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Long-read sequencing
for cancer liquid biopsy:
advancing precision oncology

Grace Guzman and Analiz Rodriguez*

Department of Neurosurgery, College of Medicine, University of Arkansas for Medical Sciences, Little
Rock, AR, United States

Liquid biopsy, which involves the study of tumor-derived genetic material shed
into circulating body fluids, is a rapidly emerging minimally invasive approach for
cancer diagnosis and monitoring. Most current cancer liquid biopsy workflows
depend on short-read sequencing (SRS). However, SRS methods remain limited in
their ability to detect and resolve structural variants (SVs), haplotype phasing,
fusion transcripts, and epigenetic modifications. Long-read sequencing (LRS)
technologies, including single-molecule real-time (SMRT) and nanopore se-
quencing, offer opportunities to overcome these limitations by preserving long-
range molecular information and enabling multimodal characterization of tumor-
derived material in biofluids. In this mini-review, we discuss the emerging role of
LRS in cancer liquid biopsy, with primary emphasis on cell-free DNA (cfDNA) and
circulating tumor DNA (ctDNA). We summarize recent studies using LRS-based
liquid biopsy across multiple cancer types. Particular focus is placed on cancer
types most actively investigated to date, such as lung, brain, and pediatric cancers,
in which LRS-based liquid biopsy has shown promise in detecting SVs, methyl-
ation patterns, and tumor-of-origin (TOF) signals that may not be fully captured
by SRS approaches. We also examine current technical and translational barriers
of LRS in cancer liquid biopsy, such as pre-analytical variability, cost, and high
computational demands. As sequencing technologies and analytical pipelines
continue to advance, LRS is likely to serve as a complementary component of
multimodal liquid biopsy strategies in precision oncology.

KEYWORDS
cancer liquid biopsy, cfDNA (cell-free DNA), ctDNA (circulating tumor DNA), long-read
sequencing (LRS), precision oncology

Introduction

Liquid biopsy, the analysis of tumor-derived material from bodily fluids, has become an
essential tool in precision oncology. This minimally invasive approach can include analytes
such as cell-free DNA (cfDNA), circulating tumor DNA (ctDNA), circulating tumor cells
(CTCs), extracellular vesicles, circulating RNA species, and other tumor-associated com-
ponents. It allows characterization of cancer genomes and their evolution during treatment
(1, 2). Compared to conventional tissue biopsy, liquid biopsy captures spatial and temporal
tumor heterogeneity usually missed by single-site tissue sampling and permits serial
collections for real-time molecular insights (3, 4).

Over the past decade, short-read next-generation sequencing (NGS) has been widely used
for cancer liquid biopsy analysis. NGS provides sensitive detection of single-nucleotide variants
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(SNVs), small insertions/deletions (indels), point mutations, and
methylation analysis in advanced cancers (5-8). The application of
this short-read platform has proven clinical utility in identifying
actionable mutations, tracking minimal residual disease, and guiding
targeted therapy across multiple cancer types (9-14). Despite these
successes, short-read (typically <600bp) sequencing remains restricted
in characterizing complex genomic rearrangements, such as structural
variants (SVs), and direct epigenetic modifications, which are increas-
ingly recognized as promoters of oncogenesis, tumor heterogeneity,
and therapeutic resistance (15, 16).

Long-read sequencing (LRS) offers opportunities to overcome
many of these challenges (17). By producing contiguous reads
exceeding several kilobases to megabases, LRS supports direct
detection of SVs, long-range haplotypes, fusion transcripts, and
full-length isoforms. These capabilities position LRS as a compelling
strategy for advancing liquid biopsy toward comprehensive tumor
genome and epigenome profiling. While application of LRS to
liquid biopsy is still in early stages, emerging studies suggest its
growing feasibility for cfDNA and ctDNA analysis. In this review,
we summarize the current progress of LRS for cancer liquid biopsy,
discuss its advantages and limitations, and outline future directions
for its integration into precision oncology.

LRS technologies relevant to cancer liquid
biopsy

Recent efforts in cancer liquid biopsy have utilized two leading
LRS platforms: single-molecule real-time (SMRT) sequencing from
Pacific Biosciences (PacBio) and nanopore sequencing from Oxford
Nanopore Technologies (ONT) (18, 19). Both platforms generate

10.3389/fonc.2026.1811012

reads substantially longer than those produced by short-read NGS
and support analyses such as SV detection, haplotype phasing and
direct methylation profiling without bisulfite conversion (20-25).
Specifically, direct methylation profiling without bisulfite conver-
sion preserves fragment length and minimizes DNA loss, which is
relevant to liquid biopsy because fragmented circulating nucleic
acids may contain genomic and epigenomic features that are not
fully captured by short-read methods. Although these features
confer key advantages of LRS over short-read NGS, SMRT and
nanopore sequencing differ fundamentally in read accuracy,
throughput, and analytical trade-offs. A comparative summary of
these two technologies is provided in Table 1.

In cancer research, SMRT and ONT nanopore sequencing have
improved understanding of tumor architecture by uncovering
variations previously undetected with short-read NGS. For exam-
ple, using SMRT sequencing, investigators identified a complex
KLHDC2-SNTBI fusion exceeding 10 kbp in the well-studied breast
cancer cell line SK-BR-3 (26). Similarly, nanopore sequencing using
the PromethION platform in lung adenocarcinoma and colorectal
cancer revealed novel SVs and gene fusions (27, 28).

These studies demonstrate the capacity of LRS to identify rare
but important oncogenic events that may be missed by traditional
approaches. Beyond structural variants, LRS has captured charac-
terization of copy number alterations and alternative splicing,
including relevant copy number changes in CNS tumors and
splice variants in pediatric medulloblastoma (29, 30). These studies
highlight that LRS is reshaping cancer research by detecting novel,
complex genomic and transcriptomic features central to tumor
architecture and behavior. This progress establishes a strong foun-
dation for its application in cancer liquid biopsy.

TABLE 1 Comparison of Oxford Nanopore Technologies (ONT) and Pacific Biosciences (PacBio) long-read sequencing (LRS) platforms for cancer liquid

biopsy applications.

