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Abstract  

Ribosome biogenesis requires the synthesis and sequential processing of precursor rRNAs (pre-rRNAs) 
into mature rRNAs. Traditional methods such as northern blotting and metabolic labeling provide limited 
resolution. Here, we present NanoRibolyzer, a nanopore-based long-read sequencing approach that 
enables ab initio identification and quantification of rRNA precursors while simultaneously mapping RNA 
modifications. Using supervised and unsupervised mapping, we detect both known and previously 
uncharacterized pre-rRNAs and delineate cleavage events at single-nucleotide resolution. A simple cell-
fractionation protocol further separates nuclear and cytoplasmic pre-rRNAs, allowing spatial deconvolution 
of processing pathways. By projecting each sequenced molecule in a two-dimensional space using its 
starting and ending co
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Introduction 

Ribosomes are ribonucleoprotein nanomachines responsible for protein synthesis in all living cells1,2. 
Ribosome biogenesis is a complex process involving the synthesis, processing, and modification of 
precursor ribosomal RNAs (pre-rRNAs), as well as RNA folding and packaging into functional ribosomal 
subunits. In eukaryotes, this pathway is initiated in the nucleolus, where a large ribosomal RNA precursor 
(pre-rRNA), the 47S, is synthesized by RNA polymerase I (Pol I)3,4. The 47S contains sequences for three 
out of four rRNAs (the 18S, 5.8S, and 28S) interspersed with non-coding spacers (Fig 1A and S1). The 
fourth rRNA, 5S, is produced independently by Pol III, in the nucleoplasm. Following transcription, pre-
rRNAs undergo a series of maturation steps, including processing (cleavage), modification, and packaging 
with ribosomal proteins, to release the mature rRNAs and produce the ribosomal subunits, which are 
ultimately exported to the cytoplasm where they engage in translation5. Throughout this multistep process, 
the nascent transcripts undergo extensive processing by endonucleases performing precise cleavages 
within the external and internal transcribed spacers (ETS and ITS, respectively) often followed by 
exonucleases that progressively trim pre-rRNAs, ultimately releasing the mature rRNAs (Fig 1A and S1). 
The progressive trimming of pre-rRNAs by exonucleases results in the production of transient, metastable 
species that likely remain largely uncharacterized. Additionally, these processes contribute to the 
generation of poorly defined RNA ends, further highlighting the complexity and incomplete understanding 
of pre-rRNA processing. Disruptions occurring at any stage of the pathway may activate regulatory 
cascades, including surveillance leading to the accumulation of distinctive intermediates, which can 
significantly impact ribosome function, cellular protein synthesis, and overall cellular homeostasis4,6,7. 

  
More than two decades of research have led to major advances in identifying discrete processing sites and 
pre-rRNA intermediates, which now serve as critical markers for assessing ribosome biogenesis efficiency 
(Fig 1A and S1). Knowledge of these intermediates has been particularly valuable for investigating aberrant 
precursor production that arises during processing perturbations2. Conventional approaches for analyzing 
rRNA processing intermediates, such as northern blotting, metabolic labelling, or primer extension, allow 
for the identification of these accumulated precursors and cleavage sites, respectively6,8,9,10. However, 
these assays require important input material (often µg range), have limited resolution and throughput. 
Additionally, studying pre-rRNA processing by sequencing has remained challenging due to the highly 
repetitive nature of rDNA arrays and poor genome annotations making it difficult to accurately map reads 
and distinguish between individual rDNA copies, especially with short-read sequencing 
technologies11,12,13,14. 

Nanopore sequencing (nanopore-seq) has emerged as a promising technology to investigate ribosome 
biogenesis15,16,17. The key advantage of nanopore-seq lies in its ability to sequence long reads, such as 
cDNAs, as well as native RNA molecules via direct RNA sequencing (DRS), allowing for the investigation 
of entire transcripts including their modifications 18,19. These capabilities are particularly valuable for 
studying rRNA intermediates, which can vary significantly in length and abundance, and possibly 
modification levels. To this date, there are no tools that exploit long-read sequencing for the analysis of 
human ribosomal RNA precursors. 
 
