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Abstract

During their maturation, ribosomal RNAs (rRNAs) are decorated by hundreds of chemical modifications that participate in proper folding of rRNA
secondary structures and therefore in ribosomal function. Along with pseudouridine, methylation of the 2’-hydroxyl ribose moiety (Nm) is the
most abundant modification of rRNAs. The majority of Nm modifications in eukaryotes are placed by Fibrillarin, a conserved methyltransferase
belonging to a ribonucleoprotein complex guided by C/D box small nucleolar RNAs (C/D box snoRNAs). These modifications impact interac-
tions between rRNAs, tRNAs and mRNAs, and some are known to fine tune translation rates and efficiency. In this study, we built the first
comprehensive map of Nm sites in Drosophila melanogaster rRNAs using two complementary approaches (RiboMethSeq and Nanopore direct
RNA sequencing) and identified their corresponding C/D box snoRNAs by whole-transcriptome sequencing. We de novo identified 61 Nm sites,
from which 55 are supported by both sequencing methods, we validated the expression of 106 C/D box snoRNAs and we predicted new or
alternative rRNA Nm targets for 31 of them. Comparison of methylation level upon different stresses show only slight but specific variations,
indicating that this modification is relatively stable in D. melanogaster. This study paves the way to investigate the impact of snoRNA-mediated
2’-O-methylation on translation and proteostasis in a whole organism.
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In eukaryotic cells, the path leading to a functional ribosome is
orchestrated by approximately 80 ribosomal proteins, 4 ribo-
somal RNAs (rRNAs) and hundreds of non-ribosomal pro-
teins (1). The 28S, 18S and 5.8S rRNAs are transcribed as
one single pre-rRNA molecule from a variable number of gene

the mature rRNAs begins as soon as they are processed in a
highly timely and complex way. The correct folding of rRNA
is a sine qua non for the catalytic activity of ribosomes. This
process relies on small nucleolar ribonucleoprotein complexes
(snoRNPs) that bring distant nucleotides in three-dimensional

Received: June 2, 2023. Revised: February 9, 2024. Editorial Decision: February 12, 2024. Accepted: February 26, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Y20z JogqUISAON GO UO Josn yipewayiel /| g4 eulolqigaensionun-Biequaine-seuueyor Aq 0295 1.9//8782/9/2S/10IHe/1EU/ W00 dNo-olwepese)/:sdjy WOy papeojumoq


https://doi.org/10.1093/nar/gkae139
https://orcid.org/0000-0001-7177-4511
https://orcid.org/0000-0003-2759-266X
https://orcid.org/0000-0002-9367-6311
https://orcid.org/0000-0002-8018-334X

Nucleic Acids Research, 2024, Vol. 52, No. 6

proximity but also covalently modify rRNAs (5). The most
abundant rRNA modifications are 2’-O-methylation (Nm)
and pseudouridine (¥). The presence of Nm enhances nu-
cleotide stacking and therefore dictates the flexibility of sec-
ondary structures of the rRNA, which influences the core func-
tion of the ribosome (6). Previous studies reported that both
Nm and ¥ modifications concentrate around functionally cru-
cial domains such as the Peptidyl Transferase Centre (PTC),
the A- and the P-sites, the Decoding Centre (DC) as well as
the inter-subunit bridge (7,8).

In the case of Nm, the vast majority of site-specific modifica-
tions are deposited by a single snoRNP composed of one small
nucleolar RNA (snoRNA) of the C/D box family, two copies
of fibrillarin, which carries the catalytic methyltransferase ac-
tivity, and NH2L1 and a single copy of NOP58 and NOP56
(Fib, hoip, nopS and nop36, respectively in D. melanogaster)
(9). Cryo-EM structures have revealed how these proteins
form a cavity that bind simultaneously rRNAs and snoRNAs
(10). SnoRNAs are encoded as independent genes or within in-
trons of coding and non-coding genes, with a predominance
of the latest in higher eukaryotes (11). For intronic snoRNAs
the major maturation step and assembly with combining pro-
teins occurs before snoRNAs are spliced out (12,13). As their
name suggests, C/D box snoRNAs are usually short RNAs
(<100 nt) that possess one box C [RUGAUGA] and one box
D [CUGA] motif that are separated by one weaker copy of the
same motifs, called boxes C’ and D’ (14). The C and D-box
sequences, which are located in close proximity to the 5" and
3’ ends, respectively, interact and form a kink-turn structure
that is recognized by the snoRNP complex (15). According to
the strength of the motif, the boxes C* and D’ located in the
middle of snoRNAs will also fold into a kink turn and form
a short hairpin. Most importantly, the 10 to 21 nt-sequences
upstream of the boxes D/D’ can each contain an AntiSense El-
ement (ASE) which is complementary to different rRNA seg-
ments (16). Canonical C/D box snoRNAs follow the D + 5
rule, meaning that they guide Nm deposition on the rRNA
site that faces the 5th nucleotide upstream of the boxes D/D’
(17). The presence of two ASEs gives the possibility to some
C/D box snoRNAs to guide Nm on two distinct targets. In
some organisms such as yeast, the same ASE can hybridize
to more than one rRNA target, resulting into 42 snoRNAs
for a total of 54 rRNA Nm sites (18). On the other hand, in
higher eukaryotes such as humans, where there are twice as
more Nm sites in rRNA (7 = 109), canonical C/D box snoR-
NAs are proportionally more numerous (n = 273) than in
yeast where often a single snoRNA targets multiple Nm sites
(19,20). Despite having identified Nm sites in multiple organ-
isms, the matching between the sites and their corresponding
snoRNA has not yet been systematically addressed, and results
mainly from predictions.

The alteration of snoRNP members or of single C/D box
snoRNAs can lead to a broad spectrum of translational de-
fects. For example, knock-down (KD) of fibrillarin in hu-
man cell lines leads to a decrease in rRNA levels and re-
duced translation efficiency of transcripts that contain IRES-
dependent translation initiation sequences (8,21). Also, muta-
tion of D243 in the catalytic domain of nop1, the yeast or-
tholog of Fib, leads to a significant reduction of ribosome lev-
els and a relative increase in free 40S subunits (7). Knock-
ing out a single C/D box snoRNA is sufficient to shift the
codon usage bias of ribosomes (22). Thus, there is increasing
evidence that rRNA modifications can fine-tune translation,
yet their impact at the physiological level still remains poorly
understood.
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In Drosophila melanogaster, Nm sites have only been pre-
dicted based on their complementarity to snoRNA ASEs,
which themselves have been partly annotated based on mo-
tif predictions from genomic data (23). Various methods have
been developed to detect and quantify Nm-modified sites
(24,25). In this study, we use both RiboMethSeq, a nucleotide-
resolution sequencing method that employs chemical prob-
ing coupled to next generation sequencing, and direct RNA
nanopore sequencing (DRS), a long-read sequencing technol-
ogy that can sequence native RNA molecules, in which mod-
ified sites can be identified based on alterations in the current
intensity when the RNA molecules are translocated through
the nanopores (26). As for C/D box snoRNA quantification,
we obtained the full transcriptome of different tissues us-
ing TGIRT, a highly processive reverse transcriptase (RT) en-
zyme that reads through RNA modifications and complex sec-
ondary structures. Putting all techniques together, we built a
comprehensive map of 61 rRNA Nm sites in D. melanogaster,
most of which matched with at least one of the 106 expressed
C/D box snoRNAs. Our results show that Nm sites on rRNA
are relatively stable upon environmental stresses, yet specific
changes were observed depending on the type of stress, sug-
gesting specific adaptations. Our work opens the path for in-
vestigating the role of individual snoRNAs in multicellular or-
ganisms.

Materials and methods

Drosophila stocks and dissection

D. melanogaster CantonS reared at 25°C and 65% humidity
were used for all in vivo assays. Mated females were chosen for
all assays as Fibrillarin expression is higher based on modEN-
CODE. Approximately 30 heads were collected for each repli-
cate. For the oxidative stress assay, we extracted RNA from
30 individuals fed for 8 days with 5% sucrose and 0.1% ni-
pagin in the control group and additionally 2.5 nM Paraquat
(Sigma 856177) in the treated group. Flies submitted to nutri-
ent stress were either fed on complete medium (7 g of yeast,
10 g of sucrose, 2g of agar and 1.5 ml of 10% Nipagin for
100 ml of H,O) or low nutrient medium medium (2.5 g of
sucrose, 2g of agar and 1.5 ml of 10% nipagin for 100 ml
of H,O) for 10 days (27). Flies submitted to heat stress were
grown for 8 days at 29, 25 or 18°C on complete medium and
in darkness (28).