Feature

ONT (Oxford nanopore technologies)

PacBio (Pacific biosciences)

Sequencing

principle measured in real-time

Nanopore-based; DNA passes through a protein pore and current changes are

Single-molecule real-time (SMRT); fluorescently labeled
nucleotides detected during polymerase synthesis in zero-mode
waveguides

Typical read Ultralong reads (up to 2 Mb reported)

Long reads (typically ~10-25 kb for HiFi reads)

length

Accuracy profile | ~92-97% (R9.4.1); improved accuracy with recent chemistries and basecalling HiFi reads >99% base-level accuracy; highest consensus accuracy
(approaching >99% in optimized settings), but generally lower than HiFi reads among LRS platforms

Error profile Higher indel rates Low error rates with reduced indels and mismatches

Throughput and | Very high; PromethION can generate >100 Gb per flow cell; much higher total Lower throughput per run compared to ONT and less flexible in

scalability read counts per run platform scalability

Turnaround Fastest; real-time data streaming; CNV and fragmentomic results achievable in Longer library prep and run times; not real-time; typically days

time 24 h from sample collection for data generation

Native Direct detection of DNA methylation from native DNA without bisulfite Detection of base modifications via polymerase kinetics without

methylation conversion bisulfite conversion

detection

Strengths for

liquid biopsy and adaptability to fragmented analytes

Key limitations
for liquid biopsy

Real-time sequencing, potential for integrated genomic and epigenomic profiling,

Error rates (though improving), need for optimized bioinformatics pipelines

High-accuracy variant detection, including SNVs and indels, with
strong performance for consensus-based analyses

Higher DNA input requirements, cost, and longer workflow times

Key technical features and analytical trade-offs between the two leading LRS platforms are summarized.
CNV, copy number variation; cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; HiFi, high-fidelity; indel, insertion/deletion; NGS, next-generation sequencing; SNV, single-nucleotide

variant; SV, structural variant.
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Applications of long-read sequencing in
cancer liquid biopsy

While liquid biopsy includes a variety of circulating analytes,
current literature on LRS in cancer liquid biopsy focuses predom-
inantly on ¢fDNA and ctDNA. Accordingly, this section empha-
sizes cfDNA and ctDNA applications of LRS while briefly
discussing developing areas beyond these analytes.

Currently, short-read NGS and PCR-based assays constitute the
primary modalities for detecting and analyzing c¢fDNA in liquid
biopsy workflows (5, 26). Despite their significant impact, these
assays are approaching their sensitivity and informational limits,
particularly for tumor-of-origin inference and epigenomic profiling.
These limitations contributed to the growing interest in LRS for
liquid biopsy. Initial efforts to apply LRS platforms to ctDNA
encountered technical limitations. For example, early evaluations
of ONT-based sequencing for non-invasive prenatal diagnosis
yielded unsatisfactory results due to low throughput and insufficient
sensitivity for cfDNA fragments (31). These obstacles reflected a
mismatch between standard LRS protocols, which are optimized for
high-molecular-weight DNA, and the fragmented nature of cfDNA
(5). To address this, researchers optimized standard protocols by
adjusting bead clean-up volumes to retain short cfDNA fragments,
employing updated sequencing chemistry and flow cells (SQK-
LSK109 with R9.4.1), and combining low-coverage whole-genome
sequencing with specialized segmentation algorithms (32). These
modifications permitted successful detection of tumor-associated
copy number variations (CNVs) in plasma samples with as few as
~2 million reads per sample (32). These advances established a
foundation for tumor-specific long-read liquid biopsy applications.

Recent studies have challenged the assumption that cfDNA exists
exclusively as short fragments. Using SMRT sequencing, two inves-
tigations identified long cfDNA in the plasma of pregnant women
and cancer patients (33, 34). Notably, in a proof-of-concept study,
Choy et al. applied single-molecule tissue-of-origin (TOF) analysis
and found that a substantial fraction of plasma cfDNA existed as long
molecules (>1 kb), with a median of 15.7% in hepatocellular
carcinoma (HCC) patients, approximately 350-fold higher than
that detected by an NGS platform (Illumina) (34). Although
tumor-derived cfDNA was generally shorter and hypomethylated,
fragments reached lengths of up to 13.6 kb, enabling single-molecule
methylation profiling without bisulfite conversion. By examining
methylation at multiple CpG sites on long c¢fDNA molecules, the
authors developed an HCC-specific methylation score that signifi-
cantly improved cancer discrimination (AUC, 0.91) relative to short
cfDNA molecules (AUC, 0.75). These studies and ongoing improve-
ments in LRS chemistry have increased interest in long-read based
approaches for liquid biopsy in precision oncology (Figure 1).

Lung cancer represents one of the most actively investigated
tumor types for LRS-based liquid biopsy (35, 36). Martignano et al.
demonstrated that nanopore-based sequencing of cfDNA from lung
cancer patients accurately detected tumor-associated CNVs previ-
ously linked to drug resistance (32). Subsequent investigations
showed that ONT-based analysis achieved accuracy comparable
to traditional short-read sequencing (35, 37). Katsman et al. also
provided evidence that widespread DNA hypomethylation could
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serve as a general biomarker for ctDNA, offering a clear distinction
between individuals with lung cancer and healthy controls. More
recently, researchers developed a technique for detecting EGFR
mutations using nanopore sequencing with blocker displacement
amplification (BDA) (38). This targeted amplification method
suppressed wild-type DNA and allowed detection of clinically
actionable EGFR mutations even at low variant allele fractions.
Furthermore, preliminary data from bronchoalveolar lavage (BAL)
fluid showed the feasibility of nanopore long-read sequencing of
native cfDNA in lung cancer patients utilizing as little as ~150 ng of
input material (39). Remarkably, one-third of BAL ¢fDNA frag-
ments exceeded 1 kb in length and were enriched for CpG
methylation. This allowed simultaneous TOF profiling and detec-
tion of low-frequency tumor-associated somatic variants. Although
these findings await peer-reviewed validation, they suggest tumor-
proximal long-read liquid biopsy approaches could offer more
comprehensive molecular tumor characterization and support
longitudinal disease monitoring in lung cancer.

Central nervous system malignancies have also emerged as a
leading tumor type for LRS-based cancer liquid biopsies.
Cerebrospinal fluid (CSF) is the most relevant biofluid for liquid
biopsies in central nervous system (CNS) malignancies due to its
proximity to intracranial tumors. Multiple studies have shown that
cfDNA concentrations in CSF are typically higher than in plasma
and therefore provide superior sensitivity for liquid biopsy appli-
cations (40-43). In pediatric diffuse midline glioma, Bruzek et al.
applied ONT sequencing (MinION) to CSF c¢fDNA and detected
key histone mutations, H3F3A and H3C2, with 85% sensitivity and
100% specificity (44). Results were obtained within 12 hours and
this workflow proved particularly valuable for non-invasive diag-
nosis and prediction of long-term clinical outcomes in populations
where surgical sampling is limited or high risk. In medulloblastoma
(MB), Filser et al. evaluated nanopore sequencing in the largest
cohort to date, comprising 116 tumors (45). They found that
nanopore-derived methylation and copy number profiles accurately
classified >90% of cases into established molecular subgroups and
subtypes when compared against gold-standard methylation assays
(lumina MethylationEPIC array). As of this review, this study
represents the largest proof-of-concept that LRS can support more
precise patient stratification for diagnosis.

