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Abstract 

RNA molecules ha v e garnered increased attention as potential clinical biomark ers in recent y ears. While short-read sequencing and quantitativ e 
polymerase chain reaction ha v e been the primary methods for quantifying RNA abundance, they typically fail to capture critical post-transcriptional 
regulatory elements, such as RNA modifications, which are often dysregulated in disease contexts. A promising cutting-edge technique sequenc- 
ing method that addresses this gap is direct RNA sequencing, offered b y Oxf ord Nanopore Tec hnologies, whic h can simultaneously capture 
both RNA abundance and modification inf ormation. T he rapid adv ancements in this platf orm, along with gro wing e vidence of dy sregulated RNA 

species in biofluids, presents a compelling clinical opportunity. In this re vie w, w e discuss the challenges and the emerging opportunities for the 
adoption of nanopore RNA sequencing technologies in the clinic, highlighting their potential to re v olutioniz e personaliz ed medicine and disease 
monitoring. 
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NA modifications and long-read sequencing 

echnologies 

NA molecules have been the subject of extensive study over
he past decades. While the function and regulation of mes-
enger RNAs (mRNAs) have garnered the most attention in
he past few decades, increasing evidence has highlighted the
qual importance of noncoding RNAs (ncRNAs). Numerous
tudies have shown that, similarly to mRNAs, ncRNAs are
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also dynamically regulated across various cell types, through-
out the cell cycle, in response to environmental stimuli, and
in disease conditions [ 1 ]. Thus, it appears that both the cod-
ing and noncoding transcriptomes appear to convey more
detailed insights about cellular states than was previously
recognized. 

In addition to exhibiting dynamic expression levels,
RNA molecules can be extensively modified through vari-
ous “epitranscriptomic” modifications, such as methylations,
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isomerizations, deaminations, and acetylations [ 2 , 3 ], among
others (Fig. 1 A). These modifications expand the functional
lexicon of RNA molecules, influencing the fate and activ-
ity of RNA molecules by fine-tuning their function, sub-
cellular localization and / half-life [ 4–6 ]. Furthermore, some
RNA modifications can be dynamically regulated and even
reversed, with enzymes such as FTO capable of removing N 

6 -
methyladenosine (m 

6 A) and / or N 

6 -2 

′ -O-dimethyladenosine
(m 

6 Am) modifications from mRNAs [ 7 , 8 ]. 
A substantial body of research has demonstrated that RNA

modifications, along with the enzymatic machinery respon-
sible for “writing”, “reading”, and “erasing” them, are fre-
quently dysregulated or mutated in numerous human diseases,
including diverse cancer types and a wide range of neurologi-
cal diseases [ 9 , 10 ] (Fig. 1 A). This has brought RNA modifica-
tions to the forefront of drug development efforts, with both
academic laboratories and pharmaceutical companies focus-
ing on them as potential therapeutic targets [ 11–13 ]. These
modifications not only hold potential as biomarkers for dis-
ease diagnosis but also as targets for novel treatments across
a wide spectrum of diseases [ 14 ]. 

To validate the mechanisms of action of drugs targeting the
RNA modification machinery, as well as to further understand
the role of RNA modifications within cells, the scientific com-
munity has invested considerable effort in developing precise
mapping techniques capable of detecting various epitranscrip-
tomic marks across the entire transcriptome [ 15–19 ]. Notably,
such readouts are critical to advance any therapeutic molecule
targeting the epitranscriptomic machinery toward clinical use
and eventual approval. 

While next-generation sequencing (NGS)-based ap-
proaches initially revolutionized the field by enabling
transcriptome-wide mapping of several RNA modifica-
tions (e.g. m 

6 A, �, I, m 

1 A, m 

7 G, m 

6 Am, hm 

5 C, and 2 

′ O-Me)
[ 20–27 ], the field is gradually shifting toward nanopore
sequencing technologies, such as those commercialized
by Oxford Nanopore Technologies (ONT), which allow
for sequencing of native RNA molecules, including their
modifications [ 28 ]. The DRS platform allows researchers
to simultaneously analyze both the transcriptome and the
epitranscriptome in a single experiment, without needing
to preselect specific RNA modification types that might be
relevant to a particular condition or disease. 

In nanopore sequencing, DNA or RNA molecules are
translocated through protein nanopores embedded in a mem-
brane connected to an ammeter. As each molecule passes
through the nanopore, it causes characteristic disruptions in
the electrical current, which are specific to the nucleotide se-
quence at that given moment. These current alterations are
then translated back into nucleotide sequences using machine
learning algorithms in a process known as “basecalling” [ 29 ].
RNA modifications can then be detected through three pri-
mary methods: (i) by measuring alterations in the current in-
tensity signals during sequencing [ 30–32 ], (ii) by identifying
systematic base-calling “errors” that are the result of RNA
modifications at specific positions [ 33–36 ], or (iii) by using
modification-aware base-calling models pretrained to detect
specific types of RNA modifications [ 37 ] (Fig. 1 B). For a com-
prehensive comparison of these methods, the reader is directed
to several excellent detailed reviews [ 38–40 ], as this topic lies
beyond the scope of this review. 
The era of sequencing in liquid biopsies 

The discovery of relatively stable extracellular RNAs in blood 

plasma has generated considerable interest in their poten- 
tial use as noninvasive biomarkers. Unlike traditional tis- 
sue biopsies, liquid biopsies (LB) involve the collection and 

analysis of clinical fluids such as blood, saliva, urine, cere- 
brospinal fluid, pleural effusion, or bile for diagnostic, moni- 
toring, and treatment purposes. The key advantage over tissue 
biopsy lies in their noninvasive or minimally invasive nature 
[ 41 , 42 ]. Research in this field has primarily focused on iden- 
tifying and detecting circulating biomarkers, including DNA,
RNA, proteins, and metabolites, which may be found in cir- 
culating tumor cells [ 43 ], exosomes [ 42 ], or in free forms,
such as cell-free DNA (cfDNA) [ 44 , 45 ] or RNA (cfRNA) 
[ 46–48 ]. These biomarkers have been explored across diverse 
clinical contexts, including Alzheimer’s disease [ 49 ], cardio- 
vascular diseases [ 50 ], pregnancy complications [ 51 ], infec- 
tious diseases [ 44 ], and cancer [ 42 , 47 , 52–54 ], among others 
(Fig. 2 ). 

Initial attempts to commercialize assays for cancer diag- 
nosis using LB samples focused on detecting genetic alter- 
ations in circulating tumor DNA (ctDNA) from plasma sam- 
ples. For instance, GRAIL’s multi-cancer early detection tests,
which use NGS to analyze cfDNA populations in periph- 
eral blood, have shown promise in detecting pan-cancer sig- 
nals [ 55 ]. RNA-based assays, while also commercially avail- 
able, remain a relatively unexplored area [ 56 ]. Most efforts 
in this space have focused on the targeted capture of spe- 
cific RNA populations, such as microRNAs (miRNAs) [ 57–
59 ], mRNAs [ 46 , 47 , 60 ], long noncoding RNAs (lncRNAs) 
[ 61 , 62 ], and tRNA-derived fragments (tRFs) [ 63–65 ]. One 
example is the company Exai Bio, which has developed assays 
for early-stage cancer detection based on orphan RNA sig- 
natures previously identified in patients with metastasis [ 66 ].
These assays have shown promising results in the early de- 
tection of invasive breast cancer and ductal carcinoma [ 67 ].
More recently, SLiPiR-seq, a specialized library preparation 

protocol developed to capture cfRNAs from plasma samples 
regardless of their 5 

′ ends, has proven successful at detect- 
ing early-stage tumors in a panel of diverse cancers [ 48 ]. Fi- 
nally, long-read sequencing (LRS) methods have also been 

applied for early cancer diagnosis, in this case, by selec- 
tively capturing RNAs originated from transposable elements 
(TEs) and other repetitive regions. These repeat-originated 

RNAs, known as “oncRNAs”, were found to exhibit signif- 
icantly altered expression patterns in cancer patients, mak- 
ing them potential disease-specific diagnostic biomarkers 
[ 68 ]. 

In contrast, the use of RNA modifications as disease 
biomarkers remains largely underexplored. Pioneering stud- 
ies have primarily relied on mass spectrometry-based meth- 
ods to characterize RNA modifications in clinical samples 
[ 69 ], [ 70 ], with sequencing-based approaches being less com- 
mon. Although nanopore native RNA sequencing has been 

available since 2017 and has demonstrated its ability to 

accurately identify and quantify native RNA modifications 
[ 30 , 37 , 39 ], its application in clinical settings remains rare.
Given the well-established association between RNA mod- 
ification dysregulation and various diseases, the question 

arises: what is preventing the adoption of DRS in clinical 
practice? 
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A

B

Figure 1. RNA modifications and their detection using direct RNA sequencing (DRS). ( A ) RNA modifications are chemical decorations to different parts 
of RNA molecules. Main types of RNA modifications are illustrated, with a different color highlighting where the alteration occurs. Examples of diseases 
associated with these modifications are listed below each modification. See also Supplementary Table S1 . ( B ) RNA modifications in DRS datasets can 
be detected from base-calling “errors” (left), alterations in current features (middle), or using pretrained modification-a w are base-calling models (right). 
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hallenges and potential solutions for DRS 

mplementation into the clinic 

he information-rich nature of RNA molecules, combined
ith the ability to capture them through native RNA sequenc-

ng methods, positions DRS as a promising approach for clini-
al applications. However, despite its potential, DRS is not yet
outinely employed in clinical settings. Several challenges hin-
er its adoption, particularly when applied to liquid biopsy
amples. Below, we summarize the key challenges that have
o far prevented the adoption of DRS in clinical settings and
utline potential solutions (Fig. 3 ). 

igh RNA input amounts are required 

ne of the main obstacles limiting DRS in clinical use is
he substantial RNA input required to build DRS libraries.
NT’s current native RNA kits (i.e. “RNA” flowcells and

QK-RNA004 kits) recommend starting with 300 ng of
oly(A)-selected RNA or 1 ug of total RNA. However, liq-
id biopsy samples, such as plasma, yield much lower RNA
mounts—typically ∼10–35 ng of RNA from 9 ml of plasma
 71 ]—making the implementation of DRS in such samples
mpracticable. 

