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Somatic mutations are accumulated in normal human tissues with aging and exposure
to carcinogens. If we can accurately count any passenger mutations in any single DNA
molecule, since their quantity is much larger than driver mutations, we can sensitively
detect mutation accumulation in polyclonal normal tissues. Duplex sequencing, which
tags both DNA strands in one DNA molecule, enables accurate count of such muta-
tions, but requires a very large number of sequencing reads for each single sample of
human-genome size. Here, we reduced the genome size to 1/90 using the BamHI
restriction enzyme and established a cost-effective pipeline. The enzymatically cleaved
and optimal sequencing (EcoSeq) method was able to count somatic mutations in a sin-
gle DNA molecule with a sensitivity of as low as 3 × 1028 per base pair (bp), as
assessed by measuring artificially prepared mutations. Taking advantages of EcoSeq, we
analyzed normal peripheral blood cells of pediatric sarcoma patients who received che-
motherapy (n = 10) and those who did not (n = 10). The former had a mutation fre-
quency of 31.2 ± 13.4 × 1028 per base pair while the latter had 9.0 ± 4.5 × 1028 per
base pair (P < 0.001). The increase in mutation frequency was confirmed by analysis of
the same patients before and after chemotherapy, and increased mutation frequencies
persisted 46 to 64 mo after chemotherapy, indicating that the mutation accumulation
constitutes a risk of secondary leukemia. EcoSeq has the potential to reveal accumula-
tion of somatic mutations and exposure to environmental factors in any DNA samples
and will contribute to cancer risk estimation.
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Accumulation of mutations and aberrant DNA methylation in so-called “normal” tissues
constitutes cancer risk (1, 2), and their accurate measurement is important to assess future
risk of cancer development and past exposure to various environmental carcinogenic factors
(3–12). Normal tissues often refer to tissues without any tumors, but may contain small
expanded clonal patches with or without histological clonal expansion (3, 7, 8, 10, 11).
Mutations involved in such small clonal expansion are driver genes suitable for clonal growth
in a specific ecosystem and often present in specific positions of specific genes in multiple
clones. At the same time, there are far more mutations not involved in clonal expansion,
namely passenger mutations (2, 13). Detection of passenger mutations in polyclonal normal
tissues is challenging because they are extremely rare (one per 106 to 108 bp) (12, 14, 15),
present only in one clone, and scattered around the genome.
To detect rare somatic mutations, small-size samples with a small number of clonal

patches (3, 7, 8, 10, 11) and organoids or cloned cells derived from a single cell (4, 9, 16)
were used. The use of a small number of clones enables sequencing of multiple cells from
a clone, namely multiple DNA molecules with the same mutations, which enables distinc-
tion of a mutation from a sequencing error. However, most of these methods require
meticulous technique, and live cells are essential to prepare organoids and cloned cells.
Alternatively, sequencing accuracy is enhanced by various methods (5, 6, 12, 17–22).
Among these, duplex sequencing can distinguish single-strand DNA damage from real
mutations by tagging both DNA strands in individual DNA molecules and enables accu-
rate detection of a mutation in a single DNA molecule (17, 18). However, duplex
sequencing needs a large number of sequencing reads to assemble reads with the same
molecular barcodes. To address this issue, NanoSeq was developed by combining duplex
sequencing and reduced representation sequencing (23, 24), which reduces the genome
size to 1/2 to 1/3 using a restriction enzyme, HpyCH4III (12). However, NanoSeq still
needs 300 M paired-end (PE) reads to analyze a single mammalian sample and also
additional sequencing data to exclude single nucleotide polymorphisms (SNPs).
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On the application side of rare somatic mutations in normal
tissues, estimation of the risk of secondary malignancy in pediat-
ric patients is very important. It is known that survivors of child-
hood cancer have a three to six times increased risk of developing
a secondary malignancy, associated with prior chemotherapy and
radiation therapy (25, 26). Especially, platinum-based drugs,
alkylating agents, and topoisomerase II inhibitors are associated
with the risk of therapy-related myeloid neoplasms (27–31).
However, there are no methods to estimate the risk of an individ-
ual for therapy-related myeloid neoplasms that may develop after
a few years. If accumulation levels of somatic mutations in nor-
mal blood cells, a surrogate for bone marrow stem cells, can be
measured and are correlated with the risk of secondary malig-
nancy, future risk estimation, and adoption of less mutagenic
therapy may become possible.
In this study, to count rare somatic mutations in DNA sam-

ples at a relatively low cost, we improved the duplex sequencing
by reducing genomic regions to ∼1/90 using the BamHI restric-
tion enzyme. Using the method, we analyzed peripheral blood
cells of pediatric sarcoma patients who received chemotherapy to
reveal accumulation of somatic mutations and the presence of
mutational signatures reflecting therapeutic agents.