Cell culture, RNA interference and transfection

D. melanogaster S2R+ cells were grown in Schneider’s
medium (Gibco) supplemented with 10% FBS (Sigma)
and 1% penicillin-streptomycin (Sigma). For RNA in-
terference (RNAi) experiments, PCR templates for the
dsRNA were prepared using T7 megascript Kit (NEB).
dsRNA against bacterial B-galactosidase gene (lacZ) was
used as a control for all RNA interference (RNAi) ex-
periments (T7-Fib-F: 5-ACTTCTTACTGCTTGGGCG; T7-
Fib-R: 5'-ACCAATGGCGAGAAGATTG; T7-CG8939-F: §'-
GAAAGACGCGCAAGGATAAG; T7-CG8939-R: 5'- TTGT-
CACGGAAATCATTGGA). S2R+ cells were seeded at the
density of 10° cells/ml in serum-free medium and 7.5 ug of
dsRNA was added to 10°¢ cells. After 6 h of cell starvation,
serum supplemented medium was added to the cells. dSRNA
treatment was repeated after 48 and 96 h and cells were col-
lected 24 h after the last treatment. Effectene (Qiagen) was
used to transfect vector constructs in all overexpression ex-
periments following the manufacturer’s protocol.
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RNA isolation and RT-PCR

Total RNA from S2R+ cells and Canton-S tissues was
isolated with Trizol (Invitrogen) and treated with DNase
I treatment (New England Biolabs) for all assays in this
study. 250 ng of DNAsed RNA were retro-transcribed us-
ing random hexamer primers with the M-MLV-RT enzyme
(Promega). cDNA were amplified with the GoTaq qPCR
Master Mix (Promega) and the fluorescence was measured
on a QuantStudio 6 Flex System (Applied Biosystems).
Relative expression was calculated with the AACt method
(QRT-Fib-F: §'-GCCATTGGTCTCAACGGAG; qRT-Fib-R:
5'-GAGGGAGTGTTCATTGCGC;  qRT-CG8939-F:  §'-
GCTCAGAGTCATCCGAATCC; gqRT-CG8939-R: CGAAC-
CTTCTTGGCATTTGT).

Detection of 2’-O-methylation by RiboMethSeq
(RMS)

RiboMethSeq (RMS) analysis was performed as previously
described (29). Briefly, 150 ng of total RNA were sub-
jected to alkaline hydrolysis for 16 min at 96°C followed
by ethanol precipitation. The extremities of RNA fragments
were end-repaired and converted to libraries using NEBNext
Small RNA library preparation kit according to the manufac-
turer’s recommendations. Libraries were quantified and mul-
tiplexed and subjected for high-throughput sequencing on a
NextSeq2000 instrument with a 50 bp single read mode.

After removal of adapter sequences by trimmomatic v0.39,
reads <40nt were selected and mapped to the D. melanogaster
rRNA sequences FBtr0346885 (28S), FBtr0346878 (18S)
and FBtr0346887 (5.8S) using bowtie2 in End-to-End mode
(30,31). Reads’ extremities (5’-ends and 3’-ends) were counted
and the different RiboMethSeq scores were calculated. A
combination of ScoreMean >0.92 and ScoreA >0.5. ScoreC
(MethScore) was used for quantification of the methyla-
tion level. Conserved Nm sites between species were done
based on the alignment of rRNA sequences with Clustal 2.1
(Supplementary Table S1) (32).

Quantification of RNA modifications using
LC-MS/MS

RNA from S2R+, HEK293 and S288c cells was enzymatically
digested using benzonase (Santa Cruz Biotech) and nuclease
P1 (Sigma) in 10 mM ammonium acetate pH 6.0 and 1 mM
MgCl; at 40°C for 1 h, added ammonium bicarbonate to 50
mM, phosphodiesterase I and alkaline phosphatase (Sigma),
and incubated further at 37°C for 1 h. Digested samples were
precipitated with 3 volumes of acetonitrile and supernatants
were lyophilized and dissolved in a solution of stable isotope
labelled internal standards (L.S., see mass list) for LC-MS/MS
analysis. An Agilent 1290 Infinity Il UHPLC system with an
ZORBAX RRHD Eclipse Plus C18 150 x 2.1 mm (1.8 um)
column protected with an ZORBAX RRHD Eclipse Plus C18
5 x 2.1 mm (1.8 pm) guard (Agilent) was used for chro-
matographic separation. The mobile phase consisted of A: wa-
ter and B: methanol (both added 0.1% formic acid) at 0.22
ml/min, starting with 5% B for 0.5 min followed by 2.5 min
of 5-20% B, 3.5 min of 20-95% B, and 4 min re-equilibration
with 5% B. Mass spectrometric detection was performed us-
ing an Agilent 6495 Triple Quadrupole system monitoring the
mass transitions 268.1-136.1 (A), 284.1-152.1 (G), 244.1-
112.1 (C), 245.1-113.1 (U), 282.1-136.1 (Am), 298.1-152.1
(Gm), 258.1-112.1 (Cm), 259.1-113.1 (Um), 285.1/153.1
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(d3-m6A, 1.S), 301.1/152.1 (d3-Gm, 1.S.), 261.1/112.1 (d3-
Cm), 264.1/127.1 (13C5-mSU, 1.S.), 273.1/136.1 (13C5-A,
L.S.), 246.1/114.1 (d2-C, 1.S.) in positive electrospray ioniza-
tion mode.

Library preparation for direct RNA nanopore
sequencing (DRS)

Total RNA extracted from untreated and Fib knockdown
samples (Fib_KD) in biological duplicates was DNase-treated
with Turbo DNase (Thermofisher, AM2238) for 10" at 37°C.
Subsequently, 1000 ng of each sample was polyadenylated
with E. coli PolyA Polymerase (NEB #MO0276L) for 15
min at 37°C. 200 ng of poly(A)-tailed RNA was ligated
to pre-annealed custom barcoded adaptors, following previ-
ously published protocols (33). Ligated RNA was prepared
for direct RNA sequencing using the SQK-RNA002 kit fol-
lowing the ONT Direct RNA Sequencing protocol version
DRS_9080_v2_revl_14Aug2019, with minor changes to al-
low for sample multiplexing. Briefly, for each sample, bar-
coded oligonucleotides A and B were mixed in annealing
buffer (0.01 M Tris—Cl pH 7.5, 0.05M NacCl) to a final con-
centration of 1.4 uM each in a total volume of 75 pl. The mix-
ture was then incubated at 94°C for 5 min and slowly cooled
down (-0.1°C/s) to room temperature. Then, 200 ng of total
RNA were ligated to the pre-annealed custom RT adaptors
(33) using concentrated T4 DNA Ligase (NEB-M0202T). Lig-
ated RNA was reverse transcribed using Maxima H Minus
RT (Thermo Scientific, EP0752) at 60°C for 30 min, with-
out the heat inactivation step. The products were purified us-
ing 1.8x Agencourt RNAClean XP beads (Fisher Scientific-
NC0068576) and washed with 70% freshly prepared ethanol.
50 ng of reverse transcribed RNA from each reaction were
pooled together, and the RNA:DNA hybrid was ligated to
the RMX adapter. The mix was purified using 1x Agencourt
RNACIlean XP beads, washing with Wash Buffer (WSB) twice.
The sample was then eluted in Elution Buffer (EB) and mixed
with RNA Running Buffer (RRB) prior to loading onto a
primed R9.4.1 flowcell. The samples were run on MinlON
sequencing devices.

Direct RNA sequencing data pre-processing

Raw fast5 files were processed with the Master of Pores
pipeline (version 1.5, (34), https://github.com/biocorecrg/
master_of_pores). FastS files were demultiplexed with
DeePlexiCon using default parameters (33) and basecalled
with Guppy basecaller v4.0. (https:/nanoporetech.com).
Reads were mapped to D. melanogaster rRNA se-
quences, obtained from Ensembl: FBtr0346885 (28S),
FBtr0346878 (18S), FBtr0346887 (5.8S) and FBtr0086426
(5S). Mapping was performed using minimap2 v2.17
(https://github.com/lh3/minimap2) with ‘-ax splice -k 14
-uf” options.

