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Abstract

Background

Circulating tumor DNA (ctDNA) carries information on tumor burden. However, the mutation

spectrum is different among tumors. This study was designed to examine the utility of

ctDNA for monitoring tumor burden based on an individual mutation profile.

Methodology

DNA was extracted from a total of 176 samples, including pre- and post-operational plasma,

primary tumors, and peripheral blood mononuclear cells (PBMC), from 44 individuals with

colorectal tumor who underwent curative resection of colorectal tumors, as well as nine

healthy individuals. Using a panel of 50 cancer-associated genes, tumor-unique mutations

were identified by comparing the single nucleotide variants (SNVs) from tumors and

PBMCs with an Ion PGM sequencer. A group of the tumor-unique mutations from individual

tumors were designated as individual marker mutations (MMs) to trace tumor burden by

ctDNA using droplet digital PCR (ddPCR). From these experiments, three major objectives

were assessed: (a) Tumor-unique mutations; (b) mutation spectrum of a tumor; and (c)

changes in allele frequency of the MMs in ctDNA after curative resection of the tumor.

Results

A total of 128 gene point mutations were identified in 27 colorectal tumors. Twenty-six

genes were mutated in at least 1 sample, while 14 genes were found to be mutated in only 1
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sample, respectively. An average of 2.7 genes were mutated per tumor. Subsequently, 24

MMs were selected from SNVs for tumor burden monitoring. Among the MMs found by

ddPCR with > 0.1% variant allele frequency in plasma DNA, 100% (8 out of 8) exhibited a

decrease in post-operation ctDNA, whereas none of the 16 MMs found by ddPCR with <

0.1% variant allele frequency in plasma DNA showed a decrease.

Conclusions

This panel of 50 cancer-associated genes appeared to be sufficient to identify individual,

tumor-unique, mutated ctDNA markers in cancer patients. The MMs showed the clinical util-

ity in monitoring curatively-treated colorectal tumor burden if the allele frequency of MMs in

plasma DNA is above 0.1%.

Introduction
Quantitative assessment of circulating tumor DNA (ctDNA) has been shown to be useful for
monitoring tumor burden in response to treatment [1, 2]. However, mutated genes in many
types of cancers represent only a few percent of the entire number of genes present, suggesting
that only a limited number of genes are associated with cancer development and progression
[3, 4]. Therefore, a set of selective genes known to be associated with cancer is fundamentally
needed to monitor tumor burden. In fact, monitoring treatment efficacy by ctDNA has been
performed using a set of well-studied target genes, including KRAS, BRAF, HER2, and others
[5–9]. On the other hand, information on monitoring tumor burden after surgical intervention
is limited because it remains unknown which tumor-unique mutated genes should be moni-
tored for each patient [10]. In fact, data have implied that a limited number of tumor-unique
mutations may sufficiently represent the volume and characteristics (e.g., drug resistance) of
individual tumors [11]. If a small number of tumor-unique mutations are identified from pri-
mary tumors, then they could be used to detect the mutations in ctDNA. This represents an
advantageous and cost effective approach for monitoring tumor burden after surgical
intervention.

The idea of using ctDNA from cancer patients to monitor tumor burden led us to design
the current study focused on colorectal cancer patients who had received curative removal of
the tumor. Our strategy was to collect individual colorectal tumor samples through endoscopic
or laparoscopic colorectal tumor curative resection as well as blood specimens. In contrast to
previous studies using extremely advanced tumors, including cases with incomplete resection
[1, 2, 7], our results demonstrate that individual marker mutations (MMs) in ctDNA may be
useful for monitoring post-operative, resectable colorectal tumor burden on the basis of
decreased allele frequency of ctDNA in post-operative plasma.

