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Introduction
The rapid advancement of sequencing technologies over the last two 
decades has delivered unprecedented insights into the structure and 
functions of the human genome. Replacing more cumbersome, low-
resolution techniques for human genome analysis, such as karyotyping 
and microarrays, researchers can now use high-throughput sequencing 
technologies for routine analysis of human genome samples to uncover 
causative variations for a range of diseases and disorders — 
at nucleotide resolution.

The field of cancer research is reaping the rewards of these technological innovations, 
providing deeper scientific knowledge into the genomic causes and implications of cancer, 
and allowing the identification of novel disease biomarkers that may support patient care 
through improved diagnostics, prognostics, and treatment decisions.  

Cancer, however, is a challenging multifactorial disease, and a vast proportion of cancers 
cannot be explained via the simple point mutations detected using traditional short-read 
sequencing technologies. As a result, increasing focus is now being given to analysing the 
roles of structural variation (SV), DNA methylation, and transcript isoforms, which have 
been implicated in many forms of cancer. In addition, to truly understand the underlying 
biology, the phasing of mutations to the paternal or maternal chromosome is vital. Such 
extensive analyses are beyond the limits of traditional sequencing technologies, 
necessitating the use of multiple and often imprecise techniques.

Overcoming these challenges is critical to fulfilling the promise of precision medicine, 
where individuals receive the most appropriate support based on the precise genomic 
characterisation of their specific cancer. This white paper describes how the unique 
attributes of nanopore sequencing are enabling researchers to characterise cancer at 
unprecedented resolution, unlocking previously hidden variation and accelerating 
research to support human health.

‘What you now see is that every cancer is a rare cancer’1
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Cancer is a complex multifactorial disease, and many techniques are currently 
required to characterise the full range of genomic variation that can cause or 
contribute to its initiation and progression. As such, complete genomic 
characterisation of cancer samples can be both slow and expensive. While 
next-generation sequencing is becoming increasingly routine in cancer research 
laboratories, it fails to address a number of key genomic drivers or markers of 
cancer, such as SVs, DNA methylation, and transcript isoforms (see call out box).

The unique attributes of nanopore sequencing, 
such as the facility to sequence native DNA and 
RNA fragments of any length, fully address the 
limitations of traditional sequencing technologies to 
deliver the most comprehensive insight into cancer 
genomes using a single technology.

This section will describe the key benefits 
of nanopore sequencing, explaining their 
importance in the context of cancer research.   

Addressing the challenges 
of cancer research 

Structural variants
The short reads generated by 
traditional sequencing technologies 
cannot span large or complex 
structural variants (or repeat 
regions), requiring the use of 
computational analyses to infer 
results. As a result, many important 
variants may be missed or 
misinterpreted.

Methylation calling
Traditional sequencing 
technologies require bisulphite 
conversion (a harsh and laborious 
sample prep technique) to indirectly 
infer methylation. Where a suitable 
reference sequence is not available, 
additional sequencing runs may 
also be required. Together these 
factors can increase experimental 
variability, time, and costs. 

Transcript isoforms
Different transcript isoforms 
can be associated with different 
disease stages, but the short reads 
generated by traditional RNA-Seq 
techniques only partially cover 
a transcript’s length, making it 
challenging to accurately assemble 
and quantify transcript isoforms — 
providing an incomplete picture of 
gene expression.

Key challenges of traditional sequencing technologies

‘Structural variants, in particular, 
have been the most difficult to 
characterise with the use of short-
read DNA-sequencing methods, 
and so pathogenic alleles have 
gone undetected’4 
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Unrestricted read length

Sequencing technologies have traditionally relied on the fragmentation and 
subsequent amplification of short lengths of DNA or RNA, typically between 150 
to 300 bp in length. During this process, the relative positional information of each 
fragment is lost and, for most applications, must be pieced back together through 
overlap with other short fragments — adding significant time and complexity to 
analyses. While this may not be a significant issue when examining individual SNPs 
or mutation hotspots, it confounds the analysis of many other common forms of 
genomic variation, including SVs, repeat regions, phasing, and transcript isoforms 
(Figure 1). Furthermore, the requirement for amplification removes base 
modification information (see page 11). 

With nanopore sequencing, read length is equal to 
DNA or RNA fragment length, enabling the analysis 
of any length of DNA or RNA molecule — from short 
molecules, to support applications such as cell-free 
DNA analysis2, to ultra-long molecules, for which 

read lengths of >4 Mb been demonstrated3. Clearly, 
such long reads are more likely to span and resolve 
the large genomic aberrations intractable to short-
read sequencing technologies (see Case studies 1, 
2, and 3). 

Figure 1 
Schematic highlighting the advantages of long, direct sequencing reads in de novo assembly and characterisation 
of a wide variety of genomic variants, including SNPs (black nucleotides), repetitive regions (blue boxes) and base 
modifications (red nucleotide depicting 5-methylcytosine [5mC]). Long, native DNA sequencing reads allow complete 
resolution of the genomic region, including base modifications, for both maternal and paternal alleles, while short 
sequencing reads struggle to resolve genomic repeats and phasing, and require a separate sequencing run to identify 
base modifications. Dotted line indicates alignment gap between both alleles due to different number of repeats.
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Structural variants

SVs, which are defined as deletions, duplications, 
inversions, translocations, and insertions of 50 bp 
or greater in size, account for a greater number 
of variable bases than SNVs4. According to van 
Belzen et al. ‘At least 30% of cancers have 
a known pathogenic SV used in diagnosis or 
treatment stratification. However, research into 
the role of SVs in cancer has been limited due 
to difficulties in detection’5. 

‘Cancer genomes have largely 
been evaluated using short-read 
sequencing technologies, which 
lack sensitivity and exhibit very high 
false positive rates (up to 89%) 
in SV detection’15

‘nanopore sequencing can improve 
structural-variant resolution, while 
providing phasing and methylation 
information’6

Figure 2 
Schematic of common structural variants.

