
454  |     Cancer Science. 2021;112:454–464.wileyonlinelibrary.com/journal/cas

 

Received: 30 July 2020  |  Revised: 9 October 2020  |  Accepted: 13 October 2020

DOI: 10.1111/cas.14697  

O R I G I N A L  A R T I C L E

Ultradeep targeted sequencing of circulating tumor DNA in 
plasma of early and advanced breast cancer

Yoon Ming Chin1,2  |   Yoko Takahashi3 |   Hiu Ting Chan1  |   Masumi Otaki4 |   
Makoto Fujishima5 |   Tomoko Shibayama3 |   Yoshio Miki6,7 |   Takayuki Ueno3  |   
Yusuke Nakamura1 |   Siew-Kee Low1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Abbreviations: CA15-3, cancer antigen 15-3; CEA, carcinoembryonic antigen; cfDNA, cell-free DNA; cfTNA, cell-free total nucleic acid; CH, clonal hematopoiesis; CNV, copy number 
variant; ctDNA, circulating tumor DNA; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; IDC, invasive ductal carcinoma; IRB, institutional review board; NGS, 
next generation sequencing; PR, progesterone receptor; SNV, single nucleotide variant; TARDIS, tagged digital sequencing; UMT, unique molecular tagging; VAF, variant allele 
frequency; WBC, white blood cells.

1Cancer Precision Medicine Center, The 
Cancer Institute, Japanese Foundation for 
Cancer Research, Tokyo, Japan
2Cancer Precision Medicine Inc., Kawasaki, 
Japan
3Breast Oncology Center, Cancer Institute 
Hospital, Japanese Foundation for Cancer 
Research, Tokyo, Japan
4Department of Medical Oncology, Cancer 
Institute Hospital, Japanese Foundation for 
Cancer Research, Tokyo, Japan
5Department of Surgery, Kuma Hospital, 
Kobe, Japan
6Department of Genetic Diagnosis, The 
Cancer Institute, Japanese Foundation for 
Cancer Research, Tokyo, Japan
7Department of Molecular Genetics, 
Medical Research Institute, Tokyo Medical & 
Dental University, Tokyo, Japan

Correspondence
Siew-Kee Low, Cancer Precision Medicine 
Center, The Cancer Institute, Japanese 
Foundation for Cancer Research, 3-8-31 
Ariake, Koto-ku, Tokyo 135-8550, Japan.
Email: siewkee.low@jfcr.or.jp

Funding information
National Institute of Biomedical Innovation, 
Health and Nutrition (NIBIOHN)

Abstract
We present a study to evaluate the feasibility and clinical utility of amplicon-based 
Oncomine Pan-Cancer cell-free assay to detect circulating tumor DNA (ctDNA) in 
patients with early or advanced breast cancer. In this study, 109 early and meta-
static breast cancer patients were recruited before the initiation of treatment. ctDNA 
mutation profiles were assessed through unique molecular tagging (UMT) and ul-
tradeep next generation sequencing (NGS). For patients with mutations, DNA from 
corresponding white blood cells (WBC) was sequenced to exclude variants of clonal-
hematopoietic (CH) origin. UMT targeted sequencing from plasma of 109 patients 
achieved a median total coverage of 55 498X and a median molecular coverage of 
4187X. Among 53 ctDNA positive samples, 38% were mutation positive by WBC 
sequencing, indicating potentially false-positive results contributed by CH origin. 
Prevalence of CH-related mutations was associated with age (P = 7.51 × 10−4). After 
exclusion of CH mutations, ctDNA detection rates were 37% for local or locally ad-
vanced breast cancer (stage I-III) and 81% for metastatic or recurrent breast cancer. 
The ctDNA detection rate correlated with disease stage (P = 2.60 × 10−4), nodal 
spread (P = 6.49 × 10−3) and the status of distant metastases (P = 5.00 × 10−4). ctDNA 
variants were detected mostly in TP53, PIK3CA and AKT1 genes, with variants show-
ing therapeutic relevance. This pilot study endorses the use of targeted NGS for non-
invasive molecular profiling of breast cancer. Paired sequencing of plasma ctDNA 
and WBC should be implemented to improve accurate interpretation of liquid biopsy.
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1  | INTRODUC TION

Breast cancer is the most common form of cancer affecting women.1 
The 5-year survival rate decreases when the disease is diagnosed at 
an advanced stage.2 Serum-based protein biomarkers such as CEA 
and CA15-3 are commonly used in monitoring of breast cancer pa-
tients but are not suitable for diagnostic purposes because of their 
low sensitivity and specificity.3 Tissue-based biomarkers such as ER, 
PR and HER2 have been useful in guiding the treatment of breast 
cancer,4 but these biomarkers are generally unable to capture evolu-
tionary changes in cancer cells.

