative mutations all over the
genome. Then, Nudt19KO/Nudt19C"%” males females were crossed with sibling females and
Nudt19KO/Nudt]19KO homozygous mutant flies were collected for further phenotypic and

molecular analysis.
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SUMMARY

The 5’ end of eukaryotic mRNAs is protected by the m’G-cap structure. The transcription start site nucleotide
is ribose methylated (Nm) in many eukaryotes, whereas an adenosine at this position is further methylated at
the N® position (m®A) by the mammalian Phosphorylated C-terminal domain (CTD)-interacting Factor 1
(PCIF1) to generate m®Am. Here, we show that although the loss of cap-specific m®Am in mice does not affect
viability or fertility, the Pcif1 mutants display reduced body weight. Transcriptome analyses of mutant mouse
tissues support a role for the cap-specific m®Am modification in stabilizing transcripts. In contrast, the
Drosophila Pcif1 is catalytically dead, but like its mammalian counterpart, it retains the ability to associate
with the Ser5-phosphorylated CTD of RNA polymerase Il (RNA Pol ll). Finally, we show that the Trypanosoma
Pcif1 is an m®Am methylase that contributes to the N°,N6,2'-O-trimethyladenosine (m®,Am) in the hyperme-
thylated cap4 structure of trypanosomatids. Thus, PCIF1 has evolved to function in catalytic and non-cata-

lytic roles.

INTRODUCTION

The 5’ end of eukaryotic RNA polymerase Il (RNA Pol Il) tran-
scripts is protected with a N”-methylguanosine (m’G) cap struc-
ture (Furuichi et al., 1975a; Shatkin, 1976). This capO structure is
added to the nascent RNA (~20-25 nucleotide [nt]) by an inverted
5'-5' triphosphate linkage to the 5’ terminal transcription start site
(TSS) nucleotide (Inesta-Vaquera and Cowling, 2017; Mao et al.,
1995; Muthukrishnan et al., 1975; Shafer et al., 2005; Shatkin and
Manley, 2000). The ribose of the TSS nucleotide in most eukary-
otes is 2'-O-methylated (Am, Um, Cm, or Gm) by the action of
CMTR1 to become the cap1 structure (Bélanger et al., 2010; By-
szewska et al., 2014; Haline-Vaz et al., 2008; Wei et al., 1975b).
CMTR1 uses its C-terminal WW domains to interact with the
RNA Pol Il C-terminal domain (CTD) (Haline-Vaz et al., 2008),
enabling it to access the nascent RNAs. Some of the RNA Pol
Il transcripts also have a ribose methylation on the second tran-
scribed nucleotide catalyzed by CMTR2, creating the cap2
structure (Furuichi et al., 1975b; Werner et al., 2011). It was
recognized early on that when the TSS nucleotide is an adeno-
sine, it can be further methylated at the N position to create
the dimethylated adenosine referred to as m®Am (Wei et al.,
1975a).
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Apart from these cap-specific modifications, RNA Pol Il tran-
scripts contain abundant internal N®-methyladenosine (m°®A)
marks (Perry et al., 1975; Schibler et al., 1977; Wei et al.,
1975b) that are catalyzed by the RNA methyltransferase hetero-
dimer composed of METTL3-METTL14 (Liu et al., 2014; Sledz
and Jinek, 2016; Wang et al., 2016). Mapping experiments with
anti-m®A antibodies reveal its presence at thousands of sites
across the transcriptome, with multiple marks distributed along
the length of the transcript body (Dominissini et al., 2012; Meyer
et al., 2012; Schwartz et al., 2013). Additionally, the METTL16
writer catalyzes the internal m®A mark on specific structured
RNA contexts within a select set of RNAs that include the U6
small nuclear RNA (snRNA) and the S-Adenosyl methionine
(SAM) synthetase mRNA (Doxtader et al., 2018; Mendel et al.,
2018; Pendleton et al., 2017; Warda et al., 2017). These internal
marks alter the fate of the RNA in terms of splicing, choice of pol-
yadenylation site, RNA export, and RNA stability and translation.
These consequences are mediated by reader proteins, espe-
cially those from the YTH family that can recognize the internal
mC®A marks (Fuetal.,, 2014; Patil et al., 2018; Roignant and Soller,
2017). The essential role of the internal m®A marks is highlighted
by the embryonic lethality exhibited by mouse mutants of
METTL3 (Batista et al., 2014; Geula et al., 2015), METTL16
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(Mendel et al., 2018), and YTHDC1 (Kasowitz et al., 2018),
whereas mutants of YTHDC2 (Bailey et al., 2017; Hsu et al.,
2017; Jain et al., 2018; Wojtas et al., 2017) and YTHDF2 (lvanova
et al., 2017) lead to infertility in mice.

Unlike the internal m®A marks that have been shown to
mediate RNA decay by the action of YTH proteins (Ke et al.,
2017; Wang et al., 2014), the cap-specific m®Am on the TSS
adenosine is demonstrated to promote RNA stability by
providing resistance to the action of the mRNA decapping
enzyme DCP2 (Mauer et al., 2017). An activity responsible for
cap-specific m®Am methylation was partially purified as a
~65-kDa protein from human Hela cell extracts (Keith et al.,
1978), and this was recently revealed to be Phosphorylated
CTD-Interacting Factor 1 (PCIF1) (Akichika et al., 2019; Boulias
et al., 2019; Sendinc et al., 2019; Sun et al., 2019). PCIF1 was
originally identified as a factor interacting with the phosphory-
lated CTD of RNA Pol Il by its N-terminal WW domain (Fan
et al., 2003; Hirose et al., 2008) and was later shown to have
an affinity for the Ser5-phosphorylated CTD (Akichika et al.,
2019). Methylation by PCIF1 seems to be efficient in human
HEK293T cells, as up to 92% of m’G-capped RNAs with a
TSS adenosine carry the m®Am mark, with the rest being Am
(Akichika et al., 2019).

Early studies with Pcif1 knockout (KO) chicken B cell DT40
lines did not identify any impact on cell cycle or viability (Yunoku-
chiet al., 2009). Removal of PCIF1 in human cell lines also did not
affect cell viability or growth (Akichika et al., 2019; Boulias et al.,
2019; Sendinc et al., 2019). Investigations with PCIF1 mutant hu-
man cells have supported the RNA stabilization role for m®Am
(Boulias et al., 2019) or implicated it in either enhancing (Akichika
et al., 2019) or inhibiting (Sendinc et al., 2019) cap-dependent
translation. Thus, although PCIF1-mediated m®Am methylation
is shown to impact diverse aspects of gene expression, its phys-
iological role is currently not known. Here, we show that the cap-
specific m®Am modification catalyzed by PCIF1 is not essential
for viability and fertility in mice. However, the Pcif! mutant
mice display reduced body weight. Confirming an RNA-stabiliz-
ing role for m®Am, transcripts starting with méAm are downregu-
lated in the Pcifl mutant mouse tissues.
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RESULTS

Loss of Mouse Pcif1 Is Tolerated but Mutants Display
Reduced Body Weight

To study the in vivo tissue distribution of mammalian PCIF1, we
created a knockin mouse expressing a C-terminal FLAG-tagged
version of the protein (Figure S1A and S1B; STAR Methods). The
western blot analysis shows a near-ubiquitous expression of the
protein at ~90 kDa, which is abundantly seen in the thymus,
testis, and spleen. Expression in the kidney is very low, and
the protein is not detectable in the salivary gland (Figure 1A).
Similar results were obtained when detecting the endogenous
protein in wild-type mouse tissues (Figure S1C). We consistently
observed a second band at ~60 kDa in many of the tissues from
both the wild-type and knockin mice (Figure 1A; Figure S1C),
which we believe is an N-terminal truncated version of the pro-
tein (see STAR Methods). Immunofluorescence analysis using
the anti-PCIF1 antibodies reveals a predominantly nuclear accu-
mulation of PCIF1 in all tissues examined (Figure 1B).

To determine its physiological role, we created a Pcifl KO
mouse model (Figures S1A and S1B; STAR Methods). Both het-
erozygous (HET) Pcif1*~ and homozygous Pcif1 ~'~ KO animals
of both sexes are viable, fertile, and born in the expected Mende-
lian ratio, indicating the absence of embryonic lethality (Fig-
ure S1D). Our western analyses of tissue lysates from the
Pcif1~~ KO animals reveal a complete absence of the full-length
protein, indicating that they are null mutants (Figures 1C and
S1E). Consistent with the loss of the PCIF1 protein, the m®Am
modification is absent in polyA+ RNA from the Pcif! '~ KO testis
(Figure 1D). We prepared ~200-nt m’G-capped fragments of
polyA+ RNAs from mouse liver (see STAR Methods) and
analyzed separately the modifications on the full fragment
(cap-TSS+ RNA body) versus that present only internally within
the RNA body (no cap-TSS). The m®Am modification is only de-
tected on the TSS nucleotide and is lost in the Pcif1 ™~ mutant
(Figure 1E). Expectedly, there is a slight increase of Am modifica-
tion in the mutant, as it would normally be converted to m®Am.
Importantly, the overall levels of m®A are not affected in the
Pcif1~~ mutant (Figures 1D and 1E). Thus, mouse PCIF1 is the

Figure 1. Pcif1 Mutant Mice Display Reduced Body Weight

(A) Multiple-tissue western analysis of Pcif1-3xFLAG knockin mouse showing presence of PCIF1-3xFLAG in most tissues. See also Figure S1C. Lung tissue from
a wild-type (WT) animal is used to control signal from the anti-FLAG antibody. Signal from the PARK7 protein is used as a loading control.

(B) Subcellular localization of endogenous PCIF1 in mouse tissues. The protein is nuclear with some punctae observed (see liver and spleen). In testis sections,
the protein is detected in the nucleus of PLZF-marked (green) undifferentiated spermatogonia (Spg), meiotic spermatocytes (Sp), post-meiotic round spermatids
(RS), and somatic Sertoli cells.

(C) Domain architecture of mouse PCIF1. WW, tryptophan-rich domain; NLS, nuclear localization signal; helical region; MTase, methyltransferase domain.
Creation of Pcif1 knockout (KO) mouse by deletion of the region encoding the catalytic residues. See also Figures S1A and S1B. Western analysis with multiple
tissues shows the absence of the protein in the KO (Pcif? ~/~) animals. See also Figure S1E for other biological replicates.

(D) RNA mass spectrometry confirms absence of mSAm in polyA+ transcripts from the Pcifl KO mutant testis.

(E) Scheme showing preparation of m’G-capped RNA fragments for RNA mass spectrometry to detect different modified nucleotides. Such fragments were
treated to identify internal RNA modifications within the body of the transcript (excluding the cap and TSS nucleotide) and those from the entire fragment. RNA
from mouse liver of indicated Pcif! genotypes was analyzed. Chemical structure of the eukaryotic cap structures indicating location of the m®Am modification
catalyzed by PCIF1 is shown.

(F) Northern analyses of total RNA from WT and Pcif1 KO mutant mouse testis to detect U snRNAs. Signal from 5S rRNA is used as a loading control. The numbers
indicate the biological triplicates tested. Quantification of signal intensities is shown on the right. Error bars show SD. See also Figure S1F for northern analyses
with other tissues.

(G) Representative picture of adult Pcif1 '~ KO mutant mice and control Pcif1*/~ heterozygous (HET) littermates. The KO animals (6-weeks old) show reduced
body weight. See also Figure S1G.
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Figure 2. Pseudogene and Predicted Gene Transcript Levels Altered in the Pcif1 Mutant Mouse Tissues
(A) MA plot showing transcript changes in the Pcif? ™~ mutant mouse spleen, testes, and brain. Testicular transcriptome shows alteration of thousands of
transcripts. See also Figure S2A.

(B) Venn diagram showing overlap in sets of upregulated and downregulated genes in different Pcif7 ™"~ mutant mouse tissues.

(C) Volcano plot showing significant changes in levels for pseudogenes and predicted gene model (Gm) transcripts in the Pcif1
(D) Bar plots showing the enrichment of pseudogenes and predicted genes in the transcripts that are dysregulated in the Pcif1
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(legend continued on next page)
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sole enzyme catalyzing the m®Am modification on the TSS aden-
osine of m’G-capped polyA+ transcripts.

Apart from messenger RNAs, RNA-Pol-lI-transcribed splicing
snRNAs like U1, U2, U4, and U5 also have the m®Am modifica-
tion on the TSS adenosine (Mauer et al., 2019; Wei et al.,
2018). To examine the impact of the loss of PCIF1 on U snRNAs,
we directly assessed their levels by northern blotting. In biolog-
ical triplicates of total RNA from liver, spleen, and testis,
we did not see any dramatic change in snRNA levels in the
Pcift '~ mutant (Figures 1F and S1F). Interestingly, despite the
lack of any viability or fertility defects, we noticed that the
Pcift ™~ mutant animals of both sexes consistently display
reduced body weight compared to their HET littermates (Fig-
ure 1G). The overall body length of the Pcif1~/~ mutants is not
changed (Figure S1G), indicating that weight reduction is not
due to a difference in growth during development. Taken
together, our findings show that although a loss of mouse
Pcif1 is tolerated, the mutants have reduced body weight.