One possible solution to overcome this limitation is the use
f multiplexing. Multiplexing involves pooling multiple sam-
les into a single sequencing run, which could increase the
otal RNA input to the required levels. For example, pool-
ng 100 samples into one flowcell could yield ∼1 ug of total
NA, meeting the input requirements for DRS library prepa-

ation. Although this approach would reduce the sequencing
ield per individual sample, the information-rich nature of
NA molecules may offset the loss of data by providing more
etailed insights into the RNA modifications of each sample.
hile ONT does not yet offer commercial solutions for multi-

lexing DRS, community-driven efforts have demonstrated its
easibility [ 72 , 73 ]. These studies show that DRS multiplexing
s technically possible, and if further developed, could become
a viable strategy for working with low RNA yields from LB
samples. 

Short reads are still not efficiently captured 

Short reads have historically been challenging to capture ef-
ficiently using nanopore sequencing, which was initially de-
veloped and established as a LRS platform. Until recently,
this technology was believed incapable of detecting RNA
molecules shorter than ∼100–150 nucleotides [ 74 , 75 ]. How-
ever, recent studies have revealed that the MinKNOW soft-
ware, which extracts FAST5 / POD5 reads from raw current
intensity data, was responsible for discarding short RNA reads
by mistakenly identifying them as “adapters” [ 76 ]. Notably,
manual adjustment of MinKNOW ’s configuration parameters
has been shown to increase the recovery of short RNAs from
DRS by 12-fold [ 76 ], confirming that MinKNOW parameters
were a primary factor in the loss of short RNA reads. It is im-
portant to note that in the last year, ONT has updated the de-
fault settings in the latest versions of MinKNOW , compatible
with latest RNA chemistries (SQK-RNA004), enabling the de-
tection of reads longer than 50 nt. However, this improvement
remains insufficient for the efficient capture of RNA present in
LB samples, where RNA populations are predominantly com-
posed of shorter RNA molecules, i.e. 22–45 nt in circulating
free RNA [ 71 , 77 ] and ∼100 nt in exosomal RNA [ 78 ]. 

Loss of 15 first nucleotides from each RNA molecule 
In DRS, RNA molecules are translocated through a nanopore
from their 3 

′ end (3 

′ → 5 

′ ), with translocation occurring at a
relatively constant speed due to the helicase protein attached
to each RNA molecule during the library preparation. How-
ever, the last ∼15 nt at the 5 

′ end of each RNA molecule pass
through the nanopore without the helicase assistance, caus-
ing these nucleotides to translocate much faster. As a result,
the basecalling algorithm is unable to basecall these final ∼15
bases accurately, leading to their effective loss [ 76 , 79 ]. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf128#supplementary-data
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B

Figure 2. Clinical sequencing milestones and biomarkers in plasma. ( A ) Timeline of biological, technological, and clinical milestones for the utilization of 
nucleic acid biomarkers in the clinic [ 68 , 1 32–1 38 ]. See also Supplementary Table S2 . ( B ) Schematic overview of the sources of RNA molecules present 
in the blood, illustrating the RNA biotypes that are being currently used and / or studied as tumoral biomarkers, as well as the reservoirs in which they are 
studied (free, e x osome, and tumor cells). Created in BioRender. Novoa, E. (2025). https://BioRender.com . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Several studies have attempted to address this issue by em-
ploying techniques such as splint adapter ligation [ 74 , 76 ] or
cap-dependent click chemistry ligation reactions [ 80 ] to ex-
tend the 5 

′ ends of the RNA molecules. However, this remains
an unsolved problem for LB samples, where the composition
of 5 

′ RNA ends is unknown, rendering these approaches im-
practical for use in such contexts. 

Sequencing yield is significantly lo w er than other platforms 
Unlike amplification-based sequencing methods such as Illu-
mina and PacBio, DRS sequences native, unamplified RNA
molecules, which avoids biases introduced by polymerase
chain reaction (PCR), but results in substantially lower
throughput. This limitation can be particularly problem-
atic for low-input samples, such as plasma. However, cer-
tain improvements in the new sequencing chemistry have
been shown to increase the sequencing throughput up to 10-
fold, indicating potential progress in addressing this issue
[ 81 ]. 
Lack of “ground truth” standards 
A critical prerequisite for adopting a given sequencing tech- 
nology into clinical practice is the availability of “standards”
that can be used to calibrate, benchmark, and validate the 
instruments, methodologies, and clinical results [ 82 ]. How- 
ever, the epitranscriptomics field lacks well-defined “ground 

truth” samples and reference datasets that can be uniformly 
employed across laboratories. Specifically, we lack mixtures 
of RNA molecules of known sequence, abundance, and mod- 
ification content that can be introduced during the library 
preparation step to serve as intrinsic calibration standards.
Analogous tools, such as the ER CC, SIR Vs, or “sequins” [ 83 ],
are commercially available for calibrating RNAseq libraries,
but no equivalent exists for epitranscriptomic applications.
Recent efforts to generate synthetic in vitro transcribed stan- 
dards, such as the “curlcakes”[ 84 ], have been proposed. How- 
ever, the need for independent production of these synthetic 
datasets by individual laboratories undermines their consis- 
tency and robustness, rendering them inadequate for clinical 
implementation. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf128#supplementary-data
https://BioRender.com
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Figure 3. Challenges and opportunities of applying native RNA sequencing in the clinic. Ongoing challenges with utilizing native RNA sequencing include 
the requirement of increased RNA input for library preparation, the inherent bias against short reads that causes their inefficient capture, the loss of the 
first 15 bases of each molecule due to variable translocation speeds, the lower sequencing yields compared to short-read sequencing platforms, and the 
inst abilit y of the commercial DRS platform. Nonetheless, the utilization of DRS allows for the capture of a diverse set of RNA species and, in addition, 
for the capture of the epitranscriptomic information as well. When applied to the analysis of clinical samples and LB, it holds the potential of diagnostic 
applications through the identification of disease biomarkers. Created in BioRender. Novoa, E. (2025). https://BioRender.com . 
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vailability of up-to-date robust bioinformatic workflows for
ata analysis is limited 

he relative novelty of DRS technology has led to frequent
mergence of new methods for detecting RNA modifications.

hile this rapid innovation drives progress, it also compli-
ates the systematic analysis of DRS datasets, increasing the
isk of manual errors and inconsistencies. Efforts to mitigate
hese challenges have included the development of bioinfor-
atic workflows such as MasterOfPores [ 85 ] and nf-core [ 86 ].
owever, these workflows are susceptible to becoming rapidly

utdated due to the continuous upgrades in RNA chemistry. 

obustness remains unclear 
 critical requirement for any clinical test is its ability to pro-
uce consistent results when repeated on the same sample.
owever, simulations of MinKNOW software on bulk raw

urrent intensity files [ 76 ] can lead to varying numbers of
asecalled reads between simulations (data not shown). This
ariability could in turn lead to inconsistencies in results,
s different subsets of reads may be recovered from the
ame sequencing run. Further investigation is needed to de-
ermine whether this issue persists with the latest versions
of MinKNOW , which are compatible with the newest RNA
chemistries. 

Stability of the RNA chemistry remains unclear 
A key requirement for bringing DRS into the clinic is the sta-
bility of the nanopore DR S chemistry. Since DR S was made
available in 2017, four versions of the kit chemistry have been
so far released (SQK-RNA001 to 004), from which three have
been commercially released (all except SQK-RNA003). While
each release has come with a significant increase in pore half-
life, sequencing yield, and basecalling accuracy, the lack of sta-
bility in the DRS flowcell and kit chemistry is a major draw-
back to implementing this technology for clinical purposes.
We should note that ONT has recently released a Q-line of
products for which the company guarantees stable produc-
tion for at least 3 years, however, the DRS chemistry is so far
not included in this line of products. 

The potential of DRS: leveraging RNAs as disease 

biomark er s 

RNA molecules are starting to become more commonly used
by various companies for early disease diagnosis and progno-

https://BioRender.com
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sis, demonstrating that RNA abundances alone can be suf-
ficient for diagnosing certain conditions [ 87–89 ]. Although
DRS has not yet been implemented as a technology for charac-
terizing LB samples, significant advancements have been made
in recent years by employing native RNA sequencing on cell
lines [ 31 , 90–92 ], model organisms [ 84 , 93–96 ], blood sam-
ples [ 97 ], and even patient tissue biopsies [ 98 ]. The latter have
resulted in the discovery of novel cancer signatures, thus con-
stituting strong proof-of-concept for the potential of DRS in
sample classification and / or patient stratification. 

Various RNA biotypes show potential as biomarkers for
human diseases using DRS. One such class is ribosomal RNAs
(rRNAs), the most abundant RNA species in the cell, which
are extensively modified [ 99–103 ]. Historically regarded as
homogeneous molecular entities, ribosomes are now recog-
nized for their dynamic nature and regulation, partly due to
the changing modification repertoire of the rRNAs that they
contain [ 104 ]. Research has demonstrated that the loss of
key rRNA modifications is a hallmark of cancer [ 105 , 106 ]
and cancer-prone conditions, such as dyskeratosis congenita
[ 107 ]. A recent study employing DRS revealed that rRNA
modification patterns vary significantly across tissues, de-
velopmental stages, cell types, and disease states, includ-
ing cancer. Importantly, it was shown that rRNA modifica-
tion profiles alone were sufficient to accurately classify sam-
ples either as cancerous or normal in a cohort of matched
tumor-normal lung samples [ 98 ], highlighting the potential
of rRNA modifications as reliable biomarkers for disease
classification. 