Results

Reduction of Analyzed Genomic Regions by BamHI Digestion
and Size Selection. To reduce the large number of sequencing
reads needed for duplex sequencing of a mammalian genome,
analyzed genomic regions were reduced by restriction digestion
and selection of fragments with 100 to 700 bp (Fig. 1A and SI
Appendix, Fig. S1A). This reduction was expected to increase
coverage depth, enabling distinguishment of SNPs from somatic
mutations and sparing the need for whole genome sequencing.
We compared three six-base-cutting restriction enzymes (BamHI,
Bgl II, and HindIII) used for representational difference analysis
(32), and the most frequently used four-base-cutting restriction
enzyme TaqI (Fig. 1B). HpyCH4V was also added because it

was used in NanoSeq (12). The expected reduction rate of geno-
mic regions was highest (0.38%) when using BamHI.

Also, to improve the low ligation efficiency of duplex sequenc-
ing, partial filling in with deoxyadenosine triphosphate (dATP)
and deoxyguanosine triphosphate (dGTP) was introduced, which
enabled specific ligation to a 50-TC-tailed adaptor (adaptor) with
a sticky end (33) (Fig. 1A and SI Appendix, Fig S1A). In compari-
son to the original ligation using a 30-dA-tailed v1 adaptor (v0
adaptor), a larger number of sequencing reads with BamHI-
digested ends were mapped, resulting in a larger number of base
pairs analyzed (Fig. 1C and SI Appendix, Fig S1B). In the follow-
ing experiments, the analyses were performed using either adaptor
because mutation frequencies and the spectrum of the same cell
line sample were consistent between the v0 and v1 adaptors (Fig.
1D and SI Appendix, Fig S1C). Duplex sequencing with strong
reduction of analyzed genomic regions was designated EcoSeq.

Successful Detection of Rare Mutations Artificially Prepared.
To confirm the ability of EcoSeq to detect rare somatic muta-
tions, we prepared model DNA samples with very low mutation
frequencies. A small amount of genomic DNA (gDNA) of a nor-
mal cell line HPDE-4 was mixed into gDNA of another normal
cell line TK6, and SNPs present only in HPDE-4 were defined as
artificial rare “mutations” (Fig. 2A). We calculated the expected
mutation frequency based upon the mixing ratio. We also calcu-
lated measured mutation frequency as the number of detected
mutations divided by the total number of analyzed base pairs. At
the same time, we compared three pre-PCR copy numbers (1 M,
3 M, and 10 M pre-PCR copy number) to decide an optimal
pre-PCR copy number under the conditions of 40 M PE reads
per sample. Although 10 M copies may enable us to analyze a
large number of DNA fragments, the high diversity may result in
low efficiency to create duplex consensus sequences (DCSs). In
contrast, although 1 M copies allow us to analyze only a limited
number of DNA fragments, the low diversity may result in high
efficiency to create DCSs. As a result, in 1 M pre-PCR copy
number, we were able to create the largest number of DCSs per
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Fig. 1. Reduction of analyzed genomic regions by EcoSeq. (A) Schema of genomic region reduction and adaptor ligation of EcoSeq. Analyzed genomic
regions are reduced by digestion using the BamHI restriction enzyme and size selection. Partial filling-in using dATP and dGTP enabled specific ligation to a
50-TC-tailed adaptor with a sticky end, and excluded illegitimate inserts. Red circle represents a mutation present in a single DNA molecule. (B) Expected
reduction rate using five restriction enzymes. Enzymatically digested fragments of 100 to 700 bp were expected to be used to prepare the EcoSeq library.
A reduction rate was calculated as genomic regions covered by digested fragments of 100 to 700 bp within the entire genome. BamHI was expected to have
the highest reduction rate and adopted for EcoSeq. (C) Total number of analyzed base pairs from 40 M PE reads by EcoSeq. Ligation using a 50-TC-tailed
adaptor from 100 ng genomic DNA (v1 adaptor, n = 3) showed a larger number of analyzed base pairs than normal 30-dA-tailed adaptor from 500 ng geno-
mic DNA (v0 adaptor, n = 4) using the same cell line sample. Error bar represents the SD. (D) Mutation frequency of EcoSeq library prepared by v0 and
v1 adaptors. Mutation frequencies of the same cell line sample were consistent between v1 adaptor (n = 3) v0 adaptor (n = 4). Error bar represents the SD.
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PE read and analyze the largest number of base pairs by 40 M PE
reads (Fig. 2B and C and Dataset S1). Regarding the number of
sequencing reads used for a single-strand consensus sequence
(SSCS) assembly, 1 M pre-PCR copy number showed the highest
efficiency to create SSCSs with a peak at 9 to 11 reads (SI
Appendix, Fig. S2A), in accordance with a previous report (18).
To assemble SSCS and DCS, EcoSeq used sequencing reads with
completely identical unique molecular identifiers (UMIs) only.
The Hamming distance between any pairs of UMIs showed a dis-
tribution at zero or ≥10, with 4% of reads showing in-between
values (SI Appendix, Fig. S2B). Thus, the number of sequencing
errors in UMIs, which show in-between Hamming distances,
was limited, and the loss of discarding the error UMIs was
considered negligible.
From the three mixing ratios (1, 0.1, and 0.01%) and the num-