Dysregulation of Pseudogene and Predicted Gene
Transcripts in Pcif1 Mutant Mouse Tissues

To examine the global gene expression changes in the Pcif1 '~
mutant, we carried out RNA sequencing (RNA-seq) analysis with
total RNA from three different mouse tissues (Table S3). All the
tissues show altered gene expression, with the testicular tran-
scriptome being the most impacted (Figures 2A and S2A). Hun-
dreds (in spleen and brain) to thousands (in testis) of transcripts
are either up- or downregulated. There is no considerable over-
lap in terms of the altered transcripts across the tissues (Fig-
ure 2B), supporting the idea that PCIF1 regulates transcripts
that are largely specific to each tissue. Surprisingly, among the
top altered sequences in all the tissues are several pseudogenes
and poorly characterized predicted protein-coding Gene model
(Gm) transcripts (Figure 2C). Because some of the pseudogenes
are annotated as predicted genes and vice versa, this is a largely
overlapping set of transcription units.

Pseudogenes are inactive copies of functional genes that
arose during evolution, either by tandem duplication or activity
of retrotransposons (Pink et al., 2011). Compared to their
parental genes, they have acquired mutations that render them
non-functional in terms of protein-coding potential. Although
duplicated pseudogenes still maintain their intron-exon organi-
zation, the processed pseudogenes arise from mature cDNAs
due to retrotransposition activity of endogenous transposons.
Pseudogenes are as numerous as protein-coding genes (up to
20,000 in the human genome), with the bulk of them being pro-
cessed as pseudogenes (Zhang and Gerstein, 2004). Although
many of the pseudogenes are not transcribed due to a loss of
promoter sequences or due to an insertion of processed pseu-
dogenes into regions lacking promoter activity, about 2%-20%
of the human pseudogenes are transcribed (Harrison et al.,
2005; Zheng et al., 2005). In our mouse tissue RNA-seq datasets,
pseudogenes constitute only a small part (3% of spleen, 5% of
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testis, and 2% of brain) of the expressed genes in these tissues.
Strikingly, despite being only a small part of the transcriptome,
the pseudogenes constitute a significant chunk (30%-40%) of
the top 100 upregulated genes (Figure 2D). Pseudogenes also
form a substantial part (10%-40%) of the top 100 downregulated
genes (Figure 2D). Similarly, predicted Gm transcripts constitute
up to 25%-40% of the top 100 upregulated and 10%-60% of the
top downregulated genes in the Pcif1 mutant (Figure 2D).

The altered transcripts in the Pcif1 ~~ tissues do not show any
particular genomic origins (Figure S2B). Interestingly, most of the
testicular transcripts arising from the Y chromosome are largely
downregulated (Figure 2E), with many being pseudogenes (Fig-
ure S2B). Likewise, transcripts from the mitochondrial genome
are consistently downregulated in all the three tissues (Figure 2E).
Because PCIF1 likely acts only in the nuclear compartment, we
expect the change in mitochondrial transcriptome to be an indi-
rect consequence of other gene expression changes. Although
changes in the expression of pseudogene and predicted genes
in the Pcif1~/~ mutant are striking, they constitute only a small
subset of such expressed sequences (Figure 2F). Taken
together, we identify a set of pseudogenes and predicted Gm
transcripts as being regulated by mouse PCIF1, with Y-chromo-
some-derived pseudogenes being heavily downregulated in the
mouse testis.

Transcripts with a TSS Adenosine Are Downregulated in
Pcif1 Mutant Mouse Tissues

To identify a link between the observed transcriptome changes
and the activity of PCIF1, we first sorted the genes based on their
annotated TSS nucleotide (STAR Methods). As expected (Car-
ninci et al., 2006; Yamashita et al., 2006), most genes produce
transcripts that start with either an adenosine or guanosine. By
comparing the gene expression in the Pcif1 ~/~ mutant with the
control wild type (Pcif1*'*), we calculated the proportion of dys-
regulated genes with a specific TSS nucleotide. Strikingly, in the
testis datasets, we see an enrichment of transcripts starting with
an adenosine among the top 100 and top 200 downregulated
genes in the Pcif1 mutant (Figure 3A). Likewise, when all the ex-
pressed genes are considered, those with an adenosine as
the TSS nucleotide generally show lower expression in the
Pcif1™~ mutant testes (Figure 3B). When the genes in the
respective tissues were further sorted as high or low expressed
(STAR Methods), we found that mainly highly expressed genes
with a TSS adenosine are downregulated in the Pcif! '~ mutant
testes (Figure 3C). Such a global relationship was not observed
in the spleen and brain samples (Figures 3B and S3A) but was
seen for specific transcript sets (see below).

To further link the change in testicular RNA levels to a loss of
the m®Am methylation, we experimentally defined a high-confi-
dence set of m®Am-target genes by using a previously described
protocol (Sendinc et al., 2019). Briefly, ~200-nt capped RNA
fragments from mouse testes were prepared and used for
m®A-IPseq, and enrichments were calculated (STAR Methods).

(E) Boxplots showing gene expression changes from individual chromosomes, as observed in the different Pcif1 ~/~ mutant mouse tissues. The view is limited to
only changes below 2-fold to better see the median differences. See also Figure S2B.
(F) Bar plots showing the total number of pseudogenes and predicted genes detected in the indicated mouse tissues and the fraction of those that are up- and

downregulated in the Pcif! '~ mutant.
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The anti-m®A antibody which does not differentiate between
m°A and m®Am, enriches the capped RNA fragments (Fig-
ure S3B). Supporting the fact that some of this enrichment is
due to cap-specific m®Am catalyzed by PCIF1, there is a
clear decrease in the distribution of reads over the TSS in the
Pcif1™~ mutant (Figure S3B). Furthermore, a clear and signifi-
cant decrease (Figure S3C) in the peak is observed mainly at
those TSSs with an annotated adenosine, indicating they are
likely m®Am targets in vivo (Table S4). Notably, the annotated
TSS is the most dominant documented one from a collection
of start sites at a transcription unit, so it is possible that the
decrease seen in the Pcif1 ™~ mutant at non-adenosine TSS is
just a reflection of this heterogeneity (Figure S3C). Importantly,
when the expression levels of such high-confidence m®Am-
target genes were plotted, they show a clear decrease in the
Pcift '~ mutant testes (Figure 3D). When the TSS nucleotide
was specifically examined for pseudogenes, we found those
with an adenosine as the TSS to be downregulated in the testis
and brain datasets (Figure 3E). Similarly, predicted genes from
all three tissues that are downregulated tend to have an adeno-
sine as the TSS nucleotide (Figure 3E). As noted previously, the Y
chromosome genes tend to be downregulated in the Pcif1 '~
mutant (Figure 2E), and ~90% of these downregulated genes
use an adenosine as the TSS nucleotide (Figure 3F). These find-
ings are consistent with the previous observation that the m®Am
modification has a transcript-stabilizing role (Mauer et al., 2017).

Finally, we examined if there is any impact on translation by
carrying out ribosome profiling experiments with a Pcif1 mutant
brain (Table S5). An analysis of ribosome footprints indicates a
significant alteration in the translation of several transcripts (Fig-
ure 3G), without any changes in transcript levels for most of them
(Figure 3H). We find some predicted genes and pseudogenes to
be among those that show changes in translation (Figure 3I).
Note that although pseudogenes have mutations that prevent
full-length protein production, this does not per se preclude their
entry into ribosomes. However, the genes that show translation
changes do not have any particular preference for the TSS nucle-
otide (Figures 3J and 3K). Considered together, these data indi-
cate that cap-specific m®Am methylation of RNA Pol Il tran-
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scripts by mouse PCIF1 has an RNA-stabilizing role in mouse
tissues, with a subset of pseudogenes and poorly characterized
predicted genes being a common set of regulated transcripts.

Drosophila Pcif1 Is Catalytically Dead but Binds Ser5-
Phosphorylated RNA Pol Il CTD

The m®Am modification is so far detected only in vertebrates
(Sendinc et al., 2019). It is absent in worms and insects (Figures
4A and S4A). Although Pcif1 is absent in yeasts and worms, a
clear ortholog with a high level of conservation is detected in
several insect genomes (Figure S4B). It is represented in the fruit
fly Drosophila by the uncharacterized gene CG11399 (dPcif1).
Rabbit polyclonal antibodies raised against dPcif1 detects the
endogenous protein in Drosophila ovaries and in the Drosophila
S2 cell line (Figure 4B). Nevertheless, RNA mass spectrometry
did not detect the m®Am modification in adult flies, early fly em-
bryos (2 h post-fertilization), and in the S2 cell line (Figure 4C).
Transfecting S2 cells with a plasmid expressing human PCIF1
(hPCIF1) shows the ectopic installation of m®Am on fly tran-
scripts (Figure 4C), validating our detection strategy. The fly pro-
tein is nuclear in transfected Drosophila S2 cells (Figure S4C).
Similarly, the endogenous dPcif1 protein is also nuclear in fly em-
bryos (Figure S4D) and adult fly ovaries, in which it is excluded
from the nucleoli that are positively stained by fibrillarin (Fig-
ure 4D). The protein is detected in both the somatic follicle cells
and germline nurse cells of individual egg chambers in the fly
ovaries (Figure 4D).

Examination of a protein sequence alignment shows that
compared to mammalian PCIF1, the insect orthologs have muta-
tions in the putative catalytic residues that can potentially render
them inactive (Figures 4E and S4B). To directly verify this finding,
we expressed a recombinant version of the full-length
Drosophila Pcif1 protein (Figure S5A) and incubated it with
m’G-capped RNAs, together with radioactive *C-SAM as the
methyl-donor. Recombinant hPCIF1 was used as a positive con-
trol (Figure S5A). As expected, the human protein shows methyl-
ation activity with an m’G-capped RNA having an adenosine as
the TSS nucleotide (m’GpppA-RNA). However, consistent with
mutation of the putative catalytic residues, the fly protein was

Figure 3. Transcripts Starting with an Adenosine Are Downregulated in the Mouse Pcif1 Mutant

(A) Percentage of genes with a specific nucleotide as a transcription start site (TSS) is compared between all expressed genes, and the genes found to be up- and
downregulated in the Pcif? ™~ KO mutant mouse tissues compared to the WT, Pcif1*/*) control.

(B) Plots showing the cumulative distributions of gene expression changes in the Pcif? '~ KO mutant mouse tissues compared to the WT control. The distri-

butions of genes with different TSS nucleotides are shown separately.

(C) Plots showing the cumulative distributions of gene expression changes in the Pcif1 ™/~ mutant mouse testes separately for low- and high-expressed genes.

See also Figure S3A.

(D) Plot showing the cumulative distributions of gene expression changes in the Pcif1 ~/~ mutant testes for those genes experimentally determined to express
transcripts with m®Am (m®Am targets) and those without m®Am (other genes). See also Figures S3B and S3C.

(E) Bar plots showing the percentage of pseudogenes and predicted genes with specific TSS nucleotides among the genes up- and downregulated in the Pcif1

mutant mouse tissues.

—/—

(F) Bar plots showing percentage of chromosome Y pseudogenes and predicted genes with specific TSS nucleotides among the genes with same or differential

expression in the Pcif! ~/~ mutant mouse tissues compared to the WT control.
mutant brain. Volcano plot shows changes in translation efficiency in the mutant compared to that of WT control. Several

(G) Ribosome profiling of the Pcif1 =/~

predicted genes are dramatically altered in their translation.

(H) Venn diagram comparing changes (upregulated and downregulated) in transcript levels and translation in the Pcif? ~/~ mutant brain.
() Bar plots showing the enrichment of predicted genes and pseudogenes among the genes with altered translation efficiency in Pcif1 ~/~ mutant brain.
(J) Percentage of genes with specific TSS nucleotides is compared between genes with increased and decreased translation efficiency in the Pcif? '~ mutant

brain.

(K) Plot showing the cumulative distribution of changes in translation efficiency in the Pcif1 '~ mutant mouse brain compared to the WT control.
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inactive as an RNA methylase on all tested RNAs (Figure 4F).
Next, we examined whether the fly Pcif1 can bind the m’G cap
structure using isothermal calorimetry (ITC) experiments. Such
direct binding experiments reveal that the recombinant full-
length fly Pcif1 protein does not associate with the cap analogs
m’GpppA or m’GpppG (Figure S5B). This is consistent with the
fact that some of the cap-binding residues conserved in verte-
brate PCIF1 proteins are absent in the fly protein (Figures 4E
and S4B).

Next, we examined the CTD-interaction activity of fly Pcif1.
The RNA Pol Il CTD is composed of multiple repeats of a heptad
sequence (YSPTSPS) that can be phosphorylated at different
Serine (Ser) residues (Buratowski, 2009). We directly tested
this interaction and confirm that recombinant full-length hPCIF1
preferentially associates with the Ser5-phosphorylated CTD
peptide (Figures 4G and S5C). However, the full-length fly
Pcif1 failed to bind any of the tested CTD peptides (Figures 4G
and S5C). This finding was surprising, as the overall WW domain
of PCIF1 is highly conserved from insects to human (Figure 4H)
and is similar to that found in the prolyl isomerase hPIN1. The
crystal structure of the hPIN1 WW domain in complex with the
phospho CTD peptide is solved (Verdecia et al., 2000). This re-
veals key WW domain residues like the Tyr-Trp clamp (Y61-
W72 in hPCIF1) that holds the Ser5-Pro motif of the CTD peptide
[YSPT(pS)PS], and the Ser-Arg/Lys (S54-R55 in hPCIF1) of loop1
that recognizes the phosphorylated Ser5. Mutation of the S54 in
the hPCIF1 WW domain abolishes the interaction with the CTD
(Hirose et al., 2008). All these key residues are also conserved
in the fly Pcif1 (Figure 4H). Importantly, when the binding assay
was performed with the isolated WW domains from both pro-
teins, fly Pcif1 also specifically binds the Ser5-phosphorylated
CTD peptide (Figures 4H and S5D).

