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FUS regulates a subset of snoRNA 
expression and modulates the level 
of rRNA modifications
Kishor Gawade 1,2, Patrycja Plewka 1,2, Sophia J. Häfner 3, Anders H. Lund 3, 
Virginie Marchand 4, Yuri Motorin 4, Michal W. Szczesniak 5 & Katarzyna D. Raczynska 1,2*

FUS is a multifunctional protein involved in many aspects of RNA metabolism, including transcription, 
splicing, translation, miRNA processing, and replication-dependent histone gene expression. In this 
work, we show that FUS depletion results in the differential expression of numerous small nucleolar 
RNAs (snoRNAs) that guide 2’-O methylation (2’-O-Me) and pseudouridylation of specific positions 
in ribosomal RNAs (rRNAs) and small nuclear RNAs (snRNAs). Using RiboMeth-seq and HydraPsiSeq 
for the profiling of 2’-O-Me and pseudouridylation status of rRNA species, we demonstrated 
considerable hypermodification at several sites in HEK293T and SH-SY5Y cells with FUS knockout 
(FUS KO) compared to wild-type cells. We observed a similar direction of changes in rRNA modification 
in differentiated SH-SY5Y cells with the FUS mutation (R495X) related to the severe disease 
phenotype of amyotrophic lateral sclerosis (ALS). Furthermore, the pattern of modification of some 
rRNA positions was correlated with the abundance of corresponding guide snoRNAs in FUS KO and 
FUS R495X cells. Our findings reveal a new role for FUS in modulating the modification pattern of 
rRNA molecules, that in turn might generate ribosome heterogeneity and constitute a fine-tuning 
mechanism for translation efficiency/fidelity. Therefore, we suggest that increased levels of 2’-O-Me 
and pseudouridylation at particular positions in rRNAs from cells with the ALS-linked FUS mutation 
may represent a possible new translation-related mechanism that underlies disease development and 
progression.

FUS belongs to the FET family of proteins that includes three highly conserved, abundant, and ubiquitously 
expressed RNA-binding proteins: FUS, EWSR1, and  TAF151. FUS is a nucleocytoplasmic shuttling protein pre-
dominantly localized to the nucleus, but it can also be found in the cytoplasm and was shown to participate in 
mRNA transport and  translation2,3. It also binds to both ssDNA (single-stranded DNA) and dsDNA (double-
stranded DNA), facilitating DNA annealing and D-loop formation and thus mediating genomic maintenance, 
DNA recombination, and DNA  repair4–7. FUS regulates critical steps in RNA metabolism, including transcription, 
splicing, and alternative splicing (reviewed  in8). Furthermore, FUS is involved in replication-dependent histone 
gene expression, microRNA biogenesis, and  function9–11. In particular, numerous FUS mutations have been 
found in familial forms of amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), 
indicating an essential role for this protein in neurodegenerative  diseases1,8,12–16.

Small nucleolar ribonucleoproteins (snoRNPs) are nucleolus-localized complexes comprising small nucleolar 
RNAs (snoRNAs) associated with highly conserved core proteins. snoRNPs are categorized into two major classes, 
referred to as “box C/D” and “box H/ACA” snoRNPs, depending on the presence of “C/D” or “H/ACA” sequence 
motifs in the snoRNAs. Most snoRNPs function in precursor rRNA (pre-rRNA) maturation by introducing 
sequence-specific modifications guided by snoRNAs. C/D snoRNPs are responsible for site-specific 2’-O-ribose 
methylation (2’-O-Me), while H/ACA snoRNPs catalyze the conversion of uridine to pseudouridine (ψ). Addi-
tionally, members of another subgroup of snoRNPs–Cajal body-specific snoRNPs (scaRNPs)–modify the RNA 
component of U snRNPs (small nuclear RNAs), a class of non-coding RNAs involved mainly in the splicing 
of pre-mRNAs. Two enzymes are responsible for the catalytic activity of snoRNPs: the 2’-O-methyltransferase 
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fibrillarin (FBL) and the pseudouridine synthase dyskerin (DKC1)17. Interestingly, some snoRNAs are pairing 
with pre-rRNAs but are not involved in any chemical modifications. Instead, they play a crucial role in pre-rRNA 
processing, such as U3 and U8  snoRNAs17,18. Moreover, many “orphan” snoRNAs have been identified in higher 
eukaryotes. These snoRNAs possess either the C/D box or H/ACA box motif but do not correspond to any target 
RNAs, suggesting that they may play different functions in  cells19.

2’-O-Me and pseudouridylation are the most abundant chemical modifications identified in ribosomal 
 RNAs20. The modified sites are within the functionally important domains and also on the ribosome periph-
ery and may influence the proper folding and translation efficiency of ribosomes as reported by the previous 
 studies21–25. Recently, Jansson et al. reported that differential 2’-O-Me is a source of ribosomal heterogeneity 
and that Myc-induced changes in one methylation site, 18S-Cm174, can result in altered expression of specific 
mRNAs, which correlates with cell phenotype  changes25. A study by Krogh et al. suggests that the methylation 
status of 18S-Cm1440 differentiates ribosomes and influences the affinity of translation factors involved in the 
recruitment of  mRNAs24. There is also evidence to confirm that pseudouridine affects ribosomal function in vivo, 
and defects in these functions may lead to impaired ribosome-ligand interactions, as observed in X-linked dys-
keratosis congenita (X-DC)22. To summarize, earlier reports highlight that methylation and pseudouridylation 
of ribosomal RNAs are key players in producing specialized ribosomes that could have tissue, organ, or disease 
etiology-specific expression. Moreover, previous studies identified that 2’-O-Me and pseudouridine modifica-
tions are also necessary for proper secondary structure and binding of snRNP  components26. An earlier study by 
Yu et al. confirmed that modified nucleotides within the 5’ end of U2 snRNA are necessary to form functional 
splicing  complexes27. Furthermore, as reported by Nagasawa et al., pseudouridine modification at position U89 of 
U2 snRNA depends on scaRNA1 levels and affects the splicing of mRNAs involved in embryonic  development28.

In our study, small RNA sequencing revealed that many C/D box snoRNAs, H/ACA box snoRNAs, and scaR-
NAs are differentially expressed in SH-SY5Y (neuroblastoma) FUS knockout (FUS KO) cells. This prompted us to 
look for possible changes in 2’-O-Me and pseudouridylation status of rRNAs and snRNAs, as these modifications 
are mostly catalyzed by snoRNP complexes. We used RiboMeth-seq (RMS) and HydraPsiSeq, which are 2’-O-Me 
and pseudouridine detection and quantification methods, in which alkaline hydrolysis and hydrazine/aniline 
cleavage were coupled to high throughput sequencing,  respectively29,30. We studied HEK293T FUS KO cells and 
SH-SY5Y FUS KO cells as well as SH-SY5Y cells with FUS R495X mutation associated with the severe disease 
phenotype of ALS. Our data reveal positions in 18S and 28S rRNAs, which are methylated and pseudouridylated 
on a significantly higher proportion of the ribosomes in FUS KO and FUS R495X cells. These positions are located 
in the functional domains and periphery of the small subunit (SSU: 18S rRNA) and large subunit (LSU: 5S, 5.8S, 
and 28S rRNA). These sites are solvent accessible and demonstrate ribosome heterogeneity at the level of rRNA 
modifications in different cell lines and other physiological conditions, like proliferation and differentiation. Our 
report suggests a novel role for FUS in modulating the status of rRNA modifications by regulating the expression 
of the subset of snoRNAs. It also proposes that ALS-associated FUS mutations might lead to increased 2’-O-Me 
and pseudouridylation of 18S and 28S rRNAs at specific sites, which may result in decreased translational fidelity 
or reduced translation of a specific set of mRNAs as observed in latest studies with particular snoRNA knockout 
or decrease in the steady state level of snoRNAs by introducing mutations in the biogenesis  machinery25,31,32. 
Moreover, as multiple scaRNAs have been found to be differentially expressed in FUS KO cells, and some pseu-
douridylation sites in snRNAs were altered in these cells and in FUS R495X mutant, this could partially explain 
RNA splicing defects reported in FUS depleted cells and caused by ALS-associated FUS  mutations33–35.