Here, we present NanoRibolyzer, a method that integrates state-of-the-art long-read nanopore sequencing 
with advanced bioinformatics to achieve spatially resolved, single-nucleotide analysis of pre-rRNA 
intermediates. Using a streamlined nuclei isolation protocol, we systematically profile precursor and mature 
rRNA species in both nuclear and cytoplasmic compartments. We further introduce precursor-specific 
modification analysis, uncovering the spatio-temporal dynamics of rRNA modifications. Overall, 
NanoRibolyzer enables comprehensive detection and quantification of both known and novel processing 
intermediates, including cleavage events generated by endo- and exoribonucleolytic activity, as well as 
pseudouridine modifications. 
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Results  

Nuclear isolation enabling high-resolution mapping of pre-rRNA precursors 

Ribosome biogenesis begins in the nucleolus, a multiphase condensate within the nucleus, continues in 
the nucleoplasm, and is finalized in the cytoplasm, where mature rRNAs accumulate. In order to develop a 
nanopore-sequencing approach to study pre-rRNA processing, we adapted a straightforward isolation 
protocol involving density gradient separation using a simple benchtop centrifuge (Fig 1B and S2). This 
provided spatial resolution of processing events and access to purified nuclear RNA enriched in low-
abundance, short-lived pre-rRNAs that are otherwise masked in total RNA by the highly abundant mature 
cytoplasmic rRNAs. We applied the protocol to HEK293 cells to produce highly purified nuclear and 
cytoplasmic RNA fractions, and as a control, whole cell total RNA (
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Mapping rRNA precursor diversity and processing pathways 

Once we confirmed that nuclear sequencing reads extends across spacer regions, we employed two 
complementary approaches to quantify pre-rRNAs and resolve processing sites: 1) a rather classical 
supervised or 
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We also found numerous cleavages within mature rRNA sequences (Fig S5D). These aberrant events, 
which generate by-products destined for degradation, have been greatly underappreciated using classical 
approaches such as northern blotting. Their relevance becomes clear below, where we show they can 
define condition-
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positions. Finally, we also uncover an exceptionally rich and largely overlooked population of aberrantly 
cleaved species. As shown below, these aberrant products carry powerful biological information: depletion 
of factors acting at the same step of ribosome biogenesis yields highly similar patterns of cleavage by-
products (Fig 4E), effectively generating condition-specific molecular fingerprints. 

Redefining pre-rRNA processing sites to single nucleotide resolution 
Next, we followed an agnostic approach to remap the processing sites by analyzing the intensity matrix 
obtained by unsupervised mapping. To achieve this, we extracted approximate coordinates from detectable 
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which are progressively trimmed to 18S-E and finally 18S (ref.26). Once we incorporated this information in 
our supervised approach (Fig S8C), it revealed the respective abundance of each intermediate across the 
nucleus and cytoplasm as the precursors mature across the nuclear pore complexes (Fig S8D). Depletion 
of ribosomal protein RPS26 (Fig S9A-C), which is known to block the final cytoplasmic steps of 18S rRNA 
maturation while leaving nuclear processing unaffected33-34 indeed led to accumulation of the 18S-E+24, 
+36 and +40 in the cytoplasmic fraction but not in the nucleus (Fig S8E-F and Fig S9).  

NanoRibolyzer captures pre-rRNA processing perturbations  
Having demonstrated the ability of NanoRibolyzer to capture pre-rRNA processing in unperturbed cells, we 
next aimed to evaluate how efficiently our method can detect processing perturbations. To achieve this, we 
selected key processing factors involved in the maturation of each spacer sequence and depleted them 
(Fig 4A and Fig S3).  
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factor37, also affects 
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In conclusion, NanoRibolyzer pipeline can assign nucleotide modification status to particular pre-rRNA 
precursor based on raw signal analysis. 
 
Next, we aimed to detect the abundant pseudouridine (
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(e.g. 30S, 26S, 21S, etc., see arrowheads in Fig 5C). In addition, we could now also detect in nucleolar 
fraction the primary transcript, 47S, and its immediate derivative, 45S (Fig 5C and Fig S22G). 
 
Interestingly, this led us to discover novel early intermediates, which we tentatively named 47S-01 (lacking 
the sequence upstream of the 01 site) and 47S-02 (without the downstream sequence of the 02 site) (Fig 
5C and Fig 6). These intermediates were already visible in the processing perturbation intensity matrices, 
particularly upon DIMT1L depletion (Fig 4F). We now have further proof by direct RNA sequencing that 
they do exist, as these previously undocumented species presumably escaped detection due to the lower 
sensitivity and resolution of the methods available at the time. 
 