Taken together, our experiments reveal that the fly Pcif1 is bio-
chemically inert as an RNA methylase and does not bind the m’G
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cap structure. However, it retains an active WW domain that is
able to bind Ser5-phosphorylated CTD of the RNA Pol Il. We pro-
pose that fly Pcif1 might have evolved to function as a nuclear
factor that transcriptionally regulates gene expression.

Trypanosoma Pcif1 Catalyzes m®Am That Is Part of the
cap4 Structure

The 5’ end of RNA Pol Il transcripts in most eukaryotes is defined
by transcription initiation. In contrast, nematodes receive a tri-
methylated guanosine cap (m?27G) by trans-splicing of a spliced
leader (SL) sequence (Lasda et al., 2011), but they lack m®Am
due to the absence of a PCIF1 ortholog. The situation with trypa-
nosomatid protozoans is partly similar to that of nematodes in
that they also acquire an extensively modified cap4 structure
(m”Gpppm®,Am-p-Am-p-Cm-p-m3Um) by trans-splicing. The
structure consists of the first four nucleotides being ribose meth-
ylated (Nm), in addition to having a N® N®-dimethyl modification
on the first adenosine (m®,A), and N3-methyl modification on the
uridine (m3U) at the fourth position (Figure 41). The cap4 structure
is first formed on the specialized SL RNA and then transferred to
the pre-mRNAs by a trans-splicing reaction (Mair et al., 2000).
Because the activity involved in the formation of the m®A in
the cap4 structure is currently not known, we wondered whether
a Pcif1 ortholog could play a role.

We identified the Pcif1 ortholog in Trypanosoma cruzi, the
trypanosomatid responsible for South American trypanosomi-
asis (Chagas disease). The Trypanosoma Pcif1 (TrypPcif1)
lacks a WW domain but contains the NPPF catalytic residues
as present in the vertebrate PCIF1 (Figure S5E). To test its
biochemical properties, we expressed the TrypPcif1 as a re-
combinant protein (Figure S5F). TrypPcif1 has a strong affinity
(dissociation constant, Kp = 11.5-29.9 uM) for the cap1 struc-
ture represented by the m’GpppAmpG cap analog (Figures 4J
and S5F), whereas binding to m’GpppA and m’GpppG are

Figure 4. Drosophila Pcif1 Is Catalytically Dead but Interacts with the Ser5-Phosphorylated RNA Polymerase Il (RNA Pol Il) C-Terminal

Domain (CTD)

(A) RNA mass spectrometry analysis of total RNA from worm (Caenorhabditis elegans), insect (Bombyx BmN4 cell line), and adult mouse testis RNA. Worms and

insects lack the m®Am modification. See also Figure S4A.

(B) Western analysis of endogenous dPcif1 in fly ovaries and Drosophila S2 cell line.

(C) RNA mass spectrometry analysis of adult Drosophila, early (2-h) fly embryos, and human HAP1 cell line as a control. Also used was RNA from Drosophila S2
cells with or without (control) transfection of a plasmid expressing human PCIF1. See also Figure S4A.

(D) dPcif1 protein is detected in adult fly ovaries. Egg chambers show the protein being nuclear in the single layer of somatic follicle cells and the germline nurse
cells contained within each chamber. See also Figures S4C and S4D.

(E) Insect Pcif1 proteins (B.m., Bombyx mori; D.m., Drosophila melanogaster) have mutations of the catalytic residues in the MTase and in the critical residues that
are required for m’G cap binding. See also Figure S4B.

(F) In vitro methylation assays with full-length recombinant Drosophila or human PCIF1 proteins. The reactions used m’G-capped RNAs with either an adenosine
or a guanosine or Am as the TSS nucleotide and radioactive "*C-SAM as the methyl donor. See also Figure S5A.

(G) In vitro binding assay between recombinant full-length fly or human PCIF1 and different biotinylated peptides with heptad repeats from the CTD of RNA Pol Il.
Interaction was assayed by western blotting with specific antibodies. Phosphorylation at Ser2 or Ser5 of the CTD heptad sequence is indicated. Unmod, non-
phosphorylated peptide; beads, beads alone without any bound peptide. See also Figure S5C.

(H) Alignment of the WW domains from human and Drosophila Pcif1 and human PIN1. CTD peptide binding assay with recombinant GST-WW domain fusions
from human and fly Pcif1. Bound GST-WW proteins are detected by silver staining. See also Figure S5D.

(I) The cap4 structure of trypanosomatids showing the presence of a dimethyladenine (m®,A) at the TSS nucleotide.

(J) Isothermal calorimetry (ITC) experiment showing binding between recombinant full-length Trypanosoma Pcif1 (TrypPcif1) and the indicated cap1 analog. See
also Figure S5F.

(K) In vitro methylation assays with recombinant full-length PCIF1 proteins from Drosophila, T. cruzi, and human. The m’G-capped RNAs have either an adenosine
or a guanosine as the TSS nucleotide, and radioactive *C-SAM was used as methyl donor. Reactions are resolved by urea-PAGE. The size of the capped RNA
used is 40 nt. RNA mass spectrometry analysis of in vitro methylation reactions carried out with TrypPcif1, revealing the catalysis of m°A.

(L) RNA mass spectrometry analysis of in vitro methylation reactions carried out with human PCIF1 or TrypPcif1 using m’G-capped RNAs with either A or Am as
the TSS nucleotide.
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highly reduced (Figure S5F). To test its RNA methylation activ-
ity, TrypPcif! was incubated with an m’G-capped RNA and
radioactive '*C-SAM as a methyl donor. This revealed a robust
methylation activity on the m’GpppA-RNA (Figure 4K). We
note that the TrypPcifl shows an unexplained weak activity
with the m’GpppG-RNA, but this is not seen with the hPCIF1.
RNA mass spectrometry analysis of reactions conducted in
parallel with non-radioactive SAM shows the clear presence
of m®A in the reactions treated with TrypPcif1 (Figure 4K).
When TrypPcift is incubated with the m’GpppAmpG-RNA
carrying the cap1 modification, we detect a signal for m®Am,
but the m8A dimethyladenosine modification was never reli-
ably detected (Figure 4L). Considered together, our findings
show that the protozoan Pcifl is a cap-dependent m®Am
RNA methylase that contributes to the cap4 structure of
trypanosomatids.

DISCUSSION

Despite being a ubiquitous mark on RNA Pol Il transcripts start-
ing with an adenosine (Akichika et al., 2019), we were surprised
to find that a loss of cap-specific m®Am did not result in dramatic
phenotypes in mutant mice (Figure 1). However, a clear contribu-
tion to optimal growth is evident, as the Pcif1 KO mice display a
reduced body weight phenotype (Figure 1G). RNA-seq analysis
shows that PCIF1 has effects on the abundance of hundreds
to thousands of transcripts in the mutant tissues (Figure 2A).
One common set of dysregulated transcripts is a subset of pseu-
dogenes and other poorly characterized predicted genes (Fig-
ure 2D). Given their sequence homology, pseudogenes that
have lost their protein-coding capacity are proposed to regulate
their parental genes by acting as non-coding RNAs (Yano et al.,
2004). We explored this possibility by first identifying expressed
pseudogene/parental gene pairs, and then we compared their
levels in the Pcifl mutant. Only in the mutant brain we saw a
negative correlation between expression levels of pseudogenes
and that of their parental genes (Figure S2C). During spermato-
genesis, mitotic spermatogonia enter meiosis to become sper-
matocytes, which later complete meiosis to form haploid sper-
matids, and further mature into sperm (Oakberg, 1956). We
find that the top upregulated transcripts in the Pcif1 ™~ mutant
testis are those normally present in mitotic spermatogonia,
whereas the top downregulated transcripts are normally those
highly expressed in the meiotic spermatocytes and haploid
round spermatids (Figure S3D). This finding could suggest an
apparent failure to proceed along spermatogenesis. However,
we do not see any impact on fertility in the young Pcif! ™'~ mu-
tants, although long-term impact in aged animals needs to be
evaluated.

Several molecular roles are attributed to the m®Am modifica-
tion. The presence of m®Am on the cap structure is shown to pro-
vide stability to transcripts in human HEK293T cell cultures (Bou-
lias et al., 2019; Mauer et al., 2017). Our own study of the Pcif1
KO mouse tissues confirms this impact on RNA levels (Figure 3).
However, the impact on RNA stability is not an observation that is
broadly shared by other studies that examined Pcif? KO human
cell cultures (Akichika et al., 2019; Sendinc et al., 2019). Instead,
they reveal a role for m®Am in regulating translation, although
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opposing effects are proposed: promoting (Akichika et al.,
2019) or repressing cap-dependent translation (Sendinc et al.,
2019). Our own analysis of ribosome footprints in the Pcif1
mutant mouse brain identified several transcripts that show
either up- or downregulated translation (Figure 3G), but we do
not find any correlation with the identity of the TSS nucleotide
(Figures 3J and 3K). Given the results of earlier studies, a tis-
sue-specific effect on translation should be left open as a
possibility.

How the catalytically dead fly Pcif1 finds its target genes and
what molecular consequences it has on them are not clear. One
possibility is that it interacts with initiating RNA Pol Il by its
Ser5-phosphorylated CTD (Figure 4H) to transcriptionally regulate
gene expression. Because only the isolated WW domain (Figures
4H and S5D), but not the full-length fly Pcif1 (Figures 4G and S5C),
is able to interact with the CTD, we speculate that conformational
changes might be needed to expose the WW domain. Perhaps
interaction with some partner protein might allow this structural
change. Interestingly, it was previously noted that due to its affin-
ity for the CTD, the WW domain of hPCIF1 or full-length PCIF1 can
interfere with dephosphorylation of the CTD in vitro (Hirose et al.,
2008). Given that a change in CTD phosphorylation status from
Ser5 to Ser2 is critical for transcription elongation (Buratowski,
2009), the observed CTD interaction of fly Pcif1 could have a reg-
ulatory role at the transcriptional level.

Finally, our analysis of the Trypanosoma Pcif1 identifies it as
the activity that catalyzes N® methylation of the TSS adenosine
within the cap4 structure of the protozoan mRNAs (Figure 4K).
The TSS adenosine of the cap4 structure is dimethylated at the
NP position (m®,A), but we did not find such an activity in the re-
combinant TrypPcif1 protein. Perhaps the sequential co-tran-
scriptional installation of the other modifications in a hierarchical
manner (Mair et al., 2000) is a prerequisite for dimethylation.
Indeed, reduced ribose methylation on some of the positions
can affect methylation at other sites of the cap4 structure in
Trypanosoma brucei (Zamudio et al., 2006). Alternatively,
TrypPcif1 might install m®A, with yet another unidentified meth-
ylase completing the reaction. Collectively, our combined ana-
lyses of PCIF1 in three model systems shed light on its evolu-
tionary functional plasticity in catalytic and non-catalytic roles.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

For detecting mouse proteins
Rabbit anti-PCIF1 (for mouse and human)

Bethyl Laboratories

Cat.

No.

