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ABSTRACT

ARTICLE HISTORY

Identification of tumor-derived mutation (TDM) in liquid biopsies (LB), especially in earlystage patients, faces several challenges, including low variant-allele frequencies, interference
by white blood cell (WBC)-derived mutations (WDM), benign somatic mutations and tumor
heterogeneity. Here, we addressed the above-mentioned challenges in a cohort of 50 nonmetastatic colorectal cancer patients, via a workflow involving parallel sequencing of paired
WBC- and tumor-gDNA. After excluding potential false positive mutations, we detected at
least one TDM in LB of 56% (28/50) of patients, with the majority showing low-patient
coverage, except for one TDM mapped to KMT2D that recurred in 30% (15/30) of patients.
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Introduction

Colorectal cancer (CRC) remains the third-most
common cancer, with 1.85 million persons
afflicted, worldwide, and the second highest cause
of cancer mortality, at 881,000 deaths per year
(1). This is despite screening methods, such as
colonoscopy and sigmoidoscopy, for those at
higher risk, including family history and age over
50 (2). Those approaches have a miss rate of 5%
and remain excessively expensive for low- and
middle-income nations, in addition to being
invasive, with possible complications such as perforation (2,3). Also, while localized disease has a
91% five-year survival rate, that number falls to
14% for distant metastases (4), thus underscoring
the need for biomarkers for nonmetastatic CRC.
To improve ease of cancer detection and monitoring, it has been found that capture of circulating tumor DNA (ctDNA, i.e., “liquid biopsies”) is
feasible, particularly for metastatic disease, which
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possesses myriad mutations (5–8). These are relatively noninvasive, can capture tumor heterogeneity, and readily detect residual disease (9,10).
Indeed, one model predicts that the rate of tumor
shedding of DNA (presumably via apoptosis or
necrosis) would allow detection of 40% lowersized lesions, and relapsed disease up to 140 days
earlier, compared to current imaging methodologies (10). Moreover, the U.S. Food and Drug
Administration has now approved two such
liquid biopsies for metastatic cancers, including a
55-mutant gene set for non-small cell lung cancer
and a 324-mutant gene assay for prostate cancer,
using massive parallel sequencing (MPS) to detect
mutations (11).
Mutation-based detection assays of ctDNA
have been developed by several groups to detect
cancers in asymptomatic individuals, while they
are still curable. These studies showed that sensitivity increases with increasing stage, i.e., from

CONTACT Le Son Tran
leson1808@gmail.com
University Medical Center, Ho Chi Minh City, Vietnam; Diep Tuan Tran dieptuan@ump.edu.vn
University of Medicine and Pharmacy, Ho Chi Minh City, Vietnam
Supplemental data for this article can be accessed here.
ß 2021 Taylor & Francis Group, LLC

2

H.-T. NGUYEN ET AL.

approximately 40% in stage I to approximately
80% in stage III malignancy (5,7,12,13). It is
thought that the fraction ctDNA, and the number
of alterations in cancer cells, are the key factors
in the detection of ctDNA. In cancer patients,
ctDNA generally represents a small proportion of
all cfDNA, ranging from 5–10%, in late-stage
disease, to 0.01–1.0%, in early-stage disease (6).
This leads to low variant-allele frequencies
(VAFs) of tumor-derived mutations, referring to
the percentage of sequence reads matching specific DNA variants, divided by the overall coverage at those loci (14). Therefore, a highly
sensitive technique is required to capture such
mutations in cfDNA. For instance, using a targeted sequencing method (“TECseq”), Phallen
et al. (12) detected somatic mutations in the
plasma of 71% colorectal, 59% breast, 59% lung,
and 68% ovarian cancers from 200 patients with
stage I or II disease. Alternatively, to maximize
the sensitivity and specificity of early cancer
detection, Cohen et al. (5) developed a multi-analyte blood test (“CancerSeek”) by simultaneously
detecting mutations in 16 cancer-related genes,
combined with circulating protein biomarkers.
The assay achieved median sensitivities of 43%,
73%, and 78% for stage I, II and III disease,
respectively, in screening for 8 common cancer
types (including CRC). Recently, the biological
properties of ctDNA such as the shortening fragment sizes, have been exploited to improve the
accuracy of mutation-based detection of ctDNA
in early-stage cancer and low disease burden.
Cristiano et al. (15) showed that the test based
on the combination of DNA fragmentation patterns and mutations could enhance the sensitivity
for cancer early detection. Another challenge is
the fact that some variants could be due to clonal
hematopoiesis of blood cells, which must be filtered to identify circulating, tumor-unique mutations (16). Moreover, somatic mutations from
healthy subjects, which are clearly unrelated to
the presence of malignant disease, can interfere
with the identification of cancer-specific mutations (17–19). As we address in this report, however, none of these early cancer detection tests
are clinically approved for cancer screening.
To address these challenges, for CRC, we procured a valuable and unique set of patient