Patients and Methods

Human samples and study design
This study was approved by the Institutional Review Board of Iwate Medical University in
compliance with the Helsinki declaration (HG H24-22). An individual written consent was
obtained from all participants and all analyses were performed anonymously. In principle,
patients were eligible if their surgical or endoscopic resection was indicated for benign or Stage
0 to III colorectal tumors, and had no previous history of any treatment at the time of informed
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consent. All analyzable cases were required to provide the following four types of materials:
pre- and post-operational plasma (at least 24 h after tumor resection), primary tumor, and
peripheral blood mononuclear cells (PBMCs). Blood samples were drawn for routine pre- and
post-operational laboratory examinations. Either eight or 16 ml of blood was collected in a BD
Vacutainer CPT blood collection tube (Becton, Dickinson and Company, East Rutherford, NJ).
Within two hours post-collection, the tubes were centrifuged at 1800 g for 20 min at room tem-
perature to separate into plasma and PBMC layers. The upper phase of eight ml of blood was
then transferred into a five ml tube labeled with the patient-unique identification number. The
tubes were immediately stored at -80°C until DNA isolation. Total genomic DNA was
extracted using the QIAamp Circulating Nucleic Acid Kit for plasma and the QIAamp DNA
Mini Kit for primary tumors and PBMCs (Qiagen, Venlo, The Netherlands). The quantity of
extracted DNA was measured using the Qubit1 2.0 dsDNA high sensitivity assay (Life Tech-
nologies, Carlsbad, CA). In the present study, our preliminary experiment confirmed that leav-
ing 5-7mm of "buffering" layer from the buffy coat after the centrifuge sufficiently prevents the
plasma layer from contamination of blood and cell debris, and yields acceptable DNA quality
[12, 13]. Relative copy number of the genome in plasma DNA was also estimated by quantita-
tive-PCR (qPCR) for the LINE-1 gene using the primer sets previously described [14].

DNA extraction from human colon cancer cell line
The human colon cancer cell line, HCT116, was obtained in 2008 from the Division of Cancer
Treatment and Diagnosis Tumor Repository, National Cancer Institute (NCI MTA #1-2093-
08). The cell line was cultured in RPMI-1640 supplemented with 10% FBS and the genomic
DNA was extracted using a QIAamp DNAMini Kit (Qiagen, Venlo, The Netherlands) within
three passages after thawing.

Multiplex PCR and library construction using CHPv2
The CHPv2 is a pool of PCR primers that target 207 amplicons for 2885 mutations in 50 cancer-
associated genes [15] (Life Technologies, Carlsbad, CA). The entire list of genes is available
through the supplier’s website (http://tools.invitrogen.com/downloads/cms_106003.csv).
Approximately 10 ng of DNA per sample was used for amplicon production by multiplex PCR
using the Ion AmpliSeq CHPv2 and Ion AmpliSeq Library Kit 2.0 (Life Technologies, Carlsbad,
CA). The resulting multiplex PCR reaction pool was used for target sequence library preparation.
Primer sequences for the multiplex PCR was partially digested to ligate barcode adapters (Ion P1
Adaptor and Ion XpressTM Bacode X, Life Technologies, Carlsbad, CA) followed by a bead-
based nucleic acid purification system (AMPure1 XP Reagent, Life Technologies, Carlsbad,
CA). After confirmation that the final library fragment size peaked at 130 bp, the library frag-
ments were clonally amplified by emulsion PCR (Ion PGM Template OT2, Life Technologies,
Carlsbad, CA). The emulsion particles containing clonally amplified PCR fragments were then
applied onto a semiconductor sequencing chip (Ion 316 Chip, Life Technologies, Carlsbad, CA)
for massive parallel sequencing on an Ion PGM sequencer (Life Technologies, Carlsbad, CA).

Target deep sequencing
The sequencing data were saved in BAM format for downstream analysis. The sequencing
alignment was assessed with Torrent Suite V.3.6.2 Software (Life Technologies, Carlsbad, CA)
to parse barcoded reads and align the reads to the reference genome (human genome build19;
hg19). For the detection of variations in the targeted sequence, the extent of coverage of each
amplicon was set to obtain at least the mean depth of 1400 x for primary tumors and 700 x for
plasma DNA, where the Ion Torrent Variant Caller v3.6 was set at an allele frequency above
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0.1% for a variant. An Integrative Genomics Viewer (IGV, https://www.broadinstitute.org/igv/)
was also used to visualize the alignment, which allowed for us to inspect falsely defined variations
by strand bias and sequencing errors.