Beyond lung and CNS malignancies, long-read cfDNA and
ctDNA analysis has also shown promise in hematologic,
hepatobiliary, colorectal, esophageal, and gynecologic malignancies.
In pediatric B-cell acute lymphoblastic leukemia (B-ALL), long-read
nanopore sequencing (MinION) was employed to analyze cfDNA
from CSF, targeting clonal immunoglobulin heavy chain (IGH)
VDJ rearrangements (46). IGH VD] rearrangements are unique
markers of clonality in B-cell malignancies and are important for
monitoring disease progression in lymphoid malignancies (47, 48).
Although the sample size was small (n=5), researchers successfully
uncovered clonal heterogeneity, tracked minimal residual disease,
and detected CNS involvement that escaped traditional diagnostic
thresholds. This study highlighted the feasibility of LRS for liquid
biopsy in hematologic malignancies and its potential to extend
applications from mutation discovery to highly sensitive molecular
monitoring for disease progression (49). While short-read NGS is
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FIGURE 1

BioRender.com/bzajq7e.

Expanding roles of long-read sequencing in cancer liquid biopsy. (a) Liquid biopsy analytes relevant to LRS in cancer. Current studies primarily
emphasize cell-free (cfDNA) and circulating tumor DNA (ctDNA). Developing applications are exploring circulating cell-free RNA (cfRNA) and
extracellular vesicle-associated RNA, which remain largely in proof-of-concept stages. (b) Overview of the two principal LRS platforms used in
cancer liquid biopsy: Oxford Nanopore Technologies (ONT) and Pacific Biosciences (PacBio) single-molecule real-time (SMRT) sequencing. (c) Major
applications of LRS in cancer liquid biopsy include structural variant (SV) and copy number variation (CNV) detection, gene fusion identification and
methylation/tissue-of-origin (TOF) profiling among others. (d) Emerging applications alternative analytes include repeat-derived cell-free RNA
(cfRNA) signature analysis, RNA modification profiling, and full-length cfRNA transcript discovery. Created in BioRender. Rodriguez, A. (2026) https://

the standard modality due to its well-validated performance, this
study provides unique strengths of LRS for detecting complex or
low-abundance events.

Additional studies in gastrointestinal and other solid tumors
further illustrate the breadth of current cfDNA and ctDNA appli-
cations. Yu et al. used long plasma cfDNA to distinguish HCC from
chronic hepatitis B virus (HBV) carriers through methylation-based
TOF analysis (50). Building on this, another group constructed a
reference methylome using nanopore-derived long cfDNA reads
from CRC patients matched with immune cell profiles and then
applied single-molecule classification to separate tumor-derived
cfDNA from background DNA (51). Their method improved
sensitivity for low tumor fractions, which addressed limitations of
bulk c¢fDNA analyses where tumor signals are diluted. More
recently, a proof-of-concept study introduced Nanopore Rolling
Circle Amplification-enhanced consensus sequencing (NanoRCS)
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(52). NanoRCS uses rolling circle amplification of circularized
cfDNA molecules with consensus calling to reduce sequencing
errors and allow multimodal profiling. This technology integrated
three signals, including SNVs, copy number alterations, and
fragmentomic patterns, within a single assay. Importantly, the
multimodal integration that NanoRCS provided reliably detected
tumor fractions as low as 0.24% across esophageal adenocarcino-
mas, ovarian carcinoma, and granulosa cell tumors. These findings
show the potential of LRS for multimodal liquid biopsy and offer a
scalable strategy for individualized cancer monitoring.

Emerging analytes beyond cfDNA and
ctDNA

LRS-based cancer liquid biopsy studies remain largely focused
on c¢fDNA and ctDNA. However, analytes beyond these, including
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circulating RNA and extracellular vesicle-associated RNA, may
expand the scope of this technology. For example, Reggiardo
et al. utilized single-molecule nanopore sequencing of plasma cell-
free RNA (cfRNA) to identify cancer-associated repeat-derived
RNA signatures across multiple solid tumors, including pancreatic,
liver, and esophageal cancers (53). In another study, single-mole-
cule nanopore profiling of circulating RNA detected lung cancer-
associated 2’-O-methylation pattern in blood. This study high-
lighted that RNA epitranscriptomic profiling could serve as an
additional biomarker layer beyond sequencing information alone
(54). In a proof-of-concept preprint, Peddu et al. showed that long-
read nanopore sequencing of full-length cfRNA in patients with
Barrett’s esophagus with high-grade dysplasia and esophageal
adenocarcinoma revealed a much broader transcriptome than
captured with traditional approaches. Researchers found more
than 250,000 novel intergenic cfRNAs and built a custom
transcriptome reference and machine-learning framework that
classified precancerous and cancer states (55). Overall, these studies
suggest that other analytes may broaden future LRS-based liquid
biopsy applications, although current evidence remains early-stage
and substantially less defined than existing than ¢fDNA and
ctDNA workflows.

Discussion

Clinical promise of LRS in cancer liquid
biopsy

LRS overcomes key barriers of short-read sequencing and may
offer a more comprehensive tumor profiling (19). Its features of
improved detection of SVs, direct methylation profiling, and
multimodal characterization of DNA positions long-read platforms
as a potential great utility for precision oncology. However, current
evidence remains strongest for LRS for ¢fDNA and ctDNA-based
applications and it is still unclear which tumor types will ultimately
derive the greatest benefit from long-read approaches over short-
read assays.

Current technical and biological barriers

Despite these advantages, several challenges hinder widespread
clinical adoption of LRS for cancer liquid biopsy. This limitation is
particularly true in early-stage disease or tumors with minimal
vascular shedding, where ctDNA may constitute less than 0.1% of
total ctDNA (43, 56). Consequently, low tumor fractions can reduce
the sensitivity of current long-read platforms relative to short-read
NGS. The reduction of analytical sensitivity may not be fully
justified even with broader molecular information. Additionally,
cfDNA originates from a heterogeneous mixture of tumor and non-
tumor cell populations, and intratumor heterogeneity may compli-
cate quantification of fragments containing informative somatic
alterations (42, 57, 58). Because not all cfDNA molecules, including
long fragments, encode tumor-specific signals, variant allele frac-
tions must be interpreted with caution. Sensitive analytical
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frameworks are needed to distinguish low-level tumor-derived
signal from abundant background DNA.