We conclude that, compared with cDNA sequencing, DRS provides higher resolution, reduced background, 
and improved capture longer precursors (Fig S22G-H). We attribute these differences to the library-
preparation workflow and to the use of a recently released, more processive enzyme (see Supplementary 
Note S2). Despite these distinctions, precursor abundances measured by cDNA sequencing and by DRS 
were remarkably similar (Fig 5B, Fig S22E-F). 

Lastly, using the PseU basecaller, we reproducibly identified all expected 
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Discussion  
Ribosome biogenesis is a sophisticated pathway involving hundreds of interconnected steps 1,2. Among 
these, pre-rRNA processing, i.e., RNA cleavage to generate mature rRNA ends, and pre-rRNA modification 
serve as excellent proxies for monitoring the overall process (Fig 1A).  
 
Traditionally, pre-rRNA processing intermediates have been analyzed using metabolic labelling, northern 
blotting, or primer extension. While these techniques are robust, they are limited in resolution, sensitivity, 
and throughput, and often require access to costly and hazardous radioactive materials. Moreover, they 
typically detect only a few dozen abundant precursors, despite the well-established existence of thousands 
of intermediates generated by progressive, one-nucleotide-at-a-time digestion by exoribonucleases, 
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species, it offers invaluable insights into ribosome biogenesis, with broad applications in basic research 
and in the study of disease mechanisms, including ribosomopathies and tumorigenesis, as well as in clinical 
diagnostics. 
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Methods  
Cell lines and culture 
HEK293 cells (ATCC CRL-1573) were cultured in DMEM supplemented with 10% FBS, and 1% L-
glutamine and maintained in an incubator at 37°C and 5% CO2.  
All mutations analyses including tsr3 -/- 42, dimt1l-Y131G55 and wbsr22-D82K55, were introduced in 
homozygous diploid in HCT116 p53 positive cells. 
 
siRNA inactivation experiments 
Cells were revere transfected with silencers (10 nM, except URB1: 15 nM) in a time course (H6, H12, 
H24, H48, H72) to identify the best condition for Nanoribolyzer analysis6. All DsiRNAs silencers were 
used at 10 nM final (except for URB1, 15 nM). Silencers against UTP18, WBSCR22, DIMT1L, and LAS1L 
are Silencer Select (Ambion). Silencers against URB1, RPL3, and RPS26 are DsiRNAs (IDT). The 
Silencer RNA sequences are shown in Table S2. 

 
Simplified nuclei isolation protocol 
Detailed description of the protocol is illustrated in the Supplementary Fig S1. Briefly, samples were 
trypsined and washed with cold PBS, after which they were resuspended in Nuclei Isolation Buffer (NIB - 
10mM Tris-HCl (pH7.4),10mM NaCl, 3mM MgCl2, 0.1% Igepal, 0.1% Tween-20,1% BSA, 0.15mM 
Spermine, 0.15mM Spermidine, 0.2U/ul RNase inhibitor) and homogenized using a loose pestle with ten 
strokes. The homogenate was then incubated on ice for 15 minutes and subsequently centrifuged at 100 x 
g  for 5 minutes at 4 °C. The resulting soluble fraction (cytoplasmic) was transferred to a new tube, and 
Trizol was added to the sample at room temperature (RT) while nuclei isolation continued. The remaining 
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minutes. The polyadenylated RNA samples were purified using RNAClean XP beads (Beckman Coulter, 
A63987), according to the manufacturer instructions. In the last elution step, the sample was resuspended 
in 10 µl nuclease-free water and incubated at 37°C for 5 minutes in Hula mixer. The sample was placed on 
the magnet and once the solution was clear, the elute was transferred into a clean 1.5 ml Eppendorf tube. 
 
 
 
In-vitro transcription of 18S and 28S rRNA. 
Synthesis of the 18S and 28S rRNA in-vitro transcripts was performed using HiScribe® T7 High Yield RNA 
Synthesis Kit following manufacturers instruction. Briefly, 2 µg linearized plasmid containing the mature 
rRNA (GenScript) were used as template material, combined with 10X Reaction Buffer, 10 mM NTP`s and 
2U T7 RNA Polymerase Mix. Reactions were incubated for 2h at 37°C and stopped by digestion of the 
template plasmid through DNase I (ThermoFisher Scientific, EN0525) following manufactures instructions. 
Purification was performed using Monarch® RNA Cleanup Kit (NEB, T2040) and product quality was 
assessed using capillary electrophoresis via Agilent RNA ScreenTape Analysis.  
 
