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Editorial on the Research Topic

Circulating tumor DNA in cancer: a role as a response and monitoring
“next-generation” biomarker in cancer therapy
In recent years, circulating tumor DNA (ctDNA) has gained substantial promise as a

sensitive biomarker for tumor diagnosis, prognosis and response monitoring of a wide range

of treatment modalities. This sensitive biomarker has been shown to be effective in detecting

residual disease and diagnosing recurrence, and in tumor-specific adjuvant therapy and

targeted therapy (1), Peng et al. A ctDNA biomarker is also innately sensitive and specific for

metastatic cancer (2, 3). In this way, ctDNA as a liquid biopsy may represent an exciting era

in cancer management, but there remain some challenges. Specifically, we need to 1) learn

more about ctDNA’s biological characteristics (such as its size, existing form, and mechanism

of release), 2) improve the sensitivity of the method for detecting ctDNA, and 3) validate its

translation into routine clinical practice through a variety of clinical trials and multi-center

cohorts. This Research Topic embodies 10 multidisciplinary manuscripts (original research

and critical reviews) focused on multifaceted aspects related to “CtDNA in Cancer”.

It is essential to understand ctDNA biology in order to develop techniques that allow its

analysis. As a result, Sanchez-Herrero et al. offered an overview of ctDNA biological

features, including size and structure, mechanisms of shedding and clearance, and

physiopathological factors that influence ctDNA levels. Moreover, Peng et al. discussed

the clinical applications and challenges of ctDNA and minimum residual disease (MRD) in

solid tumors. An MRD test helps to evaluate the patient’s prognosis, treatment response,

and recurrence risk. They discussed how ctDNA can be used to monitor MRD in solid

tumors, such as breast cancer, lung cancer, and colon cancer. Overall, ctDNA-based MRD

detection can improve patient outcomes in cancers and assist in clinical decision-making.

In a review article, Lam et al. examined ctDNA as a biomarker for gastro-esophageal,

colorectal (CRC), and pancreaticobiliary cancers. They discussed how this biomarker’s

unique strengths might be used in improving management of gastrointestinal cancers.
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During palliative care, ctDNA monitoring can be used to detect and

track clonal variants linked to acquired resistance to immune-

checkpoint inhibitors and targeted therapies. Moreover, ctDNA

may be used to guide therapeutic re-challenge for patients who have

taken targeted therapies in the past.

Diefenbach et al. developed an NGS panel to identify melanoma

ctDNA that includes 15 top gene mutations including the TERT

promoter. They analyzed 21 melanoma samples from stage III or IV

patients who were either untreated or receiving therapy for their

disease. The custom panel detected 14/21 (67%) patients with

mutations in BRAF/NRAS/TERT promoter, one of whom contained

a TERT C250T mutation in one negative sample for BRAF and NRAS

mutation. They plan to expand their custom panel to 50 genes in order

to improve detection rates of stage IV melanoma to >90%. Liquid

biopsy approaches based on ctDNA may be an effective method of

interrogating gastrointestinal stromal tumors (GISTs). Ko et al. tested

plasma samples from 46 patients with a customized 29-gene Archer®

LiquidPlex™ target panel. This is an attractive non-invasive method

for obtaining relevant clinical data during disease progression.

Endocrine therapy is a cornerstone of therapy for hormone

receptor-positive (HR+), HER2-negative metastatic breast cancer

(mBC). Urso et al. evaluated the concordance between ctDNA and

ESR1 status in metastatic tumors. A 91% concordance rate was

found between tumor tissue and plasma ESR1 status. The study

showed that liquid biopsy could be an alternative to tissue biopsy

for the assessment of ESR1 mutations in mBC. By sequencing the

entire exome of cfDNA, Lee et al. identified novel genetic mutations

linked to drug resistance in lung cancer and CRC patients treated

with EGFR-targeted therapies and chemotherapy. Sixteen genes in

CRC and seven genes in lung cancer were found. Additionally, TTN

R7415H and ADAMTS20 S1597P mutations in CRC, as well as the

GPR155 I357S mutation in lung cancer, were frequently detected

during acquired resistance. This indicates that these mutations play

a critical role in acquired resistance to chemotherapy. It is estimated

that 3~5% of non-small cell lung cancers (NSCLCs) have

leptomeningeal metastases (LM). As indicated by Bai et al., CSF

ctDNA from a lung adenocarcinoma patient showed oncogenic

mutations before CSF cytology and MRI confirmed LM, indicating

CSF ctDNA as a potential early detection tool. A study by Wu et al.

examined ctDNA mutated genes, prognosis, and the association

between the altered genes in ctDNA and clinical parameters in

lymphoma. They proposed that NGS-based analysis of ctDNA

mutations can reveal heterogeneities in lymphoma subtypes,

which could offer new therapeutic targets, insights into genomic

evolution, and new approaches to risk-adaptive therapies.

Interestingly, Chan et al. compared tumor-informed versus tumor-

agnostic approaches to ctDNA analyses in CRC patients. The benefits
Frontiers in Oncology 02566
of a single-time point ctDNA analysis were compared with serial

monitoring of ctDNA after definitive treatment. They concluded that

longitudinal monitoring of tumor-informed ctDNA is highly

analytically sensitive, with a low probability of false-positive rate due

to clonal hematopoiesis mutations, as well as improved sensitivity to

detect recurrence, which may modify CRC clinical management.

Altogether, the original articles and reviews collected in this

Research Topic provide original insights and critical perspectives

for translating ctDNA into clinical practice and management of

patients suffering from malignant tumors.
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Endocrine therapy represents the cornerstone of treatment in hormone receptor-positive
(HR+), HER2-negative metastatic breast cancer (mBC). The natural course of this disease
is marked by endocrine resistance, mainly due to Estrogen Receptor 1 (ESR1) acquired
mutations. The aim of this study is to evaluate the concordance between ESR1 status in
metastatic tumor specimens and matched circulating tumor DNA (ctDNA). Forty-three
patients with HR+, HER2-negative mBC underwent both a metastatic tumor biopsy and a
liquid biopsy at the time of disease progression. DNA extracted from formalin fixed paraffin
embedded (FFPE) tumor specimens and ctDNA from matched plasma were analyzed by
droplet digital (dd)PCR for the main ESR1 mutations (Y537S, Y537C, Y537N, D538G,
E380Q). We observed a total mutation rate of 21%. We found six mutations on tissue
biopsy: Y537S (1), D538G (2), Y537N (1), E380Q (2). Three patients with no mutations in
tumor tissue had mutations detected in ctDNA. The total concordance rate between
ESR1 status on tumor tissue and plasma was 91%. Our results confirm the potential role
of liquid biopsy as a non-invasive alternative to tissue biopsy for ESR1 mutation
assessment in mBC patients.

Keywords: Estrogen Receptor 1 (ESR1), metastatic breast cancer, endocrine therapy, ctDNA, liquid biopsy
INTRODUCTION

Hormone receptor-positive (HR+) breast cancer (BC) accounts for about one third of all BC (1).
Endocrine manipulation is the mainstay of treatment of HR+/human epidermal growth factor
2- negative (HER2-) BC, and the traditional armamentarium includes aromatase inhibitors
(AI), selective estrogen receptor modulators (SERMs, as tamoxifen), selective estrogen receptor
degraders (SERDs, as fulvestrant).
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However, in the metastatic setting, development of resistance
invariably occurs, and about 15–20% of patients show de novo
resistance (2–4). Several mechanisms have been linked to endocrine
resistance, including mutation in Estrogen Receptor 1 (ESR1) gene.
This gene, located on chromosome 6, encodes for ERa, a member
of the nuclear hormone receptors superfamily (5). In response to
estrogens, ER interacts with specific estrogen response elements
(EREs) on DNA and promotes cell proliferation. Moreover, ER
harbors numerous bi-directional cross-talks with membrane
tyrosine kinase receptors such as epidermal growth factor
(EGFR), HER2, insulin-like growth factor (IGFR), that play an
important role in breast cancer cells’ growth and survival (6–9).

