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Abstract

analysis.

number alterations were readily detected.

costs and extremely short analysis time.

Circulating tumor DNA

In the “precision oncology” era the characterization of tumor genetic features is a pivotal step in cancer patients’
management. Liquid biopsy approaches, such as analysis of cell-free DNA from plasma, represent a powerful and
noninvasive strategy to obtain information about the genomic status of the tumor. Sequencing-based analyses of
cell-free DNA, currently performed with second generation sequencers, are extremely powerful but poorly scalable
and not always accessible also due to instrumentation costs. Third generation sequencing platforms, such as
Nanopore sequencers, aim at overcoming these obstacles but, unfortunately, are not designed for cell-free DNA

Here we present a customized workflow to exploit low-coverage Nanopore sequencing for the detection of copy
number variations from plasma of cancer patients. Whole genome molecular karyotypes of 6 lung cancer patients
and 4 healthy subjects were successfully produced with as few as 2 million reads, and common lung-related copy

This is the first successful use of Nanopore sequencing for copy number profiling from plasma DNA. In this context,
Nanopore represents a reliable alternative to lllumina sequencing, with the advantages of minute instrumentation

The availability of protocols for Nanopore-based cell-free DNA analysis will make this analysis finally accessible,
exploiting the full potential of liquid biopsy both for research and clinical purposes.
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Main text

Copy number variations (CNVs) are one of the character-
izing features in many cancers: specific CNVs can define
type and progression of the tumor, and are thus tightly
linked to the diagnostic and prognostic process [1].
Characterization of cancer genetic features, such as CNVs,
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is typically done on tissue samples, either surgical resec-
tions or bioptic samples. However, the collection of tissue
samples is often invasive, harmful and not repeatable [2].
On the contrary, liquid biopsy is a non-invasive ap-
proach for monitoring tumor features through analysis of
body fluids. The most common approach is the analysis of
cell-free DNA (cfDNA) from plasma, which can be easily
collected at different time-points to follow tumor evolu-
tion, with limited harm and risks for the patient [2, 3].
However, the analysis of cfDNA is extremely challenging
due to its low concentration, high fragmentation (~ 169 bp
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fragments) and low tumor-derived cfDNA (ctDNA) frac-
tion (0.01-60%) [3].

Third generation sequencing approaches, such as
Nanopore technology, interrogate single molecules of
DNA and produce sequences much longer than those
generated by second generation sequencing (SGS)
methods. A sequence-dependent electrical signal is re-
corded as single DNA molecules pass through a pore.
This allows the user to perform real- time analyses while
the molecule is still being sequenced [4].

Unfortunately, as Nanopore technology is optimized
for long read sequencing, its protocols are not ideal for
analysis of short cfDNA fragments. Indeed, early at-
tempts at sequencing maternal plasma cfDNA for non-
invasive prenatal diagnosis resulted in unsatisfactory
throughput (< 60k reads) [5]. Thus, before Nanopore-
seq potential can be exploited for liquid biopsy applica-
tions, effective and standardized workflows need to be
developed.

Results and discussion
We have modified Nanopore standard protocols to
make them compatible with small ¢fDNA fragments
(see Additional file 1: Methods). We sequenced
cfDNA from 6 cancer patients and 5 healthy subjects,
in both single-plex and multi-plex runs (S1, M1 and
M2). We obtained 14,338,633, 19,610,131, and 31,582,
051 raw reads from the S1, M1 and M2 runs, respect-
ively: a remarkably higher throughput than previously
reported [5] (Additional file 2: Table S1). The higher
throughput is attributable to updates in the Nanopore
protocol (SQK-LSK109 kit and R9.4.1 flow cells in-
stead of SQK-MAP-005 and R7.3) and to adjustments
in the clean-up beads volume to retain smaller frag-
ments. The per-sample throughput was highly vari-
able. Indeed, the throughput obtained for sample HF2
was insufficient. Such differences are likely to depend
on variable efficiencies in the library preparation rather
than in the amount of input DNA (see Additional file 1:
Supplementary Results). Size distribution of the sequenced
cfDNA fragments perfectly matches the fragmentation
profile obtained with Agilent Bioanalyzer (Fig. 1a and b).
Molecular karyotype of 10 out of 11 samples was
successfully produced using NanoGLADIATOR
(“nocontrol” mode), a recently developed tool for the
identification of CNVs from read counts (reported as
log2ratio) across multiple consecutive genomic windows
(bins) [6]. BWA-aligned BAM files were analyzed with a
bin size of 100kbp, and CNVs were detected in all the
tumoral samples (Fig. 1c, Additional file 3: Fig. S1).
Unexpected CNVs were present also in samples from
healthy donors (Fig. 1c, Additional file 3: Fig. S2). Most
of the variations observed in healthy donors are shared
by at least 2 healthy subjects, suggesting that they may
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be errors introduced by the technique itself rather than
patient-specific alterations (Additional file 3: Fig. S3).
Even though it is possible that these variations represent
naturally occurring polymorphisms, this is unlikely: poly-
morphic variations should present a discrete number of
copies (1,3 or 4 copies), which is not the case, as most of
these variations have weak log2ratios.