Analysis of RNA modifications in direct RNA
sequencing data

Basecalling features (base quality, mismatch frequency, inser-
tion frequency and deletion frequency) of each 5-mer were ex-
tracted from 2 replicates of untreated and Fib KD S2R+ reads
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using Epinano (35), version 1.2 (https://github.com/enovoa/
EpiNano). Then, each position at the centre of the 5-mer was
assigned a score that consisted of the difference between the
scaled sum of the aforementioned frequencies in the untreated
and in the Fib KD sample, as previously described (36). Then,
we calculated the median of scores for each rRNA transcript
and each replicate. For de novo discovery of Nm sites, nu-
cleotides with a score greater than 3x the median score of
all positions in the same transcript in both replicates or §x
the median in one of the replicates were further kept. Given
that Nm modifications affects the score over multiple subse-
quent nucleotides — not just the modified site —, we merged
nucleotides passing the previous criterion across four consec-
utive nucleotides into ‘regions’. Regions of <6 nts were ex-
panded to 7-mer windows and regions >10 nts were split into
two 7-mer windows to maximise the occurrence of only 1 Nm
site per window. Regions overlapping with the 28S break and
5S rRNA were excluded. For the validation of RMS Nm sites
by DRS, we extracted 7-mer windows around each confident
RMS site and we kept regions with a score greater than 3x
the median score in both replicates or 5x the median in one
of the replicates. Integrative Genomics Viewer (IGV) version
2.8.13 was used to visualise mismatches and Epinano scores.

Preparation of TGIRT-Seq libraries

Total RNA from S2R+ cells and Canton-S tissues was isolated
with Trizol (Invitrogen) and 3 ug were DNAsed with DNase I
treatment (New England Biolabs). RNA was directly ribode-
pleted with the riboPOOL kit (siTOOLs) that was completed
with oligos hybridising to 5S and 2S rRNAs following the
manufacturer’s instructions. The quality of RNA and ribode-
pletion was assessed on an Agilent 2100 Bioanalyzer. The pu-
rified ribodepleted RNA samples were fragmented for 3 min
at 94°C in Magnesium RNA Fragmentation Module (New
England Biolabs) and 3’ ends were dephosphorylated with T4
polynucleotide kinase (Lucigen). Between 50 and 75 ng were
retrotranscribed in cDNA with 1.5 pl of template-switching
TGIRT enzyme. The remaining library was prepared exactly
as in Boivin and Deschamps-Francoeur et al (37). After 12—
13 cycles of PCR and a 1.4x cleanup with Ampure XP beads
(Bekman-Coulter), the profile of TGIRT libraries were eval-
uated once more by Bioanalyzer (£ 250 bp average). Finally,
the libraries were sequenced on an Illumina Next-seq 500 plat-
form (2 x 150) yielding between 9.5 and 19.9 million paired-
end reads.

TGIRT-seq data analysis

Adapters and low quality reads were trimmed from fastq files
with cutadapt (version 3.4, (38)). rRNA sequences were fil-
tered out with bowtie2 (-p 20 -L 15 -k 20 —fr —end-to-end) los-
ing up to 4% of reads (31). The remaining reads were mapped
with STAR as described in (39) (version 2.7.8a, (40)). Finally
the reads were counted and annotated with a corrected anno-
tation of Drosophila_melanogaster. BDGP6.32.103.gtf with
CoCo (cc -c both -p -s 1), a pipeline that is efficient in attribut-
ing reads to genes that are nested in others, such as snoRNAs
(41). Counts, counts per million (CPM) and transcripts per
million (TPM) were taken from the CoCo output. We consid-
ered a snoRNA was expressed if at least 20 reads were mea-
sured in at least one TGIRT-seq library. Analysis of differen-
tially expressed genes was done with DeSeq2 (42) and plots
were drawn in R using basic functions and ggplot2 (43) as
well as Inkscape (version 1.0.1).
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Screening of canonical C/D box snoRNAs with
snoScan

To validate the C/D box features and to predict Nm tar-
gets of the 143 snoRNAs (biotype: snoRNA and ncRNA),
we used both human yeast and mammalian probabilistic
search models of snoScan 1.0 (44). All publications used
for mapping snoRNAs in D. melanogaster are listed on
Supplementary Table S2. Briefly, 142 snoRNA fasta files
with corrected coordinates were compared against the same
rRNA sequences used for the RiboMethSeq. Target predic-
tions of expressed snoRNAs matching experimentally iden-
tified Nm sites were considered as highly confident. When
the snoRNA was expressed but matched an unknown tar-
get or no target at all, it was classified as orphan. The
target predictions of snoRNAs for which no expression
was detected in the tested tissues were considered as lowly
confident.

Nomenclature of Drosophila melanogaster C/D box
snoRNAs

Because of the heterogeneity and obsolescence of the current
nomenclature of C/D box snoRNAs in D. melanogaster, we
decided in collaboration with FlyBase to propose an updated
nomenclature. First, 27 genes lacking any evidence for ex-
pression that were erroneously curated from a personal com-
munication to FlyBase in 2006 (under the ID FBrf0199239)
have been deleted in FlyBase (since release FB2023_05). We
then renamed the remaining 120 C/D box snoRNA genes
with expression evidence using the following syntax: (i) a
‘snoRNA:CD’ prefix, followed by (ii) an incremental num-
ber reflecting their order of discovery/publication, and where
necessary (iii) a letter to distinguish between copies of the
same gene (Supplementary Tables S2 and S6). This new sys-
tem provides a simple, scalable consistency to D. melanogaster
snoRNA nomenclature, similar to that used by the HGNC for
human snoRNA genes (Seal ez al., 2020), and avoids overload-
ing the gene symbol with information about genomic location,
orthology or RNA target(s) that is prone to revision or going
out-of-date.

Results

Identification of Nm sites on Drosophila
melanogaster rRNA

Different rRNA annotations are available in Drosophila
melanogaster including multiple ones from the Ensembl 103
assembly, one GenBank reference that was used for previ-
ous snoRNA predictions, and a PDB reference that was used
for 3D representations. To facilitate the navigation between
previously predicted and novel identified Nm positions (see
below), we aligned annotated rRNA sequences with Sanger-
sequenced data from both embryonic cell line S2R+ cells
and wildtype Canton-S flies (Supplementary Table S1 and
Supplementary Figure S1A). The most similar sequences were
FBtr0346885 (28S), FBtr0346878 (18S), FBtr0346887 (5.8S)
and FBtr0086426 (5S) from the Ensembl assembly. Consis-
tent with previous observations (45), we confirmed that the
28S rRNA has a ’hidden break’ based on the lower read cov-
erage that spans nucleotides 1814 to 1858, but also based on
the presence on the electrogram of two RNA peaks just be-
low 2 kb that reflects a mixture of 18S and two similarly sized
fragments of 28S (Supplementary Figure S1B, C). This break is
also present in 5.8S, which is in fact shorter in D. melanogaster
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(123 nts) in comparison to human or yeast (157 and 158 nts,
respectively) (46).

To map Nm sites onto the rRNA molecules, we generated
RiboMethSeq (RMS) libraries from total RNA extracted from
S2R+ cells under control (CTR) and Fibrillarin knockdown
(Fib-KD) conditions. It is important to note that only tran-
sient and partial KD of Fib can be achieved, since this pro-
tein is essential for snoRNP maturation and rRNA process-
ing. The construction of RMS libraries is based on the in-
creased resistance to alkaline pH of the phosphodiester bond
between the 2’-O-methylated nucleotide and the one follow-
ing it. As this method is prone to false positives related to
RNA structure, sequence and ligation biases (29), we applied
different filters in order to ensure a robust and conservative
calling of Nm sites (Figure 1A). First, we used a combina-
tion of score MEAN >0.92 and scoreA2 >0.5 as in previ-
ous studies (47) and identified 183 putative Nm sites by their
protection against alkaline cleavage. A MethScore, which is a
semi-quantitative parameter that reflects the fraction of sites
that are methylated, was then computed for each position.
In parallel, we extracted the MethScores from data obtained
from in vitro transcribed rRNAs (IVTs), which are not methy-
lated and can therefore serve as negative controls. We then
filtered candidate Nm sites that had an average MethScore
in CTR (n = 4) that was higher by 0.05 in comparison to
the MethScore observed for IVT rRNAs. This filtering re-
duced the number of putative Nm sites to 92 (Figure 1A, B,
Supplementary Table S3). The third filter was based on the sig-
nificant drop of MethScore that was observed after knocking-
down Fib (AMeth score > 0.05, P-value < 0.05, Wilcoxon
test). With this criterion, 57 candidate Nm sites out of 92 pre-
viously retained candidates had a significantly lower Meth-
Score in Fib-KD conditions and thus were ranked as highly
confident sites (Figure 1A, C and Supplementary Table S3). In-
terestingly, the differential MethScore was as low as 0.03 for
28S-Am1017 and as high as 0.49 for 185-Gm475, underlining
the very heterogenous response of individual Nm level to the
reduction of Fib-KD, probably reflecting differential stability
and/or activity of snoRNP complexes. Similar behaviour was
also observed for human cell lines upon fibrillarin KD where
only a fraction of rRNA sites showed substantial decrease in
methylation level (8,21).

