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We attempted to detect circulating tumor DNA (ctDNA), taking advantage of molecular barcode next-generation se-
quencing (MB-NGS), which can be more easily customized to detect a variety of mutations with a high sensitivity
than PCR-based methods. Sequencing with a gene panel consisting of the 13 most frequently mutated genes in breast
tumors from stage I or II patients revealed 95 somatic mutations in the 12 genes in 62% (62/100) of tumors. Then,
plasma DNA from each patient (n = 62) before surgery was analyzed via MB-NGS customized to each somatic muta-
tion, resulting in the detection of ctDNA in 16.1% (10/62) of patients. ctDNA was significantly associated with biolog-
ically aggressive phenotypes, including large tumor size (P = .004), positive lymph node (P = .009), high histological
grade (P < .001), negative ER (P = .018), negative PR (P = .017), and positive HER2 (P = .046). Furthermore, dis-
tant disease-free survival was significantly worse in patients with ctDNA (n = 10) than those without ctDNA (n = 52)
(P < .001). Our results demonstrate that MB-NGS personalized to each mutation can detect ctDNA with a high sensi-
tivity in early breast cancer patients at diagnosis, and it seems to have a potential to serve as a clinically useful tumor
marker for predicting their prognosis.

Introduction with a sufficient sensitivity at a variant allele frequency (VAF) of approxi-
mately 0.1% [14-16]. Thus, molecular barcode NGS (MB-NGS) is consid-
ered suitable for the detection of rare ctDNA in patients with early breast

cancers by targeting their individual mutations.

Circulating tumor DNA (ctDNA) is a DNA fragment released from tumor
cells into blood, and it harbors genomic alterations specific to original

tumor cells [1-3]. The clinical usefulness of ctDNA in breast cancer patients
has been widely studied in the fields of diagnosis, prognosis prediction, and
monitoring of recurrence or therapeutic effect, and its superiority over con-
ventional serum tumor markers has been reported [4-8].

To detect ctDNA, a highly sensitive approach is required due to its very
low amount in blood [2,3]. Moreover, because breast cancer is a heteroge-
neous disease harboring various alterations [9], methods for ctDNA detec-
tion must be available for any type of mutations. Currently, digital PCR
(dPCR) has been widely used for ctDNA detection due to its high sensitivity
and technical ease [10-12]. However, it is only useful for predetermined
mutations and not appropriate for the random mutations [13]. On the
other hand, next-generation sequencing (NGS) can detect unknown muta-
tions, and the design and optimization for target sequencing is simple. Al-
though conventional NGS has a limited detection sensitivity [3], recent
molecular barcode (MB) technology has enabled NGS to detect ctDNA

In the present study, we screened the mutations in 100 early breast can-
cer patients with a panel sequencing and aimed to detect ctDNA by MB-NGS
targeting tumor-specific mutations in plasma. The ctDNA status was ana-
lyzed with reference to the clinicopathological characteristics of the pa-
tients, and its prognostic or diagnostic significance was investigated.

Materials and Methods
Patients and Samples

One hundred patients with stage I or II breast cancer who received sur-
gery without preoperative systemic therapies at Osaka University Hospital
between 2007 and 2012 were included in the present study. The clinico-
pathological characteristics of the patients are shown in Table 1. Fresh fro-
zen tissues were obtained at the time of surgery, and peripheral blood
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Table 1
Clinicopathological features of the breast tumors included in the present study
Total
N 100
Age Median (range) 53 (33-86)
pT 1 84
2 16
PN 0 73
1< 27
Stage I 64
11 36
Histological grade 172 80
3 19
Unknown 1
ER Positive 79
Negative 21
PgR Positive 64
Negative 36
HER2 Positive 18
Negative 82
Histology IDC 87
ILC 5
Others 8
CEA/CA15-3 Positive 6
Negative 94

pT, Pathological tumor size; pN, Pathological lymph node status; ER, Estrogen re-
ceptor; PgR, Progesterone receptor; HER2, Human epidermal growth factor recep-
tor 2; IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma.

leukocytes (PBL) and plasma were collected before surgery. Informed
consent was obtained before sampling, and this study was approved by
the Ethical Review Board of Osaka University Hospital.