Results
FUS regulates the level of snoRNAs in human cells. FUS is known to regulate microRNA biogenesis 
and microRNA-mediated gene  silencing10,11. It also interacts with spliceosomal U  snRNAs35–38 and we previ-
ously reported the interaction of FUS with U7  snRNA9,16. Moreover, many microRNAs and other small RNAs, 
including snoRNAs, were differentially expressed in sporadic ALS patients compared to healthy age-matched 
 controls39. Based on these, we wanted to explore whether FUS is involved in the regulation of expression of 
snoRNAs. For this purpose, we performed preliminary experiment of high-throughput sequencing of small 
RNAs (small RNA-seq) isolated from SH-SY5Y wild-type (WT) and FUS KO cells, both proliferating and dif-
ferentiated to neuron-like cells. PCA (principal component analysis) was performed to identify whether there 
was difference in sample clustering, as observed in Supplementary Fig. S1A, B; WT and FUS KO samples formed 
separate clusters. Next, we counted the reads assigned according to GTF.attrType = "gene_biotype" (Ensembl 
GTF annotation file), in FUS KO differentiated cells higher proportion of reads were assigned to snoRNAs as 
compared to wild-type cells (Supplementary Fig. S1C, D). As shown in Fig. 1, Supplementary Table S1, and 
Supplementary Fig. S2, we identified C/D box snoRNAs, H/ACA box snoRNAs, and scaRNAs that were dif-
ferentially expressed between FUS KO and WT cells, both in proliferating and differentiated cells. They include 
both unique snoRNAs as well as some snoRNAs from genetically-imprinted C/D box snoRNA families, like 
SNORD113, SNORD114, and SNORD116, suggesting that FUS may directly bind to individual snoRNAs or 
may be involved in the regulation of these snoRNAs indirectly, by controlling the expression of their host genes.

FUS depletion and FUS R495X mutation affect 2’-O-Me levels at particular positions in 18S 
and 28S rRNAs. The results obtained prompted us to inquire the main question of this project, whether 
the changes in guide RNA levels will eventually modulate the 2’-O-Me and pseudouridylation levels of SSU and 
LSU ribosomal RNA subunits. To gain insight into the impact of FUS depletion on global 2’-O-Me signatures, 
we decided to analyze WT and FUS KO cells from two different cell lines: HEK293T and SH-SY5Y, proliferating 
and differentiated with retinoic acid for 10 days. Furthermore, we analyzed differentiated SH-SY5Y cells with the 
ALS-linked FUS R495X mutation. Using RiboMeth-seq, we determined the methylation pattern of previously 
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Figure 1.  Volcano plots for proliferating (A) and differentiated (B) SH-SY5Y cells. Enhanced Volcano plots 
were generated using Enhanced Volcano R package. Raw count matrix with only snoRNAs was used in DESeq2 
to get differentially expressed snoRNAs (padj ≤ 0.05), the tabular file generated was then used in Enhanced 
Volcano library with x-axis = ’log2FoldChange’ and y-axis = ’padj’. Representative differentially expressed 
snoRNAs are annotated. (NS: non-significant).
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reported 67 positions in 28S rRNA, 41 sites in 18S rRNA, and two positions in 5.8S rRNA in all cell types ana-
lyzed (Supplementary Table S2). A methylation score (MethScore) was calculated for each position to assess the 
fraction of rRNA molecules modified at a given position in all FUS KO cells, FUS R495X cells and WT cells. The 
vast majority of sites were unaffected by the FUS knockout or the FUS R495X mutation in both rRNA subunits 
and represented almost saturated 2’-O-Me in all cell lines analyzed (Supplementary Table S2, Supplementary 
Fig. S3A). The affected sites (MethScore difference > 0.05) corresponded mainly to higher 2’-O-Me levels in FUS 
KO and FUS R495X cells in comparison to WT cells (Table 1, 2, 3, Fig. 2A). The lower proportion of 2’-O-meth-
ylation was observed only in the case of 18S-Am576 in SH-SY5Y FUS KO proliferating cells and 28S-Am1323 
in differentiated SH-SY5Y FUS KO and FUS R495X cells. In 18S rRNA, the methylation status of two positions, 

Table 1.  2’-O-Me and pseudouridylation positions changed in 18S and 28S ribosomal RNAs in HEK293T WT 
and FUS KO cell lines. The MethScores and the PsiScores represent the average of three biological replicates 
and describe a fraction of molecules methylated and pseudouridylated at a given position, respectively. The 
old nomenclature is shown in brackets. Arrows depict the direction of modification changes in FUS KO cells 
relative to WT cells. P values were calculated using paired Student’s t-test, and the statistical significance is 
represented as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

rRNA subunit Position and residue type

HEK293T WT HEK293T FUS KO C/D box snoRNA involved in 
2’-O-methylationAv.MethScore Av.MethScore

18S Um354 0.02 0.31** ↑ SNORD90

18S Am576 0.57 0.64* ↑ SNORD93

18S Gm867 0.76 0.82* ↑ SNORD98

18S Cm1272 0.39 0.60* ↑ SNORD66

28S Am2401 (Am2388) 0.76 0.87** ↑ SNORD68

28S Cm2861 (Cm2848) 0.64 0.79 (p = 0.07) ↑ SNORD50A, SNORD50B

28S Gm2876 (Gm2863) 0.37 0.54 (p = 0.08) ↑ SNORD50A, SNORD50B

28S Gm4042 (Gm4020) 0.46 0.63* ↑ SNORD102

rRNA subunit Position and residue type

HEK293T WT HEK293T FUS KO H/ACA box snoRNA involved 
in pseudouridylationAv.PsiScore Av.PsiScore

28S Psi 1582 (Psi 1569) 0.68 0.77* ↑ SNORA7A, SNORA7B

28S Psi 1779 (Psi1766) 0.75 0.92*** ↑ SNORA47

28S Psi 2839 (Psi 2826) 0.17 0.29* ↑ Unknown

28S Psi 3734 (Psi 3713) 0.86 0.92** ↑ SNORA31

28S Psi 3822 (Psi 3801) 0.72 0.85* ↑ SNORA54

28S Psi 4312 (Psi 4282) 0.85 0.91* ↑ SNORA2A/2B, SNORA34

28S Psi 4420 (Psi 4390) 0.56 0.72*** ↑ SNORA63

28S Psi 4579 (Psi 4549) 0.41 0.32* ↓ Unknown

28S Psi 4673 (Psi 4643) 0.65 0.79*** ↑ SNORA30, SNORA37

28S Psi 5001 (Psi 4966) 0.59 0.77*** ↑ SNORA22, SNORA33

Table 2.  2’-O-methylation and pseudouridylation positions changed in 18S and 28S ribosomal RNAs in 
SH-SY5Y WT and FUS KO cell lines in proliferating (Proli) conditions. The MethScores and the PsiScores 
represent the average of three biological replicates and describe a fraction of molecules methylated and 
pseudouridylated at a given position, respectively. The old nomenclature is shown in brackets. Arrows depict 
the direction of modification changes in FUS KO cells relative to WT cells. P values were calculated using 
paired Student’s t-test, and the statistical significance is represented as fallows: *p ≤ 0.05; **p ≤ 0.01.

rRNA subunit Position and residue type

SH-SY5Y WT Proli SH-SY5Y FUS KO Proli C/D box snoRNA involved in 
2’-O-methylationAv.MethScore Av.MethScore

18S Um354 0.44 0.61 (p = 0.08) ↑ SNORD90

18S Gm436 0.47 0.62** ↑ SNORD100

18S Am576 0.19 0.09* ↓ SNORD93

18S Cm1272 0.58 0.71* ↑ SNORD66

rRNA subunit Position and residue type

SH-SY5Y WT Proli SH-SY5Y FUS KO Proli H/ACA box snoRNA involved 
in pseudouridylationAv.PsiScore Av.PsiScore

18S Psi 681 0.82 0.73* ↓ Unknown

28S Psi 5001 (Psi 4966) 0.69 0.78* ↑ SNORA22, SNORA33
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18S-Um354 and 18S-Cm1272, was consistently and noticeably higher in all FUS KO cells and FUS R495X cells 
compared to WT. Moreover, the 18S-Gm436 position was sensitive to FUS depletion and mutation in neuro-
blastoma cells only. Comparison of 28S rRNA methylation profiles revealed that two positions, 28S-Am2401 and 
28S-Gm2876, were concordantly hypermethylated in HEK293T FUS KO cells and differentiated SH-SY5Y FUS 
KO and FUS R495X cells (Tables 1, 2, 3, Fig. 2A). Interestingly, 28S rRNA methylation profile was unchanged in 
SH-SY5Y proliferating cells (Table 2). These results support the notion that FUS disturbances (FUS depletion or 
ALS-linked mutation) can affect the methylation status of specific rRNA positions, with two sites: 18S-Um354 
and 18S-Cm1272, appearing to be commonly responsive to FUS. Furthermore, most FUS sensitive 2’-O-Me sites 
exhibited methylation scores lower than 0.65 (Table 1, 2, 3), suggesting that mainly sub-stoichiometric modifica-
tions are influenced explicitly by FUS  mutations29.