ESR1 mutations mostly occur in specific hotspots located in
the ligand-binding domain of the receptor and result in estrogen-
independent function of ER (10). The most common ESR1
mutations are Y537S/N/C and D538G (11).

ESR1 mutations are rare in primary BC and become more
frequent in the metastatic setting, with a total rate of about 30%
(12, 13). These mutations are relatively rare in patients treated
with tamoxifen only and typically develop after previous
exposure to aromatase inhibitors, as a result of the selective
pressure of endocrine deprivation therapies (12–18).

Mutant cells are resistant to AI in vitro, while high doses of
tamoxifen and fulvestrant inhibit signaling of mutant ER (14, 19).
In the combined analysis of the SoFEA and EFECT trials, ESR1
mutations have been shown to be associated with worse
progression-free survival (PFS) and overall survival (OS) in
patients treated with exemestane versus fulvestrant, with an
objective response rate of 9.5 versus 0.0% on respectively
fulvestrant and exemestane (17, 20). These findings confirm that
ESR1 mutated patients still derive clinical benefit from endocrine
therapy with fulvestrant. In this context, preclinical data have
shown the effectiveness of new potent oral SERDs (21–24).

Whether detection of ESR1 mutation could impact on
treatment decision is still under investigation (NCT03079011).

Circulating tumor DNA (ctDNA) is a cell-free DNA released by
tumor cells in the blood (25). ctDNA can be detected in the plasma
of patients with cancer, and its analysis may represent a non-
invasive tool for detecting and monitoring key gene mutations.

Although different studies showed the potential of Next
Generation sequencing (NGS) or Droplet Digital PCR
(ddPCR) analyses in identifying ESR1 mutations in ctDNA
from HR+ metastatic breast cancer (mBC), few reports
compared the sensitivity of the detection in tissue specimens
compared to matched plasma samples (26–30).

We conducted a prospective study in a cohort of HR+/HER2-
mBC patients to assess the concordance of ESR1 mutation
evaluated on matched tumor tissue samples from a metastatic
lesion and ctDNA from plasma.
MATERIALS AND METHODS

Patients
The study population was represented by a prospective cohort of
43 HR+/HER2- (defined as ER or PgR expression ≥10% and
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HER2 immunohistochemical 0–1+ or 2+ with no amplification
at fluorescence in situ hybridization) mBC patients (Age ≥ 18
years) who underwent a biopsy of a metastatic lesion at our
Institution, as part of the routine diagnostic-therapeutic
management, prior to the start of a new line of systemic
treatment. Patients were enrolled from July 2018 to August 2020.

Patients were registered in a prospective database reporting
demographics, clinical-pathological features, type of treatment
for early (eBC) and advanced BC (aBC), results for ESR1
mutation, and follow-up data.

Treatment for metastatic disease was administered in
accordance to national guidelines.

The study (SPIDER) was approved by the Ethic Committee of
Istituto Oncologico Veneto (Cod. CESC IOV 2018/26, February
26, 2018). Informed consent was obtained from all subjects.

Samples Preparation and Analysis
DNA Extraction From Formalin-Fixed Paraffin-
Embedded Tissue Biopsy
We collected 43 FFPE tumor biopsies, reviewed by a pathologist
(MF) for tumor tissue quality and quantity. Genomic DNA
(gDNA) was extracted from five FFPE sections containing at
least 30% of tumor cells using QIAmp®DNAMicro Kit (Qiagen)
following the manufacturer’s instructions. DNA was quantified
by Nanodrop One (Thermo Scientific®). Twenty ng of total
gDNA was used for the detection of ESR1 mutations.

Plasma Sample Collection and DNA Extraction
Liquid biopsy was performed at the same time point of tissue
collection, simultaneously with the routine blood exams, with no
additional venipuncture. Twenty ml of blood samples was
collected in two Helix ctDNA Stabilization tubes (Diatech
Pharmacogenetics SRL) and processed within 24 h. Plasma was
separated by centrifugation at 2,000 × g for 10 min at 4°C. Next,
to further purify plasma from corpuscular cells, the supernatant
was centrifuged at 20,000 × g for 10 min at 4°C. Plasma was
stored at −80°C until analysis. ctDNA was extracted from 2 ml of
plasma using the Maxwell® RSC ccfDNA Plasma Kit (Promega,
Madison, Wisconsin, USA), and quantified using Qubit dsDNA
HS Assay Kit (Life Technologies, USA). 7.5 µl of ctDNAwas used
for the detection of ESR1 mutations.

Detection of ESR1 Mutations by ddPCR
ESR1 mutations were analyzed by ddPCR on the QX200 ddPCR
system (Bio-Rad Laboratories) following the manufacturer’s
instructions. We assessed the following hotspots in 43 tissue
specimens: Y537S, Y537C, Y537N, D538G, E380Q. These
hotspots were selected based on their frequency among ESR1
mutations in published studies (11) and in the COSMIC dataset
(v92). ddPCR probes were purchased from Bio-Rad. To set-up
the method, each assay was tested using pSEPT plasmid bearing
the indicated mutations. All samples had adequate proportion of
tumor cells. All the mutations detected in tumor tissue biopsy
were checked in matched ctDNA. As Y537C/N was barely
detected in our tissue sample cohort (0.0 and 2.3%,
respectively), all plasma samples were analyzed for the three
main hotspots: Y537S, D538G, E380Q. Each sample of tumor
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tissue DNA was run in duplicate; each sample of cfDNA was run
in triplicate.

We defined a positive mutation in tissue DNA with a
threshold of 1% allele frequency to avoid technical biases from
fixation process (31); for ctDNA we used a cutoff of three
mutant-positive droplets per well, following the manufacturer
guidelines. Allele frequency for each mutation was determined
considering fractional abundance of mutated droplets above
the total.

Sample Size and Statistical Analysis
Statistical analyses were conducted using IBM SPSS (Version 20)
Software. The association between categorical variables was
evaluated using the c2 test.

We evaluated the concordance between ESR1 mutation
analysis on matched tissue DNA and ctDNA samples. We
considered three concordance measures: i) the rate of ctDNA
mutated samples over the total of tumor tissue mutated samples
(ctDNA confirmation rate), ii) the rate of concordant mutated
matched pairs over the total of pairs showing at least one
mutated sample (ctDNA, tumor tissue, or both; concordance
mutation rate), and iii) the rate of concordant mutated or
concordant wild-type matched pairs over the total of 43
analyzed pairs (total concordance rate).

PFS was calculated as the time interval from the date of liquid
biopsy to disease progression or death, whichever was first. OS
was calculated from the date of liquid biopsy to death. Patients
without an event were censored at the date of last follow-up.

Survival curves were estimated using the Kaplan–Meier
model and we used the log-rank test to study differences
between groups. For all the performed tests, significance was
inferred for a value p <0.05.
RESULTS

Patients’ Characteristics
From July 2018 to August 2020 we enrolled 43 patients.