DNA Extraction

Tumor DNA was extracted from fresh frozen tissue using the DNeasy
Blood & Tissue Kit® (Qiagen, Hilden, Germany) according to the manufac-
turer's instructions. Plasma was separated from whole blood by centrifuga-
tion for 10 min at 3000 rpm (1840 X g) and stored at —80 °C until further
use. The samples were centrifuged again for 10 min at 13,300 rpm
(16,000 x g) prior to DNA extraction to remove debris. Cell-free DNA
(cfDNA) was isolated from 1 mL of plasma using the QIAamp Circulating
Nucleic Acid Kit® (Qiagen) according to the manufacturer's instructions
and eluted in 50 pL of AVE buffer (Qiagen). PBL were separated from
whole blood by centrifugation for 10 min at 3000 rpm (1840 X g) twice
and stored at — 80 °C until further use in the pellet state. DNA was extracted
from the PBL pellet using the DNeasy Blood & Tissue Kit® (Qiagen) accord-
ing to the manufacturer's instructions.

Screening of Mutations in Primary Breast Cancers

The gene panel was designed by SureDesign (https://earray.chem.
agilent.com/suredesign) to cover a whole exon of 13 genes including 12
frequently mutated genes (cBioPortal for cancer genomics, http://www.
cbioportal.org) in breast cancers and ESR1 (Supplementary Table 1). The
median coverage of sequencing area was 100% (range, 74%-100%) of the
whole exon in each gene. Tumor DNA was fragmented by Covaris S220
(Covaris, Inc., Woburn, MA, USA) to 150-200 bp, and 120 ng of them
were used for sequencing. Sequence libraries were prepared with a custom
SureSelect XT HS Target Enrichment System (Agilent Technologies, Inc.
Santa Clara, CA, USA) according to the manufacturer's instructions and se-
quenced with Illumina MiSeq (Illumina, San Diego, CA, USA). SureCall
ver4.0 (https://www.agilent.com/en/download-software-surecall) was
used for variant calling. The exclusion criteria were as follows; in introns,
with VAF of <5%, with a depth of <300 reads, or reported in dbSNP/
1000G database with a population of =1%. Variants obtained by panel se-
quencing were confirmed by Sanger sequencing using paired PBL DNA to
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exclude the patient-specific SNPs. Four hotspot mutations (AKT1-E17K
and PIK3CA-E542K/E545K/H1047R) with VAF = 1% were also included.