Pre-analytical and workflow limitations

Pre-analytical variability further impedes long cfDNA analysis.
Variables including blood collection tubes, processing time, storage
conditions, and cfDNA extraction protocols can impact the integ-
rity of long ¢fDNA fragments, potentially introducing systematic
bias into downstream fragmentomic, methylation, and structural
analyses (59-61). Unlike short-read NGS methods, which have
benefited from years of protocol optimization, LRS-based liquid
biopsy approaches lack broadly accepted pre-analytical guidelines.
This is important because the performance of long-read assays may
partly reflect differences in sample handling rather than intrinsic
sequencing capability alone. The development of reproducible
workflows for long cfDNA preservation and processing will be
essential to minimize inter-study variability, facilitate cross-institu-
tional collaboration and integrate into oncological care (62).
Additional barriers include ethical and regulatory considerations
related to genomic data handling, informed consent, and patient
privacy, though discussion of these issues is beyond the scope of this
review (63).

Platform-specific and computational
considerations

While recent advancements have significantly increased se-
quencing accuracy of both PacBio and ONT workflows, analytical
trade-offs persist between platforms (18, 64-66). A comparative
study of real-time detection of long ¢fDNA in plasma found that
PacBio HiFi sequencing produced significantly fewer single-nucle-
otide and small indel errors than ONT-based assemblies. The latter
generated an average of approximately 1.06 errors per kb and was
associated with downstream annotated artifacts, including trunca-
ted protein predictions (65). In contrast, ONT produced ultralong
reads (up to 2 Mb), thus maximizing assembly contiguity and
resolving repetitive regions. Subsequent research showed that
PacBio datasets tend to contain a higher proportion of long
cfDNA fragments and superior per-base accuracy, whereas ONT
sequencing may yield two- to four-fold more fragments eligible for
downstream TOF, although it requires additional preprocessing
steps (50). These differences may influence platform selection based
on study design and clinical applicability. For example, studies that
prioritize confident base-level interpretation may benefit from
higher-accuracy workflows, whereas those centered on fragment
length or broader structural features may better suited for ONT
technologies. As a result, broader clinical implementation will likely
require greater standardization for platform selection than is
currently available.

Cost and translational feasibility
Finally, cost and data storage further influence the translational

feasibility of LRS. While sequencing expenses are declining, LRS
remains substantially more expensive than short-read platforms.
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Costs are even greater when high-depth or multimodal profiling is
required (67). Additionally, long-read assays produce large data
volumes that necessitate significant computational infrastructure
for processing and long-term storage, further increasing overall
costs (68). To address these challenges, data compression tech-
niques and alternative storage formats are being engineered to
reduce storage requirements and improve the efficiency of LRS
analysis (69). These cost considerations are important because LRS-
based liquid biopsy adoption may not only depend on technical
superiority but also whether this method provides enough added
value to justify its high costs and complexity.

Future directions

The future of LRS in cancer liquid biopsy will depend on
continued advances in sequencing chemistry, computational analysis,
and assay design. Emerging studies suggest that machine learning and
artificial intelligence (AI) tools may improve basecalling accuracy,
multimodal integration, and longitudinal interpretation of cfDNA
(70-72). However, while these advances are promising, the most
likely role for LRS may be as a complement, rather than a replace-
ment, to short-read assays. The strengths of LRS platforms may be
integrated through hybrid sequencing strategies. These approaches
leverage pairing long-range genomic content from LRS with high per-
base accuracy of short-read NGS, resulting in more precise tumor
profiling (73, 74). Such hybrid workflows have also been proposed as
strategies to mitigate high costs and performance limitations associ-
ated with LRS alone (75-77).

Conclusion

Long-read sequencing is beginning to reshape the landscape of
cancer liquid biopsy. These technologies capture SVs, long-range
haplotypes, and epigenetic features from tumor-derived fragments
and provide biological context that short-read platforms cannot
achieve alone. Currently, however, the bulk of LRS-based cancer
liquid biopsy remains focused on ¢fDNA and ctDNA analytes,
while studies involving other analytes are still comparatively early in
development. While important barriers persist regarding sensitivity,
standardization, and cost, ongoing computational and analytical
innovations are addressing these limitations. As these technologies
become more refined and cost-effective, LRS is likely to be an
important complementary component of multimodal liquid biopsy
strategies for personalized cancer care.

References

1. Ho HY, Chung KS, Kan CM, Wong SC. Liquid biopsy in the clinical management of
cancers. Int ] Mol Sci. (2024) 25:8594. doi: 10.3390/IJMS25168594

2. Adhit KK, Wanjari A, Menon S. Liquid biopsy: An evolving paradigm for non-
invasive disease diagnosis and monitoring in medicine. (2023) 2. doi: 10.7759/
cureus.50176

3. Perakis S, Speicher MR. Emerging concepts in liquid biopsies. BMC Med. (2017) 15.
doi: 10.1186/S12916-017-0840-6

Frontiers in Oncology

10.3389/fonc.2026.1811012

Author contributions

GG: Visualization, Writing - original draft, Writing - review &
editing. AR: Conceptualization, Writing - review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. Author AR was supported by the
National Institutes of Health (NIH) under grant 5SR03CA289645-02.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author AR declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

4. Boukovala M, Westphalen CB, Probst V. Liquid biopsy into the clinics: Current
evidence and future perspectives. J Liquid Biopsy. (2024) 4:100146. doi: 10.1016/
J.JLB.2024.100146

5. Chen M, Zhao H. Next-generation sequencing in liquid biopsy: cancer screening
and early detection. Hum Genomics. (2019) 13:34. doi: 10.1186/5S40246-019-0220-8

6. Tan J, Wu Z, Zhu Y, Miao B, Xu D, Gu J, et al. Advances of nanopore direct
sequencing technology and bioinformatics analysis for cell-free DNA detection and its

frontiersin.org


https://doi.org/10.3390/IJMS25168594
https://doi.org/10.7759/cureus.50176
https://doi.org/10.7759/cureus.50176
https://doi.org/10.1186/S12916-017-0840-6
https://doi.org/10.1016/J.JLB.2024.100146
https://doi.org/10.1016/J.JLB.2024.100146
https://doi.org/10.1186/S40246-019-0220-8
https://doi.org/10.3389/fonc.2026.1811012
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guzman and Rodriguez

clinical applications in cancer liquid biopsy. Front Mol Biosci. (2025) 12:1662587/
BIBTEX. doi: 10.3389/fmolb.2025.1662587

7. Bazan Russo TD, Pepe F, Gristina V, Gottardo A, Russo G, Scimone C, et al. Recent
advances in liquid biopsy for precision oncology: emerging biomarkers and clinical
applications in lung cancer. Future Oncol. (2025) 21:2803-21. doi: 10.1080/
14796694.2025.2542051