A304-711A; RRID: AB_2620906

rabbit anti-PCIF (for mouse) Sigma-Aldrich Cat. No. HPA049517; RRID: AB_2680801
mouse anti-PLZF Santa Cruz Cat. No. SC-28319; RRID: AB_2218941
Rabbit anti-PARK7 ThermoFischer Scientitic Cat. No. PA5-13404; RRID: AB_2160112
Rabbit anti-TUBULIN Cell Signaling Technology Cat. No. 2148; RRID: AB_2288042
Anti-m°®A antibody Synaptic Systems Cat. no. 202003; RRID: AB_2279214
For detecting fly proteins

Rabbit anti-dPcif1 (CG11399) This study N/A

Rabbit anti-Actin Santa Cruz Biotech Cat. No. 1616-R

mouse anti-Fibrillarin AbCam Cat. No. ab4566; RRID: AB_304523
mouse anti-FLAG Sigma Cat. No. F3165; RRID: AB_259529
anti-rabbit IgG HRP-linked GE Healthcare Cat. No. NA934; RRID: AB_772206
anti-mouse IgG HRP-linked GE Healthcare Cat. No. NA931; RRID: AB_772210
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Invitrogen Cat. No. A11034; RRID: AB_2576217
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Invitrogen Cat. No. A11037; RRID: AB_2534095
Secondary Antibody, Alexa Fluor 594

Goat anti-Mouse IgG (H+L), Superclonal Recombinant Invitrogen Cat. No. A28175; RRID: AB_2536161
Secondary Antibody, Alexa Fluor 488

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Invitrogen Cat. No. R37121; RRID: AB_2556549
ReadyProbes Secondary Antibody, Alexa Fluor 594

anti-mouse conjugated to Cyanine 3 Jackson ImmunoResearch Cat. No. 111165144; RRID: AB_2338006
Bacterial and Virus Strains

DH10EMBacY bacterial strain Bieniossek et al., 2012 N/A

Top10 This study

BL21(DE3) This study

Chemicals, Peptides, and Recombinant Proteins

Sodium deoxycholate Sigma Cat. No. 30968

Complete EDTA-free protease inhibitor Roche Cat. No. 11 873 580 001
m7G(5")ppp(5')G RNA Cap Structure Analog NEB Cat. No. S1404S

m7G(5")ppp(5')A RNA Cap Structure Analog NEB Cat. No. S1405S
m7G(5')ppp(5’)AmpG RNA Cap Structure Analog Trilink Cat. No. N-7413

Ponceau S Sigma P3504

Schneider’s Drosophila Medium GIBCO Cat. No. 21720001

fetal calf serum BioConcept Cat. No. 2-01F30-I

30% acrylamide (37.5:1) National Diagnostic Cat. No. EC-890
N,N,N’,N’-Tetramethylethylendiamin Merck Cat. No. 1107320100

Tween20 SIGMA Cat. No. P7949

Amersham Prime Western Blotting Detection Reagent GE Healthcare Cat. No. RPN2232

SuperSignal West Femto Maximum Sensitivity ThermoFisher Cat. No. 34095

Substrate

Pierce ECL 2 Substrate ThermoFisher Cat. No. 1896433A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays/Kits

MinElute Gel Extraction Kit QIAGEN Cat. No. 28604

MEGAshortscript T7 Transcription Kit

Life technologies

Cat. No. AM1354

Pierce Detergent Compatible Bradford Assay Kit ThermoFisher Cat. No. 23246

SuperScript Il Reverse Transcriptase kit ThermoFisher Cat. No. 18080085

The TruSeq Stranded Total RNA kit lllumina Cat. No. RS-122-2301

Deposited Data

Deep sequencing datasets This study GEO: GSE151229

All raw gel data are deposited at Mendeley Data. This study https://doi.org/10.17632/jvfp8z5n8x.1

Experimental Models: Cell Lines

Sf9 insect cells for protein production

High Five insect cells for protein production

Eukaryotic Expression Facility,
EMBL Grenoble, France

Eukaryotic Expression Facility,
EMBL Grenoble, France

N/A

N/A

Experimental Models: Organisms/Strains

Mouse: Pcif1 knockout
Mouse: Pcif1-3xFLAG knockin

This study
This study

Available from Lead Contact
Available from Lead Contact

Oligonucleotides

DNA and RNA oligos See Table S1
Recombinant DNA
pACEBac2 Bieniossek et al., 2012 N/A

Human Pcifl cDNA This study GenBank: BAC45238
Drosophila Pcif1 cDNA This study Fly Base: CG11399-PB
Trypanosoma Pcif1 This study GenBank: RNF19590.1

pIDK Bieniossek et al., 2012 N/A

pUB-Bbsl-chiRNA

pAC5.1-EGFP

pCFD4 vector Port et al., 2014

Software and Algorithms

ENRICHR Chen et al., 2013; Kuleshov et al., 2016 http://amp.pharm.mssm.edu/Enrichr/
R R Core Team, 2017 https://www.r-project.org
DESeq2 Love et al.,, 2014 N/A

Bioconductor Huber et al., 2015 https://www.bioconductor.org/
Salmon Patro et al., 2017 N/A

tximport Soneson et al., 2015 N/A

EnhancedVolcano

Blighe, 2019

https://github.com/kevinblighe/
EnhancedVolcano

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

targetFinder http://targetfinder.flycrispr.neuro.
brown.edu/

Other

Chelating Sepharose Fast Flow beads

StrepTrap HP

Superdex S75 10/300 GL

Superdex 200 10/300 GL

MethaPhor agarose

Amersham Hyperfilm ECL

Amersham Protran 0.45 um nitrocellulose membrane

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
Lonza

GE Healthcare
GE Healthcare

Cat. No. 17-0575-01
Cat. No. 28-9075-46
Cat. No. 17-5174-01
Cat. No. 17-5175-01
Cat. No. 50180

Cat. No. 28906837
Cat. No. 10600002
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Ramesh S.
Pillai (ramesh.pillai@unige.ch).

Materials Availability
All unique reagents (plasmids, antibodies, and animal mutants) generated in this study are available from the Lead Contact without
any restriction. This includes the Pcifl mouse knockout and Pcif1-3xFLAG knockin lines.

Data and Code Availability

Deep sequencing data generated in this study are deposited with Gene Expression Omnibus (GEO) under accession number GEO:
GSE151229. Code used in the current study is available from the Lead Contact upon reasonable request. Other raw data associated
with this study are deposited with Mendeley Data (https://doi.org/10.17632/jvfp8z5n8x.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Work

Mutant mice were generated at the Transgenic Mouse Facility of University of Geneva. The mice were bred in the Animal
Facility of Sciences lll, University of Geneva. The use of animals in research at the University of Geneva is regulated by the
Animal Welfare Federal Law (LPA 2005), the Animal Welfare Ordinance (OPAn 2008) and the Animal Experimentation Ordinance
(OEXA 2010). The Swiss legislation respects the Directive 2010/63/EU of the European Union. Any project involving animals
has to be approved by the Direction Générale de la Santé and the official ethics committee of the Canton of Geneva, perform-
ing a harm-benefit analysis of the project. Animals are treated with respect based on the 3Rs principle in the animal care
facility of the University of Geneva. We use the lowest number of animals needed to conduct our specific research project.
Discomfort, distress, pain, and injury is limited to what is indispensable and anesthesia and analgesia is provided when neces-
sary. Daily care and maintenance are ensured by fully trained and certified staff. This work was approved by the Canton of
Geneva (GE/16/19).

Pcif1 knockout and Flag-Pcif1 knockin mice

This study concerns the Pcif1 gene (MGI: 2443858; NCBI Gene: 228866) encoding for Phosphorylated CTD-interacting factor 1
(PCIF1) (Fan et al., 2003; Hirose et al., 2008), which was later shown to be a cap-dependent RNA methyltransferase (and
termed as CAPAM) (Akichika et al., 2019). The Pcifl gene studied here is located on mouse chromosome 2 (Chr2:
164879368-164894454 bp, + strand) and consists of 17 exons (Figure S1A). It encodes for a protein with 723 aa (NCBI:
NP_001361055).

We targeted the Pcif1 locus in mouse embryos of the B6D2F1/J hybrid line (also called B6D2; The Jackson Laboratory, stock no.
1000086). It is a cross between C57BL/6J (B6) and DBA/2J (D2), and heterozygous for all B6 and D2 alleles. Single-cell mouse em-
bryos were injected with two different guide RNAs (QRNAs) that direct the DNA endonuclease Cas9 to delete a region between exon
15 and intron 16 (Figure S1A). Founder mice were identified by genotyping PCR (Figure S1B) and crossed with wild-type C57BL/6J
(Janvier) partners to obtain germline transmission. We identified a mouse line with 89 bp deletion in the exon 15/intron 16 that re-
moves the critical catalytic residues (NPPF) within the methyltransferase domain and also creates a premature termination codon.
Indeed, Western analysis confirms the homozygous Pcifl mutant mice lack the full-length PCIF1 protein (Figures 1C and S1E).
The antibody used for the western blot detects the C terminus of the PCIF1 protein. Heterozygous Pcifi*~ and
homozygous Pcif! '~ mice of both sexes were viable and fertile. We did not find any obvious phenotypic alterations in the homozy-
gous Pcif1~’~ mice under the tested normal conditions. However, Pcif1~'~ mice display reduced body-weight compared to hetero-
zygous littermates (Figure 1G).

To create an allele expressing C-terminal FLAG-tagged PCIF1, we inserted a sequence corresponding to a four-amino acid flexible
linker (SGGG) followed by the 3xFLAG tag (MDYKDHDGDYKDHDIDYKDDD) upstream of the translation stop codon (TAA) of the
Pcif1 open-reading frame (ORF). To this end, we used a single guide RNA to target the Cas9 endonuclease to the Pcif1 gene locus
in mouse embryos of the B6D2F1/J hybrid line (also called B6D2; The Jackson Laboratory, stock no. 100006) (Figures S1A and S1B).
We used an ssDNA oligonucleotide with the required 3xFLAG sequence as the repair template (Table S1). Heterozygous and homo-
zygous Pcif1-3xFLAG knockin mice were viable and fertile, without any impact on the PCIF1 protein. Based on the western blot anal-
ysis, PCIF1-3xFLAG expression (Figure 1A) was identical to that detected for endogenous PCIF1 (Figure S1C) in multiple mouse
tissues.

Synthesis and annealing of gRNA

The gRNAs were commercially synthesized [Integrated DNA Technologies (IDT)] in two parts (Table S1). A tracrRNA (67 bases
long; IDT, Cat. No. 1072533) which is the common part of the gRNA that binds to the Cas9 protein, and crRNA (IDT) that has a
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complementarity of 20 bases with the genomic DNA sequence of interest plus common additional bases for pairing with tracrRNA at
the 3’ end (GUUUUAGAGCUAUGCU). The complete gRNA was obtained by annealing 200 pmol each of tracrRNA and crRNA in 1XTE
buffer (IDT 1X TE buffer, pH 7.5; Cat. No. 11-05-01-05) to a final volume of 10 uL. The gRNAs mix was heated at 95°C for 5 min and
then allowed to cool at room temperature for 30 min to get annealed functional gRNA. The annealed gRNA was stored at —20°C until
used for injection into mouse embryos.

Preparation of injection mix

Just before injection into mouse embryos, the annealed gRNAs (final concentration 0.6 pmol/uL) were mixed with the Cas9 protein at
30 ng/uL final concentration (Cat. No. 1081058, IDT) in a final volume of 9 uL. The mix was incubated at RT for 10 min for complex
formation. For knockin mouse generation a ssDNA repair template (IDT; 20 ng/uL final concentration) was also added to the injection
mix and volume was adjusted with 1x TE buffer (pH 7.5) to 100 pL. The injection mix was centrifuged at 13000 rpm for 5 min at 4°C,
and 50 pL of supernatant was collected and stored on ice.

Injection of mouse embryos of the hybrid background B6D2F1/J (black coat color) was carried out at the Transgenic Mouse Core
Facility, University Medical Centre (CMU), University of Geneva. The NMRI (Naval Medical Research Institute) mice, which have a
white coat color were used as foster mothers.

crRNA: /AIlt1/NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU /Alt2/

N represent the gene-specific sequence. The sequence of crRNAs used are provided (Table S1).

The sequence of the ssDNA repair template for 3xFLAG sequence insertion is as follows:

CAAGGACCGGGACTCAGGCCGGGAACAGGGCCCTAGTAGAGAGCCTCACCCCACTTCAGGCGGTGGAATGGACTACAAAGA
CCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATTAACATATCCTGCGGGGAGGAGGAGCTCCAGGGGTG
CTGTCACAGACTGCTAGGACTCAGCCTCTAA is the natural STOP sequence in the mouse PCIF1 coding sequence. The sequence
(underlined) is the coding region for 3xFLAG sequence. The sequence in italics is the linker between the PCIF1 protein and the C-ter-
minal 3xFLAG tag.

Genotyping

Ear-punches of the weaned animals (at 21 days after birth) were digested in 100 pL of buffer containing 10 mM NaOH, 0.1 mM EDTA
for 120 min at 95°C. The digested ear-punch was centrifuged at 3000 rpm for 10 min and 50 pL of the supernatant was transferred to a
new tube containing 50 pL of TE buffer (20 mM Tris-HCI, pH 8.0 and 0.1 mM EDTA). Primers (RRoligo1129 and RRoligo1130) flanking
the targeted deletion region in the mouse Pcif1 gene were used to genotype the knockout allele (Table S1). The expected sizes of PCR
products are: Pcif1*’* (362 bp, WT) and Pcif? ~'~ (273 bp, knockout). For genotyping Pcif1-3xFlag knockin allele the primers RRo-
ligo1132 and RRoligo1133 were used (Table S1). The expected sizes of PCR products are: 399 bp for the wild-type allele and
474 bp for the Pcif1-3xFlag allele. Identity of the bands was confirmed by Sanger sequencing.

Reaction mix for 20 uL PCR reactions: 10 uL of Phire Green Hot Start Il PCR Master Mix (Thermo Scientific, Cat. No. F126L), 1.0 uL
primer mix (stock 10 nM each), 2.0 pL ear-punch DNA (50-200 ng), and 7.0 uL water to make 20 pL final volume. Reactions were run
using the following conditions: 98°C for 30's, 35 cycles of [98°C for 5 s, 63°C for 5 s and 72°C for 10 s], 72°C for 1 min, and finally at 4°C
to hold the reaction. PCR products were directly analyzed by electrophoresis on 2% agarose gel in 1XTBE buffer (Figure S1B). Primer
sequences are given in Table S1.