The remaining population of candidates (35 sites, 92—
57 = 35) did not show Fib-KD dependent reduction in Meth-
Score values (Figure 1A). From these, 14 had a MethScore
level >0.82, a cut-off that was set in a way that the first
Nm site above the cut-off was predicted to have a snoRNA
match. Since the majority of rRNA Nm methylation events
(with the exception of 285-Gm34535, see below) are snoRNA-
dependent in all studied eukaryotic species, the existence of
known or predicted C/D-box snoRNA guide complementary
to the site can be used as an additional criterion for valida-
tion, even in the absence of a clear Fib-dependence. Out of 14
retained sites, 3 had a complementary snoRNA guide and 1
revealed to be highly conserved in other eukaryotic species.
These 4 candidates were thus ranked along with the previous
high confidence Nm sites (57 + 3 + 1 = 61). The conserved Nm
site with no snoRNA match is 285-Gm3455 that is predicted
to be deposited by CG8939, the orthologue of the stand-alone
methyltransferases FTSJ3 in human and Spb1 in yeast (48).
Curiously, the knockdown of CG8939 led only to a minor
drop of 0.03 at the expected 285-Gm3455 in comparison to
a 0.07 drop at the Nm site located one nucleotide upstream
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(Supplementary Figures S2A and S2B). The ten remaining Nm
candidate sites with no associated snoRNA or conservation
match were ranked as low confident (Figure 1D). For those,
the only supporting evidence is high MethScores indicating
protection against alkaline cleavage and lower protection ob-
served in IVT. It is not excluded that these could be targets of
non-canonical snoRNA guides or yet uncharacterised guide-
independent methyltransferases. Alternatively, these low con-
fidence sites could be indicators of other RNA modifications
that could contribute to alkaline resistance of RNA. Lastly,
biases due to robust secondary structure or in adapter liga-
tion can also create underrepresented fragments in the RMS
analysis.

In total, 61 highly confident Nm sites were identified by
this successive filtering, with 42 in 28S, 18 in 18S and 1 Nm
site in 5.8S, while 5S and 2S rRNAs had no detectable Nm
modification (Table 1). Only 44 of these highly confident sites
overlapped with the 75 Nm sites predicted so far in the liter-
ature, essentially based on snoRNA complementarity (Figure
1E). We nevertheless checked the MethScore of the remaining
31 predicted sites in the pre-filtered data and none had a value
of MethScore above 0.56 or was Fib-dependent. As shown
by our expression data (see below), these predicted snoRNAs
are not even expressed, suggesting that these Nm sites were
inaccurately predicted. Among the 61 highly confident sites,
53 are present in at least one of the five model organisms for
which Nm sites have been mapped and 24 are universally con-
served in all five species (Figure 1F, Supplementary Table S4).
In contrast, D. melanogaster lacks 2 Nm sites that were found
to be conserved in all the other studied eukaryotic species.
As the number of rRNA Nm sites in humans is almost dou-
ble of that observed in flies (Supplementary Figure S1D), we
used this information to see if we could detect the same ra-
tio in bulk measurements obtained by mass spectrometry as
a mean to check whether we may have missed some Nm
sites. Assuming that methylation is close to 100% for most
sites in all organisms and even though the total length of hu-
man rRNAs is 15% longer than fly ones, we could observe
that the normalized number of Am, Gm and Um was signif-
icantly higher in human cells than in fly cells (Wilcoxon test,
Figure 1G). This trend is in line with the ratio of modified
bases in each species and particularly visible for Um, which
exceeds a 2-fold-change (20 and 6 sites respectively for human
and fly) (Supplementary Figure S1D). In yeast, the normalized
number of Nm sites was similar for Am and Gm, lower for
Cm and higher for Um (Figure 1G, Supplementary Table S4).
Altogether, the comparative ranking of Nm counts between
species suggests that our criteria to identify Nm sites are spe-
cific enough without hindering sensitivity.