Another class of promising biomarkers that can be effec-
tively detected with DRS are transfer RNAs (tRNAs), which
are both highly abundant and heavily modified. In addition
to their crucial role in protein synthesis, tRNAs have been
increasingly recognized for being dysregulated both in terms
of abundances [ 108 ] and modification patterns in various
diseases [ 108–111 ], including cancer [ 112 ], and in response
to environmental stimuli [ 76 , 113 ]. As a result, tRNAs are
emerging as potential diagnostic and therapeutic targets [ 114 ].
Moreover, tRNAs hold potential as therapeutic agents them-
selves, as they could modulate the impact of mutations by
facilitating readthrough of genetic mutations shared across
multiple genes, positioning tRNAs as novel therapeutic tools
[ 115 ]. 

For these applications, it is crucial to be able to study tRNA
populations in a simple and cost-effective manner . However ,
this has so far proven challenging with NGS-based method-
ologies due to the need for complex library preparation pro-
tocols, some of which require demethylation and / or pretreat-
ment steps [ 116 , 117 ], and their limited ability to detect RNA
modifications [ 118 ]. Recently, several alternatives have been
proposed to capture both tRNA abundance and modification
information in a single experiment through the use of native
RNA sequencing [ 74 , 76 ], making the study of tRNAs using
DRS a promising avenue for future clinical applications. 

In contrast to rRNAs and tRNAs, which have only recently
emerged as promising biomarkers, mRNAs have long domi-
nated the field of RNA research and biomarker discovery, pri-
marily studied through their reverse-transcribed cDNA prod-
ucts. Beyond differential mRNA expression analysis, there is
increasing capturing differential mRNA modification infor-
mation, particularly in disease contexts [ 119 ], and specifi-
cally cancer [ 120–122 ]. Although the use of DRS to study
the mRNA (epi)transcriptome is still in its infancy, pioneering
studies have already demonstrated the feasibility of using DRS 
to chart the transcriptome and epitranscriptome in peripheral 
blood samples, indicating its potential for clinical applications 
[ 97 ]. 

Future outlook of DRS: arising opportunities 

Increased sequencing yields of the SQK-RNA004 chemistry 
After much anticipation, ONT finally released the SQK- 
RNA004 kit in 2023, which required a new “RNA” flow- 
cell, bypassing the commercial release of SQK-RNA003. This 
new chemistry introduced several significant improvements,
most notably a substantial increase in sequencing yields, with 

an average 5- to 10-fold increase. This boost in throughput 
was partly due to the introduction of a faster helicase pro- 
tein in the kit, which translocated RNA molecules through 

the nanopore at 150 nt / s, compared to the previous 70 nt / s,
effectively doubling the sequencing output per flowcell. Addi- 
tionally, the “RNA” pores appeared to have a longer half-life 
compared to the R9.4 generation, further enhancing the se- 
quencing yield per run. The ability to achieve higher sequenc- 
ing yields from the same RNA input enables the capture of 
RNA molecules expressed at lower levels, such as lncRNAs,
which have been minimally studied using DRS up to this point.
This improvement opens new possibilities for deeper tran- 
scriptome and epitranscriptome studies using DRS, especially 
for low-abundance RNA species. 

New basecallers with improved basecalling accuracy 
The availability of the new DRS chemistry has been accom- 
panied by the release of novel models and basecalling al- 
gorithms, such as Dorado’s high-accuracy (hac) and super- 
accuracy (sup) models, which can achieve basecalling accu- 
racies > 97% (Table 1 ). It is important to note, however, that 
the improved basecalling accuracy is not exclusively tied to the 
new chemistry or kits. Recent works have shown that similar 
basecalling accuracies ( ∼97%) can be achieved with the pre- 
vious R9.4 / SQK-RNA002 chemistry when using community- 
trained sup models [ 29 ]. We should note, however, that these 
new basecalling algorithms and models have not been system- 
atically benchmarked or validated by the scientific community.
Future efforts should assess whether this improved accuracy 
is consistently observed across species, RNA biotypes, and 

samples. 

New generation of modification-aware basecalling models 
Since its introduction, the promise of nanopore DRS has been 

its potential to detect native RNA modifications at single 
molecule resolution. While considerable efforts demonstrated 

that RNA modifications can be identified using DRS, it is only 
recently that true de novo detection of RNA modifications—
during the basecalling step itself—has been achieved [ 37 ].
These efforts have shown that basecalling models can be 
trained to predict not only the four canonical RNA nucleo- 
sides (A, C, G, and U), but also a fifth, representing a non- 
canonical nucleotide, such as m 

6 A. More recently, ONT has 
expanded these capabilities, releasing basecalling models for 
additional RNA modifications, including N 

5 -methylcytosine 
(m 

5 C), inosine (I), and pseudouridine ( �), with modification 

accuracies ranging 92.7%–99.5%, depending on the modifi- 
cation type ( https:// nanoporetech.com/ platform/ accuracy/ ). A 

notable advantage of these de novo basecallings is that they 
do not require more than one read to make accurate modifi- 

https://nanoporetech.com/platform/accuracy/
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Table 1. Comparison of short-read and long-read sequencing technologies and their potential use in clinical applications 

Tec hnolog y Short-read sequencing Long-read sequencing 
Illumina PacBio ONT-cDNA ONT-dRNA 

Accuracy ∼99.9% ∼99.9% 99.75% (v5 sup) 98.66% (v5 sup) 
99.25% (v5 hac) 97.54 (v5 hac) 

Cost High High Medium Medium 

Turnaround time Days to weeks Days to weeks Real-time to days Real-time to days 
Main clinical 
applications 

SNPs, differential 
expression, alternative 
splicing, gene fusion, de 
novo transcriptome 
assembly 

SNPs, differential 
expression, isoform 

discovery, gene fusion, de 
novo transcriptome 
assembly, repetitive 
elements 

SNPs, differential 
expression, isoform 

discovery, gene fusion, de 
novo transcriptome 
assembly, repetitive 
elements 

Differential expression, 
isoform discovery, 
repetitive elements, RNA 

modifications 

Strengths High-throughput, high 
accuracy, well-established 

High accuracy, long-read Long-read, minimal 
assembly required 

Long-read direct 
sequencing, No PCR bias 

Weaknesses Limited ability to capture 
long-read related 
information 

High cost, long run time Relatively lower accuracy 
than other cDNA-based 
methods, lower 
throughput 

Higher error rate, lower 
throughput high RNA 

input required not 
well-established for short 
RNAs 
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ation predictions. This enables the study of RNA modifica-
ions regardless of transcript coverage, thereby broadening the
ange of molecules that can potentially be used as biomark-
rs. However, it is important to note that the accuracy and
alse positive rates of these modification-aware models have
ot been independently tested or systematically validated in
eer-reviewed studies. As such, conclusions drawn from these
odels should be interpreted with caution until further vali-
ation is conducted. 

arcoding strategies for DRS multiplexing 
urrently, ONT does not offer commercial barcoding kits

pecifically designed for DRS, which would enable the pool-
ng of multiple samples into a single flowcell. As a result, bar-
oding initiatives remain largely been driven by community
fforts, including the development of tools such as DeePlexi-
on [ 72 ] , WarpDemuX [ 73 ], supporting 12 barcodes, and Se-
Tagger [ 123 ], which accommodates up to 96 barcodes. The
bility to multiplex up to 96 samples within a single flowcell
as the potential to significantly reduce sequencing costs per
ample and mitigate batch effects, and represents a critical ad-
ancement in transitioning the DRS technology toward clini-
al applications. 

evelopment of toolkits and workflows for live nanopore data
nalysis 
n addition to identifying reliable biomarkers, the use of
apid and cost-effective approaches to diagnose and / or mon-
tor diseases is crucial in the clinical context. Nanopore se-
uencing stands out as a promising technology in this re-
ard, as it enables real-time processing of the sequencing
ata [ 124 , 125 ]. For instance, real-time nanopore sequenc-
ng has enabled rapid brain tumor classification by leverag-
ng genomic and epigenomic markers [ 126–128 ]. Building on
his, the ROBIN framework, which integrates methylome and
ariant information, allows for real-time intraoperative tu-
or classification and single-day molecular profiling, signif-

cantly reducing turnaround times from several days to just 2
 for intraoperative classification and up to 24 h for detailed
olecular profiling [ 129 ]. In addition, real-time processing of
RS data combined with RNA modification information, has

hown promise when applied to the sequencing of blood cells
[ 97 ]. The simplicity of the DRS library preparation, combined
with the portability of nanopore sequencing and the capability
for real-time analysis positions DRS a promising tool for viral
epidemiology studies, including monitoring virus mutagenesis
and controlling pandemics [ 130 ]. 

Conclusions and future perspectives 

Every year, 20 million people are diagnosed with cancer, and
10 million people die from this disease [ 131 ]. Early detection
and timely interventions can significantly improve patient out-
comes and have a major impact on public health. Thus, there is
an urgent need for population-based screening assays that can
facilitate early cancer detection, particularly for those cancer
types such as lung or pancreatic cancer, which are often diag-
nosed at advanced stages and have very poor patient progno-
sis and survival rates. Implementing population-based cancer
screening programmes could substantially reduce the burden
on healthcare systems, lower healthcare costs, and contribute
to a healthier society. 

