N a-tu re CO m m u n I Catl O n S https://doi.org/10.1038/541467-026-71164-x
Article in Press

Mapping human pre-rRNA processing and
modi Lcation at single nucleotide resolution using
long read nanopore sequencing

Received: 22 May 2025 Stefan Pastore, Ludivine Wacheul, Lioba Lehmann, Stefan Miindnich, Beat Lutz, Mark
Accepted: 13 March 2026 Helm, Susanne Gerber, Denis L. J. Lafontaine & Tamer Butto

We are providing an unedited version of this manuscript to give early access to its
[ndlings. Before [nal publication, the manuscript will undergo further editing. Please

Cite this article as: Pastore, S.,
Wacheul, L., Lehmann, L. et a/.

Mapping human pre-rRNA note there may be errors present which a [edt the content, and all legal disclaimers
processing and modi [cation atsingle ~ aPPIy.
nucleotide resolution using long read If this paper is publishing under a Transparent Peer Review model then Peer

nanopore sequencing. Nat Commun
(2026). https://doi.org/10.1038/
s41467-026-71164-x

Review reports will publish with the [nal article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide alink to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.



ARTICLE IN PRESS



Introduction

Ribosomes are ribonucleoprotein nanomachines responsible for protein synthesis in all living cells®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 | (Pol I)*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 I, 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 translation®. 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 homeostasis*®’.

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 perturbations?. 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, respectively®®91° However,
these assays require important input material (often pg 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
technologies!?12:13.14,

Nanopore sequencing (nanopore-seq) has emerged as a promising technology to investigate ribosome
biogenesis'®617, 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 *81°, 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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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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