Consistent with previous work, we found that most Nm
sites in rRNA were highly methylated (56/61) (Figure 1C, Ta-
ble 1) (8,49). The 5 Nm sites that were partially methylated
(MethScore <0.80) were still Fib-dependent (Figure 1C). In-
triguingly, three of them were located back-to-back from po-
sition 425 to 475 in the 18S rRNA. Cryo-EM structures re-
vealed that these sites are less protected by ribosomal pro-
teins (50,51). In line with observations for other organisms,
Nm sites on the large ribosomal subunit (LSU) are mainly
clustered in the immediate surrounding of the PTC and the
peptide exit tunnel (PET) (Figure 1TH-I and Supplementary
Figure S3A for 2D-projection). In addition, about 1/3 of 18S
Nm modifications are gathered around the decoding centre
(DC) while the other 2/3 are distributed across the 18S rRNA
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Figure 1. (A) Data processing performed for the identification of Nm sites in D. melanogaster using RiboMeth-seq. (B) Distribution of MethScores for
S2R+ cells (yellow) and of in vitro transcribed rRNAs (purple). (C) MethScore for each highly confident Nm site in 28S, 18S and 5.8S rRNAs in control
(yellow) and Fibrillarin knockdown (blue) S2R+ cells. Asterisks indicate the significance of loss of methylation (Standard deviation bars, n = 4, Wilcoxon
test, ¥ P < 0.05 and NS P > 0.05). (D) MethScore for low confidence Nm sites on 18S and 28S rRNAS in control (yellow) or Fibrillarin knockdown (blue)
S2R+ cells and in IVT rRNAs (purple). (E) Overlap between the 61 confident Nm sites and the Nm candidates predicted from snoRNA complementarity
in previous literature (summarised in Supplementary Table S2). (F) Upset plot of Nm sites that are conserved across different model organisms (Dm: D.
melanogaster, Hs: H.sapiens; Sc: S. cerevisiae; XI: X. laevis; At: A. thaliana; Dd: D. discoideum). Nm sites found in Dm are highlighted in blue, Nm sites
conserved in all species are in red and those that are absent in Dm are highlighted in yellow. (G) Number of Am, Cm, Gm and Um normalized over 10000
non modified bases for D. melanogaster (Dm), H. sapiens (Hs) and S. cerevisiae (Sc). Measurement was done by mass spectrometry (ANOVA test for all
samples, Wilcoxon test for paired comparison) (H, 1) Three-dimensional location of Nm sites in two elongating conformations of ribosomes loaded with a
tRNA in the P-site and an mRNA in the decoding centre (testis polysome, PDB 6XU7, reported resolution 4.9 A) (H) and a tRNA in the E-site (embryos
ribosome, PDB 4v6w, reported resolution 6 A) (I). The main chain of Nm sites is shown as blue (28S), cyan (5.8S) and orange (18S) spheres and the
bases are shown as sticks. The nucleotides facing the Peptidyl Transferase Centre are shown in yellow.
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Table 1. Nm sites in Drosophila melanogaster rRNAs identified by RiboMeth-seq
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Target rRNA Nm sitef Conservation$ Gene id (FlyBase) Proposed gene name
18S Am28N DmHYAXDd FBgn0063388 snoRNA:CDSa
FBgn0063387 snoRNA:CDS5b
FBgn0063386 snoRNA:CDSc
Gm393N DmHAX FBgn0065058 snoRNA:CD21
FBgn0082931 snoRNA:CDS3a
Cm419N DmHYAX FBgn0086533 snoRNA:CD3$
Am425N DmHYX FBgn0086056 snoRNA:CD23
Am441N DmHYAXDd FBgn0263489 snoRNA:CD78
Am469N DmHAX FBgn0086041 snoRNA:CD36
Gm475N DmDd FBgn0263851 snoRNA:CD68
AmS549N DmHYAX FBgn0261973 snoRNA:CD63a
FBgn0261974 snoRNA:CD63b
UmS86N DmHYAXDd FBgn0060291 snoRNA:CD22b
FBgn0082926 snoRNA:CD46
Am1061N DmHYAX FBgn0082952 snoRNA:CD24
Cm1096N DmA FBgn0086055 snoRNA:CD37
Cm1303N DmHA FBgn0086061 snoRNA:CD62
Um1357N DmHYAXDd FBgn0082949 snoRNA:CD38a
FBgn0082947 snoRNA:CD38c
FBgn0082948 snoRNA:CD38b
FBgn0286758 snoRNA:CD39¢
Gm1359N DmHYAXDd FBgn0086053 snoRNA:CD39a
FBgn0086054 snoRNA:CD39b
FBgn0286758 snoRNA:CD39¢
Cm1367N Dm FBgn0082951 snoRNA:CD40
Gm1621N DmHYAXDd FBgn0063389 snoRNA:CD8
Am1806N DmHX FBgn0086074 snoRNA:CD41
Cm1831N DmHYAXDd FBgn0065053 snoRNA:CD15
28S Gm789N DmH FBgn0020518 snoRNA:CD1
Am796N DmHXDd FBgn0086067 snoRNA:CD43
Am799N DmHYAXDd FBgn0086078 snoRNA:CD25b
FBgn0086079 snoRNA:CD25a
FBgn0086067 snoRNA:CD43
Cm813N DmHYAX FBgn0086062 snoRNA:CD26b
FBgn0086063 snoRNA:CD26a
Gm1005N DmHYAX FBgn0063392 snoRNA:CD9a
FBgn0065047 snoRNA:CD11b
FBgn0065048 snoRNA:CD11a
FBgn0086042 snoRNA:CD44
Am1007N DmHYAX FBgn0082943 snoRNA:CD27a
FBgn0082942 snoRNA:CD27b
Am1017N DmHYAX FBgn0082941 snoRNA:CD45
Gm1108N DmHYAX FBgn0082935 snoRNA:CD28a
FBgn0082934 snoRNA:CD28b
FBgn0082933 snoRNA:CD28c
FBgn0082932 snoRNA:CD28d
Am1117N Dm FBgn0082935 snoRNA:CD28a
FBgn0082934 snoRNA:CD28b
FBgn0082933 snoRNA:CD28c
FBgn0082932 snoRNA:CD28d
Am1347N DmHYAXDd FBgn0015543 snoRNA:CD16
Cm1679N DmHYAXDd FBgn0086068 snoRNA:CD29
Am1691N DmHYAXDd FBgn0063377 snoRNA:CD4a
FBgn0063376 snoRNA:CD4b
FBgn0086068 snoRNA:CD29
Gm1692N DmHYAXDd FBgn0063377 snoRNA:CD4a
FBgn0063376 snoRNA:CD4b
Am2183N DmHAX FBgn0086039 snoRNA:CD48
Um2204N DmHYAXDd FBgn0260002 snoRNA:CD30b
FBgn0086051 snoRNA:CD30a
Gm2243N DmHX FBgn0086028 snoRNA:CD49
Gm2502N DmHA snoRNA not found
Am2598N DmHYAX FBgn0065071 snoRNA:CD18
Am2634 DmHYAXDd FBgn0065066 snoRNA:CD14
Am2659N DmHYAXDd FBgn0086023 snoRNA:CDS51a
FBgn0086024 snoRNA:CDS51b
FBgn0086025 snoRNA:CDS1c
Gm2666N DmHYAXDd FBgn0025881 snoRNA:CD7
WUm2692N DmHXDd FBgn0086603 snoRNA:CD20
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Target rRNA Nm sitef Conservation$ Gene id (FlyBase) Proposed gene name
Am2704N DmHAXDd FBgn0082944 snoRNA:CD52¢
FBgn0082945 snoRNA:CDS52b
FBgn0082946 snoRNA:CDS52a
Cm2716 DmHYAXDd FBgn0082938 snoRNA:CD31a
FBgn0082937 snoRNA:CD31b
FBgn0082936 snoRNA:CD31c
Am2724N Dm FBgn0082938 snoRNA:CD31a
FBgn0082937 snoRNA:CD31b
FBgn0082936 snoRNA:CD31c
Cm2744N DmHAX FBgn0065073 snoRNA:CD13
FBgn0263467 snoRNA:CDé67
Gm2774N DmHYAXDd FBgn0082931 snoRNA:CDS53a
FBgn0082930 snoRNA:CDS53b
FBgn0082929 snoRNA:CDS3c
Gm3152N DmHYAXDd FBgn0063381 snoRNA:CD2a
FBgn0063380 snoRNA:CD2b
FBgn0063379 snoRNA:CD2c
FBgn0063378 snoRNA:CD2d
Gm3184 DmHAXDd FBgn0086064 snoRNA:CD32b
FBgn0086065 snoRNA:CD32a
Cm3298N Dm FBgn0082940 snoRNA:CDS54a
FBgn0082939 snoRNA:CD54b
Gm3324N DmYADd FBgn0086075 snoRNA:CDS5
Gm3326N DmHYAX FBgn0082928 snoRNA:CD33a
FBgn0082927 snoRNA:CD33b
FBgn0086075 snoRNA:CDS5
Gm3348N DmHYAXDd FBgn0063375 snoRNA:CD6a
FBgn0063374 snoRNA:CDé6b
FBgn0063373 snoRNA:CDé6¢
Cm3412N DmHAXDd FBgn0060292 snoRNA:CD22a
FBgn0060291 snoRNA:CD22b
FBgn0065070 snoRNA:CD19
Um3415N Dm FBgn0060292 snoRNA:CD22a
FBgn0060291 snoRNA:CD22b
FBgn0086048 snoRNA:CD56b
FBgn0086049 snoRNA:CDS6a
Am3420N Dm FBgn0086057 snoRNA:CD47
Cm3422N Dm FBgn0086069 snoRNA:CDS57
Wwm3454 DmHYAXDd snoRNA not found (CG8939-dependent)
Gm3455 DmHYAXDd snoRNA not found (SPB1 in yeast)
Am3478N DmHYAXDd FBgn0063385 snoRNA:CD3a
FBgn0063384 snoRNA:CD3b
FBgn0063383 snoRNA:CD3c
FBgn0063382 snoRNA:CD3d
Cm3480N DmYADd FBgn0063385 snoRNA:CD3a
FBgn0063384 snoRNA:CD3b
FBgn0063383 snoRNA:CD3c
FBgn0063382 snoRNA:CD3d
Cm3491N DmHYAXDd FBgn0083988 snoRNA:CDS58a
FBgn0083989 snoRNA:CDS58b
5.88 Gm74 DmHAX FBgn0086066 snoRNA:CD34

fEnsembl 104 28S/FBtr0346885; 18S/FBtr0346878; 5.8S/FBtr0346887.

SDm: D. melanogaster; H: H. sapiens; S: S. cerevisiae; X: X. laevis; A: A. thaliana; Dd: D. discoideum.

NNm site validated with Nanopore.

(Supplementary Figure S3B for 2D-projection). As for the only
Nm site of 5.8S rRNA, it is found on the wall of the PET. The
existence of cryo-EM snapshots containing a tRNA in the E
site (51) (Figure 11) revealed a so far undescribed cluster of 4
Nm sites on the 28S rRNA that are in proximity to the amino
acid attachment site of tRNAs — two of them, Gm3326 and
Cm3298 being as close as 3.5 A to the closest tRNA atom. The
examination of the Nm sites in the context of the secondary
structure showed that they are primarily located at the base
of helices and in small bulges or loops and are systematically

absent from expansion segments, which are usually species-
specific (Supplementary Figures S3A and S3B).

Orthogonal validation of Nm sites using nanopore
sequencing

Since the presence of other modifications (e.g. pseudouridine)
as well as the secondary structure of rRNAs can occult the
detection of Nm sites and/or lead to false positives candidates
in RMS analysis (29) we sought to use an alternative approach
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to identify and validate RMS-identified Nm sites. Specifically,
we employed direct RNA nanopore sequencing (DRS), which
has been shown to detect Nm sites on the basis of an increased
base-calling error in the 5-mer window containing each Nm-
modified site (36).

Briefly, two independent replicates of Fib-KD and two CTR
samples that were used for RMS were also sequenced using
DRS. The de novo Nm discovery approach (described in the
Materials and methods section) identified 53 regions (7-mers)
as significantly altered when comparing Fib-KD and CTR
samples. Of these regions, 40 overlapped with a total of 42
Fib-dependent and 3 non-dependent Nm sites identified using
RMS (Figure 2A, Table 1). Nevertheless, some of them were
part of a region overlapping with two RMS sites, suggesting
that the signal from a single Nm site can mislead the detec-
tion of a neighbouring Nm site, due to the spreading of the
Nm signal across several nucleotides (36). On a similar note,
the longer the ‘regions’ were before re-sizing, the more likely
it was that they overlapped with two consecutive Nm sites
(Supplementary Figure S4A). For example, our de novo Nm
detection pipeline could not identify that a given region con-
tained 2 modified sites in the following cases: 285-Am3478
and Cm 3480, or Gm3324 and Gm3326, which are in short
distance from one another (Figure 2B).