In the next step, we checked the expression levels of selected box C/D snoRNAs that guide the 2’-O-Me rRNA 
modification of sites affected in FUS KO or FUS R495X cells. For this purpose, we used previously described small 
RNA-seq data from neuroblastoma WT and FUS KO cells (proliferating and differentiated) and supplemented 
them by RT-qPCR approach done in all cells analyzed (HEK293T WT and FUS KO, SH-SY5Y proliferating 
(Proli) WT and FUS KO, SH-SY5Y differentiated (Diff) WT, FUS KO and FUS R495X) (Supplementary Table S1, 
Fig. 2B,C and 3). In HEK293T FUS KO cells, in agreement with an increase in methylation at two positions, 28S-
Cm2861 and 28S-Gm2876, the upregulated expression of the corresponding guide SNORD50A was observed. 
In SH-SY5Y FUS KO proliferating and differentiated cells, hypermethylation of 18S-Um354 and 18S-Cm1272 
was paralleled by elevated levels of corresponding guide snoRNAs, SNORD90 and SNORD66. Furthermore, an 
increase of modification at 18S-Gm436 was accompanied by a higher abundance of SNORD100 in differentiated 
SH-SY5Y FUS KO cells compared to WT cells. In SH-SY5Y cells expressing FUS R495X mutant, hypomethylation 
of 28S-Am1323 was paralleled by the downregulation of SNORD126. In addition, changes in the methylation 
pattern of 28S-Cm1881, 28S-Am2401, 28S-Gm2876, 28S-Am3867, and 28S-Cm4456 were accompanied by 
consistent changes in the expression levels of corresponding snoRNAs: SNORD48, SNORD68, SNORD50A/
SNORD50B, SNORD92, SNORD49A/SNORD49B in SH-SY5Y FUS KO differentiated cells, as evidenced by small 
RNA-seq data. Noteworthy, an increase in the methylation status of 18S-Cm1440 was paralleled by a higher level 
of the guide SNORD125 in both SH-SY5Y differentiated FUS KO and FUS R495X cells (Tables 1, 2, 3, Fig. 2B,C). 
These results suggest that changes in the methylation status of a subset of modified sites on rRNAs observed in 

Table 3.  2’-O-methylation and pseudouridylation positions changed in 18S and 28S ribosomal RNAs 
in SH-SY5Y WT, FUS KO and FUS R495X cells differentiated (Diff) for 10 days using retinoic acid. The 
MethScores and the PsiScores represent the average of three biological replicates and describe a fraction of 
molecules methylated and pseudouridylated at a given position, respectively. The old nomenclature is shown 
in brackets. Arrows depict the direction of modification changes in FUS KO and FUS R495X cells relative to 
WT cells. Negative values mean that these residues are not protected against hydrazine/aniline treatment, 
hence they are not pseudouridylated. P values were calculated using paired Student’s t-test, and the statistical 
significance is represented as fallows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

rRNA subunit
Position and residue 
type

SH-SY5Y WT Diff
SH-SY5Y FUS KO 
Diff

SH-SY5Y FUS R495X 
Diff C/D box snoRNA 

involved in 
2’-O-methylationAv.MethScore Av.MethScore Av.MethScore

18S Um354 0.59 0.71* ↑ 0.85** ↑ SNORD90

18S Gm436 0.61 0.74* ↑ 0.86** ↑ SNORD100

18S Cm1272 0.69 0.81* ↑ 0.81* ↑ SNORD66

18S Cm1440 0.41 0.52 (p = 0.14) ↑ 0.56 (0.066) ↑ SNORD125

28S Am1323 (Am1310) 0.63 0.45 (p = 0.1) ↓ 0.41 (p = 0.055) ↓ SNORD126

28S Cm1881 (Cm1868) 0.68 0.77 (p = 0.15) ↑ 0.81 (p = 0.08) ↑ SNORD48

28S Am2401 (Am2388) 0.90 0.94* ↑ 0.96* ↑ SNORD68

28S Am2787 (Am2774) 0.86 0.89 (p = 0.07) 0.92** ↑ SNORD99

28S Gm2876 (Gm2863) 0.83 0.91** ↑ 0.94** ↑ SNORD50A, 
SNORD50B

28S Am3867 (Am3846) 0.80 0.87* ↑ 0.90* ↑ SNORD92

28S Cm4456 (Cm4426) 0.91 0.97* ↑ 0.98* ↑ SNORD49A, 
SNORD49B

rRNA subunit
Position and residue 
type

SH-SY5Y WT Diff
SH-SY5Y FUS KO 
Diff

SH-SY5Y FUS R495X 
Diff H/ACA box 

snoRNA involved in 
pseudouridylationAv.PsiScore Av.PsiScore Av.PsiScore

18S Psi 897 − 0.08 − 0.0066* ↑ 0.14*** ↑ SNORA44

28S Psi 2839 (Psi 2826) 0.50 0.57* ↑ 0.61*** ↑ Unknown

28S Psi 2843 (Psi 2830) − 3.9 − 3.6 (p = 0.15) − 2.9** ↑ Unknown

28S Psi 4579 (Psi 4549) 0.78 0.79 (p = 0.29) 0.87*** ↑ Unknown

28S Psi 4636 (Psi 4606) 0.51 0.42** ↓ 0.43** ↓ SNORA81

28S Psi 4973 (Psi 4938)  − 1.03  − 0.95 (p = 0.63)  − 0.78* ↑ SNORA43
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Figure 2.  Differential heatmap for variations in 2’-O-Me levels in all cells analyzed, representing the mean of 
three biological replicates from each cell line (A). Heatmap was generated using Graphpad Prism 8.4.2 (https:// 
www. graph pad. com/ scien tific- softw are/ prism/). Heatmap represents sites with at least a 10% (0.1) difference in 
2’-O-Me between cell types. RT-qPCR analysis of relative expression levels of selected C/D box snoRNAs that 
guide methylation of residues in 18S rRNA and 28S rRNA (B). The values represent the mean and error bars 
indicate the SD of three biological replicates from each cell line. HEK293T FUS KO cells, proliferating (Proli) 
SH-SY5Y FUS KO, differentiated (Diff) SH-SY5Y FUS KO cells, and SH-SY5Y FUS R495X cells were compared 
to WT cells, respectively. P values were calculated using Student’s t-test, and the statistical significance is defined 
as follows: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Small RNA-seq results for some of the differentially expressed C/D 
box snoRNAs identified by DEseq2 analysis in Proli and Diff SH-SY5Y FUS KO cells and presented as relative 
fold change as compared to WT cells (C). *Padj ≤ 0.05; **Padj ≤ 0.01; ***Padj ≤ 0.001.

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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FUS KO and R495X cells can result directly from differential expression of particular snoRNAs affected by FUS 
(Fig. 3). Based on our data and previous studies we can hypothesize that only a subset of guide snoRNAs and 
corresponding modification correlate with each  other24. In cases where snoRNA abundance does not correlate 
with the level of modification, it is possible that these sites are guided by more than one snoRNA as observed in 
H/ACA box snoRNA guided pseudouridylation.