To further confirm that these CNVs were indeed arti-
facts, we sequenced the genomic DNA from white blood
cells of one healthy control (HM1) and no CNVs were
detected (Additional file 3: Fig. S4).

These technical artifacts can be easily filtered out by
setting a threshold. On the other hand, some of these
variations are very similar in terms of length and seg-
ment mean (roughly +0.10) to those we observe in can-
cer samples and it could be difficult to discriminate real
CNVs from these ones (Fig. 1c, Additional file 1: Supple-
mentary Results, Additional file 3: Fig. S5). Typically,
these artifacts are present in regions containing a higher
number of similar sequences, e.g. the sex chromosomes
(Additional file 3: Fig. S2). Alignment of short reads in
such genomic regions is typically challenging and pres-
ence of these artifacts is likely due to mapping issues [7].
In order to minimize the number of artifacts, we used
NanoGLADIATOR in “paired” mode, which generates
segmentation results comparing test samples with a con-
trol sample. In “paired” mode, we used as control a
merged BAM files from the samples of healthy donors
that allowed us to decrease the log2ratio of these arti-
facts to +0.04 and, consequently, to drastically increase
the specificity of the analysis (Fig. 1d, Additional file 1:
Supplementary Results, Additional file 2: Table S2).

We then compared the performance of Nanopore se-
quencing with a standard SGS approach by analyzing
four of the tumoral samples through Illumina sequen-
cing (17-24 M, 150 bp single end reads, see methods).
[lumina and Nanopore results (“nocontrol” mode) were
strongly correlated (R =0.93-0.99, p < < 0.001), with con-
cordant log2ratio values at 95-98% of the genomic bins
(Fig. le, Additional file 2: Table S3). Using the Illumina
results as true-positive dataset, the Nanopore approach,
on average, resulted in 94% sensitivity, 89% specificity,
94% accuracy and 96% precision (Additional file 2: Table
S4). Nanopore cfDNA results also showed a high correl-
ation with long-read sequencing (R=0.88, p<<0.001),
with concordant log2ratio values at 90% of the genomic
bins (Additional file 3: Fig. S6, A). We also determined
that our approach is capable to detect CNVs with as lit-
tle as 5-10% of ctDNA fraction, similarly to what has
been reported with regard to Illumina sequencing [8, 9].
To assess the performances of our approach at even
lower sequencing depth, we subsampled the BAMs to 2
M raw reads: the results obtained are highly concordant
with the full-depth BAMs (R=0.93-0.99, p<<0.001,
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Fig. 1 Nanopore detection of CNV from cfDNA. Fragment size distribution estimated via a Bioanalyzer, and from b Nanopore reads.
NanoGLADIATOR Segmentation plots produced with NanoGLADIATOR for samples 19_1231 (cancer) and HM3 (healthy) in ¢ “nocontrol” mode,
and d “paired” mode. In “paired” mode, HF1 and HM2 have been used as controls for respectively 19_1231 and HM3. The red line indicates the
segment mean (log2ratio). Each color represents a different chromosome; chromosome Y has been omitted for sample 19_123. Comparison of
segmentation results: e Correlation of Nanopore and lllumina segment mean values (sample 19_744); f Comparison of Nanopore segment mean
values from the full-depth BAM file and from a 2 M-reads subsampled dataset (sample 18_1130). Each genomic bin is represented as a dot, colors
indicate dot density. Regression lines are shown in red. Black lines indicate the thresholds for concordant bins

94-99% concordant bins, Fig. 1f, Additional file 2: Table
S5). The marginal loss of performance observed is com-
parable to the one obtained when subsampling Illumina
data (Additional file 2: Table S6).

Since the ultimate aim of the analysis is to obtain in-
formation on the tumor, we next assessed the status of
genes and genomic regions commonly altered in lung
cancer (Fig. 2, Additional File 1: Methods). Pathogenic

CNVs were readily observed, with EGFR amplification
prominently present in all samples, and most of other
genes altered in at least two samples. Many of these
structural alterations directly affect progression of the
cancer and therapeutic options. For example, RICTOR
amplification identifies a subgroup of lung cancer and its
presence has been linked to the response to mTOR
inhibitors [10]. Similarly, MYC amplification confers
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Fig. 2 Landscape of clinically-relevant copy number variants. Copy
number variants of specific genes (rows) are shown for the
individual patients (columns). The shading indicates levels of
amplification (red tones, 0.10-0.30, > 0.30 log2ratio) and deletion
(blue tones, 0.10-0.30, > 0.30 negative log2ratio). The top and right
bar plots show the number of CNVs in one patient and the number
of patients with CNVs for a given gene, respectively. The expected
status for a given gene based on the literature is shown in the

left side

resistance to pictilisib in models and PIK3CA amplifi-
cation is associated with resistance to PI3K inhibition
[11, 12] in mammary tumors.