The 13 regions that were discovered by the de novo DRS
but not the RMS analysis were in average shorter and had
lower Epinano score in comparison to overlapping regions
(Figure 2A-C) (35). We therefore used different approaches to
evaluate their validity. Five sites were eliminated as they were
also picked in two independent negative controls (CG8939
and CG11447 KDs, data not shown). Three other regions
were also discarded as they were generated artificially by split-
ting one large region that overlapped a single RMS site. In to-
tal, only five regions remained after this additional filtering,
without an obvious explanation, as none of them overlapped
with Nm sites found in other organisms (Supplementary
Figure S4B) and no matching snoRNA could be predicted.
They could result from the alteration of the current pro-
voked by other factors such as 2D rRNA structure that can
be indirectly affected by distal Nm sites (although the rRNA
molecules were linearized during the library preparation to
minimize the effect of RNA structure in the nanopore signal).
Further work will be necessary to determine whether these re-
gions do indeed encompass real Nm sites.

Finally, we examined the capacity of DRS to validate known
RMS sites. For this, 7-mer windows around each confident
RMS site were extracted and kept when the Epinano score
was 3-fold greater than the background (see Methods). This
way, 10 Nm sites could be validated along with the 45 de novo
ones, corresponding to a total of 55 Fib-dependent RMS sites
(95%) (Figure 2C and D, Table 1). We noted that the sites
captured in the validation, but not in the de novo approach,
were often missed because of the score being altered in shifted
windows, or because the score was extremely low in only one
of the two replicates, but not the other one as it was the case
for 285-Gm789 (Figure 2B and Supplementary Table S5). Fi-
nally, as expected, the 3 Nm sites that were Fib-independent
in the RMS dataset and missed by the de novo approach were
also missed by the validation approach (Figure 2A). Over-
all, RMS AMethScores and Epinano scores correlated signif-
icantly (Pearson r = 0.58, P < 0.001), although the ampli-
tude of RMS AMethScores was larger than that of Epinano
scores (Figure 2D and E). We further noticed that nanopore
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was more sensitive to differential methylation on Am sites in
comparison to RMS, which had no visible bias towards any
base (Figure 2E, Supplementary Figures S4C and S4D). In con-
clusion, while 77% of RMS-identified Nm sites were de novo
discovered with nanopore sequencing, 95% of Fib-dependent
RMS-identified sites could be validated with nanopore, indi-
cating that the nanopore approach is a bona fide validation
tool of Nm modifications on rRNA.

Validation of C/D box snoRNA expression and
prediction of Nm targets

So far, predictions from expression and genomic data from our
and previous works have led to the annotation of 145 tran-
scripts as canonical C/D box snoRNAs targeting rRNAs in
D. melanogaster (Figure 3A up, and Supplementary Table S2).
However current polyA-enriched libraries miss out on many
snoRNAs, likely due to the complex structure (Supplementary
Figure S5A). To validate snoRNA expression in a compre-
hensive manner, we sequenced the whole transcriptome of
S2R+ cells, ovaries and heads of wild-type flies using TGIRT-
seq—a rRNA-depleted library preparation that covers all
RNA species and revealed that snoRNAs is the second more
abundant RNA class after tRNAs (Supplementary Figures S5B
and S5C) (37,39). We first noticed a discrepancy between cov-
erage and coordinates reaching up to 63 nucleotides across all
tissues (Supplementary Figure S5D). Indeed, canonical snoR-
NAs have a characteristic ‘square’ coverage as end-to-end
reads span the snoRNA gene which facilitates the identifica-
tion of gene extremities (Supplementary Figure S5D). There-
fore, we redefined genomic coordinates for expressed C/D
box snoRNAs based on the read coverage and proceeded to
downstream analyses (Supplementary Table S6).

In total, 106 out of the 145 annotated snoRNAs were
expressed in the above-mentioned tissues (Figure 3A up,
Supplementary Figure S5C), including one novel snoRNA
candidate predicted in this work (Supplementary Figures SSE
and SSF). Among the remaining 39 non-expressed snoRNAs,
27 were annotated in 2006 based exclusively on sequence
predictions and without validated gene expression data in
modENCODE (Figure 3A down, Supplementary Figure S5A,
Supplementary Tables S2 and S6). Following a re-evaluation
by FlyBase, those specific 27 genes were removed in the release
FB2023_0S5.

We then examined different features of the 106 expressed
and the 12 non-expressed genes that may correlate or explain
expression differences between and within these two groups.
We focused particularly on the expressed group where TPMs
span 1 to 5-digit numbers (Supplementary Figure S5C). In
terms of genomic location, all but 5§ C/D box snoRNAs are
encoded within introns of other genes. These intergenic snoR-
NAs were more expressed than other snoRNAs in all three
tissues (Figure 3B-D, Supplementary Figure SSA). Similarly
to humans, the remaining C/D box snoRNAs are expressed
in a narrow majority within protein-coding genes (53%) and
IncRNAs (42%) (Figure 3B) (52). Non-expressed genes were
mostly encoded in genes with miscellaneous functions. Host
genes, including those hosting non-expressed snoRNAs, were
systematically expressed apart from Uhg7, IncRNA:CR31647
and ect. LncRNAs are represented by seven different genes
all starting with the prefix Uhg that stands for ‘U snoRNA
host gene’ (Supplementary Table S6). The most represented
class of protein-coding host genes coded for ribosomal

Y20z JogqUISAON GO UO Josn yipewayiel /| g4 eulolqigaensionun-Biequaine-seuueyor Aq 0295 1.9//8782/9/2S/10IHe/1EU/ W00 dNo-olwepese)/:sdjy WOy papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae139#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 6 2857

A B de novo—1Nm de novo—2 Nm
1B§-Grn475 GTLAACTAT&C (-TGAL-CI’GL-(-I’
185-Am1806
28S-Gm3324 _CTR | .l ' [ | l . .ll

GLOTIER B B I B B
[-034) I‘1 0.3
Epinanorep 1
Epinano rep 2
- -
RMS Nm site 28S-Am1017 28$-Am3475-
285-Cm3480
Validated (FN) de novo only
IQCCCFTGTTFA C.ACGVCGVCGCTQ
CTR | | fEren=. | | :_.3--l i
Fib kD | IR rem=s | VTR
-0t o013
O RMS (Fib-dependent) Epinano rep 1
O RMS (Confident)
O EpiNano-de novo Epinano rep 2
-
RMS Nm site 285-Gm769

(@)
m

Base * Am ¢« Cm ¢ Gm + Um + Ym

0.4 . pearson = 0.58
0.5 . p<0.001
e 5 0.31 ) ’
g8 E =04
B 4
o
€ 502 - © ’
S 8 $0.3
3 2 Q :
< g1 2. -
® 185-Am1061
= .
< e, % . 285-Gm1692
neona deo[%‘m RMS only validated 01 S sl s
285-Gm1621 «—285-Am1017

01 02 03 04 05
Epinano Score

O denovo+RMS [0 denovoonly [JRMSonly [J validated

.
(B D o O D.' N0 DN A
SRR wp 8

0.50+

0.254

0.00

B

0.251

Epinano Score | AMethScore

’/
7
,‘*7
%,
,.9
‘;

B @rw o @3‘9‘3##@ e e?q..;\ oﬁié‘“»)’\ eM"«?« «#«%@‘3\} ek

e %5 “ °5» “ (g,fb ~-\°\\~ \"q,w RN
@%9‘*%{;%6&. ‘g}ﬁ;g) eg;;;% g c?"”é\ @ﬁ% s &c_, £ @Q“%ﬁf 4‘ @%} o &(ﬂ M, PSS
RTINS ~‘?=c?€b R W%% '1, mm"f?m”w PP “’%&m A ERSS f»w'i%m%‘*’g“a@ o SRS

Nrn site

Figure 2. (A) High confidence RMS Nm sites (grey), RMS Fibrillarin-dependent Nm sites (white, AmethScore > 0.05) that overlap de novo nanopore
sites (blue). (B) IGV tracks of representative examples of de novo and validation analysis by DRS. Positions with base-calling allele error frequencies
greater than 20% are coloured; grey represents match to reference. (C) Distribution of Epinano score of 7-mer regions based on whether they were
discovered de novo or validated and whether they overlapped with RMS Nm sites. (D) Differential methylation between Fib KD and CTR S2R+ cells
obtained with RiboMethSeq (AMethScore, n = 4, blue) and with Nanopore (Epinano score, n = 2, turquoise) for high confidence Nm sites (n = 61). (E)
Pearson correlation of AMethScore and Epinano score for overlapping Nm sites. Nm sites are coloured by base and those with significantly higher
Epinano score are labelled with their coordinates.
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proteins, followed by ribosome biogenesis and translation fac-
tors then RNA binding and processing factors (Figure 3C).
Host gene expression levels mildly correlated with their em-
bedded snoRNAs but this relation was lost when snoRNA ex-
pression levels were considered for individual host gene func-
tions (Figure 3D, Supplementary Figures S6A and S6B). While
the existence of isoforms or the C and D box conservation
scores had no impact on snoRNA expression levels, snoR-
NAs targeting 28S were significantly more expressed than or-
phans or those targeting 18S. In parallel, those targeting 2 Nm
sites tended to be less expressed, particularly in head tissue
(Supplementary Figure S6D). In summary, among the features
we examined, only gene location and target rRNA were asso-
ciated to different expression levels in all three tissues included
in this work.