RNA modifications have been extensively studied over the
past decades, however, they are currently not routinely used as
biomarkers for disease prediction or monitoring. While recent
efforts using mass spectrometry demonstrate that these can be
used as biomarkers, for example, in glioma [ 70 ], population-
based studies would require a more rapid and cost-effective
approach. In this regard, several efforts directed toward de-
veloping population-based cancer screening have primarily fo-
cused on the use of NGS technologies to study DNA or RNA
(in the form of amplified cDNA) molecules present in plasma,
exosomes, and circulating tumor cells, offering promising re-
sults [ 47 , 50 , 68 ]. However, these methods are still blind to
RNA modifications. 

In addition to DRS, tailored NGS-based methods and mass
spectrometry (LC-MS / MS) have also demonstrated their po-
tential for detecting RNA modifications in clinical applica-
tions. NGS technologies offer quantitative measurements with
high accuracy and sequencing yields, however, the detection of
RNA modifications relies on enzymatic reactions and / or an-
tibodies, and thus is only applicable to a restricted RNA mod-
ification repertoire, often focusing on one RNA modification
type at a time. Conversely, LC-MS / MS offers highly accurate
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quantitative information for a wide range of modifications,
but lacks sequence information. 

The possibility to chart RNA modifications transcriptome-
wide in a rapid and cost-effective manner, while preserving the
sequence context information [ 30 ], comes with the hand of
direct RNA nanopore sequencing. While DRS offers consider-
able potential for clinical applications, particularly due to its
capacity to capture RNA abundances and their modifications,
both of which are dysregulated in diseases, several challenges
have so far hindered its implementation in clinical practice.
These include high RNA input requirements, platform com-
plexity, the lack of robust production lines for RNA chemistry,
and the complexity of data analysis. Despite the challenges,
solutions such as multiplexing, cost reduction strategies, stan-
dardized workflows, stable RNA chemistry product lines, and
enhanced bioinformatics tools provide a path forward. With
continued advancements in DRS technology and collabora-
tive efforts to address these challenges, DRS has the potential
to become a valuable tool in clinical diagnostics, especially for
liquid biopsy applications. 

A c kno wledg ements 

We acknowledge support of the Spanish Ministry of
Science and Innovation through the Centro de Exce-
lencia Severo Ochoa (CEX2020-001049-S, MCIN / AEI
/ 10.13039 / 501100011033), the Generalitat de Catalunya
through the CERCA programme and to the EMBL part-
nership. We are grateful to the CRG Core Technologies
Programme for their support and assistance in this work.
Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the Eu-
ropean Union. Neither the European Union nor the granting
authority can be held responsible for them. Figures 2 and
3 and the Graphical Abstract were created with BioRender
[Novoa, E. (2025); https://BioRender.com ]. 

Author contributions : Conceptualization: X.L.K, O.B. and
E.M.N. ; writing-original draft: X.L.K, O.B. and E.M.N.; su-
pervision: E.M.N.; visualization: X.L.K. and O.B. 

Supplementary data 

Supplementary data is available at NAR online. 

Conflict of interest 

E.M.N. is a member of the Scientific Advisory Board of IM-
MAGINA Biotech. E.M.N. holds patents on demultiplex-
ing methods (European Patent Application EP24382340.8
and EP24383144.3) and on tRNA sequencing methods
(PCT / IB2023 / 059599 / WO2024 / 069464A1). X.L.K., O.B.,
and E.M.N. have received travel bursaries from ONT to
present their work at conferences. 

Funding 

This project has received funding from the European
Union’s Horizon Europe under the grant agreement num-
ber 101072892, 101042103, and 101187456 (MSCA-2021-
DN, ER C-2021-STG and ER C-2024-POC respectively, to
E.M.N.). This work was supported by AECC Foundation
(LABE211658NOVO to E.M.N.). 
Data availability 

No new data were generated or analyzed in support of this 
research. 

References 

1. Nemeth K, Bayraktar R, Ferracin M et al. Non-coding RNAs in 
disease: from mechanisms to therapeutics. Nat Rev Genet 
2024; 25 :211–32. https:// doi.org/ 10.1038/ s41576- 023- 00662- 1 

2. Du H, Zhao Y, He J et al. YTHDF2 destabilizes 
m(6)A-containing RNA through direct recruitment of the 
CCR4-NOT deadenylase complex. Nat Commun 2016; 7 :12626. 
https:// doi.org/ 10.1038/ ncomms12626 

3. Boccaletto P, Machnicka MA, Purta E et al. MODOMICS: a 
database of RNA modification pathways. 2017 update. Nucleic 
Acids Res 2018; 46 :D303–7. 
https:// doi.org/ 10.1093/ nar/ gkx1030 

4. Barbieri I, Kouzarides T. Role of RNA modifications in cancer. 
Nat Rev Cancer 2020; 20 :303–22. 
https:// doi.org/ 10.1038/ s41568- 020- 0253- 2 

5. Nachtergaele S, He C. The emerging biology of RNA 

post-transcriptional modifications. RNA Biol 2017; 14 :156–63. 
https:// doi.org/ 10.1080/ 15476286.2016.1267096 

6. Schaefer M, Kapoor U, Jantsch MF. Understanding RNA 

modifications: the promises and technological bottlenecks of the 
‘epitranscriptome’. Open Biol 2017; 7 :170077. 
https:// doi.org/ 10.1098/ rsob.170077 

7. Mauer J, Sindelar M, Despic V et al. FTO controls reversible 
m6Am RNA methylation during snRNA biogenesis. Nat Chem 

Biol 2019; 15 :340–7. 
https:// doi.org/ 10.1038/ s41589- 019- 0231- 8 

8. Jia G, Fu Y, Zhao X et al. N 

6 -Methyladenosine in nuclear RNA 

is a major substrate of the obesity-associated FTO. Nat Chem 

Biol 2011; 7 :885–7. https:// doi.org/ 10.1038/ nchembio.687 
9. Torres AG, Batlle E, Ribas de Pouplana L. Role of tRNA 

modifications in human diseases. Trends Mol Med 
2014; 20 :306–14. https:// doi.org/ 10.1016/ j.molmed.2014.01.008 

10. Jonkhout N, Tran J, Smith MA et al. The RNA modification 
landscape in human disease. RNA 2017; 23 :1754–69. 
https:// doi.org/ 10.1261/ rna.063503.117 

11. Moser JC, Papadopoulos KP, Rodon Ahnert J et al. Phase 1 dose 
escalation and cohort expansion study evaluating safety, PK, PD 

and clinical activity of STC-15, a METTL-3 inhibitor, in patients 
with advanced malignancies. J Clin Oncol 2024; 42 :2586. 
https:// doi.org/ 10.1200/ JCO.2024.42.16 _ suppl.2586 

12. Yankova E, Blackaby W, Albertella M et al. Small-molecule 
inhibition of METTL3 as a strategy against myeloid leukaemia. 
Nature 2021; 593 :597–601. 
https:// doi.org/ 10.1038/ s41586- 021- 03536- w 

13. Erion D, Gottschalk S, Su K et al. KRRO-110, an RNA editing 
oligonucleotide encapsulated in a lipid nanoparticle (LNP) 
delivered to liver cells for the treatment of alpha-1 antitrypsin 
deficiency (AATD) [abstract]. Am J Respir Crit Care Med 
2024; 209 :A3797. https:// doi.org/ 10.1164/ ajrccm-conference. 
2024.209.1 _ MeetingAbstracts.A3797 

14. Delaunay S, Helm M, Frye M. RNA modifications in physiology 
and disease: towards clinical applications. Nat Rev Genet 
2024; 25 :104–22. https:// doi.org/ 10.1038/ s41576- 023- 00645- 2 

15. Lucas MC, Novoa EM. Long-read sequencing in the era of 
epigenomics and epitranscriptomics. Nat Methods 2023; 20 :25–9.
https:// doi.org/ 10.1038/ s41592- 022- 01724- 8 

16. Schwartz S, Motorin Y. Next-generation sequencing technologies 
for detection of modified nucleotides in RNAs. RNA Biol 
2017; 14 :1124–37. 
https:// doi.org/ 10.1080/ 15476286.2016.1251543 

17. White LK, Hesselberth JR. Modification mapping by nanopore 
sequencing. Front Genet 2022; 13 :1037134. 
https:// doi.org/ 10.3389/ fgene.2022.1037134 

https://BioRender.com
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf128#supplementary-data
https://doi.org/10.1038/s41576-023-00662-1
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1080/15476286.2016.1267096
https://doi.org/10.1098/rsob.170077
https://doi.org/10.1038/s41589-019-0231-8
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1016/j.molmed.2014.01.008
https://doi.org/10.1261/rna.063503.117
https://doi.org/10.1200/JCO.2024.42.16_suppl.2586
https://doi.org/10.1038/s41586-021-03536-w
https://doi.org/10.1164/ajrccm-conference.2024.209.1_MeetingAbstracts.A3797
https://doi.org/10.1038/s41576-023-00645-2
https://doi.org/10.1038/s41592-022-01724-8
https://doi.org/10.1080/15476286.2016.1251543
https://doi.org/10.3389/fgene.2022.1037134


Direct RNA sequencing in the clinics 9 

 

 

 

 

 

 

 

18. Novoa EM, Mason CE, Mattick JS. Charting the unknown 
epitranscriptome. Nat Rev Mol Cell Biol 2017; 18 :339–40. 
https:// doi.org/ 10.1038/ nrm.2017.49 

19. Saletore Y, Meyer K, Korlach J et al. The birth of the 
epitranscriptome: deciphering the function of RNA 

modifications. Genome Biol 2012; 13 :175. 
https:// doi.org/ 10.1186/ gb- 2012- 13- 10- 175 

20. Dominissini D, Moshitch-Moshkovitz S, Schwartz S et al. 
Topology of the human and mouse m6A RNA methylomes 
revealed by m6A-seq. Nature 2012; 485 :201–6. 
https:// doi.org/ 10.1038/ nature11112 

