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Table 1. New nomenclature for ribosomal proteins
New 
name#

Taxonomic 
range*

Bacteria name Yeast name Human name New 
name#

Taxonomic 
range*

Bacteria name Yeast name Human name

uL1 B A E L1 L1 L10A bS1 B S1 – –
uL2 B A E L2 L2 L8 eS1 A E – S1 S3A
uL3 B A E L3 L3 L3 uS2 B A E S2 S0 SA
uL4 B A E L4 L4 L4 uS3 B A E S3 S3 S3
uL5 B A E L5 L11 L11 uS4 B A E S4 S9 S9
uL6 B A E L6 L9 L9 eS4 A E – S4 S4
eL6 E – L6 L6 uS5 B A E S5 S2 S2
eL8 A E – L8 L7A bS6 B S6 – –
bL9 B L9 – – eS6 A E – S6 S6
uL10 B A E L10 P0 P0 uS7 B A E S7 S5 S5
uL11 B A E L11 L12 L12 eS7 E – S7 S7
bL12 B L7/L12 – – uS8 B A E S8 S22 S15A
uL13 B A E L13 L16 L13A eS8 A E – S8 S8
eL13 A E – L13 L13 uS9 B A E S9 S16 S16
uL14 B A E L14 L23 L23 uS10 B A E S10 S20 S20
eL14 A E – L14 L14 eS10 E – S10 S10
uL15 B A E L15 L28 L27A uS11 B A E S11 S14 S14
eL15 A E – L15 L15 uS12 B A E S12 S23 S23
uL16 B A E L16 L10 L10 eS12 E – S12 S12
bL17 B L17 – – uS13 B A E S13 S18 S18
uL18 B A E L18 L5 L5 uS14 B A E S14 S29 S29
eL18 A E – L18 L18 uS15 B A E S15 S13 S13
bL19 B L19 – – bS16 B S16 – –
eL19 A E – L19 L19 uS17 B A E S17 S11 S11
bL20 B L20 – – eS17 A E – S17 S17
eL20 E – L20 L18A bS18 B S18 – –
bL21 B L21 – – uS19 B A E S19 S15 S15
eL21 A E – L21 L21 eS19 A E – S19 S19
uL22 B A E L22 L17 L17 bS20 B S20 – –
eL22 E – L22 L22 bS21 B S21 – –
uL23 B A E L23 L25 L23A bTHX B THX – –
uL24 B A E L24 L26 L26 eS21 E – S21 S21
eL24 A E – L24 L24 eS24 A E – S24 S24
bL25 B L25 – – eS25 A E – S25 S25
bL27 B L27 – – eS26 E – S26 S26
eL27 E – L27 L27 eS27 A E – S27 S27
bL28 B L28 – – eS28 A E – S28 S28
eL28 E – – L28 eS30 A E – S30 S30
uL29 B A E L29 L35 L35 eS31 A E – S31 S27A
eL29 E – L29 L29 RACK1 E – Asc1 RACK1
uL30 B A E L30 L7 L7
eL30 A E – L30 L30
bL31 B L31 – –
eL31 A E – L31 L31
bL32 B L32 – –
eL32 A E – L32 L32
bL33 B L33 – –
eL33 A E – L33 L35A
bL34 B L34 – –
eL34 A E – L34 L34
bL35 B L35 – –
bL36 B L36 – –
eL36 E – L36 L36
eL37 A E – L37 L37
eL38 A E – L38 L38
eL39 A E – L39 L39
eL40 A E – L40 L40
eL41 A E – L41 L41
eL42 A E – L42 L36A
eL43 A E – L43 L37A
P1/P2 A E – P1/P2 (AB)

#b: bacterial, e: eukaryotic, u: universal.
*B: bacteria, A: archaea, E: eukaryotes. from Ban et al., 2014

Small subunitLarge subunit
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Schematic view of the main pre-rRNA processing steps in human cells. The primary transcript 47S 
contains the embedded sequences of the mature 18S, 5.8S and 28S rRNAs, flanked by 5'ETS and 3'ETS 
and separated by ITS1 and ITS2. At each cleavage step, a coloured arrowhead marks the cleavage site and 
the subsequent products are represented downstream of an arrow of the same colour. Thus, alternative  
pathways are represented in different colours. 3' to 5' or 5' to 3' exonucleases are represented by 
crunching smileys with its jaws wide open. From the 32.5S intermediate on, two alternative forms exist 
differing in the 5' end of the 5.8S sequence, represented by a dashed-border white extremity. The last 
maturation steps of 18S and 5.8S rRNAs take place in the cytoplasm.
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Abstract: Ribosomal RNA (rRNA) undergoes post-transcriptional modification of over 200 nucleotides,
predominantly 2′-O-methylation (2′-O-Me). 2′-O-Methylation protects RNA from hydrolysis
and modifies RNA strand flexibility but does not contribute to Watson-Crick base pairing.
The contribution of 2′-O-Me to the translational capacity of ribosomes has been established.
Yet, how 2′-O-Me participates in ribosome biogenesis and ribosome functioning remains unclear.
The development of 2′-O-Me quantitative mapping methods has contributed to the demonstration
that these modifications are not constitutive but rather provide heterogeneity to the ribosomal
population. Moreover, recent advances in ribosome structure analysis and in vitro translation assays
have proven, for the first time, that 2′-O-Me contributes to regulating protein synthesis. This review
highlights the recent data exploring the impact of 2′-O-Me on ribosome structure and function,
and the emerging idea that the rRNA epitranscriptome is involved in translational control.

Keywords: 2′-O-methylation; ribosomal RNA; fibrillarin; snoRNP; ribosome heterogeneity; mRNA
translation

1. Introduction

Chemical modification is a major mechanism that regulates the properties and functions of
biological molecules. RNAs are no exception and modifications are found in all classes of RNA and
in all living organisms. To date, at least 171 types of modifications have been identified (Modomics
database, http://modomics.genesilico.pl) [1]. Ribosomal RNA (rRNA) bases undergo several types
of modifications either through the addition of chemical groups, such as methyl- or acetyl-groups,
or through the isomerization of uridine into pseudouridine (ψ). The ribose is also subjected to
modifications by the addition of a methyl group at its 2′ position (2′-O-methylation, 2′-O-Me).
Moreover, several nucleotides are subjected to multiple sequential modifications. The number of
modified nucleotides increases from 33 in bacteria to 112 in yeast and over 210 in humans, a tendency
that parallels not only the growing size and complexity of the ribosome but also the increased
complexity of translational programs [2–4]. Deciphering the molecular roles and biological functions
of these modifications is one of the greatest challenges of modern biology. This review focuses on
recent progress regarding rRNA 2′-O-methylation and its contribution to the functioning of human
ribosomes and messenger RNA (mRNA) translation.

2. Adding 2′-O-Methylation to Eukaryotic rRNA: How, Where, and When?

2′-O-Methylation is added to rRNA post-transcriptionally by ribonucleoprotein (snoRNP)
complexes containing C/D box family small nucleolar RNAs (snoRNAs), thus termed C/D snoRNP
complexes, in which the snoRNA defines the nucleotide to be methylated by sequence complementarity
with rRNA (Figure 1). snoRNA-mediated guidance is also used to specify ψ sites (see [5]). This differs

Biomolecules 2018, 8, 106; doi:10.3390/biom8040106 www.mdpi.com/journal/biomolecules
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from stand-alone enzymes that directly ensure substrate specificity and represents the main mechanism
of base modification. However, there are some exceptions, for instance, the acetylation of two bases of
the yeast 18S rRNA, the modification of which is carried out by Kre33, and substrate specificity guided
by snoRNAs snR4 and snR45 [6]. The assembly and composition of C/D snoRNP complexes have been
reviewed extensively and is simply summarized herein [2,7–9]. In addition to one C/D box snoRNA,
C/D snoRNPs contain the methyltransferase fibrillarin (FBL, Nop1 in yeast), the RNA binding protein
15.5K (also named NHP2L1, and Snu13 in yeast), and the heterodimer of two closely related proteins
NOP56 and NOP58. Methyltransferase fibrillarin uses S-adenosyl methionine (SAM) as the methyl
donor. C/D box snoRNAs are defined by two conserved sequences named C (RUGAUGA, where R is
a purine) and D boxes (CUGA), which are usually present in duplicate (the second set is marked C′

and D′) and flank an antisense sequence to the targeted rRNA. C/D box snoRNPs are structured in a
manner that positions the catalytic site of FBL directly opposite the nucleotide to be methylated, within
the duplex formed by the guiding snoRNA and the targeted rRNA, precisely five nucleotides upstream
of a D box (or D′) [10–12]. The archaeal C/D sRNP complex is the main model used to study this
structure, due in part to the difficulty in assembling the eukaryotic snoRNP complex in vitro. Some
controversy remains as to how the complex is specifically organized. Several studies have revealed
how rRNA/snoRNA base pairing, 15.5K (named L7ae in archaea), and the NOP56/NOP58 dimer
(Nop5 homodimer in archaea) are instrumental in positioning the FBL catalytic site and the methyl
donor SAM within close proximity of the 2′-OH group to be methylated [12–15].

Figure 1. Schematic representation of the C/D box snoRNP complex, depicting the main features of
the complex according to both biochemical data and structural studies using an archaeal complex.
The C and D boxes are depicted with their consensus sequence. The substrate ribosomal RNA
(rRNA, red) forms an RNA:RNA duplex with the snoRNA along 10–21 nucleotides (nt). The catalytic
site of fibrillarin (FBL) faces the fifth nucleotide downstream of the D or D′ boxes (yellow star).
The 15.5K protein specifically binds a k-turn motif. The NOP56:NOP58 heterodimer (which is
a homodimer in archaea) forms two long alpha helices that are placed across the snoRNA:rRNA
complex and contribute to locking FBL in its active position. rRNA: ribosomal RNA; snoRNA: small
nucleolar ribonucleoprotein.