ber of HPDE-4–specific SNPs, expected mutation frequencies
were calculated as 2.8 × 10�6, 2.8 × 10�7, and 2.8 × 10�8 per
base pair, respectively. Importantly, measured mutation frequen-
cies were in accordance with the expected mutation frequencies in
1 M pre-PCR copy number, regardless of mixing ratios (Fig. 2D
and SI Appendix, Table S1). In the conditions of optimal copy
number (1 M), libraries with five mixing ratios (1, 0.3, 0.1, 0.03,
and 0.01%) were analyzed in triplicate (1, 0.1, and 0.01%) or

duplicate (0.3 and 0.03%), and high accordance was confirmed
(Fig. 2E and SI Appendix, Table S1). These results showed that
EcoSeq is able to detect rare mutations accurately at a frequency
of as low as 3 × 10�8 per base pair.

Unexpectedly Detected but Real Mutations Present in
Background Cells. In the analysis of the model DNA samples,
we unexpectedly detected mutations other than SNPs in
HPDE-4 (background mutations). The average background
mutation frequency in 13 samples was 12.4 ± 2.3 × 10�7 per
base pair under the conditions of 1 M pre-PCR copy number
(SI Appendix, Fig. S3A and Table S1). These model DNA sam-
ples were prepared from TK6 and HPDE-4 gDNA, and these
cell lines had been cultured with long-term passages before their
DNA purification. Thus, we hypothesized that the background
mutations might be real mutations with small clonal popula-
tions induced in the TK6 cells after long-term culture. Indeed,
mutational spectra of these background mutations showed a
22% signature associated with cell culture (34) (SI Appendix,
Fig. S3B).