21. Meyer KD, Saletore Y, Zumbo P et al. Comprehensive analysis of
mRNA methylation reveals enrichment in 3 ′ UTRs and near stop 
codons. Cell 2012; 149 :1635–46. 
https:// doi.org/ 10.1016/ j.cell.2012.05.003 

22. Marchand V, Ayadi L, Ernst FGM et al. AlkAniline-Seq: profiling
of m 

7 G and m 

3 C RNA modifications at single nucleotide 
resolution. Angew Chem Int Ed Engl 2018; 57 :16785–90. 
https:// doi.org/ 10.1002/ anie.201810946 

23. Safra M, Sas-Chen A, Nir R et al. The m1A landscape on 
cytosolic and mitochondrial mRNA at single-base resolution. 
Nature 2017; 551 :251–5. https:// doi.org/ 10.1038/ nature24456 

24. Li X, Xiong X, Zhang M et al. Base-resolution mapping reveals 
distinct m1A methylome in nuclear- and mitochondrial-encoded 
transcripts. Mol Cell 2017; 68 :993–1005. 
https:// doi.org/ 10.1016/ j.molcel.2017.10.019 

25. Schwartz S, Bernstein DA, Mumbach MR et al. 
Transcriptome-wide mapping reveals widespread 
dynamic-regulated pseudouridylation of ncRNA and mRNA. Cell
2014; 159 :148–62. https:// doi.org/ 10.1016/ j.cell.2014.08.028 

26. Carlile TM, Rojas-Duran MF, Zinshteyn B et al. Pseudouridine 
profiling reveals regulated mRNA pseudouridylation in yeast and 
human cells. Nature 2014; 515 :143–6. 
https:// doi.org/ 10.1038/ nature13802 

27. Marchand V, Blanloeil-Oillo F, Helm M et al. Illumina-based 
RiboMethSeq approach for mapping of 2 ′ -O-Me residues in 
RNA. Nucleic Acids Res 2016; 44 :e135. 
https:// doi.org/ 10.1093/ nar/ gkw547 

28. Garalde DR, Snell EA, Jachimowicz D et al. Highly parallel direct
RNA sequencing on an array of nanopores. Nat Methods 
2018; 15 :201–6. https:// doi.org/ 10.1038/ nmeth.4577 

29. Diensthuber G, Pryszcz LP, Llovera L et al. Enhanced detection 
of RNA modifications and read mapping with high-accuracy 
nanopore RNA basecalling models. Genome Res 
2024; 34 :1865–77. https:// doi.org/ 10.1101/ gr.278849.123 

30. Begik O, Lucas MC, Pryszcz LP et al. Quantitative profiling of 
pseudouridylation dynamics in native RNAs with nanopore 
sequencing. Nat Biotechnol 2021; 39 :1278–91. 
https:// doi.org/ 10.1038/ s41587- 021- 00915- 6 

31. Leger A, Amaral PP, Pandolfini L et al. RNA modifications 
detection by comparative nanopore direct RNA sequencing. Nat 
Commun 2021; 12 :7198. 
https:// doi.org/ 10.1038/ s41467- 021- 27393- 3 

32. Acera Mateos P, Sethi A J, Ravindran A et al. Prediction of m6A 

and m5C at single-molecule resolution reveals a 
transcriptome-wide co-occurrence of RNA modifications. Nat 
Commun 2024; 15 :3899. 
https:// doi.org/ 10.1038/ s41467- 024- 47953- 7 

33. Liu H, Begik O, Novoa EM. EpiNano: Detection of m6A RNA 

modifications using Oxford Nanopore direct RNA sequencing. 
Methods Mol Biol 2021; 2298 :31–52. 
https:// doi.org/ 10.1007/ 978- 1- 0716- 1374- 0 _ 3 

34. Piechotta M, Naarmann-de Vries IS, Wang Q et al. RNA 

modification mapping with JACUSA2. Genome Biol 
2022; 23 :115. https:// doi.org/ 10.1186/ s13059- 022- 02676- 0 

35. Abebe JS, Price AM, Hayer KE et al. DRUMMER—rapid 
detection of RNA modifications through comparative nanopore 
sequencing. Bioinformatics 2022; 38 :3113–5. 
https:// doi.org/ 10.1093/ bioinformatics/ btac274 
36. Jenjaroenpun P, Wongsurawat T, Wadley TD et al. Decoding the 
epitranscriptional landscape from native RNA sequences. Nucleic
Acids Res 2021; 49 :e7. https:// doi.org/ 10.1093/ nar/ gkaa620 

37. Cruciani S, Delgado-Tejedor A, Pryszcz LP et al. De novo 
basecalling of m6A modifications at single molecule and single 
nucleotide resolution. bioRxiv, 
https:// doi.org/ 10.1101/ 2023.11.13.566801 , 13 November 2023,
preprint: not peer reviewed.

38. Begik O, Mattick JS, Novoa EM. Exploring the epitranscriptome 
by native RNA sequencing. RNA 2022; 28 :1430–39. 
https:// doi.org/ 10.1261/ rna.079404.122 

39. Maestri S, Furlan M, Mulroney L et al. Benchmarking of 
computational methods for m6A profiling with Nanopore direct 
RNA sequencing. Brief Bioinform 2024; 25 :bbae001. 
https:// doi.org/ 10.1093/ bib/ bbae001 

40. Furlan M, Delgado-Tejedor A, Mulroney L et al. Computational 
methods for RNA modification detection from nanopore direct 
RNA sequencing data. RNA Biol 2021; 18 :31–40. 
https:// doi.org/ 10.1080/ 15476286.2021.1978215 

41. De Sota RE, Quake SR, Sninsky JJ et al. Decoding bioactive 
signals of the RNA secretome: the cell-free messenger RNA 

catalogue. Expert Rev Mol Med 2024; 26 :e12. 
https:// doi.org/ 10.1017/ erm.2024.12 

42. Arechederra M, Ávila MA, Berasain C. Liquid biopsy for cancer 
management: A revolutionary but still limited new tool for 
precision medicine. Adv Lab Med 2020; 1 :20200009. 
https:// doi.org/ 10.1515/ almed- 2020- 0009 

43. Lin D, Shen L, Luo M et al. Circulating tumor cells: biology and 
clinical significance. Signal Transduct Target Ther 2021; 6 :404. 
https:// doi.org/ 10.1038/ s41392- 021- 00817- 8 

44. Hu Y, Zhao Y, Zhang Y et al. Cell-free DNA: apromising 
biomarker in infectious diseases. Trends Microbiol 
2024;S0966-842X(24)00168-9. 
https:// doi.org/ 10.1016/ j.tim.2024.06.005 

45. Luo H, Wei W, Ye Z et al. Liquid biopsy of methylation 
biomarkers in cell-free DNA. Trends Mol Med 2021; 27 :482–500.
https:// doi.org/ 10.1016/ j.molmed.2020.12.011 

46. Larson MH, Pan W, Kim HJ et al. A comprehensive 
characterization of the cell-free transcriptome reveals tissue- and 
subtype-specific biomarkers for cancer detection. Nat Commun 
2021; 12 :2357. https:// doi.org/ 10.1038/ s41467- 021- 22444- 1 

47. Roskams-Hieter B, Kim HJ, Anur P et al. Plasma cell-free RNA 

profiling distinguishes cancers from pre-malignant conditions in 
solid and hematologic malignancies. NPJ Precis Oncol 
2022; 6 :28. https:// doi.org/ 10.1038/ s41698- 022- 00270- y 

48. Wang J, Huang J, Hu Y et al. Terminal modifications 
independent cell-free RNA sequencing enables sensitive early 
cancer detection and classification. Nat Commun 2024; 15 :156. 
https:// doi.org/ 10.1038/ s41467- 023- 44461- y 

49. Toden S, Zhuang J, Acosta AD et al. Noninvasive 
characterization of Alzheimer’s disease by circulating, cell-free 
messenger RNA next-generation sequencing. Sci Adv 
2020; 6 :eabb1654. https:// doi.org/ 10.1126/ sciadv.abb1654 

50. Bayoumi AS, Aonuma T, Teoh J-P et al. Circular noncoding 
RNAs as potential therapies and circulating biomarkers for 
cardiovascular diseases. Acta Pharmacol Sin 2018; 39 :1100–9. 
https:// doi.org/ 10.1038/ aps.2017.196 

51. Moufarrej MN, Wong RJ, Shaw GM et al. Investigating 
pregnancy and its complications using circulating cell-free RNA 

in women’s blood during gestation. Front Pediatr 
2020; 8 :605219. https:// doi.org/ 10.3389/ fped.2020.605219 

52. Crowley E, Di Nicolantonio F, Loupakis F et al. Liquid biopsy: 
monitoring cancer-genetics in the blood. Nat Rev Clin Oncol 
2013; 10 :472–84. https:// doi.org/ 10.1038/ nrclinonc.2013.110 