Biomolecules 2018, 8, 106 3 of 13

In humans, C/D box snoRNAs (or SNORD) are 70–120 nucleotides (nt) long and are mainly
encoded within introns of coding genes, and processed from lariat introns upon mRNA splicing. Since
many snoRNAs are encoded by genes associated with ribosomal biology, such as ribosome biogenesis
factors or ribosomal proteins, it is expected that this genomic organization promotes co-regulatory
mechanisms, although this remains to be demonstrated. C/D box snoRNP particles are assembled
via a multi-step process, involving chaperone and helicase activities carried out by complexes such as
R2TP [16–19], which ensures the loading of 15.5K, NOP58, NOP56, and FBL proteins onto the C/D
box snoRNA. During this process, 15.5K will specifically bind to a k-turn structure within the C/D
box. C/D box snoRNP assembly takes place in part within the Cajal bodies (one of the preeminent
nuclear domains involved in small non-coding RNA maturation) before the complex migrates to the
nucleolus where it operates at an early stage of ribosome biogenesis, likely within or at the edge of the
dense fibrillar component.

Evaluating the timing of 2′-O-Me has been a long-standing issue. Early studies demonstrated that
2′-O-Me is a nuclear event [20]. More recently, in an elegant series of isotope labeling experiments,
data fitting and mathematical modeling, Tollervey’s laboratory provided the first dataset showing that
a large portion of 2′-O-Me occurs co-transcriptionally in yeast, with the 18S rRNA precursor being
almost fully modified before its release from the RNA polymerase I (Pol I) complex [21]. Quantitative
site-specific analysis comparing chromatin-associated RNA with mature rRNA further confirmed the
general principle established by labeling assays [22]. In addition, it revealed that in yeast, even at a
very early stage, before the 18S rRNA is cleaved from the pre-rRNA, all but one position of the 18S
rRNA (18S-Am100) displayed over 80% of their final level of modification. Accordingly, the 25S rRNA
sites are less methylated in the RNA Pol I-associated pre-rRNA [22]. Thus, the current knowledge on
the timing of 2′-O-Me in yeast cells supports a general model in which rRNA is modified at a very
early stage of ribosome biogenesis and is likely to be completed before rRNA is fully assembled as
ribosomal pre-subunits. It remains to be determined whether such a model applies to human rRNAs,
which display partially methylated nucleotides (see below).

In most cases, a 2′-O-Me position is modified by a unique C/D box snoRNA so that single
SNORD/2′-O-Me associations can be defined. However, there are a few cases of combinatorial
associations, such as C/D snoRNAs modifying several sites (e.g., SNORD50A modifies 28S-Cm2848
and 28S-Gm2863 in humans) or 2′-O-Me positions modified by more than one C/D snoRNA
(e.g., 18S-Am668 by SNORD36A and SNORD36B, both encoded by the RPL7A gene in humans).
How such SNORD combinations contribute to regulating 2′-O-Me remains obscure.

3. 2′-O-Methylation as a Source of Heterogeneity: All Ribosomes Are Not Created Equal

In line with other RNA chemical modifications, detecting and measuring 2′-O-Me remains
challenging [23]. 2′-O-Me detection methods have previously been extensively reviewed and are
only summarized herein [23–26]. Detection of 2′-O-Me is based essentially on two properties of 2′-O-
methylated RNA. First, 2′-O-Me replaces the 2′-OH group, thus rendering methylated RNA resistant
to hydrolysis compared to unmethylated RNA. Second, 2′-O-Me tends to block retro-transcription of
RNA into complementary DNA (cDNA) when the reaction is performed under non-optimal conditions
(e.g., low deoxy-nucleoside triphosphate (dNTP) concentration). Both properties have been used
for site-by-site analysis and were exploited only recently for global mapping in a single experiment
using RNA-sequencing based methods [16,19]. All RNA-sequencing based approaches provided
qualitative mapping to identify 2′-O-Me positions and revealed novel perspectives in ribosome biology
but also in the field of epitranscriptomics. Of note, the method called Nm-seq appears to be one
of the most sensitive methods and allows the detection of 2′-O-Me even from scarce amounts of
RNA, including mRNA and non-coding RNA [27]. This is achieved by means of iterative cycles
of oxidative-elimination-dephosphorylation reactions, which sequentially eliminate 2′-unmodified
nucleotides from 3′ to 5′ and leave the 2′-O-methylated sites intact. In the final step, dephosphorylation
is prevented so that only RNA fragments with a 2′-O-methylated 3′ end possess a 3′-OH at their 3′
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end, and can be ligated for library preparation. Consequently, 2′-O-Me sites generate a positive signal
and not a lack of signal, in contrast to the methods based on the inhibition of retro-transcription (RT)
reaction or of hydrolysis. Among these novel mapping methods, RiboMeth-seq has emerged as the
only method that consistently detects all known 2′-O-Me sites in yeast and human rRNAs [22,28–30].
Most importantly, RiboMeth-seq is the only available method for the quantitative evaluation of 2′-O-Me
levels at each position, thus providing information on potential 2′-O-Me variations and providing
2′-O-Me profiles [22,29]. At present, two different protocols have been published. The first one was
reported by Nielsen’s group and the second alternative protocol, which uses very low amounts of
starting material, was reported by Motorin’s group [22,28–31].

The repertoire of 2′-O-Me was recently updated by Krogh and colleagues and contains a list of
106 validated sites, as well as two additional strong candidate sites that currently lack clear evidence
by mass spectrometry [28,30]. These 106 2′-O-methylated nucleotides were considered validated
using several approaches: (1) biochemically [24]; (2) RiboMeth-seq; (3) mass spectrometry (if new
or uncertain); and (4) verifying that at least one guide C/D box snoRNA had been attributed to
the corresponding nucleotide environment. This list is expected to grow as nucleotides that are
modified either at a low level or only in specific biological contexts have not yet been validated by
several independent techniques. At present, several novel candidate nucleotides have been published
using different high confidence 2′-O-Me mapping techniques [27,32,33]. In addition, a set of 14 novel
2′-O-Me positions were exposed based on rRNA:snoRNA interactions and unveiled by cross-linking
immunoprecipitation (CLIP) with antibodies against FBL, NOP58, and NOP56 [34]. It is critical that
the RNA-modification databases are updated because new 2′-O-Me sites (and other modifications) are
being discovered and validated.

2′-O-Me was considered to be a constitutive and universal modification, leading to the alteration
of each site in every ribosome of the cell. Such a dogma stemmed from the methods used that were
unable to detect small differences in the level of modification [24,35], and from the observation that in
yeast, one of the historical 2′-O-Me models, rRNA display complete methylation at almost all sites in all
ribosomes. Yet, evidence of fractional methylation of 5.8S-Um14 was provided in early studies based on
nuclease fragmentation of 5.8S rRNA in mammalian tissue and HeLa cells [36,37] and more recently in
yeast at the 18S-Am100 position using DNAzyme-based hydrolysis and LC-UV-MS/MS analysis [38].
This view of the rRNA 2′-O-Me landscape has largely evolved based in part on RiboMeth-seq data
that showed that some specific positions in yeast rRNA are partially methylated [22,29]. This was
further supported by large-scale MS-based analyses and mung bean nuclease assays followed by
RP-HPLC [39,40].

Whether 2′-O-Me profiles of yeast rRNAs can vary under various physiological conditions remains
to be explored. In humans, evidence of fractional 2′-O-Me was obtained using a semi-quantitative
method based on the inhibition of the RT-reaction followed by qPCR, and revealed that 2′-O-Me levels
at some sites varied among rRNAs from breast cancer cells at various stages of tumorigenesis and
tumor progression [41,42]. Recent RiboMeth-seq based studies also demonstrated that methylation is
partial (i.e., <80%), around a third of the 106 sites in exponentially growing cultured cells [28,30,31,34].
Having a number of partially methylated sites implies that the pool of ribosomes is heterogeneous in
composition and that subpopulations of differentially methylated ribosomes co-exist (i.e., ribosomes
that lack methylation at several sites). Hence, the complete set of 2′-O-Me is not required for rRNA
assembly in a human ribosome as was initially assumed based on studies in yeast. This finding
was corroborated by small interfering RNA (siRNA) results, which showed that FBL knockdown
resulted in the production of ribosomes displaying up to 50% less 2′-O-Me [30]. Importantly, these data
demonstrate that cells tolerate the production of partially methylated ribosomes (Figure 2). Overall,
2′-O-Me contributes to shaping a wide variety of ribosomes, thus creating ribosomal heterogeneity.