8. Markou A, Tzanikou E, Lianidou E. The potential of liquid biopsy in the
management of cancer patients. Semin Cancer Biol. (2022) 84:69-79. doi: 10.1016/
j.semcancer.2022.03.013

9. Serrati S, de Summa S, Pilato B, Petriella D, Lacalamita R, Tommasi S, et al. Next-
generation sequencing: advances and applications in cancer diagnosis. Onco Targets
Ther. (2016) 9:7355-65. doi: 10.2147/OTT.S99807

10. Masago K, Fujita S, Muraki M, Hata A, Okuda C, Otsuka K, et al. Next-generation
sequencing of tyrosine kinase inhibitor-resistant non-small-cell lung cancers in patients
harboring epidermal growth factor-activating mutations. BMC Cancer. (2015) 15.
doi: 10.1186/S12885-015-1925-2

11. Shao D, Lin Y, Liu J, Wan L, Liu Z, Cheng S, et al. A targeted next-generation
sequencing method for identifying clinically relevant mutation profiles in lung
adenocarcinoma. Sci Rep. (2016) 6. doi: 10.1038/SREP22338

12. Gao J, Wu H, Wang L, Zhang H, Duan H, Lu J, et al. Validation of targeted next-
generation sequencing for RAS mutation detection in FFPE colorectal cancer tissues:
comparison with Sanger sequencing and ARMS-Scorpion real-time PCR. BMJ Open.
(2016) 6. doi: 10.1136/BMJOPEN-2015-009532

13. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Dohner H,
et al. Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: a
report from the International Workshop on Chronic Lymphocytic Leukemia updating
the National Cancer Institute-Working Group 1996 guidelines. Blood. (2008)
111:5446-56. doi: 10.1182/BLOOD-2007-06-093906

14. Haley L, Tseng LH, Zheng G, Dudley J, Anderson DA, Azad NS, et al. Performance
characteristics of next-generation sequencing in clinical mutation detection of colo-
rectal cancers. Mod Pathol. (2015) 28:1390-9. doi: 10.1038/modpathol.2015.86

15. Raffaele Cosenza M, Rodriguez-Martin B, Korbel JO. Structural variation in cancer:
role, prevalence, and mechanisms SNV: single-nucleotide variant (here used largely for
somatic variants). Annu Rev Genomics Hum Genet. (2026) 36:54. doi: 10.1146/annurev-
genom-120121-101149

16. Beyter D, Ingimundardottir H, Oddsson A, Eggertsson HP, Bjornsson E, Jonsson
H, et al. Long-read sequencing of 3,622 Icelanders provides insight into the role of
structural variants in human diseases and other traits. Nat Genet. (2021) 53:779-86.
doi: 10.1038/s41588-021-00865-4

17. van Dijk EL, Jaszczyszyn Y, Naquin D, Thermes C. The third revolution in
sequencing technology. Trends Genet. (2018) 34:666-81. doi: 10.1016/
J.T1G.2018.05.008

18. Amarasinghe SL, Su S, Dong X, Zappia L, Ritchie ME, Gouil Q. Opportunities and
challenges in long-read sequencing data analysis. Genome Biol. (2020) 21:30.
doi: 10.1186/513059-020-1935-5

19. Yu SCY, Choy LYL, Lo YMD. ‘Longing’ for the next generation of liquid biopsy: the
diagnostic potential of long cell-free DNA in oncology and prenatal testing. Mol
Diagnosis Ther. (2023) 27:563-71. doi: 10.1007/540291-023-00661-2

20. Oikonomopoulos S, Bayega A, Fahiminiya S, Djambazian H, Berube P, Ragoussis J.
Methodologies for transcript profiling using long-read technologies. Front Genet.
(2020) 11:606/PDF:525110. doi: 10.3389/fgene.2020.00606

21. Ermini L, Driguez P. The application of long-read sequencing to cancer. Cancers
(Basel). (2024) 16. doi: 10.3390/CANCERS16071275

22. Pollard MO, Gurdasani D, Mentzer AJ, Porter T, Sandhu MS. Long reads: their
purpose and place. Hum Mol Genet. (2018) 27:R234-41. doi: 10.1093/HMG/DDY177

23. Simpson JT, Workman RE, Zuzarte PC, David M, Dursi L], Timp W. Detecting
DNA cytosine methylation using nanopore sequencing. Nat Methods. (2017) 14:407—
10. doi: 10.1038/nmeth.4184

24. Tse OYO, Jiang P, Cheng SH, Peng W, Shang H, Wong J, et al. Genome-wide
detection of cytosine methylation by single molecule real-time sequencing. Proc Natl
Acad Sci USA. (2021) 118. doi: 10.1073/PNAS.2019768118

25. Ni P, Nie F, Zhong Z, Xu J, Huang N, Zhang J, et al. DNA 5-methylcytosine
detection and methylation phasing using PacBio circular consensus sequencing. Nat
Commun. (2023) 14. doi: 10.1038/541467-023-39784-9

26. Nattestad M, Goodwin S, Ng K, Baslan T, Sedlazeck FJ, Rescheneder P, et al.
Complex rearrangements and oncogene amplifications revealed by long-read DNA and
RNA sequencing of a breast cancer cell line. Genome Res. (2018) 28:1126-35.
doi: 10.1101/GR.231100.117

27. Sakamoto Y, Xu L, Seki M, Yokoyama TT, Kasahara M, Kashima Y, et al. Long-
read sequencing for non-small-cell lung cancer genomes. Genome Res. (2020) 30:1243—
57. doi: 10.1101/GR.261941.120

28. XuL, Wang X, LuX, Liang F, Liu Z, Zhang H, et al. Long-read sequencing identifies
novel structural variations in colorectal cancer. PLoS Genet. (2023) 19:e1010514.
doi: 10.1371/JOURNAL.PGEN.1010514

Frontiers in Oncology

10.3389/fonc.2026.1811012

29. Afflerbach AK, Albers A, Appelt A, Schweizer L, Paulus W, Bockmayr M, et al.
Nanopore sequencing from formalin-fixed paraffin-embedded specimens for copy-
number profiling and methylation-based CNS tumor classification. Acta Neuropathol.
(2024) 147:74. doi: 10.1007/S00401-024-02731-Z

30. Ramirez-Chiquito JC, Rosete-Ambriz SA, Olguin-Garcia AC, Eguia-Aguilar MP,
Niembro-Zuiiga AM, Marhx-Bracho A, et al. Nanopore sequencing reveals novel
alternative splice variants of EZH2 in pediatric medulloblastoma. Biomedicines. (2025)
13:2461. doi: 10.3390/biomedicines13102461