samples, consisting of 50 cases (stage 0 to stage
IIIA disease) and 96 healthy controls. Moreover,
for greater sensitivity and accuracy, we used
ultra-deep MPS, including the addition of unique
molecular identifiers (UMIs), allowing suppression of sequencing error and detection of variants
at VAFs 0.001 (20). In our cohort, removal of
hematopoietic and healthy control variants
revealed a set of 33 tumor-derived mutations,
with identification of 10 common CRC mutant
genes, with the tumor suppressor APC being the
most frequent. We hold that this study provides
proof-of-principle for eventual clinical employment of circulating DNA, via liquid biopsy, for
detection of nonmetastatic colorectal cancer.
Materials and methods
Patient recruitment

A total of 50 patients with colorectal cancer
(CRC) and 96 healthy subjects from the
University of Medicine and Pharmacy at Ho Chi
Minh City, Vietnam were recruited to this study.
The recruitment criteria for CRC patients were
early stage (stage I, II) or showed nonmetastatic
disease (stage IIIA) and naivety to treatment.
Healthy individuals were those who showed no
signs of colorectal diseases at the time of colonoscopy. Comprehensive details of patients’ clinical
factors are summarized in Table S1. This study
was approved by the Ethics Committee of the
University of Medicine and Pharmacy at Ho Chi
Minh City, Vietnam. All patients were given written informed consent prior to participation in
the study.
Clinical sample collection and DNA isolation

Paired formalin-fixed paraffin embedded (FFPE)
tumor tissues and blood were collected from 50
CRC patients. Prior to tissue biopsy, 10 mL of
peripheral blood was drawn in K2-EDTA tubes
(BD Vacutainer, USA), stored at room temperature for a maximum of 4 hours, followed by 2
rounds of centrifugation (2,000  g for 10 min
and then 16,000  g for 10 min) to separate
plasma from buffy coat fractions (white blood
cells). The plasma (4–6 mL) and buffy coatswere
then collected and stored at 80  C until DNA
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extraction. Cell-free DNA (cfDNA) from 2 ml of
plasma, and genomic DNA (gDNA) from buffy
coats, were isolated using a MagMAX Cell-Free
DNA Isolation kit (Thermo Fisher, USA), following the manufacturer’s instructions.
Tumor-rich areas, defined as those containing
at least 50% of tumor cells identified by hematoxylin and eosin (H&E) staining, of the FFPE
tissues, were micro-dissected. Tumor tissuederived DNA was then extracted using QIAamp
DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany),
following
the
manufacturer’s
instructions.
Isolated gDNA from both FFPE samples and
white blood cells (WBCs) were fragmented using
a NEBNext dsDNA Fragmentase (New England
Biolabs, USA), following the manufacturers’
instructions. Sheared gDNA was subject to size
selection for 100–1000 bp fragments using KAPA
Pure Beads (Roche, Switzerland). Both cell-free
DNA from plasma, and gDNA from FFPE or
WBCs, were then quantified using the
QuantiFluor dsDNA system (Promega, USA) and
Quantus Fluorometer (Promega).
Ultra-deep massively parallel sequencing with
unique molecular identifier tagging

