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ABSTRACT

Cancer cells are addicted to ribosome biogenesis
and high levels of translation. Thus, differential in-
hibition of cancer cells can be achieved by targeting
aspects of ribosome biogenesis or ribosome func-
tion. Using RiboMeth-seq for profiling of the ∼112
2′-O-Me sites in human ribosomal RNA, we demon-
strated pronounced hypomethylation at several sites
in patient-derived diffuse large B-cell lymphoma (DL-
BCL) cell lines with a more severe perturbation in
ABC-DLBCL compared to GBC-DLBCL. We extended
our analysis to tumor samples from patients and
demonstrated significant changes to the ribosomal
modification pattern that appeared to consist of cell
growth-related as well as tumor-specific changes.
Sites of hypomethylation in patient samples are dis-
cussed as potential drug targets, using as an exam-
ple a site in the small subunit (SSU-C1440) located
in a ribosomal substructure that can be linked to DL-
BCL pathogenesis.

GRAPHICAL ABSTRACT

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon non-Hodgkin’s lymphoma in adulthood accounting
for 30–40% of all non-Hodgkin’s lymphomas (1). Treatment
of DLBCL is complicated by the fact that it is a hetero-
geneous diagnostic category comprising different subtypes
that arise by distinct pathogenetic pathways. DLBCL pa-
tients are initially treated with anthracycline-based multi-
agent chemotherapy in combination with immunotherapy.
Complete cure can be achieved with standard treatment
leading to 5-year progression-free and overall survival rates
of ∼60% and ∼65%, respectively. Disease stage and patient
age as well as specific molecular aberrations, such as MYC,
BCL6 and BCL2 translocations, are associated with poor
prognosis. Although most DLBCL patients are cured with
the standard immunochemotherapy, 10–15% of DLBCLs
are primary refractory and 20–30% relapse (2,3). The main
subtypes of DLBCL probably originate from B cells at dif-
ferent stages of differentiation, which forms the basis for the
classification of DLBCLs in germinal center B-cell-like DL-
BCL (GBC-DLBCL), activated B-cell-like DLBCL (ABC-
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DLBCL) and primary mediastinal large B-cell lymphoma
(PMBL) (4,5). Cells from all three subtypes have an abun-
dance of genomic insults, but the frequencies of distinct ab-
normalities differ as do the transcriptional profiles relating
to the main oncogenic pathways. These differences provide
for new strategies of distinct subtypes based on molecular
typing.

An alternative approach to cancer treatment relies on
the addiction of cancers to ribosome biogenesis (6). Ribo-
some biogenesis consumes ∼80% of the energy in prolifer-
ating cells and differential inhibition of cancer cells can be
achieved by targeting this process, e.g. by inhibition of RNA
pol I by small molecule drugs that induce nucleolar stress
and p53 activation leading to apoptosis (7). It has recently
been demonstrated in work from our group (8) and others
(9) that the ribosomes of cancer cell lines differ in ribose
methylation of rRNA compared to cells in normal differen-
tiated tissues. Ribosomal RNA is a well-known drug target
in combatting infections, and in several cases, ribose methy-
lations are implicated in antibiotic resistance (10–12). Thus,
an alternative to inhibition of rRNA synthesis in cancer
would be to target mature ribosomes based on differences
in their rRNA modification pattern compared to the ribo-
somes in normal cells. Human rRNA is chemically modified
at >200 residues during ribosome biogenesis (13). By far the
most abundant are ribose methylations and pseudouridyla-
tions that together with a few base acetylations almost all
are installed through guide RNAs that target a generic mod-
ification enzyme to specific residues. The remainder of the
modifications are installed by dedicated enzymes that rec-
ognize sequence and/or structural features in the rRNA. In
the case of ribose methylation, the box C/D guide RNAs
recognize their targets by base pairing, allowing the methyl-
transferase, fibrillarin, to carry out methylation of the 2′-
OH of the target residue (13). The guide RNAs are encoded
within introns of host genes that can either be protein cod-
ing or encode ncRNA species. This provides for a flexible
system that allows the methylation profile of the rRNA to
be regulated through the expression and activation of guide
RNAs. In this respect, it is interesting to note that the box
C/D RNAs are among the most deregulated RNAs in can-
cer (14,15), and recently, a major systematic effort was made
to map their expression in multiple cancers (16). We devel-
oped a sequencing-based method on the Ion Torrent plat-
form, RiboMeth-seq (17), for profiling the ∼112 2′-O-Me
sites in human rRNA and showed distinct profiles in HeLa
cervical and HCT116 colon carcinoma cancer cell lines (8).
Subsequently, a RiboMeth-seq protocol adapted to the Il-
lumina sequencing platform was published (18) and used to
profile the same cell lines (9,19) [for a comparison of the two
protocols and other methods for profiling 2′-O-Me sites, see
(20)]. Along with the rRNA profiling, RiboMeth-seq pro-
vides low-coverage RNA-seq of the guide RNAs that has
proven to be good estimates of their expression levels.