31. Cheng SH, Jiang P, Sun K, Cheng YKY, Chan KCA, Leung TY, et al. Noninvasive
prenatal testing by nanopore sequencing of maternal plasma DNA: feasibility assess-
ment. Clin Chem. (2015) 61:1305-6. doi: 10.1373/CLINCHEM.2015.245076

32. Martignano F, Munagala U, Crucitta S, Mingrino A, Semeraro R, Del Re M, et al.
Nanopore sequencing from liquid biopsy: analysis of copy number variations from cell-
free DNA of lung cancer patients. Mol Cancer. (2021) 20:32. doi: 10.1186/512943-021-
01327-5

33. Yu SCY, Jiang P, Peng W, Cheng SH, Cheung YTT, Tse OYO, et al. Single-
molecule sequencing reveals a large population of long cell-free DNA molecules in
maternal plasma. Proc Natl Acad Sci USA. (2021) 118:€2114937118. doi: 10.1073/
PNAS.2114937118

34. Lois Choy LY, Peng W, Jiang P, Cheng SH, Yu SCY, Shang H, et al. Single-molecule
sequencing enables long cell-free DNA detection and direct methylation analysis for
cancer patients. Clin Chem. (2022) 68:1151-63. doi: 10.1093/CLINCHEM/HVAC086

35. van der Pol Y, Tantyo NA, Evander N, Hentschel AE, Wever BM, Ramaker J, et al.
Real-time analysis of the cancer genome and fragmentome from plasma and urine cell-
free DNA using nanopore sequencing. EMBO Mol Med. (2023) 15:EMMM?202217282.
doi: 10.15252/EMMM.202217282

36. Lam WK]J, Bai ], Ma MJL, Cheung YTT, Jiang P. Circulating tumour DNA analysis
for early detection of lung cancer: a systematic review. Ann Transl Med. (2024) 12:64.
doi: 10.21037/ATM-23-1572

37. Katsman E, Orlanski S, Martignano F, Fox-Fisher I, Shemer R, Dor Y, et al.
Detecting cell-of-origin and cancer-specific methylation features of cell-free DNA from
nanopore sequencing. Genome Biol. (2022) 23. doi: 10.1186/S13059-022-02710-1

38. Akkhasutthikun P, Kaewsapsak P, Nimsamer P, Klomkliew P, Visedthorn S,
Chanchaem P, et al. Tissue and plasma-based highly sensitive blocker displacement
amplicon nanopore sequencing for EGFR mutations in lung cancer. Cancer Res Treat.
(2024) 56:455-63. doi: 10.4143/CRT.2023.1108

39. Nair VS, Snyder M, Willie A, Johal M, Goffena ], Storz S, et al. Long-read
sequencing of cell-free DNA from bronchoalveolar lavage fluid reveals its fragmenta-
tion pattern, methylation landscape, and mutational profile in lung cancer. (2025) 211:
A5017-7. doi: 10.1164/AJRCCM.2025.211.ABSTRACTS.A5017

40. Sporn K, Kumar R, Marla K, Ravi P, Vaja S, Paladugu P, et al. Epigenetic profiling
of cell-free DNA in cerebrospinal fluid: a novel biomarker approach for metabolic brain
diseases. Life. (2025) 15:1181. doi: 10.3390/LIFE15081181

41. Pérez-Alfayate R, Paz-Cabezas M, Pérez-Segura P, Sanchez del Hoyo R, Cabezas-
Camarero S. Cerebrospinal fluid ctDNA as a diagnostic and prognostic tool in gliomas:
a systematic review and meta-analysis. Front Oncol. (2025) 15:1714287/FULL.
doi: 10.3389/fonc.2025.1714287

42. Wang P, Zhang Q, Han L, Cheng Y, Sun Z, Yin Q, et al. Genomic instability in
cerebrospinal fluid cell-free DNA predicts poor prognosis in solid tumor patients with
meningeal metastasis. Cancers (Basel). (2022) 14:5028. doi: 10.3390/cancers14205028

43. Addissouky TA. Nanopore sequencing of cell-free DNA: an emerging liquid biopsy
approach for brain tumor molecular profiling. J Exp Pathol. (2024) 5:49-60.
doi: 10.33696/pathology.5.052

44. Bruzek AK, Ravi K, Muruganand A, Wadden J, Babila CM, Cantor E, et al.
Electronic DNA analysis of CSF cell-free tumor DNA to quantify multi-gene molecular
response in pediatric high-grade glioma. Clin Cancer Res. (2020) 26:6266-76.
doi: 10.1158/1078-0432.CCR-20-2066

45. Filser M, Torrejon J, MerChadou K, Dufour C, Girard E, Bourneix C, et al.
Nanopore sequencing as a cutting-edge technology for medulloblastoma classification.
Neuro Oncol. (2025) 27:1313-24. doi: 10.1093/NEUONC/NOAE279

46. Sampathi S, Chernyavskaya Y, Haney MG, Moore LH, Snyder IA, Cox AH, et al.
Nanopore sequencing of clonal IGH rearrangements in cell-free DNA as a biomarker
for acute lymphoblastic leukemia. Front Oncol. (2022) 12:958673. doi: 10.3389/
fonc.2022.958673

47. Sarkozy C, Huet S, Carlton VEH, Fabiani B, Delmer A, Jardin F, et al. The
prognostic value of clonal heterogeneity and quantitative assessment of plasma
circulating clonal IG-VDJ sequences at diagnosis in patients with follicular lymphoma.
Oncotarget. (2017) 8:8765-74. doi: 10.18632/ONCOTARGET.14448

48. Kwok M, Wu SP, Mo C, Summers T, Roschewski M. Circulating tumor DNA to
monitor therapy for aggressive B-cell lymphomas. Curr Treat Options Oncol. (2016) 17.
doi: 10.1007/S11864-016-0425-1

49. Aldea M, Tagliamento M, Bayle A, Vasseur D, Vergé V, Marinello A, et al. Liquid
biopsies for circulating tumor DNA detection may reveal occult hematologic
Malignancies in patients with solid tumors. JCO Precis Oncol. (2023) 7. doi: 10.1200/
P0O.22.00583