A minimum of 1 ng cfDNA was subject to
sequencing library preparation with unique
molecular identifier (UMI) tagging (21), using
the ThruPLEX Tag-seq Kit (Takara Bio, USA),
following the manufacturer’s instructions. Equal
amounts of libraries (100 ng per sample) were
then pooled together and hybridized to an xGen
Lockdown probe panel targeting the 20 most frequently mutated genes in CRC, as selected from
the public database COSMIC (Catalogue of
Somatic Mutations in Cancer) (Table S2) (22).
From FFPE and WBC specimens, libraries
were prepared from 30 ng gDNA using the
NEBNext Ultra II FS DNA library prep kit (New
England Biolabs, USA), following the manufacturer’s instructions. Like cfDNA, libraries were
pooled before hybridization with the xGen
Lockdown probes. After hybridization, sequencing was run using MGI DNBSEQ Sequencing
Technology (BGI, China), at deep coverage of 20
million PE100 reads per cfDNA- or FFPE- gDNA

3

sample. For gDNA libraries from WBCs,
sequencing was carried out at 5 million PE
(paired end) 100 reads per sample.
Variant calling using Vardict

Each sample was barcoded with a single 8-bp
index in the P7 primer, and each DNA fragment
was tagged with a UMI consisting of a random
6-bp sequence, at both ends. FastQC Version
0.11.9 (Illumina) was used to check the quality of
the sequenced reads, followed by trimming using
Trimmomatic (23), to yield 75-bp reads. Pair-end
(PE) reads, and their corresponding UMI sequences, were generated using the bcl2fastq package
version 2.20.0.422 (Illumina). The reads were
aligned to the human genome (hg38), using the
Burrows-Wheeler Aligner (BWA) package (24),
and then grouped by their UMIs to determine a
consensus sequence for each fragment, eliminating sequencing and PCR errors. The Fgbio version 1.3.0 package was used to call UMI
consensus reads, which were then grouped by
their UMI tag (25). Reads with UMIs shorter
than 8-bp were excluded. Consensus reads were
called on the group with more than 3 identical
reads, using Fgbio CallMolecularConsensusReads
(26), and BWA used to align consensus reads to
the human genome (hg38) (24). AstraZeneca‘s
Vardict version 1.8 was used to call each variant
(27), and annotations attached using the Ensembl
Variant Effect Predictor (28).
To minimize the false-positive results, we used
high thresholds for calling mutations as tumorderived mutations (TDMs). Specifically, a mutation identified in cfDNA was considered as a
tumor-derived mutation (TDM) only when: (1) it
did not overlap with mutations detected in paired
WBC samples; (2) it was concordantly detected
in paired tissues samples; and (3) it did not overlap with mutations in healthy controls or had significantly higher frequency in the cancer cohort
than that in the control cohort.
Statistical analysis

The Mann-Whitney test was used to compare the
median age of CRC patients and healthy subjects.
Chi-squared (v2) test was performed to compare
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gender and mutation frequencies between the
CRC and control cohorts, and the p-values were
subsequently adjusted by Bonferroni correction.
Correlations between mutational loads and tumor
size were made using Spearman’s rank test, while
Pearson’s correlation coefficient test was used to
assess correlations between WBC-derived mutational VAFs in liquid biopsies and WBC samples.
All statistical analyses were carried out using
Python (v3.7) with some common data analysis
packages: numpy, scipy, pandas. All visualizations
are created with the help of matplotlib, pyplot
and pyoncoprint.
Results
Patients’ clinical features

Paired samples of tissue (FFPE) biopsies and
blood samples were collected from 50 patients
diagnosed with CRC by clinical histology, all of
whom were confirmed to be naive to treatment
at the time of sample collection. Parallelly, blood
samples were collected from 96 healthy individuals (i.e., no colon lesions found by colonoscopy)
(Figure S1A). Patients in the CRC cohort had a
higher median age compared to controls (63 versus 34, p < 0.001), and a higher ratio of females
to males (36% female 64% male vs 63.7%
female- 30.8% male, Table 1). Of 50 CRC
patients, 7 (14%) patients were stage 0-I, and 20
(40%) and 21 (42%) patients were stage II and
stage IIIA, respectively. Two (4%) patients were
diagnosed with non-metastatic CRC, but lacked
information on clinical stage (Table 1). Of the 50,
35 patients (70%) had tumors in the colon, and
the remaining 15 patients had tumors in the rectum (10 cases, 22%), cecum, or anal canal (2
cases, 4% for each location, Table 1).
Adenocarcinoma (AC) was the most common
subtype (49/50, 98%, Table 1).
Overlap of white blood cell-derived mutations
(WDMs) with plasma-derived mutations in
CRC patients

