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TO THE EDITOR:
Genome profiling tests for multiple genes are essential in the
treatment of leukemia, facilitating precise diagnosis, risk
stratification, and identification of therapeutic targets. Tar-
geted capture sequencing with a next-generation sequencer
(NGS) is already in use for clinical cancer genome profiling tests
[1]. However, several limitations remain to this approach,
including the inferior capability for detecting structural
variations (SVs) and copy number variations (CNVs), and the
long turn-around time.
Nanopore sequencer, one of the long-read sequencers, is

equipped with a computational targeted sequencing function
called “adaptive sampling” (Supplemental Figure S1A) [2].
Targeted adaptive sampling long-read sequencing (TAS-LRS) can
utilize a wide range of target regions without additional
preparation such as capture-based enrichment. By taking advan-
tage of long-read sequencing, TAS-LRS excels in SV detection and
haplotype-aware variant calling, as well as the shorter time
required for library preparation and sequencing than conventional
short-read sequencing [3].
Except for previous studies on germline analysis in the oncology

field [4, 5], no studies have examined the utility of TAS-LRS for
cancer genome profiling. Because pediatric leukemia has a high
frequency of SVs and CNVs directly related to diagnosis and
classification [6, 7], rapid and comprehensive genome analysis is
beneficial. Therefore, we evaluated the utility of TAS-LRS as a
genome-profiling method in pediatric leukemia.
This study enrolled 28 consecutive children with leukemia (10

with acute myeloid leukemia [AML], 13 with B-cell acute
lymphoblastic leukemia [B-ALL], and five with T-cell ALL [T-ALL])
in the University of Tokyo Hospital whose tumor and normal
samples were available (Supplemental Table S1). TAS-LRS was
performed using a GridION sequencer (Oxford Nanopore Tech-
nologies, OX, UK) for tumor/normal-paired samples. Target regions
included 466 genes associated with hematologic malignancies
(Supplemental Table S2). After read alignment to the GRCh38
using minimap2 v2.24 (ref. [8]), single-nucleotide variants (SNVs)
were called using PEPPER-Margin-DeepVariant v0.8 (tumor-only
analysis) [9] and ClairS (tumor/normal-paired analysis; github.com/
HKU-BAL/ClairS), SVs using nanomonsv v0.5.0 (ref. [10]), and CNVs
using CNVkit [11] (Supplemental Fig. S1B,C). Short-read whole
genome sequencing (WGS) was also performed for 21 patients
(Supplemental Methods).
As clinical tests, the patients underwent non-NGS-based genetic

tests, including G-banding, DNA index analysis, and polymerase
chain reaction-based screening for fusion genes and other genetic

alterations (Supplemental Methods and Supplemental Tables S3
and S4). Genomic alterations consistent with subgroup classifica-
tions described in previous studies [6, 12] were designated as
“genomic subtypes.”
Tumor/normal-paired TAS-LRS was successful in all 28 patients.

The process from library preparation to result output took
approximately 72 hours. For tumor samples, mean depth, N50,
and mean base quality were 21.3× (16.1×–31.1×), 11 089 bp (8
423–12 654 bp), and 15.8 (14.3–19.1) in the median in the on-
target regions, respectively (Supplemental Fig. S2A–C). These
statistics for normal samples are also depicted in Supplemental
Fig. S2D–F.
A total of 498 SNVs, 35 small indels, and 632 SVs were

identified, among which 22 SNVs (4.4%), 15 small indels
(42.9%), and 71 SVs (11.2%) were considered driver alterations
(Supplemental Tables S5 and S6). Among the 12 patients
whose genomic subtypes had been determined by clinical
testing, TAS-LRS reconfirmed all of them. Among the other 16
patients, TAS-LRS could determine the genomic subtypes in 12.
Thus, genomic subtypes were determined in 24 (85.7%)
patients (Fig. 1). All of these newly identified variants were
SVs. Other driver alterations that are not involved in genomic
subtypes but are found recurrently in pediatric leukemia were
detected in two [13, 14], and germline RUNX1 partial deletion
in one (Supplemental Fig. S3A). In the other patient (AML4),
driver alterations were detected neither by clinical testing nor
TAS-LRS.
SV analyses could determine the accurate coordinates of the

breakpoints even if they were located within intronic or intergenic
regions. Therefore, TAS-LRS efficiently identified SVs, including
cryptic fusions and large deletions overlooked by clinical tests
(Supplemental Fig. S3). DUX4 rearrangements were identified in
three patients. Besides the canonical SV detection approach, two
additional approaches, single breakend SV detection approach
and de novo assembly approach, were necessary to detect
comprehensively these DUX4 rearrangements (Supplemental
Methods and Supplemental Fig. S4).
CNV analyses identified chromosome-level CNVs by using data

both in the on- and off-target regions, with a high sensitivity for
the results of G-banding (Supplemental Table S7, Supplemental
Figs. S5 and S6A). Focal CNVs were also identified, including those
not accurately described in G-banding and those overlooked by
SV analysis due to the large size (Supplemental Fig. S6B,C).
In addition to genome profiling, as mentioned above, the