To confirm that the background mutations were derived
from the long-term cell culture, we conducted EcoSeq of TK6
cell clones after cloning, in addition to the parental TK6 used
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Fig. 2. Detection of artificially prepared rare mutations. (A) Schema of expected and measured mutation frequencies using model DNA samples. A small
amount of HPDE-4 gDNA was mixed into TK6 gDNA, and SNPs present only in HPDE-4 were defined as mutations (artificially prepared mutations). (B) Effi-
ciency in DCS creation. The percentage of DCSs created from PE reads using three pre-PCR copy numbers (1 M, 3 M, and 10 M; n = 3) was analyzed. 1 M
pre-PCR copy number showed the highest efficiency to create DCSs. Error bar represents the SD. (C) Total number of analyzed base pairs from 40 M PE
reads by EcoSeq. Total number of analyzed base pairs from 40 M PE reads using three pre-PCR copy numbers (1 M, 3 M, and 10 M; n = 3) was compared.
1 M pre-PCR copy number allowed the largest total number of analyzed base pairs. Error bar represents the SD. (D) Accordance between the measured and
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were analyzed. High accordance was shown in all three mixing ratios prepared from 1 M pre-PCR copy number. No mutations were detected with a mixing
ratio of 0.01% and 10 M pre-PCR copy number. (E) Accordance with two additional mixing ratios. The libraries with five mixing ratios (1, 0.3, 0.1, 0.03, and
0.01%) prepared from optimal pre-PCR copy number (1 M) were analyzed in triplicates (1, 0.1, and 0.01%) or duplicates (0.3 and 0.03%). High accordance
was shown in all five mixing ratios.
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for the model DNA. The mutation frequency in a single TK6
clone was 1.4 × 10�7 per base pair and was lower than that in
the parental TK6 cells (9.3 × 10�7 per base pair) (SI Appendix,
Fig. S3A and Table S1). To confirm the presence of mutations in
the TK6 clones, we conducted Sanger sequencing of 30 indepen-
dent TK6 clones for 11 mutations randomly selected from the 502
background mutations detected in the 13 samples (SI Appendix,
Fig. S3 A and C and Table S2). In one of the 30 TK6 clones, one
of the 11 mutations was detected, and it was not archived in the
common SNP database (NCBI dbSNP build 153). This result
also supported that the background mutations were not errors but
real mutations present in small clonal populations.

Detection of Rare Mutations Induced by a Mutagen. We fur-
ther verified the sensitivity of EcoSeq by detecting rare muta-
tions induced by a mutagen in a cell culture. A 293FT clone
was treated with 4-NQO, a mutagen that induces specific
mutations containing G:C to A:T transitions and G:C to T:A
transversions (35, 36), for three doses (0.1, 0.3, and 1 μg/mL)
(SI Appendix, Fig. S4A). EcoSeq showed that the mutation fre-
quency was elevated from 2.8 × 10�7 per base pair in mock-
treated cells to 30.1 × 10�7 per base pair in 4-NQO–treated
cells (Fig. 3A, and SI Appendix, Table S3). In addition, the
mutations in cells treated with 4-NQO showed the increases of
G:C to A:T transitions and G:C to T:A transversions (Fig. 3B).
These results showed that EcoSeq was able to detect rare muta-
tions induced by mutagen treatment at a mutation frequency
of ≤10�6 per base pair.

Mutation Accumulation in Blood Cells of Pediatric Patients
with Chemotherapy. EcoSeq was applied to a long-standing bio-
logical question of mutation accumulation after chemotherapy.
We quantified somatic mutations in peripheral blood cells of
pediatric sarcoma patients who received chemotherapy (n = 10)
and those who did not (n = 10) (SI Appendix, Table S4). The
mutation frequency of patients with chemotherapy was 31.2 ±
13.4 × 10�8 per base pair, and was significantly higher than that
of patients without (9.0 ± 4.5 × 10�8 per base pair) (P < 0.001)

(Fig. 4A, and SI Appendix, Table S5). Mutational signatures in
the patients with chemotherapy showed an association of 43%
with prior platinum-based chemotherapy (SBS35 in COSMIC
v3 signatures) (37) (Fig. 4B). Among the 10 patients with chemo-
therapy, six patients who received platinum-based drugs tended to
show a higher mutation frequency than the other four patients
who received other drugs (3.7 ± 1.4 × 10�7 per base pair vs.
2.2 ± 0.3 × 10�7 per base pair, P = 0.085) (Fig. 4C and SI
Appendix, Table S5). In contrast, between patients treated with
and without radiation therapy, no difference in mutation fre-
quency was observed (P = 0.385) (SI Appendix, Fig. S5A and
Table S5). It is noteworthy that the mutation frequency in patients
without chemotherapy was correlated with age (Fig. 4D and SI
Appendix, Table S5). These results showed that mutations have
already accumulated in normal peripheral blood cells depending
upon age, and chemotherapy can increase the mutation frequency.