Clinicopathologic characteristics at the time of first breast
cancer diagnosis are reported in Table 1. Seventeen patients had
a stage IV de novo disease at the time of first diagnosis. All
patients had HR+/HER2- tumor phenotype as defined by the
protocol on at least one tumor biopsy (either primary tumor or
relapse). Among those patients who experienced a disease relapse
after a prior diagnosis of primary breast cancer, all but three had
a concordant HR-positive and HER2-negative tumor phenotype
on both primary tumor and relapse biopsy. Three patients with
HER2-positive (n = 2) and triple negative (n = 1) primary breast
cancer had a subsequent relapse biopsy showing HR-positive and
HER2-negative tumor phenotype. For one patient with HR+/
HER2− phenotype on relapse biopsy, receptor status of the
primary tumor was not available (Supplementary Tables 2 if 3).
Median age at first breast cancer diagnosis was 50 years (range
42–62). Most patients had a tumor of ductal histology (n = 37,
86%) and histologic grade 3 (n = 24, 56%). Treatments for early
breast cancer are listed in Table 1.
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Patients’ characteristics at the time of enrollment in this study
are reported in Table 2. The majority of patients presented with
visceral metastases (n = 29, 67%), and half of the patients had
more than three metastatic sites involved (n = 22, 51%)
(Supplementary Table 4). Twenty-eight patients (65%) had
not received any prior systemic therapy for advanced disease at
the time of enrolment; 26 patients had been previously exposed
to AIs for the treatment of early and/or advanced disease (60%).

Concordance of ESR1 Mutation on Tumor
Tissue Biopsies and ctDNA
We identified the following ESR1 mutations in six of 43 patients
(14%) on DNA extracted from tumor biopsies: Y537S (one subject),
Y537N (one subject) E380Q (two subjects), D538G (two subjects).
Four of the six mutations were confirmed on ctDNA (ctDNA
confirmation rate: 67%) (Supplementary Figure 1). The low
concentration of cfDNA in the two discordant cases, with less
than 700 total droplets detected in the plasma, probably reduced the
sensitivity of the test.

In order to verify that identified mutations were acquired de
novo, we tested four out of six matched primary tumors, and no
mutations were found (data not shown).

The most frequent ESR1 mutations (Y537S, D538G, and
E380Q) were assessed on all ctDNA samples. For three WT
TABLE 1 | Clinical-pathological characteristics at diagnosis and treatment for eBC.

N (%)

Age (median) 50 (42-62)
Menopause Yes 25 (58)

No 18 (42)
Tumor histotype Ductal 37 (86)

Lobular 4 (9)
Other 2 (5)

Estrogen receptor Positive 39 (91)
Negative 3 (7)
NA 1 (2)

Progesteron receptor Positive 34 (79)
Negative 8 (19)
NA 1 (2)

Histologic Grade 1 1 (2)
2 15 (35)
3 24 (56)
NA 3 (7)

HER2 Positive 2 (5)
Negative 39 (90)
NA 2 (5)

Stage (AJCC) I 7 (16)
II 9 (21)
III 9 (21)
IV 17 (40)
NA 1 (2)

CT for eBC Yes 23 (53)
No 20 (47)

HT for eBC Yes 22 (51)
Tam 5 (23)
AI 9 (41)
Tam + AI 7 (32)
NA 1 (4)

No 21 (49)
Mar
ch 2021 | Volum
e 11 | Article 6
N, number of patients; HER2, human epidermal growth factor receptor 2; CT,
chemotherapy; HT, hormone therapy; eBC, early breast cancer.
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tissue samples, the analysis of matched plasma revealed the D538G
mutation in ctDNA, one of these ctDNA samples showed two
concomitant hotspot mutations (D538G and Y537S). Two of these
three patients with ESR1 mutation detected on ctDNA and not on
tumor tissue had a high disease burden, with more than three
metastatic sites and visceral involvement.

Figure 1 shows the results of ddPCR for the discordant cases
between tissue and plasma samples.

Our total ESR1 mutation rate, considering cases showing a
mutation on tumor tissue and/or ctDNA over the total, was 21%
(9/43).

The concordance rate for mutation was 44% (four cases with
ESR1 mutation on matched tissue and ctDNA over nine cases with
a mutation detected on tissue and/or ctDNA samples). The total
concordance rate (considering the Y537S, D538G and E380Q)
between tumor tissue and plasma was 91% (39 concordant
mutated or concordant wild-type matched pairs over 43 total
pairs analyzed, Figure 2 and Supplementary Table 1).

Association of ESR1 Mutations With
Patients’ Characteristics and Previous
Therapies
Table 2 shows the association of ESR1 mutation status with
clinicopathological characteristics at study entry.

We found a statistically significant association between prior
exposure to AI (considering both the early and the advanced
Frontiers in Oncology | www.frontiersin.org 491010
setting and the advanced setting alone) and the presence of ESR1
mutation (p = 0.010 and p = 0.008 respectively). Prior exposure
to fulvestrant and everolimus for aBC was also associated with
higher rate of ESR1 mutation (p = 0.004 and p = 0.022
respectively). However, when we performed logistic regression
multivariable analysis, none of these factors remained
statistically significant after adjusting for the other variables
(prior exposure to chemotherapy, aromatase inhibitors,
tamoxifen, fulvestrant, CDK4/6 inhibitors, everolimus) (data
not shown). The majority of the patients (n = 35, 81%) had
received two or less previous treatment for BC, with no
differences in terms of ESR1 mutational status. Features related
with disease burden were not associated with presence of ESR1
mutation. Notably, we found a numerically higher rate of ESR1
mutation in the case of visceral disease (eight out nine mutated
patients, p = 0.123). LDH value as assessed at the time of liquid
biopsy was available for 24 patients. All of the three patients with
ESR1 mutation had high LDH, although this association was not
statistically significant (p = 0.091).

Survival Analysis
Median follow-up was 14.5 months (95%CI 12.0–17.0 months).

As shown in Figure 3, there was no significant difference in
PFS between ESR1 wild-type and ESR1-mutated patients:
median PFS was 13.6 months (95%CI 9.6–17.5 months) in
ESR1 wild type population versus 6.4 months (95%CI 0.00–
15.6 months) in ESR1 mutant patients (log-rank p = 0.283, HR
1.62, 95%CI 0.7–4.0, p = 0.288).
DISCUSSION

During the natural history of HR+/HER2-negative mBC, the
onset of endocrine resistance is the rule, and a deep
understanding of underlying mechanisms remains an unmet
medical need.

Analysis of tumor tissue allows obtaining crucial predictive
and prognostic information to guide clinicians, although, due to
its static nature, a tumor biopsy is not able to capture intra-
tumor heterogeneity and temporal evolution under exposure to
specific treatments. Furthermore, multiple-biopsy testing could
affect patients’ quality of life (QoL). In this perspective, liquid
biopsy offers a charming tool to overcome these limitations.

In our work, we prospectively examined ESR1 status in the
tissue of 43 patients with HR+/HER2- mBC and in matched
plasma samples. Overall, our total mutation rate was 21%,
consistent with main literature data (12, 14, 15, 26, 29).