METHOD DETAILS

Clones and constructs

The mouse PCIF1 protein depicted in the cartoons is based on the sequence from NCBI (NCBI: NP_001361055). Coding sequences
for full-length (FL) human PCIF1 (704 aa; GenBank: BAC45238) was amplified from human HelLa cell total RNA by reverse transcrip-
tion-PCR (RT-PCR). The Drosophila melanogaster Pcif1 (920 aa; Fly Base: CG11399-PB) was amplified from fly ovary total RNA by
reverse transcription-PCR (RT-PCR). Coding sequence for full-length Trypanosoma cruzi Pcif1 (TrypPcif1; 532 aa; GenBank:
RNF19590.1) was compared to protein sequences in the Kinetoplastid Genome Resource database TriTRypDB. Unlike the GenBank
sequence (which has Proline at position 527), eleven strains of T. cruzi showed a serine at position 527. So for our study, we used the
TrypPcif1 sequence from (GenBank: RNF19590.1), but carrying the P527S change in the coding sequence. The sequence was syn-
thesized (ShineGene Bio-Technologies, Inc, Shanghai) after codon-optimization for insect cell expression.

Constructs for Drosophila S2 cell expression
For expression in Drosophila S2 cells, the required coding sequences were cloned into the expression vector pAC5.1-3xFLAG-HA
vector at the Xhol-Notl sites. The pAC5.1-3xFLAG vector was prepared in-house by insertion of a multiple cloning site (MCS) cassette
followed by a 3xFLAG tag at the site Kpnl-Xbal of the pAC5.1vector, to allow expression of C-terminal 3xFLAG-HA fusions.
Sequence of the C-terminal 3xFLAG-HA tag is as follows:
ATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTACAAGGATGACGATGACAAGGGCGGCAGCGGCTA
CCCATATGATGTTCCAGATTACGCTGGTTGA
The linker between the 3xFLAG and the HA sequence is in italics. TGA is the stop codon.
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Constructs for recombinant protein production in prokaryotic expression systems

For the production of full-length human PCIF1 protein in E.coli, the coding sequence (UniProtKB: Q9H4Z3) was cloned into pETM30
vector to express the N-terminal 6xHis-GST-PCIF1 fusion protein. For expression of isolated WW domains, sequences coding for
human PCIF1 WW domain (42-80 aa of NCBI ID: NP_071387.1) and fly WW domain (138-172 aa of FlyBase ID: FBgn0037021)
were cloned in-frame downstream of 6xHis-GST tag in the pETM-30 vector (EMBL Protein Expression Facility, Heidelberg), in order
to express the 6xHis-GST-WW fusion protein.

Constructs for recombinant protein production in insect expression systems

For insect cell expression of fly Pcif1 (dPcif1), the coding sequence (UniProtKB: Q9VPB7) was cloned into pACEBac2S vector for the
expression as N-terminal His-Strep-SUMO fusion protein. The constructs used for recombinant protein production were verified by
restriction digest, as well as by Sanger sequencing. The coding sequence for Trypanosoma cruzi Pcif1 (GenBank: RNF19590.1) was
codon-optimized for insect cell expression and synthesized (ShineGene Bio-Technologies, Inc, Shanghai) with a P527S mutation
(see note above), and was cloned into pACEBac2S vector for protein expression in insect cell.

Recombinant protein production

Production of full-length fly and Trypanosoma Pcif1 was carried out in insect cell lines using the baculovirus expression sys-
tem. The insect ovary-derived cell lines used are: High Five (Hi5) insect cell line originating from the cabbage looper (Tricho-
plusia ni) and the Sf9 cells derived from the fall army worm Spodoptera frugiperda. Briefly, the full-length fly Pcif1 coding
sequence was cloned into pACEBac2S vector. Plasmids carrying target gene were transformed into DH10EMBacY compe-
tent cells for recombination with the baculovirus genomic DNA (bacmid). The bacmid DNA was extracted and transfected
with FUGENE HD (Promega, cat. no. E231A) into the Sf9 insect cells for virus production. The supernatant (Vo) containing
the recombinant baculovirus was collected after 48 to 72 h post-transfection. To expand the virus pool, 3.0 mL of the Vq
virus stock was added into 25 mL of Sf9 (0.5 x 10%/mL) cells. The resulting cell culture supernatant (V4) was collected
24 h post-proliferation arrest. For large-scale expression of the protein, Hi5 cells were infected with virus (V;) and cells
were harvested 72 h after infection.

For human PCIF1 expression pETM30-hPCIF1 plasmids were transformed into the E. coli BL21(DE3) strain and grown in LB media.
Protein expression was induced by addition of 0.5 mM Isopropy! B-D-1-thiogalactopyranoside (IPTG) when the culture density
reached around 0.8 (ODggg). The proteins were then expressed overnight at 18°C following induction. Similarly, the expression of
GST-fusions of WW domains (from human and fly PCIF1) was also performed in the prokaryotic system.

Purification of human, fly and Trypanosoma PCIF1

The cells (bacteria or insect cells) were collected by centrifugation and lysed by sonication in lysis buffer: 50 mM Tris-HCI, pH 8.0,
300 mM NaCl, 5% Glycerol, 5 mM 2-mercaptoethanol, 40 mM Imidazole and EDTA- free protease inhibitor (Thermo Scientific, Cat.
No. PI88666). The lysate was centrifuged at 16000 rpm for 40 min at 4°C. Supernatant was collected in a new tube and incubated
with with Ni?* chelating Sepharose FF beads for 2 h in cold room. After 2 h of incubation, the beads were washed by imidazole
gradient washing buffer (50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 5% Glycerol, 5 mM 2-mercaptoethanol, 40 mM Imidazole) and
finally bound protein was eluted with 250 mM imidazole in lysis buffer. Subsequently, the N-terminal tag was cleaved by the
TEV protease at 4°C overnight in the dialysis buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol). The cleaved
tag was removed by a second purification on Nickel beads. The protein was further purified by gel-filtration chromatography with
Superdex 200 columns (GE Healthcare, Cat. No. 28-9909-44), in the buffer (25 mM Tris-HCI pH 8.0, 150 mM KCI, 5% glycerol and
1 mM DTT). The pure fractions were verified by SDS-PAGE electrophoresis (Figures S5A and S5F) and used for biochemical
assays.

Purification of GST-fused human and fly PCIF1 WW domain

The bacterial cells [E. coli BL21(DE3)] expressing GST-fused WW domain from human and fly PCIF1 were collected by centrifuga-
tion and lysed by sonication in buffer: 50 mM Tris-HCI, pH 8.0, 400 mM NaCl, 5% Glycerol, 5 mM 2-mercaptoethanol, 0.1% Triton
X-100, 5 mM MgCl,, 5uM ZnCl, and EDTA-free protease inhibitor. Following the pre-wash (three times) of GST conjugated beads
(Mecherey-Nagel, Cat. No. 745500.10) with lysis buffer, the lysate is incubated for 3 h at 4°C with shaking. Then the beads were
washed five times: alternating with wash buffer (50 mM Tris-HCI, pH 8.0, 400 mM NaCl, 5 mM 2-mercaptoethanol, 5% Glycerol) and
high salt wash buffer (50 mM Tris-HCI, pH 8.0, 1000 mM NaCl, 5 mM 2-mercaptoethanol, 5% Glycerol, 0.1% Triton X-100). Finally,
the bound protein was eluted with elution buffer (50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol, 5% Glycerol,
15 mM Gilutathione). The protein was further purified by gel-filtration chromatography with Superdex S75 columns (GE Healthcare,
Cat. No. 29148721), in the buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol, 5% Glycerol, 0.1% Triton
X-100, 2mM MgClI2). The pure fractions were verified by SDS-PAGE electrophoresis (Figure S5D) and used for biochemical inter-
action assays.
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ANTIBODIES

Commercial antibodies

Primary antibodies

rabbit anti-PCIF1 (Bethyl Laboratories, Cat. No. A304-711A) recognizing a C-terminal epitope (654-704 aa) was used for
Western analysis; rabbit anti-PCIF (Sigma-Aldrich, Cat. No. HPA049517) recognizing an N-terminal epitope (98-188 aa) were used
for immunofluorescence; mouse anti-PLZF (Santa Cruz, D-9, Cat. No. SC-28319); mouse anti-FLAG (Sigma, Cat. No. F3165), rabbit
anti-PARK7 (ThermoFischer Scientific, Cat. No. PA5-13404) for detecting mouse protein, rabbit anti-TUBULIN (Cell Signaling
Technology, Cat. No. 2148) for detecting mouse protein, and rabbit anti-Actin (Santa Cruz Biotech, Cat. No. 1616-R) to detect fly
actin protein, were used for Western. For immunofluorescence analysis with Drosophila ovaries, mouse anti-Fibrillarin (AbCam,
Cat. No. ab4566) were used. Anti-m°®A antibody (Synaptic Systems, Cat. no. 202003) were used for m®A-IPseq experiments.
Secondary antibodies

For western blot analyses, the following secondary antibodies conjugated to Horse Radish Peroxidase were used: anti-rabbit IgG
HRP-linked (GE Healthcare, Cat. No. NA934), anti-mouse IgG HRP-linked (GE Healthcare, Cat. No. NA931); forimmunofluorescence
studies, the following secondary antibodies coupled to fluorescent dyes were used: anti-rabbit (Alexa Fluor 488, Cat. No. A11034),
anti-rabbit (Alexa Fluor 594, Cat. No. A11037), anti-mouse (Alexa Fluor 488, Cat. No. A28175), anti-mouse (Alexa Fluor 594, Cat. No.
R37121), anti-mouse conjugated to Cyanine 3 (1:500; Jackson ImmunoResearch, Cat. No. 111165144).

Antibodies generated for this study

We generated rabbit polyclonal antibodies against fly Pcif1 protein. Two New Zealand White (NZW) rabbits were immunized with sol-
uble antigens (Biotem, France). The antigen used was the purified untagged full-length fly Pcif1 (dPcif1) protein produced in insect
cells. For each injection, 1 mg/mL protein was used. After six injections (at day 0, 14, 28, 56, 70 and 89) crude immune serum was
collected (at day 39, 67, 82 and 96) and frozen. The crude sera and the affinity-purified antibodies detect a single band in fly ovary and
Drosophila S2 cell lysates as detected by Western analysis (Figure 4B). The antibodies were also suitable for immunofluorescence
studies of fly embryos and fly ovaries (Figures 4D and S4D). Antibodies were purified using recombinant full-length fly Pcif1 (dPcif1)
protein.

Antibody purification

To purify antibodies against fly Pcif1 (dPcif1), large amount of recombinant untagged full-length fly Pcif1 (dPcif1) protein was resolved
via SDS-PAGE and semi-dry transferred onto a nitrocellulose membrane. After reversible staining with Ponceau S (Sigma, Cat. No.
P3504), part of the membrane containing the antigen was cut out and incubated overnight with 2 mL crude immune sera (diluted in
8 mL 1XPBS). After washes (1xPBS), bound antibodies were eluted with 1.0 mL (elute twice with 500 pL each) of low pH solution
(0.1 M Glycine pH 2.5, 150 mM NaCl, three times) and immediately neutralized with 100 uL of neutralization buffer (0.5 M Tris-HCI
pH 8.8, determine volume required by tests just before use). Antibodies were concentrated with 2.0 mL Amicon Ultra spin column
(GE Health, 10 kDa cut-off) and stored in 1x PBS, 50% glycerol at —20°C.

Drosophila S2 cell culture and transfections

Drosophila melanogaster Schneider 2 (S2) cells were derived from a primary culture of late-stage (1d) Drosophila embryos. Based on
molecular features, they likely have a macrophage-like lineage. Cells were cultured in Schneider’s Drosophila Medium (GIBCO, Cat.
No. 21720001) supplemented with 10% fetal calf serum (FCS) (BioConcept, Cat. No. 2-01F30-I) at 25°C.

For transfections, cells were plated into 60 mm culture dishes overnight and transfected with 1 ng of pAC5.1 vector expressing
hPCIF1-3xFLAG-HA tagged proteins. Cells in a separate dish were transfected with pAC5.1-EGFP vector as control for transfection.
To deliver the DNA into the cells 5 pL FUGENE HD (Promega, Cat. No. E231A) was used for each transfection, cells were collected
after 3 days post-transfection.

For RNA mass spectrometry, S2 cells were transfected with plasmids expressing hPCIF1-3xFLAG-HA tagged proteins as
described above, cells were collected after 3 days post-transfection. Total RNA from cells was extracted using TRIzol (Life technol-
ogy, Cat. No. 15596-026), according to manufacturer instructions. RNA pellet was washed with 80% ethanol, briefly dried, and dis-
solved in 40 uL RNase-free water. To purify the polyA+ fraction from the total RNA, the samples were incubated with oligo dT Dyna-
beads (Thermo Fisher, Cat. No. 61006) and eluted in 20 pL of 10 mM Tris-HCI following the protocol suggested by the manufacturer.
RNA mass spectrometry confirmed the absence of m®Am RNA modification in total RNA from S2 cells (Figure 4C). When S2 cells
were transfected with 3Xflag-HA-tagged human PCIF1 (Figure S4A), ectopic methylation of RNA with m®Am was confirmed
(Figure 4C).

