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Abstract
Background and Aim: The clinical applicability of digital next-generation sequenc-
ing (dNGS), which eliminates polymerase chain reaction (PCR) and sequencing error-
derived noise by using molecular barcodes (MBs), has not been fully evaluated. We
evaluated the utility of dNGS of cell-free DNA (cfDNA) in liquid biopsies obtained
from patients with pancreatic cancer.
Methods: Fifty-eight patients with pancreatic cancer undergoing endoscopic
ultrasound-guided fine-needle aspiration (EUS-FNA) were included. Samples were
subjected to sequencing of 50 cancer-related genes using next-generation sequencing
(NGS). The results were used as reference gene alterations. NGS of cfDNA from
plasma was performed for patients with a mutant allele frequency (MAF) >1% and an
absolute mutant number > 10 copies/plasma mL in KRAS or GNAS by digital PCR.
Sequence readings with and without MBs were compared with reference to EUS-
FNA-derived gene alterations.
Results: The concordance rate between dNGS of cfDNA and EUS-FNA-derived gene
alterations was higher with than without MBs (p = 0.039), and MAF cut-off values in
dNGS could be decreased to 0.2%. dNGS using MBs eliminated PCR and sequencing
error by 74% and 68% for TP53 and all genes, respectively. Overall, dNGS detected
mutations in KRAS (45%) and TP53 (26%) and copy number alterations in CCND2,
CCND3, CDK4, FGFR1, and MYC, which are targets of molecular-targeted drugs.
Conclusions: dNGS of cfDNA using MBs is useful for accurate detection of gene
alterations even with low levels of MAFs. These results may be used to inform the
development of diagnostics and therapeutics that can improve the prognosis of pan-
creatic cancer.

Introduction
Pancreatic cancer is a dismal disease with a 5-year survival rate
of <5% in the United States1 and 4.7% in Japan.2 The poor prog-
nosis reflects difficulties with detecting early stages of the dis-
ease, and efficient therapies are limited. Recently, new therapies
for unresectable tumors, such as molecular-targeted therapies and
immunotherapies, have gained attention3; however, the number
of molecular-targeted drugs or immune checkpoint inhibitors for
pancreatic cancer treatment is limited, and these drugs are only
effective in a minor proportion of pancreatic cancer. Therefore, a
precision medicine that provides the best therapy to the individ-
ual patient with pancreatic cancer according to the tumor genetic
profile is urgently needed.

Endoscopic ultrasound-guided fine-needle aspiration
(EUS-FNA) is typically used to obtain tumor tissue from pancre-
atic cancer.4 It is an invasive procedure and is impractical to

repeat each time the tumor progresses. Meanwhile, liquid biopsy
enables the identification of tumor genetic abnormalities in body
fluids, such as plasma, serum, and urine. Liquid biopsy is a mini-
mally invasive method for obtaining genetic profiles using cell-
free DNA (cfDNA),5–7 circulating tumor cells,8–10 and
microRNA.11–13 Liquid biopsy may be clinically applicable to
early tumor detection,14,15 tumor monitoring,16–20 treatment
effect prediction,16 detection of drug resistance, and as a sensitive
tumor marker14,17,21–24 because of its advantages. However, the
sensitivity of cfDNA-based tumor mutation detection is currently
reported to be 51–97% and 35–86% using digital polymerase
chain reaction (dPCR)8,14,15,20–23,25 and next-generation sequenc-
ing (NGS),15,18,19,24,26,27 respectively. Although NGS can detect
several genetic abnormalities in a single assay, the sensitivity of
NGS in terms of detecting mutations is lower than that of dPCR
owing to sequencing errors in NGS. Meanwhile, various techni-
cal adjustments have improved liquid biopsy sensitivity, such as
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enrichment with methylated cfDNA,28 enrichment with fraction-
ated small cfDNA,29,30 preamplification of target genes,31,32 and
molecular barcoding of DNA.33–36 Among these, NGS with
molecular barcodes (MBs), also known as digital NGS (dNGS),
reduces PCR or sequence errors and enables the detection of rare
mutations, even in cfDNA samples.