Here, we present RiboMeth-seq profiling of four cell line
models of DLBCL as well as of samples from 17 primary
patient DLBCLs. The cell lines comprised models of GBC-
DLBCL (RL and HT) and ABC-DLCBL (OCI-Ly3 and
U-2932). The patient DLBCL samples represented a wide
range of clinical manifestations and were compared to re-
active lymph nodes from three donors. We observed spe-

cific changes in ribose methylation pattern in DLBCL sam-
ples that seems to correlate with proliferation, and we sug-
gest that such changes are a molecular feature of DLBCL.
To our knowledge, this is the first demonstration of rRNA
methylation changes in cancer specimens from patients and
the observations are discussed in the context of targeting the
changes in cancer treatment.

MATERIALS AND METHODS

Cell culture

Human lymphoma cell lines were maintained in RPMI-
1640 medium (Gibco) supplemented with final concentra-
tions of 25 mM HEPES (Gibco), 1 mM sodium pyruvate
(Gibco), 100 U/ml penicillin–streptomycin (Gibco) and
heat-inactivated fetal bovine serum (Gibco) at 10% for RL,
HT and U-2932 or 20% for OCI-Ly3.

Patient samples

Nineteen fresh-frozen DLBCL biopsies from patients diag-
nosed with primary DLBCL were obtained from the De-
partment of Pathology at our institution (University of
Copenhagen, Rigshospitalet). The specimens were collected
during 2002–2013. The diagnoses were based on standard
histology and immunophenotyping according to the WHO
classification. All tissue samples were fresh frozen, stored
at −80◦C and embedded in Tissue-Tek O.C.T. Compound
prior to RNA extraction. All biopsies had a tumor percent-
age of >80%. The majority of samples have previously been
classified according to Hans’ classification into GCB or
non-GCB subtypes (21). Reactive enlarged non-malignant
lymph nodes (RLNs) were used as controls and obtained
from six individuals. The project is approved by the Na-
tional Ethics Committee (2002446) and by the Data Protec-
tion Committee according to the Danish ethical regulations
(RH-2016-170).

Ki-67 staining

Sections of formalin-fixed, paraffin-embedded samples of
DLBCL (3 �m thick) were used for immunohistochemical
evaluation of Ki-67 antigen, using the Ki-67 antibody MIB-
1 clone (DAKO/Agilent GA626) following the manufac-
turer’s instructions. The staining was performed on Dako
Omnis (Agilent), utilizing the EnVision Flex+ detection kit
(GV800). The primary antibody was diluted using Anti-
body Diluent (Dako DM830) and subsequently incubated
for 20 min. The sections were counterstained with hema-
toxylin and the percentage of stained Ki-67 nuclei was eval-
uated [Ki-67 labeling index (Ki-67LI)].

Isolation of whole-cell RNA from cells, solid tissues, tumor
biopsies and reactive lymph nodes

Whole-cell RNA was isolated from cell cultures using Tri-
zol Reagent (Thermo Scientific) according to the man-
ufacturer. RNA from tumor biopsies and benign RLNs
was isolated using Trizol Reagent and Qiagen miRNeasy
kit according to the manufacturer. Whole-cell RNA from
solid tissues pooled from five adult donors was purchased
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from BioChain [catalog numbers R1234035-P (brain),
R1234171-P (skeletal muscle) and R1234149-P (liver)].

RiboMeth-seq analysis

Five micrograms of whole-cell RNA was degraded by al-
kaline hydrolysis, size fractionated and ligated to adaptors
as previously described (17,22). In brief, a 20–40-nucleotide
fraction of alkaline degraded RNA was excised and puri-
fied from gels. Adaptors were ligated to the RNA using
a tRNA ligase and cDNA was synthesized using Super-
Script IV reverse transcriptase (Thermo Scientific). Final
libraries were sequenced on an Ion Proton sequencer, and
reads were mapped against human rDNA (8) and SNORD
sequences using Bowtie2. RiboMeth-seq (RMS) scores rep-
resenting ‘fraction methylated’ were calculated as described
previously (‘score C’) in (17). In a few cases, a barcode cor-
rection was applied when calculating the score (23). Misin-
corporation was analyzed using SAMtools and SNORD ex-
pression (RPKM) was calculated using an in-house Python
script. Analyses of cell cultures were conducted in biological
triplicates, whereas those of solid tissues, RLNs, and tumor
biopsies were conducted in technical triplicates. RLNs and
tumor biopsies used for RiboMeth-seq analysis are listed in
Supplementary Table S1 in anonymized form.