Identification and detection of genes for potential MMs
MMs from the primary tumors were designated to prioritize single nucleotide variants (SNVs)
that were likely to be detected in ctDNA. The targeted sequencing from the Cancer Panel identi-
fied tumor-unique SNVs (i.e., somatic mutations) by comparing sequencing results of the pri-
mary tumor and corresponding PBMCs (i.e., germline polymorphisms). Briefly, the algorithm
for identification of tumor-unique mutations is as follows: (a) Filter short reads (< 50 nt) using
fastaq file for DNA from the tumor, PBMCs, and plasma; (b) Map filtered fragments on hg19
using Burrows-Wheeler Aligner for DNA from the tumor, PBMCs, and plasma; (c) Detect SNVs
using GATK Unified Genotyper for DNA from the tumor or PBMCs; (d) List tumor-unique
SNVs by comparing SNVs from the tumor and PBMCs; and (e) Identify tumor-unique muta-
tions from the tumor-unique SNVs that were mapped on the target sequence from CHPv2. The
entire process of algorithm execution takes six hours using an ordinary desktop computer (Intel
Core 2 Duo Processors with 3 GB random accessing memory) for 1.5 GB of sequencing data.
The resulting tumor-unique mutations may be used as ctDNAmarkers. Our in-house algorithm
identifies primary tumor SNV fragments that are differentially detected from PBMCDNA. It
allows for the selection of the fragments with high allele frequency, which holds a high likelihood
of detection in ctDNA [11]. Of the resulting tumor-unique mutations at any variant frequencies
of SNVs, MMs for each tumor were prioritized based on the following criteria: (a) more than
10 variant coverage; (b) more than 5 variant coverage if no mutations had more than 10 variant
coverage; and (c) availability of validated QX200TM Droplet DigitalTM PCR System (ddPCR, Bio-
Rad Laboratories, Hercules, CA) primer and probe sequences (S1 Table). The allele frequency of
MMs in plasma was monitored by ddPCR using the specific primer and probe sets.

ddPCR
Each mixture was prepared with 20 μL reaction buffer, 2 x ddPCP SuperMix for Probes (Bio-
Rad Laboratories, Hercules, CA), and 10 ng template DNA. The PCR reaction mixtures were
separated into uniformly-sized emulsion droplets. The droplets were distributed into a 96-well
microplate for use with a conventional thermal cycler. A standard PCR reaction was used as
follows: 40 cycles of 94°C for 30 s and 55°C for 60 s; and a final extension at 98°C for 10 min, of
which the annealing temperature was subject to change depending on the primers. The product
was stored at 4°C. The PCR product was then placed into the QX200 droplet reader (Bio-Rad
Laboratories, Hercules, CA) and the results were analyzed using QuantaSoft v1.6 (Bio-Rad
Laboratories, Hercules, CA).

Statistical analysis
Either JMP 10.0 (SAS Institute, Cary, NC) or Prism 6 (GraphPad Software Inc, La Jolla, CA) was
used for statistical analysis. Clinicopathological and sequencing values and frequencies were ana-
lyzed using the χ2 test, Fisher’s exact test, and student t-test, depending on the subject groups.