In this study, the total concordance rate between ESR1 status
on tumor tissue DNA and ctDNA was 91%. Among the five
discordant cases described in our cohort, two out of six
mutations detected in tumor tissue DNA were undetectable in
ctDNA. A possible reason may be represented by the low
concentration of cfDNA in these two patients. The other three
discordant cases showed a mutation on ctDNA but not on
matched tumor tissue DNA. This finding suggests that ctDNA
might be able to represent the heterogeneity of mBC, particularly
in the case of patients with multi-metastatic disease.
TABLE 2 | Patients’ characteristics according to ESR1 status.

ESR1 (tissue and/or ctDNA)

Total N
(%)

WT N
(%)

Mut N
(%)

P
value

Visceral metastasis Yes 29 (67) 21 (62) 8 (89) 0.123
No 14 (33) 13 (38) 1 (11)

N° metastatic sites <3 21 (49) 16 (47) 5 (56) 0.650
≥3 22 (51) 18 (53) 4 (44)

LDH Low 1 (4) 1 (5) 0 0.091
Normal 13 (54) 13 (62) 0
High 10 (42) 7 (33) 3 (100)

Previous systemic
therapies for advanced
disease

0 28 (65) 25 (73) 3 (33) 0.77
1–2 7 (16) 4 (12) 3 (33)
≥3 8 (19) 5 (15) 3 (34)

Prior exposure to AI (eBC
and/or aBC)

Yes 26 (62) 17 (52) 9 (100) 0.010
No 16 (38) 16 (48) 0

Prior exposure to CT (eBC
and/or aBC)

Yes 11 (26) 7 (21) 4 (44) 0.160
No 32 (74) 27 (79) 5 (56)

Prior exposure to Tam
only (eBC and/or aBC)

Yes 5 (24) 3 (21) 2 (29) 0.717
No 16 (76) 11 (79) 5 (71)

Prior exposure to AI for
aBC

Yes 13 (30) 7 (21) 6 (67) 0.008
No 30 (70) 27 (79) 3 (33)

Prior exposure to
Fulvestrant for aBC

Yes 9 (21) 4 (12) 5 (56) 0.004
No 34 (79) 30 (88) 4 (44)

Prior exposure to CDK 4/6
inh for aBC

Yes 9 (21) 5 (15) 4 (44) 0.051
No 34 (79) 29 (85) 5 (56)

Prior exposure to
everolimus for aBC

Yes 5 (12) 2 (6) 3 (33) 0.022
No 38 (88) 32 (94) 6 (67)
Bold values are statistically significant.
N, number of patients; WT, wild-type; Mut, mutant; LDH, lactate dehydrogenase; AI,
aromatase inhibitor; eBC, early Breast Cancer; aBC, advanced Breast Cancer; CT,
chemotherapy; Tam, tamoxifen; CDK, cyclin-dependent kinase.
Bold values are statistically significant.
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Available literature reports an overall concordance rate for
ESR1 mutation between matched tissue and plasma samples
ranging from 47 to 100%, although the majority of the data come
from small series (Table 3) (15, 29, 30, 32, 36).

Altogether, our results are consistent with previous studies
which evaluated ESR1 mutation by ddPCR and showed a rate of
concordance of 74 to 97% (15, 29).

Across available data, concordance rates appear to be lower
when the ESR1 mutation status on ctDNA is compared with
sequencing results obtained from archival tumor tissue
samples rather than recent tumor biopsies, as performed in
our study.
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All patients with a detectable ESR1 mutation (in either tissue
DNA or ctDNA) had a previous exposure to AI (p = 0.010),
confirming the role of the selective pressure of hormonal-
deprivation therapy in endocrine resistance development (17,
35). With regard to other therapies for advanced disease, a
statistically significant association between ESR1 mutation and
fulvestrant (p = 0.004) and everolimus (p = 0.022) was evident. It
must be taken into account that all these patients received AI
either previously (in case of fulvestrant) or concomitantly (in
case of everolimus). Thus, the exposure to such therapies is a
surrogate of prior treatment with aromatase inhibitor.

In a recent meta-analysis, the presence of ESR1 mutation was
associated with worse PFS and OS in a population of patients
with HR+/HER2-negative mBC (37).

In our population, the presence of ESR1 mutation did not
impact on either PFS or OS, although this finding could be biased
by the small sample size with limited follow-up. Moreover, the
limited sample size did not allow conducting a survival analysis
stratified by line of treatment.

Although this study has limitations, such as the small sample
size, the mono-institutional enrollment, and ESR1 status
assessment in a single laboratory, our results showed high
concordance rate between tumor tissue and ctDNA (91%),
providing evidence of reliability and feasibility of liquid biopsy
to analyze ESR1 mutation in breast cancer patients. Moreover,
the presence of ESR1 mutation in ctDNA of three patients
lacking ESR1 mutations in the tissue suggests that liquid
biopsy may capture the heterogeneous genetic landscape of
metastatic tumors.

In conclusion, our data confirm the potential role of liquid
biopsy as a valid and preferable non-invasive alternative to tissue
biopsy for ESR1 mutation assessment in mBC patients.
Moreover, it can also allow longitudinal tracking of ESR1
FIGURE 2 | ESR1 mutation in tissue and plasma samples. The lower panel shows the specific ESR1 mutations found and their representation in samples as
percentage (%) of mutated allele.
FIGURE 3 | Kaplan–Meier progression-free survival analysis according to
ESR1 status.
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mutations during the disease course at multiple timepoints
without exposing patients to the risks related to invasive
procedures. Clinical utility of this approach to guide treatment
choices is currently under investigation.
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Circulating tumor DNA (ctDNA) is cell-free DNA (cfDNA) fragment in the bloodstream that
originates from malignant tumors or circulating tumor cells. Recently, ctDNA has emerged
as a promising non-invasive biomarker in clinical oncology. Analysis of ctDNA opens up
new avenues for individualized cancer diagnosis and therapy in various types of tumors.
Evidence suggests that minimum residual disease (MRD) is closely associated with
disease recurrence, thus identifying specific genetic and molecular alterations as novel
MRD detection targets using ctDNA has been a research focus. MRD is considered a
promising prognostic marker to identify individuals at increased risk of recurrence and
who may benefit from treatment. This review summarizes the current knowledge of ctDNA
and MRD in solid tumors, focusing on the potential clinical applications and challenges.
We describe the current state of ctDNA detection methods and the milestones of ctDNA
development and discuss how ctDNA analysis may be an alternative for tissue biopsy.
Additionally, we evaluate the clinical utility of ctDNA analysis in solid tumors, such as
recurrence risk assessment, monitoring response, and resistance mechanism analysis.
MRD detection aids in assessing treatment response, patient prognosis, and risk of
recurrence. Moreover, this review highlights current advancements in utilizing ctDNA to
monitor the MRD of solid tumors such as lung cancer, breast cancer, and colon cancer.
Overall, the clinical application of ctDNA-based MRD detection can assist clinical decision-
making and improve patient outcomes in malignant tumors.