It has been reported that plasma cell-free DNA
(cfDNA) contains mutations not only from cancer cells, but also from noncancerous blood cell
precursors that harbor germline mutations or

Table 1. Summary of patients’ clinical characteristics.
Patients’ characteristics
Gender
Female
Male
Unknown
Age
Median
Min-Max
Histology
Adenocarcinoma
Tubular adenomas
Tumor Location
Colon
Rectum
Cecum
Anal canal
Tumor stage
0
I
II
III
Unknown

Cancer
(N ¼ 50)
N (%)

Healthy controls
(N ¼ 96)
N (%)

18 (36)
32 (64)
0 (0)

58 (63.7)
28 (30.8)
5 (5.5)

<0.001

63
27–85

34
24–71

<0.001

p value

49 (98)
1 (2)
35
11
2
2

(70)
(22)
(4)
(4)

2 (4)
5 (10)
20 (40)
21 (42)
2 (4)

N: total case number.
The Mann-Whitney test was conducted to compare the median age of
patients at diagnosis. Chi-squared (v2) test was performed to compare
gender and mutation frequencies.

mutations from clonal hematopoiesis of indeterminate potential (CHIP) (16,29). To distinguish
such mutations from potential cancer-derived
mutations, we parallelly sequenced plasma
cfDNA and paired white blood cell (WBC) genomic DNA, from all 50 CRC patients. Our
sequencing assay examined the 20 most frequently mutated genes in CRC, according to the
COSMIC database (Table S1) (22), and we also
employed UMI technology to suppress sequencing error (20). DNA sequencing data was
obtained from all 50 CRC patients with comparable on-target rates (62.5% and 67.5% for plasma
cfDNA and WBC gDNA, respectively, p > 0.5),
and UMI consensus read coverage 200X, for all
types of samples (Figure S1(B) and (C)).
Specifically, we found that most mutations in
the LB samples greatly overlapped with those
from matched WBCs, across the 50 patients
(median 75.9%; range: 33.3%–91.2%, Figure 1(A),
Table 2), and the abundance of those mutations
in plasma highly correlated with their abundance
in WBCs (r ¼ 0.95, 95% CI 0.94–0.97, p < 0.0001,
Figure 1(B)). This finding further confirmed that
WBC-derived mutations (WDMs) are the major
constituents of CRC patient LBs and are unlikely
to be sequencing errors or artifacts. WDMs were
detected in 18 of the 20 selected genes, with
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Figure 1. Detection of white blood cell-derived mutations by paired sequencing of white blood cell (WBC) gDNA and liquid biopsy
(LB) cfDNA. (A) Detection rates of mutations shared between liquid biopsies and paired WBCs (WDMs) and mutations uniquely
found in liquid biopsy samples (LBM) (n ¼ 42). (B) Correlation of the mean VAFs of WDMs in WBCs and LBs. p-values and correlation coefficients (r) were calculated using Pearson’s correlation test. (C,D) Scatter plots showing VAFs and occurrences of TDMs (C)
and WDMs (D). (E) Venn diagram showing overlapping TDM and WDM spectra.
Table 2. Summary of mutation fractions in liquid biopsies and tumor tissue biopsies.