Results

Patients
Between May 2013 and August 2014, 37 patients with advanced colorectal cancer and 22 endo-
scopically-resectable colorectal tumors were consented for the study before a final
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histopathological diagnosis. The enrollment of patients/healthy individuals and overview of
the study are presented (Fig 1). In the surgery group, six patients were ineligible: five patients
were found to have Stage IV disease during surgery and one patient had multiple primary can-
cer lesions. Among eligible patients, the specimen acquisition process failed in three cases.
Therefore, 28 full-sample sets were obtained from 31 eligible patients. In the endoscopy group,
one patient refused to participate in the study, and one patient had renal failure after admis-
sion. Among eligible patients, four patients had tumors that were too small for sampling.
Therefore, 16 full-sample sets were obtained from 20 eligible patients. Blood from 10 healthy
individuals (i.e., patients between the age of 22 and 68 years; three females and seven males)
was also collected using the same written informed consent. One volunteer was found to be
pregnant after taking a blood sample and thereby ruled out. Overall, at least one type of sample
were obtained from 60 individuals and a total of 176 samples of the set of four materials from
44 patients were obtained (Fig 1). Clinicopathological characteristics of patients (Table 1) and
tumor marker levels (carcinoembryonic antigen; CEA) are summarized (S1 Fig). In the surgery
group, 30 out of 31 (96.8%) eligible patients were observed for at least one year. Four out of the
30 (13.3%) patients relapsed and no patients died during the observation period (median: 14.3

Fig 1. Sample collection diagram. All samples were collected prospectively. Samples were collected from
the following three groups; Surgery, Endoscopy, and Healthy Volunteers. Surgery and Endoscopy groups
contain Pre (pre-operative plasma), PBMCs, Tumor, and Post (post-operative plasma) samples. Samples
from patients showing Stage IV disease, insufficient sample size, or insufficient extracted DNA amount were
excluded from the study (detailed information in text). The color of each box indicates which procedures were
used for analysis each type of sample.

doi:10.1371/journal.pone.0146275.g001
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months). No patients in endoscopy group had not yet visited our hospital after tumor resection
as of February 2015.

Quality assessment of extracted DNA
The median (range) total amount of DNA from primary tumors, plasma DNA, and PBMCs
was 9.4 μg (1.4–12.0), 58.1 ng (15.4–915), and 4.7 μg (3.2–10.3), respectively. The plasma DNA
yield was sufficient to perform downstream assays, including sequence library construction
and ddPCR. The quantity of plasma DNA (range; 83–5,435 ng/ml per plasma) exhibited very
high positive correlation (r = 0.9651, p< 0.0001) with the copy number of LINE-1 (range;
3,050,985–232,689,225 copies/ml per plasma) (S2 Fig). Overall, our results show that 22.9 ng of
DNA on average can be obtained from 1 ml plasma.

Quality assessment of the Ion PGM sequencer
Prior to sequencing patient material, the sequencing quality of Ion PGM was assured by using
serially diluted genomic DNA from the HCT116 human colon cancer cell line spiked into the
solution of genomic DNA from PBMCs of a healthy volunteer (Fig 2). We first confirmed that
HCT116 cells bear 10 gene mutations from the 50 genes of CHPv2 (S2 Table), while the healthy
human volunteer DNA did not possess significant mutations. Based on publicly available infor-
mation, 1177 mutations in HCT116 have been reported (https://cansar.icr.ac.uk/cansar/cell-
lines/HCT-116/mutations/#). Among the 10 mutated genes found in the present study, 4 have
been registered in the COSMIC database of HCT116, while the remaining 6 were novel. Nota-
bly, no known mutations were missed in the 50 genes covered by the primer sets in the CHPv2.
To address the sensitivity, genomic DNA obtained from a healthy volunteer was spiked with
genomic DNA from the HCT116 colon cancer cell line at four different concentrations (100, 1,
0.1, 0.01, and 0.001% in v/v) (Fig 2). The average sequence coverage of all amplicons for the
listed concentrations was 1287.7 (100%), 1456.7 (1%), 1412.5 (0.1%), 1708.2 (0.01%), and
1464.3 (0.001%), respectively. In addition, coefficients of variations (CV) of variant frequencies
of the mutated fragments were 33.4% (100%), 49.9% (1.0%), 125.6% (0.1%), 84.7% (0.01%),
and 115.6% (0.001%), respectively. Overall, the reasonable linear range between the set concen-
trations and detected allele frequency with the Ion PGM sequencer appeared to be between 0.1
to 100%. Therefore, the sensitivity of the sequencing process for the variation frequencies using
the Ion PGM is greater than 0.1% with sufficient sequence reads.