technical nature of the method could be used for other
applications, including NUDT15 diplotyping and detecting fusion
breakpoints for fusion-based minimal residual disease (MRD) assay
(Supplemental Figures S7 and S8).
In the comparison of results between the tumor-only and

tumor/normal-paired analyses, 93.6% of the SNVs, 88.6% of the
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small indels, and 50.5% of the SVs were called only by tumor-only
analysis, and most were derived from germline variants or
sequencing errors (Supplemental Tables S8–S10, Supplemental
Fig. S9A). However, even in tumor-only analysis, the number of
detected variants in each patient was not very high, with <45 for
each mutation type (Supplemental Fig. S9B). Seven SNVs (31.8% of
the driver SNVs) and 12 small indels (80.0% of the driver small
indels) were overlooked by the tumor/normal-paired analysis
(Supplemental Table S5). For example, NPM1 frameshift insertion
in AML6 was detected in the tumor-only analysis but was
excluded in the tumor/normal-paired analysis result because of
its “low quality” classification by ClairS. Germline RUNX1 deletion
in TALL4 was the only driver SV missed by tumor/normal-paired
analysis (Supplemental Tables S5 and S10).
Lastly, to evaluate the variant detection capability of TAS-LRS,

the results were compared with those of the short-read WGS.
When variants detected by WGS were considered true positives,
the precision and recall for TAS-LRS were 100% and 60.9% for
the SNVs, 100% and 17.6% for the small indels, and 73.7% and
85.3% for the SVs, respectively (Fig. 2A,B, Supplemental Figure
S10A,B, and Supplemental Tables S11–S14). SVs detected only
by WGS had significantly lower variant allele frequencies (VAFs)
than those detected by TAS-LRS (0.157 vs. 0.271 in the median,
P < 0.001; Fig. 2C). A similar tendency in SNV was found (0.207
vs. 0.416 in the median, P= 0.083), whereas VAF was nearly the
same between the indels detected by TAS-LRS and only by WGS
(0.444 vs. 0.393 in the median, P= 0.509). Blast fraction did not
differ between variants detected by TAS-LRS and only by WGS
(Fig. 2D).
Some clinically important SNVs and small indels were missed by

TAS-LRS, such as KRAS Gly13Asp and NPM1 frameshift indels
(Supplemental Tables S11 and S12). Indeed, in AML4, the only
patient whose driver alterations were not detected by TAS-LRS
and clinical testing, NPM1 2-bp deletion out of the mutational
hotspot (NM_002520:c.755_756del) was identified by WGS. As to
SVs, it was noteworthy that 32 immunoglobulin gene rearrange-
ments and seven T-cell receptor gene rearrangements were
detected only by TAS-LRS. Upon verification using Integrative
Genomics Viewer, most of these “TAS-LRS-only” SVs were also
depicted in WGS results; however, they were likely to be excluded
from the SV calling results because of the low mapping quality
(Supplemental Figure S10C).

TAS-LRS demonstrated superior characteristics combining the
selectivity of targeted capture sequencing and the comprehen-
siveness of WGS, enabling quick identification of multimodal types
of gene variants, especially SVs including a fusion gene with a
novel partner gene, cryptic translocations, and complex SVs.
Because TAS-LRS outputs data not only from the on-target regions
but also from the off-target regions, low-coverage read data in the
off-target regions was useful to determine CNVs, from large ones
at the chromosome level to small ones ranging over only several
genes. In the current analysis method, SV and CNV analyses
complemented each other and could comprehensively detect
focal deletions.
Major genomic alterations should be detected in tumor-only

analysis because peripheral blood as a control specimen may
contain leukemia cells at the time of diagnosis, and waiting
until remission would be time-consuming. Even with tumor-
only analysis results, we could narrow down the candidates to
a manageable count for individual verification by the appro-
priate filtering. Hence, in clinical applications, conducting
analysis on only tumor samples at diagnosis and subsequently
performing a paired analysis after achieving remission might
be practical.
The major problem of TAS-LRS is the low accuracy of SNV and

small indel calling which may lead to increased false negatives, as
reported in previous studies [3, 15]. Further, TAS-LRS had
considerably lower coverages with ~20× than those in WGS with
~120×, which could also contribute to missing variants, particu-
larly in minor clones. Although this study did not show a
significant effect of tumor purity on variant calling accuracy, the
samples had a high tumor purity, no less than 67.6%. Therefore,
some variants may be overlooked in patients with low tumor
purity. However, these problems would be solved by improve-
ments in devices, chemistry, and analysis tools [3, 15]. Also, long-
read and short-read sequencing could complement each other,
potentially enabling the construction of a more robust integrated
analysis system.
In summary, TAS-LRS using nanopore sequencing was a

promising method of genome profiling for pediatric leukemia
with rapidity and efficacy, particularly advantageous for identify-
ing SVs and CNVs. Thus, the application of TAS-LRS to genome
profiling for pediatric leukemia would lead to the refinement of
leukemia treatment practice.

Fig. 1 Subtype-defining alterations and other important genome alterations detected by TAS-LRS and/or clinical tests. AML, acute
myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; T-ALL, T-cell acute lymphoblastic leukemia; TAS-LRS, targeted adaptive
sampling long-read sequencing.
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