Mechanistically, the regulation of 2′-O-Me profiles is uncertain. siRNA knockdown studies
unexpectedly revealed that changes in the FBL level result in a site-specific decrease in 2′-O-Me
instead of a global and homogeneous decrease across all 2′-O-Me sites [30,31]. This indicated that the
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mechanisms regulating 2′-O-Me act in a site-by-site manner rather than globally. A likely regulatory
mechanism resides in the modulation of the level of methylation at corresponding sites through changes
in the expression of some C/D snoRNAs, depending on physiopathological conditions. Indeed,
several examples have been reported in cancer, including significant changes in SNORD expression in
leukemia and lung cancer [43–46]. Some of these were shown to contribute to tumorigenesis, such as
SNORD50 in lymphoma and prostate cancer or SNORD78 in lung cancer [47]. However, their impact
on modulating 2′-O-Me levels at the associated rRNA site remains to be addressed. Although these
examples illustrate putative variations of 2′-O-Me via changes in snoRNA expression, the first analyses
comparing 2′-O-Me profiles and snoRNA expression levels in cultured cells using omics approaches
failed to establish any global correlation [28,31], thus suggesting that C/D box snoRNA levels may not
be the primary 2′-O-Me regulatory mechanism. Additional mechanisms should be considered, such as
the variable catalytic efficacy of individual C/D box snoRNPs. Post-translational modifications of FBL
or its partners [48] could also contribute to this regulation, together with the structure of the snoRNA
itself, since in vitro methylation assays revealed that D and D′ boxes can display variable catalytic
efficacy and that the complementary sequence and its flanking sequences also influence the activity of
the complex [12,15,49]. Another possibility is that additional factors might regulate the core snoRNP
complex and its function. For instance, it was shown that uL13 protein (also named RPL13a) contributes
to rRNA 2′-O-Me and can be pulled down with FBL and the snoRNA U15 [50]. Finally, it should be
noted that the nucleolus is a very dense nuclear domain in which the probability of molecular interactions
can be either reduced due to competitive binding to the same substrate or facilitated by a molecular
crowding effect [51,52]. Whether this particular nucleolus environment influences the probability of
snoRNPs finding their target and regulating 2′-OMe pattern remains to be explored.

The demonstration that 2′-O-Me is not constitutively added in all ribosomes and that cells tolerate
the production of partially modified ribosomes represents major evidence of ribosome plasticity
through composition variation. It is now critical to determine whether 2′-O-Me-mediated ribosomal
heterogeneity takes place in normal and pathological tissues. Interestingly, genetically encoded
variations in ribosome composition have been reported for ribosomal proteins, but they remain to be
identified in rRNA [53,54].

Figure 2. Model of 2′-O-methylation (2′-O-Me) profile modulation and its consequence on the intrinsic
translational activity of ribosomes. In this model, we represent two possible states: a steady state and
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a modified state. Following a change in C/D box snoRNP activity (e.g., change in FBL or SNORD
expression) during ribosome biogenesis, 2′-O-Me levels change in a site-specific manner as revealed
in [30,31] (unchanged level: blue dots; decreased level: red dots; increased level: purple dots).
2′-O-Me is altered in key functional regions of the ribosome, including the inter-subunit bridges,
the decoding center (DC), and the peptidyl-transferase center (PTC), the latter being located close to
the transfer RNA (tRNA) binding sites (A: aminoacyl-tRNA binding site; P: peptidyl-tRNA binding
site; and E: exit site) [25,26]. The ribosomal population changes in its composition and variety (gray,
orange, and purple ribosomes). When tested in an in vitro cell-free translation assay, these ribosomal
populations exhibit a differential translational activity [25]. mRNA: messenger RNA; snoRNA: small
nucleolar ribonucleoprotein; SNORD: C/D box snoRNA gene.

4. 2′-O-Methylation Contribution to Ribosome Structure and Function

A key, yet unresolved issue is determining to what extent the presence or absence of 2′-O-Me
modulates rRNA folding, dynamics, and interactions with RNAs (including rRNA, mRNA, tRNA)
and ribosomal proteins. 2′-O-Me is one of the RNA modifications that does not directly alter the
Watson-Crick laws governing base pairing, making its contribution to RNA structure and function even
more complex to anticipate. In addition to protecting RNA from hydrolytic cleavage, a well-known
consequence of 2′-O-Me is the stabilization of the nucleotide conformation (i.e., the C3′-endo puckering
of the ribose moiety), which is favored in RNA strands due to the OH group [55]. In addition, 2′-O-Me
restricts the rotational freedom of 3′-phosphate, thus potentially restricting RNA strand conformation
and flexibility. Similar consequences apply to the RNA duplex. Indeed, the 2′-O-methylated
RNA duplex displays hydration patterns, helix winding, and base tilting that are slightly different
from non-2′-O-methylated RNA duplexes and indicate that 2′-O-Me may influence RNA helix
flexibility [56,57].

There are no published follow-up studies focusing on the role of 2′-O-Me on RNA conformation,
such as single strand rRNA or rRNA:protein complexes, that are found within ribosomes, and the
field has thus not been updated for several years. Fortunately, recent progress in structural analysis
of entire ribosomes has enabled the visualization of some rRNA modifications and unraveled their
involvement in molecular interactions. Steitz’s laboratory reported a crystal structure of bacterial
ribosome at a 2.3–2.5 Å resolution revealing several rRNA modifications including 2′-O-Me, and
showed that they establish contact with ribosome ligands between the ribosomal subunits and within
rRNAs [58]. For example, 2′-O-Me contributes to hydrophobic interactions between nucleotides,
and 2′-O-methylated nucleotides, such as 23S-Gm2251 and 23S-Um2552, establish contacts with
the CCA-end of tRNAs located both in A and P sites. Notably, these modifications are highly
conserved across species, suggesting that they play an important role in shaping ribosome structure.
There has also been a dramatic improvement in the resolution of the structure of large complexes
using cryo-electron microscopy (cryoEM), which has granted access to the structure of human and
other eukaryotic ribosomes [59–61]. Using improved cryoEM and refinement methods during image
processing, Klaholz’s laboratory obtained structures at a resolution of up to 2.5 Å for human ribosomes
and visualized 130 rRNA modifications including 57 2′-O-Me [61]. This study further demonstrated
the role of 2′-O-Me in local and global stabilization of the rRNA structure, particularly in more
flexible rRNA regions, such as bulges, hairpin loops, and rRNA-specific structural elements, such
as k-turn or A-minor motifs. Overall, these studies have supported a contribution of 2′-O-Me and
other rRNA modifications to the stabilization rRNA folds and the establishment of interactions
not provided by non-modified nucleotides within functionally important regions of the ribosome.
However, determining the structural impact of 2′-O-Me by comparing ribosomes carrying either
methylated or non-methylated nucleotides will be essential. In yeast, footprinting of rRNA previously
demonstrated that removal of 2′-O-Me and pseudouridylation alters the accessibility of rRNA [62].
Thus, data on 2′-O-Me localization within the ribosome and on their contribution to rRNA structure
strongly support that 2′-O-Me contributes to ribosome function.
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The role of 2′-O-Me on ribosome functioning and mRNA translation was initially explored in
yeast in a series of studies in which both 2′-O-Me and ψ were selectively removed from key regions of
the ribosome, such as the subunit interface, the peptidyl-transferase center, and the decoding center
by introducing mutations into the corresponding snoRNA guide [62–65]. Similar observations were
made for 2′-O-Me and ψ individually, and led to the conclusion that the lack of chemical modifications
in at least two to three positions was necessary to observe an impact on cell growth and on the
protein synthesis capacity of yeast cells. This observation led to the belief that individual 2′-O-Me sites
were not essential to ribosome functioning. Nevertheless, additional data in yeast has indicated that
2′-O-Me contributes to regulating translational activity of the ribosomes, and may selectively affect
translation rather than regulating bulk protein synthesis. Indeed, it was shown that 2′-O-Me impacted
translation reliability and reproducibility and appeared to modify yeast phenotype when cells were
exposed to antibiotics, stresses, or poor growth conditions [66,67]. These data suggested that 2′-O-Me
might regulate translation of a subset of mRNAs, a hypothesis that is now supported by studies in
metazoan models.

While single SNORD knockout had no or little impact on yeast cells, knocking down the
expression of single snoRNAs had severe consequences on zebrafish embryonic development,
suggesting that complex metazoan genetic programs require the full potential of ribosome 2′-O-Me [68].
Yet, this conclusion may have been hasty since lack of 2′-O-Me was verified at only one site (U26 target)
and further experiments were not carried out to exclude snoRNA host gene deficiency. The role of
2′-O-Me in regulating translation of selected mRNAs has been progressively demonstrated, first by
correlative observations between altered 2′-O-Me profiles and translation reporter assays in breast
cancer models [41,42], and second in models in which expression of the rRNA methyltransferase
FBL was knocked down [30,42,50,69]. Interestingly, modulation of FBL expression impacted mRNA
translation initiated from internal ribosome entry sites (IRES). Internal ribosome entry site elements
are highly structured RNA sequences that are able to recruit the small ribosomal subunit and initiate
translation in a process that short-cuts the cap structure at the 5′ end of mRNAs. This mode of
initiation is highly stimulated under stress when cap-dependent translation is reduced or inhibited,
such as in response to heat shock, hypoxia, or viral infection. This concerns many cellular mRNAs
that are key to cell behavior and contain IRES elements, including growth factors and receptors
(e.g., IGF1R), apoptosis regulators (e.g., XIAP), oncogenes (e.g., c-Myc), and tumor suppressors (e.g.,
TP53) [70]. Using reporter assays, several independent studies established that modulation of FBL
expression differentially impacted translation from various IRES elements, suggesting that 2′-O-Me
might regulate mRNA selection by the ribosome. Of note, altering the pseudouridylation content
of ribosomes also led to changes in IRES-dependent translation that differed from the one observed
for 2′-O-Me, and further support that the two types of rRNA modifications modulate translation,
although with distinct regulatory outcomes. In addition to IRES-containing mRNAs, a ribosome
profiling analysis demonstrated that FBL modulation affects the translation of several other mRNAs,
thus expanding the subset of mRNAs the translation of which can be regulated by 2′-O-Me [30].
Interestingly, mRNA translation was either increased or decreased in response to 2′-O-Me profile
modulation, indicating that 2′-O-Me contributes to both stimulatory and inhibitory mechanisms [71].
These data suggest that modulation of FBL expression, and therefore of 2′-O-Me profile, likely impacts
several regulatory mechanisms that remain to be identified [30].