Tumor tissue biopsies remain the “gold standard” for clinical ge-
nomic testing. Given its invasive nature, growing interest has devel-
oped in the field of non-invasive blood liquid biopsy based on mutation 
detection of ctDNA. In breast cancer, liquid biopsy has shown great 
promise for clinical applications such as residual disease monitoring,5 
therapeutic response monitoring6,7 and mutation profiling.8-12

Although NGS-based liquid biopsy has reported encouraging re-
sults, there are some limitations to be considered. For example, the 
ligation-based methods are only clinically applicable when higher 
amounts of cfDNA are available due to its low conversion rate in the 
library construction process.9,13 Alternatively, amplicon-based meth-
ods achieve higher conversion rates in library construction8,14 at the 
expense of investigating a more limited number of genes. In a recent 
study, McDonald and colleagues developed a hybrid ligation-ampli-
con-based approach called TARDIS that aims to leverage the advan-
tages of both methods.5

NGS results in average error rates of 0.1%-1% in a single read.15 
These errors acquired during PCR amplification or NGS processes 
can confound the detection of low-frequency variants when carry-
ing out ultradeep sequencing for liquid biopsy. In order to distinguish 
PCR/sequencing artifacts from actual variants, an error-correction 
approach was developed by incorporating short oligonucleotides 
called UMT or molecular barcodes.16 These UMT were attached to 
the DNA fragments prior to amplification and carried through the 
entire NGS workflow. Through this method of DNA barcoding, PCR/
sequencing artifacts/errors can be eliminated based on the consen-
sus sequence of reads with the same UMT.17,18

Detection of CH mutations in cfDNA is a critical issue that needs to 
be addressed in liquid biopsy interpretation and forms a key narrative 
in the clinical application of liquid biopsy. Clonal hematopoiesis muta-
tions, which are derived from clonal expansion of hematopoietic stem 
cells, may cause false-positive results and complicate the interpreta-
tion of liquid biopsy data.19 Most CH-related mutations are observed 
in hematological cancers. For example, some CH mutations have been 
reported in the TP53 gene.13,20 As TP53 is the most commonly mutated 
gene in human cancers, further clarification will be needed to define 
the origin of TP53 variants when detected by liquid biopsy. In order 
to mitigate false-positive results and improve the accuracy of liquid 
biopsy in the clinical setting, paired cfDNA-WBC sequencing is of ut-
most importance.13,20 To date, there are limited breast cancer liquid bi-
opsy studies10,12,21 that carry out paired sequencing of plasma cfDNA 
and WBC DNA to evaluate the status of CH. Therefore, the possibility 

of misinterpretation due to CH-associated variants in the previous 
studies cannot be excluded. Inaccurate interpretation of liquid biopsy 
results can lead to inappropriate clinical management of breast cancer.

Here we investigate the feasibility of the Oncomine Pan-
Cancer cell-free assay (Ion Torrent™), an amplicon-based panel that 
uses UMT to carry out targeted-gene NGS on cfDNA. Paired cfD-
NA-WBC sequencing was performed for all cfDNA mutation-posi-
tive cases to exclude CH-related mutations and ensure accuracy of 
the liquid biopsy analyses. Through this single-center pilot study, we 
aim to evaluate the utility of the Oncomine Pan-Cancer liquid biopsy 
panel to profile the tumor mutational landscape, interrogate tumor 
heterogeneity and assess association of tumor variants with clinico-
pathological parameters of breast cancer.