Mutational spectrum of colorectal tumors identified by CHPv2
A total of 15,354,178 reads and 1,636,525,575 base sequence data were obtained from 27 pri-
mary tumors and corresponding PBMCs using an Ion PGM sequencer. The tumor-unique
mutated genes were then identified using our in-house developed algorithm (see patients and
methods). First we set the variant allele frequency> 0.1% and found that 440 of 885 gene alter-
ations were tumor-unique mutations based on the comparison between PBMCs and primary
tumors. Sequencing results of primary tumors obtained from the IonPGM were confirmed by
ddPCR for samples that could be assessed (S3 Fig). For a stringent analysis, variant coverage is
one of the important factors for data reliability (S4 Fig). Hence, analysis was performed with
genes whose variant coverage was>10, resulting in a total of 128 gene point mutations (Fig
3A). Since some cases possessed multiple alterations in a single gene, the total number of
altered genes in this study for analysis was 73. Therefore, the average mutation per tumor was
2.7 out of the 50 genes (mean ± 2 Standard Deviations: 2.7 ± 2.9). Twenty-six genes were
mutated in at least 1 sample (26/50, 52%) while 14 genes (14/50, 28%) were mutated in only 1
sample, respectively. Frequently mutated genes included TP53 (19/27, 70%), KRAS (10/27,
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Table 1. Clinicopathologic characteristics of eligible patients; Surgery & Endoscopic groups.

Surgery Group Endoscopy Group

Factors n = 31 n = 20 P valuec

Gender

Male 16 14
0.1927

Female 15 6

Age

65 � 17 12
0.7163

65 > 14 8

Tumor site

Colon 12 15
0.0112

Rectum 19 5

Tumor size

20mm � 30 8
0.0185

20mm > 1 12

Histology

tuba 28 6

<0.0001

muca 1 0

papa 1 0

pora 1 0

tubular adenoma - 14

T factorb

T0 0 14

<0.0001

Tis 0 4

T1 1 2

T2 9 0

T3 20 0

T4 1 0

N factorb

N0 14 0

NAaN1 14 0

N2 3 0

NA 0 20

M factorb

M0 31 0

NAaM1 0 0

MA 0 20

pStageb

Tis 0 18

<0.0001

I 8 2

II 6 0

III 17 0

IV 0 0

a Abbreviations: tub, tubular adenocarcinoma; muc, mucinous adenocarcinoma; pap, papillary adenocarcinoma; por, poorly differentiated

adenocarcinoma; pStage, pathological stage; NA, Not Applicable.
b TNM Classification of Malignant Tumors, 7th Edition.
c P value was calculated by chi-square test.

doi:10.1371/journal.pone.0146275.t001
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37%), and APC (6/27, 22%). Three cancer samples included all of these mutations, suggesting
that alterations of genetic accumulation typical for an adenoma-carcinoma sequence may have
occurred in these samples [16, 17] (Fig 3B). These observations seem to support previous
reports from exome sequencing of colorectal tumors in terms of capturing mutational charac-
teristics of colorectal tumors [18], suggesting that the 50 cancer-associated gene set reasonably
recapitulates the mutational spectrum of the tumors. The mutation rate based on the multiplex
PCR length obtained from CHPv2 and the number of mutations with coverage>10 (73
mutated genes) was approximately 2,246 per 106 nucleotides (i.e., 207 primer pairs of average
PCR product length 157bp), suggesting that the CHPv2 was enriched compared to the muta-
tion detection rate from an exome-sequence, in which a majority of colorectal tumors showed
1–100 mutations per 106 nucleotides [18].