Detection of ctDNA in Plasma with Personalized MB-NGS

The detection of ctDNA in plasma was performed with MB-NGS targeting
the specific mutations detected in the primary tumor of each patient. If two or
more mutations were found in the primary tumors, the most frequent and the
second most frequent mutations were analyzed by MB-NGS when sufficient
samples were available. To detect ctDNA, two libraries of each target muta-
tion were separately prepared using plasma DNA and analyzed using MiSeq
or HiSeq (Illumina) as previously described [14]. In brief, an assignment of
15-base (BDHVBDHVBDHVBDH) MB and adaptors (Rd1SP and Rd2SP)
was performed at the first PCR with personalized primers. The primer se-
quences are shown in Supplementary table 2. PCR was performed in a 40-
pL reaction containing 20 pL of template DNA, 5x Phusion HF buffer
(NEB, Ipswich, MA, USA), 0.9 units of Phusion polymerase (NEB), 250 uM
dNTPs, and 0.01 pM of each primer. The cycling conditions were one cycle
of 98 °C for 30 s; 15 cycles of 98 °C for 10 s, 57 or 63 °C for 2 min, and 72
°C for 10 s; and one cycle of 72 °C for 10 min. To remove the first PCR primers,
each product was digested with 25 units of Exonuclease-I and 10 x
Exonuclease-I reaction buffer (NEB) in a 50-pL reaction at 37 °C for 1 h and
5 min heat inactivation at 98 °C. Adaptor primers with P5 and P7 sequences
were added at 0.01 pM each to the first PCR product, and the second PCR was
performed in a 56-pL reaction. The cycling conditions were one cycle of 98 °C
for 30 s; 10 cycles of 98 °C for 10's, 55 °C for 30 s, and 72 °C for 30 s; and one
cycle of 72 °C for 10 min. The second PCR products were purified using
AMPure XP (Beckman Coulter, Brea, CA, USA) according to the manufactur-
er's instructions and eluted in 10 pL of nuclease-free water (Qiagen). The con-
centration of AMPure XP was adjusted depending on amplicon sizes ranging
from 0.8 X to 1.4 X. The third PCR was performed using P5/P7 primers (0.5
uM each) in a 20-pL reaction containing 10-pL of the second PCR product, 5 X
Phusion HF buffer (NEB), 0.9 units of Phusion polymerase (NEB), and 250 pM
dNTPs. The cycling conditions were one cycle of 98 °C for 30 s; 30 cycles of 98
°Cfor10s, 60 °C for 30 s, and 72 °C for 30 s; and one cycle of 72 °C for 10 min.
The third PCR products were purified twice using AMPure XP (Beckman
Coulter) and eluted in 15 pL of nuclease-free water (Qiagen). Libraries were
quantified using a Labchip GX Touch instrument (Waltham, MA, USA, Perkin
Elmer) or Agilent 2100 Bioanalyzer instrument and High Sensitivity DNA
Assay (Agilent Technologies).

Data Analysis for Single Nucleotide Variant and Insertion/Deletion

The variant detection analysis for a single nucleotide variant (SNV) was
performed in a similar manner to that described in our previous study [14].
Each MB family including over 30 reads was analyzed. For insertion/dele-
tion (In/Del) analysis, the assembled paired-end reads with unideal lengths
(shorter or longer than the designed amplicon) were extracted using PEAR
0.9.6. MB sequences were removed from the extracted assembled se-
quences and then clustered into each MB family containing sequences
with the same MB sequence by CD-HIT-EST and the custom Ruby script.
For each MB family including over 30 reads, sequences were mapped
onto each reference sequence using BWA ver.0.7.5. The VAF at each variant
was calculated by dividing the number of MB families with the variant (var-
iant MB families) by the number of total MB families. In/Del analysis was
performed using lofreq2 [17]. When SNV was positive in two, one, or no li-
braries, the samples were classified as “double-positive,” “single-positive,”
or “double-negative,” respectively. Only “double-positive” samples with
VAF >0.1% were judged as ctDNA positive, and all others were judged as
ctDNA negative. In the case of In/Dels, they were analyzed without MB,
and ctDNA was judged as positive when at least one library included mu-
tant alleles with VAF >0.1%. To rule out the clonal hematopoiesis in
ctDNA-positive patients, personalized MB-NGS was performed using DNA
of the paired PBL.
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Figure 1. Mutations detected in 100 primary breast tumors. The proportion of the number of mutations detected in 100 primary breast tumors by 13-gene panel

sequencing (A) and the frequencies of mutations of each gene (B) are presented.

Statistics

R 3.4.1 was used for statistical processing. Fisher's exact test was used to
compare 2 x 2 groups to examine the significance of the association, and the
McNemar test was applied to 2 X 2 contingency tables with a dichotomous
trait. The Kaplan-Meier approach was performed to estimate the survival
function, and a log-rank test was used to compare the survival distributions
of the two groups. A univariate analysis of association between survival
time and various parameters was conducted with the Cox proportional haz-
ard model. P < .05 was considered significant.