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1662587
https://doi.org/10.1080/14796694.2025.2542051
https://doi.org/10.1080/14796694.2025.2542051
https://doi.org/10.1016/j.semcancer.2022.03.013
https://doi.org/10.1016/j.semcancer.2022.03.013
https://doi.org/10.2147/OTT.S99807
https://doi.org/10.1186/S12885-015-1925-2
https://doi.org/10.1038/SREP22338
https://doi.org/10.1136/BMJOPEN-2015-009532
https://doi.org/10.1182/BLOOD-2007-06-093906
https://doi.org/10.1038/modpathol.2015.86
https://doi.org/10.1146/annurev-genom-120121-101149
https://doi.org/10.1146/annurev-genom-120121-101149
https://doi.org/10.1038/s41588-021-00865-4
https://doi.org/10.1016/J.TIG.2018.05.008
https://doi.org/10.1016/J.TIG.2018.05.008
https://doi.org/10.1186/S13059-020-1935-5
https://doi.org/10.1007/S40291-023-00661-2
https://doi.org/10.3389/fgene.2020.00606
https://doi.org/10.3390/CANCERS16071275
https://doi.org/10.1093/HMG/DDY177
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1073/PNAS.2019768118
https://doi.org/10.1038/S41467-023-39784-9
https://doi.org/10.1101/GR.231100.117
https://doi.org/10.1101/GR.261941.120
https://doi.org/10.1371/JOURNAL.PGEN.1010514
https://doi.org/10.1007/S00401-024-02731-Z
https://doi.org/10.3390/biomedicines13102461
https://doi.org/10.1373/CLINCHEM.2015.245076
https://doi.org/10.1186/S12943-021-01327-5
https://doi.org/10.1186/S12943-021-01327-5
https://doi.org/10.1073/PNAS.2114937118
https://doi.org/10.1073/PNAS.2114937118
https://doi.org/10.1093/CLINCHEM/HVAC086
https://doi.org/10.15252/EMMM.202217282
https://doi.org/10.21037/ATM-23-1572
https://doi.org/10.1186/S13059-022-02710-1
https://doi.org/10.4143/CRT.2023.1108
https://doi.org/10.1164/AJRCCM.2025.211.ABSTRACTS.A5017
https://doi.org/10.3390/LIFE15081181
https://doi.org/10.3389/fonc.2025.1714287
https://doi.org/10.3390/cancers14205028
https://doi.org/10.33696/pathology.5.052
https://doi.org/10.1158/1078-0432.CCR-20-2066
https://doi.org/10.1093/NEUONC/NOAE279
https://doi.org/10.3389/fonc.2022.958673
https://doi.org/10.3389/fonc.2022.958673
https://doi.org/10.18632/ONCOTARGET.14448
https://doi.org/10.1007/S11864-016-0425-1
https://doi.org/10.1200/PO.22.00583
https://doi.org/10.1200/PO.22.00583
https://doi.org/10.3389/fonc.2026.1811012
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guzman and Rodriguez

50. Yu SCY, Deng J, Qiao R, Cheng SH, Peng W, Lau SL, et al. Comparison of single
molecule, real-time sequencing and nanopore sequencing for analysis of the size, end-
motif, and tissue-of-origin of long cell-free DNA in plasma. Clin Chem. (2023) 69:168—
79. doi: 10.1093/CLINCHEM/HVAC180

51. Lau BT, Almeda A, Schauer M, McNamara M, Bai X, Meng Q, et al. Single-
molecule methylation profiles of cell-free DNA in cancer with nanopore sequencing.
Genome Med. (2023) 15:33. doi: 10.1186/S13073-023-01178-3

52. Chen LT, Jager M, Rebergen D, Brink GJ, van den Ende T, Vanderlinden W, et al.
Nanopore-based consensus sequencing enables accurate multimodal tumor cell-free
DNA profiling. Genome Res. (2025) 35:886-99. doi: 10.1101/GR.279144.124

53. Reggiardo RE, Maroli SV, Peddu V, Davidson AE, Hill A, LaMontagne E, et al.
Profiling of repetitive RNA sequences in the blood plasma of patients with cancer. Nat
BioMed Eng. (2023) 7:1627-35. doi: 10.1038/s41551-023-01081-7

54. Sanchez-Delgado M, Frank M, Si$mi§ T, Kahraman M, Daniel-Moreno A,
Mummery E, et al. Nanopore based RNA methylation profiling of a circulating lung
cancer biomarker. Commun Med. (2025) 5. doi: 10.1038/s43856-025-01235-5

55. Peddu V, Hill A, Velandi Maroli SL, Mattingly C, Gardner JMV, Miga KH, et al.
RNA liquid biopsy via nanopore sequencing for novel biomarker discovery and cancer
early detection. Internet. (2025). doi: 10.1101/2025.07.02.662774

56. Mahuron KM, Fong Y. Applications of liquid biopsy for surgical patients with
cancer: a review. JAMA Surg. (2024) 159:96-103. doi: 10.1001/JAMASURG.2023.5394

57. Coto-Llerena M, Benjak A, Gallon J, Meier MA, Boldanova T, Terracciano LM, et al.
Circulating cell-free DNA captures the intratumor heterogeneity in multinodular hepato-
cellular carcinoma. JCO Precis Oncol. (2022) 6:¢2100335. doi: 10.1200/PO.21.00335

58. Bronkhorst AJ, Holdenrieder S. The changing face of circulating tumor DNA
(ctDNA) profiling: Factors that shape the landscape of methodologies, technologies,
and commercialization. Med Gen. (2023) 35:201. doi: 10.1515/MEDGEN-2023-2065

59. Peng H, Pan M, Zhou Z, Chen C, Xing X, Cheng S, et al. The impact of
preanalytical variables on the analysis of cell-free DNA from blood and urine samples.
Front Cell Dev Biol. (2024) 12:1385041. doi: 10.3389/FCELL.2024.1385041

60. Luo J, Wang S, Zhang S, He Y, Li S, Han J, et al. Performance of ImproGene cell-
free DNA tubes for stabilization and analysis of cfDNA in blood samples. Fetal Pediatr
Pathol. (2022) 41:771-80. doi: 10.1080/15513815.2021.1979143

61. Gerber T, Taschner-Mandl S, Saloberger-Sindhéringer L, Popitsch N, Heitzer E,
Witt V, et al. Assessment of pre-analytical sample handling conditions for compre-
hensive liquid biopsy analysis. ] Mol Diagn. (2020) 22:1070-86. doi: 10.1016/
j.jmoldx.2020.05.006

62. Lockwood CM, Borsu L, Cankovic M, Earle JSL, Gocke CD, Hameed M, et al.
Recommendations for cell-free DNA assay validations: a joint consensus recommen-
dation of the Association for Molecular Pathology and College of American
Pathologists. ] Mol Diagn. (2023) 25:876-97. doi: 10.1016/j.jmoldx.2023.09.004

63. Anitha K, Posinasetty B, Naveen Kumari K, Chenchula S, Padmavathi R, Prakash
S, et al. Liquid biopsy for precision diagnostics and therapeutics. Clin Chim Acta. (2024)
554:117746. doi: 10.1016/].CCA.2023.117746

64. Xiao T, Zhou W. The third generation sequencing: the advanced approach to
genetic diseases. Transl Pediatr. (2020) 9:16373-173. doi: 10.21037/TP.2020.03.06