RT-qPCR analysis

Approximately 50 ng whole-cell RNA was treated with 2
U of TURBO™ DNase (Thermo Scientific) at 37◦C for 20
min, extracted once with phenol:chloroform:isoamyl alco-
hol (25:24:1) and once with chloroform, and subsequently
precipitated with 3× volume of 96% ethanol in the pres-
ence of 300 mM NaAc and 15 �g of glycogen. The DNase-
treated RNA was reverse transcribed using iScript-cDNA
kit (Bio-Rad) according to the manufacturer’s instructions
except that the RNA was denatured in the reaction buffer
at 90◦C for 30 s prior to adding the reverse transcriptase.
One-twentieth of the cDNA was used for qPCR analysis on
a LightCycler Nano System (Roche) using FastStart Essen-
tial DNA Green Master (Roche) according to the manufac-
turer’s instructions. Relative fold expression was calculated
using the ��Cq method, normalized to snRNA U6, and
expression in RLN set to 1. RLNs and tumor biopsies, and
DNA primers used for RT-qPCR analyses are listed in Sup-
plementary Tables S1 and S2, respectively.

Statistical methods

Statistical analyses were performed using Microsoft Excel
and GraphPad Prism 7. RiboMeth-seq results (RMS score,
fraction methylated) were expressed as mean ± standard
deviation, and SNORD expression data from RiboMeth-
seq (RPKM) and RT-qPCR (��Cq method) as mean ±
standard error of the mean. Misincorporation at base mod-
ifications was expressed as 95% confidence interval of the
median. Correlations between ribose methylation sites or
summed �RMS scores compared to Ki-67LI were ana-
lyzed using Spearman’s rank correlation. Comparison of
two groups was analyzed by two-tailed Student’s unpaired
t-test and statistically significant differences between groups
were indicated as *P < 0.05, **P < 0.01 and ***P < 0.001.

RESULTS

DLBCL cell lines are hypomethylated at distinct sites in
rRNA

In order to define a baseline for perturbations of rRNA
modifications in DLBCL, we first profiled ribose methyla-
tion levels by RiboMeth-seq in two cell lines representing
GCB-DLBCL (RL and HT) and two cell lines representing
ABC-DLCBL (OCI-Ly3 and U-2932). As a reference, we
profiled three reactive lymph nodes (Figure 1A and Supple-
mentary Data S1). In the reactive lymph nodes, the large
majority of sites were fully or close to fully methylated. In
contrast, hypomethylation was observed in all four cell lines.
Importantly, this was not due to a general low methylation
level, but affected a small subset of sites only. Similar ob-
servations have been made previously by us (8,23) and oth-
ers (9,19) with cervical (HeLa), colon (HCT116) and T-cell
(Jurkat) cancer cell lines. Most hypomethylated sites were
shared with other cancer cell lines, with a few sites that may
be distinctive of DLBCL (e.g. SSU-G683), although this
must await a more comprehensive analysis of cancer cell
lines.

The GBC- and ABC-DLBCL cell lines showed some
common characteristics; e.g. SSU-C1440 was hypomethy-
lated in all cell lines compared to RLN, and conversely,
LSU-G4593 was hypermethylated compared to RLN (Fig-
ure 1B). To compare cell lines, we calculated the deviation of
the RMS scores in each cell line from the average RMS score
of all cell lines (Figure 1C). Importantly, the ABC lines that
represented the more aggressive lymphoma subtype clus-
tered and had many more hypomethylated sites and a larger
extent of hypomethylation at several shared sites (e.g. SSU-
G867; Figure 1B) compared to GCB lines. Among the two
ABC lines, OCI-Ly3 was consistently the most hypomethy-
lated. This cell line had the shortest doubling time (24 h)
of the four cell lines analyzed. We conclude that patient-
derived cell lines are hypomethylated at a subset of rRNA
methylation sites, and that ABC lines are affected at more
sites and to a higher degree.