2  | MATERIAL S AND METHODS

2.1 | Patient recruitment

For this study, we recruited 109 breast cancer patients from the 
Cancer Institute Hospital of Japanese Foundation for Cancer 
Research from April 2018 to September 2019. Among the recruited 
patients, 12 patients were at stage 0 (ductal carcinoma in situ), 45 pa-
tients were at stage I, 29 patients were at stage II, 7 patients were at 
stage III and 16 patients had metastatic or recurrent disease. The tim-
ing of blood collection for all patients is presented in Table S1. In all 
93 patients with stage 0-III, blood was collected from treatment-na-
ive patients before surgery or before the neoadjuvant treatment reg-
imen. We recruited 16 patients with metastatic or recurrent breast 
cancer. In 5 of the 16 patients, initial diagnosis was metastatic breast 
cancer and patients were treatment naive. Blood was collected be-
fore any intervention. In the remaining 11 of the 16 patients, blood 
was collected prior to treatment for metastatic or recurrent disease, 
albeit with exposure to previous lines of treatment. All patients pro-
vided written informed consent for cfDNA and WBC sequencing. 
Approval for collection and genomic profiling of patient samples was 
granted by the ethical committee of the Japanese Foundation for 
Cancer Research (IRB No. 2015-1056). Clinical information was ob-
tained to evaluate the association of clinicopathological parameters 
with plasma cell-free DNA. Collection and processing of whole blood 
has been described in a previous publication.22 Briefly, 14 mL of 
whole blood was collected using EDTA-2Na tubes (Terumo). Whole 
blood was centrifuged at 2000 × g at 4°C for 10 minutes to separate 
plasma from white blood cells and red blood cells. The plasma layer 
was further centrifuged at 16 000 × g at 4°C for 10 minutes to re-
move cell debris. Both plasma and white blood cells were stored at 
−80°C until nucleic acid extraction.

2.2 | Cell-free total nucleic acid (cfTNA) extraction

A total of 109 plasma samples from 109 patients were collected and 
cfTNA was extracted using MagMAX Cell-Free Total Nucleic Acid 
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Isolation kit (Applied Biosystems) according to the manufacturer’s 
protocol. Genomic DNA from white blood cells was extracted using 
FlexiGene DNA Kit (Qiagen). Amount of cfTNA and genomic DNA 
from each patient was quantified using Qubit DNA HS Assay Kit and 
Qubit DNA Broad range assay kit (Life Technologies), respectively. 
The TapeStation 2200 automated electrophoresis system (Agilent) 
was used to assess fragment sizes of the extracted cfTNA with High 
Sensitivity D5000 ScreenTape (Agilent). Fragment sizes of genomic 
DNA were assessed using Genomic DNA ScreenTape (Agilent).

2.3 | Library preparation and targeted NGS

Somatic variants from plasma cfTNA were assessed by Oncomine 
Pan-Cancer Cell-Free Assay following the manufacturer’s protocol 
(Ion Torrent™). Library construction and subsequent NGS of cfTNA 
and genomic DNA were carried out as previously described.22 Total 
of 7.5-25 ng of cfTNA was used for library construction. Templating 
and sequencing were carried out using either Ion 540 or Ion 550 kit 
on the Ion Chef and Ion GeneStudio S5 Prime System (Ion Torrent, 
Life Technologies). Sequencing of genomic DNA was done using 
the same methods. Total of 30 ng of genomic DNA from WBC was 
used for the library construction. Further details are provided in 
Appendix S1.

2.4 | Sequencing data analysis

As previously described,22 alignment to hg19 and variant calling was 
carried out using Torrent Suite 5.10.1 and Ion Reporter 5.10.3.0 soft-
ware, respectively. Raw sequence files were aligned to hg19 using 
the torrent mapping alignment program (TMAP) with default analysis 
parameters. Variant calling was performed followed by annotation 
using Oncomine Pan-Cancer Annotations v1, a proprietary list of da-
tabases (Appendix S1). Library conversion rate was evaluated using 
the theoretical assumption that 10 ng of cfDNA would be equivalent 
to ~3000 haploid genomes. To evaluate performance of individual 
amplicons, the molecular coverage of each UMT corresponding to 
individual amplicons was normalized by median molecular cover-
age of all amplicons per sample, giving a relative molecular coverage 
(RMC) level. An amplicon is deemed to show poor amplification if it 
shows RMC of <0.5 in at least 25% of 109 patients.