Results
Identification of Individual Mutations in Primary Breast Cancers

Whole exon sequencing with 13 gene panels was performed in 100 pri-
mary breast cancers, and 95 mutations were detected in 62 (62%) tumors;
one mutation was detected in 37 (37%) tumors, two mutations were de-
tected in 20 (20%) tumors, three mutations were detected in four (4%) tu-
mors, and six mutations were detected in one (1%) tumor (Figure 1A). The
median read depth was 1108 (range; 719-2098), and the median mutant al-
lele frequencies (AF) was 27.9% (range; 1.5%-68.5%).

PIK3CA (32%) and TP53 (18%) were the most frequent mutations,
followed by GATA3 (11%), AKT1 (8%), MAP3K1 (5%), and CDH1 (4%)
(Figure 1B). The most frequent mutations by subtype were PIK3CA (37%)
and GATA3 (13%) in estrogen receptor (ER)- or progesterone receptor
(PgR)-positive / human epidermal growth factor receptor 2 overexpression
(HER2)-negative tumors, PIK3CA (28%) and TP53 (28%) in HER2-positive
tumors, and TP53 (60%) in ER-negative / PgR-negative / HER2-negative
tumors (Supplementary Figure 1). The 95 mutations detected comprised
35 different types of SNVs (n = 69) and 22 types of In/Dels (n = 26),
and their distribution is presented in Figure 2. Multiple mutations were de-
tected in several hotspots; 15 mutations in PIK3CA-H1047R, eight in
PIK3CA-E545K and AKTI-E17K, five in PIK3CA-E542K and GATA3-
P409fs, and two in TP53-Y107* and -R248Q. The remaining 50 mutations
were found only once at each site.

Sensitivity of ctDNA Detection by MB-NGS Targeting Individual Mutations in Pri-
mary Tumors

Forty-one sets of primers for MB-NGS were designed to cover 95 muta-
tions (Figure 2). Background errors were analyzed for the MB-NGS primers
using 3 ng of plasma DNA from a healthy individual. In the analysis of 24
amplicons used to detect SNVs in plasma, the median number of MB fami-
lies of each amplicon was 5261 (range, 1141-13,579), which was sufficient
to obtain a detection sensitivity of 0.1%. In conventional analyses without

MB, the background errors were observed in all 24 target SNVs with a
VAF ranging from 0.001 to 0.187%. After the MB analyses, background
SNVs were completely removed in 23 SNVs except TP53-R306* with a fre-
quency of 0.076% (Figure 3). In the analysis of In/Dels, the median read
depth of each amplicon was 931,137 (range, 615,910 — 1,110,008), and
the background errors were not detected at all in 10 In/Dels even without
MB analyses. Based on these results, SNVs and In/Dels were analyzed
with and without MB, respectively, and the detection limit was set at
0.1% for both in the following analyses.

Detection of ctDNA by MB-NGS in Early Breast Cancer Patients

Plasma DNA from 62 patients identified as having mutations in breast
cancer was analyzed to search for ctDNA with patient-specific mutations.
Of the 62 samples, 54 were subjected to MB-NGS for a single mutation
and eight for double mutations. The median amount of input plasma DNA
per library was 4.9 ng (range, 2.1-13.2 ng). For SNVs, 10 SNVs from nine
plasma samples were detected as “double-positive” with VAF >0.1%
(range, 0.10% - 2.51%), with all being judged as ctDNA-positive. Eleven
SNVs from nine plasma samples were detected as “single-positive,” and
37 SNVs from 33 plasma samples were “double-negative,” with all being
judged as ctDNA-negative. For In/Dels, one deletion (TP53-D208fs, VAF
= 0.20%) was detected in one plasma sample. In total, 11 mutations
were detected in 10 of 62 plasma samples (16.1%); two SNVs in one plasma
samples, one SNV in eight plasma samples, and one In/Del in one plasma
sample (Figure 4 and Table 2). The DNA from the paired PBL of these 10 pa-
tients was analyzed by MB-NGS, and no clonal hematopoiesis was
observed.