Mean
Std
Min
25%
50%
75%
Max

WDM
(%)

LBM
(%)

FFPE-unique
(%)

FFPE-shared-LB
(TDM) (%)

FFPE-shared-WBC-not-LB
(TIL) (%)

FFPE-shared-WBC-and-LB
(WDM-FFPE) (%)

69.9
15.6
33.3
59.2
75.9
80.7
91.2

30.1
15.6
8.8
19.3
24.1
40.8
66.7

54.9
22.5
9.1
43.7
58.1
69.5
89.0

3.6
4.1
0.0
1.2
2.5
4.5
23.1

3.4
2.5
0.0
1.9
3.1
4.4
12.9

38.1
20.3
6.9
24.3
34.2
49.4
85.7

WDM: white blood cell (WBC) mutations overlapping with mutations in paired liquid biopsies (LB).
LBM: LB mutations after excluding WDM.
FFPE-unique: mutations in FFPE tissue samples not sharing with either WBC derived mutations or LBM.
FFPE-shared-LB: LBM concordantly detected in paired tumor tissues, also defined as tumor derived mutations (TDM).
FFPE-shared-WBC-not-LB: mutations in FFPE overlapping with WBC mutations but not with LBM, also considered as tumor infiltrating lymphocytes (TIL).
FFPE-shared-WBC-LB: mutations in FFPE overlapping with both WBC and LBM mutations, also defined as WDM-FFPE.

KMT2C being the most frequently mutated gene
(22.8% of all WDMs, Figure S2). After excluding
WDMs, the remaining non-overlapping mutations, denoted as LB-unique mutations (LBMs),
accounted for lower proportions of total LBderived mutations, but being potentially of tumor

origin (median: 24.1%, range: 8.8%–66.7%, Figure
1(A), Table 2). While LBMs were mostly present
as low occurrence mutations and variant allele
frequencies (VAFs) <0.1 (Figure 1(C)), WDMs
had varying occurrences (range: 1–39 patients,
Figure 1(D)) and VAFs (range: 0.001–0.67, Figure
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Figure 2. Identification of tumor-derived mutations (TDMs) in plasma, by sequencing paired tumor tissues. (A) Proportions of different mutation groups in tumor tissues from 50 patients, including mutations overlapping WBC mutations (WDM-FFPE and TIL),
with LBMs (TDMs) or those uniquely detected in tumor tissues (unique-FFPE). (B) Scatter plot showing the occurrences (y axis) and
mean VAFs (x axis) of WDM-FFPE (blue circles) and TILs (red circles). (C) Scatter plot showing occurrences (y axis) and VAFs (x axis)
of TDM concordantly detected in LB and paired FFPE.

1(D)). Among detected WDMs, the majority
were detected at VAFs >0.2, indicating that they
were mostly derived from germline mutations
(12), while the remainders had VAFs <0.1, comparable to the VAFs of LBMs (VAF < 0.1),
which could be CHIP related mutations (Figure
1(C)). We next cross-compared the profiles of
WDMs and LBMs, among 50 patients, to examine if they could distinctly classify one from
another. Of the total 92 detected WDMs, 9 overlapped with LBMs detected across individual
patients, indicating that the spectrums of WDMs

and LBMs were not distinct, or that a WDM in a
particular patient could be a TDM in another
(Figure 1(E)). Together, these data showed that
paired sequencing of WBC gDNA and plasma
cfDNA may be required to distinguish WDMs
from LBMs, in liquid biopsy samples.
Identification of tumor-derived mutations in liquid
biopsies by paired sequencing of tumor tissues

To identify possible tumor origin of LBMs, we
performed sequencing on patient-paired tumor
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Table 3. Comparison of occurrences of TDMs shared between cancer and healthy controls.
Control (N ¼ 96)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Cancer (N ¼ 50)

Variant

Occurrences

Frequency (%)

occurrences

Frequency (%)

chi2_p_value, Bonferroni
corrected

chr17:7670685-G>A
chr12:25245350-C>A
chr17:7674220-C>T
chr12:49033896-C>T
chr1:26731393-C>G
chr7:152235912-C>T
chr7:152265049-G>T
chr5:112839942-C>T
chr7:152248171-G>A
chr7:152235831-C>G
chr4:186596870-C>T
chr7:152235905-C>T
chr7:152248016-G>C
chr12:25225628-C>T
chr7:152273712-A>T