2.5 | Statistical analyses

We used the Mann-Whitney U test to test the difference between 
average cfTNA concentrations stratified by binary clinical variables. 
We used the Spearman rank correlation to test the significance of 
correlation of cfTNA concentration with disease stage or patients’ 
age. To test association between clinical variables and ctDNA detec-
tion rates, we used χ2 test of independence. All statistical analyses 
were carried out in R version 3.6.3.

3  | RESULTS

3.1 | Patient characteristics

Patient characteristics at the time of blood collection are presented 
in Table 1. Total of 109 breast cancer patients were recruited for this 
study. Median age was 56 years with a range from 25 to 84 years. 
Of the 109 patients recruited for this study, 11% (12 patients) were 
at stage 0, 41% (45 patients) were at stage I, 27% (29 patients) were 
at stage II, 6% (7 patients) were at stage III and 15% (16 patients) 
had metastatic or recurrent breast cancer. Majority of the patients 

TA B L E  1   Patient and tumor characteristics

Characteristics

No. of patients 109

Median age, years (range) 56 (25-84)

Disease stage, n = 109 (%)a 

Stage 0 12 (11%)

Stage I 45 (41%)

Stage II 29 (27%)

Stage III 7 (6%)

Metastatic or recurrent disease 16 (15%)

Subtype, n = 109 (%)

ER+/PR+-/HER2- 90 (83%)

ER+-/PR+-/HER2+ 7 (6%)

ER-/PR-/HER2- 12 (11%)

Histology, n = 107 (%)b 

Invasive ductal carcinoma 90 (84%)

Ductal in situ carcinoma 12 (11%)

Others 5 (5%)

Lymph node status, n = 98 (%)c 

Node positive 31 (32%)

Node negative 67 (68%)

Tumor size, n = 98 (%)c 

Tis 12 (12%)

T1 55 (56%)

T2 22.4 (23%)

T3 3 (3%)

T4 6 (6%)

Metastases status, n = 107 (%)d

M0 93 (87%)

M1 14 (13%)

aIn patients with bilateral breast cancer, cancer with a higher stage was 
used for the analyses. 
bTumor histological subtype not counted for 2 patients (P147, P174; 
refer Table S1) with bilateral breast cancer presenting different 
histological subtypes. 
cTumor and lymph node stage data unavailable for some metastatic 
breast cancer patients. 
dMetastases status evaluation excludes recurrent disease patients (P49, 
P278; refer Table S1). 
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harbored T1 (56%) tumor status followed by T2 (22%). Lymph node 
metastases were observed in 32% of patients and 13% of the pa-
tients had distant metastases. The majority of the patients (84%) had 
invasive ductal carcinoma (IDC) histological subtype. Most patients 
(83%) had tumor subtype of ER+/HER2-, whereas 6% had ER+/
HER2+ and the remaining 11% had triple-negative breast cancer. 
Details of patient characteristics are shown in Table S1.

3.2 | Analyses of cfTNA sequencing from 
plasma of patients

We successfully extracted cfTNA from all patients (median amount 
of 27 ng from 14 mL of blood) (Table S2). Greater amount of plasma 
cfTNA concentration correlated with more advanced disease stage 
(Punadj = 4.47 × 10−3, ρunadj = 0.27) (Figure S1A). Greater amount of 
plasma cfTNA concentration was also observed with increasing pa-
tient age (P = 9.65 × 10−3, ρ = 0.25) (Figure S1B). Correlation between 
the plasma cfTNA concentration and disease stage was not con-
founded by patients’ age (Padj = 3.95 × 10−3, ρadj = 0.28) (Figure S1A).

Cell-free total nucleic acid from all 109 samples were success-
fully sequenced with a median total coverage of 55 498X (27 148X 
to 85 414X) and a median molecular coverage of 4187X (1740X to 
6133X) (Table S2). Median conversion rate of cfTNA molecules to 
libraries was 81% (58%-98%) with the assumption that 10 ng cfDNA 
is equivalent to ~3000 haploid genomes (Figure S2; Table S3). The 
majority of the amplicons were well amplified (Figure S3) with the 
exception of 6 amplicons in FGFR3, FGFR4, ESR1, FGFR1, RET and 
MAP2K2 genes (Figure S4). ESR1 is an important gene as activating 
mutations in ESR1 play a key role in resistance towards hormonal 
therapy in estrogen receptor-positive breast cancer. One amplicon, 
ESR1_chr6_152332832, which covers ESR1 E380Q and V392I, was 
consistently poorly amplified (Figure S5).