Detection of MMs in plasma DNA
The median (range) plasma DNA levels of healthy individuals, endoscopically-resectable
tumors, and advanced cancers were 4.2 (2.6–10.4), 6.8 (2.1–100.6), and 9.2 (3.8–228.8) ng/ml
in plasma, respectively (S5 Fig). For mutation detection in plasma DNA, 66 MMs were selected
from the 320 tumor-unique SNVs according to the criteria described in Patients and Methods.
The following mutations, which have been reported in many different cancer types, appeared
more than once in multiple tumors: KRAS (G12C) x2; KRAS (G12D) x4; KRAS (G12V) x3;
TP53 (R273C) x2; and BRAF (V600E) x3, resulting in a total of 57 unique MMs (S3 Table).
MMs were first investigated using the Ion PGM for Cases 1, 2, and 3, but none of the eight
MMs in plasma DNA showed a high enough variant coverage (Fig 4A and S4 Table). Although
some genes demonstrated decreased allele frequency in a tumor burden-dependent manner,
the extent of coverage was not reliably high enough in the present cases (S6A Fig).

Since the Ion PGM did not seem to be sensitive enough for detecting rare alleles, we decided
to use ddPCR to detect MMs in pre- and post-operative plasma DNA. Although digital PCR
requires a specific primer/probe set for each mutation followed by quality validation by qPCR
[10], the digital PCR is at least 3 times more sensitive than that of deep sequencers [19]. In the
present study, we were able to validate 19 unique primer/probe sets by qPCR for use in quanti-
fying mutations in plasma by ddPCR (S1 Table). Since some cases had multiple MMs, the 19

Fig 2. Sensitivity estimation of the Ion PGM. The horizontal axis indicates the concentration of spiked DNA
from the HCT116 colon cancer cell line in the solution of DNA from a healthy non-cancer donor. HCT116 is
known to possess several gene mutations and thus the concentration of the mutation fragment was serially
diluted. The vertical axis is the allele frequency that is actually detected with the Ion PGM. Each color point
indicates the detected allele frequency of cancer-associated mutations at the corresponding DNA
concentration derived from HCT116 ranging from 0.001 to 100%. The names of the mutated genes are
indicated in the legend on the right.

doi:10.1371/journal.pone.0146275.g002
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validated ddPCR primer/probe sets represented a total of 24 MMs for 19 cases (S5 Table).
Eleven mutations (in 9 patients) that matched primary tumors were apparently present (mini-
mum allele frequency 0.032%) in pre-operational plasma (Fig 4B, S5 Table, and S6B Fig). In
post-operative plasma DNA, 8 of 24 (33.3%) MMs demonstrated a decreasing trend that corre-
sponded to 6 of 19 patients (31.6%), including two patients with multiple MMs (Fig 4B and
S6B Fig). Importantly, 100% (8 of 8) of MMs with> 0.1% allele frequency in pre-operational
plasma DNA exhibited a decrease in post-operation samples (Fig 4B), whereas none of the 16

Fig 3. Mutation characteristics of colorectal tumors. a, Mutation types. Six types of mutations were
detected with CHPv2. b, Tumor-unique mutation profile according to allele frequency. Each column denotes
a tumor-unique mutation of an individual tumor. Each row denotes cancer-associated genes in CHPv2. The
color indicates the variant allele frequency indicated in the color bar.

doi:10.1371/journal.pone.0146275.g003
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MMs with less than 0.1% allele frequency in pre-operational plasma DNA exhibited a decrease
in post-operative plasma DNA (Fig 4B and S6B Fig). The decreased trend obtained by MMs
with> 0.1% allele frequency correlated well with serum CEA levels. There were 2 patients who
had relapsed within the one year observation period (Case 5 and 6). Both cases exhibited a
clear decrease of MMs in post-operative ctDNA (Fig 4B), but no remarkable mutational profile
was identified in either case.