Moreover, to identify new 2’-O-Me sites in the rRNA that can be dependent on FUS, we used  snoSCAN40 tool 
with the snoRNA sequence fasta file from  snoDB41 and 18S and 28S rRNAs as target sequences. Interestingly, we 
were able to identify some putative 2’-O-Me sites in 18S rRNA (Cm951, Gm995, Cm1000, Am1034, Gm1639) 
and one site in 28S rRNA (Cm2075), all with low methylation scores and differential methylation patterns in 
FUS KO and FUS R495X compared to WT cells (Table 4, Supplementary Table S3). Furthermore, examining 
snoRNAs abundance using RT-qPCR and small RNA-seq data showed some correlations between methylation 
status and the expression of their corresponding snoRNAs in cells with FUS disturbances compared to WT cells 
(Table 4, Supplementary Fig. S4). The lack of methylation at 18S-Cm1000 in SH-SY5Y FUS KO proliferating 
cells was paralleled by the decreased expression level of SNORD44, as evidenced by RT-qPCR analysis. In the 
same cell line, 28S-Cm2075 was unmethylated in FUS KO cells, and this was accompanied by a lower level of 
SNORD114-14, as shown by small RNA-seq data. In SH-SY5Y differentiated cells, FUS depletion resulted in 
a 15% reduction in methylation score at 28S-Cm2075 and a consistent decrease in SNORD114-14 compared 
to WT cells, as evidenced by small RNA-seq data. Similarly, this position is hypomethylated in SH-SY5Y FUS 
R495X cells, followed by downregulation of SNORD114-14. Interestingly, SNORD114 family is considered an 
orphan snoRNA family, with no target determined. Another putative position, 18S-Cm951, was hypomethyl-
ated in SH-SY5Y FUS KO and FUS R495X differentiated cells, however, the predicted guide SNORD114-3 was 

Figure 3.  Scheme representing positions in 18S and 28S rRNAs with sites of methylation and 
pseudouridylation differentially modified in FUS KO and FUS R495X cells in comparison to wild-type 
cells. Red, blue and white bars indicate upregulation, downregulation or no changes, respectively. snoRNAs 
responsible for modifications are located above corresponding sites, red and blue arrows indicate snoRNA 
upregulation or downregulation, respectively, confirmed by small RNA-seq or RT-qPCR.
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downregulated only in FUS R495X cells. In SH-SY5Y FUS KO differentiated cells, a higher methylation score 
at 18S-Gm995 was paralleled by elevated expression of SNORD53, according to small RNA-seq data (Table 4, 
Supplementary Fig. S4). However, to confirm these putative positions further studies have to be performed.

Small Cajal body-specific RNAs are responsible for site-specific 2’-O-methylation and pseudouridylation 
of snRNAs. Recent studies suggests the role of another RNA binding protein involved in ALS, TDP-4315,42, 
in regulating site-specific 2’-O-methylation of U1 and U2 snRNAs, by controlling the localization of a subset 
of C/D box  scaRNAs43. FUS is involved in major and minor intron splicing by its direct association with U1, 
U2, U11, and U12 snRNAs as well as in replication-dependent histone gene expression by interaction with U7 
 snRNA9,16,36,44. These interactions are disturbed by ALS-associated mutations in  FUS16,37,45. Our small RNA-seq 
results confirmed that some C/D box and H/ACA box scaRNAs are differentially expressed in FUS KO cells (Sup-
plementary Table S1). Next, to identify the effect of the altered scaRNAs expression on snRNAs, we checked the 
MethScores for known positions on snRNAs. Our results from RiboMeth-seq indicate that most of the snRNA 
positions are fully methylated in both proliferating and differentiated SH-SY5Y cells and we couldn’t observe 
any significant changes in 2’-O-Me levels in snRNAs in FUS R495X cells as well (Supplementary Fig. S5A, 
Supplementary Table S2). However, we noted that cytosine at position Cm8 on U4 snRNA (RNU4-Cm8) is dif-
ferentially methylated in HEK293T cells compared to neuroblastoma cells. Unfortunately, we could not detect 
known 2’-O-Me sites at the 5’ end of U1, U2, U4, and U5 snRNAs; RiboMeth-seq is not appropriate to measure 
these terminal methylations.

FUS depletion and FUS R495X mutation affect pseudouridylation levels at specific positions 
in 18S and 28S rRNAs. To map and quantify the pseudouridine content in FUS KO and FUS R495X cells, 
we applied the HydraPsiSeq  approach30. This allowed us to profile the pseudouridylation level of annotated 44 
sites in 18S rRNA, 61 sites in 28S rRNA, and two sites in 5.8S rRNA (Supplementary Table S4). Like the 2’-O-Me 
signatures, most pseudouridine sites were resistant to FUS depletion or mutation and exhibited near-saturated 
modification levels (Supplementary Table  S4, Supplementary Fig.  S3B). Interestingly, most of the significant 
variations in pseudouridylation between FUS KO or FUS R495X and WT cells (PsiScore difference > 0.05) refers 
to 28S rRNA, and similarly to methylation status, in most cases increased pseudouridine level in FUS knockout 
and mutant cells was observed (Tables 1, 2, 3, Figs. 3 and 4A). For example, the pseudouridylation status at site 
28S-Psi5001 was significantly higher in HEK293T FUS KO and neuroblastoma FUS KO proliferating cells, while 
pseudouridylation status at site 28S-Psi2839 was increased in HEK293T FUS KO and neuroblastoma FUS KO 
and FUS R495X differentiated cells. Furthermore, at position 18S-Psi897 in neuroblastoma differentiated cells, 
FUS depletion and mutation resulted in higher pseudouridine levels. In turn, pseudouridylation at position 28S-
Psi4579 was lower in HEK293T FUS KO cells but higher in FUS R495X cells, compared to WT, with no changes 
in neuroblastoma FUS KO cells. This suggests that FUS can act differently depending on the cell line (Tables 1, 
2, 3, Figs. 3 and 4A).

In the next step, using previously described small RNA-seq data and RT-qPCR approach, we checked whether 
changes in modification level at specific positions might be accompanied by differential expression of cor-
responding guide snoRNAs in both FUS KO and FUS R495X mutant compared to WT cells (Supplementary 

Table 4.  Putative 2’-O-methylation positions in rRNAs as identified by Snoscan (v.1.0). The MethScores 
represent the average of three biological replicates and describe a fraction of molecules methylated at a given 
position. Arrows depict the direction of modification changes in FUS KO and FUS R495X cells relative to WT 
cells.

rRNA subunit Position and residue type

HEK293T WT HEK293T FUS KO C/D box snoRNA involved in 2’-O-methylation

Av.MethScore Av.MethScore

18S Cm951 0.34 0.01 ↓ SNORD114-3

18S Cm1000 0.29 0.14 ↓ SNORD44

18S Gm1639 0.62 0.49 ↓ SNORD81

28S Cm2075 0.21 0.04 ↓ SNORD114-14

rRNA subunit Position and residue type

SH-SY5Y WT Proli SH-SY5Y FUS KO Proli C/D box snoRNA involved in 2’-O-methylation

Av.MethScore Av.MethScore

18S Gm995 0.13 0.24 ↑ SNORD53

18S Cm1000 0.10 0.000 ↓ SNORD44

18S Am1034 0.12 0.30 ↑ SNORD59A

18S Gm1639 0.56 0.42 ↓ SNORD81

28S Cm2075 0.20 0.000 ↓ SNORD114-14

rRNA subunit Position and residue type

SH-SY5Y WT Diff SH-SY5Y FUS KO Diff SH-SY5Y FUS R495X Diff C/D box snoRNA involved in 
2’-O-methylationAv.MethScore Av.MethScore Av.MethScore

18S Cm951 0.36 0.13 ↓ 0.08 ↓ SNORD114-3

18S Gm995 0.17 0.27 ↑ 0.25 ↑ SNORD53

18S Gm1639 0.70 0.31 ↓ 0.33 ↓ SNORD81

28S Cm2075 0.16 0.01 ↓ 0.000 ↓ SNORD114-14
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Figure 4.  Differential heatmap for variations in pseudouridylation levels in all cells analyzed, representing 
the mean of three biological replicates from each cell line (A). Heatmap was generated using Graphpad Prism 
8.4.2 (https:// www. graph pad. com/ scien tific- softw are/ prism/). Heatmap represents sites with at least a 10% (0.1) 
difference in pseudouridylation between cell types. RT-qPCR analysis of relative expression levels of selected 
box H/ACA snoRNAs that guide pseudouridylation of residues in 18S rRNA and 28S rRNA (B). The values 
represent the mean and error bars indicate the SD of three biological replicates from each cell line. HEK293T 
FUS KO cells, proliferating (Proli) SH-SY5Y FUS KO cells, differentiated (Diff) SH-SY5Y FUS KO cells, and 
SH-SY5Y FUS R495X cells were compared to WT cells, respectively. P values were calculated using Student’s 
t-test, and the statistical significance is defined as follows: *P ≤ 0.05. Small RNA-seq results for some of the 
differentially expressed H/ACA box snoRNAs identified by DEseq2 analysis in Diff SH-SY5Y FUS KO cells and 
presented as relative fold change as compared to WT cells (C). *Padj ≤ 0.05; ***Padj ≤ 0.001.

https://www.graphpad.com/scientific-software/prism/
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Table 1, Fig. 3 and 4B,C). In SH-SY5Y FUS KO and R495X differentiated cells, increased pseudouridylation at 
18S-Psi897 was accompanied by increased expression of the corresponding SNORA44. In HEK293T FUS KO 
cells, increased pseudouridylation at sites 28S-Psi1779, 28S-Psi4673, and 28S-Psi5001 was paralleled by elevated 
levels of the corresponding snoRNAs: SNORA47, SNORA37, and SNORA33, respectively. Interestingly, modi-
fications at 28S-Psi4673 and 28S-Psi5001 are guided by two snoRNAs, but only one of them responds to FUS 
depletion (Table 1, 3, Figs. 3 and 4B,C). Like in the 2’-O-methylation profile, in these particular examples we can 
assume that changes in the pseudouridylation status of rRNAs could be a direct consequence of the differential 
expression of a subset of H/ACA box snoRNAs affected by FUS. However, in other cases, the mechanisms which 
regulate post-transcriptional modifications of ribosomes are still elusive.