1
1
1
1
1
15
12
3
32
1
1
14
81
1
33

1.0
1.0
1.0
1.0
1.04
15.6
12.5
3.1
33.3
1.0
1.0
14.6
84.4
1.0
34.4

1
1
1
15
2
7
6
7
24
1
1
7
41
1
18

2.0
2.0
2.0
30.0
4.0
14.0
12.0
14.0
48.0
2.0
2.0
14.0
82.0
2.0
36.0

0.78
0.78
0.78
<0.0001 0.0000149
0.56
0.99
0.86
0.03
0.12
0.78
0.78
0.88
0.89
0.78
0.99

Chi-squared (v2) test was performed to compare mutation frequencies between the CRC and control cohorts, and the p-values were subsequently
adjusted by Bonferroni correction.

tissues. Like LB samples, we detected mutations
in tumor tissues that overlapped with paired
WBC mutations, across 50 CRC patients (Figure
2(A)). Those WBC shared mutations formed 2
distinct clusters with the first group overlapping
with plasma WDM (WDM-FFPE) and the
remaining group not shared with WDM (Figure
2(A)). WDM-FFPE accounted for a median of
34.2% of all mutations detected in all 50 paired
patient tumors (range: 6.9%–85.7%, Figure 2(A),
Table 2) and had relatively high VAFs >0.2
(Figure 2(B), red circles). By contrast, the
remaining group accounted for lower proportions, with a median of 3.1% (range: 0%–12.9%)
in 46/50 (92%) patients (Figure 2(A), Table 2)
and showed lower VAFs than WDM-FFPE, possibly representing those derived from tumor-infiltrating lymphocytes (TILs) (Figure 2(B), blue
circles). These data suggest that WBC-derived
mutations are present not only in plasma, but
also in CRC tumor tissues, which could interfere
with
the
identification
of
cancer-specific mutations.
Strikingly, only a small proportion of mutations in tumor tissues overlapped with LBMs
(median: 2.5%, range 0–23.1%, Figure 2(A), Table
2), but were not shared with WDM-FFPE or TIL
mutations, in paired plasma samples; these were
denoted as tumor-derived mutations (TDMs)
(Figure 2(A)). These data suggested that not all
mutations detected in tumor tissues were shed
into the circulation. Additionally, TDMs were
detected in 42/50 (84%) tissue samples, with a

wide range of VAFs (range: 0.001–0.67, Figure
2(C)) indicating that TDMs could be originated
from either common or minor tumor clones.
Overlap of TDMs with mutations detected in
healthy individuals

It has been reported that background mutations
including benign somatic mutations or mutations
overlapping with WBC-derived mutations in
healthy controls could lead to the false positive
detection of TDM (12,18,30). To detect such
overlapping mutations, we compared our TDM
profile with that of the 96 healthy controls, finding that 16/48 (33.3%) overlapped. Of those
shared mutations, one TDM was detected at a
frequency significantly higher in cancer patients
than in the control cohort (15/50, 30% in cancer
patients versus 1/96 (1%) in healthy controls,
p < 0.0001, Table 3), indicating high likelihood of
being a true TDM. By contrast, the majority (15/
16) of shared TDMs had frequencies comparable
between cancer and healthy cohorts, making it
unlikely to distinguish those background mutations from true TDMs (Table 3).
Characterization of TDMs in liquid biopsy samples
of patients with nonmetastatic CRC

High specificity is critically important to minimize false positive results during early cancer diagnosis thereby preventing unnecessary follow-up
tests and overtreatment (31). To achieve a high
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Figure 3. Characteristics of tumor-derived mutations detected in liquid biopsy samples of CRC patients. (A) Oncoprint of distribution of TDMs in CRC patients, as correlated with different CRC stages. Rows and columns represent TDMs and patients, respectively. Mutations are labelled on the right side. The left-side bar plot shows the occurrences of each mutation, among all patients,
while the topmost bar plot represents the mutational loads of each patient. Cases are grouped into stages. Patients are grouped
according to their tumor stages. (B) Correlation between number of TDMs and tumor size. Spearman’s rank correlation coefficient
was performed to analyze the correlations between tumor size and the number of detected TDMs in 28 CRC samples; ns: not significant. (C) Pie-chart showing the distribution of genes harboring TDMs. (D) Scatter plot showing occurrences and VAFs of TDMs
in liquid biopsies.