Discussion
The set of gene mutations in a tumor is highly diverse. Therefore, an individualized set of
tumor-derived mutated genes should be appropriate biomarkers for individual subjects. Whole
genome analysis and exome sequence may not be cost-effective for this purpose, since more
than 99.99% of the genome or exome sequence in primary tumors does not exhibit mutations
[4, 18]. Here, we identified tumor-unique mutations with a CHPv2 on Ion PGM and subse-
quently monitored tumor burden using MMs with ddPCR starting from an extremely small
amount of plasma DNA. Since our approach seems to be sufficient to obtain good quality
mutational information compared to the whole genome or exome sequence technologies, it
may be immediately applicable in clinical practice.

Fig 4. Dynamics of MMs and CEA in pre- and post-operation. a, MMs monitored with the mutation allele frequency using an Ion PGM. Three, one, and
three MMs were used for monitoring cases 1, 2, and 3, respectively. The corresponding serum levels of CEA are shown. b, MMs monitored with the mutation
allele frequency by ddPCR. One or two MMs were used for monitoring in the represented cases. The horizontal dotted line shows the upper limit of the
normal range of CEA serum levels (3.4 ng/ml). Each number adjacent to each data point is the allele frequency for genes; and serum values for CEA. aStop
codon, bSplice site.

doi:10.1371/journal.pone.0146275.g004
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The utility of mutation detection in ctDNA has been reported in highly advanced colorectal
cancer patients, the majority of whom experienced recurrence, progression, or death within
one year after initial treatment [1, 2, 5, 9, 20, 21]. These highly advanced tumors (i.e., Stage IV)
are considered to have a high risk of recurrence or progression [22], so the role of additional
markers may be limited in current practice. In fact, the majority of colorectal cancer patients
can be treated with curative intent (i.e., Stage II-III), whose 5-year disease-free rates have been
reported to be roughly 70% [23, 24], suggesting that roughly 30% of the patients still require
careful monitoring for relapse. Currently, CEA is one of the only molecular markers for routine
use in monitoring post-operative follow-up [25]. However, it has been reported that the sur-
vival advantage by CEA monitoring and subsequent surgical treatment is likely to be small
[26]. This observation is probably due to the fact that increased CEA levels are: (i) a poor pre-
dictor for local recurrence; and (ii) a relatively late event [27]. In contrast to CEA, ctDNA
responds promptly, is specific to tumor burden, and is detectable regardless of histological type
[2]. However, it should be noted that one of the important issues of using ctDNA in Stage II-III
patients is the detection sensitivity. The prevalence of primary tumor-driven mutations in
ctDNA has only a 0.1–10.0% variant allele frequency, even in highly advanced tumors [10, 11,
28]. Therefore, for ctDNA to be used as a biomarker for Stage II-III or even Stage I colorectal
cancer patients, ideally the sensitivity is lower than 0.1% [19]. Recent advancements in digital
genomic sequencing technologies, including beads, emulsion, amplification, and magnetics
(BEAMing) [29], tagged-amplicon deep sequencing (Tam-Seq) [10], safe-sequencing system
(Safe-SeqS) [30], error-suppressed multiplexed deep sequencing [31], and Duplex Sequencing
[32] have approached this sensitivity demand. These methods are in fact highly accurate, but
have not been fully applicable to search mutations with multiple amplicons from a limited
copy number of templates such as ctDNA [30]. In the present study, we first identified tumor-
unique mutations by Ion PGM, and subsequently these mutations were analyzed using ddPCR.
The ddPCR requires primer/probe design and validation for previous identification of every
mutation in the primary tumor but it does not require pool or deep sequencing. We confirmed
that ddPCR was suitable for the quantitative measurement of rare variants at a mutant allele
fraction of 0.1% or more (one mutant molecule in a background of 1000 wild-type molecules)
[1, 33, 34]. For the practical use of ctDNA as a tumor burden monitoring marker, only a small
number of certainly identified mutations from primary tumors could be reliable markers. Our
current strategy is therefore reasonable for clinical tumor burden monitoring particularly for
post-operative patients with curative intent.