Next, by analyzing pseudouridylation levels of snRNAs, we found an significant increase of this modification, 
for example, at position Psi6 of U2 snRNA (RNU2-Psi6) in SH-SY5Y R495X cells (Supplementary Fig. S5B, Sup-
plementary Table S4). As reported by Yu et al., post-transcriptional modifications (PTMs) of the 5’ end region 
of U2 snRNA are necessary to form functional U2 snRNP and pre-mRNA  splicing27. There was also significant 
increase in the pseudouridine level at U2 snRNA (RNU2-Psi44) in SH-SY5Y proliferating cells. Moreover, we 
observed significantly increased pseudouridylation at position Psi91 (RNU2-Psi91), Psi53 (RNU5A-Psi53), and 
Psi40 (RNU6-Psi40) in HEK293T FUS KO cells. Noticeable differences were observed within SH-SY5Y WT cells 
in proliferating and differentiated conditions, specifically for sites RNU2-Psi6, RNU2-Psi7, and RNU2-Psi91 
(Supplementary Fig. S5B). It is essential to mention that we observed variability in PsiScore within replicates, 
resulting from lower sequencing depth; because of that we also could not precisely measure all the known pseu-
douridylation positions in snRNAs.

Thereafter, we decided to elucidate the putative mechanism by which FUS can affect snoRNA levels and 
further modulate rRNA modifications as a secondary effect. As snoRNA genes are mostly localized within 
introns of other genes, so-called host genes, first we tested the expression of snoRNA host genes in cells with FUS 
depletion. As shown in Supplementary Fig. S6, in HEK293T FUS KO cells the levels of selected host genes were 
generally upregulated, which only partially correspond to the elevated level of their hosted snoRNAs in this cell 
line. Further, by RNA immunoprecipitation (RIP) experiment we revealed that FUS can directly bind to both 
snoRNAs (Fig. 5A,B) and selected snoRNA host gene transcripts (Fig. 5C,D), however in this assays we couldn’t 
distinguish whether FUS can bind directly to mature snoRNAs or solely to their host gene transcripts. Moreover, 
analysis of fibrillarin, NOP56, and dyskerin, which form snoRNP complexes, did not show spectacular changes in 
their expression in HEK293T and neuroblastoma cell lines with FUS knockout or mutation. Although, fibrillarin 
level is higher in SH-SY5Y cells, at both mRNA and protein level, the observed differences are not significant. 
The expression of NOP56 and dyskerin was not altered in any cells with FUS changes (Supplementary Fig. S7). 
To summarize, the changes in modification of rRNAs observed in FUS KO and FUS R495X cells are not caused 
by increased expression of snoRNP complex proteins like FBL, NOP56 and DKC1.

Mapping of FUS-dependent 2’-O-Me and pseudouridylation sites on the SSU and LSU rRNA 
subunits and 80S ribosome. It has been recently established that sites with dynamic 2’-O-Me or pseu-
douridylation scores can be responsible for the generation of ribosome  heterogeneity22,30,46–48. Even a single 
conserved 2’-O-Me site, for example, 18S-Cm174, can influence the translation of a specific set of mRNAs, 
highlighting the importance of individual sites of post-transcriptional  modifications25. We used PDB file 4UG0 
in Pymol 2.0 to get LSU (28S, 5.8S, 5S rRNAs) and SSU (18S rRNA)  structures49 and map 2’-O-Me and pseudou-
ridylation sites that were significantly changed in rRNA subunits in FUS KO and FUS R495X cells, followed by 
combining these subunits to reveal whether any of these sites are present within functionally conserved domains 
like E-site, DCS (decoding site), and PTC (peptidyl transferase centre) (Fig. 6A,B,C,D,E,F). We identified that 
18S-Um354 and 18S-Cm1440 sites within the 18S rRNA map to the outer periphery (Fig. 6A,B). These sites may 
be accessible for molecular interactions with ribosomal proteins, as opposed to the sites within PTC or DCS that 
are highly inaccessible. 18S-Cm1440, is present in the helix39-helix39ES (expansion segment), which is reported 
to be highly irregular and solvent accessible (Fig. 6A,B,E,F)24. Remarkably, 18S-Cm1272 site which exhibited 
higher modification level in all FUS KO as well as in FUS R495X mutant cells, is located close to DCS. Usually, 
PTMs, like 2’-O-Me and pseudouridylation, within the functionally important regions are very stable, however 
increase in 18S-Cm1272 2’-O-Me could indicate that this 2’-O-Me site within the DCS is sensitive to FUS.

In the case of pseudouridylation, all but two significantly changed sites are within 28S rRNA (Tables 1, 2, 3, 
Fig. 3). 28S-Psi1779 is of particular interest as the interaction between 28S-Psi1779 and uS19 (ribosomal protein 
S15-RPS15) Arginine 10 forms B1a inter-subunit  bridge49 (Fig. 6C,D,E,F). This site is hyperpseudouridylated in 
HEK293T FUS KO cells, and the corresponding guide RNA, SNORA47, is also upregulated in these cells (Fig. 3).

To estimate the effect of alterations in rRNA modifications on global translation efficiency we performed 
surface sensing of translation (SUnSET) assay. As shown in Supplementary Fig. S8, no changes were observed in 
proliferating and differentiated SH-SY5Y FUS KO cells as well as in FUS R495X mutant cells, in comparison to 
wild-type cells. A significant but small reduction in protein synthesis was reported only for HEK293T FUS KO 
cells. As observed in the latest studies using CRISPR-Cas9 method to knockout specific snoRNA which resulted 
in the absence of corresponding modification on rRNA, we speculate that instead of global changes, translation 
of a subset of mRNAs can be specifically hampered or even translational fidelity could be  compromised25,32.

Discussion
Our study highlights that depletion and mutation of FUS, an RNA binding protein, can result in differential post-
transcriptional modifications of rRNAs. Further, the changes observed in 2’-O-Me and pseudouridylation levels 
in rRNAs could indicate changes in ribosome fidelity although we did not observe significant changes in global 
translation efficiency in SH-SY5Y FUS KO and FUS R495X mutant cells (Supplementary Fig. S8). Moreover, we 
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also report that ALS-associated FUS mutations can result in changes at the level of post-transcriptional modi-
fications of ribosomal RNAs.

Few previous studies reported that snoRNAs are enriched in sporadic ALS patient samples compared to the 
healthy  controls39,50. We observed that snoRNAs are mostly upregulated in SH-SY5Y FUS KO cells differenti-
ated with retinoic acid (Figs. 1B and 3, Supplementary Table S1). Even though these studies do not specifically 
associate FUS with snoRNA levels, there is an indication that some snoRNAs, such as SNORD48, SNORD90 and 
SNORD100, which are upregulated in SH-SY5Y FUS KO cells, are also enriched in sporadic ALS  patients39,50. 
However, how FUS controls the expression of snoRNAs is still not well understood. It is known from previous 
work that wild-type FUS explicitly binds introns within pre-mRNAs42; interestingly, most of the snoRNAs are 
located in the introns of protein-coding or non-coding RNA genes. As we reported here, the changes in the level 
of host gene transcripts and their encoding snoRNAs do not always correspond to each other (Supplementary 
Fig. S6), therefore in these cases we may exclude that FUS regulates snoRNA levels indirectly by the regulation 
of their host gene transcription or splicing. Nevertheless, in cases where similar changes of both host genes 
transcripts and snoRNAs were observed in FUS KO cells, FUS might affect snoRNA maturation instead of acting 
on mature snoRNAs. One should also keep in mind that many host genes encode more than one snoRNA genes 
(such as RPS12, CCNB1IP1, SNHG32, SNHG12, WDR43, EIF4A2) and thus host gene transcript levels do not 