rRNA modifications in DLBCL patient cells differ from nor-
mal cells

Patient-derived cancer cell lines adapt to propagation in
the laboratory and may accumulate additional mutations.
Thus, we profiled patient DLBCL samples to validate that
rRNA hypomethylation was of clinical relevance to DL-
BCL. Our sample comprised 17 DLBCLs, of which 7 were
typed as GCB, 4 as non-GCB and 6 were not typed (Sup-
plementary Table S1). The RMS scores are listed in Supple-
mentary Data S1, and the profiles are shown in Supplemen-
tary Figure S1. In order to highlight the differences between
tumor and normal tissue, the results are presented as devi-
ations of the scores from the average scores of three RLN
samples in Figure 2A. As with cell lines, sites were affected
in a non-random fashion. Most sites were unaffected and
the affected sites comprised a few cases of hypermethyla-
tions and several cases of hypomethylations. At most sites,
only some of the tumor samples showed statistically signif-
icant deviations; however, at a few sites, almost all (SSU-
U354 and SSU-C1440) or all samples (LSU-G4593) devi-
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Figure 1. Profiling of ribose methylations in rRNA from DLBCL cell lines. (A) Fraction methylated at sites in the small (SSU) and large (LSU) ribosomal
subunit RNA in GBC-DLBCL (RL and HT) and ABC-DLBCL (OCI-Ly3 and U-2932) as well as in RLN. The gray-shaded area represents full or close
to full methylation. (B) Histograms comparing the methylation scores at selected positions discussed in the text. Asterisks indicate statistical significance
between RLN and the cell line in question. (C) Diagram depicting deviations from average methylation scores in GBC- and ABC-DLBCL. The sites that
deviate the most from the average RMS score (fraction methylated) from all cell lines are highlighted and sites scoring statistically significant above average
are to the left and sites scoring below average to the right. The deviating sites in the GCB set (in red) and the ABC set (blue) cluster, with the score for
SSU-L4197 from the RL cell line as an outlier that scores below average in contrast to other deviating sites from the GCB set. R: RL; H: HT; O: OCI-Ly3;
U: U-2932.
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Figure 2. Profiling of ribose methylations and guide RNAs in patient tumor samples. (A) Summary of RiboMeth-seq analysis depicted deviations from the
average of the three RLN control samples. Statistically significant (n = 3) data points are labeled in blue and red, representing hyper- and hypomethylation,
respectively. SSU: small ribosomal subunit; LSU: large ribosomal subunit. (B) Normalized expression levels of all rRNA targeting box C/D snoRNAs
in DLBCL tumor samples and RLN controls. (C) Expression levels of three box C/D snoRNAs that varied in expression levels in parallel to changes in
rRNA methylation levels. Bars represent mean values.

ated from the control. Interestingly, the sites in the small
subunit, in particular those located in the 5′ domain, were
much more hypomethylated than the sites in the large sub-
unit. This may provide clues to the functional significance of
the changes as the small subunit is specifically implicated in
mRNA recruitment and scanning. Information on the most
affected sites is provided in Table 1 and the positions of the
sites in the ribosome structure (24,25) are shown in Supple-
mentary Figure S2.

We next asked whether the methylation changes occurred
in a coordinated fashion when individual tumors were com-
pared. This would require extensive coordination because

the box C/D guide RNAs are expressed from many differ-
ent host genes. Indeed, when all RiboMeth-seq profiles were
superimposed, a somewhat erratic picture emerged, sug-
gesting absence of a regulatory pathway driving the methy-
lation changes. However, in pairwise comparisons using
Spearman’s rank correlation, it appeared that there was a
coordinate decrease in methylation levels at three of the
most affected sites (Supplementary Figure S3). Increased
methylation at LSU-G4593 seemed to anticorrelate with
hypomodification at other key sites, but this fell short of
the statistical test. The coordinate changes were reminis-
cent of what was observed in the comparison of GCB and
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Table 1. List of the 2′-O-Me sites most affected in DLBCL

Pos h/H Dom E. coli # M Z Y SNORD Host gene RMS (RLN) Comment

S U172 h8 5′ 173 + + − 45A D′ RABGGTB 94 C
45B D′ RABGGTB

C174 h8 5′ 175 + − − 45C D′ RABGGTB 86 G
¤ U354 h7 5′ G237? + − − 90* RC3H2 86 G

G436 h13 5′ C316? + + − 100 D′ RPS12 62 G
A468 h14 5′ G348? + + + 83A D RPL3 94 C

83B RPL3
A576 h17 5′ U467? + − − 93 D SNHG26 93 ?