Mutation analyses of plasma cfTNA identified 74 SNV and 7 
CNV (Figure S6A). Overall ctDNA detection rate was 49% with 53 
of the 109 patients carrying at least a single alteration in cfTNA. Of 
the 74 SNV detected, the majority of the variants were found in 5 
genes, namely TP53 (37%), PIK3CA (16%), GNAS (7%), EGFR (5%) and 
AKT1 (5%) (Figure S6B).

3.3 | Clonal hematopoiesis affects interpretation of 
ctDNA variants

Sequencing of genomic DNA from WBC was done for patients 
who were mutation positive in cfDNA. We successfully extracted 

genomic DNA (gDNA) with a median of 50.9 µg genomic DNA per 
14 mL blood (Table S4). We achieved similar coverage to cfTNA 
sequencing with a median total coverage of 57 137X (42 589X 
to 80 008X) and median molecular coverage of 5142X (1934X to 
7891X) (Table S4).

Somatic variants in cfTNA may derive from tumor (DNA from 
tumors that shed into the circulation) or from CH. In order to mit-
igate false-positive results in the cfTNA, we compared the vari-
ants obtained from matched cfTNA-WBC sequencing to ensure 
accurate variant interpretation. In total, 26 variants were found 
in WBC sequencing with 17 of them also detected in the cfTNA 
(Figure 1A). These 17 cfTNA-WBC-matched variants accounted 
for 23% of the 74 variants detected in plasma cfTNA. The variants 
were distributed across TP53, GNAS, EGFR, IDH2, IDH1 and PTEN 
genes. Most variants were in TP53 (7 of 17 variants, 41%) followed 
by GNAS (4 of 17 variants, 24%) (Figure 1B), with some variants 
being clinically relevant (Table S5). Before excluding CH-related 
mutations, overall ctDNA detection rate was 49%. After exclud-
ing CH-related mutations, detection rate was 40% (Figure 1C). 
ctDNA detection rates grouped according to breast cancer dis-
ease stages are as follows: Stage I (42% with-, 38% without CH 
mutations); Stage II-III (53% with-, 36% without CH mutations); 
metastatic or recurrent disease (86% with-, 81% without CH muta-
tions) (Figure 1D). Details of the matched cfTNA-WBC sequencing 
variants are shown in Table S6.

Our results show an overlap of VAF between tumor-derived 
(57 variants) and CH-related mutations (17 variants) from the 
cfTNA sequencing (Figure 1E). From the 57 tumor-derived vari-
ants, 37% of variants (21 of 57 variants) showed VAF ≤ 0.1% 
whereas the remaining 63% of variants had VAF > 0.1%. In the 
17 CH-related mutations (cfTNA-WBC-matched variants), 53% 
of variants (9 of 17 variants) showed VAF ≤ 0.1% whereas the re-
maining 47% of variants had VAF > 0.1%. These results highlight 
the challenges faced in distinguishing tumor-derived variants 
from CH origin in cfTNA in the absence of paired sequencing 
(Figure 1E).

We observed that patients having detectable clonal hemato-
poiesis were significantly older (P = 7.51 × 10−4) (Figure 2A) with 
increased detection of WBC somatic variants associated with ad-
vancing years (31-50 years, 12%; 51-60 years, 38%; 61-70 years, 
50%; ≥71 years, 75%; P = .03) (Figure 2B, Table S7). We did not ob-
serve any correlation between the detection rates of CH and clinical 
stages (P = .36) (Table S7). VAF detected in cfTNA were correlated 
with the CH-related VAF in WBC DNAs (P = 2.97 × 10−3; ρ = 0.67), 
making it unlikely that these variants were due to sequencing error 
or background noise of the assay (Figure 2C).