Figure 5.  RNA immunoprecipitation (RIP) experiment to test whether FUS can bind C/D box snoRNAs (A), 
H/ACA box snoRNAs (B), and snoRNA-host gene transcripts (C) in HEK293T cells. 7SL RNA was used as 
a negative control, U1 snRNA and U7 snRNAs were used as a positive controls (D). Arrows next to snoRNA 
names indicate the direction of changes in the expression of hosted snoRNAs in FUS KO cells relative to 
WT cells. Bars represent the mean and error bars indicate the SD of three biological replicates. P values were 
calculated using Student’s t-test, and the statistical significance is defined as follows: *P ≤ 0.05; **P ≤ 0.01; 
***P ≤ 0.001.
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always mirror the level of expression of all the encoded snoRNAs. Unfortunately, our RIP approach prevented 
distinguishing mature snoRNAs from their host gene transcripts in the FUS-immunoprecipitated fractions, 
leaving this question still open (Fig. 5). Additionally, we analyzed publicly available CLIP-seq datasets hosted on 
POSTAR3  database51. Interestingly, we observed that FUS interacts with some snoRNAs, however, in many cases 
the binding positions overlap with positions identified for their host gene transcripts, precluding interpretation 
of which mechanisms, host gene transcript level or mature snoRNA level, is directly affected by FUS (data not 
shown). Moreover, our analysis showed no or little changes in the expression of fibrillarin, dyskerin and NOP56 
in cells with FUS alterations, excluding the hypothesis that changes in post-transcriptional modifications of 
rRNAs and snRNAs result from disrupted assembly of snoRNP complexes. Summarizing, the mechanism by 
which FUS can affect snoRNA levels and therefore indirectly modify rRNA modifications, is still not elucidated.

As reported by multiple previous studies, fractionally modified 2’-O-Me and pseudouridylation sites are 
responsive to changes, such as stress, differentiation, and knockdown or mutation of vital snoRNP factors, 
including fibrillarin, dyskerin, and  NOP1023,46,48,52,53. H/ACA box snoRNA levels are regulated during stem cell 
 differentiation52, which could also indicate a downstream effect on the level of pseudouridylation within rRNA 
and snRNAs guided by this class of snoRNAs. By RiboMeth-seq we were able to identify all known 2’-O-Me sites 
within ribosomal RNAs. Even though most of these sites were almost fully methylated, we observed a general 
increase in 2’-O-Me levels in FUS KO cells (Supplementary Table S2) which coincides with our observation 
that snoRNAs are enriched upon FUS depletion (Supplementary Table S1). It is important to mention that we 
observed only a small proportion of modified sites that actually correlate with the expression of correspond-
ing guide snoRNAs (Table 1, 2, 3, Fig. 2B,C, 3, and 4B,C). Our observation is consistent with previous reports 
suggesting that apart from the snoRNA levels, possibly there are additional factors involved in the regulation 
of post-transcriptional modifications of ribosomal  RNAs23,24,46. Interestingly, Um354 and Gm436 sites within 
18S rRNA showed increased 2’-O-Me; these sites are located in the 5’ domain of helix7 and helix13. An earlier 
study by Krogh et al. suggests that an increase in 2’-O-Me level at these positions may reduce cell growth due to 
decreased ribosomal  efficiency24; likewise, we observed almost saturated level of modification at these sites in 
FUS R495X cells. Although in our analysis we did not observe changes in global translation efficiency in cells with 
FUS R495X mutation (Supplementary Fig. S8), the hypermodification at these sites can contribute to the suppres-
sion of protein synthesis observed in mutant FUS-associated ALS patients, which so far was linked to increased 
binding of ALS-FUS mutant proteins to the polyribosome fraction as well as sequestration of proteins involved 
in translation into cytoplasmic mutant FUS  inclusions3,54. Based on the recently published data, we do not rule 
out the possibility that the modification changes observed in cells with FUS disturbances can affect translation of 
only specific pool of mRNA molecules and also translational fidelity, which is impossible to detect by measuring 
global translation. Jansson et al., reported that knockout of SNORD45C, guide snoRNA of 18S-Cm174, resulted 
in decreased translation of a specific set of mRNAs involved in cell division while no significant changes within 
global translation were  observed25. It was also reported that R98S mutation in RPL10 associated with pediatric 
T-cell acute lymphoblastic leukemia (T-ALL) generates specialized ribosomes that increase IRES-dependent 
translation of antiapoptotic factor BCL-2 thereby increasing leukemic cell  survival55. As described in a recent 
study, 28S-Um3904 guided by SNORD52 influences translation of specific mRNAs related to the WNT pathway 
and contributes to cell fate  decision56. Moreover, a nucleolus localized protein Nucleophosmin (NPM1) depletion 
did not result in changes in snoRNA abundance whereas marked reduction in corresponding 2’-O-Me sites was 
observed, and reduction in 2’-O-Me at specific sites on 28S rRNA resulted in decreased IRES-dependent transla-
tion while cap-dependent translation remains  unaffected57. In the same study with NPM1, it was also reported 
that dyskeratosis congenita patient cells with NPM1 D178H mutation resulted in reduced 2’-O-Me at specific 
sites and decreased IRES-dependent translation without changes in nucleolar localization of NPM1  D178H57. 
As observed in the case of mutant NPM1, FUS cytoplasmic mislocalization may not be a prerequisite for altered 
snoRNA expression, instead mutant FUS may bind snoRNAs inefficiently to regulate their nucleolar localization 
hence altering the modification at some sites while snoRNA abundance remains unaffected.

Furthermore, we identified scaRNAs that are differentially expressed in FUS KO cells and some pseudou-
ridylation sites in snRNAs that were altered in these cells and in FUS R495X mutant (Supplementary Table S1, 
Supplementary Fig. S5B) which could partially explain RNA splicing defects reported in FUS depleted cells and 
caused by ALS-associated FUS  mutations33–35.

Interestingly, apart from the snoRNAs that act as guide RNAs for ribosomal and snRNA modifications, we 
also identified some snoRNAs from genetically-imprinted, orphan, C/D box snoRNA families, like SNORD113, 
SNORD114, and SNORD116, to be differentially expressed in SH-SY5Y FUS KO cells with the SNORD114 family 
member potentially targeting 28S-Cm2075 (Table 4, Supplementary Fig. S4). Several patients with Prader-Willi 
Syndrome (PWS) phenotype have microdeletions within SNORD115 and SNORD116  clusters58,59. SNORD113 

Figure 6.  Visualization of the 2’-O-Me and pseudouridylation sites with the significant differences in FUS 
KO and FUS R495X cells on the LSU (28S, 5.8S, and 5S rRNA) and SSU (18S rRNA). Ribbon representation 
of PDB:4UG0 file. All the rRNAs are denoted by a unique colored ribbon and labelled in the same color (A, C 
and E). Representation of only modified residues, green for 2’-O-Me and magenta for pseudouridylation with 
only 5.8S rRNA in a red ribbon form to show structure orientation. Modified sites in SSU (A and B), modified 
sites in LSU (C and D), modified sites on SSU and LSU combined (E and F). uS19 is represented as a green 
color cartoon, with ARG10 denoted as brown-colored spheres. *B1a is an inter-subunit bridge formed by the 
interaction between ARG10 of uS19 and Psi-1779. DCS, decoding center (SSU), PTC, peptidyl transferase 
center (LSU). This figure was generated using published human 80S ribosome structure,  4UGO49. The 
illustration was done using PyMol2 (https:// pymol. org/2/).

◂

https://pymol.org/2/
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and SNORD114 families are encoded within maternally-imprinted host gene MEG8 and are enriched in acute 
leukemia, suggesting a possible role in  oncogenesis60.