53. Karimzadeh M, Wang J, Cavazos TB et al. Detection of 
early-stage cancers using circulating orphan non-coding RNAs in 
blood. J Clin Oncol 2023; 41 :3051. 
https:// doi.org/ 10.1200/ JCO.2023.41.16 _ suppl.3051 

https://doi.org/10.1038/nrm.2017.49
https://doi.org/10.1186/gb-2012-13-10-175
https://doi.org/10.1038/nature11112
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1002/anie.201810946
https://doi.org/10.1038/nature24456
https://doi.org/10.1016/j.molcel.2017.10.019
https://doi.org/10.1016/j.cell.2014.08.028
https://doi.org/10.1038/nature13802
https://doi.org/10.1093/nar/gkw547
https://doi.org/10.1038/nmeth.4577
https://doi.org/10.1101/gr.278849.123
https://doi.org/10.1038/s41587-021-00915-6
https://doi.org/10.1038/s41467-021-27393-3
https://doi.org/10.1038/s41467-024-47953-7
https://doi.org/10.1007/978-1-0716-1374-0_3
https://doi.org/10.1186/s13059-022-02676-0
https://doi.org/10.1093/bioinformatics/btac274
https://doi.org/10.1093/nar/gkaa620
https://doi.org/10.1101/2023.11.13.566801
https://doi.org/10.1261/rna.079404.122
https://doi.org/10.1093/bib/bbae001
https://doi.org/10.1080/15476286.2021.1978215
https://doi.org/10.1017/erm.2024.12
https://doi.org/10.1515/almed-2020-0009
https://doi.org/10.1038/s41392-021-00817-8
https://doi.org/10.1016/j.tim.2024.06.005
https://doi.org/10.1016/j.molmed.2020.12.011
https://doi.org/10.1038/s41467-021-22444-1
https://doi.org/10.1038/s41698-022-00270-y
https://doi.org/10.1038/s41467-023-44461-y
https://doi.org/10.1126/sciadv.abb1654
https://doi.org/10.1038/aps.2017.196
https://doi.org/10.3389/fped.2020.605219
https://doi.org/10.1038/nrclinonc.2013.110
https://doi.org/10.1200/JCO.2023.41.16_suppl.3051


10 Katopodi et al. 

 

 

 

 

 

54. Toden S, Goel A. Non-coding RNAs as liquid biopsy biomarkers 
in cancer. Br J Cancer 2022; 126 :351–60. 
https:// doi.org/ 10.1038/ s41416- 021- 01672- 8 

55. Schrag D, Beer TM, McDonnell CH 3rd et al. Blood-based tests 
for multicancer early detection (PATHFINDER): a prospective 
cohort study. Lancet 2023; 402 :1251–60. 
https:// doi.org/ 10.1016/ S0140- 6736(23)01700- 2 

56. Byron SA, Van Keuren-Jensen KR, Engelthaler DM et al. 
Translating RNA sequencing into clinical diagnostics: 
opportunities and challenges. Nat Rev Genet 2016; 17 :257–71. 
https:// doi.org/ 10.1038/ nrg.2016.10 

57. Shigeyasu K, Toden S, Zumwalt TJ et al. Emerging role of 
MicroRNAs as liquid biopsy biomarkers in gastrointestinal 
cancers. Clin Cancer Res 2017; 23 :2391–9. 
https:// doi.org/ 10.1158/ 1078- 0432.CCR- 16- 1676 

58. Lan H, Lu H, Wang X et al. MicroRNAs as potential biomarkers 
in cancer: opportunities and challenges. Biomed Res Int 
2015; 2015 :125094. https:// doi.org/ 10.1155/ 2015/ 125094 

59. Brase JC, Wuttig D, Kuner R et al. Serum microRNAs as 
non-invasive biomarkers for cancer. Mol Cancer 2010; 9 :306. 
https:// doi.org/ 10.1186/ 1476- 4598- 9- 306 

60. Ibarra A, Zhuang J, Zhao Y et al. Non-invasive characterization 
of human bone marrow stimulation and reconstitution by 
cell-free messenger RNA sequencing. Nat Commun 2020; 11 :400.
https:// doi.org/ 10.1038/ s41467- 019- 14253- 4 

61. Zhou X, Yin C, Dang Y et al. Identification of the long 
non-coding RNA H19 in plasma as a novel biomarker for 
diagnosis of gastric cancer. Sci Rep 2015; 5 :11516. 
https:// doi.org/ 10.1038/ srep11516 

62. Zheng Z-K, Pang C, Yang Y et al. Serum long noncoding RNA 

urothelial carcinoma-associated 1: a novel biomarker for 
diagnosis and prognosis of hepatocellular carcinoma. J Int Med 
Res 2018; 46 :348–56. 
https:// doi.org/ 10.1177/ 0300060517726441 

63. Dhahbi JM, Spindler SR, Atamna H et al. Deep sequencing of 
serum small RNAs identifies patterns of 5’ tRNA half and YRNA
fragment expression associated with breast cancer. Biomark 
Cancer 2014; 6 :37–47. https:// doi.org/ 10.4137/ BIC.S20764 

64. Zhu L, Li J, Gong Y et al. Exosomal tRNA-derived small RNA as
a promising biomarker for cancer diagnosis. Mol Cancer 
2019; 18 :74. https:// doi.org/ 10.1186/ s12943- 019- 1000- 8 

65. Jia Y, Tan W, Zhou Y. Transfer RNA-derived small RNAs: 
potential applications as novel biomarkers for disease diagnosis 
and prognosis. Ann Transl Med 2020; 8 :1092. 
https:// doi.org/ 10.21037/ atm- 20- 2797 

66. Fish L, Zhang S, Yu JX et al. Cancer cells exploit an orphan RNA
to drive metastatic progression. Nat Med 2018; 24 :1743–51. 
https:// doi.org/ 10.1038/ s41591- 018- 0230- 4 

67. Tbeileh N, Cavazos T, Karimzadeh M et al. Abstract PO2-13-08:
cell-free orphan noncoding RNAs and AI enable early detection 
of invasive breast cancer and ductal carcinoma in-situ. Cancer 
Res 2024; 84 :PO2–13–08. 
https:// doi.org/ 10.1158/ 1538- 7445.SABCS23- PO2- 13- 08 

68. Reggiardo RE, Maroli SV, Peddu V et al. Profiling of repetitive 
RNA sequences in the blood plasma of patients with cancer. Nat 
Biomed Eng 2023; 7 :1627–35. 
https:// doi.org/ 10.1038/ s41551- 023- 01081- 7 

69. Amalric A, Bastide A, Attina A et al. Quantifying RNA 

modifications by mass spectrometry: a novel source of 
biomarkers in oncology. Crit Rev Clin Lab Sci 2022; 59 :1–18. 
https:// doi.org/ 10.1080/ 10408363.2021.1958743 

70. Relier S, Amalric A, Attina A et al. Multivariate analysis of RNA 

chemistry marks uncovers epitranscriptomics-based biomarker 
signature for adult diffuse glioma diagnostics. Anal Chem 

2022; 94 :11967–72. 
https:// doi.org/ 10.1021/ acs.analchem.2c01526 

71. Spornraft M, Kirchner B, Haase B et al. Optimization of 
extraction of circulating RNAs from plasma–enabling small 
RNA sequencing. PLoS One 2014; 9 :e107259. 
https:// doi.org/ 10.1371/ journal.pone.0107259 

72. Smith MA, Ersavas T, Ferguson JM et al. Molecular barcoding of 
native RNAs using nanopore sequencing and deep learning. 
Genome Res 2020; 30 :1345–53. 
https:// doi.org/ 10.1101/ gr.260836.120 

73. van der Toorn W, Bohn P, Liu-Wei W et al. Demultiplexing and 
barcode-specific adaptive sampling for nanopore direct RNA 

sequencing. bioRxiv, 
https:// doi.org/ 10.1101/ 2024.07.22.604276 , 23 October 2024, 
preprint: not peer reviewed.

74. Thomas NK, Poodari VC, Jain M et al. Direct nanopore 
sequencing of individual full length tRNA strands. ACS Nano 
2021; 15 :16642–53. https:// doi.org/ 10.1021/ acsnano.1c06488 

75. Begik O, Diensthuber G, Liu H et al. Nano3P-seq: 
transcriptome-wide analysis of gene expression and tail dynamics 
using end-capture nanopore cDNA sequencing. Nat Methods 
2023; 20 :75–85. https:// doi.org/ 10.1038/ s41592- 022- 01714- w 

76. Lucas MC, Pryszcz LP, Medina R et al. Quantitative analysis of 
tRNA abundance and modifications by nanopore RNA 

sequencing. Nat Biotechnol 2024; 42 :72–86. 
https:// doi.org/ 10.1038/ s41587- 023- 01743- 6 

77. Jia J, Yang S, Huang J et al. Distinct extracellular RNA profiles in 
different plasma components. Front Genet 2021; 12 :564780. 
https:// doi.org/ 10.3389/ fgene.2021.564780 

78. Enderle D, Spiel A, Coticchia CM et al. Characterization of RNA 

from exosomes and other extracellular vesicles isolated by a 
novel spin column-based method. PLoS One 2015; 10 :e0136133. 
https:// doi.org/ 10.1371/ journal.pone.0136133 

79. Ibrahim F, Oppelt J, Maragkakis M et al. TERA-Seq: true 
end-to-end sequencing of native RNA molecules for 
transcriptome characterization. Nucleic Acids Res 2021; 49 :e115. 
https:// doi.org/ 10.1093/ nar/ gkab713 

80. Yan B, Tzertzinis G, Schildkraut I et al. Comprehensive 
determination of transcription start sites derived from all RNA 

polymerases using ReCappable-seq. Genome Res 
2022; 32 :162–74. https:// doi.org/ 10.1101/ gr.275784.121 

81. White LK, Dobson K, del Pozo S et al. Comparative analysis of 
43 distinct RNA modifications by nanopore tRNA sequencing. 
bioRxiv, https:// doi.org/ 10.1101/ 2024.07.23.604651 , 24 
July2024, preprint: not peer reviewed.