Frontiers in Oncology

08

10.3389/fonc.2026.1811012

65. Lang D, Zhang S, Ren P, Liang F, Sun Z, Meng G, et al. Comparison of the two up-
to-date sequencing technologies for genome assembly: HiFi reads of Pacific Biosciences
Sequel II system and ultralong reads of Oxford Nanopore. GigaScience. (2020) 9.
doi: 10.1093/GIGASCIENCE/GIAA123

66. McClinton B, Crinnion LA, McKibbin M, Mukherjee R, Poulter JA, Smith CEL,
et al. Targeted nanopore sequencing enables complete characterisation of structural
deletions initially identified using exon-based short-read sequencing strategies. Mol
Genet Genomic Med. (2023) 11:e2164. doi: 10.1002/MGG3.2164

67. Eisenhofer R, Nesme J, Santos-Bay L, Koziol A, Serensen SJ, Alberdi A, et al. A
comparison of short-read, HiFi long-read, and hybrid strategies for genome-resolved
metagenomics. Microbiol Spectr. (2024) 12:¢03590-23. doi: 10.1128/
SPECTRUM.03590-23

68. Czmil A, Wronski M, Czmil S, Sochacka-Pietal M, Cmil M, Gawor ], et al.
NanoForms: an integrated server for processing, analysis and assembly of raw
sequencing data of microbial genomes, from Oxford Nanopore technology. Peer].
(2022) 10:13056. doi: 10.7717/PEER].13056

69. Gamaarachchi H, Samarakoon H, Jenner SP, Ferguson JM, Amos TG, Hammond
JM, et al. Fast nanopore sequencing data analysis with SLOWS5. Nat Biotechnol. (2022)
40:1026-9. doi: 10.1038/s41587-021-01147-4

70. Baid G, Cook DE, Shafin K, Yun T, Llinares-Lopez F, Berthet Q, et al.
DeepConsensus improves the accuracy of sequences with a gap-aware sequence
transformer. Nat Biotechnol. (2022) 41:232-8. doi: 10.1038/s41587-022-01435-7

71. Tsui WHA, Ding SC, Jiang P, Lo YMD. Artificial intelligence and machine learning
in cell-free-DNA-based diagnostics. Genome Res. (2025) 35:1-19. doi: 10.1101/
GR.278413.123

72. Cherukuri SP, Kaur A, Goyal B, Kukunoor HR, Sahito AF, Sachdeva P, et al.
Artificial intelligence-enhanced liquid biopsy and radiomics in early-stage lung cancer
detection: a precision oncology paradigm. Cancers. (2025) 17:3165. doi: 10.3390/
CANCERS17193165

73. Vasudevan K, Devanga Ragupathi NK, Jacob JJ, Veeraraghavan B. Highly
accurate-single chromosomal complete genomes using IonTorrent and MinION
sequencing of clinical pathogens. Genomics. (2020) 112:545-51. doi: 10.1016/
J.YGENO.2019.04.006

74. Szakallas N, Bartak BK, Valcz G, Nagy ZB, Takacs I, Molnar B. Can long-read
sequencing tackle the barriers, which the next-generation could not? A review. Pathol
Oncol Res. (2024) 30:1611676. doi: 10.3389/PORE.2024.1611676

75. Jin H, You L, Zhao F, Li S, Ma T, Kwok LY, et al. Hybrid, ultra-deep metagenomic
sequencing enables genomic and functional characterization of low-abundance species
in the human gut microbiome. Gut Microbes. (2022) 14. doi: 10.1080/
19490976.2021.2021790

76. Bertrand D, Shaw J, Kalathiyappan M, Ng AHQ, Kumar MS, Li C, et al. Hybrid
metagenomic assembly enables high-resolution analysis of resistance determinants and
mobile elements in human microbiomes. Nat Biotechnol. (2019) 37:937-44.
doi: 10.1038/s41587-019-0191-2

77. ChenL, Zhao N, Cao ], Liu X, Xu ], Ma Y, et al. Short- and long-read metagenomics
expand individualized structural variations in gut microbiomes. Nat Commun. (2022)
13:3175. doi: 10.1038/s41467-022-30857-9

frontiersin.org


https://doi.org/10.1093/CLINCHEM/HVAC180
https://doi.org/10.1186/S13073-023-01178-3
https://doi.org/10.1101/GR.279144.124
https://doi.org/10.1038/s41551-023-01081-7
https://doi.org/10.1038/s43856-025-01235-5
https://doi.org/10.1101/2025.07.02.662774
https://doi.org/10.1001/JAMASURG.2023.5394
https://doi.org/10.1200/PO.21.00335
https://doi.org/10.1515/MEDGEN-2023-2065
https://doi.org/10.3389/FCELL.2024.1385041
https://doi.org/10.1080/15513815.2021.1979143
https://doi.org/10.1016/j.jmoldx.2020.05.006
https://doi.org/10.1016/j.jmoldx.2020.05.006
https://doi.org/10.1016/j.jmoldx.2023.09.004
https://doi.org/10.1016/J.CCA.2023.117746
https://doi.org/10.21037/TP.2020.03.06
https://doi.org/10.1093/GIGASCIENCE/GIAA123
https://doi.org/10.1002/MGG3.2164
https://doi.org/10.1128/SPECTRUM.03590-23
https://doi.org/10.1128/SPECTRUM.03590-23
https://doi.org/10.7717/PEERJ.13056
https://doi.org/10.1038/s41587-021-01147-4
https://doi.org/10.1038/s41587-022-01435-7
https://doi.org/10.1101/GR.278413.123
https://doi.org/10.1101/GR.278413.123
https://doi.org/10.3390/CANCERS17193165
https://doi.org/10.3390/CANCERS17193165
https://doi.org/10.1016/J.YGENO.2019.04.006
https://doi.org/10.1016/J.YGENO.2019.04.006
https://doi.org/10.3389/PORE.2024.1611676
https://doi.org/10.1080/19490976.2021.2021790
https://doi.org/10.1080/19490976.2021.2021790
https://doi.org/10.1038/s41587-019-0191-2
https://doi.org/10.1038/s41467-022-30857-9
https://doi.org/10.3389/fonc.2026.1811012
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Long-read sequencing for cancer liquid biopsy: advancing precision oncology
	Introduction
	LRS technologies relevant to cancer liquid biopsy
	Applications of long-read sequencing in cancer liquid biopsy
	Emerging analytes beyond cfDNA and ctDNA

	Discussion
	Clinical promise of LRS in cancer liquid biopsy
	Current technical and biological barriers
	Pre-analytical and workflow limitations
	Platform-specific and computational considerations
	Cost and translational feasibility
	Future directions

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