Because tumor genetic profiles can easily and repeatedly
be made available to inform the best choice of treatments, liquid
biopsy is an attractive monitoring method for pancreatic cancer.
However, the sensitivity of dNGS for liquid biopsy might not be
sufficiently high, and the genetic profile identified in the liquid
biopsy might not correspond with that in tumor tissue. Therefore,
this study aimed to evaluate the accuracy of dNGS-based liquid
biopsy by comparing sequence read analysis with and without
MB and by comparing mutations identified using liquid biopsy
with tissue mutations.

Methods

Patients and tissue samples. We retrospectively
reviewed the medical records of 58 patients with pancreatic can-
cer who underwent EUS-FNA at Yamanashi University Hospital
between July 2014 and February 2018. Tissue samples obtained
by EUS-FNA were available as formalin-fixed paraffin-embed-
ded (FFPE) block-derived 8 μm-thick sections, from which tumor
components were separated by laser capture microdis-
section (LCM) using an ArcturusXT Laser Capture Microdis-
section System (Life Technologies, Carlsbad, CA, USA). DNA
extraction from specimens obtained from LCM was performed as
previously reported.37 DNA from biopsied specimens was
extracted using the GeneRead DNA FFPE Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s specifications.
The quantity and quality of extracted DNA were evaluated using
a NanoDrop instrument (Thermo Fisher, Waltham, MA, USA)
with the Qubit platform (Thermo Fisher Scientific). The

distribution of samples is shown in the flow chart in Figure 1a.
This study was approved by the Human Ethics Review Commit-
tee of Yamanashi University Hospital (Receipt numbers 1326
and 1847). Research data obtained in this study are not shared.

Genetic mutational analysis of tissue samples.
Genetic analysis of tumor specimens was performed by amplify-
ing the extracted DNA (10 ng) using barcode adaptors (Ion
Xpress Barcode Adapters 1-96 Kit, Life Technologies) with the
Ion AmpliSeq Cancer Hotspot panel v.2 (Thermo Fisher Scien-
tific), which contains 207 primer pairs and targets approximately
2800 hotspot mutations in 50 cancer-related genes from the
COSMIC database38 (Table S1, Supporting information).
Barcoded libraries were amplified using emulsion PCR on Ion
Sphere particles, and sequencing was performed on an Ion Chef
System and an Ion Proton Sequencer (Life Technologies) using
the Ion PI Hi-Q Chef Kit (Life Technologies). Variants were
identified using the Ion reporter software v. 5.10 (Thermo Fisher
Scientific). Furthermore, and to avoid false-positive variants due
to sequencing errors, only variants with a mutant allele frequency
(MAF) of >4% (with a sequence read depth of >100) were con-
sidered to be valid in tissue samples.

Extraction of cfDNA from plasma samples. A total
of 65 blood samples were obtained from the 58 patients before
and during treatment. Furthermore, multiple blood samples were
obtained during systemic chemotherapy from five patients. The
blood samples were collected in BD Vacutainer® CPT™ tubes
(Becton Dickinson, NJ, USA) containing 0.1 M sodium citrate
solution as an anticoagulant, and the tubes were processed
according to the manufacturer’s instructions. After being inverted
carefully four times, the CPT tubes were centrifuged at 1800g
for 20 min at room temperature, from which plasma was col-
lected from the uppermost layer and stored within 3 h of blood
collection at −20�C until use. CfDNA was extracted from

Figure 1 Flow chart of this study. (a) Selection of patients and samples in this study. (b) A schema describing digital next-generation sequencing
(dNGS) using molecular barcodes (MBs). (c) The flow of the NGS analyses.
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between 1.3 and 4.0 mL of plasma with the QIAamp Circulating
Nucleic Acid Kit (QIAGEN) and with the QIAvac 24 Plus vac-
uum manifold. Carrier RNA was added to the ACL lysis buffer
to enhance the binding of nucleic acids to the QIAamp mem-
brane and hence enhance the respective yields. The size and con-
centrations of cfDNA were subsequently measured using the
High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA)
using Agilent 2100 Bioanalyzer on-chip electrophoresis.