Importantly, alterations in translational regulation observed in previously described cellular
assays could be attributed to ribosomes. This was shown by means of an in vitro cell-free translation
assay, in which purified ribosomes were the only variable parameter [30,72]. While ribosomes
exhibiting an altered 2′-O-Me profile displayed similar translational activity on mRNA carrying
a GAPDH or actin 5′-UTR compared to control ribosomes, they exhibited a decreased ability to initiate
translation from the dicistrovirus IRES elements [30]. Thus, 2′-O-Me modulates the intrinsic ability
of ribosomes to initiate translation in a 5′-UTR-dependent manner (Figure 2). Of note, a similar
observation was made with ribosomes carrying an altered ψ content, further strengthening the
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central role of rRNA modifications in ribosome functioning and translational control [73]. Further
exploration of in vitro cell-free assays [72,74] should help decipher which steps of the translation
process are controlled by rRNA chemical modifications and identify target mRNAs. Altogether,
these studies demonstrate that 2′-O-Me represents a novel molecular support for mRNA translation
and contributes to the functional specialization of the ribosome. Deciphering how 2′-O-Me and
other RNA modifications regulate translation will be a challenge in the coming years. Indeed, the
precise molecular mechanisms governing the translational efficacy of a given mRNA remains partially
understood. mRNAs are associated with many factors (cap-binding complex, RNA binding proteins,
microRNAs) that modulate the recruitment of the 40S and 60S subunits. The ribosomal subunits
play a significant regulatory role in this process, at least through subunit-bound factors. For example,
the 40S-associated eIF3 "canonical" translation initiation complex was shown to carry a selective
preference toward particular mRNA 5′-UTR sequences, thus modulating the translational efficacy of
mRNA subsets [75]. Some 2′-O-Me rRNA may modulate the ribosome-bound proteomes that will
either favor or restrict the recruitment of specific mRNA subsets. Another possibility is that 2′-O-Me
regulates the direct interaction of the mRNA complexes with rRNA as suggested for mRNAs on which
translation can be initiated in a cap-independent manner [70].

5. Perspective: Towards an rRNA-Based Epitranscriptomic Control of mRNA Translation

rRNA 2′-O-methylation was considered to be a constitutive chemical modification that optimized
the functioning of higher eukaryotic ribosomes. Consequently, its role was underexplored in
studies aiming at deciphering mechanisms involved in translational regulation. Several recent
technical and conceptual breakthroughs have challenged this view and drawn attention to these
mysterious modifications: first, the "specialized ribosome" concept, which has fueled new interest in
ribosome functioning; and second, rRNA modification detection by omics-based mapping methods
and by high-resolution structural techniques. Based on recent technical advances, new evidence
supports this novel view of 2′-O-Me in different fields. Indeed, variability in 2′-O-Me and in
the expression of 2′-O-methylation factors (FBL, C/D box snoRNAs) and in their contribution to
particular cellular phenotypes have been investigated in various physiological contexts, including
brain development [76,77] and stem cells [78], as well as pathological contexts, such as cancer [47,79,80]
and genetic diseases [81].

In the context of translation, ribosomal diversity induced by 2′-O-Me heterogeneity stands to
reason. Translation relies on a delicate molecular process that ensures not only the proper decoding of
mRNA and peptide assembly but also the accommodation of a large variety of mRNAs. Consistently,
it is not surprising that such a process relies on a variety of ribosomes. Recent publications on rRNA
2′-O-methylation [30], as well as rRNA pseudouridylation [73] and ribosomal proteins [82], have paved
the way for further demonstrations of this novel concept.

Within chromatin, epigenetic regulatory mechanisms rely primarily on chemical modifications
of both histones and DNA that modulate the use of the underlying DNA sequence. It is very
tempting to establish a parallel with mRNA translation, and thus to propose that rRNA modifications
represent a molecular support of an rRNA-mediated epitranscriptomic regulation of mRNA translation.
The variation in 2′-O-Me profiles, the identification of potential hyper-sensitive 2′-O-Me sites [30,31],
and the contribution of 2′-O-Me to the intrinsic ribosomal activities make 2′-O-Me an excellent
candidate for rRNA epitranscriptomics. However, further studies should attempt to elucidate 2′-O-Me
sites that promote—individually or in combination—translational regulation events of particular
mRNAs. Adapting the composition of ribosome subpopulations would represent another means of
regulating subfamilies of mRNAs, contributing to particular cellular pathways at the translational level.

Undoubtedly, recently developed tools to quantitatively analyze 2′-O-Me profiles, to visualize
their role in the ribosome structure, and to evaluate translational regulation by ribosome profiling and
in vitro translation will be instrumental in breaking the ribosome code.
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Abstract (Nature 200-300 words with references/ usually 150 words for other journals)

Emerging evidence suggests that the human ribosome plays a key role in regulating 

translation through changes in chemical modification levels such as ribosomal RNA 2’O-

ribose methylation (rRNA 2’OMe), and thereby might contribute in setting particular 

phenotypes such as hallmarks of cancer cells {Marcel:2013jl, Erales:2017iz, Monaco:2018fp, 

Genuth:2018kb, Helm:2017eg}. Here we have analysed the rRNA 2’OMe in a large series of 

195 human primary breast tumours using the RiboMETH-seq approach {Birkedal:2015jf, 

Marchand:2017fr, Erales:2017iz}. We demonstrated that rRNA 2’OMe varies between human 

samples. Moreover, analysis of large-scale human series showed that the rRNA molecules 

can tolerate the absence of 2’OMe, however at some particular but restricted number of 

positions in humans. We identified the co-existence of stable and variant 2’O-ribose 

methylated positions along the human rRNA molecules. Differential association of rRNA 

2’OMe with breast cancer features, evolution and structure/function characteristics suggest 

the stable positions showing a low inter-variability might be required to maintain the core 

structure and thus the function of the ribosome, while the variant positions displaying high 

inter-variability might be the source of regulatory events. Data issued from rRNA 2’OMe

profiling of a large-scale human sample series reunites two divergent visions of the ribosome 

and sustain the emerging role of the ribosome as regulator of translation in cancer.
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Main text (1500 words)

Changes in ribosome composition at both ribosomal protein and RNA (rRNA) levels is an 

emerging mechanism that contributes in translational regulation and phenotype 

establishment, including in cancer {Genuth:2018kb, DallaVenezia:2019de, Xue:2012el}. The 

human ribosome is a ribonucleoprotein complex in which the 4 rRNAs (5S, 5.8S, 18S and 

28S) are chemically modified {Monaco:2018fp, Genuth:2018kb, Natchiar:2018gd}. The 

human rRNAs exhibit more than 210 chemical modifications out of which the 2’O-ribose 

methylation (thereafter 2’O-methylation) is one of the most abundant modifications with about 

106 described rRNA 2’O-methylated positions {Monaco:2018fp, Helm:2017eg, 

Natchiar:2018gd}. Originally the chemical modifications of the rRNAs were first identified in 

bacteria and yeast and were thought to be compulsory to maintain the highly conserved 

structure of the rRNAs on which the ribosome activity relies, through their involvement in 

RNA:RNA and RNA:protein interactions {Decatur:2002wf, Monaco:2018fp}. However, this 

idea has been highly challenged in the past few years. Thanks to the recent resolution of 

technological issues, including the development of RNA-seq based approaches dedicated to 

the profiling of rRNA 2’O-methylation {Helm:2017eg, Genuth:2018kb, Marchand:2016ey, 

Krogh:2016cu} or the improvement of cryo-EM resolution {Khatter:2015fs, Natchiar:2017ij, 

Natchiar:2018gd}, rRNA 2’O-methylation has been characterized in human cell lines, 

however in a few number. rRNA 2’O-methylation has been analysed in the ovarian HeLa

{Incarnato:2016cz, Krogh:2016cu, Erales:2017iz, Natchiar:2017ij} and PA1 cell lines

{Zhu:2017io}, in the colorectal HCT-116 cells {Sharma:2017fi, Krogh:2016cu}, and in the 

human embryonic kidney 293 cells {Gumienny:2017fi}. Alterations of rRNA 2’O-methylation 

have also been described in cellular models modelling tumour initiation and progression of 

solid and haematological cancers {Su:2014ha, Marcel:2013jl, Gachet:2018gy, Zhou:2017io}.

These studies demonstrated that the frequency of the methyl groups added at the 2’ position 

of the ribose could be different between the 106 nucleotide positions, suggesting the

existence of several ribosome populations exhibiting different rRNA 2’O-methylation profiles 
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within a single cell population. In parallel, we and others reported an association between 

variation in rRNA 2’O-methylation and modulation of translation efficiency of particular mRNA

subsets {Monaco:2018fp}. Modulation of rRNA 2’O-methylation in different cancer cellular 

models, has indeed been shown to regulate the translation of some cellular Internal 

Ribosome Entry Sites (IRES)-containing mRNAs, such as IGF1R or FGFR family members,

or of mRNAs encoding proteins involved in oxidative phosphorylation {Belin:2009kk, 

Marcel:2013jl, Gachet:2018gy, DSouza:2018fu, Su:2014ha}. Moreover, using cell-free in 

vitro translation assays, we recently demonstrated that modulation of rRNA 2’O-methylation 

directly affects IRES-dependent translation initiation of Cricket paralysis virus (CrPV) mRNA

{Erales:2017iz}. However at present, due to the lack of analyses of large-scale human series,

the fact that rRNA 2’O-methylation can vary in real-life situation, both between the 106 rRNA 

2’O-methylated positions and/or between human samples, remains a matter of discussion

{Monaco:2018fp, Genuth:2018kb}.