It has been estimated that at least 48% of 
deletions and 83% of insertions are routinely 
missed by short-read sequencing technologies4. 
SVs predominantly occur in repetitive regions of 
the genome, which short-read technologies 
struggle to resolve due to multimapping, whereby 
reads map to multiple locations4,6. Conversely, 
the long sequencing reads available using 
nanopore technology have been shown to allow 
reliable and accurate detection of structural 
variants (see Case studies 1 and 2).
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‘By exploiting the long reads 
produced by MinION sequencing, 
it is possible to evaluate the phasing 
of mutations, clarifying the allelic 
context of mutations affecting the 
same gene, but too geographically 
distant to be detected with 
short-read sequencing’9

Fusion genes

Long, real-time nanopore sequencing reads are 
also advantageous for the rapid and accurate 
resolution of fusion genes (see Case study 2). 
Fusion genes, where two different genes are 
joined together and transcribed to produce a 
fusion protein, are associated with many forms 
of cancer, particularly haematological cancers. 
Using nanopore sequencing, researchers have 
investigated gene fusion events indicative of 
different forms of leukaemia, with one team 
reporting confident identification of a PML-RARA 
fusion in less than 50 minutes of sequencing on 

Phasing

Long and ultra-long nanopore sequencing reads 
further allow the phasing of variants (e.g. SNPs, 
SVs, methylated bases) to haplotypes, enabling 
researchers to truly understand the biology of the 
cancer being investigated (see Case studies 1 
and 2). Additionally, the long phase blocks delivered 
by nanopore sequencing open the possibility of 
using maternal and paternal methylation markers to 
trace inherited variants of interest to the parent of 
origin, without the use and expense of trio (mother/
father/child) sequencing7, 8.

the MinION device, with the first PML-RARA 
read being detected in just over one minute10. 
Importantly, unlike the traditional techniques 
of fluorescence in situ hybridisation (FISH) and 
quantitative RT-PCR, the technique deployed only 
required information on one, rather than both, 
fusion partners, thus enabling the detection of 
novel gene fusions and reducing the time and cost 
requirement associated with multiple analyses of 
known fusion partners. Subsequent work showed 
how costs could further be reduced by using low-
cost Flongle™ Flow Cells11. This cost advantage 
also enabled samples to be processed on demand, 
without the typical requirement to batch sequence 
samples in order to lower sample processing costs 
— further reducing time to result. 

Cell-free DNA

Many bodily fluids, including blood and urine, 
contain small fragments of circulating cell-free DNA 
(cfDNA), typically between 150–200 bp in length. 
Derived from tumour cells, circulating tumour DNA 
(ctDNA) is an important class of cfDNA that can 
facilitate non-invasive cancer detection — promising 
a revolution in cancer care. Nanopore sequencing 
has been shown to allow accurate and sensitive 
detection of low-abundance cfDNA12 and ctDNA2, 

and through the use of direct, amplification-
free sequencing, can enable methylation-based 
prediction of tissue of origin12,13.
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Enhanced targeted sequencing capabilities

Importantly, the advantages of nanopore sequencing are not confined to 
whole-genome or whole-transcriptome analysis. The long, real-time sequencing 
reads conferred by nanopore technology also expand the capabilities of targeted 
sequencing, allowing routine analysis of a broader range of genomic variants — 
including repeats, SVs, base modifications7,14*, and SNPs — in specific regions 
of interest. All common targeting and enrichment strategies can be deployed, 
including PCR amplification (amplicon), hybridisation-based capture, and 
CRISPR/Cas-mediated enrichment15,16. In addition, unique to nanopore sequencing, 
researchers can take advantage of adaptive sampling — an on-device target 
enrichment methodology that requires no additional upfront sample prep 
(Figure 3; Case study 2).

* Requires amplification-free targeted sequencing approach such as adaptive sampling 
or CRISPR/Cas-mediated enrichment.

Adaptive sampling leverages real-time basecalling 
to selectively sequence or reject DNA molecules 
as they pass through the nanopore. Rejection of 
molecules that fall outside of the chosen criteria 
(e.g. non-homology to target sequence) is achieved 
through reversing the current applied to the 
individual nanopore, thereby making it available 
to sequence an alternative DNA fragment. As 
amplification is not required, long read lengths 
of native DNA that retain base modification 
information can be generated. In addition, regions 
that cannot easily be amplified due to sequence 
composition (e.g. high/low CG content or repeats) 
can be enriched. A significant advantage of the 
adaptive sampling methodology is the facility to 

easily incorporate new targets into panel designs, 
without the traditionally lengthy wet lab optimisation 
steps. The removal of lab-based enrichment further 
increases the speed of the assay. 

As the first 400–500 bp of each read is basecalled 
prior to being either accepted or rejected, the 
millions of short, rejected reads can also be used 
to generate low-pass whole-genome coverage, 
allowing genome-wide analysis of copy number 
changes alongside more in-depth genomic 
characterisation of the target regions (see Case 
study 2)18,19,20. 

Many researchers are now assessing the utility of 
adaptive sampling to provide rapid, comprehensive, 
and cost-effective genomic characterisation of 
cancer-related genes and promoter regions7,18,21,22,23.

Find out more about applying adaptive sampling to 
cancer research at nanoporetech.com/adaptive-
cancer.

‘...the prevalence of SVs in clinical 
and research cancer cohorts is likely 
underestimated due to the technical 
and computational limitations of short-
read multigene panel sequencing, 
exome sequencing, and genome 
sequencing’17

8
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Harnessing the power of full-length transcripts and single-cell sequencing

It is estimated that protein coding genes in the human genome generate, on 
average, seven different transcript isoforms24; however, due to the sequence 
similarity of related isoforms and the read-length limitations of traditional 
sequencing technologies, routine, in-depth analysis of the role of individual 
transcripts has been widely overlooked.  