It is known from earlier studies that rRNA modifications are dynamic and vary between cell types and cell 
 states48,56. We used HEK293T and SH-SY5Y cells for our work as SH-SY5Y cells with FUS knockout and FUS 
R495X mutation offered a good initial model to recapitulate ALS cells, while HEK293T FUS KO offered a non-
neuronal cell type to identify changes in rRNA modifications between two completely different cell lines with 
the same phenotype (FUS KO). As previously shown, the methylation level for stably modified residues within 
rRNAs is relatively high, with MethScore > 0.948. Similarly, in our analysis, 72/109 (66%) positions are highly 
modified with MethScore > 0.9. For some positions we observed a significant difference in methylation score 
between WT cell lines that differed by the threshold of 10% (Fig. 2A, Supplementary Fig. S3A, Supplementary 
Table S2). Interestingly, methylation pattern at three positions, 18S-Am576, 5.8S-Um14, and 28S-Gm2876, vary 
significantly between HEK293T and neuroblastoma proliferating cells. In addition, 28S-Gm2876 methylation 
status was consistently influenced by FUS disturbances, as evidenced by the increased 2’-O-Me level in HEK293T 
FUS KO cells and differentiated SH-SY5Y FUS KO and FUS R495X cells. 18S-Gm436 differs between HEK293T 
and SH-SY5Y in proliferating conditions, and its methylation level was also sensitive to FUS depletion. Moreover, 
we identified a few sites that vary between SH-SY5Y cells in proliferating and retinoic acid-mediated differenti-
ated states, specifically 18S-Um354, 18S-Gm436, 18S-Cm1272, 18S-Cm1440, 28S-Am1323, and 5.8S-Um14. 
A recent report also highlights that site specific modification at 18S-Um354 can be developmentally regulated, 
where methylation was at undetectable levels in endoderm, mesoderm and human embryonic stem cells, but 
gradually increased in early and late neural progenitors as well as mature  neurons56. Interestingly, all these sites 
but 5.8S-Um14 appeared to be sensitive to FUS depletion in at least one of the conditions (Fig. 2A, Supplementary 
Fig. S3A, Supplementary Table S2).

Comparison of HydraPsiSeq profiles obtained for HEK293T WT cells and SH-SY5Y WT proliferating and 
differentiated cells showed that a subset of detected pseudouridylation sites exhibited considerable variations in 
PsiScore levels (cut off 10%). Several positions displayed distinctly different PsiScore levels between HEK293T 
and neuroblastoma cells, such as 18S-Psi296, 18S-Psi681, 18S-Psi1046, 28S-Psi1536, 28S-Psi3884, 28S-Psi4579. 
Surprisingly, we identified only one site, 28S-Psi1536, with noticeable hypermodification in SH-SY5Y differenti-
ated cells compared to those in proliferating state (Fig. 4A, Supplementary Fig. S3B, Supplementary Table S4).

In summary, our analysis shows that methylation and pseudouridylation profiles of human rRNAs may vary 
between different cell lines and due to the differentiation process. Furthermore, we hypothesize that a subset 
of fractionally modified 2’-O-Me and pseudouridylation sites on rRNAs might decide about the change from 
proliferating to differentiated cell state. These results are consistent with previously published data and support 
the notion that different cell types can produce heterogeneous, differentially modified populations of ribosomes 
with specialized translation  properties24,25,48.

To conclude, our study reports increased expression of a subset of snoRNAs in FUS depleted and ALS-
associated FUS mutant cells. In the cases, in which we observed correlation, the increase in snoRNA expression 
generally correlates with higher modification at the corresponding positions on rRNAs. We thereby report a 
novel mechanism which might be disturbed in ALS and contribute to disease pathology.

Material and methods
Cell culture and differentiation. SH-SY5Y and HEK293T cells were grown in Dulbecco’s modified 
Eagle’s medium containing L-glutamine and 4.5 g/L glucose (DMEM; Lonza) and supplemented with 10% fetal 
calf serum (Gibco) and antibiotics [100  U/ml penicillin, 100  µg/ml streptomycin (Sigma-Aldrich)] at 37  °C 
in a humidified atmosphere containing 5%  CO2. SH-SY5Y cells with FUS KO were prepared as described 
 previously34,61. HEK293T cells with FUS KO were generated according  to62, using two SpCas9-2A-Puro (RX459) 
plasmids coding for sgRNAs: 5’-GCG TCG GTA CTC AGC GGT GT-3’, 5’-GCC CGG GCA GGG CTA TTC CC-3’ 
targeting exon 1 and exon 3 of the FUS gene, respectively. This strategy resulted in the deletion of the genomic 
fragment of 2360  bp. Knockout efficiency was checked by DNA sequencing and Western blot followed by 
immunodetection with anti-FUS antibody (Supplementary Fig. S9A). Exon 14 of the FUS gene was targeted 
to introduce the R495X mutation in SH-SY5Y cells using the pCRISPR-EF1a-SpCas9-R495X plasmid coding 
for the sgRNA targeting the sequence: 5′-GGG ACC GTG GAG GCT TCC GA-3′, following the strategy described 
 in45. The plasmids used to generate SH-SY5Y FUS R495X cells were obtained from the Marc-David Ruepp 
group and used in two transfection approaches. In the first approach, 8 ×  105 cells were seeded in two wells of a 
six-well plate one day before transfection and transfected using VIROMER® RED (Lipocalyx) according to the 
manufacturer’s instructions. Each well was transfected with 3 µg of plasmid DNA, including 120 ng of pRR-
Puro-R495X, 1950 ng of pCRISPR-EF1a-SpCas9-R495X, and 920 ng of R495X donor plasmid for HDR. In the 
second approach, SH-SY5Y cells seeded in two wells of a 24-well plate were transfected with Lipofectamine 2000 
according to the manufacturer’s instructions with a total amount of 500 ng of plasmid DNA, including 20 ng 
of pRR-Puro-R495X, 240 ng of pCRISPR-EF1a-SpCas9-R495X and 240 ng of R495X donor plasmid for HDR. 
24 h after transfection puromycin selection was applied to each well of two different transfection strategies at a 
concentration of 2 µg/ml (54 h) or 1 µg/ml (5 days), respectively. After selection, the cells from both transfection 
approaches were grown in culture medium without antibiotics for 7 more days and then pooled; clonal cell lines 
were isolated by serial dilution. Subsequently, colonies grown from single cells were picked, and gDNA was iso-
lated for clone screening using the ExtractMe Genomic DNA Kit (Blirt). The R495X genomic locus was ampli-
fied from the genomic DNA using DreamTaq DNA polymerase (Thermo Scientific) (Supplementary Table S5). 
PCR products were purified using the GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo Scientific) 
and sequenced (Supplementary Fig. S9B). The expression and partial mislocalization of mutated FUS in cyto-
plasmic aggregates in SH-SY5Y differentiated cells was tested by Western blot and immunodetection and by 
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immunofluorescence with anti-FUS antibody, respectively (Supplementary Fig. S9C). In all cell lines with FUS 
knockout and mutations, the level of EWSR1 and TAF15 was also tested showing either no changes or gentle 
upregulation of both proteins (Supplementary Fig. S9D).

For cellular differentiation, SH-SY5Y wild-type, FUS KO, and FUS R495X cells were subjected to retinoic 
acid (RA) treatment for 10 days to transform them into neuron-like  cells16,63. All-trans RA (USP, Tretinoin, 
1674004) at a final concentration of 75 µM was added to DMEM with 10% FBS. The media, along with the RA, 
were replaced every 3 days. The differentiation efficiency was analyzed as described  in16.

RNA isolation, cDNA preparation, and qPCR. Total RNA was isolated using the Quick-RNA MiniPrep 
Kit (Zymo Research, R1055) according to the manufacturer’s protocol. First-strand cDNAs were synthesized in 
25 μl reactions with 1 μg of RNA using 200 ng of random hexamer primers and 200 U Superscript III reverse 
transcriptase (Thermo Scientific), according to the manufacturer’s protocol. For qPCR, 1 µl of 5 × diluted cDNA 
template, 0.2 µM primer mix (forward + reverse), and 5 µl of SYBR Green PCR master mix (Applied Biosystems) 
were added in a 10 µl reaction with the following conditions: denaturation for 10 min at 95 °C, followed by 40 
cycles of 95 °C for 15 s and 60 °C for 1 min (Applied Biosystems QuantStudio 7 Flex). Primers used for qPCR 
reactions are listed in Supplementary Table S5. The statistical significance of the qPCR results was determined 
by Student’s t-test.