We hypothesized that the high heterogeneity of breast tumours {Prat:2015fr, Perou:2000if}

might be accompanied by a corresponding diversity in rRNA 2’O-methylation that can now be 

evaluated thanks to RiboMETH-seq {Helm:2017eg, Marchand:2016ey, Birkedal:2015jf}. This 

approach relies on the protection of the phosphodiester bond located at the 3’ of the 2’O-

methylated nucleotide from alkaline hydrolysis. The protection is measured by counting the 5’ 

end reads using RNA-seq and allows the determination of the frequency of 2’O-methylation 

at a given rRNA position using the surrounding nucleotides to estimate the value 

corresponding to the total rRNA molecules (i.e., C-score) {Birkedal:2015jf}. Since rRNA 2’O-

methylation has never been characterized on large series of human samples, we developed 

RiboMETH-seq-dedicated quality controls based on numerous metrics (see Methods). Using 

both human RNA reference samples combining human and foetal organs of different origins 

and analysed in five technical replicates, and 20 primary breast tumour samples analysed in 

duplicates, we showed a strong correlation in the 5’ end raw counts along the rRNA 

molecules and in the C-scores among the technical replicates (Extended Fig. 1-2),
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demonstrating that RiboMETH-seq is a reproducible and robust approach even when 

sequencing delicate biological material such as human frozen biopsies. 

We then investigated the variability of rRNA 2’O-methylation in a series of 195 primary breast 

tumours using RiboMETH-seq (Extended Table 1). The C-score was computed at the 106 

individual rRNA 2’O-methylated positions for each of the 195 breast tumours. Unsupervised 

analysis revealed variability in the C-scores (Fig. 1). The hierarchical clustering first showed 

that, for a given tumour, the C-scores at the 106 rRNA 2’O-methylated positions exhibit a

high variability (Fig. 1). In a given human sample and depending on the rRNA 2’O-

methylated position, the C-score can vary from 0 to 0.98, meaning that all the rRNA 

molecules are not 2’O-methylated at the given position in that particular human sample (C-

score = 0), that all the rRNA are 2’O-methylated at the given position (C-score = 1), or that 

the sample displays a mix of 2’O-methylated and un-2’O-methylated rRNA molecules at the 

given position (0 < C-score < 1). This corresponded to what previously reported in cellular 

models {Belin:2009kk, Marcel:2013jl, Sharma:2017fi, Erales:2017iz, Natchiar:2017ij, 

Krogh:2016cu}, indicating that like in cell lines, all rRNA molecules are not fully and equally 

2’O-methylated at the 106 positions in a single human sample.

The hierarchical clustering also showed that, for a given rRNA 2’O-methylated position, the 

C-scores display two distinct profiles when comparing the 195 human tumours (Fig. 1 and 

Extended Data Fig. 3a). In one hand, some rRNA 2’O-methylated positions exhibit low inter-

variability in their C-scores between the 195 tumour samples although they represent the

high diversity of breast cancer subtypes. In the other hand, some rRNA 2’O-methylated 

positions exhibit high inter-variability in their C-scores, that is however found for a limited 

number of positions. In particular, three rRNA 2’O-methylated positions (28S-Am1313, 28S-

Cm2352 and 28S-Gm3723) exhibited huge inter-variability, the C-scores ranging from 0 to > 

0.90 and the minimal C-score being observed in different tumours (Fig. 1 and Extended Data 

Fig. 3a). Position-by-position comparison of -score (C-score max – C-score min) 

between the 195 breast tumours and the 5 technical replicates of human RNA reference 
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samples indicates the high inter-variability in C-scores corresponds to a biological variability 

rather than a technical variability (Extended Data Fig. 3b). To clearly distinguish the two 

classes of rRNA 2’O-methylated positions showing either a low or high inter-variability in their 

2’O-methylation frequency, linear regression based on the C-score inter-variability measured 

by using interquartile range (IQR) was performed (Extended Data Fig. 3c). This analysis 

identifies 60 rRNA 2’O-methylation positions (56.6%) which exhibit the most stable C-scores 

between the 195 primary breast tumours, and 46 positions (43.4%) which exhibit the most 

variable C-scores (Fig. 2a and Extended Data Fig.4). These data demonstrate that rRNA 

2’O-methylation varies between human samples and suggest the co-existence of two classes 

of rRNA 2’O-methylated positions in humans.

To assess the biological significance of the co-existence of two classes of rRNA 2’O-

methylated positions displaying either the most “stable” 2’O-methylation frequency between 

human samples (thereafter termed “stable” positions) or the most “variable” 2’O-methylation 

frequency (“variant” positions), we evaluated the association between variations in C-score at 

the 106 rRNA 2’O-methylated positions and biological or clinical characteristics of primary 

breast tumours (Fig. 2b-c). No “stable” rRNA 2’O-methylated position shows association with 

any of the available characteristics of breast tumours. In contrast, we identified 4 variant 

rRNA 2’O-methylated positions whose C-score shows significant difference with breast 

cancer subtype, oestrogen and progesterone status, as well as tumour grade (Fig. 2c). For

example, C-scores of the 18S-Gm1447, 28S-Gm1303, 28S-Gm4588 positions decrease in 

the triple-negative breast cancer (TNBC) compared to the luminal tumours, and C-score of 

the 18S-Am576 position significantly increases in TNBC compared to luminal tumours (Fig. 

2b-c). Similar changes in rRNA 2’O-methylation were observed for the 18S-Gm1447 and 

18S-Am576 positions in luminal and TNBC cancer cell lines, reinforcing the human data

(Extended Data Fig. 5). Moreover, comparison of C-scores at the 106 rRNA 2’O-methylated 

positions in a series of 9 benign and 10 malignant mammary tumours revealed that decrease 

in C-score at 18S-Am576 is an hallmark of malignant tumours (Fig.2d). Finally, clustering 

breast cancer tumours on the basis of their C-scores at the 106 rRNA 2’O-methylated 
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positions tends to discriminate patients displaying the poorest overall survival and to identify 

patients who didn’t benefit from the conventional treatment protocol usually used for patient 

diagnosed with small tumour size (Extended Data Fig. 6). Overall, these data indicate that 

the variant rRNA 2’O-methylated positions, but not the stable ones, display variation in their 

2’O-methylation frequency that is correlated with particular mammary malignant features.

To further characterize the two classes of rRNA 2’O-methylated positions, we first compared 

their co-occurrence during evolution. An enrichment analysis showed an increased number 

of the variant rRNA 2’O-methylated positions, paralleled with a decreased number of the 

stable ones, in humans compared to the other life three branches (Fig. 3a). It suggests an 

association with appearance of the variant rRNA 2’O-methylated positions and evolution,

characterized by an increasing number of fine-tuning gene expression mechanisms. We then 

mapped the stable and variant rRNA 2’O-methylated positions on the human ribosome

structure {Khatter:2015fs, Natchiar:2017ij, Natchiar:2018gd}. It reveals an interesting 

distribution in space, where the decoding center (DC), the peptidyl-transferase center (PTC)

and the polypeptide exit tunnel (PET) are mostly decorated with stable 2’O-methylated 

positions, surrounded by some variant positions found in 1 or 2 nucleotide layers away from 

the catalytic sites (Fig. 3b-c). Moreover, 13 rRNA 2’O-methylated positions are found in 

various binding pockets of the A-, P- and E-site tRNAs, indicating that they possibly interact 

with the tRNAs in classical and various translocated states. These tRNA binding sites are 

mostly constellated with stable 2’O-methylated positions, with the exception of 4 variant 2’O-

methylated positions, 18S-Um627, 28S-Am3739, 28S-Gm4340 and 28S-Cm4426. The 28S-

Am3739 nucleotide is located at the hairpin loop of helix H69, whose 2’O-methylation may 

influence P-site tRNA binding. The 28S-Gm4340 is located at the CCA end region of the E-

site tRNA that provides favourable van der Waals contacts to the tRNA when 2’O-methylated

{Natchiar:2017ij}. In another region of the ribosome, the two stable 28S-Cm3787 and 28S-

Gm3771 positions are involved in base pairing at edge of helix H71 where termination factors

eRF1 and ABCE1 bind. We finally mapped on the structure of the human ribosome the 4



9  

variant rRNA 2’O-methylated positions whose variation in their 2’O-methylation frequency 

associates with biological and clinical features of breast cancer. Their mapping showed that 

they are located at the periphery of the PTC of the ribosomes, and they would be accessible 

for various ribosomal factors associating with ribosomes during translation (Fig. 3c-f). These 

data suggest that stable rRNA 2’O-methylated positions are mainly involved in conserved 

catalytic activities of the ribosome, while the variant rRNA 2’O-methylated positions may 

contribute to regulating interactions of the ribosome with different ribosomal factors involved 

in translational control. 

Altogether our data demonstrated that rRNA 2’O-methylation varies in humans although with 

distinct intensity depending on the rRNA 2’O-methylated position. First, it appears that rRNA

2’O-methylation varies between the 106 rRNA 2’O-methylated positions in a single human 

sample (0 < C-score < 0.98). It indicates that the rRNA molecules exist naturally as 

molecules not fully and equally 2’O-methylated at the 106 positions within a single human 

sample. Such observations have already been reported in cell line population however in few 

number of models {Belin:2009kk, Natchiar:2017ij, Sharma:2017fi, Krogh:2016cu, 

DSouza:2018fu, Marcel:2013jl}, and mainly in response to the alteration in expression of one 

of the components of the rRNA 2’O-methylation complex {Catez:2019fz, Natchiar:2018gd, 

Monaco:2018fp, deLoubresse:2014jx}. Future technical breakthrough will be required to 

determine whether such observation results from the intra-tumoral heterogeneity and/or 

heterogeneity in chemically modified rRNA molecules between and/or within a single cell.