In line with previous work, we found that the depletion
of Fib led to a significant downregulation of 40 C/D box
snoRNAs (FDR < 0.05) and to a visible downregulation of
most of the remaining expressed C/D box snoRNA transcripts
(Figure 3E). In contrast, H/ACA snoRNAs that are often co-
expressed in neighbouring introns, remained unaffected and
are globally more highly expressed than C/D box snoRNAs
(Figure 3E). Interestingly, two uncharacterised ncRNAs, snm-
RNA:CR43603 and IncRNA:CR43604, were also downregu-
lated. This IncRNA is covered by two distinct blocks of reads
(Supplementary Figure SS5E). The C/D boxes and the ASE are
identified in the second block. By screening for snoRNA fea-
tures in these downregulated genes, we found that the IncRNA
CR43604 is predicted to target 185-Am441, a Nm site that is
conserved and partially methylated in all other model organ-
isms, for which no canonical snoRNA was predicted so far
(Supplementary Figure SSF).

The final step was to match each snoRNA to a target
nucleotide in rRNAs. For this purpose various prediction
tools have been developed over the years such as snoScan
(44). Briefly, we favoured the prediction with the higher
score (detailed pipeline in Supplementary Figure S7 and
Supplementary Methods). When multiple rRNA positions
were predicted for a given snoRNA, the secondary predic-
tion was also kept if it matched a consecutive confident Nm
site. As a result, we de novo predicted that most of the ex-
pressed C/D box snoRNAs (96/106) can target at least one
confident Nm site (Table 1 and Supplementary Table S6).
From the 12 non-expressed snoRNAs, only 3 were assigned
with a Nm prediction (Supplementary Table S6). In total we
predicted a new primary or secondary target for 32 snoR-
NAs and re-assigned 5 of them to a new canonical target
(Supplementary Table S6). Furthermore, 74 matched to only
one confident Nm site, 10 remained unmatched (‘orphan’)
while 22 snoRNAs were predicted to target at least 2 Nm
sites on rRNAs (Figure 3F). In sum, the combination of the
RMS and of TGIRT-seq data led to the prediction of 33 new
snoRNA:rRNA matches (Supplementary Table S6) as well as
the attribution of at least one snoRNA to 58 out of the 61 Nm
sites (Figure 3G).

rRNA Nm levels are relatively stable during stress
conditions

RNA modifications can be dynamically regulated upon dif-
ferent stress and developmental conditions. Although several
reports have shown that rRNA Nm modifications are vari-
able in different cell types and developmental stages, no study

2859

has quantified Nm levels in response to long environmental
stresses (19,53,54). Having built a list of confident Nm sites
we therefore sought to explore whether this variability can
be observed in D. melanogaster subjected to different stresses.
We selected environmental stresses that affect ribosome com-
position or abundance and we first challenged female flies to
paraquat, a well-known herbicide inducing oxidative stress in
cells (55). Flies were fed on medium containing paraquat up
to 8 days, to allow enough time for turnover of existing ri-
bosomes (56). Total RNA from heads was isolated and sub-
mitted to RMS. We first noticed that all Nm sites identified in
S2R+ cells were found in wildtype Canton-S flies. Overall, we
found very little variation on Nm levels in paraquat treated
flies versus control conditions (Figure 4A) as almost no Nm
site varied more than 0.02 in MethScore value. Only Y m3454
in 28S rRNA showed a mild reduction of 0.05 in MethScore.
Thus, we concluded from this experiment that oxidative stress
conditions have negligible impact on the establishment and
maintenance of Nm on rRNA in D. melanogaster.

We next wondered whether this absence of variability also
holds true during other stress conditions. We fed adult females
on low nutrient food (no amino acid and 0.25X sugar) for 10
days and monitored the Nm levels on total RNA isolated from
heads (27). Again, Nm levels were very stable, despite numer-
ous sites showing a significant difference in nutrient-deprived
flies in comparison to controls (Figure 4B). Nevertheless, two
sites 285-Gm3324 and 185-Am469 were both hypomethy-
lated by 0.05 in the nutrient-deprived group. Lastly, we chal-
lenged the flies to different temperatures and repeated the
RMS assay. This time, 18 sites showed differential Nm methy-
lation (Figure 4C). While this number was higher compared to
the other stresses, the extent of variation was again relatively
mild. Among these 18 sites 285-Gm789, 285-Cm3422 and
185-Cm1303 were differentially methylated by at least 0.05.
Interestingly flies grown at 29°C had systematically higher
Nm levels while those grown at 18°C tended to have lower
Nm levels.

In conclusion, these experiments indicate that Nm on rRNA
is quite stable and relatively insensitive to environmental
changes. In addition, it appears that the little variations are
distinct depending of the stress that was applied.

Discussion

Along with pseudouridine, Nm is the most abundant chem-
ical modification found on rRNAs. Together with post-
translational modifications and paralogs of ribosomal pro-
teins, rRNA modifications contribute to the emerging field
of ribosome heterogeneity (57,58). Several studies show the
importance of individual Nm modifications on translation in
mammalian cell models as well as on fitness in yeast and ar-
chaea (22,59-61). Nevertheless, much less is known on how
differences in Nm between tissues or environmental condi-
tions shape the proteome and therefore the identity of a cell.
Drosophila melanogaster provides many benefits for study-
ing the role of snoRNAs and of Nm sites on ribosomes be-
cause a) it is a multicellular organism and b) has a relatively
short lifespan both of which allow to study snoRNA expres-
sion and Nm levels in a spatiotemporal manner; ¢) it presents
limited snoRNA gene duplications in comparison to mam-
mals, which makes snoRNA knockouts functional (52) and
finally d) a multitude of genetic tools exist for spatiotemporal
re-activation of silenced genes.
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Figure 4. Nm levels in rRNAs from heads of female Canton-S individuals that were exposed (A) to paraquat over 8 days (n = 3); (B) that were fed with
complete food medium or amino-acid-depleted and low sugar diet over 10 days (n = 4) and (C) that were exposed to 18°C, 25°C or 29°C over 8 days

(n = 4). Asterisks indicate the significance of methylation changes for each Nm site (Kruskal-Wallis test, ** P < 0.01, * P < 0.05 and NS P > 0.05). Nm
sites with an average AMethscore >0.05 are highlighted in grey.
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To fully profit of these aspects, we started by mapping Nm
sites on rRNA using two orthogonal techniques: RiboMeth-
Seq and Nanopore DRS. This yielded a list of 61 Nm sites,
50 of which are also conserved in human (Figure 1F). In par-
allel, we sequenced snoRNAs using TGIRT-seq, a customized
NGS-based library particularly fit for small and complex small
RNAs (Figure 3A-E) (41). This data allowed us to faithfully
validate expressed snoRNAs, to curate their coordinates, to
uniformly predict rRNA targets and to flag snoRNAs that
come from likely wrong annotations. The set of confident C/D
box snoRNAs were renamed to resemble the human nomen-
clature (Table 1 and Supplementary Table S6). Finally, we saw
that Nm levels are overall very stable in response to environ-
mental stresses with a few exceptions (Figure 4A-C).