¤ G683 J20/21 5′/C G587? + − − 19 D GNL3 94 C
19B D GNL3

¤ G867 ES6 C − + − − 98 D′ CCAR1 86 G
G1328 h34 3′M C1051 + + + 32A D RPL13A 96 C
C1440 h39 3′M − − − − 125* D AP1B1 82 C
G1447 h38 3′M A1152? + − − 127 D PRPF39 88 G

L G1303 H26 II? C565? + + − 21 D RPL5 93 G
A1858 H39 II U963? + + + 38A D′ RPS8 99 G

38B D′ RPS8
G3606 H64 IV U1765? + + − 96 (G)
G4593 H96 VI 2679U? + + − 78* D′ GAS5 67 G

The nucleotide position in the small (S) or large ribosomal subunit RNA is listed together with information of the structural domain (Dom) and the helix
(h for small subunit and H for large subunit helices, respectively) or junction (J) element. The corresponding nucleotide position in Escherichia coli rRNA
was inferred from a structural alignment. The conservation of the 2′-O-Me site was based on RiboMeth-seq analyses in the mouse (M) (27), zebrafish
(Z) (28) and yeast (Y) (17). The assignment of the SNORD responsible for guiding the methylation, the associated D-box element and the host gene was
from (8,25), and the RMS score was from RLNs as reported in the present paper. Based on a comparison of tumor samples and samples from mouse
development, 2′-O-Me sites were tentatively assigned as generally growth-related (G) or specifically related to cancer (C). *: SNORD level appears limiting
for methylation level; ¤: in close proximity in structure.

ABC cell lines (Figure 1B) and may reflect a drive to-
ward a distinct ribosomal methylation signature in the tu-
mors. When methylation profiles of cell lines (Figure 1A)
and patient DLBCLs (Supplementary Figure S1 and Fig-
ure 2A) were compared, a significant overlap in terms of
both sites affected and the extent of hypo- or hypermethy-
lation was observed. Thus, the cell lines appeared to be rele-
vant models of the methylation changes in primary DLBCL
specimens.

RiboMeth-seq includes data on misincorporation during
cDNA synthesis caused by modifications on the WC face of
the bases that can be used as a proxy for modification lev-
els. Here, we found SSU-m1acp3�1248, SSU-m7G1639 and
SSU-m6

2A1851 to be hypomodified in both cell lines and
primary DLBCL, in contrast to LSU-m1A1309 and LSU-
m3U4500 that were unaltered (Supplementary Figure S4
and Supplementary Table S3). SSU-m1acp3�1248 was re-
cently found to be hypomodified in many cancer types (26).
Thus, hypomodification in rRNA appears as a widespread
phenomenon in cancer.

Key box C/D snoRNA guides are deregulated in DLBCL

In order to understand the non-random distribution of af-
fected sites overall as well as in individual DLBCL, we
experimentally addressed the expression levels in the lym-
phomas of the box C/D snoRNAs that guide the methy-
lations of rRNA. RiboMeth-seq is performed on whole-
cell RNA and thus provides a low-coverage RNA-seq for
small RNAs at intermediate abundance, such as the box
C/D snoRNAs. This approach has the advantage that par-
tial alkaline degradation of the RNA prior to adaptor lig-
ation leaves many ends representing each RNA species,
thus reducing bias in the adapter ligation step. The over-

all levels of box C/D snoRNAs with rRNA targets dif-
fered somewhat among the tumor samples, but were within
the range of the RLN controls (Figure 2B). Many snoR-
NAs showed significant variation in expression, but no
overall correlation between snoRNA level and the stoi-
chiometry of ribose methylation was observed. Three of
the most affected sites are guided by box C/D snoRNAs
that were expressed at relatively low levels, and in these
cases, the methylation stoichiometries were paralleled by
the snoRNA levels. SSU-U354 was hypomethylated in DL-
CBL cell lines and the guide, SNORD90, was expressed at
much lower levels in the cell lines compared to RLNs (Fig-
ure 2C). The DLBCL tumor samples differed considerably
in SNORD90 expression as well as in methylation at SSU-
U354, but the mean value was in between those of cell lines
and RLNs as were the methylation scores. A parallel exam-
ple was found at SSU-C1440 guided by SNORD125 (Fig-
ure 2C). At LSU-G4593, the methylation score was high
in the cell lines and lower in the RLNs and this was par-
alleled by expression levels of SNORD78. Again, the DL-
BCL samples displayed considerable variation in SNORD
expression (Figure 2C), but in this case the methylation
scores were consistently elevated compared to the control.
SNORD78 is encoded within the ncRNA Gas5 host gene
and in the mouse its expression is uncoupled from the ex-
pression from other guide RNAs expressed from the Gas5
transcript through alternative splicing and NMD (27). The
differences in SNORD expression between RLN, on the one
hand, and DLBCL cell lines and patient samples, on the
other hand, revealed by low-coverage RNA-seq were con-
firmed by RT-qPCR analyses (Supplementary Figure S5).
Thus, it appears that some key rRNA methylations are reg-
ulated through expression levels of the corresponding guide
RNAs.
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Many methylation changes appear to reflect cellular growth