Our data also showed, and for the first time, that rRNA 2’O-methylation frequency can differ 

between the human tumours, although not randomly but rather depending on some biological 

and clinical features. rRNA 2’O-methylation at some given positions are indeed associated 

with breast cancer subtype and tumour grade, demonstrating that the inter-variability of rRNA 

2’O-methylation is the reflect of the inter-tumoral heterogeneity. Our data also suggest that 

rRNA 2’O-methylation may help in the near future to improve cancer patient management.

Interestingly, the rRNA 2’O-methylated positions which are not fully 2’O-methylated in a 
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single human sample and the ones which display strong inter-variability between human 

samples, are mostly overlapping in these breast cancer samples.

Analysing rRNA 2’O-methylation in a large panel of human samples, as well as in series of 

benign/malignant mammary tumours and in breast cancer cell lines, demonstrated that two

classes of rRNA 2’O-methylated positions co-occurred depending on their ability to tolerate 

or not the absence of chemical modifications. Structure/function analysis, disparate 

appearance through evolution and differential association with biological characteristics not 

only support the existence of these two classes of rRNA 2’O-methylated positions but also 

suggest that they can have distinct impact on the ribosome function and on the biology of the 

tumour. The most “stable” rRNA positions, which were 2’O-methylated at a high frequency, 

are necessary to sustain the core function of the ribosome as expected {Parks:2018be}. In 

contrast, the existence of “variant” rRNA positions, which can exhibit or not 2’O-methylation

depending on the biological context, suggests these sites may be optional to the core 

ribosome function. Among the variant rRNA 2’O-methylation positions, the 18S-Gm1447 

displays the highest variability in rRNA 2’O-methylation among tumours with the identification 

of human tumours and breast cancer cell lines that lack 2’O-methylation at this particular 

nucleotide. 18S-Gm1447 is in the close vicinity of the uS10 ribosomal protein, which has 

been shown to bind to HCV IRES, regulate translation initiation of short 5’UTR containing 

mRNAs and contribute in resolving stalled ribosomes {Haimov:2017kv, DiGiuseppe:2018bb, 

Malygin:2013kp, Matsuo:2017da, Sundaramoorthy:2017dl}. Thus, absence or presence of 

rRNA 2’O-methylation at 18S-Gm1447 might finely modulate uS10 activity. These variant 

rRNA 2’O-methylated positions may finely regulate the intrinsic ribosome activities and thus 

be a source of ribosome plasticity. 

The discovery of the co-existence of compulsory and optional rRNA 2’O-methylation at some 

given positions reunites two divergent visions of the ribosome {Decatur:2002wf, 

Genuth:2018kb, Xue:2012el}. From the first identification of rRNA chemical modifications in 

bacteria and yeast models, the ancestral vision claims that chemical modifications are 
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compulsory to the fine structuration of the ribosome on which its functions relied. In contrast, 

the emerging view of the modern ribosome claims that chemical modifications can be 

modulated to provide plasticity to the ribosome structure on which its regulatory effects relied 

and thus to extend the functions of the ribosome to translational regulation in humans and 

more generally in mammals. The co-existence of distinct but complementary classes of rRNA 

chemical modifications leading to ribosome plasticity will undoubtedly lead to a deeper and 

more complete understanding of rRNA chemical modifications in ribosome function and in 

translational regulation with direct impacts in the understanding of cell identity’s 

determination both in physio- and pathological conditions.    
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Extended Data Information

Extended Data information are given in a separate document.
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METHODS (Nature: 3000 words. Present: 1715 words)

Human breast tumour samples. A series of 195 primary breast tumours, including 

biological materials and clinical data (last update 2016), have been collected from 1997 to 

2011 and maintained by the Tayside Tissue Bank (TTB, Dundee, Scotland, UK) that received 

ethical approvals (REC Reference 07/S1402/90). Tumour collection corresponded to snap-

frozen materials gathered after macrodissection by breast cancer pathologists of biopsies 

performed at diagnosis{Bourdon:2011bl}. Total RNA were extracted from frozen tissues by 

TTB services as already described{Bourdon:2011bl}. All biopsies were issued from untreated 

female patients without metastasis at diagnosis or family history. Hormonal receptors 

(oestrogen ER and progesterone PR) and HER2/Erbb2 receptors status were determined by 

immunohistochemistry on FFPE sections{Bourdon:2011bl}. These three markers allowed to 

identify the different breast cancer subtypes: ER+ PR+/- HER2-, considered as equivalent to 

the luminal subtype; ER+/- PR+/- HER2+, equivalent to the HER2-amplified subtype

(HER2+); and ER- PR- HER2-, as the triple-negative subtype (TNBC). The current median 

follow-up of this series of 195 primary breast tumours series was of 12.3 years. This series 

exhibited expected clinical characteristics (Extended Data Table 1), in particular regarding 

association of overall survival with tumour size (P < 0.0001***), lymph node invasion (P = 

0.0079**), grade (P = 0.0151*) and breast cancer subtypes (P = 0.0569).    

A series of 19 mammary samples has been collected between 2006 and 2007 (Institut 

Gustave Roussy, France) using fine-needle aspiration after suspicion of breast 

lesion{Andre:2009bj} (Ethical approvals reference). Diagnosis of malignant tumours (n=10) 

was based on the identification of breast cancer cells either on the core-needle biopsy or 

surgical specimen while diagnosis of benign tumours (n=9) was based on the lack of cancer 

cells together with the lack of radiological change after at least 3 month’s follow-up.
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Breast cancer cell lines. Four breast cancer cell lines were maintained in 2D culture under 

5% CO2 atmosphere at 37°C. The MCF7 and BT474 cell lines considered as representative 

of the luminal breast cancer subtype were maintained respectively, in MEM(Eagle) L-

glutamine (-) (Thermofisher) supplemented with 10% foetal bovine serum (Sigma), 1% 

penicillin/streptomycin (Gibco), 1% glutamax (Gibco), 1.5 g/L sodium bicarbonate, 1 mM 

sodium pyruvate and 0.1 mM non-essential amino-acids or in RPMI1640 Glutamax 

supplemented with 10% foetal bovin serum and 1% glutamax. The MDA-MB-468 and MDA-

MB-231 cell lines considered as representative of the triple-negative breast cancer subtype 

were maintained respectively, in RPMI1640 Glutamax or DMEM/F12 Glutamax, the two 

media being supplemented with 10% foetal bovine serum and 1% glutamax.

RiboMETH-seq. Frequency of rRNA 2’O-methylation at the 106 rRNA 2’O-methylated 

positions was determined in biological samples by RiboMETH-seq, the only approach 

allowing absolute quantification of rRNA 2’O-methylation frequency to date{Krogh:2018iu, 

Birkedal:2015jf, Marchand:2016ey}. Presence of 2’O-methylation protects the 

phosphodiester bond located at the 3’ of the 2’O-methylated nucleotide from alkaline 

hydrolysis. Thus, the presence of 2’O-methylation at the given nucleotide n induces a 

decrease in RNA fragments starting at the nucleotide n+1 while it increases the one finishing 

at the nucleotide n-1, allowing to calculate a 2’O-methylation frequency at the corresponding 

nucleotide position (or C-score){Birkedal:2015jf}. 

RiboMETH-seq was performed as previously described using Illumina 

technology{Marchand:2016ey, Marchand:2017fr}. Briefly, total RNA was first subjected to 

partial alkaline hydrolysis to generate RNA fragments ranging from 50 to 100 bp. Libraries 

were then prepared using NEBNext Multiplex Small RNA Library Prep Set (Illumina) and 

multiplexed. Sequencing were performed using HiSeq sequencer (Illumina).     
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Bioinformatical pre-processing. After sequencing, FastQ files were pre-processed, aligned 

and C-scores were computed from raw counts as already described{Marchand:2017fr}.

Briefly, Trimmomatic v0.36 was run to remove adapter sequences from the reads and to 

discard reads shorter than 17 nucleotides. The remaining reads were aligned to a human 

rRNA sequence (NR_046235) using Bowtie 3. 5’ end reads were counted at each rRNA 

nucleotide position and used to compute a 2’O-methylation score, the C-score, as previously 

described{Birkedal:2015jf}. The C-score is defined as the frequency of 2’O-methylation at a 

given position using the surrounding (i.e., 6 nucleotides located just upstream and 

downstream of the nucleotide position n) to estimate the value corresponding to total 2’O-

methylation of all molecules at the position. 

To assess the performance of the C-Score, we computed three different versions of the C-

score (Extended Data Fig. 1A). We varied the window size of the neighbouring nucleotides 

(6, 4, or 2) and used either the arithmetic mean or the median raw counts as estimator of the 

total 2’O-methylation. By considering each score value as threshold, we computed the 

sensitivity and specificity of the different C-score versions and plotted the ROC (Receiver 

Operating Characteristics) curve (Extended Data Figure 1A). In the present study, a C’-score 

that was computed using a 6 nucleotides window and a normalization to the median raw 

counts of neighbouring nucleotides was found as best performer. This C’-score was termed 

C-score throughout the manuscript. 

Numbering of rRNA 2’O-methylated position was assigned according to the numbering in the 

snoRNA-LBME-db to facilitate comparison between studies. A table is given with the 

correspondence of the nomenclature used in the present study and in Natchiar and 

colleagues (Extended Data Table 2){Natchiar:2017ij}.       