dPCR analyses. dPCR was performed on a QuantStudio™
3D Digital PCR System platform consisting of a Gene Amp
9700 PCR machine (including a chip adapter kit), an automatic
chip loader, and the QuantStudio™ 3D Instrument (Thermo
Fisher Scientific). Consequently, the collected data were analyzed
with QuantStudio 3D AnalysisSuite Cloud Software (Thermo
Fisher Scientific). Mutation analysis of cfDNA by dPCR was
based on a 50-exonuclease assay using TaqMan®-MGB probes
targeting KRAS G12V, G12D, G12R, and GNAS R201C
(Thermo Fisher Scientific, Catalog number: A44177), which
were chosen according to the genetic profiles observed in tissue
samples.

dNGS analyses. dNGS analysis of cfDNA was performed by
amplifying the extracted DNA with RNA (up to 20 ng) using the
Oncomine™ Pan-Cancer Cell-Free Assay (Thermo Fisher Scien-
tific), which targets mutations and short indels in 52 genes with
272 primer pairs as shown in Table S2, including copy number
variations (CNVs) and fusions in 12 genes. DNAs were coupled
to dual barcodes, which consist of sequences of 12 randomly
arranged nucleotides (MBs) for tag sequence and sample
barcodes, during the first PCR, using the Tag Sequencing
Barcode Set (Thermo Fisher Scientific, Fig. 1b). Sequencing of
barcoded libraries was performed on an Ion Chef System and an
Ion Proton Sequencer (Life Technologies) using the Ion PI Hi-Q
Chef Kit (Life Technologies) as described above.

Obtained sequence reads were analyzed with and without
MBs for comparison using the Ion reporter software v. 5.10

(Fig. 1C). Hence, dNGS analysis taking MBs into account
(which reduces erroneous sequence reads by eliminating incon-
sistent mutations in sequence reads with the same MB) was com-
pared with ordinary NGS analysis (i.e. NGS analysis not taking
MBs into account).

Statistical analysis. All mutations detected in cfDNA were
compared with those detected in tissues to evaluate whether the
mutations detected in cfDNA matched those in tumor tissue sam-
ples. The match rates between cfDNA-derived mutations and
tissue-derived mutations were compared between the analyses
with and without MBs through the analysis of receiver operating
characteristics (ROC) using the DeLong test.

Factors associated with successful mutation detection in
cfDNA were identified by the Wilcoxon rank sum test and logis-
tic regression analysis for univariate and multivariate analyses,
respectively, and were considered statistically significant when
probability (P) values were <0.05. All statistical analyses were
performed using R (version 3.6.0).

Results

Patient characteristics and qualitative assess-
ment of extracted DNA. Figure 1a depicts the flow chart
of the study. Finally, a total of 31 samples from 24 patients with
pancreatic ductal adenocarcinoma who underwent EUS-FNA
between July 2014 and February 2018 were included in the study
after excluding 11, 5, and 18 patients from 58 patients due to
lack of mutations in either KRAS or GNAS by NGS analysis in
tissue samples, <0.8 ng/uL cfDNA concentration, and MAF and
absolute mutant number by dPCR using cfDNA extracted from
plasma samples of <1% and 10 copies/plasma mL, respectively.
Table 1 shows the clinical characteristics of all 24 patients,
14 (58%) of whom were in stage IV, and 22 patients (92%)
received chemotherapy. The proportion of cases with KRAS
G12D, G12V, G12R, and GNAS R201C mutations detected in
tissues obtained by EUS-FNA was 33%, 46%, 17%, and 4%,
respectively.

The mean (�standard deviation [SD]) and median (range)
quantities of extracted DNA from FFPE samples obtained by
EUS-FNA were 32.3 ng (�58.1) and 12.9 ng (1.5–228), respec-
tively, while those of extracted cfDNA from 1.3–4 mL of plasma
were 19.3 ng (�2.5) and 20 ng (8.4–20), respectively. In the
NGS analyses of tissue samples obtained by EUS-FNA, the tar-
get regions of 50 cancer-related genes included 22 027 bases,
and the average (�SD) and median (range) sequence read depths
were 4625 (�2630) and 4272 (1212–11 159), respectively. In
addition, with regard to dNGS analyses of cfDNA, target regions
of 52 cancer-related genes included 14 774 bases, and the mean
(�SD) sequence read depth and molecular depth, indicating the
number of unique MBs, were 18 509 (�14 006) and
793 (�773), respectively (Table S3).