Cancer cells are addicted to ribosome biogenesis in order
to support rapid growth (6). To distinguish growth-related
changes from cancer-specific changes in ribosome methyla-
tions, we compared the changes in DLBCL depicted in Fig-
ure 2A with changes observed during development from our
recent study of mouse development (27). The mouse study
focused on comparison of five tissues from E16.5 embryos
and matching adult tissues and found an increase in methy-
lation levels at a subset of positions as well as a decrease
in methylation at a few sites. Samples that showed statisti-
cally significant changes in the mouse study were compared
to the �RMS scores from the present analysis of DLBCL
samples presented in Figure 2A. With the exception of SSU-
C1440 and LSU-A1310 that have no guide RNAs in the
mouse and thus are not methylated, the inventory of rRNA
ribose methylation sites appears similar in the two organ-
isms, although a few additional sites may be found in spe-
cialized cells or tissues in the future. The idea of this com-
parison, plotted in Figure 3A, was to compare two pattern
changes, i.e. to depict which sites display hypo- or hyperme-
thylation and to what extent they vary within the set. Thus,
the absolute changes in the two datasets are not compared
as they are compared against different controls of differen-
tiated tissues. The most striking feature in the comparison
was the many sites that showed both an increase in methy-
lation during development and a decrease in methylation in
cancer. We propose that these changes reflect differences in
the proportion of dividing cells to resting cells in the sample.
In addition to the supposedly growth-related site changes,
an equal number of sites were hypomethylated specifically
in DLBCL. Around one-third of sites were specifically hy-
pomethylated in one or more developing mouse tissues.
More sites in SSU than in LSU showed changes and af-
fected sites clustered in the ribosome 5′ domain of the SSU
and domains DII and DVI of the LSU (Table 1 and Sup-
plementary Figure S2). To test the idea that the methyla-
tion changes reflected cellular growth, we measured the Ki-
67LI, a marker for proliferation. As shown in Figure 3B,
the sum of all methylation changes correlated with the Ki-
67LI and this correlation was largely driven by changes at
two (SSU-U354 and SSU-C1440) of the three positions for
which methylation scores correlated with expression of the
SNORD RNA guides. From this analysis, we propose that
the rRNA methylation in DLBCL can be roughly divided
into sites that are related to rapid growth and sites that may
be DLBCL specific. The former comprised the sites that
change the most. The latter group comprised sites that were
affected in fewer tumors and may be related to genomic in-
sults that vary among the tumors.

DISCUSSION

Using RiboMeth-seq, we demonstrated methylation
changes, predominantly hypomethylation, at a subset
of the ∼112 2′-O-Me sites in rRNA from cell lines and
primary DLBCL samples. We and others have previously
demonstrated hypomethylation in HeLa and HCT116 cells
(8,19) and methylation changes in developing tissues of the
mouse (27) and zebrafish (28). In contrast, RNA extracted
from tissues that largely is composed of differentiated