F I G U R E  1   Clonal hematopoiesis (CH) variants and circulating tumor DNA (ctDNA) detection rates. A, Number of variants detected from 
cfTNA and white blood cell (WBC) sequencing. B, Genomic landscape of cell-free total nucleic acid (cfTNA)-WBC-matched variants. C, 
Overall ctDNA detection rate with and without excluding CH-associated variants. D, ctDNA detection rates across breast cancer disease 
stages with and without excluding CH-associated variants. Number of patients shown below each corresponding bar. E, Comparison of 
WBC-matched with tumor-derived variants variant allele frequency (VAF) solely from cfTNA sequencing. Tumor-derived variants (n = 57), 
WBC-matched variants (n = 17). Number of variants shown below each corresponding bar
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3.4 | Genomic landscape of breast cancer ctDNA 
after excluding CH-related variants

After excluding CH-related variants, we achieved an overall detection 
rate of 40% with 44 ctDNA-positive samples from the 109 breast can-
cer plasma samples. The detection rates of ctDNA increased according 
to disease stage (Stage 0, 8%; Stage I, 38%; Stage II-III, 36%; metastatic 

or recurrent disease, 81%) (P = 2.60 × 10−4) (Figure 3A). Patients with 
metastatic or recurrent disease (16 patients) had varied clinical history 
(Table S1). In 5 of 16 patients, initial diagnosis was metastatic breast 
cancer and patients were treatment naive. ctDNA was detected in 4 
of the 5 patients (80%) (Table S8). In 11 of 16 patients, plasma was 
collected prior to metastatic or recurrence treatment. Majority of 
these patients (10 of 11 patients) were exposed to previous lines of 

F I G U R E  2   Clonal hematopoiesis (CH) variants characteristics. A, Association between CH variant occurrence and age in breast cancer 
patients, total samples, n = 53. P-value was calculated using the Mann-Whitney U test. Horizontal line represents median, box represents 
IQR and the whiskers denote 1.5 × IQR on either side. B, CH variant detection rates in different age groups, total samples, n = 53. P-value 
was calculated using χ2 2-sided test of independence. Number of patients shown below each corresponding bar. C, Correlation between 
cell-free total nucleic acid (cfTNA) variant allele frequency (VAF) and white blood cell (WBC) VAF in variants found in both cfTNA and WBC 
sequencing. P-value and correlation coefficient (⍴) were calculated using Spearman’s rank correlation test
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treatment prior to recurrence. ctDNA was detected in 9 of the 11 pa-
tients (81%). There was no difference in the ctDNA detection rates be-
tween treatment-naive metastatic breast cancer patients compared to 
patients with prior exposure to previous lines of treatment (Table S8). 
As expected, we found a higher proportion of multiple variants in pa-
tients with metastatic or recurrent disease (44%) compared to stage 
0-III (6%) (P = 4.02 × 10−5) (Figure 3B). The detection rate of ctDNA 
was higher in patients with lymph node metastases (P = 6.49 × 10−3) 
and in those with distant metastases (P = 5.00 × 10−4), but correlation 
with tumor size (P = .14) was not statistically significant (Figure 3C).

We evaluated detection rates across different metastatic lesions, 
namely visceral or non-visceral lesions. Of the 14 metastatic breast 

cancer patients, 6 patients developed visceral (liver, pleura, lung) 
and 8 patients developed non-visceral (bone and lymph node) meta-
static lesions. The ctDNA detection rate in patients showing visceral 
metastasis was 83% (5 of 6 patients) whereas in patients showing 
non-visceral metastasis, detection rate was 88% (7 of 8 patients) 
(Table S8). Based on the results of our study, we did not observe any 
distinctive difference in ctDNA detection rates across the different 
types of metastatic site in metastatic or recurrent disease patients 
(Table S8).

We detected 57 SNV (median VAF = 0.11%; range VAF 0.07%-
24.14%) and 7 CNV in FGFR1, CCND1, MYC, MET and FGFR2 (me-
dian CN = 3.88; range CN 2.57-9.92) (Figure 4A, Tables S9 and 

F I G U R E  3   Circulating tumor DNA (ctDNA) detection rates in tumor-related parameters of breast cancer patients after excluding clonal 
hematopoiesis (CH)-associated variants. A, Breast cancer disease stage. B, Multiple mutations detection rate. C, Tumor size, nodal status and 
metastases status. P-values were calculated using χ2 2-sided test of independence. Disease staging follows the American Joint Committee 
on Cancer (AJCC) TNM staging criteria for non-metastatic disease patients. ctDNA detection rates shown after excluding CH-associated 
variants. Number of patients shown below each corresponding bar. Stage II and stage III breast cancer patients were combined into a single 
group due to small sample size



     |  461CHIN et al.