Keywords: circulating tumor DNA, minimum residual disease (MRD), biomarker, liquid biopsy, cancer
INTRODUCTION

Liquid biopsy, defined as the analysis of cancer biomarkers in tumor-derived material extracted
from cancer patients’ bloodstream, urine, pleural effusion, cerebrospinal fluid, saliva, or bile, has
recently gained growing attention in cancer diagnosis and treatment owing to its many benefits and
application potential. Unlike traditional tissue biopsy, liquid biopsies are non-invasive, easily
repeatable, and may offer a handy insight into tumor burden and treatment response.
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Furthermore, the liquid biopsy may give a molecular snapshot of
the primary tumor, minimizing bias in biopsy findings caused by
sampling bias and intratumor heterogeneity. Nucleic acids,
proteins, extracellular vesicles, and other biological
components secreted into bodily fluids by cancer cells are
among the analytes of liquid biopsies. Circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), circulating tumor RNA
(ctRNA), exosomes, proteins, and metabolites as the analytes of
liquid biopsies can be identified using biomarkers such as
somatic point mutations, deletions, amplifications, gene
fusions, DNA methylation markers, miRNAs, proteins, or
metabolites. ctDNA is a potential biomarker since it contains
tumor-specific genetic and epigenetic abnormalities and may be
utilized in cancer diagnosis and prognosis prediction. The fact
that symptoms of many cancer types are frequently absent at an
early stage has resulted in extensive research efforts to create
non-invasive, reliable, and cost-effective early detection
techniques for these diseases. The bulk of the presently known
research on the utilization of ctDNA is concerned with mutation
detection. The study of ctDNA is addressed in the context of
noninvasively detecting mutations that result in resistance
mechanisms and monitoring treatment and disease response in
cancer patients. Because the ctDNA percentages in total cell-free
DNA (cfDNA) biofluid samples are extremely low, and their
levels vary depending on the type and stage of cancer, highly
sensitive assays are required to identify these tiny ctDNA
fractions. Over the last several years, significant progress has
been made in the development of ctDNA detection methods.
PCR-based sequencing, which includes real-time quantitative
PCR (qPCR), and digital PCR (dPCR) methods, is an alternative
method for single-locus/multiplexed tests and targeted panels,
while Next Generation Sequencing (NGS)-based sequencing,
which includes Tagged-Amplicon deep sequencing (TAM-Seq),
CAncer Personalized Profiling by deep sequencing (CAPP-Seq),
and Duplex sequencing can be applied to panels of any size (1, 2).
Notably, the revolution in ctDNA-based liquid biopsies has
opened up new opportunities for cancer diagnosis, prognosis,
monitoring, and treatment guidance (3).

Recent improvements in sequencing technology and ctDNA
analysis have enabled non-invasive monitoring of the patient
disease burden and assessment of molecular targets. In many
tumor types, such as lung cancer, breast cancer, colon cancer,
pancreatic cancer, and bladder cancer, ctDNA has been proven
to be effective in detecting MRD (4). Patients with cancer may
benefit from ctDNA testing to ascertain the presence of MRD
and to forecast recurrence in the postoperative setting. For
individuals undergoing adjuvant chemotherapy, the non-
invasive and dynamic nature of the biomarker may potentially
serve as a real-time indicator of adjuvant chemotherapy
effectiveness. MRD tests may be utilized not only for early
relapse detection and adjuvant therapy but also for initiating
and monitoring systemic treatment, as well as drug resistance
genotyping (5). Overall, MRD aids in the management of cancer
at all stages, including screening, guiding adjuvant treatment,
predicting relapse early, initiating systemic treatment and
monitoring response, and genotyping resistance.
Frontiers in Oncology | www.frontiersin.org 2151616
CLINICAL UTILITY OF CIRCULATING
TUMOR DNA (ctDNA)

ctDNA Detection Methods
The amount of detectable ctDNA is determined by the tumor type,
tumor load, and other biological processes such as plasma nuclease
activity. cfDNA is fragmented DNA, with the overall quantity of
ctDNA making up as low as 0.01% of the entire cfDNA. ctDNA-
basedNGS technology can identify not only somatic mutations but
also copy number variation (CNVs) and structural rearrangement
(6). Understanding the development of ctDNA detection
technology is crucial to evaluating the clinical significance of
ctDNA. When it comes to sensitivity and expense, there is always
a compromise. Several techniques have been suggested to decrease
the cost, errors, and background noise. Droplet digital polymerase
chain reaction (ddPCR), beads, emulsion, amplification and
magnetics (BEAMing), tagged-amplicon deep sequencing (TAm-
Seq), cancer personalized profiling by deep sequencing (CAPP-
Seq), whole-genome sequencing (WGS), and whole-exome
sequencing (WES) are some of the most used ctDNA detection
techniques (Table 1) (22, 23).

The ddPCR method distributes DNA samples into hundreds
to millions of water-oil emulsion droplets. The advantages of
ddPCR include its excellent sensitivity for identifying mutations
and its low cost for absolute quantification. In comparison to
NGS-based techniques, PCR-based methods have a much
shorter turnaround time, with the majority of data being
returned within 72 hours, as opposed to 1 to 2 weeks for
massively parallel sequencing. The ddPCR method has the
disadvantage of detecting only known variants and analyzing
only a limited number of variants. ddPCR offers higher
sensitivity than conventional quantitative PCR or NGS and a
more straightforward workflow than alternative digital PCR
methods like BEAMing. According to a meta-analysis, ddPCR
has a high specificity (72.1%) and acceptable sensitivity (95.6%)
for detecting EGFRmutations in cfDNA, which justifies its use in
clinical practice as a supplement or conditional substitute for
tissue biopsy for genotyping. It also appears to have a higher
sensitivity than ARMS-PCR, especially in the early stages of lung
cancer (24). Furthermore, KRAS G12/G13 mutations may be
detected in a tiny quantity of unamplified cfDNA utilizing a
droplet digital PCR multiplex technique, which has excellent
agreement with conventional mutation testing for archival tumor
tissue (25). Although ARMS, ddPCR, and BEAMing have
excellent sensitivity and detection capabilities for various stages
of cancer, their clinical applicability is restricted since these
methods can only identify known mutations (23, 26, 27).

NGS is a high-throughput technique that can search for
previously unidentified variations. As more therapeutically
relevant molecular targets become available, NGS becomes
more important in cancer. Although whole exome or whole
genome sequencing may provide more detailed genomic
information, ctDNA NGS techniques in clinical usage utilize
hybrid capture panels or amplicon-based NGS to provide
clinically relevant information with lower cost and higher
sequencing depth. In the last decade, NGS has established itself
November 2021 | Volume 11 | Article 763790
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as a reliable method for sequencing DNA and collecting genetic
data. NGS works by analyzing millions of short DNA sequences
in parallel, then aligning them to a reference genome or
assembling them from a de novo sequence. Tagged-Amplicon
deep sequencing (TAm-seq) and CAncer Personalized Profiling
by deep sequencing (CAPP-Seq) are some of the techniques that
are used to apply NGS to a target panel (23, 27). The enhanced
TAm-Seq technique identified mutant alleles down to 0.02%
allele fraction with 99.9997% per-base specificity. Samples with
the optimum quantity of DNA had 94% mutations at 0.25%
-0.33% allele fraction, compared to 90% mutations in samples
with lower levels of input DNA (12). The integrated digital error
suppression (iDES)-enhanced CAPP-Seq technique allowed
biopsy-free profiling of EGFR kinase domain mutations with a
sensitivity of 92% and a specificity of 96% (28). Overall,
analytical sensitivity is limited by low levels of cfDNA in the
blood and sequencing artifacts. More clinical investigation of
novel approaches is required to overcome these constraints.
Additionally, plasma cell-free DNA methylomes could allow
for non-invasive, highly sensitive, low-cost, and accurate early
tumor detection and classification. cfMeDIP-seq (cell-free DNA
immunoprecipitation and high-throughput sequencing) for
genome-wide bisulfite free plasma DNA methylation analysis is
cost-effective based on its ability to enrich CPG-rich fragments
that may provide additional information (29).