Western blot analysis and immunofluorescence. Protein extraction was performed using gentle 
hypotonic lysis buffer (10 mM Tris pH 7.5, 10 mM NaCl, 2 mM EDTA, 0.5% Triton-X-100) supplemented with 
1 × complete protease inhibitor (Roche). After 30 min incubation on ice, the NaCl concentration was adjusted 
to 150 mM, followed by another 5 min incubation on ice. The lysate was cleared by centrifugation at 16000xg 
for 15 min at 4 °C. Western blot analyses were performed according to the already published protocol from our 
 laboratory16. Briefly, 30 μg of proteins were separated by SDS–polyacrylamide gel electrophoresis, transferred to 
polyvinylidene difluoride (PVDF) membranes (Millipore), blocking was done with 5% skim milk diluted in PBS 
or TBS with 0.1% Tween-20 (PBS-T or TBS-T), and then incubated for 1.5–2 h at room temperature (RT) with 
anti-FUS (Santa Cruz, 4H11, 1:3000 dilution in PBS-T), home-made polyclonal rabbit anti-FUS9, anti-actin (MP 
Biomedicals, 691,001, 1:25,000 dilution in PBS-T), anti-FBL (Santa Cruz, sc-25397, 1:500 dilution in TBS-T), 
anti-NOP56 (Santa Cruz, sc-23701, 1:500 dilution in TBS-T), anti-EWSR1 (Santa Cruz, sc-48404, 1:500 dilution 
in TBS-T) primary antibodies. After washing, the membrane was incubated for 1 h at RT with species-specific 
horseradish peroxidase (HRP)-coupled secondary antibody (Santa Cruz, sc-2005, goat anti-mouse; Santa Cruz, 
sc-2357, mouse anti-rabbit; Santa Cruz, sc-2020, monkey anti-goat; 1:3000 dilution in PBS-T). The signal was 
detected using the enhanced chemiluminescence method (ECL, GE Healthcare) and quantified using Image J 
software. Immunofluorescence was performed according to the protocol described  in16. Images were acquired 
using an Olympus Fluoview 1200 IX83 confocal scanning microscope with a 60 × oil-immersion objective. Two 
channels were used to acquire images with the following excitation parameters: 488 nm for Alexa Fluor 488 and 
405 nm for DAPI. The obtained images were analyzed using ImageJ software.

RNA immunoprecipitation. For RNA immunoprecipitation, a total of 225 μg of protein extract isolated 
using the aforementioned hypotonic buffer (additionally supplemented with 100  U/ml RNasin Plus RNase 
Inhibitor (Promega) and 2 U/mL Turbo DNase (Ambion)) was incubated with Dynabeads Protein G conjugated 
with home-made polyclonal rabbit anti-FUS antibody for 2 h at 4 °C. After three washes with PBS–T, the beads 
were resuspended in 0.5 ml TRIZOL and RNA was isolated according to the protocol described  in9. As an input, 
25 µg of protein extract was directly added to 0.5 ml of TRIZOL. cDNA was synthesized using random hexamer 
primers. As a negative control for RIP experiment, Dynabeads Protein G coupled to mouse IgG were used.

SUnSET assay. SUnSET assay was performed according to the protocol described  in54. Shortly, cells were 
treated with puromycin dihydrochloride (Gibco) at 1 μM concentration for 30 min, washed with PBS, harvested 
by trypsinization, pelleted and snap-frozen in liquid nitrogen. Lysis was performed with a standard RIPA buffer 
and 40 µg of proteins were separated in a 10% polyacylamide gel. Proteins were transferred to PVDF membranes 
(Millipore), stained with Ponceau S, and blocked for 1 h at RT in TBS-T buffer containing 5% skim milk powder, 
and then incubated overnight with a mouse monoclonal puromycin antibody (Merck, clone 12D10, MABE343, 
1:5000 dilution in TBS-T with 1% skim milk). Incubation with a secondary antibody was performed for 1 h in 
TBS-T containing 5% skim milk (Santa Cruz, sc-516102, 1:2500). The signal was detected using the enhanced 
chemiluminescence method (ECL, GE Healthcare). The total lane intensity was analysed using ImageJ software.

Small RNA sequencing library preparation and data analysis. 500 ng of total RNA were used to 
prepare small RNA sequencing libraries using Small RNA-Seq Library Prep Kit (Lexogen, Vienna, Austria) fol-
lowing the manufacturer’s protocol. Library quality was analyzed with High Sensitivity DNA Kit on Agilent 
Bioanalyzer 2100, and quantification was done using Qubit dsDNA HS (High Sensitivity) Assay kit (Invitrogen) 
with Qubit fluorometer. Quantified libraries were sent to the Lexogen sequencing facility (Vienna, Austria). 
Single-end read sequencing was carried out with 75 bp sequencing length on the Illumina NextSeq500 platform. 
All analyses were done in three biological replicates. The obtained FASTQ files were first subjected to quality 
check with FastQC v0.11.464. Then, fastx-toolkit/0.0.1465 was used for adapter removal and quality filtering of the 
FASTQ files. The adapter clipped reads were also aligned to ribosomal RNA sequences using Bowtie 2 (v2.2.3)66, 
and the mapped reads were discarded. After that, mapping against the human genome (GRCh38 downloaded 
from Ensembl) was performed with Bowtie 2 (v2.2.3). The resulting SAM files were converted to BAM format 
using  samtools67 and were subsequently applied with an R package Rsubread  featureCounts68 to get raw read 
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counts with the parameters allowMultiOverlap = TRUE and countMultiMappingReads = TRUE. A GTF file was 
created from Homo_sapiens.GRCh38.100.gtf (Ensembl) that consists of only snoRNAs, miRNAs, and snRNAs 
used in featureCounts as an annotation file. The obtained raw counts matrix was finally applied to identify dif-
ferentially expressed genes (DEGs) using  DESeq269 with default settings and a threshold of 0.05 for adjusted P 
value. Heatmaps were generated only with DESeq normalised snoRNA reads with  gplots70 from R. Volcano plots 
were generated using Enhanced Volcano R  package71.

Library preparation and RiboMeth-seq (RMS). The protocol was adapted  from29. In short, 5  μg of 
total RNA was used for each replicate, and alkaline degradation was performed at denaturing temperatures. 
20–40 nt library fragments were gel-purified on a polyacrylamide-urea gel followed by ligation of 5’ and 3’ end 
linkers using tRNA ligase from Arabidopsis thaliana. 3’ adapter has a sequence barcode used as a primer site 
for sequencing. 2’ phosphates were removed in the subsequent purification step, and libraries were subjected to 
sequencing on the Ion Proton platform (Life Technologies). The sequencing depth for each biological replicate 
was between 80 and 100 million reads. Data analysis of RiboMeth-seq: The data analysis was performed as 
described  previously46. Briefly, a corrected human ribosomal DNA complete repeating unit was used (Genbank 
accession no. U13369) as a reference  sequence46. The libraries were generated from 20–40 nt fragments; hence, 
the ends of rRNA molecules were checked for ∼20 nt from one end. The MethScores mentioned in this study 
describe a fraction of molecules methylated at that position. The calculation is done by comparing number of 3’ 
and 5’ read ends at the inquired position to six flanking nucleotides on either  sites29. Heatmaps were generated 
with  gplots70 from R, representing the average of three biological replicates from each cell line.

RNA fragmentation and library preparation for HydraPsiSeq. Analysis of RNA pseudouridylation 
was performed according to previously published  protocol30. To summarize, 250 ng of RNA from each replicate 
was used for hydrazine treatment for 30–60 min on ice. To stop the reaction, ethanol precipitation with 0.3 M 
NaOAc, pH 5.2 and Glycoblue was performed, and incubated at − 80 °C for 30 min, followed by centrifugation. 
The collected pellet was washed with 80% ethanol and resuspended in 1 M aniline, pH 4.5, followed by incuba-
tion in the dark for 15 min at 60 °C and then ethanol precipitation. Dephosphorylation of RNA at the 3’ end was 
done as described  in30. Library preparation was carried out using the NEBNext Small RNA Library kit (NEB), 
following the manufacturer’s protocol. Library quality and quantity were assessed using a High Sensitivity DNA 
chip on an Agilent Bioanalyzer 2100 and a Qubit fluorometer (Invitrogen). Multiplexed libraries were subjected 
to high-throughput sequencing using an Illumina NextSeq2000 instrument with single-read runs having 50 bp 
read length. HydraPsiSeq data analysis: Data analysis was performed as described  in30. In short, Trimmomatic 
v32.0 was used for adapter removal, and very short reads < 8 nt were excluded. Bowtie 2 was used for the align-
ment of raw reads in end-to-end mode. In the next step, mapped and sorted .bam files were changed to bed for-
mat. Using a rolling window of 10 nucleotides, 5’ end counts were normalized to the local background. NormU-
count was used as a protection Uscore value and transformed to U cleavage profiles by omitting values for other 
nucleotides. U profiles resulting from the previous step were used to calculate ScoreMEAN, A, B, and PsiScore 
as previously  described30. Three biological replicates were used for the analysis from each cell line, except for 
SH-SY5Y wild-type proliferating cells where only 2 replicates were considered for the final analysis.

Statistical analysis. Paired Student’s t-test was used to calculate the statistical significance between samples 
from RT-qPCR, RiboMeth-seq and HydraPsiSeq. The statistical significance is represented as follows: *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001.

Data availability
The small RNA-seq, RiboMeth-seq, and HydraPsiSeq data are available at NCBI GEO under accession number 
GSE202531.
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