Mouse multiple tissue western blot

Multiple tissues were isolated from an adult (> 60 d) mouse. After flash-freezing in liquid nitrogen, a piece of different tissues was
homogenized in 1 mL lysis buffer [20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1 mM DTT,
Complete Protease Inhibitor Cocktail Tablet (Roche, Cat. No. 5056489001). The lysate was transferred to a 1.5 mL Eppendorf
tube, centrifuged at 14000xg for 30 min, and the supernatant collected. An aliquot was taken to measure the concentration by Pierce
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Detergent Compatible Bradford Assay Kit (Thermo Fisher, Cat. No. 23246). Lysate concentrations were normalized to 1 mg/uL. The
SDS loading buffer was added and the samples were boiled at 95°C for 10 min. From each tissue sample, 20 mg of protein per lane
was loaded and resolved by SDS-PAGE. Western blot analyses (Figures 1A and S1C) with anti-FLAG or anti-PCIF1 rabbit polyclonal
antibodies (Bethyl Laboratories, Cat. No. A304-711A; recognizes a region between 654-704 aa) were performed. After stripping, the
blot was re-probed with anti-PARKY rabbit polyclonal antibodies, to serve as loading control.

The expected size of ~90 kDa is seen for mouse PCIF1 in all tissues, while in some tissues we consistently observed a second band
at ~60 kDa (Figures 1A and S1C). Since the anti-PCIF1 antibody recognizes C-terminal epitopes, and since the tag in our PCIF1-FLAG
knockin mouse is C-terminal, we conclude that the ~60 kDa band is likely to be an N-terminal truncated version.

Western Blot

Whole cell lysates and suspensions of boiled beads were separated on SDS-PAGE in order to detect proteins of interest. SDS-PAGE
gels were prepared using Ultra-Pure ProtoGel 30% acrylamide (37.5:1) (National Diagnostic, Cat. No. EC-890), ultra-pure water, and
resolving gel buffer (0.375 M Tris, 0.1% SDS, pH 8.8) to obtain 8% resolving gel, and with stacking gel buffer (0.125 M Tris, 0.1% SDS,
pH 6.8) to obtain 12% stacking gel. N,N,N’,N’-Tetramethylethylendiamin (TEMED; Merck, Cat. No. 1107320100) and 10% ammo-
nium persulfate were added to catalyze the polymerization reaction. Gel electrophoresis was performed at 90 V for 30 min. and
then at 120 V for 90 min. After separation, proteins from the gel were transferred to the Amersham Protran 0.45 um nitrocellulose
membrane (GE Healthcare, Cat. No. 10600002) overnight at 5 V at room temperature using Trans-Blot SD. Semi-Dry Transfer Cell
system (Bio-Rad, Cat. No. 1703940). After transfer, membranes were washed with Tris-buffered saline (TBS, 20 mM Tris, 150 mM
NaCl, pH 7.6) and blocked for 1 h at room temperature with 5% fat free milk in TBS with 0.05% Tween20 (TTBS) (Sigma, Cat. No.
P7949). The blocked membranes were incubated with primary antibody for 3 h at room temperature in 5% milk with TTBS. Then,
membranes were washed 3 times for 10 min with TTBS and incubated with HRP-conjugated secondary antibody at 1:10 000 dilution,
either with anti-rabbit IgG HRP-linked (GE Healthcare, Cat. No. NA934) or anti-mouse IgG HRP-linked (Invitrogen, Cat. No. a27025)
for 1 hat room temperature in 5% milk in TTBS. The membranes were washed 3 times for 10 min with TTBS and incubated with one of
detection reagents: Amersham Prime Western Blotting Detection Reagent (GE Healthcare, Cat. No. RPN2232), SuperSignal West
Femto Maximum Sensitivity Substrate (ThermoFisher, Cat. No. 34095) or Pierce ECL 2 Substrate (ThermoFisher, Cat. No.
1896433A) for 5 min. at room temperature. Signal was detected using Amersham Hyperfilm ECL (GE Healthcare, Cat. No.
28906837). The processed films were scanned using Perfection 3200 Photo scanner (Epson) with XSane image scanning software
(ver. 0999).

Immunofluorescence analysis

Mouse tissue sections

To prepare the paraffin sections, the mouse tissues were washed in PBS, and fixed in 4% paraformaldehyde overnight at 4°C. After
washing in PBS, testes were dehydrated in 70% ethanol and stored in 70% ethanol at 4°C. Alternatively isolated tissues were fixed in
Bouin’s solution (Sigma, cat. No HT10132) overnight at room temperature and subsequently washed 3 times in 50% ethanol and in
several changes of 70% ethanol, until no yellow dye could be extracted into solution. Samples were sent to Histology core service in
University of Geneva, Switzerland where they were further dehydrated in 80%, 90%, 96% and 100% ethanol (90 min for each step),
followed by incubation in xylene (3 times 30 min). Xylene was removed and replaced with paraffin and incubated at 56-58°C. Tissues
were then transferred into plastic molds (Polysciences mold S-22; NC0397999) filled with melted paraffin, and paraffin was allowed to
become solid at room temperature. The tissue sections (~5 pM thickness) were prepared using microtome. The sections were al-
lowed to stretch at 42°C and then stored at room temperature. For histological analysis, the slides containing the paraffin sections
were placed in a glass slide holder filled with xylene (3 x 5 min) to remove the paraffin. For rehydration, the slides were incubated in
100% ethanol, 96% ethanol, 70% ethanol, 50% ethanol (2 x 10 min for each step) and miliQ water (2x2 min for each step).

Next, antigen retrieval was performed with Heat-Induced Epitope Retrieval (HIER). Briefly, slides were submerged in 1L of 10 mM
Citrate Buffer pH 6.0 (10 mM Sodium citrate, 0.05% TWEEN) and heated in pressure cooker at 1 atmosphere at 120°C for 20 min.
Tissues were allowed to cool down at room temperature for at least 1 h, washed twice in PBST (PBS, 0.5% Triton X-100) at RT for
10 min and 2x2 min in miliQ water. Slides were blocked in blocking soultion (5% normal goat serum, PBST) for 1 h at room temper-
ature in a humidified chamber. Primary antibodies were diluted in blocking solution at different concentrations (see below) and incu-
bated overnight at 4°C. Next day, slides were washed in PBST (3 x 5 min), incubated with secondary antibody (anti-mouse or anti-
rabbit conjugated to Alexa 488, or 594 fluorophore) in a humidified chamber for 1 h (dilution 1:1000 in blocking solution). Slides were
washed twice in PBST and incubated with DAPI (0.5 pg/mL, Bio-Rad, cat. No. 10043282) for 5 min to counterstain the nuclei. Sec-
tions were finally washed in PBS (5 min), in miliQ water (5 min) and mounted with ProLong Gold Antifade ReagentDiamond Antifade
Mountant (Life technologies, cat. No. S36942P36970). Pictures were taken using Zeiss LSM800, point-scan confocal microscope
(Bioimaging Center, University of Geneva). Primary antibodies concentrations: anti-PCIF1 1:100, anti-PLZF 1:100.

Drosophila ovaries

5-10 ovary pairs were dissected from wild-type or heterozygous dPcif mutant Drosophila females in PBS. They were immedi-
ately fixed in 4% PFA for 30 min at room temperature (RT). Fixed ovaries were then washed (3 x 5 min) with 1xPBS, permeabilized for
5 min with PBT (1xPBS containing 0.1% Triton X-100) at RT and blocked in blocking buffer (1xPBS, 0.1% Triton X-100, 5% horse
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serum) for 1 h at RT. They were incubated with rabbit anti-dPcif1 (1:100) and mouse anti-fibrillarin (1:100; abcam ab4566) antibodies
in blocking buffer overnight at 4°C. Next day, they were washed (3 x 15 min) in PBT at RT and incubated for 4 h with anti-rabbit con-
jugated to Alexa 488 (1:500; Invitrogen, Cat. No. A11029), anti-mouse conjugated to Cyanine 3 (1:500; Jackson ImmunoResearch,
Cat. No. 111165144) antibodies and Hoechst, 1:1000 (ThermoFisher, Cat. No. 33342) in blocking buffer at RT. Ovaries were then
washed in PBT (3 x 10 min) at RT and stored in PBS before mounting in Dako (Cat. No. S3022). Images were captured with Nikon
TI-E Eclipse confocal spinning-disk inverted microscope (CEA, Grenoble).

Drosophila embryos

Thousands of fly embryo (2 to 15 h) were collected in 0.4 mL 1xPBS. The embryos were dechorionated in 50% chlorex for 2 min fol-
lowed by washing with tap water several times. Embryos were fixed in 2.0 mL of fixing solution (4% formaldehyde, 0.1M Pipes pH 6.9,
2 mM MgSQ,, 1mM EGTA). Equal volume of Heptane (2.0 mL) was added to the embryos, mixed by shaking and kept on rotating
wheel at room temperature for 15-20 min. After fixing, aqueous phase (lower phase) was removed carefully and equal volume of
methanol (equal volume to that of heptane) was added and embryo were shaken vigorously to devitilinize them. Once the embryos
were settled in the bottom, heptane, and methanol was removed. Embryos were washed twice with a small volume of methanol
(2.0 mL), and once with PBT (1xPBS, 0.1% Triton -X100, and 0.1% BSA). Care should be taken to minimize the exposure of embryos
to methanol. Embryos were incubated in PBT buffer for 2 h at RT, followed by incubation with primary antibody (rabbit anti-dPcif1,
1:1000 dilution) in PBT overnight at 4°C on a wheel. Next day, embryos were washed 3x in PBT at RT and finally incubated with sec-
ondary anti-rabbit antibody coupled with Alexa Fluor 594 for 2 h at RT in dark. Embryos were washed 2x with PBT followed by in-
cubation with 1:1000 diluted DAPI in PBT for 10 min at RT. After two more washes in PBT, embryos were mounted on glass slides
in ProLong Gold Antifade Reagent mounting media (Thermo Scientific, Cat. No. P36931). Images were captured on Zeiss LSM 780
confocal microscope (Bioimaging Center, University of Geneva).

Drosophila S2 cells

Glass coverslips (Sigma, Cat. No. PEZGS0416) were previously coated with Concavalin A (0.5 mg/mL; Sigma, Cat. No. L7647), in
order to allow the cells to attach on it. S2 cells were grown in dishes containing such coverslips and the cells were transfected
with a plasmid expressing dPcif1-3xFLAG-HA, as previously described. After two days of transfection, the immunostaining protocol
was started.

The cells were washed in 1xPBS, and then fixed in 4% paraformaldehyde at room-temperature (RT) for 15 min. The cells were
washed 3 times and incubated for 5 min with 0.1M Glycine (MP Biomedicals, Cat. No. 808822). After three more washes, the cells
were permeabilized with 0.1% Triton X-100 for 5 min. After the cells are incubated for 15 min in blocking buffer (0.2% BSA, 1% goat
serum, 0.1% Triton X-100 in PBS). The cells were incubated for 90 min with the primary antibody (monoclonal mouse anti-FLAG;
Sigma, Cat. No. F3165), diluted 1:1000 in blocking buffer. After 3 washes in 1xPBS, the cells were incubated for 60 min. in the
dark with the secondary antibody conjugated to Alexa Fluor 488, diluted 1:250 in blocking buffer. Afterward, cell nuclei were stained
for 30 min with DAPI 0.5 pg/mL (Bio-Rad, Cat. No. 10043282) diluted in 1xPBS. Finally, the cells were washed 3 times in 1xPBS and
once in double-distilled H20 to remove the salts. The coverslip was mounted with Slowfade Gold Antifade Reagent (Life technolo-
gies, Cat. No. S36942). Images (Figure S4C) were taken using Zeiss LSM710 confocal microscope (Bioimaging Center, University of
Geneva).

Northern blot of U snRNAs

Total RNA was extracted from mouse testes using TRIzol RNA extraction kit (Life technology, Cat. No. 15596-026), further purified
with double phenol-chloroform treatment, precipitated in ethanol for at least 20 min at —20 °C and resuspended in milli-Q water. For
Northern blotting, 2 pg of total RNA was resolved by 8% urea-PAGE. The RNA was transferred by capillarity to a Nylon membrane
(Hybond N+, Amersham) for at least 16 h in in 20 x SSC solution (3 M NaCl, 300 mM sodium citrate). After the transfer, the RNA was
UV cross-linked to the membrane using a Stratagene “cross linker” (120 mJ/cm? in auto-crosslinking mode). Pre-hybridization was
performed for at least 2 h in Church buffer (0.25 M sodium phosphate buffer pH 7.2, 1 mM EDTA, 1% BSA, 7% SDS) at 65°C. Single-
stranded DNA oligonucleotide probes (Table S1) were labeled with [y-*2P]JATP (3000 Ci/mmol, 10 mCi/mL, Perkin Elmer) using the T4
polynucleotide kinase (Life technologies, No. EK 0031). The resulting probes were purified on Micro-Spin G25 columns (GE Health-
care, cat. No. 27-5325-01) to remove unincorporated nucleotides, denatured for 5 min at 95°C and incubated with the membrane in
10 mL Church buffer at 65°C overnight. Next day, washing was performed at 50°C as follows: twice 10 min each with Wash buffer-1
(2 x SSC, 0.1% SDS) and twice 10 min each with Wash buffer-2 (0.2 x SSC, 0.1% SDS). The membrane was wrapped in Saranfilm,
exposed to Storage Phosphor Screens (GE Healthcare; BAS IP MS 2025 E, Cat no. 28-9564-75) and scanned (GE Healthcare;
Typhoon FLA 9500 IP, Cat no. 29-1885-90). The signal of 5S rRNA was used as a loading control. Sequences of the probes are given
(Table S1).