Clinical Significance of ctDNA in Early Breast Cancer Patients

Clinical and pathological factors were compared between ctDNA-
positive (n = 10) and ctDNA-negative (n = 52) patients (Table 3).
ctDNA was significantly more frequent in the patients whose tumor was
greater in size (P = .004) or that were node-positive (P = .009), higher
stage (P < .001), higher in histological grade (P < .001), ER-negative (P
= .018), PgR-negative (P = .017), and HER2-positive (P = .046). Histol-
ogy and serum tumor markers such as CEA/CA15-3 were not associated
with ctDNA status. ctDNA was significantly more positive in stage II breast
cancer patients than serum tumor markers (39% vs 4%, P = .013) but not
in stage I breast cancer patients (3% vs 10%, P = .371) (Supplementary Fig-
ure 2). Seven of the 62 patients experienced distant recurrence, and ctDNA
was positive in four of them. The prognostic curve analysis showed that dis-
tant disease-free survival was significantly worse in ctDNA-positive patients
(n = 10) than in ctDNA-negative patients (n = 52) (P < .001) (Figure 5).
Positive ctDNA was significantly associated with worse distant disease-free
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Table 2
Detailed MB-NGS results of 10 patients with ctDNA
Variants Tissue Plasma Clonal hematopoiesis
Case Gene AA change VAF VAF Variant MB families Total MB families
10-353 TP53 p-R248Q 49.2% 2.51% 330 13,150 Negative
TP53 p.Y107* 27.8% 1.75% 129 7387 Negative
11-202 PIK3CA p-H1047R 38.7% 0.88% 184 20,818 Negative
11-187 TP53 p.Y107* 59.9% 0.86% 174 20,200 Negative
11-213 PIK3CA p.H1047R 47.8% 0.85% 70 8250 Negative
10-486 TP53 p-R248Q 26.9% 0.51% 34 6613 Negative
12-566 PIK3CA p-H1047R 42.0% 0.21% 13 6073 Negative
11-097 AKT1 p.E17K 62.6% 0.20% 69 35,326 Negative
10-300 TP53 p.-H179Y 44.6% 0.19% 16 8633 Negative
12-407 TP53 p-H179Q 40.6% 0.10% 49 45,718 Negative
10-455 TP53 p.D208fs 42.7% 0.20% - - Negative

MB-NGS, Molecular barcode-next generation sequencing; MB, Molecular barcode; ctDNA, Circulating tumor DNA; AA, Amino acid; VAF, Variant allele frequency.
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Table 3
ctDNA status and clinicopathological features of the breast tumors
ctDNA P*
Negative Positive

N 52 10

Age Median (range) 51 (36-82) 55 (35-80) .886

pT 1 45 4 .004
2 7 6

pN 0 43 4 .009
1< 9 6

Stage I 38 1 <.001
I 14 9

Histological grade 1/2 45 2 <.001
3 6 8
Unknown 1 0

ER Positive 45 5 .018
Negative 7 5

PgR Positive 39 2 .017
Negative 13 8

HER2 Positive 6 4 .046
Negative 46 6

Histology IDC 45 10 1.000
ILC 4 0
Others 3 0

CEA/CA15-3 Positive 4 1 1.000
Negative 48 9

ctDNA, Circulating tumor DNA; pT, Pathological tumor size; pN, Pathological
lymph node status; ER, Estrogen receptor; PgR, Progesterone receptor; HER2,
Human epidermal growth factor receptor 2; IDC, Invasive ductal carcinoma; ILC, In-
vasive lobular carcinoma.

" Fisher’s exact test

survival by the univariate analysis (P = .004) (Table 4). A multivariate
analysis was not conducted due to the small number of events [18].