cells showed close to full methylation at the vast majority
of sites as demonstrated by the profiles of RLNs and of
several adult tissues, e.g. liver, skeletal muscle and brain
(Supplementary Figure S6). Only SSU-C1440 was detected
as a new site in these analyses, suggesting that the current
list is close to being the complete set of 2′-O-Me sites in
human rRNA. Importantly, the subset of sites affected as
well as the extent of hypomethylation in various settings
appeared informative; e.g. cultured cells of cancerous
origin displayed high variability and sometimes profound
perturbations of the methylation patterns compared to
more distinct changes in biological settings, e.g. during
development (27,28). In the present case, the ABC lines
representing the subtype of DLBCL with the poorest
prognosis had a considerably more perturbed methylation
pattern than the GCB lines, and among the two ABC
lines, OCI-Ly3, which is the most proliferative cell line,
was the most affected (Figure 1). Thus, it appears that
the cell lines reflected aspects of DLBCL with respect
to rRNA modification patterns. The primary DLBCL
samples showed methylation changes at essentially the
same sites as the cell lines (compare Figures 1A and 2A,
and Supplementary Figure S1), albeit to a lesser extent, as
expected. DLBCLs comprise a high degree of both intra-
and intertumoral heterogeneity (29). To reduce contamina-
tion of wild-type RNA originating from reactive cells and
connective tissue, we have selected DLBCL samples with at
least 80% tumor involvement, which may have contributed
to the significant overlap of ribose methylation changes
observed in the DLBCL patient samples and the DLBCL
cell lines that comprise a more homogeneous cell popu-
lation. Importantly, Ki-67LI correlated with the overall
pattern change, and specifically with methylation changes
at key sites SSU-U354 and SSU-C1440, suggesting that
methylation changes are related to tumor growth (Figure
3B). All DLBCL patient samples were classified as the
DLBCL NOS group according to the WHO classification
and obtained from treatment-naı̈ve patients. However,
the degree of methylation changes varied considerably
among tumors, which may attribute to the intertumoral
heterogeneity observed in DLBCL. The GCB-DLBCLs
express genes characteristic of normal germinal center B
cells such as CD10 and BCL6, and have ongoing somatic
hypermutations (SHMs) of the immunoglobulin V genes,
while the ABC-DLBCLs express genes characteristic of
in vitro activated B cells, and do not express germinal
center B cell-restricted genes or have ongoing SHMs. The
ABC-DLBCLs are most similar to post-GC immunoblasts,
and particularly, the NF-�B target genes are expressed in
ABC-DLBCL. The ABC-DLBCL is associated with an
inferior overall survival compared to GCB-DLBCL and
PMBL, which is associated with a favorable overall survival
relative to the other two subgroups. However, there is still
clinical heterogeneity within these groups that cannot be
explained by the current classification. There are a variety
of genetic and epigenetic aberrations associated with
the pathogenesis of DLBCL, including aberrations that
are specifically associated with the cell-of-origin defined
subgroups of DLBCL. Due to the limited sample size as
well as differences in treatment regimen, correlation of
methylation pattern and clinical data was not attempted.
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Figure 3. (A) Comparison of rRNA methylation changes (�RMS score) during development and in DLBCL. Purple dots represent statistically significant
methylation changes taken from Figure 2A (i.e. combining red and blue dots) and were calculated by subtracting values in RLNs from values obtained from
individual DLBCL tumors. Green dots represent statistically significant differences in mouse development from (27) calculated by subtracting values from
embryonic tissues from values of the matching adult tissues. (B) Correlation of the sum of �RMS scores at all sites (left) or of SSU-U354 and SSU-C1440
only (right) and the Ki-67LI for all patient samples.

Ribose methylations are guided by box C/D guide RNAs
that are encoded within introns of host genes. Thus, changes
in methylation pattern could be driven by changes in host
gene expression and/or processing of individual box C/D
guide RNAs. To analyze such contributions in DLBCL,
we first inspected lists of the most frequently (>5%) mu-
tated genes in two whole-exome sequencing studies (30,31).
The studies listed 60 genes from 1001 patients and 98 genes
from 304 patients, respectively. None of the genes were host
genes encoding box C/D snoRNAs targeting rRNA. Tran-
scriptomics data were not inspected because intronic en-

coded guide RNA expression can be uncoupled from ex-
pression of exonic products through alternative splicing and
NMD (32) as indeed appeared to be the case for mouse
SNORD78 (27). Instead, we experimentally addressed the
expression levels of the guide RNAs themselves (Figure 2B
and C, and Supplementary Figure S5). The guide RNAs are
among the most deregulated transcripts in cancer (14,15)
and some were demonstrated to have non-ribosomal func-
tions of relevance to cancer (33). In the present study, we did
not observe vast deregulation of the guide RNAs in DL-
BCL compared to RLNs (Figure 2B). We confirmed our
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previous observation (8) of a lack of overall correlation be-
tween the expression levels of individual guide RNAs and
methylation levels at their target sites. However, for three
of the most affected sites, the expression levels of the guide
RNAs varied in parallel with the methylation stoichiome-
try. Furthermore, these were among the few sites for which
we found concerted changes in the tumors. This could indi-
cate an adaptive response at the level of ribosome modifica-
tion during tumorigenesis. SNORD78 is particularly inter-
esting as it has previously been implicated in several cancers
(14,34–37), albeit without being linked to its ribosomal tar-
get. Based on its consistent upregulation in cell lines and
tumors and the direct consequences in elevation of methy-
lation levels at LSU-G4593, we suggest that this snoRNA is
re-evaluated based on its function in installment of one of
the key ribose methylations in rRNA.

The majority of methylation changes in DLBCL mir-
rored the changes observed during mouse development.
This adds to the idea of relatedness between development
and tumorigenesis, e.g. as observed in comparisons between
developmental and pathological epithelial–mesenchymal
transition (EMT) (38,39). We envisage that changes in
methylation pattern on the small ribosomal subunit can
impact translation through mRNA recruitment. Interest-
ingly, increased translation from IRES-driven mRNAs due
to inhibition of cap-dependent translation by the mRNA
binding protein YB1 has been suggested as an inducer
of EMT and enhancer of metastatic capacity (39). Alter-
natively, modifications may impact the trade-off between
speed and fidelity of translation. Ribosome load can impact
the cellular proteome and drive cancer development and
progression (40). Similarly, changes in speed and fidelity of
translation will impact the proteome through its impact on
co-translational protein folding (41,42). It will be of inter-

est to see whether characterization of additional cancers by
RiboMeth-seq will lead to a definition of cancer ribosomes,
which will constitute an additional hallmark of cancer (43)
necessitated by the addiction of cancer cells to increased ri-
bosome biogenesis and protein synthesis.