Timeline of ctDNA Development
In 1948, cfDNA was identified in human blood plasma (Figure 1)
(30).Leonet al. observedhigher cfDNAlevels in the serumofcancer
Frontiers in Oncology | www.frontiersin.org 3161717
patients in 1977 (31). Subsequent research revealed specific KRAS
mutations in plasma DNA from pancreatic cancer patients in 1994
(32). Besides, circulating mutant DNA was utilized to monitor
tumor dynamics in cancer patients undergoing surgery or
chemotherapy in 2008 (33). A direct comparison of circulating
tumor DNA with other circulating biomarkers (CA 15-3 and
circulating tumor cells) and medical imaging revealed that
ctDNA is an informative, specific, and highly sensitive metastatic
breast cancer biomarker in 2013 (34). In 2015, detecting mutations
in ctDNA was used to monitor MRD and predict the likelihood of
early breast cancer recurrence, and customize adjuvant treatment
strategies (35). In 2016, the United States Food and Drug
Administration (FDA) approved the first “liquid biopsy test”
(Cobas EGFR mutation Test V2) for patients with non-small cell
lung cancer (NSCLC). In 2008, the FDA approved the first
comprehensive liquid biopsy (Guardant 360 Assay) as an
expedited access pathway device and the Cancer SEEK assay for
cancer screening at an earlier stage as a breakthrough device. In
2019, FDA granted breakthrough device designation to Grail’s
multi-cancer blood test for the early detection of multiple cancer
types. In 2020, FDA approved first liquid biopsy next-generation
sequencing (NGS) companion diagnostic test (Guardant 360 CDx
Assay) to detect specific types of the epidermal growth factor
receptor (EGFR) gene mutations in patients with NSCLC. In
2021, FDA granted two breakthrough device designations to the
Signatera test formolecular residual disease (MRD) assessment and
recurrence monitoring. Additionally, accumulating evidence
demonstrates the usefulness of ctDNA in cancer diagnosis,
prognosis, disease progression, and treatment response (36–38).
TABLE 1 | Circulating tumor DNA (ctDNA) detection methods.

Technique Method Advantages Limitations Reference

Allele-specific PCR ARMS Easy to set-up; Lowest cost Low sensitivity; Detect specific
genomic locations

(7)

Digital PCR ddPCR High sensitivity; Absolute quantification Detect specific genomic locations;
Limited in multiplexing

(8, 9)

BEAMing High sensitivity; Relatively inexpensive Detect only known mutations (10, 11)
Multiplex PCR-
based NGS

TAm-
Seq

High sensitivity; Lower cost than other NGS methods Detect only known mutations; Less
comprehensive than other NGS
method

(12, 13)

Safe-
SeqS

High sensitivity; Lower cost than other NGS methods Less comprehensive than other
NGS method

(14, 15)

Hybrid capture-
based NGS

CAPP-
Seq

High sensitivity; Detects multiple mutation types; Broadly applicable without
personalization; Lower cost than WGS/WES; Higher sequencing depth than WGS/
WES

High cfDNA input; Detect only
known mutations; Less
comprehensive than WGS/WES

(16, 17)

TEC-Seq High sensitivity; Detects multiple mutation types; Broadly applicable without
personalization; Lower cost than WGS/WES; Higher sequencing depth than WGS/
WES

Less comprehensive than WGS/
WES

(18)

Retrotransposon-
based amplicon
NGS

FAST-
SeqS

Rapid aneuploidy assessment with lower cost than WGS/WES Low sensitivity and specificity;
Limited to aneuploidy detection

(19, 20)

Whole-genome
sequencing (WGS)

WGS The entire genome is interrogated; Broadly applicable without personalization Limited sequencing depth; Low
sensitivity; Expensive; Limited to
SCNA

(21)

Whole-exome
sequencing (WES)

WES The entire exome is interrogated; Broadly applicable without personalization Limited sequencing depth; Low
sensitivity; Expensive

(21)
November 2021 | Volume 11 | Art
PCR, polymerase chain reaction; ddPCR, droplet digital polymerase chain reaction; BEAMing, bead, emulsion, amplification, and magnetics; TAm-Seq, tagged−amplicon deep
sequencing; Safe-SeqS, safe-sequencing system; CAPP-Seq, cancer personalized profiling by deep sequencing; TEC-Seq, targeted error correction sequencing; FAST-SeqS, fast
aneuploidy screening test-sequencing system; WGS, whole-genome sequencing; WES, whole-exome sequencing; SCNA, somatic copy number alteration; NGS, next-
generation sequencing.
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ctDNA Analysis May Be an Alternative
for Tissue Biopsy
Diagnostic tools for monitoring the molecular evolution through
noninvasive techniques such as liquid biopsy are becoming
accessible and will be a valuable tool for further improving
personalized treatment in cancer. Especially, detection of
molecular alterations utilizing ctDNA may be a viable
approach for patients who do not have access to a tissue
specimen or a high-quality biopsy (39). In a single-center
analysis of 323 non–small cell lung cancer patients, 229 had
concurrent plasma and tissue NGS or were unable to complete
tissue testing. Tissue sequencing identified targetable mutations
in 47 individuals (20.5%), whereas plasma sequencing identified
82 (35.8%). Moreover, 85.7% of patients treated with plasma
next-generation sequencing–indicated treatment obtained a
complete or partial response or stable disease (40). In patients
with advanced non-small-cell lung cancer, analysis of ctDNA in
blood samples may be used as a surrogate form of tumor biopsy
for detecting EGFR and KRAS mutation status (41).

The ctDNA test is adequate to detect all driver DNA changes
present in matched metastatic tissue in metastatic castration-
resistant prostate cancer (mCRPC) patients, indicating that DNA
biomarkers to guide mCRPC patient treatment based on ctDNA
alone are feasible. Significant actionable alterations such as
PTEN or BRCA2 loss are found in matched metastatic CRPC
tissue samples, will not be missed by a well-designed ctDNA test.
The excellent agreement between ctDNA and metastatic tissue
biopsies in mCRPC indicates that ctDNA tests may be utilized to
prognostically and predictively stratify patients (42). DNA
damage repair (DDR) gene alterations identified in prostate
cancer metastatic tissue or ctDNA were concordant with
primary prostate cancer when clonal hematopoiesis was ruled
out in genetic association analysis. Concordance in DDR gene
alterations across prostate cancer samples was up to 84% (43).

The plasmaMATCH trial exhibited a significant degree of
concordance across ctDNA assays and high sensitivity for
mutations detected in tissue sequencing, particularly in
contemporaneous advanced breast cancer samples. Advanced
Frontiers in Oncology | www.frontiersin.org 4171818
breast cancer patients with uncommon, potentially targetable
HER2 and AKT1 mutations in ctDNA showed clinically
significant responses to the HER2 inhibitor neratinib and the
AKT inhibitor capivasertib, respectively, consistent with prior
tissue sequencing-directed studies. These results validate the use
of ctDNA testing to screen advanced breast cancer patients for
rare mutations and show its clinical value (44). In a recent
prospective investigation of metastatic triple-negative breast
cancer, blood was shown to be a quicker and less invasive
approach for molecular evaluation than tissue (45). In
metastatic triple-negative breast cancer (TNBC), ctDNA was
used to characterize somatic copy number alterations (SCNAs).
SCNA identification is an attractive alternative to somatic
mutation targeting since most tumors have SCNAs that may
be easily detected using low-coverage WGS (46, 47). By
comparing the SCRUM-Japan GI-SCREEN and GOZILA trials,
ctDNA genotyping reduced screening time (11 vs. 33 days, P <
0.0001) and increased trial enrollment rate (9.5 vs. 4.1%, P <
0.0001) without compromising trial outcomes compared to
tissue genotyping in advanced gastrointestinal cancer (48).
Overall, ctDNA analysis is gaining popularity as a novel
method of tumor genotyping.