Discussion

Our study demonstrated that ctDNA can be detected in 16.1% of pa-
tients with early breast cancer by means of MB-NGS targeting patient-
specific mutations of the primary tumors, and it is associated with the pa-
tients' prognosis. Sequencing with the 13-gene panel identified 95 muta-
tions in 62% (62/100) of the primary tumors, which was comparable to
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Table 4
Univariate analysis of various parameters associated with distant disease-free
survival

Univariate

Hazard ratio 95% CI pP*
pT (2vs 1) 0.508 0.061-4.229 .531
PN (1 < vs0) 5.001 1.106-22.69 .037
Stage (Il vs I) 2.183 0.487-9.788 .308
Histological grade (3 vs 1/2) 4.542 1.009-20.45 .049
ER (negative vs positive) 1.597 0.307-8.301 .578
PgR (negative vs positive) 5.388 1.023-28.39 .047
HER2 status (positive vs negative) 1.154 0.132-10.10 .897
Adjuvant chemotherapy (Yes vs No) 1.338 0.297-6.040 .705
CEA/CA15-3 (positive vs negative) 4.522 0.868-23.57 .073
ctDNA (positive vs negative) 9.337 2.040-42.73 .004

pT, Pathological tumor size; pN, Pathological lymph node status; ER, Estrogen re-
ceptor; PgR, Progesterone receptor; HER2, Human epidermal growth factor recep-
tor 2; ctDNA, Circulating tumor DNA.

" Cox proportional hazard model.

the mutation rate ranging from 46% to 59% reported in similar studies
using panel sequencing [12,19]. The mutations detected in our study com-
prised 57 different types of mutations including as many as 50 unrepeated
ones, suggesting the diversity of breast cancers.

To address such diverse mutations, MB-NGS was used to detect
ctDNA because it is more flexible to design and easier to customize
than PCR-based methods. The detection sensitivity was set at 0.1% in
the present study based on the result of control plasma DNA and the
amount of input DNA. Recently, several ctDNA assays have been devel-
oped with the goal of commercialization [20-22], and our assay exhib-
ited a similar detection sensitivity to them. Given that the background
errors on our assay were observed at only one target SNV (TP53 p.
R306*) presenting a frequency of 0.076% and were completely sup-
pressed in all of the other SNVs, the cut-off can be set further lower for
the majority of mutations by improving the algorithm or by using a
greater amount of plasma [23].

The analysis of presurgical plasma revealed that ctDNA was positive in
10 (16.1%) of 62 patients and that the clonal hematopoiesis was denied by
MB-NGS of the paired PBL DNA. This positive rate of ctDNA was consistent
with our previous reports (9.8%-22.7%) measuring ctDNA by targeting
methylated DNA using methylation-specific PCR [4,24] or single gene mu-
tation using dPCR [5], indicating a comparable sensitivity of MB-NGS to
these PCR-based methods for ctDNA detection. ctDNA was more frequently
positive than serum tumor markers (16% vs 6%), especially in stage II
breast cancer patients (39% vs 4%, P = .013), suggesting its superiority
in diagnosis [25]. Our present data also revealed that the positive ctDNA
was significantly associated with worse prognosis, reinforcing the previous
findings [4,5,12,26].

In the present study, only the patients with “double-positive” results by
MB-NGS were considered positive, while there were nine patients with
“single-positive” results. Of these nine patients, four were classified into
“double-negative” due to the background errors detected in the paired
PBL DNA or plasma DNA from a healthy individual (data not shown) and
the remaining five were finally classified into “single-positive”. Interest-
ingly, two (40%) of these five “single-positive” patients developed recur-
rence and, all (n = 47) except one “double-negative” patients were
disease-free (Supplementary Figure 3). These results should be interpreted
with a great caution due to a very low level of ctDNA and a small number of
the patients, but they suggest a possibility that “single positive” patients ac-
tually have a very small amount of ctDNA which is associated with poor
prognosis.

In conclusion, the current pilot study demonstrated that MB-NGS could
detect patient-specific ctDNA targeting diverse mutations in primary breast
tumors and indicated that ctDNA can serve as a significant prognostic bio-
marker. Considering that mutations could not be found in 38% of the pa-
tients with our current 13-gene panel, comprehensive analyses such as
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whole exome/genome sequencing will be essential in future study
[10,23,26] for the application of ctDNA assay by MB-NGS to all patients.
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