Our report is the first successful attempt to obtain a
CNV profile from plasma cell-free DNA of cancer pa-
tients using Nanopore technology. Our results show that
Nanopore sequencing has the same performance of SGS
approaches and, in terms of throughput and sequencing
costs, it is comparable to an [llumina MiSeq run (V3 re-
agents, 22-25 M single-end reads).

MinION is the entry-level sequencer by Nanopore
technology, and its cost is extremely low (~ 1000 euros)
compared to SGS sequencers. Reduced overall instru-
mentation costs makes this approach accessible to most
of the research groups, which would otherwise be forced
to outsource the sequencing, or to gain access to shared
sequencers, leading often to long queues and delays.
Moreover, SGS is cost effective only when dealing with a
large number of patients. This aspect is crucial with
regards to clinical analyses, as it leads to a centralization
of sequencing-based assays, which are mainly performed
in big hospitals that collect samples from larger geo-
graphic areas.

On the contrary, Nanopore technology is extremely
scalable, and only a modest number of patients is re-
quired in a multiplexed run, leading to short recruitment
times and, consequently, faster results.

As we demonstrate that reliable results can be ob-
tained from as few as 2 M reads. Based on the through-
put obtained in our study, it should be possible to
analyze up to 7-15 patients in a single run.

Since reads are stored as soon as they are produced,
they can be analyzed while the experiment is still
running by taking advantage of the real-time mode of
NanoGLADIATOR. This feature might come useful
when analyzing single samples, especially in those pa-
tients with lower fraction of ctDNA, for which a
higher number of reads and, consequently, a higher
resolution may be preferable. In such a context, it
would be possible to inspect the CNV profile while
the run is still ongoing, and stop it once the desired
resolution is reached, saving the sequencing power of
the flow cell, which can be washed and reused for
other samples.
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According to our sequencing statistics, 2 M reads are
produced in less than 3h. This means that the entire
workflow -from blood withdrawal to bioinformatic ana-
lyses- can be performed in less than a working day. This
is something unique to Nanopore sequencing, as SGS
approaches based on sequence-by-synthesis technologies
make reads available only at the end of the whole run,
which can last days. We have demonstrated that Nano-
pore sequencing for CNV analysis of short plasmatic
cfDNA is feasible. Nanopore sequencing provides several
advantages over current sequencing technologies and
might drive the adoption of molecular karyotyping from
liquid biopsies as a tool for cancer monitoring in clinical
settings. The applications of this approach are not lim-
ited to cancer and can be technically extended to other
liquid biopsy-based fields such as noninvasive prenatal
diagnosis.
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approach. Table S5. Correlation of Nanopore results: subsampled BAMs
(2 M reads) Vs full BAMs (“nocontrol” and “paired” mode). Table S6.
Correlation of Illumina results: paired-end Vs single-end, and subsampled
BAMs (2 M reads) Vs full BAMs. Table S7. Genes and genomic regions
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Additional file 3: Supplementary Figures. Fig. S1. Segmentation
results of cancer patients, “nocontrol” mode. Fig. $2. Segmentation
results of healthy subjects, “nocontrol” mode. Fig. $3. Technical artifacts
in healthy samples. Venn diagram reporting recurring genomic bins with
altered log2ratio in healthy samples. Fig. S4. Segmentation results of
HM1 white blood cells. Fig. $5. Segment mean and segment length of
Nanopore results. Correlation of segment mean and length in nocontrol
(A) and paired mode (B). Every dot represents a segment. Segment
mean is reported on the x-axis and segment length (number of bins per
segment) on the y axis. Vertical lines indicate the threshold used to dis-
criminate artifacts from CNVs (log ratio + 0.04). The lower range of the
segments is shown in the lower plot for each sample. Fig. $6. Correlation
of short- and long-read sequencing results. (A) Correlation plot of short
(sheared DNA) and long (non-sheared DNA) sequencing. Each genomic
bin is represented as a dot, colors indicate dot density. Regression lines
are shown in red. Black lines indicate the thresholds for concordant bins.
(B) Fragment length distribution of HEK _sheared sample obtained from
read length. Vertical lines indicates 160 and 320 bp length. Fig. $7. Seg-
mentation results of cancer patients, “paired” mode.
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