82. Zook JM, Catoe D, McDaniel J et al. Extensive sequencing of 
seven human genomes to characterize benchmark reference 
materials. Sci Data 2016; 3 :160025. 
https:// doi.org/ 10.1038/ sdata.2016.25 

83. Hardwick SA, Chen WY, Wong T et al. Spliced synthetic genes as 
internal controls in RNA sequencing experiments. Nat Methods 
2016; 13 :792–8. https:// doi.org/ 10.1038/ nmeth.3958 

84. Liu H, Begik O, Lucas MC et al. Accurate detection of m6A 

RNA modifications in native RNA sequences. Nat Commun 
2019; 10 :4079. https:// doi.org/ 10.1038/ s41467- 019- 11713- 9 

85. Cozzuto L, Liu H, Pryszcz LP et al. MasterOfPores: a workflow 

for the analysis of Oxford Nanopore direct RNA sequencing 
datasets. Front Genet 2020; 11 :211. 
https:// doi.org/ 10.3389/ fgene.2020.00211 

86. Ewels PA, Peltzer A, Fillinger S et al. The nf-core framework for 
community-curated bioinformatics pipelines. Nat Biotechnol 
2020; 38 :276–8. https:// doi.org/ 10.1038/ s41587- 020- 0439- x 

87. He X, Tian F, Guo F et al. Circulating exosomal mRNA 

signatures for the early diagnosis of clear cell renal cell 
carcinoma. BMC Med 2022; 20 :270. 
https:// doi.org/ 10.1186/ s12916- 022- 02467- 1 

88. Wurdinger T, In ’t Veld SGJG, Best MG. Platelet RNA as 
pan-tumor biomarker for cancer detection. Cancer Res 
2020; 80 :1371–3. 
https:// doi.org/ 10.1158/ 0008- 5472.CAN- 19- 3684 

89. Malczewska A, Bodei L, Kidd M et al. Blood mRNA 

measurement (NETest) for neuroendocrine tumor diagnosis of 

https://doi.org/10.1038/s41416-021-01672-8
https://doi.org/10.1016/S0140-6736(23)01700-2
https://doi.org/10.1038/nrg.2016.10
https://doi.org/10.1158/1078-0432.CCR-16-1676
https://doi.org/10.1155/2015/125094
https://doi.org/10.1186/1476-4598-9-306
https://doi.org/10.1038/s41467-019-14253-4
https://doi.org/10.1038/srep11516
https://doi.org/10.1177/0300060517726441
https://doi.org/10.4137/BIC.S20764
https://doi.org/10.1186/s12943-019-1000-8
https://doi.org/10.21037/atm-20-2797
https://doi.org/10.1038/s41591-018-0230-4
https://doi.org/10.1158/1538-7445.SABCS23-PO2-13-08
https://doi.org/10.1038/s41551-023-01081-7
https://doi.org/10.1080/10408363.2021.1958743
https://doi.org/10.1021/acs.analchem.2c01526
https://doi.org/10.1371/journal.pone.0107259
https://doi.org/10.1101/gr.260836.120
https://doi.org/10.1101/2024.07.22.604276
https://doi.org/10.1021/acsnano.1c06488
https://doi.org/10.1038/s41592-022-01714-w
https://doi.org/10.1038/s41587-023-01743-6
https://doi.org/10.3389/fgene.2021.564780
https://doi.org/10.1371/journal.pone.0136133
https://doi.org/10.1093/nar/gkab713
https://doi.org/10.1101/gr.275784.121
https://doi.org/10.1101/2024.07.23.604651
https://doi.org/10.1038/sdata.2016.25
https://doi.org/10.1038/nmeth.3958
https://doi.org/10.1038/s41467-019-11713-9
https://doi.org/10.3389/fgene.2020.00211
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1186/s12916-022-02467-1
https://doi.org/10.1158/0008-5472.CAN-19-3684


Direct RNA sequencing in the clinics 11 

 

1

1

1

1

1

1  

1
 

 

 

 

 

image-negative liver metastatic disease. J Clin Endocrinol Metab 
2019; 104 :867–72. https:// doi.org/ 10.1210/ jc.2018-01804 

90. Tavakoli S, Nabizadeh M, Makhamreh A et al. Semi-quantitative 
detection of pseudouridine modifications and type I / II 
hypermodifications in human mRNAs using direct long-read 
sequencing. Nat Commun 2023; 14 :334. 
https:// doi.org/ 10.1038/ s41467- 023- 35858- w 

91. Gleeson J, Leger A, Prawer YDJ et al. Accurate expression 
quantification from nanopore direct RNA sequencing with 
NanoCount. Nucleic Acids Res 2022; 50 :e19. 
https:// doi.org/ 10.1093/ nar/ gkab1129 

92. W orkman RE, T ang AD, T ang PS et al. Nanopore native RNA 

sequencing of a human poly(A) transcriptome. Nat Methods 
2019; 16 :1297–305. https:// doi.org/ 10.1038/ s41592- 019- 0617- 2 

93. Roach NP, Sadowski N, Alessi AF et al. The full-length 
transcriptome of C. elegans using direct RNA sequencing. 
Genome Res 2020; 30 :299–312. 
https:// doi.org/ 10.1101/ gr.251314.119 

94. Sessegolo C, Cruaud C, Da Silva C et al. Transcriptome profiling 
of mouse samples using nanopore sequencing of cDNA and RNA
molecules. Sci Rep 2019; 9 :14908. 
https:// doi.org/ 10.1038/ s41598- 019- 51470- 9 

95. Delgado-Tejedor A, Medina R, Begik O et al. Native RNA 

nanopore sequencing reveals antibiotic-induced loss of rRNA 

modifications in the A- and P-sites. Nat Commun 2023; 16 :527. 
https:// doi.org/ 10.1101/ 2023.03.21.533606 

96. Parker MT, Knop K, Sherwood AV et al. Nanopore direct RNA 

sequencing maps the complexity of Arabidopsis mRNA 

processing and m6A modification. eLife 2020; 9 :e49658. 
https:// doi.org/ 10.7554/ eLife.49658 

97. Hewel C, Hofmann F, Dietrich V et al. Direct RNA sequencing 
(RNA004) allows for improved transcriptome assessment and 
near real-time tracking of methylation for medical applications. 
bioRxiv, https:// doi.org/ 10.1101/ 2024.07.25.605188 , 2 January 
2025, preprint: not peer reviewed.

98. Milenkovic I, Cruciani S, Llovera L et al. Epitranscriptomic 
rRNA fingerprinting reveals tissue-of-origin and tumor-specific 
signatures. Mol Cell ; 85 :177–90. 
https:// doi.org/ 10.1016/ j.molcel.2024.11.014 

99. Ofengand J, Bakin A. Mapping to nucleotide resolution of 
pseudouridine residues in large subunit ribosomal RNAs from 

representative eukaryotes, prokaryotes, archaebacteria, 
mitochondria and chloroplasts. J Mol Biol 1997; 266 :246–68. 
https:// doi.org/ 10.1006/ jmbi.1996.0737 

00. McCloskey JA, Rozenski J. The Small Subunit rRNA 

Modification Database. Nucleic Acids Res 2005; 33 :D135–8. 
https:// doi.org/ 10.1093/ nar/ gki015 

01. Motorin Y, Muller S, Behm-Ansmant I et al. Identification of 
modified residues in RNAs by reverse transcription-based 
methods. Methods Enzymol 2007; 425 :21–53. 
https:// doi.org/ 10.1016/ S0076- 6879(07)25002- 5 

02. Natchiar SK, Myasnikov AG, Kratzat H et al. Visualization of 
chemical modifications in the human 80S ribosome structure. 
Nature 2017; 551 :472–7. https:// doi.org/ 10.1038/ nature24482 

03. Incarnato D, Anselmi F, Morandi E et al. High-throughput 
single-base resolution mapping of RNA 2 ′ -O-methylated 
residues. Nucleic Acids Res 2017; 45 :1433–41. 
https:// doi.org/ 10.1093/ nar/ gkw810 

04. Xue S, Barna M. Specialized ribosomes: A new frontier in gene 
regulation and organismal biology. Nat Rev Mol Cell Biol 
2012; 13 :355–69. https:// doi.org/ 10.1038/ nrm3359 

05. Babaian A, Rothe K, Girodat D et al. Loss of m1acp3 � ribosomal
RNA modification is a major feature of cancer. Cell Rep 
2020; 31 :107611. https:// doi.org/ 10.1016/ j.celrep.2020.107611 

06. Marcel V, Kielbassa J, Marchand V et al. Ribosomal RNA 

2’O-methylation as a novel layer of inter-tumour heterogeneity in
breast cancer. NAR Cancer 2020; 2 :zcaa036. 
https:// doi.org/ 10.1093/ narcan/ zcaa036 
107. Nachmani D, Bothmer AH, Grisendi S et al. Germline NPM1 
mutations lead to altered rRNA 2’-O-methylation and cause 
dyskeratosis congenita. Nat Genet 2019; 51 :1518–29. 
https:// doi.org/ 10.1038/ s41588- 019- 0502- z 

108. Goodarzi H, Nguyen HCB, Zhang S et al. Modulated expression 
of specific tRNAs drives gene expression and cancer progression. 
Cell 2016; 165 :1416–27. 
https:// doi.org/ 10.1016/ j.cell.2016.05.046 

109. Suzuki T. The expanding world of tRNA modifications and their 
disease relevance. Nat Rev Mol Cell Biol 2021; 22 :375–92. 
https:// doi.org/ 10.1038/ s41580- 021- 00342- 0 

110. Rapino F, Delaunay S, Rambow F et al. Codon-specific 
translation reprogramming promotes resistance to targeted 
therapy. Nature 2018; 558 :605–9. 
https:// doi.org/ 10.1038/ s41586- 018- 0243- 7 

111. Close P, Bose D, Chariot A et al. Dynamic regulation of tRNA 

modifications in cancer. In: Chakrabarti J, Mitra S (eds.), Cancer 
and Noncoding RNAs . Vol. 1 . Boston: Elsevier, 2018, 163–86. 
https:// doi.org/ 10.1016/ B978- 0- 12- 811022- 5.00010- 3 

112. Pavon-Eternod M, Gomes S, Geslain R et al. tRNA 

over-expression in breast cancer and functional consequences. 
Nucleic Acids Res 2009; 37 :7268–80. 
https:// doi.org/ 10.1093/ nar/ gkp787 