specificity of TDM identification, we excluded
potential nontumor-derived mutations by removing TDMs shared with healthy controls, but not
significantly more frequent than the control
cohort. After applying the above filtering method,
we obtained a set of 33 TDMs, with 28/50 (56%)
CRC patients having at least one (Figure 3(A)).
Of those, stage II patients had the highest rate of
TDM detection (13/20, 65%), while 10/21 (47.6%)
were stage IIIA, and 2/7 (28.6%) stage 0-I (Figure
3(A)). In addition, the number of TDMs detected
in LB samples varied across patients, with stage
II patients having higher TDM loads than other
stages, thus demonstrating intratumor heterogeneity (Figure 3(A)). There were no significant

correlations between the number of detected
TDMs and tumor size (Figure 3(B)). Among the
33 detected TDMs, 18 (54.5%) were previously
confirmed as pathogenic or likely pathogenic
mutations in the ClinVar database (32), while the
remaining had unknown functions, or were previously classified as benign (Table S3).
TDMs were most frequent in APC (36.4%),
followed by TP53 (12.1%), KMT2C, FBXW7,
KMT2D, PIK3CA (9.1% for each gene), SMAD4
(6.1%), KRAS, TGFBR2, and ZFHX3 (3% for each
gene) (Figure 3C). The majority (29/33, 87.9%) of
TDMs were present at low VAFs (<0.04), in
liquid biopsies, and were not shared among CRC
patients, thus highlighting the inter-individual
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heterogeneity
of
TDMs
(Figure
3(D)).
Interestingly, one TDM, mapped to KMT2D
(chr12: 49033896-C>T KMT2D), was recurrently
detected in CRC patients, at a frequency of 30%
(15/50) (Figure 3(D)).
Discussion