Comparison of mutations detected in cfDNA with
and without MB analysis and in tissue samples.
Mutations detected by NGS in EUS-FNA tissue samples and
plasma-derived cfDNA samples are shown in Figure 2. The four
most frequent mutations in tissue samples were identified in
KRAS (97%), TP53 (65%), SMAD4 (10%), and STK11 (10%).

Table 1 Patient characteristics

Characteristics Value (n = 24)

Age Median (range) 65.5 (44–84)
Gender M/F 11/13
Location Ph/Pbt 10/14
Tumor stage, n (%) II 6 (25)

III 4 (17)
IV 14 (58)

Therapy, n (%) BSC 1 (4)
Chemotherapy 22 (92)
Operation 1 (4)

KRAS mutation,† n (%) G12D 8 (33)
G12V 11 (46)
G12R 4 (17)
WT (GNAS_R201C) 1 (4)

†EUS-FNA sample.
BSC, best supportive care; EUS-FNA, endoscopic ultrasound-guided
fine-needle aspiration; Ph, pancreatic head; Pbt, pancreatic body
and tail.
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Mutations detected in cfDNA were analyzed by two methods,
mutation detection analysis with and without MB. Because vari-
ants detected by NGS contain many sequencing- and/or PCR-
derived errors, we compared variants detected in cfDNA with
those in tissue samples that were considered most reliable among
the obtained genetic profiles. When including valid mutation var-
iants in tissue samples, the match rate of cfDNA-derived muta-
tions with tissue-derived mutations was higher in analyses
considering MB than in those that did not consider MB as evalu-
ated by ROC analysis with an area under the curve of 0.89 and
0.84 (P = 0.039, Fig. 3a), respectively. When MAF cut-off
values were set at 0.2% and 0.5% in the analyses with and with-
out MB, respectively, the match rates of cfDNA mutations with

tissue mutations were 78.6% and 78.6%, respectively, with the
mismatch rate being 18.2% in the analysis without MB. When
the cut-off value of MAF was set at 10% in the analysis without
MB, the match rate and mismatch rate of cfDNA mutations with
tissue mutations were 17.9% and 0%, respectively (Fig. 3b,
Table 2).

Overview of gene alterations of cfDNA detected
by dNGS. Based on the cut-off value established in the previ-
ous section, an overview of all the gene alterations of cfDNA
detected by dNGS is provided in Table 3. Among the 31 samples
from the 24 patients, mutations in KRAS and TP53 were detected
in 14 (45%) and 8 (26%) samples, respectively, with MAFs as

Figure 2 Mutations detected in tissue samples and cell-free DNA obtained by liquid biopsy by DNA-based analyses with and without molecular
barcodes (MB). The panel provides a summary of mutations detected in tissue samples and cfDNA. The boxes in the middle panel represent
detected mutations in each case, in which a circle, an upper left triangle, and a lower right triangle represent mutations in tissue, cfDNA with MB,
and cfDNA without MB, respectively. Blue and yellow triangles represent cfDNA-derived mutations that matched or did not match tissue-derived
mutations. The light green triangle in KRAS was a cfDNA mutation, which matched a tissue mutation, although its mutant allele frequency (MAF)
was lower than the cut-off value. The left side of the panel displays the gene symbols, and the frequencies of mutation in each gene are shown in
the right side of the panel. The upper side of the panel shows the clinical stages of each case and cases of multiple sampling (gray case), in which
multiple cfDNA samples were obtained at different times. cfDNA, cell-free DNA; EUS-FNA, endoscopic ultrasound-guided fine-needle aspiration;
MB, analyses using molecular barcodes.
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low as 0.1%. Gene alterations, including CNVs, were detected in
16 samples (52%), whereas no gene fusions were detected.
Detected CNVs included CCND2, CCND3, CDK4, FGFR1, and
MYC, which could be useful in precision medicine as these genes
are targets of molecular-targeted drugs.