Quality control. We performed exhaustive quality controls (QC) to assess the technical 

reproducibility and robustness of the RiboMETH-seq protocol and to ensure the high quality 
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of the data for further downstream analyses. To this end, we used first a human RNA 

reference sample as a calibrated source of rRNA, which corresponds to the commercial 

Human XpressRef Universal Total RNA (Qiagen) prepared from 20 different human adult 

and foetal normal major organs. Five of these reference samples were processed in parallel. 

Second, we processed twice independently 20 primary breast tumours randomly chosen to 

obtain a set of technical duplicates from relevant biological tissue.

We computed Spearman correlations between replicates in terms of raw counts and C-

scores at all genomic positions of the rRNA sequences as well as exclusively at the 106 2’O-

methylated positions. To assess the reproducibility of the data, we calculated the QC metrics 

for the five replicates of the human XpressRef Universal Total RNA as well as for the 10 

tumour duplicates (Extended Data Fig. 1B-C and 2). All replicates showed a high technical 

reproducibility and very strong correlations between each other, emphasizing the 

reproducibility and robustness of the RiboMETH-seq protocol.

Analysis of the breast cancer series data. Among an initial series of 214 primary breast 

tumours, 195 primary breast tumour samples passed the QC criteria (representing 8.8% of 

the series) and were thus retained for the downstream analyses (Extended Data Table 1). In 

our first exploratory, unsupervised data analysis, we performed hierarchical clustering and 

principal component analysis (PCA) using the C-scores at the 106 individual rRNA 2’O-

methylated positions of the 195 samples. Both methods allow to detect similarities between 

samples and potentially to define groups among them. Hierarchical clustering creates a 

heatmap (i.e., a coloured matrix, that represents a grid of values where the rows correspond 

to the samples and the columns to the rRNA 2’O-methylated positions). Thus, each rectangle

in a heatmap represents one C-score at a given rRNA 2’O-methylated position of a sample 

and is coloured according to the numerical value in the matrix, with a range of colours 

proportionate to the C-score. Samples/positions are ordered according to the dendrogram, a 
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tree-like structure, and successively paired together based on the degree of similarity. 

Dendrograms allow thus to identify subgroups (clusters of both breast tumours exhibiting the 

most similar rRNA 2’O-methylation profiles and rRNA 2’O-methylated positions exhibiting the 

most similar frequency) across the 195 primary breast tumours. 

PCA creates a low-dimensional representation of the samples, which contains as much of 

the variance in the original data set as is possible. The PCA plot shows the first two principal 

components and the amount of variance explained by each component.

rRNA 2’O-methylation profiles. rRNA 2’O-methylation profiles were shown as either box-

and-whiskers plots, line charts or histograms. To summarize the data, we constructed box-

and-whiskers plots (boxplot) for each of the 106 rRNA 2’O-methylated positions. The ends of 

the box are the lower (Q1), and upper (Q3) quartiles (i.e., C-score delimiting 25% and 75% of 

the population), so the box spans the interquartile range (IQR). The horizontal line inside the 

box represents the median C-score at a given rRNA 2’O-methylated position. The lines 

outside the box (top and bottom whiskers) extend to the highest and lowest observations the 

97.5% and 2.5th. Line charts and histograms represent the mean and standard deviation of 

C-scores across the samples at each rRNA 2’O-methylated positions.

Classification of the rRNA 2’O-methylated positions into variant and stable ones. We 

observed that the variability of the C-Scores across samples was depended on the rRNA 

2’O-methylated position. The total variability observed at a given 2’O-methylated position is a 

composition of measurement error, biological noise and intrinsic biological variation. 

Although the first two terms should be independent of the 2’O-methylated position, this may 

not be the case for the intrinsic variation. We thus hypothesized that the total variability at a 

specific 2’O-methylated position beyond a certain threshold is mainly driven by its intrinsic 

biological variation. To define this threshold, we compared the IQR of the C-scores at the 
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106 rRNA 2’O-methylated positions from the 195 breast tumor samples. IQR values were 

sorted in ascending order and linear regressions were performed by successively adding 

IQR values, starting with the 20 lowest IQR values. Linear regression encompassing a

maximum of 2’O-methylated positions with the lowest slope was retained. The threshold was 

defined as the maximum distance of the IQR from the regression line. 2’O-methylated 

positions having IQR values below the threshold will be assigned as “stable” while sites 

having IQR values above will be assigned as “variant”. 

Association of rRNA 2’O-methylation with biological and clinical characteristics.

Between-group comparisons were performed using a Chi-2’s or Fisher’s exact test for 

categorical data. Comparison of rRNA 2’O-methylation frequency between two groups of 

breast tumours was performed using non-parametric Mann-Whitney tests. Significant 

association was considered when P- -score (C-score condition 1 – C-

score condition 2) > 0.05. Results were summarized using bubble plots where –log10(P-

values) are represented by circle size, absolute difference in C-score between the two 

conditions of interest by line thickness, and colours indicate either a decrease (pink) or an 

increase (blue) in C-score. Survival curves for overall survival (OS) with associated log-rank 

tests were generated using the Kaplan Meier method. OS corresponded to the timing from 

the date of diagnosis to either the date of death or last follow-up for censored patients. 

Survival median has been estimated using the inverted Kaplan-Meier method. 

Statistics and graphics. All P-values corresponded to two-tailed P-values. A P-value < 0.05 

was considered as statistically significant. Statistical analyses were performed using either R 

studio or GraphPad Prism v7.0a softwares (GraphPad Software, Inc). Graphical 

representations were depicted using either R studio or GaphPad Prism software. 
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rRNA 2’O-methylation mapping. The rRNA 2’O-methylated positions have been mapped 

on the human ribosome resolved by cryo-EM{Natchiar:2017ij} and pictures have been drawn 

using the PyMol software.  

Data availability. Deposit FastQ and/or raw counts as dataset in GEO ? 

Methods reference (continuous numbering regarding Reference section)
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Figure Legends (Nature: 100 words/legends)

Figure 1. Stability and variability of rRNA 2’O-methylation frequency between breast 

tumours. Frequency of rRNA 2’O-methylation (i.e., C-score) was determined at the 106 

rRNA 2’O-methylated positions using RiboMETH-seq{Birkedal:2015jf, Marchand:2016ey} in 

a series of 195 human primary breast tumours. Data are presented has a hierarchical 

clustering where the C-score of each position (column) for each tumour (row) is represented 

(colour scale). A C-score of 0.6 means that 60% of the rRNA molecules are 2’O-methylated 

at this position (i.e., sub-stoichiometry). Dendrogram representing similarities in the breast 

tumours on the basis of their rRNA 2’O-methylation profiles (see right panel) or in the rRNA 

2’O-methylation frequency at a given sites between tumours (see top panel). A zoom on the 

rRNA 2’O-methylated positions whose C-scores showed the strongest variation among 

tumours (i.e., inter-variability) is given.

Figure 2. Biological relevance of variant rRNA 2’O-methylation frequency in breast 

cancer. a, C-score variation among the 195 human primary breast tumours at each of the 

106 rRNA 2’O-methylated positions were ordered by increasing interquartile range (IQR). 

Based on linear regression, two classes of rRNA 2’O-methylated positions were identified: 

positions whose C-scores are the most stables (red); and positions whose C-scores are the 

most variants (blue). b, Example of significant variations in rRNA 2’O-methylation frequency 

at the 18S-Gm1447 position between luminal, HER2+ and TNBC breast tumours. c,

Summary of the four variant rRNA position whose 2’O-methylation frequency were 

significantly different regarding breast cancer subtypes, hormonal and HER2 receptor, and 

tumour grade. ER: oestrogen receptor; PR: progesterone receptor; Luminal: ER+ PR+/-

HER2-; HER2+: ER- PR- HER2+; TNBC: ER- PR- HER2-; G: grade. d, Comparison of rRNA 

2’O-methylation profiles in a series of 9 benign (green) and 10 malignant (orange) tumours. A 
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zoom present the significant variation of rRNA 2’O-methylation frequency at the variant 18S-

Am576 position in malignant compared to benign mammary tumours. 

Figure 3. Structural properties of stable and variant rRNA 2’O-methylated positions. a,

Pie charts present the number and the percentage of stable and variant rRNA 2’O-

methylated positions through evolution. Universal: sites conserved from bacteria to humans; 

eukaryotes: sites conserved from yeast to humans; humans: sites only described in humans. 

b-c, Mapping of the two classes of rRNA 2’O-methylated positions on the human ribosome 

(b) and at the peptidyl-transferase center (PTC, c){Natchiar:2017ij, Khatter:2015fs}. d-f,

Structural environments of the variant rRNA 2’O-methylated positions significantly associated 

with breast cancer features. Red: stable sites; blue: variant sites.
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Supplementary Tables

Supplementary Table 1. Characteristics of breast tumours.