Recurrence Risk Assessment
Using ctDNA
Increasing evidence suggests that ctDNA may be used as a
predictor of relapse risk (Figure 2). The presence of ctDNA in
follow-up samples was linked to future recurrence in all major
breast cancer subtypes, with ctDNA identified before relapse in
22 of 23 patients (95.7%) with extracranial distant metastatic
relapse. TNBCs had the highest ctDNA levels upon diagnosis,
suggesting rapid cell growth and turnover. Early identification of
ctDNA before treatment raised the likelihood of recurrence in
early-stage breast cancer (49). The phylogenetic ctDNA profiling
is used for ctDNA-driven treatment research that monitors the
subclonal nature of early-stage lung cancer recurrence and
metastasis (50). Another study showed that nonmetastatic
colorectal cancer patients with positive ctDNA had a
FIGURE 1 | Timeline of the landmark in ctDNA analysis. The figure exhibits a timeline of selected significant milestones in ctDNA as applied to solid tumors. FDA,
The United States Food and Drug Administration; MRD, minimal residual disease; ctDNA, circulating tumor DNA.
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recurrence incidence of 77%. Moreover, ctDNA positive patients
had recurrence 3 months before radiologic or clinical evidence.
With a median follow-up of 49 months, none of the 45 patients
with negative ctDNA had a recurrence (51). The presence of
ctDNA following cystectomy indicates the presence of residual
cancer cells. After cystectomy, ctDNA was found in 17
individuals, 13 of whom had a recurrence. ctDNA-based
recurrence detection outpaced radiographic imaging by up to a
median of 96 days. Moreover, the dynamics of ctDNA
throughout chemotherapy were related to disease recurrence
(P =0.023) but not pathologic downstaging in ctDNA positive
patients before or during therapy. The findings support that the
feasibility of using ctDNA analysis for bladder cancer risk
stratification, treatment monitoring, and early recurrence
detection is feasible, and it offers a foundation for clinical trials
evaluating early therapeutic approaches (52). Therefore, ctDNA
may be utilized to identify early-stage cancer and predict
recurrence in individuals with early-stage cancer.

Monitoring Response Using ctDNA
There is mounting evidence that ctDNA analysis may be used to
monitor the response to treatment intervention. After
neoadjuvant chemotherapy, the presence of ctDNA was
associated with a lower distant disease-free survival, disease-
free survival, and overall survival in individuals with early-stage
TNBC. Distant disease-free survival probability for ctDNA-
positive individuals was 56% at 24 months, compared to 81%
for ctDNA-negative patients (53). NCC-GP150 blood tumor
mutational burden (bTMB) correlated well with WES matched
tissue TMB (tTMB) (Spearman correlation = 0.62). A bTMB of 6
or higher was associated with improved progression-free survival
and objective response rates in the anti-PD-1 and anti-PD-L1
therapy group, indicating that established NCC-GP150 with an
optimized gene panel size and methodology was viable for bTMB
estimation (54). Blood-based tumor mutational burden (bTMB)
Frontiers in Oncology | www.frontiersin.org 5181919
reliably identifies individuals who benefit from atezolizumab in
second-line and higher NSCLC (55). 94% of patients with
limited-stage (LS)-small-cell lung cancer (SCLC) and 100% of
patients with extensive-stage (ES)-SCLC exhibited tumor-related
alterations in their samples, including copy number alterations
(CNAs) and somatic mutations. Targeted cfDNA sequencing
reveals possible therapeutic targets in over 50% of SCLC patients
using a simple cfDNA genomewide copy number method (56).

In advanced refractory CRC, patients with a plasma tumor
mutation burden of 28 or more variations per megabase
exhibited improved overall survival. Moreover, tumor mutation
burden may be used to predict individuals with advanced
refractory CRC who may benefit from durvalumab and
tremelimumab (57). In the VIKTORY umbrella trail, ctDNA
analysis revealed a strong link between high MET copy number
and savolitinib response in patients with metastatic gastric
cancer (58). At six weeks after immunotherapy, alterations in
ctDNA levels suggested immunotherapeutic response and
progression-free survival, and lower ctDNA levels were linked
to better results. The results provide clues to the molecular
characteristics associated with response to pembrolizumab in
patients with metastatic gastric cancer (59). BRAF V600-mutant
ctDNA identified in pre-treatment and on-treatment melanoma
samples may be utilized as an independent indicator of clinical
outcome in patients receiving dabrafenib or trametinib in
combination with dabrafenib. In the COMbi-B cohort, the
threshold of ctDNA was 64 copies per mL as a high or low
risk of survival outcome, which was verified in the combi-B
cohort. In the COMBI-d cohort, undetectable ctDNA at week
four was associated with a prolonged progression-free and
overall survival (60). Comprehensive ctDNA analysis reveals
genetic variants that are clinically actionable in metastatic
castration-resistant prostate cancer. Metastatic castration-
resistant prostate cancer with TP53, BRCA2, or ATM
mutations identified in plasma had substantially poorer
FIGURE 2 | Potential clinical applications of ctDNA analysis. MRD, minimal residual disease; ctDNA, circulating tumor DNA.
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outcomes (61). The analysis of ctDNA from patients with
carcinoma of unknown primary (CUP) demonstrates the
potential of the ctDNA method to provide tailored treatments
to CUP patients (62).

ctDNA analysis can identify residual proliferating disease in
adjuvant settings and estimate tumor burden in metastatic
settings and is a stratification indicator for immune-checkpoint
inhibition. Moreover, ctDNA testing for immunotherapy
predictors such as mutations, tumor mutational burden, and
microsatellite instability provides a noninvasive alternative to
tumor biopsy sampling. Quantitative changes in ctDNA levels
early in the disease course have also been shown to be a valuable
technique for assessing immune-checkpoint inhibition response
that may supplement conventional imaging approaches (63). In
an analysis of immune checkpoint inhibition across a broad
range of cancer types, elevated pretreatment variant allele
frequencies (VAF) were linked to worse overall survival,
implying that VAF plays a prognostic role in patient outcomes.
On-treatment VAF decreases and decreased on-treatment VAF
were related to prolonged progression-free survival and overall
survival, indicating that on-treatment ctDNA dynamics are
predictive of immune checkpoint blockade benefit. Moreover,
the combination of pretreatment and on-treatment VAF using
ctDNA can identify long-term responders and adjudicated
benefit among individuals with initial radiologically stable
disease in advanced cancers (64).

Taken together, ctDNA may aid in the precise treatment of
cancer and may help monitor patients’ responses to treatment
both during and after treatment.