In this study, we examined the feasibility of utilizing tumor-derived mutations, in ctDNA, for
the purpose of early detection of colorectal cancer
(CRC). While metastatic disease correlates with
numerous genetic alterations, early-stage malignancies contain much fewer (33). Other challenges to identifying diagnostic ctDNA tumorderived mutations (TDMs) include interference
by white blood cell-derived mutations (i.e.,
WDMs, occurring during clonal hematopoiesis of
indeterminate potential (CHIP)) (29), in addition
to intra- and inter-tumor heterogeneity, benign
somatic mutations, and errors inherent to the
limitations of ultradeep sequencing (10,18,33).
To study such feasibility, we procured a distinctive, valuable patient set of 50 nonmetastatic
(stage 0-I, II and IIIA) tumor tissues (FFPE),
matched to white blood cell (WBC) and plasma
specimens. The high proportion of CRC patients
with stage IIIA (21/50, 42%) truly reflected the
clinical context that late-stage cancer diagnosis
remains dominant in Vietnam (34). However, in
this instance, CRC patients with stage IIIA were
known to have nonmetastatic disease, and cancer
detection at this stage would provide high treatment success rates (35). To reduce errors associated with massive parallel sequencing, we added
unique molecular identifiers (UMI) to sequenced
fragments, an approach that has been shown to
reduce such errors by >70-fold, with sensitivity
up to 98% (36).
Consistent with previous findings, we found
much higher proportions of WBC-derived mutations (WDMs) in plasma samples of CRC
patients (16,37). WDMs detected in plasma samples could be a mixture of germline mutations or
CHIP-related mutations from WBCs. While the
former group can be identified as germline mutations, based on their high (>0.1) VAF levels,
CHIP-related mutations not only showed comparable VAF levels, but their spectrums
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overlapped with TDM spectra. These findings
suggest that paired sequencing of WBC gDNA is
required to differentiate TDMs from CHIPrelated mutations. Consistent with a recent study
by Chan et al. (37), we also detected a group of
WBC-derived mutations in tumor tissues that did
not overlap with tumor- or WBC-derived mutations detected in paired plasma samples, possibly
derived from tumor-infiltrating lymphocytes
(TILs), which have been reported to be involved
in tumor immunosuppression (38). Strikingly,
those TIL mutations, and TDMs, showed comparable VAFs in tumor tissues, which could lead
to the inaccurate identification of TDMs (Figure
2(B,C)). Thus, further studies are required to dissect the possible implications of TIL mutations to
tumorigenesis. To accurately classify mutations
detected in LB (LBMs) as tumor-derived, we
excluded TIL mutations, and selected only LBMs
concordantly present in paired tumor tissue samples. The remaining nonoverlapping LBMs could
be derived either from tumor clones that were
lost during tissue sampling or from unknown
sources, as previously described by Razavi
et al. (16).
Background mutations from healthy subjects
could lead to the misinterpretation of TDMs
(12,18,30). However, this challenge has not been
well addressed in previous studies. Here, we profiled mutations in plasma samples of 96 healthy
control subjects who underwent colonoscopy but
had no lesions. We detected the overlapping
spectrum between TDMs and mutations from
healthy subjects, confounding the distinction of
cancerous mutations from background mutations.
After filtering potential background mutations,
we detected 33 TDMs, highly likely of tumor origin, in 56% (28/50) of CRC patients, comparable
to the detection rates of ctDNA mutations
reported by previous studies for early CRC stages
(5,12). Moreover, like others (5,12), we also
found that higher-stage disease correlated with
greater numbers of tumor-matching ctDNAunique mutations. Those TDMs were mapped to
10 of 20 CRC genes, with APC and TP53
accounting for those most frequently mutated.
The majority of identified TDMs had low occurrences, demonstrating the interindividual heterogeneity of early-stage tumors. Noticeably, we
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identified one TDM, a silent mutation mapped to
KMT2D, that was recurrently detected in 15 CRC
patients. Despite being a nonsynonymous mutation, this TDMis located at the end of exon 40 of
KMT2D, suggesting that it possibly alters splicing
regulatory sites, mRNA stability and miRNA
binding sites, thus might be related to tumorigenesis (39). Thus, future studies, using larger sample sizes, might be required to confirm the tumor
origin, as well as the functional role(s) of this
potential “hotspot” TDM.
There are several limitations to our study.
First, the use of paired tumor tissues to confirm
the tumor origin of TDMs could result in loss of
TDMs shed by tumor clones that were not captured by tissue sampling (8,40). Second, paired
sequencing of WBCs and LBs, for the 96 healthy
controls, was not carried out in the current study
to identify CHIP mutations, due to cost constraints. By filtering mutations shared with
healthy subjects, we might have excluded some
true TDMs that overlapped with low-frequency
CHIP mutations from WBCs from healthy subjects. However, this method will allow us to
achieve the best specificity of TDM detection,
and avoid overdiagnosis (i.e., false positives),
which is an important criterion for early cancer
detection. A probabilistic model may be required
to accurately classify TDMs from background
mutations in future studies. Third, the healthy
control cohort in this study had a median age
younger than the cancer cohort, which may have
an impact on the identified mutational profiles,
particularly CHIP-related mutations. Previous
studies have reported a link between individual’s
ages and detection rates of CHIP-associated
mutations (41,42). In addition, our study lacks
clinical follow-up with information on the health
and disease status of the healthy subjects. This is
important since a healthy individual may carry
cancer-related mutations and subsequently
develop cancer (43). Hence, the present study is a
cohort study, and future case-control studies with
larger data sets and age ranges better balanced
between control and cancer patients, together
with robust statistical models, are required to
improve the accuracy of TDM detection.
In summary, we set forth a workflow for identifying
tumor-specifically-derived
circulating

DNA mutations in early-stage colorectal cancer.
However, our results indicated that most TDMs
showed both intratumoral and intertumoral heterogeneity, resulting in insufficient sensitivity for
widespread CRC detection. Thus, we assert that
combination with other ctDNA biomarkers such
as methylated DNA, varying fragmentation patterns, and altered chromosomal copy numbers,
could increase the positive predictive value of
liquid biopsies, and warrant more in-depth study
of these phenomena.
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