113. Chan CTY, Dyavaiah M, DeMott MS et al. A quantitative 
systems approach reveals dynamic control of tRNA 

modifications during cellular stress. PLoS Genet 
2010; 6 :e1001247. https:// doi.org/ 10.1371/ journal.pgen.1001247

114. Añazco-Guenkova AM, Miguel-López B, Monteagudo-García Ó
et al. The impact of tRNA modifications on translation in cancer:
identifying novel therapeutic avenues. NAR Cancer 
2024; 6 :zcae012. https:// doi.org/ 10.1093/ narcan/ zcae012 

115. Anastassiadis T, Köhrer C. Ushering in the era of tRNA 

medicines. J Biol Chem 2023; 299 :105246. 
https:// doi.org/ 10.1016/ j.jbc.2023.105246 

116. Zheng G, Qin Y, Clark WC et al. Efficient and quantitative 
high-throughput tRNA sequencing. Nat Methods 
2015; 12 :835–7. https:// doi.org/ 10.1038/ nmeth.3478 

117. Scheepbouwer C, Aparicio-Puerta E, Gomez-Martin C et al. 
ALL-tRNAseq enables robust tRNA profiling in tissue samples. 
Genes Dev 2023; 37 :243–57. 
https:// doi.org/ 10.1101/ gad.350233.122 

118. Exploring tRNAs and their modifications and crosstalk using 
Nano-tRNAseq. Nat Biotechnol 2024; 42 :38–9. 
https:// doi.org/ 10.1038/ s41587- 023- 01755- 2 

119. Destefanis E, Av ̧s ar G, Groza P et al. A mark of disease: how 

mRNA modifications shape genetic and acquired pathologies. 
RNA 2021; 27 :367–89. https:// doi.org/ 10.1261/ rna.077271.120 

120. Barbieri I, Tzelepis K, Pandolfini L et al. Promoter-bound 
METTL3 maintains myeloid leukaemia by m6A-dependent 
translation control. Nature 2017; 552 :126–31. 
https:// doi.org/ 10.1038/ nature24678 

121. Vu LP, Pickering BF, Cheng Y et al. The N 

6 -Methyladenosine 
(m6A)-forming enzyme METTL3 controls myeloid 
differentiation of normal hematopoietic and leukemia cells. Nat 
Med 2017; 23 :1369–76. https:// doi.org/ 10.1038/ nm.4416 

122. Chen M, Wei L, Law C-T et al. RNA N 

6 -Methyladenosine 
methyltransferase-like 3 promotes liver cancer progression 
through YTHDF2-dependent posttranscriptional silencing of 
SOCS2. Hepatology 2018; 67 :2254–70. 
https:// doi.org/ 10.1002/ hep.29683 

123. Pryszcz LP, Diensthuber G, Llovera L et al. SeqTagger, a rapid 
and accurate tool to demultiplex direct RNA nanopore 
sequencing datasets. bioRxiv, 
https:// doi.org/ 10.1101/ 2024.10.29.620808 , 30 October 2024, 
preprint: not peer reviewed.

124. Munro R, Santos R, Payne A et al. minoTour, real-time 
monitoring and analysis for nanopore sequencers. Bioinformatics
2022; 38 :1133–5. https:// doi.org/ 10.1093/ bioinformatics/ btab780

https://doi.org/10.1210/jc.2018-01804
https://doi.org/10.1038/s41467-023-35858-w
https://doi.org/10.1093/nar/gkab1129
https://doi.org/10.1038/s41592-019-0617-2
https://doi.org/10.1101/gr.251314.119
https://doi.org/10.1038/s41598-019-51470-9
https://doi.org/10.1101/2023.03.21.533606
https://doi.org/10.7554/eLife.49658
https://doi.org/10.1101/2024.07.25.605188
https://doi.org/10.1016/j.molcel.2024.11.014
https://doi.org/10.1006/jmbi.1996.0737
https://doi.org/10.1093/nar/gki015
https://doi.org/10.1016/S0076-6879(07)25002-5
https://doi.org/10.1038/nature24482
https://doi.org/10.1093/nar/gkw810
https://doi.org/10.1038/nrm3359
https://doi.org/10.1016/j.celrep.2020.107611
https://doi.org/10.1093/narcan/zcaa036
https://doi.org/10.1038/s41588-019-0502-z
https://doi.org/10.1016/j.cell.2016.05.046
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1038/s41586-018-0243-7
https://doi.org/10.1016/B978-0-12-811022-5.00010-3
https://doi.org/10.1093/nar/gkp787
https://doi.org/10.1371/journal.pgen.1001247
https://doi.org/10.1093/narcan/zcae012
https://doi.org/10.1016/j.jbc.2023.105246
https://doi.org/10.1038/nmeth.3478
https://doi.org/10.1101/gad.350233.122
https://doi.org/10.1038/s41587-023-01755-2
https://doi.org/10.1261/rna.077271.120
https://doi.org/10.1038/nature24678
https://doi.org/10.1038/nm.4416
https://doi.org/10.1002/hep.29683
https://doi.org/10.1101/2024.10.29.620808
https://doi.org/10.1093/bioinformatics/btab780


12 Katopodi et al. 
125. Wierczeiko A, Pastore S, Mündnich S et al. NanopoReaTA: a 
user-friendly tool for nanopore-seq real-time transcriptional 
analysis. Bioinformatics 2023; 39 :btad492. 
https:// doi.org/ 10.1093/ bioinformatics/ btad492 

126. Euskirchen P, Bielle F, Labreche K et al. Same-day genomic and 
epigenomic diagnosis of brain tumors using real-time nanopore 
sequencing. Acta Neuropathol 2017; 134 :691–703. 
https:// doi.org/ 10.1007/ s00401- 017- 1743- 5 

127. Patel A, Dogan H, Payne A et al. Rapid-CNS2: rapid 
comprehensive adaptive nanopore-sequencing of CNS tumors, a 
proof-of-concept study. Acta Neuropathol 2022; 143 :609–12. 
https:// doi.org/ 10.1007/ s00401- 022- 02415- 6 

128. Vermeulen C, Pagès-Gallego M, Kester L et al. Ultra-fast 
deep-learned CNS tumour classification during surgery. Nature 
2023; 622 :842–9. https:// doi.org/ 10.1038/ s41586- 023- 06615- 2 

129. Deacon S, Cahyani I, Holmes N et al. ROBIN: A unified 
nanopore-based sequencing assay integrating real-time, 
intraoperative methylome classification and next-day 
comprehensive molecular brain tumour profiling for ultra-rapid 
tumour diagnostics. medRxiv, 
https:// doi.org/ 10.1101/ 2024.09.10.24313398 , 11 September 
2024, preprint: not peer reviewed.

130. Ji C-M, Feng X-Y, Huang Y-W et al. The applications of 
nanopore sequencing technology in animal and human virus 
research. Viruses 2024; 16 :798. 
https:// doi.org/ 10.3390/ v16050798 
Received: October 21, 2024. Revised: January 15, 2025. Editorial Decision: January 30, 2025. Accep
© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is 
translation rights for reprints. All other permissions can be obtained through our RightsLink service v
journals.permissions@oup.com. 
131. Ferlay J, Colombet M, Soerjomataram I et al. Cancer statistics for 
the year 2020: An overview. Int J Cancer , 2021; 149 :778–89. 
https:// doi.org/ 10.1002/ ijc.33588 

132. Leon SA, Shapiro B, Sklaroff DM et al. Free DNA in the serum of 
cancer patients and the effect of therapy. Cancer Res 
1977; 37 :646–50.

133. Wieczorek AJ, Sitaramam V, Machleidt W et al. Diagnostic and 
prognostic value of RNA-proteolipid in sera of patients with 
malignant disorders following therapy: first clinical evaluation of 
a novel tumor marker. Cancer Res 1987; 47 :6407–12.

134. Vasioukhin V, Anker P, Maurice P et al. Point mutations of the 
N-ras gene in the blood plasma DNA of patients with 
myelodysplastic syndrome or acute myelogenous leukaemia. Br J 
Haematol 1994; 86 :774–9. 
https:// doi.org/ 10.1111/ j.1365-2141.1994.tb04828.x 

135. Sanger F, Nicklen S, Coulson AR. DNA sequencing with 
chain-terminating inhibitors. Proc Natl Acad Sci USA 

1977; 74 :5463–7. https:// doi.org/ 10.1073/ pnas.74.12.5463 
136. Margulies M, Egholm M, Altman WE et al. Genome sequencing 

in microfabricated high-density picolitre reactors. Nature 
2005; 437 :376–80. https:// doi.org/ 10.1038/ nature03959 

137. Dawson S-J, Tsui DWY, Murtaza M et al. Analysis of circulating 
tumor DNA to monitor metastatic breast cancer. N Engl J Med 
2013; 368 :1199–209. https:// doi.org/ 10.1056/ NEJMoa1213261 

138. Jain M, Olsen HE, Paten B et al. The Oxford Nanopore 
MinION: delivery of nanopore sequencing to the genomics 
community. Genome Biol 2016; 17 :239. 
https:// doi.org/ 10.1186/ s13059- 016- 1103- 0 
ted: February 10, 2025 

Commercial License (https: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits 
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and 
ia the Permissions link on the article page on our site—for further information please contact 

https://doi.org/10.1093/bioinformatics/btad492
https://doi.org/10.1007/s00401-017-1743-5
https://doi.org/10.1007/s00401-022-02415-6
https://doi.org/10.1038/s41586-023-06615-2
https://doi.org/10.1101/2024.09.10.24313398
https://doi.org/10.3390/v16050798
https://doi.org/10.1002/ijc.33588
https://doi.org/10.1111/j.1365-2141.1994.tb04828.x
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1038/nature03959
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1186/s13059-016-1103-0

	Graphical abstract
	Introduction
	Conclusions and future perspectives
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