Human breast tumour series
(n = 195)

Age (years)
Median

(min – max)
59.0

(28.0 – 90.0)
Invasive grade

No data
Grade 1
Grade 2
Grade 3

3
12 (6.3 %)

49 (25.5 %)
131 (68.2 %)

Tumor size (mm)
n

Median
(min – max)

192
28.0

(2.0 – 110.0)
Number of invaded lymph 
node

n 
Median

(min – max)

195
1.00

(0.0 – 41.0)

Invaded lymph node
No (n = 0)

Yes (n 1) 
88 (45.1 %)

107 (54.9 %)
ER status

No data
Negative
Positive

1
69 (35.6 %)

125 (64.4 %)
PR status

No data
Negative
Positive

1
110 (56.7 %)
84 (43.3 %)

HER status
No data

Negative
Positive

13
113 (62.1 %)
69 (37.9 %)

Breast cancer subtype
No data

ER+ PR+/- HER2-
ER+/- PR+/- HER2+

ER- PR- HER2-

13
73 (40.1 %)
69 (37.9 %)
40 (22.0 %)

TP53mutation status
No data

Wild-type
Mutant

13
127 (69.8 %)
55 (30.2 %)
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Extended Data Figure Legends

Extended Data Figure 1. Technical variation of rRNA 2’O-methylation profiling in 
human RNA reference sample. a, Frequency of rRNA 2’O-methylation (or C-score) was 

determined at the 106 rRNA methylated positions using an innovative RNA-seq based 

method, the RiboMETH-seq{Birkedal:2015jf, Marchand:2016ey}, in five independent 

technical replicates of human RNA reference sample. Performance of the C-score was 

assessed by computing ROC curve using six different versions of the C-score calculated with

both variable numbers of neighbouring nucleotides and either the arithmetic mean or the 

median raw counts (table, right side). Compared to the original description of C-

score{Birkedal:2015jf}, we determined a C’-score (termed C-score throughout the 

manuscript) based on the median raw counts and the 6 neighbouring positions as the most 
robust measure of rRNA 2’O-methylation frequency using human RNA reference. b, Quality 

control of RiboMETH-seq was performed by comparing correlation (top) and profiles (bottom) 

of both 5’ end raw counts (left) and C-scores (right) of the longest 28S rRNA, between the 

five technical replicates of the human RNA reference sample. Strong reproducibility and 

robustness was observed using these two approaches (5’ end raw counts: r2 > 0.96; C-

scores: r2 > 0.92 at the non 2’O-methylated positions and r2 > 0.88 at the 106 2’O-
methylated positions). c, Boxplot presents C-score variation among the five technical 

replicates of human RNA reference at each of the 106 rRNA 2’O-methylated positions

ordered by increasing rRNA molecules and nucleotide positions. About 75% of rRNA 2’O-

methylated positions exhibited only minor variation in their C-score across the five technical 

-score = C-score max – C- -score < 0.069), the other sites having 

-score ranging from 0.070 to 0.2047. These data showed the strong technical 

reproducibility and robustness of the RiboMETH-seq approach.        

Extended Data Figure 2. Technical variation of rRNA 2’O-methylation profiling in 20 
human primary breast tumours. a, Example of quality control of RiboMETH-seq performed 

in two technical duplicates of human primary breast tumours that show the highest (top) and 

the lowest (bottom) duplicate quality. Correlation (top) and profiles (bottom) of 5’ end raw 

counts of 5.8S, 18S and 28S rRNAs were compared between the technical duplicates. While 

a r2 correlation coefficient ranging from 0.64 to 0.85 and depending on the considered rRNA 

was determined in the “lowest duplicate quality” sample, a strong correlation with r2 > 0.99 
was observed for the three rRNAs in the “highest duplicate quality” human breast sample. b,

The r2 correlation coefficient for the three rRNAs between technical duplicate of the 20 

human breast tumours was shown as a cumulative frequency. The lowest, but nevertheless 
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showing strong r2 correlation coefficient, was observed for 5.8S possibly due to the fact it 

corresponds to the smallest rRNA molecule (i.e. 157 bp compared to 1875 or 5035 bp for 

18S and 28S, respectively) and thus being associated with only small number of raw data. 

More than 50%, 85% and 65% of technical duplicates showed a r2 > 0.8 for 5.8S, 18S and 

28S rRNA respectively, further demonstrating the strong reproducibility and robustness of the 
RiboMETH-seq approach even in delicate biological material such as human frozen biopsies.    

Extended Data Figure 3. Variability of rRNA 2’O-methylation frequency between the 
195 human primary breast tumours. a, Boxplot presents C-score variation among the 195 

human primary breast tumours at each of the 106 rRNA 2’O-methylated positions ordered by 

increasing rRNA molecule and nucleotide positions. Median C-scores vary depending on the 

rRNA 2’O-methylated position, the rRNA 2’O-methylation frequency showing strong variation 

across human primary breast tumours with C-score ranging from 0 to about 0.95 for some 

sites. These data show for the first time the high variability of rRNA 2’O-methylation 
frequency between human samples. b -score (C-score max – C-

score min) at each rRNA 2’O-methylated position across the 195 human primary breast 

tumours (black) and the five technical replicates of human RNA reference sample (white). 

- -score of human RNA reference 

sample at all the rRNA 2’O-methylated positions, indicating that variation in rRNA 2’O-

methylation frequency observed between human breast tumours corresponds to biological 
variation rather than technical issues. c, Plot represents the interquartile range (IQR) of C-

scores calculated using the 195 human primary breast tumours at each of the 106 rRNA 2’O-

methylated positions ordered by increasing IQR. Linear regression-based approach allowed 

the identification of two classes of rRNA 2’O-methylated positions: the ones with the most 

stable C-score; and the ones with the most variant C-score. Overall, these data indicated that 

60% of the rRNA 2’O-methylated positions correspond to chemically modified nucleotides 

with conserved rRNA 2’O-methylation frequency in humans, while 40% of them have the 
ability to be 2’O-methylated or not. 

Extended Data Figure 4. Examples of variability in rRNA 2’O-methylation frequency at
three rRNA positions between breast cancer tumours. The plot presents C-score for 

each of the 195 human primary breast tumours at three rRNA 2’O-methylated positions that 
showed either the smallest IQR (a, 28S-Am3703), an intermediate IQR (b, 28S-Cm2811) or 

the highest IQR (c, 18S-Gm1447). Interquartile range (IQR) is represented on the right. 

These data illustrated the two classes of stable and variant rRNA 2’O-methylated positions
with distinct degrees of variability between human breast tumour samples.
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Extended Data Figure 5. Association of rRNA 2’O-methylation profiles with biological 
and clinical breast cancer characteristics. a, Principal component analysis (PCA) 

identified 4 clusters of breast tumours based on their rRNA 2’O-methylation profiles that 
correspond to the ones identified using hierarchical clustering approach (Fig. 1). b, Kaplan-

Meier curve depicts the overall survival of patients clustered on the basis of their rRNA 2’O-

methylation profiles. Although no significant association was observed, a tendency was 

observed, the patients carrying breast tumours characterized by a blue rRNA 2’O-
methylation profile display the poorest overall survival. c-d, Cumulative histogram represents 

the composition of each of the 4 clusters for tumour grade (c) and breast cancer subtype (d). 

Significant differences in repartition among the 4 clusters were observed regarding these two 

parameters. The blue group showing the poorest overall survival was enrichment in triple-

negative breast cancer (TNBC) and in tumours of high grade compared with the other 

groups. Regarding the fact that tumours in the blue groups exhibited the lowest C-score at 

most of the rRNA 2’O-methylated positions, these data suggested that global decrease in 

rRNA 2’O-methylation might be associated with breast tumour aggressiveness. Luminal: ER+ 
PR+/- HER2-; HER2+: ER- PR- HER2+; TNBC: ER- PR- HER2-. h, Kaplan-Meier curve 

depicts the overall survival of patients grouped on the basis of both their tumour size at 

diagnosis and their rRNA 2’O-methylation profiles. A significant difference in overall survival 

was observed due to the tumour size at diagnosis, the patients carrying small breast tumours 

exhibiting a better outcome than the ones carrying large tumours. However, the use of rRNA 

2’O-methylation profiles allows the identification of patients carrying small tumour size but 

displaying outcome as bad as patients bearing large tumour size. These data indicate that 

rRNA 2’O-methylation profiles might help in identifying patients who didn’t benefit from the 

conventional treatment protocol used for the “small tumour size”. rRNA 2’O-methylation 

profiling might thus be used in the near future to improve breast cancer patient management. 

Extended Data Figure 6. Variability of rRNA 2’O-methylation frequency between breast 
cancer cell lines. a, rRNA 2’O-methylation was profiled in luminal breast cancer cell lines 

(MCF-7 and BT474) and triple-negative breast cancer cell lines (MDA-MB-468 and MDA-MB-

231). Mean C-score of two biological replicates issued from the different cell lines of each 

subtypes is presented at the 106 rRNA 2’O-methylated positions. The most stable (red) and 

the most variant (blue) rRNA 2’O-methylated positions are shown as identify in the series of 

195 breast tumours (Fig. 2a). The most variant rRNA 2’O-methylated positions identified in 

the series of 195 primary breast tumours displayed also a strong variability in these breast 

cell lines. The rRNA 2’O-methylated positions, whose frequency was significantly associated 

with malignant mammary tumours, breast cancer subtypes and tumour grades, are indicated 
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by a black arrow. b, Variation of rRNA 2’O-methylation frequency at the positions associated

with clinical and biological characteristics of breast tumours are shown in the different cell 

lines. While C-score is not associated with breast cancer cell line subtypes at 28S-Gm1303 

and 28S-Gm4588 rRNA 2’O-methylated positions, C-score is strongly coherent among the 

two different subtypes of breast cancer cell lines at 18S-Gm1447 and 18S-Am576 positions.

rRNA 2’O-methylation is almost absent in the triple-negative breast cancer (MDA-MB-468 

and MDA-MB-231) cell lines at 18S-AmGm1447, while it is 2’O-methylated, even if at sub-

stoichiometric level, in luminal breast cancer (MCF-7 and BT474) cell lines. In contrast, a 

decrease in rRNA 2’O-methylation frequency at 18S-Am576 position is observed in the 
luminal breast cancer cell lines compared to the triple-negative cell lines. 

Extended Data References
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