Ribose methylations are found at conserved and func-
tionally important parts of the ribosome (44). One of the
shortcomings of the present study and the field in general is
the lack of functional studies ascribing functions to individ-
ual methylation sites, although such studies are beginning
to emerge (42). As an example on how methylation changes
may impact ribosome structure and function, we inspected
structure models of the immediate surroundings of SSU-
C1440 located in the highly irregular h39–h39ES9 that ap-
pears ideal for drug targeting because it contains unique
structural features and is solvent accessible. This site was
not methylated in qMS-based studies of ribosomes in hu-
man lymphoblast TK6 and HeLa cells (45), and in previ-
ous RiboMeth-seq analyses of cultured cells, the methyla-
tion score was at background levels (8,46), which was also
the case for the DLBCL cell lines reported here (Figure
4A). In contrast, we report that by far the majority of ri-
bosomes are methylated at this position in RLNs (Figure
4A), and in adult tissues (Supplementary Figure S6). The
methylation is guided by SNORD125 (Figure 4B), the sin-
gle guide encoded within the AP1B1 gene. The expression
levels of SNORD125 (Figure 2C) and the methylation levels
at SSU-C1440 (Figure 4A) varied considerably in the DLB-
CLs. The site is located in h39 in the h34–h40 part of the 3′
major domain of the small subunit rRNA (Figure 4C). The
basal h34 is located at the top of the A site and neck of the
small subunit and is conserved in sequence and with respect
to three 2′-O-Me sites between yeast and humans. In con-
trast, h35–h40 has large patches with multiple sequence dif-
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ferences between yeast and humans and contains 2′-O-Me
sites in humans only. The overall 3D structure is mostly con-
served, suggesting that the multiple methylations play a role
in conformational flexibility. Interestingly, parts of h34–h40
were protected by yeast translation initiation factor eIF4B
in hydroxyl radical footprinting experiments (Figure 4C)
(47) at three locations, including a site close to SSU-C1440
(Figure 4C and D). Of particular interest, overexpression
of eIF4B has been implicated in the pathogenesis of DL-
BCL (48). Cryo-electron microscopy (cryo-EM) analyses
of the human 48S pre-initiation complex involved in cap-
dependent translation suggest that eIF4B stretches along
the 40S subunit from the entrance to exit of the mRNA
channel (49). eIF4B is required for efficient mRNA recruit-
ment to the translation initiation complex and interacts
with the helicase eIF4A that unwinds structured 5′ UTR re-
gions during the scanning process. Additionally, eIF3d con-
tacts h40. eIF3d has cap-binding activity and binds specif-
ically to mRNAs with highly structured 5′ UTRs, such as
c-jun mRNA (50). RACK1, which has been implicated in
control of IRES-containing mRNAs (51), is flanking h39
opposite to uS10 (Figure 4D). RACK1 and eIF4B are both
downstream effectors of intracellular signaling. eIF4B is
one of the targets of PI3K–mTOR–S6K signaling and its
phosphorylation by S6K or protein kinase B leads to in-
creased protein synthesis (52). Thus, we suggest that the
methylation status of SSU-C1440 differentiates ribosomes
by altering the affinity for translation factors involved in
mRNA recruitment. Specifically, synthesis of a large pool
of ribosomes that remain unmethylated at SSU-C1440 may
allow increased levels of eIF4B in DLBCL to bind more ri-
bosomes and favor translation of mRNAs with highly struc-
tured 5′ UTRs such as DAXX, BCL2 and ERCC5 that are
involved in tumorigenesis and chemoresistance (48). In this
way, the ribose methylation is important in coupling cellu-
lar signaling to differential translation of the mRNA pool,
and thus in shaping the cellular proteome. As the methy-
lation status at SSU-C1440 appears to correlate with tu-
mor growth in DLBCL and binding of nearby proteins is
linked to the pathogenesis, we suggest that small molecule
drugs binding to ribosomes depending on the presence of
the methyl group can perturb the ribosome population in
the cell in ways that may inhibit tumor growth.

In conclusion, our study supports the idea that certain
box C/D guide RNAs are relevant as biomarkers in can-
cer, and that these guide RNAs as well as the modification
they install should be considered as a novel type of cancer
targets.
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