We further quantified mutation accumulation before and
12 to 31 mo after chemotherapy in peripheral blood cells of six
pediatric sarcoma patients (SI Appendix, Table S6). All six
patients showed much higher levels of somatic mutations after
chemotherapy with a mutation signature of prior platinum-
based chemotherapy (SBS31 in COSMIC v3 signatures) (Fig.
5A and B and SI Appendix, Table S7). Mutation accumulation
after 46 to 64 mo was further analyzed in two of them, and the
increased levels slightly decreased but persisted (Fig. 5C). Finally,
the differences of mutation accumulation between myelocytes and
lymphocytes were also analyzed in the two patients. No clear differ-
ences were observed (Fig. 5D and SI Appendix, Fig. S6 A and B).
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dence interval (CI). (B) The mutational signatures in cells treated with
4-NQO. The signatures associated with 4-NQO treatment including G:C to
A:T transitions and G:C to T:A transversions were observed.
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Fig. 4. Mutation accumulation in blood cells with chemotherapy. (A) Muta-
tion frequencies of normal peripheral blood cells in pediatric sarcoma
patients who received chemotherapy (n = 10) and those who did not
(n = 10). Somatic mutations were significantly accumulated in patients
with chemotherapy at a level of 10�7 per base pair (P < 0.001). Error bar
represents the SD. (B) The mutational signatures in patients with chemo-
therapy. The signature associated with prior platinum-based chemotherapy
(SBS35 in COSMIC v3 signatures) was observed. (C) Mutation frequencies in
patients who received platinum-based drugs (n = 6) and those who received
other drugs (n = 4). Somatic mutations tended to be accumulated in
patients with platinum-based drugs (P = 0.085). Error bar represents the
SD. (D) Correlation between mutation frequency and age. Mutation fre-
quencies in patients without chemotherapy (blue dot) were correlated
with age.
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These results showed that substantial fractions of mutations in
peripheral blood cells induced by chemotherapy persist for years
after chemotherapy.

Discussion

EcoSeq achieved a high efficiency (low sequencing cost) by a
strong reduction of analyzed genomic regions, in addition to the
high accuracy (distinction of single-stranded premutagenic lesions
and sequence errors) and high sensitivity (detection limit of 3 ×
10�8 bp) of duplex sequencing. EcoSeq allows simultaneous
analysis of multiple gDNA samples and detection of mutations
present in polyclonal normal tissues. While NanoSeq combined
duplex sequencing with a four-base-cutting restriction enzyme
HpyCH4V and reduced genomic regions to 1/2 to 1/3 to reflect
mutations in the whole human genome as much as possible (12),
EcoSeq introduced a stronger reduction using a six-base-cutting
restriction enzyme BamHI, reducing genomic regions to ∼1/90,
and decreased the number of sequencing reads to analyze a sam-
ple to 40 M PE reads (Fig. 1C). Analysis of a number of normal
tissues, such as tissues exposed to inflammatory bowel disease
and interstitial pneumonia, by EcoSeq will clarify the potential
accumulation of somatic mutations and mutational signatures
reflecting past exposure to various environmental carcinogenic
factors. Age-dependent accumulation of somatic mutations was
recently documented (4, 5, 7–9, 11, 12, 16), and confirmed in
this study.
The high sensitivity and accuracy of EcoSeq was confirmed

using model DNA samples with artificially prepared rare muta-
tions. In this experiment, we were able to detect artificial muta-
tions at 3 × 10�8 per base pair from 40 M PE reads (Fig. 2D
and E and SI Appendix, Table S1). In addition, mutation induc-
tion in cells treated with 4-NQO was successfully detected (Fig.
3A and SI Appendix, Table S3), and the mutation frequency of

mock-treated cells was 2.8 × 10�7 per base pair. Furthermore, the
mutation frequency of pediatric blood cells without chemotherapy
was 9.0 ± 4.5 × 10�8 per base pair (Fig. 4A and SI Appendix, Table
S5), and basal mutation frequency in normal tissues that had hardly
been exposed was estimated at ∼1 × 10�7 per base pair. This
frequency was in accordance with previous reports in which normal
tissues or organoids were analyzed (4, 12).

Reproducibility of EcoSeq was high because mutation fre-
quencies of the same DNA sample were 1.67 × 10�6 ± 1.22 ×
10�7 (±7.3%) using the v0 adaptor and 1.67 × 10�6 ± 2.70 ×
10�7 (±16%) using the v1 adaptor (Fig. 1D and SI Appendix,
Table S3) and mutational spectra were similar (SI Appendix,
Fig. S1C). Since EcoSeq counts a somatic mutation on a single
DNA molecule, mutations detected in replicate experiments using
the same DNA solution are different because analyzed DNA mol-
ecules are not identical. Nevertheless, mutation frequencies and
spectra were consistent, potentially reflecting the nature of the
DNA source, such as age and exposure to carcinogens, and rela-
tively homogenous distribution of mutations in the genome.