Notably, the later the timing of blood sampling in the clin-
ical course, the more alterations and higher MAFs detected in the
cfDNA. Concurrent samples were obtained from five patients
who had a strong tendency to increase MAFs in KRAS as the dis-
ease progressed, with additional gene amplifications such as

MYC, CCND2, CCND3, and CDK4. The clinical course of case
14 for which three liquid biopsies were available is shown in
Figure 4. Liver metastases were detected by laparotomy in the
53-year-old female with pancreatic tail cancer. The liver metasta-
sis had become visible on computed tomography with an
increase in CA19-9. The MAFs in KRAS showed a steep increase
from 0.7% in the first liquid biopsy (LB_1) before laparotomy to
8% together with MYC amplification in the second liquid biopsy
(LB_2) before the first-line chemotherapy. The MAFs in KRAS
increased further to 12.4% together with MYC and CCND2
amplifications in the third liquid biopsy (LB_3) before the
second-line chemotherapy.

Discussion
This study investigated the effect of MB for reducing sequence-
or PCR-derived errors on analyzing low MAFs in cfDNA from
liquid biopsy samples compared with gene alterations detected in
tissue samples. NGS analysis with MB could eliminate
sequence- or PCR-derived errors, which enabled detection of
accurate gene alterations with MAFs as low as 0.2%. Moreover,

Figure 3 Mutant allele frequencies (MAFs) and numbers of detected mutations of cell-free DNA (cfDNA) analyzed by with and without molecular
barcodes (MBs). (a) The cut-off value of (MAFs) in the cfDNA-derived mutation that matched with the tissue-derived mutation was evaluated by
receiver operating characteristics (ROC) curve analysis. The area under the curve was 0.89 and 0.84 (p = 0.039) in analyses with and without MB,
respectively. , With MB; , without MB. (b) MAF plots of detected mutations in cfDNA by next-generation sequencing (NGS) analyses with
and without MB. Matches and mismatches with mutations detected in tissue samples are shown in blue and orange dots, respectively. Cut-off
values for matched mutations (i.e. same mutations in cfDNA and tissue samples) were determined by ROC curve analysis to be 0.2% and 0.5% by
dNGS and ordinary NGS, respectively. The sensitivity and specificity for matched mutations were 83.3% and 93.3% by dNGS, respectively, and
73.9% and 92.9% by ordinary NGS, respectively. , Match; , mismatch. (c) The proportion of concomitant cfDNA with tissue mutations in KRAS,
TP53, and all assayed genes. The number of mutations detected in tissue samples are shown in the left in each graph, and cfDNA mutations
matching with those identified in tissue samples are shown in bar plots. Tissue-matched and -mismatched cfDNA mutations are shown as blue and
yellow bars, respectively, whereas tissue-matched mutations with a lower MAF than the cut-off value are shown as light green bars. , Mismatch;
, match < cutoff; , match or tissue. MAF, mutant allele frequency; MB, dNGS analysis with molecular barcodes; cfDNA, cell-free DNA.

Table 2 Mutational concordance rate between tissue and cell-free
DNA sample analysis

With MB Without MB

MAF cut-off, % 0.2 0.5 10
Match rate, % 78.6 78.6 17.9
Mismatch rate, % 0 18.2 0

MAF, mutant allele frequency; MB, molecular barcode.
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concurrent sampling enabled adding gene amplifications, which
would be targeted by molecular-targeted drugs.

dNGS using MB could suppress sequence-/PCR-derived
errors, enabling accurate diagnosis of gene alterations with very
low MAFs in cfDNA. dNGS has been reported to be highly sen-
sitive for gene mutations with low allele frequency.34,39,40