‘The human genome contains more 
than 200,000 gene isoforms. 
However, different isoforms can be 
highly similar, and with an average 
length of 1.5 kb remain difficult to 
study with short-read sequencing’24

Alternative splicing and isoform switching are 
involved in the development of many cancers, 
and these mechanisms can also contribute to 
treatment resistance25. As such, the facility of 
nanopore sequencing to deliver high yields of 
long, full-length RNA reads provides researchers 
with a unique opportunity to quantify and fully 
characterise gene expression at the isoform level7,24.

Figure 3
Adaptive sampling is a unique, 
on-device approach to targeted 
sequencing, which requires no upfront 
library enrichment steps. Using real-
time basecalling, DNA fragments 
can be accepted or rejected for 
further sequencing based on their 
initial sequence composition. A 
flexible list of regions to be enriched 
or rejected provided as a .bed file is 
required. Adaptive sequencing can be 
implemented in advance of, or even 
during, a run to increase coverage of 
specific targets. 
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For example, researchers at the University of 
Athens used a targeted nanopore sequencing 
approach to characterise the transcript isoforms 
of the RAS genes, the proteins of which are 
known to play a crucial role in many cancers26. 
Using a single MinION Flow Cell, they profiled the 

‘Understanding the relationship 
between the patterns of alternative 
splicing and cancer could help to 
gain insights into the origins of 
cancer formation and elicit potential 
therapies targeting cancer-specific 
protein isoforms’27

RAS transcripts across cell lines representing 
13 different cancer types (and a non-cancerous 
control). In total, they identified 39 novel transcript 
isoforms, which were shown to be differentially 
expressed in the different cancer types.  

While most gene expression analysis to date has 
been performed on bulk cell populations, it is now 
also possible to interrogate isoform usage at 
the single-cell level (Figure 4), delivering new 
insights into previously hidden intricacies of 
cancer development28,29,30.

Find out more about single-cell nanopore 
sequencing at nanoporetech.com/single-cell.

Figure 4
The power of single-cell sequencing comes from the facility to pool, sequence, and subsequently identify 
transcripts from hundreds of individual cells. All transcripts derived from the same cell can be identified using 
a unique cell barcode (cellBC). A unique molecular identifier (UMI), added to the original transcripts prior to 
amplification, further enables the identification of PCR duplicates that could impact transcript quantification, 
and can be used to generate more accurate consensus sequences. Short-read sequencing technologies 
only read approximately 90 bp of transcript sequence, precluding the identification of transcript isoforms. 
In contrast, long nanopore sequencing reads can span complete transcripts, enabling in-depth, 
isoform-level gene expression analysis from single cells.
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The importance of methylation

Nucleotide variation does not fully explain disease susceptibility; an increasing number 
of human diseases are now known to be associated with base modifications (e.g. the 
addition of a methyl group to cytosine to form 5-methylcytosine [5mC]). Methylation 
plays a key role in gene expression, and methylation patterns have been linked to 
many forms of cancer, including glioblastoma6, colorectal cancer6, cervical cancer31, 
and myeloid leukaemia32, and may offer significant potential as a diagnostic and 
prognostic indicator. It has also been shown that methylation profiles can be used 
to classify cancer samples33,35, and identify cell of origin for cfDNA12,13 (Figure 5). 

‘Nanopore sequencing was able to 
cover the highest number of CpGs 
not covered by other assays’34

The amplification of nucleic acids — a prerequisite 
for traditional short-read sequencing technologies 
— erases base modifications, meaning they cannot 
be detected without additional time-consuming and 
often inefficient sample processing methods such 
as bisulphite conversion. Nanopore sequencing 
does not require amplification or strand synthesis, 
meaning base modifications are retained and can be 
called alongside the canonical nucleotide sequence 
in the same sequencing run — at no additional cost. 
Furthermore, when using long sequencing reads, 
it is possible to phase methylation to haplotype, 
allowing easy identification of genetically imprinted 
regions (Figure 6). Unlike array-based methylation 
analysis technologies, which typically survey up to 
850,000 CpG sites in the human genome, nanopore 
sequencing can access all 28 million CpG sites. 

This makes nanopore sequencing ideal for the 
discovery of novel differential methylation pattens 
between cancer and normal cells or different cancer 
subtypes that may be missed when using array-
based approaches. The use of Oxford Nanopore’s 
novel adaptive sampling methodology (see page 8) 
also offers a streamlined, lower cost alternative for 
targeted analysis of specific CpGs than provided 
by reduced representation bisulphite sequencing 
(RRBS) (Figure 7). 

Figure 5
Nanopore-based 
methylation calling 
of cfDNA enables cell 
of origin identification. 
a) Tissue of origin by 
methylation pattern, 
and b) methylation 
signatures called by 
Remora and shown 
in IGV12.
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At Oslo University, researchers have shown how 
nanopore sequencing can deliver rapid and precise 
DNA methylation-based classification of brain 
tumours in a timeline amenable to interoperative 
analysis. In 12 out of the 20 cases studied in this 
research project, the data suggested that nanopore 
DNA methylation analysis had the potential to 
impact surgical strategy and management35.

With the latest nanopore sequencing chemistry and 
software, the calling of 5mC in CpG contexts has 
been shown to be more accurate than that achieved 
using the previous gold standard of bisulphite 

sequencing36. Additionally, nanopore sequencing 
can differentiate between modifications such as 
5mC and 5hmC, and the identification of novel 
modifications can be trained, ensuring a complete 
methylation picture from a single experiment.