Library preparation, sequencing, and informatics were opti-
mized for the following four issues. First, partial filling-in in the
v1 system increased the total number of base pairs effectively
analyzed from 34 M with 500 ng of genomic DNA (v0) to
96 M in 100 ng (v1). The original duplex sequencing and our
v0 system utilized T tailing for adaptor ligation, and even illegiti-
mate DNA fragments could be ligated. Second, a loop adaptor
was introduced to prevent double-strand DNA that constituted
a UMI from denaturation during storage (Fig. 1A and SI
Appendix, Figs. S1A and S7 A and B). Third, the pre-PCR copy
numbers, reflecting the diversity of libraries, were optimized
under the conditions of 40 M PE reads by quantifying 1 M pre-
PCR copy that showed the highest efficiency (Fig. 2B and C).
Fourth, SNPs were excluded by using information from
sequencing reads that failed to assemble into SSCS or DCS, in
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Fig. 5. Mutation accumulation at multiple time points and in different cell types. (A) Mutation accumulation at two time points of the same pediatric sar-
coma patients. Peripheral blood cell samples before and 12 to 31 mo after chemotherapy were analyzed in six patients. Blood cells after chemotherapy
showed 2.1 to 12.5 times higher mutation frequencies than those before chemotherapy. Arrows represent the chemotherapy periods, and the dotted lines
represent the chemotherapy-free period. (B) The mutational signatures in patients after chemotherapy. The signature associated with prior platinum-based
chemotherapy (SBS31 in COSMIC v3 signatures) constituted 69%. (C) Mutation accumulation at three time points of the same pediatric sarcoma patients.
Increased mutation levels after chemotherapy persisted even after 46 to 64 mo. (D) Mutation accumulation by chemotherapy in myelocytes and lympho-
cytes. No differences of mutation accumulation were observed. PBMC, peripheral blood mononuclear cells; Lympho, lymphocytes.
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addition to the final DCS. Further exclusion of common SNPs
based upon a SNP database had little effect on the results (SI
Appendix, Fig. S4B and Table S3), showing that the exclusion
method was successful and that it eliminated the need for addi-
tional whole-genome sequencing of the same sample to detect
SNPs. In contrast with SNPs, clonal mutations in a minor cell
population of <2.5% (100% � 40) could be detected as a
mutation because the DCS depth of EcoSeq is about 40.
Chemotherapy was shown to have significantly induced

somatic mutations in normal peripheral blood cells, likely reflect-
ing those in hematopoietic stem cells in bone marrow (Fig. 4A
and SI Appendix, Table S5). In addition, chemotherapy enriched
the mutational signature associated with prior platinum-based
chemotherapy (Fig. 4B). Importantly, mutation frequencies in
peripheral blood cells increased 2.1 to 12.5 times after chemo-
therapy, and remained high 46 to 64 mo after chemotherapy
(Fig. 5A–C and SI Appendix, Table S7). In adult secondary acute
myeloid leukemia (AML) after platinum-based chemotherapy, a
significant increase of mutation frequencies and platinum-related
signatures are reported to be present compared to primary AML
(31). Thus, somatic mutations in secondary AML are considered
to originate from somatic mutations that had already accumu-
lated in normal blood cells. The finding in secondary AML indi-
cates that quantification of somatic mutations in normal blood
cells may be useful to estimate the risk of therapy-related mye-
loid neoplasms.
There were no differences in mutation accumulation between

myelocytes and lymphocytes after chemotherapy. We antici-
pated that myelocytes might accumulate a larger number of
somatic mutations than lymphocytes since myeloid tumors are
2.3 times more frequent than lymphoid leukemia as therapy-
related leukemia (38). It was considered that we measured the
frequency of point mutations, and that frequencies of gene rear-
rangement could be different. Alternatively, the sizes of genomic
regions that could drive tumorigenesis or the number of driver
mutations required for tumorigenesis could be different between
myeloid and lymphoid tumors.
Some limitations exist in this study. First, the mutation fre-