Recently, NGS was performed using the original DNA divided
into 96 aliquots, enabling the detection of true variants if the
same variants existed in different aliquots.40 Another method
used MB consisting of 12–14 nucleotides, which were attached

to the DNA in the first PCR step. Variants that exist throughout
the same MB were considered true variants.34,39 These methods
are useful for detecting low-abundant mutations in liquid biopsy
samples; however, because only a few studies have compared
variants that were detected in liquid biopsy samples with refer-
ence data,41 such as data on variants detected in tumor tissue, the
accuracy of the method using clinical samples remains unclear.
Although a recent study provided a comparison of variants in
sequence reads obtained from plasma samples with and without
MB using tissue-derived gene alterations as references,41 the

Table 3 Gene alterations detected in cfDNA by dNGS compared with those detected by EUS-FNA

Case
Tumor
stage Timing

Tissue† cfDNA

NGS
Digital
PCR‡ dNGS

Main genes MAF (%)
Mutations CNVs

KRAS TP53_1 TP53_2
Gained genes

AA
MAF
(%) AA

MAF
(%) AA

MAF
(%)

1 4 D KRAS_G12D 3.0 G12D 2.4 R282W 2.3
2 3 D KRAS_G12R 1.2 G12R 0.5
3 2 D KRAS_G12V 2.3 P301fs 0.2

D KRAS_G12V 2.1 CCND3 CDK4
4 4 D KRAS_G12D 3.4

D KRAS_G12D 1.5
D KRAS_G12D 1.9 G12D 1.5 R175H 2.2 S366fs 0.1

5 3 D KRAS_G12D 2.3
6 4 P KRAS_G12V 7.6
7 4 P KRAS_G12D 10.5 G12D 9.3
8 2 P KRAS_G12D 10.4
9 3 P KRAS_G12V 4.5
10 4 P KRAS_G12V 6.0
11 4 P KRAS_G12D 6.8 M237V 0.4
12 2 P GNAS_R201C 10.4
13 4 P KRAS_G12D 1.6

D KRAS_G12D 41.4 G12D 38.7
14 4 P KRAS_G12R 2.5 G12R 0.7

D KRAS_G12R 12.0 G12R 8.0 R273C 4.8 MYC
D KRAS_G12R 15.3 G12R 12.4 R273C 8.2 MYC CCND2

15 4 P KRAS_G12V 7.3 G12V 1.3
16 2 P KRAS_G12V 16.3
17 4 P KRAS_G12V 7.5 G12V 7.2
18 4 P KRAS_G12D 42.1 G12D 37.1 A159V 24.5 V274fs 0.1 MYC FGFR1
19 4 P KRAS_G12R 1.9 G12R 1.4 C176§ 1.0
20 4 P KRAS_G12V 8.8
21 4 P KRAS_G12V 7.1 G12V 8.2

P KRAS_G12V 9.9 G12V 10.6
22 4 P KRAS_G12V 4.0
23 2 P KRAS_G12R 2.5
24 2 P KRAS_G12V 5.5

†Samples obtained by EUS-FNA.
‡Digital PCR was performed on gene mutations obtained in tissues.
§Stop codon.
AA, amino acid; cfDNA, cell-free DNA; CNVs, copy number variations; D, during therapy; dNGS, digital next-generation sequencing; EUS-FNA, endo-
scopic ultrasound-guided fine-needle aspiration; fs, frame shift; MAF, mutant allele frequency; P, pretherapy; PCR, polymerase chain reaction.
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sequence reads with or without MBs from plasma samples were
different and were analyzed using a different algorithm, and the
authors could not detect low-abundant mutations in sequence
reads without MB. In this study, tissue-derived variants were also
used as references. Furthermore, we compared the analysis with
and without MB using the same sequence reads from plasma
samples. Our study clarified that the analysis without MB
enabled the diagnosis of low-abundant mutations together with
many erroneous variants, which, however, were eliminated when
the analysis was performed with MB. Therefore, we conclude
that NGS using MBs enables the detection of low-abundant
mutations with high accuracy.