Figure 6
Phasing methylation using long nanopore sequencing reads. The MinKNOW™ operating system that powers Oxford 
Nanopore devices provides integrated, simultaneous calling of canonical bases (using Guppy) and modified bases 
(using Remora). The lightweight and versatile Remora tool has minimal impact on basecalling speed and is easy to 
train for the detection of different base modifications and methylation motifs.  a) The long nanopore sequencing reads 
can be phased to haplotype using SNP information (pink: haplotype 1; blue haplotype 2). b) The same region of the 
same dataset visualised using 5mC modification information, showing differentially methylated haplotypes. 

a)

b)

‘low-pass whole-genome nanopore 
sequencing can be used to generate 
DNA methylation profiles of a tumor 
biopsy that is sufficient for accurate 
classification in less than 2 h’35
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Figure 7
Adaptive sampling enables cost-effective, genome-wide characterisation of methylation patterns. Differential 5mC 
methylation is identified between a metastatic melanoma cell line/normal pair (COLO829/COLO829_BL) and also 
for a triple negative breast cancer cell-line/normal pair (HCC1395/HCC1935_BL) on Chromosome 2 overlapping 
de novo methyltransferase DNMT3A14. This region is clearly methylated in both tumour samples. Methyltransferases 
are essential for establishing and maintaining normal levels of methylation, and so their dysregulation can contribute 
to cancer development. This type of analysis therefore has potential as a method of monitoring tumour progression.

Epigenetic modifications interact with histone 
proteins, impacting the three-dimensional 
architecture of the genome. This can alter the 
proximity of distally related genes and promoters, 
which, in turn, can affect gene expression. 
Advancing the short read-based chromatin 
conformation capture techniques traditionally 
used to study genome architecture, researchers 
can now use Oxford Nanopore’s end-to-end 
Pore-C workflow, which utilises the benefits of long 

sequencing reads to more comprehensively map 
multi-way, long-range genome interactions 
to further understand the impact of cancer on 
genome structure7,37,38. These changes in genome 
structure may also offer exciting potential as a 
novel class of disease biomarkers. 

For more information about modified base 
detection using nanopore sequencing, visit 
nanoporetech.com/epigenetics.

Reduced-Representation Methylation Sequencing 
(RRMS) captures 100% of CpG islands and more
The method allows targeting of important regions in the genome, enabling the genome-wide 
characterisation of methylation patterns across samples of interest in a cost-effective way

Fig. 1 RRMS using AS a) read length distribution b) bed workflow c) features d) sequenced vs mapped e) coverage f) example region g) overlap with RRBS h) CpGs called i) correlation with RRBS

Nanopore sequencing enables direct detection of methylated cytosines (e.g. at CpG sites), without the need for bisulfite conversion. CpG sites frequently occur in high density clusters called CpG 
islands (CGI) and >60% of human genes have their promoters embedded within CGIs. Changes in methylation patterns within promoters is associated with changes in gene expression. Reduced 
representation bisulfite sequencing (RRBS) is a method used to obtain genome-wide methylation analysis without the need to sequence the whole genome, but is expensive and time consuming. 
Furthermore, the complex library preparation method is imprecise and does not specifically target any promoter region. Adaptive sampling (AS) offers a fast, flexible and precise method to enrich 
for regions of interest (e.g. CGIs) by depleting off-target regions during sequencing itself (Fig. 1a), with no requirement for upfront sample manipulation. Here we combine Oxford Nanopore’s 
methylation detection with AS and compare the performance with RRBS, using two tumour/normal cell line pairs. Our file of AS target regions is prepared using the workflow shown (Fig. 1b) 
and covers 310 Mb of the genome, including ~28,000 CpG islands and other key features (Fig. 1c). AS retains a higher proportion of data than RRBS and gives a higher proportion of on-target 
reads (Figs. 1d and e). AS shows more even coverage compared than RRBS (Fig. 1f), recovers more CpGs (Figs. 1g and 1h) and is highly reproducible (Fig. 1i).  

Adaptive sampling increases coverage of target reads, enabling 8M high-confidence CpGs in 
key regions of the genome to be called with high accuracy using only a MinIONTM Flow Cell

Contact: publications@nanoporetech.com  More information at: www.nanoporetech.com and publications.nanoporetech.com

Exploring methylation differences between tumour and normal can help to elucidate mechanisms associated with tumour formation and development. We compared methylation patterns across regions 
sampled by AS in a metastatic melanoma cell line and its normal pair for a male individual (COLO829/COLO829_BL) and a triple negative breast cancer cell-line pair (HCC1395/HCC1935_BL) (Fig. 2a). We 
were able to detect thousands of differentially methylated regions associated with the tumour sample, of which a high proportion of them overlap over >90% of their length with cancer census genes (Fig. 2b). 
Tumour repressor gene promoters, and overlapping CpG islands, are typically hypermethylated, which contributes to their silencing. Hypermethylation can be seen to be more abundant than hypomethylation in 
these regions (Fig. 2c), and this is reflected in mean methylation distribution across CpG islands (Fig. 2d). Although the role of 5hmC in cancer has been studied less than that of 5mC, nanopore technology 
allows us to call this modification. We are able to observe the expected reduction in the frequency of 5hmC methylation in tumour vs normal (Fig. 2e). In Fig. 2f), we show a promoter overlapping a differentially 
methylated region (DMR). This DMR overlaps the de novo methyltransferase DNMT3A and is clearly methylated in both of the tumour samples compared to their normal pairs. These methyltransferases are 
essential for establishing and maintaining normal levels of methylation, and so their dysregulation can contribute to cancer development. This type of analysis therefore has potential as a method of monitoring 
tumour progression. Finally, we show that the reads which are ejected during AS can be used to call copy-number variation across the whole genome. The AS approach therefore provides key information for 
tumour characterisation as well as methylation status. We see a high correlation with both whole-genome ONT sequencing and also with short read whole genome sequencing (Figs. 2h and 2i).

Methylation patterns can be explored between samples to identify high numbers of 
differentially methylated features. Discarded reads can also be used to call CNV

Fig. 2 Tumour/normal differences with RRMS a) workflow b) DMRs c) CpG islands  d) and e) distribution of 5mC and 5hmC, f) example region g) target reads h) CNV i) copy number/chromosome

Oxford Nanopore Technologies, the Wheel icon, EPI2ME, Flongle, GridION, Metrichor, MinION, MinKNOW, PromethION, SmidgION, Ubik, and VolTRAX are registered trademarks of Oxford Nanopore Technologies plc in various countries. All other brands and names contained are the property of their 
respective owners. © 2022 Oxford Nanopore Technologies plc. All rights reserved. Oxford Nanopore Technologies products are not intended for use for health assessment or to diagnose, treat, mitigate, cure, or prevent any disease or condition. PO_1166(EN)_V1_05May2022
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Cost-effective, scalable, and on-demand analysis

A range of nanopore sequencing devices are available, which utilise the same 
sequencing chemistry and kits, allowing researchers to discover new biology 
at the scale and flexibility required (Figure 8). 