Gene alterations involved in the early stages of tumorigenesis are apparently advantageous
as MMs because they should be involved in the establishment of tumorigenic clones [4]. In
principle, genetic heterogeneity of a tumor has been considered to be the result of heteroge-
neous accumulation of genetic alterations on the top of precancerous or early cancer lesions
[35, 36]. In fact, mutations of TP53, KRAS, KIT, and CDKN2A were detected in endoscope
group tumors as well as advanced cancers, suggesting that these mutations are carried over in
the process of cancer development and spread out in the entire tumor mass. If a given mutation
is associated with early cancer development of the tumor, then the mutation detection bias in
ctDNA due to tumor heterogeneity should be minimized. However, the identification of genes
that are specifically involved in the early development of individual tumors may be challenging.
In the present study, it may be difficult to address clonal heterogeneity of a tumor in the muta-
tion profiling with the small cancer-associated gene sequencing panel from a single biopsy per
primary tumor. Ideally, all mutations, including those with low allele frequencies in the pri-
mary tumor from a single biopsy, should be examined in ctDNA. However, detection of
extremely low allele frequency may not be feasible as yet due to the lack of ddPCR primer/
probe sets for each single nucleotide change of all coding regions. Mutational profiling with
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multiple biopsies from a tumor may be an option to compensate for clonal heterogeneity, but
this approach is as yet not possible for small tumors, such as polyps and resectable tumors.
Therefore, assessment of clonal heterogeneity of a tumor may not be fully feasible in early can-
cers. In the meantime, mutations with high prevalence in primary tumors–the MMs from a
cancer-associated gene sequencing panel in the present study–may be one of the best surro-
gates for this approach [11].

In summary, although deep sequencing is not currently feasible in daily practice and the
existing primer-probe sets for ddPCR are far from complete, our strategy suggests that MMs in
ctDNA seem to be a promising new class of individualized cancer biomarkers that can be
detected to assess tumor burden in the context of surgical intervention.

Supporting Information
S1 Fig. Monitoring of serum concentration of CEA. Comparison of serum CEA levels taken
pre- and post-surgery. The horizontal dotted line shows the upper limit of the standard range
(3.4 ng/ml). The p value is calculated based on the student’s t-test.
(EPS)

S2 Fig. A correlation between the concentration of plasma DNA and the copy number of
LINE-1 in plasma.Horizontal axis and vertical axis indicate plasma DNA concentration
(ng/ml) and LINE-1 copy number in plasma, respectively. Sample DNA from 12 cancer
patients, 7 adenoma patients, and 4 healthy individuals. N/D, Not Detected.
(EPS)

S3 Fig. Validation of the Ion PGM sequencing results by ddPCR. The horizontal axis indi-
cates tumor mutation allele frequencies from CHPv2 in the Ion PGM. Detected mutations
were validated by ddPCR with the corresponding mutant and wild-type probe sets (vertical
axis). Each number indicates the MM ID in S3 Table. Correlation coefficient and correspond-
ing p value are indicated.
(EPS)

S4 Fig. Relationship between the extent of variant allele coverage and corresponding vari-
ant allele frequency. The horizontal axis indicates the log-scale variant coverage. The vertical
axis indicates the corresponding variant allele frequency.
(EPS)

S5 Fig. Concentrations of pre-operative plasma DNA from each group. The concentration
of plasma DNA from healthy volunteers, patients from the endoscopy group, and patients
from the surgery group. To examine the tumor burden, the concentration of pre-operative
plasma DNA was compared. A student’s t-test was conducted for comparison. NS, Not Signifi-
cant.
(EPS)

S6 Fig. Dynamics of mutations and CEA levels in pre- and post-surgical samples. a, Tumor-
unique mutations (including MMs) monitored by Ion PGM and CEA. b, MMs monitored by
ddPCR and CEA. Note that all pre-operational mutation allele frequencies were below 0.1%.
The horizontal dotted line shows the upper limit of the normal range of CEA serum levels
(3.4 ng/ml). aStop codon, bSynonymous, cSplice site.
(EPS)

S1 Table. Probe sets for ddPCR.
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