The findings of this study have multiple clinical implica-
tions. First, liquid biopsy using MB could allow for the develop-
ment of more treatment options. Because liquid biopsy using
dPCR can detect MAFs as low as 0.1%, it is almost ready for
application. For example, the EGFR-T790M mutation, which is
the alteration that is most frequently associated with anti-Epider-
mal growth factor receptor (EGFR) tyrosine kinase inhibitor
resistance, can be detected in cfDNA as an alternative to the
detection of tumor DNA in tissue sample in patients with meta-
static non-small cell lung cancer, and a designated test kit has
already been implemented for clinical use.42 Moreover, efficient
diagnosis of mutations in KRAS, BRAF, NRAS, and PIK3CA by
liquid biopsy using MB can be used to map and monitor the
resistance toward molecular-targeted drugs, which are widely
used in conjunction with systemic chemotherapy in colorectal
cancer.43 However, currently, dPCR can only detect a limited
number of mutations that are already known, which makes it
applicable to only a limited number of cancer types. Neverthe-
less, dNGS that has overcome sequence- and PCR-derived errors

is expected to broaden the indication for liquid biopsy. Second,
liquid biopsy is less invasive than tissue biopsy,44 which makes
it feasible to obtain a genetic profile of the tumor on a repetitive
basis, even in patients with advanced cancer, increasing the pos-
sibility of detecting cancer-related gene mutations, including
gene mutations that could be potential drug molecular targets.
Indeed, in our study, data obtained using liquid biopsy revealed
additional gene amplifications, such as CCND2, CCND3, CDK4,
FGFR1, and MYC, which could be targets for molecular-targeted
drugs (Table 3 and Fig. 4). Third, liquid biopsy using MBs pro-
vided more genetic information than that obtained from tissues
with high accuracy, which would increase our understanding of
within-tumor genetic heterogeneity. Recent multiregion sequenc-
ing of tumor tissue demonstrated tumor heterogeneity as a conse-
quence of clonal evolution.45–48 Because tissue biopsy has
important limitations such as invasiveness and incomplete cap-
ture of tumor heterogeneity,44 error-suppressed dNGS on mate-
rial obtained by liquid biopsy would help in the understanding of
cancer biology.

This study has several limitations. First, the design was
retrospective, and only a small number of cases was recruited
from a single center. Second, the gene panel employed targeted
several gene fusions, which could not be detected in this study.
The reason why we could not detect gene fusions was partly due
to insufficient preservation of plasma samples. The samples were
stored at −20�C, not at −80�C, which might have affected our
results. Third, the detectability of gene mutation in dNGS seemed
to be lower than that expected. Given the successful detection of
gene mutation by dPCR using similar amounts of cfDNA
(as shown in Table 3), we thought that the cause of insufficient
sensitivity in dNGS could be a technical issue in sequencing.

Figure 4 Clinical course of a representative case during systemic chemotherapy. Changes in tumor marker CA19-9 levels and mutant allele fre-
quency (MAF) are shown as dotted and solid line graphs, respectively, and representative computed tomography images are displayed in the upper
panel. In this case, liquid biopsies were obtained three times during the clinical course from which copy number alterations (CNAs) of cell-free DNA
together with gene mutations were analyzed. The right panels show CNAs in MYC and CCND2 as dot plots, in which dots elevated from the center
line correspond with amplified genes (arrows).
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The molecular depth in dNGS needed was as large as 1500 or
3000 per sample to detect MAFs as low as 0.2% or 0.1%, respec-
tively, because the analysis setting required a minimum of three
identical reads to identify a mutation. However, the average and
median molecular depths in our study were 793 and 536, respec-
tively, and the average and median read depths were 18 509 and
12 321, respectively (Table S3), suggesting the cause to be insuf-
ficient molecular depths. To improve molecular depths, two- or
threefold greater sequence read depths than those obtained in this
study would be required, which we plan on accomplishing in
future studies.

In conclusion, we proved liquid biopsy-derived cfDNA
using dNGS to be accurate by direct comparison of sequence
reads with and without MB together using gene alterations
detected in tumor tissue as a reference. We believe that these
findings will help the scientific community improve the detection
of molecular-targetable genes using liquid biopsy, even in
patients whose physical strength has significantly declined owing
to cancer progression.
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