Rapid, real-time results

Unlike other sequencing technologies, which deliver all data at the end of a 
fixed and usually lengthy runtime, nanopore sequencing provides data in real 
time, enabling immediate access to results. As previously discussed, cancer 
researchers are utilising this capability to accelerate their work, including the 
identification of fusion genes in leukaemia samples in less than 50 minutes10 

and methylation-based brain tumour classification in under two hours35.  

In addition to offering rapid sample characterisation, 
real-time sequencing allows researchers to stop 
sequencing once a result has been obtained, wash, 
and then reuse the flow cell — providing additional 
time and cost savings to alternative sequencing-
based approaches. 

The facility of real-time basecalling further 
underpins the unique, on-device target enrichment 
methodology of adaptive sampling, which enables 
streamlined development of cancer panels to 
support the cost-effective interrogation of SNPs, 
SVs, repeats, and methylation in specific regions 
of interest (see page 8). 

Figure 8
Oxford Nanopore sequencing platforms (from top left to bottom right): Flongle, a flow cell adapter for MinION and 
GridION; the portable MinION and MinION Mk1C; GridION, with capacity for five Flongle or MinION Flow Cells; 
PromethION 2 and 2 Solo; and the high-throughput PromethION 24 and 48 platform, capable of delivering 
up to 7 and 14 Tb of data, respectively*.

* Theoretical max output (TMO). Assumes system is run for 72 hours (or 16 hours for Flongle) at 420 bases/ 
second. Actual output varies according to library type, run conditions, etc. TMO noted may not be available 
for all applications or all chemistries.
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Accessible to any laboratory

Combining high performance with low cost and small size, nanopore devices 
ensure that the advantages of high-throughput sequencing are no longer limited 
to well-funded centralised service laboratories. The uniquely portable MinION 
and MinION Mk1C (that includes a high-resolution touchscreen and powerful 
integrated compute — for onboard, real-time data analysis) are ideal for local 
implementation and resource-limited settings that ordinarily might not have  
access to such powerful and versatile sequencing technology. 

The small footprint of the high-output GridION and 
PromethION devices make them suitable for any 
laboratory, while the high-performance compute 
modules allow real-time data analysis — even at 
full sequencing capacity — and reduces the 
potential burden of installing additional data 
analysis hardware†. Furthermore, these devices 
are available with no capital expenditure and 
deliver a comparable cost-per-base to traditional 
sequencing platforms.

 

Oxford Nanopore has released a growing number 
of real-time data analysis tools covering a range of 
routine applications, such as SNP calling, SV calling, 
differential gene expression analysis, and isoform 
annotation. Sequencing data can also be exported in 
standard FASTQ and FAST5 file formats suitable for 
further downstream analysis using a wide range of 
community-developed tools. 

Find out more about analysing nanopore sequencing 
data at nanoporetech.com/analyse.

† PromethION 2 Solo does not include integrated compute and requires external compute resource 
(e.g. GridION device or suitably specified computer).

MinION Starter Packs are available from just $1,000 
(including MinION device, a flow cell, and sequencing 
reagents) and can deliver up to 50 Gb* of data per 
flow cell, ideal for targeted sequencing applications, 
low-coverage whole-genome analysis, and isoform-
level gene expression studies. 

The GridION™ device can run up to five MinION Flow 
Cells independently or in parallel, offering a flexible, 
on-demand platform for busy cancer research labs. 

The PromethION™ family of devices offer the 
highest sequencing outputs, ideal for the analysis 
of whole cancer genomes at high depth and the 
characterisation of low-abundance transcript 
isoforms from whole transcriptomes. Running up to 
2, 24, or 48 high-output flow cells, respectively, the 
PromethION 2, PromethION 2 Solo, PromethION 24, 
and PromethION 48 devices provide the ultimate 
sequencing power and flexibility. Each PromethION 

Flow Cell can deliver up to 290 Gb* of sequencing 
data and can be run independently or in parallel. 

For smaller, more frequently performed analyses, 
Oxford Nanopore offers Flongle, a low-cost flow cell 
adapter for MinION and GridION, which delivers up 
to 2.8 Gb* of data. Flongle Flow Cells also offer a 
low-cost method of checking library quality prior to 
running large-scale studies.

A range of streamlined library preparation kits are 
available, including the facility for sample multiplexing 
to increase throughput and reduce costs. In addition, 
Oxford Nanopore offers VolTRAX™, a compact, USB-
powered automated library preparation device, which 
further simplifies the sequencing workflow. 

For a detailed comparison of nanopore devices and 
purchase options, visit nanoporetech.com/products/
specifications.
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Cervical cancer is caused almost exclusively by the 
human papilloma virus (HPV) and has a high mortality 
burden, especially in lower income countries. HPV 
has a 7.9 kb genome and replicates in the nucleus as 
a circular, extrachromosomal element, termed an 
episome, by hijacking host cell machinery. 

The HPV genome is found integrated in 70% of 
cervical cancers. Approximately 10% of integration 
events occur near an oncogene, while 50% occur 
near genes that may influence cancer31. These 
events can be complex, making them challenging 
to resolve with short-read sequencing technologies. 
To overcome these challenges, researchers are now 
utilising long nanopore sequencing reads to examine 
the impact of integration on both the human and 
HPV genome.

The complex landscape of HPV 
integration events

At Canada’s Michael Smith Genome Sciences 
Centre, Canada, Vanessa Porter and coworkers 
used the PromethION device and an in-house 
developed analysis pipeline to characterise HPV 
integration across the genomes of 66 cervical 
cancer research samples39. 