quency and mutational signatures in analyzed regions by EcoSeq
and those in the entire genome may not be completely in accor-
dance. Indeed, a G+C content in EcoSeq libraries (∼48%) was
higher than the average G+C content in a human genome
(∼41%) (39) (Dataset S1), which may affect somatic mutation
frequencies (40). In silico digestion also showed higher G+C
content and proportion of coding regions in EcoSeq libraries (SI
Appendix, Table S8). However, mutational spectra of nontreated
pediatric peripheral blood cells observed in EcoSeq were similar
to those of granulocytes from healthy donors observed in Nano-
Seq (SI Appendix, Fig. S5B).
Second, there are no data on whether rare somatic mutations

also accumulate in hematopoietic stem cells in bone marrow, as
in peripheral blood cells. This could happen if hematopoietic
stem cells are more resistant to mutation induction than periph-
eral blood cells, and peripheral blood cells persist for a long time.
However, mutation accumulation by chemotherapy in peripheral
blood cells persisted even after a >12-mo chemotherapy-free
period (Fig. 5A and C), strongly indicating that hematopoietic
stem cells also accumulated mutations as peripheral blood. Third,
mutations in circulating tumor cells (CTCs) might have been

detected using EcoSeq. However, in general, the number of
mutations per megabase pairs in various cancers are reported as
≤100 (41) and CTCs from metastatic tumors in 7.5 mL whole
blood (≤5 × 107 leukocytes) are reported as ≤500 (42, 43), sug-
gesting that the mutation frequency of CTCs is expected to be at
≤1 × 10�9 per base pair. Thus, CTCs are expected to have little
effect on the results here.

Materials and Methods

A more detailed method is available in SI Appendix. The shell script and R script
for the data processing are available at the GitHub repository (https://github.
com/EpigeneticField/EcoSeq).

Sample Preparation. gDNAs of cell lines were purified by the phenol/chloro-
form method (TK6 and HPDE-4 cells) or a QIAamp DNA Mini Kit (Qiagen) (293FT
cells), and that of human peripheral blood cells were extracted by a FlexiGene
DNA Kit (Qiagen) or a QIAamp DNA Mini Kit. A part of gDNA of human blood
cells was stored in the National Cancer Center Biobank (Tokyo, Japan). This study
was approved by the Institutional Review Board of the National Cancer Center
(approval No. 2017-454, and 2018-024), and all the specimens were obtained
with written informed consents.

EcoSeq Library Preparation, Sequencing, and Data Processing. A
duplex-loop adaptor was prepared from a 94-mer oligonucleotide with UMI by
filling-in, restriction digestion, and 30-dT tailing (v0 adaptor) or 50-TC tailing (v1
adaptor) (SI Appendix, Fig. S7 A and B and Table S8). A total of 500 ng (v0 adap-
tor) or 100 ng (v1 adaptor) gDNA was digested by BamHI, size-selected, end-
repaired or partial filling-in, and ligated to the adaptor. After cutting at a
dU-base, real-time PCR was performed to measure 1 M pre-PCR copy number as
a template for PCR (SI Appendix, Table S9). A sequencing library was prepared
by PCR, and sequenced using HiSeq X Ten (Illumina) or NovaSEq. 6000 (Illu-
mina) to achieve 40 M PE reads per sample at 150-bp PE sequencing.

A flowchart of the data processing is shown in SI Appendix, Fig. S8. Three or
more sequencing reads containing identical UMI sequences were merged into a
SSCS. Two SSCSs were merged into a DCS. Mutation calling was performed by
using the mapped DCS reads. The mutation frequency was calculated by divid-
ing the number of detected mutations by the total number of analyzed base
pairs. The difference in mutation frequencies was assessed by the Student’s
t test, and a P value of <0.05 was considered as statistically significant.

Data Availability. Algorithms and computer code data have been deposited
in GitHub (Available at https://github.com/EpigeneticField/EcoSeq). Sequencing
data of EcoSeq libraries have been deposited with links to DRA accession num-
ber DRA014481 in the DDBJ Sequence Read Archive (Available at https://ddbj.
nig.ac.jp/resource/sra-submission/DRA014481)(45).
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