S10) after excluding CH-related mutations. Of the 57 SNV de-
tected, the majority of variants were found in five genes including 
TP53 (37%), PIK3CA (21%), AKT1 (7%), EGFR (5%) and KRAS (5%) 
(Figure 4B). TP53, PIK3CA and AKT1 are well known driver genes 
for breast cancer. CNV were detected only in metastatic breast 
cancer patients. Among the frequently mutated genes in breast 
cancer, ctDNA detection rate of variants in this study were rela-
tively lower compared to the results of tissue DNA analysis from 
The Cancer Genome Atlas (TCGA) database (Figure 4C). cfTNA se-
quencing was able to capture multiple variants (Table S11) in some 
patients from different disease stages. Some patients (P69, P137, 
P216, P304) harbored variants with distinct mutation frequencies, 
highlighting the ability of cfDNA to capture tumor heterogeneity 
(Table S11).

4  | DISCUSSION

We present a single-center study for molecular profiling of breast 
cancer with blood liquid biopsy. To our knowledge, this is one of a few 
studies22,23 demonstrating the feasibility of a high-coverage NGS 
through an amplicon-based panel with UMT, and the first in breast 
cancer. Blood from stage 0-III patients was sampled prior to primary 
treatment (surgery or neoadjuvant therapy), while blood from met-
astatic or recurrence patients were sampled prior to treatment or 
intervention for recurrence or metastatic disease. The ctDNA detec-
tion rates reported in our study are reflective of the disease state of 
the patients and were not influenced by treatment intervention or 
the type of metastatic lesion. The detection rate of ctDNA, after ex-
cluding CH-related mutations, were high in patients with metastatic 
or recurrent breast cancer (81%), but more modest for those with 
local or locally advanced breast cancer (stage I 38%; stage II-III 36%). 
Through cfDNA sequencing, studies have detected variants related 
to CH, with a higher prevalence in older populations.13,24 As the ma-
jority of CH-related variants are individual-specific, it is imperative 
that paired sequencing of plasma cfDNA and WBC DNA be carried 
out to exclude CH variants and avoid inaccurate interpretation of 
liquid biopsy analyses.

ctDNA detection in patients with early-stage breast cancer is 
generally challenging due to lower shedding of ctDNA into circu-
lation.9,25,26 In addition, among different cancer types, Phallen and 
colleagues observed that breast cancer had the lowest amount of 
ctDNA.9 These factors, to some extent, possibly contribute to the 
lower ctDNA detection rates. Previous studies have reported a 
shorter DNA fragment size for ctDNA in the blood.27,28 Adopting 

size selection methods specific to ctDNA fragments might improve 
detection rates, but early data29,30 require further validation. The big 
caveat is that improvements in the detection rates would be very 
challenging if the biological features of breast tumors as well as their 
microenvironment inherently cause low shedding of ctDNA into the 
blood.

As more therapeutic options for breast cancer become available, 
there is a need for companion diagnostic tests to detect therapeutic 
relevant variants and assist patients’ treatment selection. From our 
results, a substantial number of alterations fall into the PI3K/AKT/
mTOR pathway (Figure 4A; Table S9). Several therapies that target 
PIK3CA (alpelisib, buparlisib) and MTOR (everolimus) are available at 
present. Previous literature31 has confirmed the high mutation rate 
of PIK3CA in ER+/HER2- breast cancer, making it an attractive target 
for treatment. In fact, it has been reported that PIK3CA mutation 
status in ctDNA is correlated with efficacy of PI3K inhibitors such as 
buparlisib32 and alpelisib.33