The team identified that the integration events could 
be classified into one of six categories. In addition, 
whilst the content of the inserted HPV sequence was 
often variable, E6 and E7 sequences remained 
constant, suggesting they are a prerequisite for 
cervical cancer formation.

One of the six integration event categories involved 
two breakpoints existing on separate chromosomes 
and resulted in full chromosome arm translocations. 
Vanessa noted how ‘this is exactly the type of event 
that nanopore sequencing allows us to identify, since 
the reads are able to pass over the HPV, sequencing 
into the next chromosome.’ The team also assessed 
how the type of integration events varied between 
HPV types, with multi-breakpoint integration events 
being most frequently observed in HPV16. 

As nanopore sequencing does not require 
amplification, the team were able to directly 
investigate the impact of HPV integration on both the 
human and HPV genome. Using the long nanopore 
sequencing reads to phase the human genome, it 
was shown that, in comparison to the unintegrated 
haplotype, the integrated haplotype displayed large 
demethylated regions upstream of the breakpoint 
(up to 400 kb). Examining the integrated HPV 
genome, the upstream regulatory regions remained 
unmethylated, whilst the genic portions were 
distinctly more methylated when compared to 
unintegrated episomal HPV, although variability 
was observed between HPV types.

CASE STUDY 1

The genomic and 
epigenomic landscape 
of HPV in cervical cancer

‘[With long reads] you can identify 
integration events that may span 
multiple chromosomes, or that are 
linked together from great distances 
through structural rearrangements’39
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HPV — pulling the epigenetic strings 

At the National Cancer Institute, USA, Michael Dean 
and coworkers are also using nanopore sequencing 
to characterise HPV integration31,40. They used the 
GridION device to perform full-length cDNA 
sequencing on 20 HPV+ cancer cell lines to 
understand how HPV infection impacts genes 
regulating the epigenome. In the CaSki cell line, in 
which hundreds of copies of HPV are integrated into 
the human genome, only one copy of HPV was 
expressed; the rest were silent. Furthermore, of the 
20 or so isoforms that HPV can produce, the most 
predominant transcript was an isoform expressing 
the E7 oncogene. Similar observations were made 
in the SNU-1000 cell line, containing many copies of 
episomal HPV. According to Michael this reveals 
that the virus is ‘regulating its epigenome in order to 
express the oncogene in the absence of integration.’ 
HPV integration was further found to upregulate 
genes near the site of integration, some of which 
were oncogenes, which may play a role in the 
transformation process. The team also utilised 
direct RNA sequencing — which preserves base 
modifications, enabling simultaneous calling of 
modifications alongside the nucleotide sequence 
— to study the impact of HPV integration on 
RNA methylation. 

Benchmarking the results against short-read 
bisulphite sequencing confirmed that ‘nanopore 
sequencing gave highly accurate methylation calls’. 

In another cell line, SCC152, FOXE1 — a potential 
driver for cancer transformation — was upregulated 
near the site of integration. Marked demethylation in 
and around FOXE1 was observed (Figure 8). Next, 
the team examined long-range genome interactions 
using Pore-C, an end-to-end workflow that 
combines chromatin conformation capture with long 
nanopore reads. The results revealed that most of 
the interactions between HPV and human DNA 
occurred in HPV enhancer regions. This 
phenomenon is consistent with the notion that 
during integration HPV brings in an enhancer and 
interacts with other nearby genes. 

This ground-breaking research reveals how — from 
delineating complex integration events, through to 
methylation analysis, and chromatin conformation 
studies — nanopore sequencing is creating new 
paths to explore cervical cancer in unprecedented 
detail.

‘[The] beauty of [nanopore 
sequencing] is that you can see every 
CpG site across the HPV genome on 
individual viral genomes’31

Figure 8 
The FOXE1 gene, located near the HPV integration site was shown to be overexpressed resulting in high levels of 
alternatively spliced transcripts. This gene region was subsequently shown to be demethylated in the SCC152 cell line. 
Figure kindly provided by Dr. Michael Dean, National Cancer Institute, USA31.CONFIDENTIAL

FOXE1

FOXE1

SNU487
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The ‘multi-tool’ for translational 
cancer research

In the Somatic Genetics Unit at the Curie Institute, 
Paris, Julien Masliah-Planchon and his group are 
studying adult and paediatric cancers, genetic 
predispositions, and rare tumours41. To do so, they 
seek to analyse SVs, SNVs, CNVs, gene expression, 
and methylation changes in cancer, which has 
traditionally necessitated the use of several different 
techniques and platforms — adding time and expense 
to the analyses. The researchers identified the 
potential of long nanopore sequencing reads and 
adaptive sampling to offer comprehensive and 
cost-effective analysis of cancer samples. 

In adaptive sampling, which is exclusive to nanopore 
technology, each read is mapped to a reference in 
real time while DNA is passing through a nanopore. 
If a DNA strand aligns to a target region, sequencing 
continues, but if not, the strand is rejected, resulting 
in a short, off-target read. The Curie Institute team 
selected 360 target genes plus 10 kb of flanking 
regions, comprising ~1.5% of the human genome. 
In this way, adaptive sampling drastically reduces 
the cost per sample.

Not only did the long, targeted nanopore sequencing 
reads enable haplotype phasing, SV analysis, 
methylation analysis, and gene fusion detection 
(Figure 9), the shorter rejected reads supported 
shallow whole-genome sequencing (WGS) analysis 
— all from a single data set. The team seized this 
opportunity to study CNVs and conduct a broader 
methylation analysis across the entire genome. 

Validating the performance of adaptive sampling 
for SV detection against WGS data from Oxford 
Nanopore and an alternative sequencing platform 
revealed more differences between variant callers 
than between the technologies, with no significant 
bias resulting from adaptive sampling. 