Quantification of RNA modifications using LC-MS/MS

RNA was hydrolyzed to ribonucleosides by 20 U benzonase (Santa Cruz Biotech) and 0.2 U nuclease P1 (Sigma) in 10 mM ammonium
acetate pH 6.0 and 1 mM magnesium chloride at 40°C for 1 h. After that, ammonium bicarbonate to 50 mM, 0.002 U phosphodies-
terase | and 0.1 U alkaline phosphatase (Sigma) were added, and incubated further at 37°C for 1 h. The hydrolysates were mixed with
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3 volumes of acetonitrile and centrifuged (16,000xg, 30 min, 4°C). The supernatants were dried and dissolved in 50 uL water for LC-
MS/MS analysis of modified and unmodified ribonucleosides. Chromatographic separation was performed using an Agilent 1290 In-
finity I UHPLC system with an ZORBAX RRHD Eclipse Plus C18 150 x 2.1 mm ID (1.8 um) column protected with an ZORBAX RRHD
Eclipse Plus C18 5 x 2.1 mm ID (1.8 um) guard column (Agilent). The mobile phase consisted of water and methanol (both added
0.1% formic acid) run at 0.23 mL/min. For modifications, starting with 5% methanol for 0.5 min followed by a 2.5 min gradient of
5%-15% methanol, a 3 min gradient of 15%-95% methanol and 4 min re-equilibration with 5% methanol. A portion of each sample
was diluted for the analysis of unmodified ribonucleosides which was chromatographed isocratically with 20% methanol. Mass spec-
trometric detection was performed using an Agilent 6495 Triple Quadrupole system operating in positive electrospray ionization
mode, monitoring the mass transitions 269.1-150.1 (m®Am), 282.1-150.1 (m®A), 282.1-136.1 (Am), 268.1 (A), 284.1-152.1 (G),
244.1-112.1 (C), 245.1-113.1 (U), 296.1-164.1 (m%,A), and 298.1-166.1 (m’G).

Preparation of m’G-cap enriched RNA fragment for RNA mass spectrometry

Liver Poly(A)* RNA (~8 pg) from three biological replicates of both Pcif1*’~ and Pcift ~/~ genotypes was purified with mRNA purifi-
cation kit (Thermo Scientific, Catalog 61006). The poly(A)* RNA was further purified with RNA Clean & Concentrator-5 (ZYMO
Research, R1014) and eluted in 17 uL water. The RNAs were fragmented with RNA fragmentation reagent (Thermo Scientific, catalog
no. AM8740) in a final volume of 20 pL at 70°C for 7.5 min in a thermocycler. Fragmentation reaction was stopped by transferring the
reaction mix quickly on ice and adding 2.2 uL of STOP solution (supplied with the fragmentation reagent) and gentle mixing. The frag-
mented RNAs were purified with RNA Clean & Concentrator-5 and eluted in 17 pL water. RNAs were 5’ phosphorylated by adding
2 uL of 10X T4 DNA ligase buffer (NEB) and 20 units of T4 PNK (ThermoScientific) in a final reaction volume of 20 uL. The phosphor-
ylation reaction was carried out for 1.30 h at 37°C. The m’G-capped RNA fragments were enriched by specifically degrading the
5’-phosphorylated RNA fragments with the Terminator 5'-Phosphate-Dependent Exonuclease (Epibio). To the phosphorylation re-
action, 14 uL of water, 4 uL 10x Exonuclease buffer A and 2 uL Terminator exonuclease was added and the reaction mixture was
incubated at 30°C for 3 h. RNAs were purified from above reaction with RNA Clean & Concentrator-5 and eluted in 15 pL water.
At this point we get 300-400 ng m’G-capped RNAs fragments from each sample.

The m’G-cap enriched RNAs were divided into two parts. One part was treated with nuclease P1 (cleaves only phosphodiester
bonds, leaving the cap structure linked to the TSS nucleotide) and alkaline phosphatase followed by LC-MS/MS analysis to identify
internal (body) RNA modifications in the RNAs, whereas second part was completely digested with a mixture of nucleases [20 U ben-
zonase (Santa Cruz Biotech) and 0.2 U nuclease P1 (Sigma) in 10 mM ammonium acetate pH 6.0 and 1 mM magnesium chloride at
40°C for 1 h] to obtain RNA modification present on the entire fragment in the RNAs. The nuclease P1-digest will have all internal
modifications, but lack that of the m’G cap structure and that on the transcription start site (TSS) nucleotide. The complete digest
will have all modifications including that of the cap, TSS nucleotide and body of the RNA.

Preparation of m’G-capped RNA by in vitro transcription

A 40 nt m’G-capped RNA initiating with an adenosine was generated by in vitro transcription as previously described (Jiao et al.,
2017). The commonly used T7 class Il promoter ¢6.5 initiates using GTP, while the class Il promoter $2.5 initiates with ATP (Coleman
etal., 2004). We prepared a single-stranded DNA template containing the T7 class Il promoter $2.5 at the 5’ end, with the transcription
start site adenosine, followed by residues composed of T, C and G (there is no adenosine except at the TSS position). The template
with a G as the TSS nucleotide was prepared using the commonly used T7 class lll promoter $6.5. The templates (Wu et al., 2019)
were amplified by PCR reaction to generate the dsDNA template for in vitro transcription (Table S1).

Sequences of DNA template used are indicated below. Only the top-strand (sense strand) is shown.

CAGTAATACGACTCACTATTAGGCCTCTCGCTCTGCTGGGTGTGCGCTTGCTTGGCTTGC.

The ¢2.5 promoter (underlined) was used for the template with TSS as adenosine (A). The transcription-start site nucleotide is in
bold.

CAGTAATACGACTCACTATAGGGCCTCTCGCTCTGCTGGGTGTGCGCTTGCTTGGCTTGC

The T7 class Il promoter ¢6.5 was used for template with TSS as guanosine (G).

In vitro transcription reaction was carried out at 37°C for 4 h in a 20 pL reaction containing 6 pmol DNA template, 2 uL 10x reaction
buffer, 2 uL of 75 mM CTP and 75 mM UTP, 0.5 pL of 75 mM GTP and 2 uL 75 mM m’G(5)ppp(5)G (NEB, Cat. No. S1404S) or 75 mM
m’G(5)ppp(5)A (NEB, Cat. No. S1405S) or m’G(5)ppp(5)(2'OMeA)pG (Trilink, Cat. No. N-7413) and 2 pL T7 enzyme mix (MEGAshort-
script Kit; ThermoFisher Scientific). Generated RNAs were purified by phenol-chloroform extraction.

In vitro methylation assays with PCIF1

The m’G-capped RNAs were prepared by in vitro transcription as described above. The in vitro methylation assay was performed
overnight at 37°C in a reaction mix containing 50 mM HEPES-KOH pH 7.5, 1 mM DTT, 0.02 nCi C'*SAM (PerkinElmer, Cat. No. NE-
C363010UC), 500 pmol RNA substrate and 5 ng recombinant hPCIF1, dPcif1 or TrypPcif1. The next day, the RNAs in the samples
were purified by phenol-chloroform extraction and precipitation. 50% of the samples were resolved via 15% UREA-PAGE. The gel
was run 1 h at 12 W. After the run, the gel was stained with methylene blue staining to check for the presence of RNA. Afterward the
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gel was dried in a dryer (Bio-Rad, model 583) with gradual heating and cooling, 80°C for 1.5 h. The dried gel was exposed to exposed
to Storage Phosphor Screens (GE Healthcare; BAS IP MS 2025 E, Cat no. 28-9564-75) for 48 h and scanned (GE Healthcare;
Typhoon FLA 9500 IP, Cat no. 29-1885-90).

For RNA mass spectrometry, the m’G-capped RNAs were prepared by in vitro transcription as described above. The in vitro
methylation assay was performed overnight at 37°C in a reaction mix containing 50 mM HEPES-KOH pH 7.5, 1 mM DTT 2.5 mM
SAM (NEB, Cat. No. B9003S), 500 pmol RNA substrate and 5 pg recombinant hPCIF1, dPcif1 or TrypPcif1. The next day, the
RNAs in the samples were purified by phenol-chloroform extraction and precipitation, RNA pellet was washed with 80% ethanol,
briefly dried, and dissolved in 20 pL RNase-free water.

Phosphorylated CTD-binding assays with recombinant PCIF1
The following N-term biotinylated peptides (Thermo Fisher Scientific) were purchased:

UnmodCTD: Heptad repeats of YSPTSPS, unmodified
Ser5-CTD: Heptad repeats of YSPT[(pS)]PS
Ser2-CTD: Heptad repeats of Y[(pS)]PTSPS

Dynabeads M-280 (Invitrogen, Cat. No. 11205D) were washed in binding buffer (25 mM Tris-HCI pH8.0, 50 mM NaCl, 1 mM DTT,
5% glycerol and 0.03% Triton X-100), and 1 nmol of the biotinylated CTD peptides were immobilized on 0.5 mg of beads in 50 pL of
binding buffer. The beads were mixed with 3 pug of the recombinant full-length dPcif1, full-length hPCIF1 or the GST fused WW do-
mains from the respective proteins, and incubated for 30 min on ice. After 3 washes, the beads were resuspended in 20 uL of binding
buffer and boiled in 1x Laemmli buffer. The 20% of input protein, 40% of the eluate from the beads control or experimental samples
were resolved via 15% SDS-PAGE. The bound full-length PCIF1 proteins were detected by Western analyses. The bound GST-fused
WW domains were detected by Silver stain (Invitrogen, Cat. No. LC6070).

Isothermal calorimetry (ITC) experiments

ITC experiments were performed using a MicroCal iTC 200 (Malvern Panalytical) at 25°C. The dPcif1 protein was dialyzed in buffer
(20 mM HEPES, pH 7.5, and 100 mM NaCl) overnight, and was titrated with two different RNA cap analogs, m’G(5')ppp(5')G (NEB,
Cat. No. S1404S) and m’G(5')ppp(5')A (NEB, Cat. No. S1405S). The sample cell was filled with 13.5 pM dPcif1, and the syringe was
filled with 135 uM RNA cap analog. Titrations were carried out by a preliminary 0.4 pL injection followed by constant volume injections
(19injections of 2 uL) with 150 s spacing. Data analysis was performed using Origin software. As for TrypPcif1, the protocol is same as
dPcif1, except that the concentration of protein is 30 uM and the concentration of RNA cap analog is 300 uM [m’G(5)ppp(5)G (NEB,
Cat. No. S1404S) or m’G(5)ppp(5)A (NEB, Cat. No. S1405S) or m’G(5)ppp(5)(2’OMeA)pG (Trilink, Cat. No. N-7413)]. We thank An-
drew McCarthy at EMBL Grenoble, France for access to the instrument.

Preparation of RNA libraries

Total RNA sequencing

Total RNA from biological triplicates of 2 months-old wild-type (WT) and Pcif1 KO mice were used for the experiment with mouse
brain, spleen, and testis samples. The tissues were snap-frozen in liquid nitrogen. Total RNA was isolated from tissues using TRIzol
(Thermo Fisher Scientific) according to manufacturer instructions. The TruSeq Stranded Total RNA kit with Ribo-Zero Gold (lllumina,
Cat. No. 20020612) was used for library preparation with 400 ng of total RNA as input. Ribodepleted RNAs were subjected to RNA-
seq library preparation with NEB kit NEBNext® Ultra Il Directional RNA Library Prep Kit (Illumina, Cat. No. E7760), following manu-
facturer’s instruction. Library molarity and quality was assessed with the Qubit and Tapestation using a DNA High sensitivity chip
(Agilent Technologies). Libraries were diluted at 2 nM and pooled before the clustering process on a HiSeq 4000 Single Read flow
cell. Paired-end reads of 100 bases were generated using the TruSeq SBS reagents on the lllumina HiSeq 4000 sequencer (iGE3
Genomics Platform, University of Geneva).

Ribosome profiling

Brains from three adult wild-type (WT) controls and three Pcif1 KO mice were isolated and snap-frozen in liquid nitrogen. Frozen brain
(~400 mg) was homogenized in 1300 pL (3x weight of the tissue in miligrams) of ice cold polysome lysis buffer (20 mM Tris-HCI pH 7.4,
150 mM NaCl, 5 mM MgCl,, 5 mM DTT, 100 pg/ml Cycloheximide, 40 U/ml RNasin plus, (Promega), Complete EDTA-free protease
inhibitor (Thermo Scientific), 1% TritonX-100, 0.5% Sodium deoxycholate) using a glass homogenizer (6-8 strokes). The lysate was
transferred to a 1.5 mL Eppendorf tube and incubated on ice for 10 min with intermittent mixing. The lysate was centrifuged at
3000 rpm for 3 min at 4°C. Supernatant was carefully collected in a new 1.5 mL Eppendorf tube. The ODogg of the lysate was
measured with a Nanodrop instrument and approximately 15 OD,gg (Which correspond to 100 pL of lysate), was used for ribosome
footprint preparation, and 50 pL was directly transferred to TriZol (Ambion) for total input RNA extraction. The remaining lysate was
divided in aliquots of 150 uL and was snap frozen in liquid nitrogen and stored in —80°C freezer for later use. For ribosome footprint
preparation, 100 uL of the supernatant was treated with 2.5 pL (5 units) of Turbo-DNase (Ambion) and 6.5 L (650 units) of RNase | at
23°C for 45 min with rotation at 300rmp in a thermoblock. In meantime, the s-400 HR columns (GE healthcare) were washed three
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times with 700 uL polysome buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,, 5 mM DTT, 100 pg/mL Cycloheximide,
40U/mL RNasin plus, (Promega), Complete EDTA-free protease inhibitor (Thermo Scientific)) plus 20U/mL SUPERaseln (Ambion).
During each wash columns with polysome buffer were spun at 2000rpm for 1 min in a cold centrifuge. The columns were stored
on ice with the polysome buffer in it (last wash). Once the RNasel-treatment of lysate completed, 8.7 uL of SUPERaseln RNase in-
hibitor was added to the reaction, gently mixed with the help of a pipette and stored on ice. The S-400 HR columns were spun at
2000 rpm for 1 min to remove the polysome buffer. RNasel-treated lysate was applied on the top of the column and spun at
2400 rpm for 2 min. The flow through was transferred to a fresh Eppendorf tube and RNA was extracted using 1.0 mL TriZol reagent.
The RNA contain ribosome protected fragments (RPF) of mMRNA as well as ribosomal RNA.