In our study, cfTNA sequencing was able to capture multiple 
variants in some patients with different VAF, possibly reflecting 
intra- and/or inter-tumor heterogeneity. Although the genetic profile 
of tumor biopsies is constrained by spatial limitations, liquid biopsy 
may have the potential to effectively interrogate tumor heterogene-
ity, detecting both clonal and subclonal variants. Previous studies on 
tumor evolution have proven that clonal variants (truncal variants) 
exist in almost all tumor cells and tend to show higher VAF in ctDNA 
compared with subclonal variants.34,35

The ctDNA detection rates using Oncomine Pan-Cancer cell-
free assay were comparable to or better than several reported 
studies focusing on amplicon-based breast cancer liquid bi-
opsy.8,10,21 Detection rate of the current study is lower compared 
with the amplicon-based custom panel reported by Zhang and 
colleagues21 and the ligation-based TEC-Seq approach by Phallen 
and colleagues9 (Table S12). Nevertheless, the study by Zhang and 
colleagues used a larger panel (68 genes) and, more importantly, 
matched WBC DNA sequencing was not carried out. The detec-
tion rates were closer when CH-associated variants were not ex-
cluded (53% Zhang and colleagues vs 47% in the current study). 
Despite better overall detection rates in the study by Phallen 
and colleagues (56% TEC-Seq vs 37% in the current study), input 
cfDNA for TEC-Seq was much higher (average 115 ng, range 19-
998 ng) and the conversion rate was lower (average 31%, range 
0.44%-68%). To achieve the same input cfDNA as TEC-Seq (av-
erage 115 ng), we would require approximately 48 mL blood (7 
tubes of 7 mL blood) assuming an average cfDNA concentration 
of 33.4 ng per 14 mL of blood found in this study. The excessive 

F I G U R E  4   Genomic landscape of circulating tumor DNA (ctDNA) variants from breast cancer after excluding clonal hematopoiesis 
(CH)-associated variants. A, Heatmap showing all ctDNA SNV and CNV detected from plasma. The clinical characteristics of patients are 
represented by the tiles at the top of the heatmap with details stated in the legend. Type of variant (SNV or CNV) is denoted by color in the 
heatmap whereas numbers signify the number of SNV for a gene per patient. Variants listed in heatmap after removing variants from WBC-
matched sequencing. B, Overall distribution of SNV calculated as number of SNV per gene over the total 57 SNV detected. C, Comparison of 
gene mutation rates in ctDNA against The Cancer Genome Atlas tissue sequencing data. Only the top 5 mutated genes are shown. Mutation 
rates for ctDNA genes from the Japanese Foundation for Cancer Research (JFCR) cohort calculated over total sample size = 95 (Stage I, II, III 
and metastatic disease)
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sampling of blood contradicts the non-invasive aspect of using 
liquid biopsy for cancer management, making this approach clini-
cally inapplicable. In our study, we observed a high conversion rate 
of cfTNA molecules to libraries (median 80%), enabling high mo-
lecular depth of cfTNA sequencing. When compared with other 
liquid biopsy methods, the conversion rate of the Oncomine Pan-
Cancer approach is similar to the Digital Sequencing™ method,36 
but is approximately 1.5-fold better than another amplicon-based 
method TAm-Seq14 and nearly four times more efficient than liga-
tion-based methods9,13 for cfDNA library construction.

Despite the advantages of cfDNA profiling, there are still some 
limitations to our study. In particular, due to the lack of tumor tissue 
samples, we were unable to evaluate the concordance of variants in 
cfTNA sequencing compared to tumor tissues.

Our results show that ctDNA can be effective in profiling the 
mutational landscape of breast cancer, with higher ctDNA detec-
tion rates observed in metastatic breast cancer compared to local 
or locally advanced breast cancer. The results of this pilot study are 
comparable to other liquid biopsy approaches and represent an en-
dorsement for the implementation of liquid biopsy in breast cancer 
management. Detection of tumor-derived variants through plasma 
cfDNA sequencing can be a powerful tool for minimally invasive 
monitoring and clinical management of breast cancer. This study also 
emphasizes the importance of paired plasma cfTNA and WBC DNA 
sequencing to exclude CH-related variants and reduce false-positive 
interpretation in liquid biopsy analyses. Our findings provide a basis 
for further development and eventual adoption of liquid biopsy as a 
routine molecular screening program.
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