CASE STUDY 2

Comprehensive cancer 
characterisation for 
translational research

‘With adaptive sampling, you get way 
more data with the same sample; one 
MinION per sample is enough to get 
all we need’42 

Figure 9
Adaptive sampling using long-nanopore 
sequencing reads enabled the detection of a 
YAP1-MAMLD1 gene fusion in an ependymoma 
sample, a paediatric central nervous system 
cancer. The presence of this fusion classifies the 
tumor in a specific ependymoma subtype, with 
distinct biological characteristics. With nanopore 
sequencing, the gene fusion can be visualised at 
the genomic level, without requiring a separate 
RNA-based assay. Figure kindly provided by 
Abderaouf Hamza, Curie Institute, France41.
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Utilising long, PCR-free nanopore reads 
for comprehensive variant analysis

At Canada’s Michael Smith Genome Science Centre, 
Canada, Kieran O’Neill and colleagues are exploring 
the potential future application of nanopore 
sequencing for personalised oncogenomics (POG)6. 
The team used long nanopore sequencing reads to 
deliver more accurate calling of hereditary cancer 
susceptibility variants. In one instance, a variant 
previously called as a severe inversion between two 
oncogenes, was revealed to be a translocation of an 
Alu element from one intron to another. According to 
Kieran, ‘this was completely invisible [to short-read 
sequencing], but nanopore allowed us to determine 
that it was actually a false positive.’6 

Building on this, they used the high-throughput 
PromethION device, to re-sequence 16 breast cancer 
samples with known susceptibility variants, with the 

nanopore data enabling breakpoint resolution in all 
samples. In addition, due to the length of nanopore 
reads, allele phasing was also possible — enabling 
the determination of founder events, which could be 
used to decipher variant ancestry.

The team also re-sequenced 12 samples that had 
previously been analysed by short-read whole-
genome bisulphite sequencing (WGBS), 
demonstrating a good correlation between nanopore 
methylation calling and the WGBS data. In one Lynch 
syndrome (colorectal cancer) sample, analysis of the 
phased nanopore reads revealed clear methylation of 
the MLH1 promotor in one haplotype (Figure 10). The 
inactivation of MLH1 through methylation of its 
promoter is a rare but known mechanism of  
Lynch syndrome. 

The researchers now plan to investigate allelic 
transcription. Using the phase blocks obtained from 
long nanopore reads, gene expression, methylation, 
and CNV data can be mapped to its corresponding 
allele, and, potentially, the cause of differential 
expression can be determined. 

Figure 10 
Long, direct nanopore sequencing reads enabled phasing and methylation calling of the MLH1 gene region, showing 
haplotype-specific methylation of the MLH1 promoter. Figure kindly provided by Kieran O’Neill, Canada’s Michael Smith 
Genome Science Centre, Canada6.

‘Long nanopore sequencing reads 
improve the resolution of structural 
variants, phasing, and oncoviral 
integrations, plus you get 5mc and 
5hmc methylation data with no 
added cost’43
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Validating tumouroid genomes 
with long nanopore reads

The utility of nanopore sequencing for cancer 
research has been further demonstrated by Federica 
Di Maggio, from CEINGE-Advanced Biotechnologies, 
Italy44. Federica and her group are pioneering a new 
method for establishing tumour-like organoids, or 
tumouroids, to reproduce the disease in vitro. Such 
tumoroids may support improved in vitro efficacy 
studies into new types of therapies.  

‘the research suggests whole-
genome sequencing (WGS) with 
Oxford Nanopore technology has 
the potential to elucidate mutations 
from which “personalized precision 
medicine” could be defined’44

Validation that the tumouroids are mimicking the 
actual tumours is critical for the potential use of this 
method in research. To this end, the team utilised the 
PromethION 24 device to perform whole-genome 
sequencing of DNA extracted from colorectal cancer-
derived tumouroids, matching tumour tissue, and 
healthy tissue, obtained from the same individuals. 
The team plan to perform comprehensive SNV 
calling, SV calling, and methylation profiling for  
48 samples, with initial analyses revealing good 
correlation between the mutations found in 
tumouroids and tumour tissue.  

The studies presented outline how nanopore 
sequencing enables researchers to detect multiple 
variant types using a single technology, advancing 
their research into cancer. 
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The haematological malignancy acute myeloid 
leukaemia (AML) accounts for around 2% of all 
cancer deaths each year32. Following treatment, 
approximately 50% of people with AML who 
achieved remission will relapse within three years45. 
At the University of Florence, Italy, Alberto Magi, is 
utilising nanopore sequencing to explore the genetic 
basis of AML chemoresistance and relapse32.

Research samples from three AML-relapsed 
individuals (two females and one male) displaying 
chemoresistant phenotype were obtained. The team 
had previously compared whole-exome sequencing 
(WES) data taken at diagnosis and relapse to identify 
a small number of relapse-specific variants that 
affected key cancer genes; however, none of the 
genes had a documented role in chemoresistance 
activity. As such, the team decided to perform 
high-coverage nanopore whole-genome sequencing 
(WGS) for each subject to gain a more 
comprehensive picture of the genomic and 
epigenomic changes that may be responsible 
for the chemoresistance phenotypes. 

To achieve this, thy created two novel computational 
tools: GASOLINE, for detecting structural variants 
by comparing two WGS data sets; and PoreMeth, 
for identifying differentially methylated regions 
(DMRs) by comparing the nanopore methylation 
profiles of two samples. 

Similar to the WES analyses, of the few relapse-
specific variants detected, none of the genes 
affected had a documented role in drug resistance. 
They therefore shifted their focus to exploring the 
epigenome, benefitting from the ability to call 
variants and methylation from the same dataset 
with nanopore sequencing technology.

Bisulphite sequencing and arrays have traditionally 
been used to explore DNA methylation. However, 
bisulphite conversion methods have limited 
resolution for methylation analysis: arrays 
interrogate less than 2% of CpGs in the human 
genome; enhanced reduced representation 
bisulphite sequencing (ERRBS) approaches target 
around 25% of genomic CpGs; and even whole-
genome bisulphite sequencing (WGBS) can only 
interrogate around 50–60% of CpGs32. 