Approximately 20-25 pg of RNasel-treated RNAs were separated on 15% UREA-PAGE to purify RPF which are in the range of 26-
34 nt. Radiolabelled RNA marker of length 28 and 30 nt were used to size select the ribosome protected RNA fragment (RPF). The
urea polyacrylamide gel was run at 16 W for 1 h with the samples. Once the bromophenol blue reached the bottom of the gel, the
power was switched off and the gel was taken out of the running apparatus. One glass plate was removed and the gel was wrapped
in saran wrap and exposed to Storage Phosphor Screens (GE Healthcare; BAS IP MS 2025 E, Cat no. 28-9564-75) for 30 min, and
scanned (GE Healthcare; Typhoon FLA 9500 IP, Cat no. 29-1885-90). Based on the position of markers, the gel piece corresponding
to approximately 26-34 nt was excised and transfer to an RNase-free Eppendorf tube. The gel piece was ground to a fine powder and
600 pL of RNA extraction buffer (0.5 M Ammonium Acetate, 1 mM EDTA pH 8.0, and 0.1% SDS) was added and the tubes were incu-
bated at 25°C overnight. Next day, the slurry was transferred to filter tubes (from Art-seq kit) and spun for 5 min at 5000 rpm. The flow-
through was collected in a new RNase-free Eppendorf tube and precipitated with 1.0 pL of glycogen and 900 pL isopropanol over-
night in —20°C freezer. The RNA solution was centrifuged at 13000 rpm for 20 min in a cold centrifuge to pellet RNA. RNA pellet was
washed with 80% ethanol once, air-dried and resuspended in 20 uL of RNase-free water.

Ribosomal RNAs were depleted from both input RNAs (400 ng) and RPF RNAs with mouse ribosomal RNAs probe from siTOOLs
(mouse riboPOOLs) following their protocol. The ribosomal RNA-depleted input and RPF RNAs were used to make next generation
sequencing library with TruSeq Ribo Profile (mammalian) kit from illumina. The libraries were sequenced at Genomics platform (Uni-
versity of Geneva) for 50 cycles.

m®Am-Exo-Seq

m®Am-Exo-Seq (Sendinc et al., 2019) is a variation of m®A-IP seq. In this protocol, first, the m’G-capped RNA fragments (~100-200
nt) from poly(A)* RNAs are enriched by multiple enzymatic treatments followed by m°A IP-seq to get m®A modification near the 5’ end
of the mRNAs.

Approximately 8.0 ug of poly(A)* RNAs from biological triplicates from Pcif1*’~ and Pcif1 ™~ mouse testes were fragmented
with RNA fragmentation buffer (Ambion) in a total volume of 20 pL for 7.30 min at 70°C in a thermcycler to obtain RNA fragments
of ~100-200nt length. Fragmentation reaction was stopped by transferring the RNAs quickly to ice and adding 2.2 uL 10x stop
solution (Ambion). The fragmented RNAs were purified with RNA Clean & Concentrator-5 (Zymo Research, R1014) and eluted in
17 uL water. Fragmented RNAs were 5’ phosphorylated by adding 10x, 2 uL T4 DNA ligase buffer (NEB) and 20 units of T4 PNK
(ThermoScientific) in a final reaction volume of 20 uL. The phosphorylation reaction was carried out for 1.30 h at 37°C. The 5 phos-
phorylated RNA fragments were degraded by Terminator 5’-Phosphate-Dependent Exonuclease (Epibio). To the phosphorylation
reaction, 14 uL of water, 4 uL 10x Exonuclease buffer A and 2 uL Terminator exonuclease was added and the reaction mixture
was incubated at 30°C for 3 h. RNAs were purified from above reaction with RNA Clean & Concentrator-5 and eluted in 15 uL water.
At this point we get 300-400 ng of m’G-cap-enriched RNA fragments from each sample.

The RNA obtained from above reaction were directly used for m®A-IP (Wojtas et al., 2017) with some modifications. First, 100 ulL of
protein A dynabeads (Life Technologies; 10002D) were washed twice with PXL buffer (1X PBS, 0.1% SDS, 0.5% sodium deoxycho-
late, 0.5% NP-40) and blocked with 1 pg/uL BSA in 400 uL PXL buffer for 45 min. Blocked beads were then incubated with 5 pg of
anti-m®A antibody (Synaptic Systems, Cat. no. 202003) in 200 uL PXL buffer supplemented with 4 uL of RNasin RNase inhibitor
(Promega; N2611) for 1 h at room temperature. Antibody-conjugated beads were washed twice with PXL buffer and finally resus-
pended in 400 uL PXL buffer plus 4 uL RNAsin RNase inhibitor. Fragmented m’G-cap enriched RNAs were added and beads
were incubated at 4°C for 2 h with rotation. 10% of the RNA was kept separately and used to prepare input libraries. After 2 h incu-
bation, the beads were washed twice by ice-cold Nelson low-salt buffer (15 mM Tris at pH 7.5, 5 mM EDTA), once by ice-cold Nelson
high-salt buffer (15 mM Tris at pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 M NaCl),
once by ice-cold Nelson stringent wash buffer (15 mM Tris at pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium de-
oxycholate, 0.1% SDS, 120 mM NaCl, 25 mM KCI), and last by ice-cold NT-2 buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 1 mM
MgCl,, 0.05% NP-40). Antibody-bound RNAs were eluted by adding 1mL TRIzol (Invitrogen) directly to the beads. RNAs were ex-
tracted and precipitated with Glycogen and ethanol overnight in —20°C, and used directly for the library preparation with NEBNext®
Ultra Il Directional RNA Library Prep Kit for lllumina® (E7765) according to the protocol 3 of the kit (Protocol for use with FFPE RNA,
step 3.5 onward). The final PCR was performed for 15 cycles (98°C - 30 s, 12 cycle of 98°C - 10 s, 65°C — 75 s and final extension at
65°C - 5 min). The libraries were sequenced on HiSeq4000 machine at genomics platform (University of Geneva), for single end 100
cycles.

All sequencing libraries prepared are listed in Table S2.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of RNaseq data
Analysis of gene expression data
Reads were sorted into individual libraries based on the barcodes and mapped to the mouse genome (Ensembil release 95) using
salmon v0.12.0 (salmon quant with options -1 A —validateMappings—-gcBias) (Patro et al., 2017). Further analysis was performed using
R version 3.6.2 (R Core Team, 2017) and Bioconductor (Huber et al., 2015). The DESeq function of DESeg2_1.25.10 bioconductor
package (Love et al., 2014) was used to obtain log2 fold changes of gene expression between wild-type and mutant samples and
the adjusted p values. Adjusted p value 0.1 was used as a threshold for statistical significance. The individual mouse tissues were
analyzed separately. In MA plots the genes with significantly different expression between the mutant and wild-type samples
were highlighted in red. The sets of genes upregulated and dowregulated in the mutant tissues were compared using Venn diagrams
(VennDiagram 1.6.20). The Volcano plots were plotted using EnhancedVolcano function from EnhancedVolcano 1.3.5 package
(https://github.com/kevinblighe/EnhancedVolcano). Significantly differentially expressed genes with at least two fold change in
expression between mutant and wild-type were highlighted in red. We put a specific attention on pseudogenes and predicted genes
which were among the highly dysregulated genes. In pseudogene category we included the genes which contain the “pseudogene”
string in Ensembl biotype annotation. The genes containing “predicted gene” string in Ensembl description were considered as pre-
dicted genes. The frequency of the pseudogenes and predicted genes was compared among the expressed genes (genes with
defined p value and log2 fold change), genes upregulated and downregulated in the mutant (adjusted p value < 0.1) and top 200
and 100 upregulated (adjusted p value < 0.1 and log2 fold change >0) and downregulated (adjusted p value < 0.1 and log2 fold
change < 0) genes, ordered based on log2 fold change. In individual tissues we also compared the proportion of the pseudogenes
which are upregulated, downregulated, and not changed in the mutant (adjusted p value > = 0.1). To check whether the expression of
parental genes of dysregulated pseudogenes is affected, we obtained the information about the parental genes for the pseudogenes
using C57BL/6NJ data from http://mouse.pseudogene.org/. Only for 20%-30% of dysregulated pseudogenes in individual tissues
we were able to obtain the parental gene identifier. The gene expression of the dysregulated pseudogenes and their parental genes
was visualized using boxplots with the individual genes plotted as gray dots. To see whether whole chromosome expression might be
affected, we produced boxplots of log2 fold expression changes for genes lying on individual chromosomes with the y-axes limited
to < —1,1 > to better see whether the median fold change deviates from zero. To inspect the chromosomal localization of individual
dysregulated genes, we plotted the ideograms where we highlighted their localization. To assess whether the transcripts of dysre-
gulated genes preferentially start with specific nucleotide, for every expressed gene we computed the fractions of its transcript iso-
forms annotated in Ensembl starting with A,U,G and C. These fractions made for individual starting nucleotides (considered as TSS
nucleotides) were summed for selected groups of genes and used to calculate the fraction of genes starting with individual nucleo-
tides. Barplots were made to compare the genes which were dysregulated in the mutant with the genes without detected significant
difference. To see whether the starting nucleotide affects the overall gene expression changes, we filtered only genes which produce
transcripts with specific starting nucleotide and divided them into the groups based on that nucleotide. We then computed empirical
cumulative distribution function on log2 fold changes between mutant and wild-type and plotted the distribution.

The group of genes found to be significantly up- or downregulated in the mutant were searched for enriched Gene Ontology terms
in the Biological Process ontology using ENRICHR (Chen et al., 2013; Kuleshov et al., 2016) and the enriched categories were shown.

To find out whether the dysregulated genes in the Pcif1T mutant testes, are expressed in the specific spermatogenic populations,
we re-analyzed the published dataset containing gene expression data for Sertolli cells, spermatogonia, spermatocytes, spermatids,
and spermatozoa (Soumillon et al., 2013). Using the boxplots we plotted the expression in these populations for the genes we found
to be dysregulated in the mutant testes.

Analysis of ribosome footprinting data

To analyze the translational differences between the mutant and wild-type brain samples for individual genes, we compared the ratio
of footprint versus the input reads (i.e., translation efficiency) for individual genes. We tested the differences in translation efficiency
forindividual genes using DESeq?2 design: ‘~assay(input/footprint) + condition(KO/WT) + assay:condition’ and applying the likelihood
ratio test which removes the interaction term in the reduced model. For each gene we obtained log2 fold changes of gene translation
efficiency difference between wild-type and mutant samples and the adjusted p value. Downstream analysis was analogous to the
analysis of gene expression data.

Analysis of m®Am-Exo-Seq data

Reads were sorted into individual libraries based on the barcodes and mapped to the mouse genome (Ensembil release 95) using
STAR (Dobin et al, 2013) with parameters “—outFilterType BySJout-limitOutSJcollapsed 50000000-limitlObufferSize
1500000000.” The genomic coverages for individual samples were created in R using GenomicAlignments::coverage method. Cu-
mulative coverages of input and m®A IP samples around the annotated TSS positions were calculated and plotted for —500:+500
distance, as well as an m®A enrichment (log2 of m®A/input ratio). As expected the sequenced fragments came predominantly
from 5’ ends of the transcripts as demonstrated by increased coverage close to TSS. The TSSs were then divided according to
the starting nucleotide and the m®A enrichment around the TSSs was plotted. The m®A enrichment at the starting nucleotide was
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compared between in Pcif1 knockout and wilt-type mice (t.test, n = 3). Significantly lower m®A enrichment in Pcif1 knockout mice was
detected only for A starting transcripts (pval = 0.009).

For individual genes we tested the differences in m®A enrichment of their TSSs using matrix of read counts covering TSS of indi-
vidual genes and DESeq?2 design: ‘~assay(input/m®A_IP) + condition(KO/HET) + assay:condition’ and applying the likelihood ratio
test which removes the interaction term in the reduced model. For each gene we obtained log2 fold m®A enrichment difference be-
tween wild-type and mutant samples and the adjusted p value. We identified 1370 genes which had significantly lower m®A TSS
enrichment in the mutants. Importantly these genes tend to have decreased expression in the mutant as shown by different empirical
cumulative distribution curves of log2 fold changes in expression between mutant and wild-type mice.
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