Direct cDNA-native barcoding library preparation 
Direct cDNA coupled with native barcoding libraries were prepared using Direct cDNA Sequencing Kit 
(SQK-DCS109), Native Barcoding Expansion 1-24 (EXP-NBD104, EXP-NBD114), following the 
manufacturer's protocol. Reverse transcription and strand-switching. 1µg of poly(A)-tailed RNA was 
transferred to a 1.5 ml tube and adjusted to 7.5 µl with nuclease-free water. In a 0.2 ml PCR tube, 7.5 µl of 
RNA sample were mixed with 2.5 µl of VNP (ONT), 2.5 µl of 10 mM dNTPs (NEB N0447), and the volume 
was adjusted to 11 µl with nuclease-free water. The samples were incubated for 10 minutes at room 
temperature and then snap-cooled on a pre-chilled freezer block for 1 minute. Next, a master mix was 
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Template-based quantification of rRNA precursors  

The template-based algorithm associated long-reads with literature-based ribosomal intermediates8,9,10. In 
this approach, the pairwise minimal reciprocal overlap (MRO) between a query read and all possible 
intermediates was determined. The MRO was defined by calculating the minimal relative overlap of the 
query over the intermediate and vice versa. Once the minimal overlap for each query-intermediate pair was 
established, the pair with the maximal overlap was used to associate the read with the corresponding 
intermediate (See Fig S3). Read clusters were then stored in a tab-separated values (TSV) table, which 
included read IDs, absolute and relative read counts, and the start and end sites of all reads associated 
with each intermediate. Additionally, bed files for each intermediate were generated to facilitate visualization 
in the Integrative Genomics Viewer61 (IGV). The 45SN1 reference FASTA from the NanoRibolyzer 
references repository was used for all analyses. 

Template-free rRNA precursors  

The template-free algorithm was based on the construction of a 2-dimensional (length(45SN1)2) intensity 
matrix in which reads were embedded using the alignment start and end sites as coordinates. The number 
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All statistical analyses are described in the respective figure legends. Each legend provides detailed 
information about the statistical metrics (such as the mean and standard deviation), sample sizes, statistical 
tests used and any relevant adjustments applied. 

Data availability 
Nanopore sequencing data were deposited in the European Nucleotide Archive (ENA) under project 
accession number PRJEB82698 [ebi.ac.uk/ena/browser/view/PRJEB82698] and publicly available as of 
the date of publication. Owing to repository file size limitations, samples ERS24812595 and 
ERS24812596 were randomly subsampled before public deposition. If the entire dataset of those 
samples is required, please contact the authors. All data, including raw numbers for graphs are 
available in the Source Data file or in the Supplementary Information. Source data are provided with this 
paper. 

Code availability 
All scripts and code used in this work have been made available on GitHub 
(https://github.com/stegiopast/wf-nanoribolyzer). The preprocessing pipeline for single samples is part of 
the nextflow pipeline. Code for downstream analysis is stored in Jupyter Notebooks in the github 
repository.  
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Tables 
Table 1. Redefining the human ribosomal processing sites 
Processing sites from three reviews8,9,10 were compared with those identified in this study. Cleavage sites 
are marked by (^), and regions spanning nucleotide sites are indicated by (-
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C, IGV coverage profiles of representative nuclear, whole cell and cytoplasmic samples across 47S. Data 
range was normalized to 40,000 across all samples to visualize the coverage profiles within the selected 
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F, Overlaid intensity matrices of nuclear reads from control, UTP18, DIMT1L, WBSCR22, LAS1L, URB1, 
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Table 1 - Redefining the human ribosomal processing sites 

 
 
Editorial Summary: 
Ribosome production depends on precise processing of precursor RNAs. Here, the authors present 
NanoRibolyzer, a nanopore-based method that maps rRNA processing and modifications at single-
nucleotide resolution, revealing new intermediates and spatial processing dynamics. 

Spacer segment Processing Site Reported position of processing 
site  

Proposed position of processing 
site (45SN1) 
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