In comparison, using their high-coverage nanopore 
WGS dataset to interrogate methylation, Alberto’s 
team ‘were capable [of calling] the methylation state 
of around 98–99% of all CpGs of the human 
genome…with at least one read’, with over 90% of 
CpGs covered by at least five reads. According to 
Alberto, this is probably ‘the highest resolution map 
of CpGs’ ever produced for an AML genome.

Using the PoreMeth pipeline, the team investigated 
DMRs at relapse compared to diagnosis. Their 
approach detected DMRs with unprecedented 
resolution — 30–40% of DMRs were found to be 
below the detection limit of bisulphite conversion 
methods. This high-resolution map of differential 
methylation states of CpG dinucleotides allowed 
them to ‘explore low-density CpG regions that were 

CASE STUDY 3

New insights into 
chemoresistance in 
acute myeloid leukaemia

‘It was amazing to discover that 
AML evolution is mainly driven by 
methylation alterations that affect 
low density CpGs regions in the gene 
body of master transcription factors. 
These findings completely changed 
our point of view on epigenomic 
alterations of AML’32 

22



never explored before’. The vast majority of regions 
were differentially hypermethylated, suggesting the 
acquisition of methylation during cancer evolution 
(Figure 11a). The DMRs were associated with around 
1,000 genes in each sample, many of which were 
affected by DMRs that fell outside of CpG islands 
(CGIs), in low-density CpG regions (Figure 11b).

To understand the functional impact of these DMRs, 
they looked for enrichment in cancer-specific 
signalling pathways, such as those involved in cell 
proliferation, including genes known to have a role in 
chemoresistance. Surprisingly, genes within these 
pathways were affected by DMRs located outside of 
CGIs. In particular, DMRs seemed to be associated 
with gene bodies (i.e. introns and exons), where CpGs 
are found at low density. Alberto emphasised that 
this is a ‘paradigm shift’ — we are moving away from 
the classical paradigm that high-density CpGs 
around the promoter are of central importance, and 
towards the idea that low-density CpGs in the gene 
body, which couldn’t be seen before with other 
technologies, are key.

Regarding the genes affected by differential 
methylation at low-density CGIs, there was an 
enrichment for transcription factor genes in all three 
subjects, as opposed to chemoresistance genes. 
According to Alberto, this may imply that differential 
methylation is being selected for during AML 
progression, and this differential methylation was 
affecting transcription factor genes that regulate the 
expression of key genes, such as those imparting 
chemoresistance. 

Overall, as Alberto had hypothesised, their findings 
suggested an indirect role for DMRs in selection of a 
chemoresistant phenotype: during cancer evolution, 
differential methylation at low-density CpG regions 
within transcription factor gene bodies impacted 
transcription factor function and, consequently, 
regulatory cascades; target genes in such cascades 
were therefore deregulated. Ultimately, this induced 
the observed chemoresistant phenotype.
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Figure 11 
Comparison of DMRs identified between AML samples taken at diagnosis and relapse for three individuals (UD5, 
UD10, AML2). a) The majority of DMRs are hypermethylated, indicating that methylation is acquired during cancer 
progression. b) Differential methylation was observed predominantly in low-density CpG regions. Figure kindly 
provided by Alberto Magi, University of Florence, Italy32.
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Summary
High-throughput genomic technologies, such as microarrays and 
short-read sequencing, have afforded significant breakthroughs 
in cancer research; however, many regions of the human genome 
remain challenging to access, or are event completely hidden 
from view, due to the limitations of these techniques. To truly 
understand cancer biology and fulfil the promise of precision 
medicine, researchers are now exploring the use of nanopore 
sequencing to overcome these challenges. 

Delivering unrestricted read lengths, accurate variant calling with 
simultaneous methylation analysis, real-time results, and a range 
of flexible, affordable kits and devices, nanopore sequencing 
provides the most comprehensive insights into cancer genomes 
available from a single technology. 

‘Multi-modality of nanopore is a huge asset — methylation, 
SV, gene fusions, single mutations and phasing — it’s amazing 
to have all that in the single assay’42

24



About Oxford  
Nanopore Technologies

For more information about utilising nanopore sequencing for cancer research, 
including getting started guides, best practice workflows, and customer 
presentations, visit nanoporetech.com/cancer-research.

Table 1 
A range of nanopore sequencing devices is available to suit all research requirements. Data correct at time of print. 
Visit nanoporetech.com for the latest information.

Oxford Nanopore’s goal is to enable the analysis of anything, by anyone, anywhere. 
The company offers the only sequencing technology to combine scalability — from 
portable to ultra-high throughput formats — with real-time data delivery and the ability 
to elucidate accurate, rich biological data through the analysis of short to ultra-long 
fragments of native DNA or RNA. 

A range of sequencing platforms is available, suitable all cancer research applications and sample 
throughput requirements (Table 1; Figure 8).

Flongle MinION & 
MinION Mk1C GridION PromethION 2 

and 2 Solo
PromethION 

24/48

Read length Fragment length = read length. Longest read now >4 Mb3

Run time 1 min – 16 hrs 1 min – 72 hrs 1 min – 72 hrs 1 min – 72 hrs 1 min – 72 hrs

Number of flow 
cells per device

1 1 5 2 24/48

DNA sequencing 
yield per flow cell*

Up to 2.8 Gb Up to 50 Gb Up to 50 Gb Up to 290 Gb Up to 290 Gb

DNA sequencing 
yield per device*

Up to 2.8 Gb Up to 50 Gb Up to 250 Gb Up to 580 Gb Up to 7/14 Tb

Multiplexing 1 – 96 samples 1 – >2,000 
samples

1 – >2,000 
samples

1 – >2,000 
samples

1 – >2,000 
samples

* Theoretical max output (TMO). Assumes system is run for 72 hours (or 16 hours for Flongle) at 420 bases/second.  
Actual output varies according to library type, run conditions, etc. TMO noted may not be availablefor all applications 
or all chemistries. 
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