First, we applied a series of filters to RMS data to identify
61 Nm sites in D. melanogaster. These briefly consisted into
filtering MethScores that are higher than a non-methylated
control, up-ranking conserved sites, matching snoRNAs and
being responsive to Fib (Figure 1A). This was completed by
the validation of a large majority of sites by Nanopore. Al-
though we found that the potency of Nanopore DRS for de
novo discovery of Nm sites was limited, we showed neverthe-
less that Nanopore was an excellent tool for validating RMS
hits. We believe our overall conservative approach is yet sen-
sitive enough since the measurements of bulk Am, Cm, Gm,
and Um meet the expected Nm:N,, ratio for three different
species (Figure 1G, Supplementary Figure S1D). Surprisingly,
the Nm levels could not be explained by the abundance of
corresponding snoRNA, neither in steady nor in Fib KD con-
ditions. In a steady state of S2R+ culture, Nm sites are in ma-
jority hypermethylated while snoRNA levels are highly vari-
able (Figure 1C, Supplementary Figure S8A). Following Fib
KD, the decrease of both Nm levels and matching snoRNA
levels also did not correlate (Supplementary Figure S8B). At
last, the initial level of snoRNA abundance could not explain
the Nm drop either (Supplementary Figure S8C). We tried
to address more parameters that could explain this hetero-
geneous response to Fib KD, such as the conservation of tar-
get Nm sites, their secondary structure context, or the order
in which they are methylated during ribogenesis, but none
of them gave a clear answer. Although the order of Nm de-
position has been divided into early (co-transcriptional) and
later times (nucleolar) in yeast, the precise order of deposition
remains approximate (62). As the knowledge of function of
individual Nm sites per se is very limited (22,59), our map
of Nm sites in D. melanogaster combined to that of other
model organisms is setting the base for future functional stud-
ies (Supplementary Table S4).

C/D box snoRNAs expression levels are also heterogeneous
both across transcripts (4-digit difference between lowest and
highest expressed snoRNA) and within each transcript in re-
sponse to Fib KD (from no difference up to 2 fold-change). It
has been recently shown in humans that the expression of the
host gene per se is an indicator of snoRNA expression and we
also observe this in D. melanogaster (52). Consistent with hu-
mans we also observe no linear correlation between host gene
and snoRNA expression levels. Although snoRNAs are co-
transcribed in the same transcript as their host gene, they have
in most cases a much higher abundance than that of its host
gene. Therefore, snoRNAs seem to have higher stability than
their hosts, which might be explained by innate features or by
their function(s). This might be the case for instance for snoR-
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NAs targeting 28S rRNA which are in average more abundant
than those targeting 18S rRNA (Supplementary Figure S6C).
However, once snoRNAs are segregated by the number of
Nm targets, it becomes visible that (a) 2-Nm-targeting snoR-
NAs mostly associate with 28S rRNA, (b) they are less abun-
dant than 1-Nm targeting snoRNAs while (c) 1-Nm-targeting
snoRNAs that target 18S rRNA are less expressed than those
targeting 28S rRNA (Supplementary Figure S6D). We do not
have a simple explanation for these observations at the mo-
ment. One hypothesis is that different RNP may associate with
snoRNA on the 18S versus 28S, which would differently af-
fect their stability. The same would be true for 1-Nm versus
2 Nm targeting snoRNAs. An alternative hypothesis is that
these snoRNAs could be more often involved in non-canonical
functions (e.g. mRNA splicing, miRNA and piRNA precur-
sor, Nm on tRNAs), requiring therefore a higher abundance
of transcripts (63-66). More experiments would be required
to test these possibilities.

The only way currently to study the function of indi-
vidual Nm sites is through the depletion or knock-out of
their corresponding snoRNAs. While both are feasible in D.
melanogaster, the annotation of C/D box snoRNAs and their
rRNA targets were outdated. We therefore curated the co-
ordinates of expressed snoRNAs and improved considerably
rRNA target predictions in a traceable manner. We used only
snoScan to predict canonical rRNA targets, yet we find it
to be the most complete tool as it covers the limitations of
other tools: snoReport looks for C/D box motifs in stringent
positions and structure constraints, PLEXY requires know-
ing aforehand the location and sequence of D/D’ boxes and
snoGlobe seeks only for anti-sense element complementarity,
but not for C/D boxes (67-69). Here, we propose bona fide
predictions for 106 C/D box snoRNAs, a quarter of which
were predicted to be an exclusive match for 27 individual
Nm sites. This feature is particularly interesting for gener-
ating single-snoRNA mutants and studying the demethyla-
tion of single Nm sites. The 12 snoRNA detected in previ-
ous work but not ours are perhaps not expressed in the tis-
sues and developmental stages we examined or not covered
enough by our sequencing (Figure 3A). As for the remaining
non-expressed 27 genes, there is no evidence of expression
in the literature and they have now been withdrawn from
the current FlyBase annotation (Figure 3A). Finally, our de
novo search for non-annotated snoRNAs yielded only one
candidate, snoRNA:CD78, that could be a IncRNA-derived
snoRNA (70). We cannot exclude that future tools or dif-
ferent parameters could reveal new C/D box snoRNAs in
D. melanogaster.

The canonical role of snoRNAs is guiding chemical modi-
fications on rRNAs. Based on this, about two-thirds of C/D
box snoRNAs in D. melanogaster were named after the main
rRNA target-nucleotide, the annotation of which has been up-
dated since the last snoRNA naming. Because there is grow-
ing evidence that snoRNAs are involved in the modification of
other RNAs and mechanisms (64,68,71) but also because we
generated more consistent rRNA target predictions, we saw
the need to propose a harmonised and less rRNA-centered
nomenclature. The latter is free of any association to specific
targets and only reveals the class it belongs to through the
prefix ‘snoRNA:CD’. As this prefix is followed by a numeric-
based index, it can easily be extended in the future by any new
snoRNA gene or isoform (Table 1). In addition, we did not
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wish to pick the same index as human for conserved snoRNAs
as there is no strict 1-to-1 match for all snoRNAs. Instead, our
numbering of D. melanogaster snoRNAs follows their order
of publication. Both the new nomenclature and revised coor-
dinates will be integrated into FlyBase.

As part of other modulable features that contribute to ri-
bosome heterogeneity, rRNA modifications are also thought
to shape the translatome (72). This specialisation has been
observed during development and to a lesser extent in re-
sponse to environmental cues (73,74). rRNA modifications
are perhaps not surprisingly resistant to the latter (36,75).
Given they are mostly deposited during ribosome biogenesis
and that their half-life is in the order of several hours in bac-
teria and 3-5 days in mammalian cells, a certain degree of
ribosomal turnover must occur to observe changes (BioNum-
bers 108025, 108023, 110053) (56,76,77). In addition, there
are no enzyme known to erase rRNA modifications. Based on
literature, we selected environmental stresses that affect ribo-
some composition or abundance. So far, heat is the only stress
known to affect rRNA modifications, particularly in T. ko-
dakarensis where the number of acetylated cytidines increases
dramatically when these archaea are grown in 85°C instead of
55°C (61). Other stresses such as acute nutrient deprivation or
oxidative stress can affect RNA modifications indirectly by re-
ducing the number of ribosomes or damaging their integrity,
respectively (78,79). With these examples in mind, we tested
oxidative, nutrient and heat stresses for 8 to 10 days, a dura-
tion that is sufficient for significant renewal of the ribosome
pool. The mild difference observed in 6 Nm sites across all
stresses could not be linked neither to a change of the cor-
responding snoRNA expression, nor to the expression of the
stand-alone CG8939 (data not shown). This very limited vari-
ation of Nm levels indicate that Nm modification machin-
ery is very resistant to ambient stresses in D. melanogaster.
Yet the significant variation of certain Nm sites we ob-
served might serve as a functional response to adapt to the
environment.

In conclusion, our work opens the door to studying the role
of rRNA Nm sites at the whole organism level. With a confi-
dent map of Nm sites and a better characterized set of match-
ing snoRNAs, it will become feasible to individually manipu-
late Nm sites and study their function in specific tissues and
developmental stages.

Data availability

Basecalled FASTS of nanopore direct RNA sequencing runs
have been deposited to ENA, under accession code PR-
JEB45722. Predicted rRNA modifications in D. melanogaster
(based on homology to known human rRNA modifications),
EpiNano RNA modification scores, as well as the code to
perform EpiNano score analysis per k-mer and de novo dis-
covery of Nm sites, can be found in Zenodo (https://zenodo.
org/record/8271283). TGIRT-seq fastq files and read counts
obtained with CoCo are publicly available in NCBI’s Gene
Expression Omnibus (GEO) and are accessible under GEO
Series accession number GSE233853 and GSE241399. Ri-
boMethSeq fastq files and score tables are accessible under
GSE241400.

Supplementary data
Supplementary Data are available at NAR Online.
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