Resistance Mechanism Analysis
Using ctDNA
ctDNA analysis can deepen the understanding of the
mechanisms of drug resistance and provide more opportunities
for precision medication for patients. The BENEFIT trial
revealed that detecting EGFR mutations in ctDNA was an
excellent method for identifying individuals who might benefit
from gefitinib, and investigations of dynamic EGFR mutations
and associated gene aberrances could help predict gefitinib
resistance (65). BRCA reversion mutations are identified in
13% of platinum-resistant and 18% of platinum-refractory
high-grade ovarian carcinoma pretreatment cfDNA and are
associated with reduced therapeutic efficacy of rucaparib
therapy. Besides, ctDNA analysis may identify several BRCA
reversion mutations, indicating multiclonal heterogeneity in
high-grade ovarian carcinoma (66). In almost all patients with
mCRPC, clinically relevant genomic profiling of cfDNA was
available, and it may offer significant insights on enzalutamide
response and resistance (67). RAS and BRAF wild-type
metastatic colorectal cancer patients responded to rechallenge
with cetuximab and irinotecan in this phase 2 single-arm study.
Only patients with RAS and BRAF wild-type ctDNA might
benefit from the rechallenge, according to preplanned ctDNA
profiling (68). CAPP-Seq analysis of ctDNA revealed that EGFR
T790M mutation, MET amplification and ERBB2 amplification
may lead to resistance to first- or second-generation EGFR-TKIs
Frontiers in Oncology | www.frontiersin.org 6192020
in NSCLC patients (69). Additional uses of ctDNA testing are
being explored, including early identification of immunotherapy
resistance and analysis of resistance pathways (63). In general,
ctDNA provides a view into emerging mechanisms of resistance
to targeted therapy or immunotherapy.
UTILIZATION OF ctDNA FOR MINIMAL
RESIDUAL DISEASE (MRD) DETECTION

MRD refers to residual tumor cells or biomarkers in the body
after local or systemic cancer treatment, and its activation
promotes tumor metastasis and recurrence, which is described
as minimal residual disease, measurable residual disease, and
molecular residual disease. Because the number of remaining
cancer cells is likely to be so tiny that they may not cause any
signs or symptoms, and they may even be undetectable by
conventional techniques. The commonly used MRD detection
techniques include qPCR (quantitative PCR), ddPCR (digital
PCR), NGS (next-generation sequencing). Among them, NGS, as
an emerging MRD detection technique, is gaining increasing
attention and clinical application. Early detection of tumor
metastasis and recurrence is critical for extending survival
because smaller tumors have a better prognosis. MRD is a
significant prognostic indicator that may help predict
recurrence. Recently, the use of ctDNA analysis to identify
MRD in solid tumors after curative-intent therapy and before
clinical or radiographic disease recurrence has demonstrated
significant therapeutic promise (Figure 3). Besides, MRD
identification by ctDNA analysis was associated with a poor
prognosis in patients with a malignant tumor. In this study, we
describe the significance of ctDNA analysis for guiding adjuvant
therapy in lung, breast, and colon cancers.

Lung Cancer
The TRACERx study showed that over 99% of MRD-negative
patients did not relapse and that MRD predicted relapse before
conventional imaging. The time gap between the rise in ctDNA
levels after surgery and the clinical diagnosis of cancer recurrence
offers an opportunity for clinical intervention (50). The
DYNAMIC study is the first prospective research on exploring
ctDNA dynamic alterations in primary lung cancer patients after
surgery. After tumor excision, ctDNA decays quickly in
individuals with surgical lung cancer. Three days following
surgery may be used as a baseline for lung cancer
postoperative monitoring and may help guide clinical decisions
(70). Moreover, the DYNAMIC study discovered that the half-
life of ctDNA in individuals with radical resected lung cancer was
only 35 minutes and that detecting MRD on the third day
following R0 resection may be utilized as a baseline for
postoperative lung cancer monitoring (70, 71).

A retrospective study demonstrates that ctDNA analysis can
reliably detect posttreatment MRD in patients with stage I-III
lung cancer, detecting residual or recurrent disease earlier than
standard radiologic imaging, and making tailored adjuvant
therapy more accessible to patients at an early stage with the
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lowest disease burden. Freedom from progression (FFP) at 36
months after the MRD landmark was 0% in localized lung cancer
patients with detectable ctDNA MRD and 93% in those with
undetectable ctDNA MRD. The rate of MRD identification with
single-mutation monitoring was 58%, considerably lower than
the rate of 94% when all known variants were analyzed using
cancer personalized profiling by deep sequencing (CAPP-seq),
implying that monitoring multiple variants may improve MRD
detection sensitivity in lung cancer (72). The assessment of MRD
by ctDNA analysis predicts recurrence in early-stage lung cancer
with excellent accuracy following therapy (72, 73). In another
study that assessed the MRD in lung cancer patients using
circulating single-molecule amplification and resequencing
technology (cSMART), ctDNA status before surgery was a
significant clinicopathological predictor for RFS and OS.
ctDNA positive before surgery was associated with a 3.4- or
4.0-fold increased risk of recurrence or mortality, respectively.
After surgery, the recurrence rate of ctDNA-positive patients was
63.3% (19/30). 89.5% of these patients who relapsed had
detectable ctDNA within two weeks after surgery and were
identified before imaging findings, with a median of 12.6
months (74).

In metastatic EGFR-mutant lung tumors, persistent EGFR-
mutant ctDNA after six weeks of therapy was linked to early
progression on osimertinib with bevacizumab and lower overall
survival. In addition, persistently positive ctDNA may
distinguish patients at risk for early progression of EGFR-TKIs
and those who will benefit most from intensification therapy
(75). In individuals who have had long-term responses to
immune checkpoint inhibitors, ctDNA analysis can detect
minimal residual disease and forecast the likelihood of disease
progression. After a median of 26.7 months of immune
checkpoint inhibitor therapy, ctDNA was tracked in 31 non–
small cell lung cancer patients. 27 patients had undetectable
ctDNA at the surveillance timepoint, and 93% (25/27) of them
had not progressed. Besides, all four individuals with detectable
ctDNA experienced disease progression. ctDNAmonitoring may
help to advance precision immunotherapy and provide more
Frontiers in Oncology | www.frontiersin.org 7202121
opportunities for early intervention in patients at high risk of
disease progression (76).

Pre-treatment ctDNA and peripheral CD8 T levels are
associated with durable clinical benefits from immune
checkpoint inhibitors. ctDNA dynamics after a single infusion
may help identify individuals who will obtain clinical benefits.
Combining ctDNA with circulating immune cell profiling may
determine patients who will benefit from treatment, and offer
accurate, noninvasive, and early prediction of outcomes for
NSCLC patients receiving immune checkpoint inhibitors (77).
In the prospective INSPIRE study, all 12 patients whose ctDNA
was cleared during pembrolizumab treatment had favorable
clinical outcomes. With a median follow-up of 25.4 months
after initial clearance, these 12 patients had sustained objective
responses and 100% overall survival with a median of 25 months
follow-up. For most patients with more than two ctDNA
detections during ctDNA monitoring, increases in above-
baseline ctDNA levels were linked to disease progression and
poorer survival, with a median overall survival of 13.7 months.
Besides, below-baseline ctDNA levels were associated with
extended survival, with a median overall survival of 23.8
months. These findings indicated the therapeutic use of
ctDNA-based monitoring in patients treated with immune
checkpoint inhibitors (78).

Breast Cancer
In a cohort of 55 early breast cancer patients undergoing
neoadjuvant chemotherapy, identification of ctDNA following
completing curative therapy accurately predicted metastatic
recurrence. Mutation monitoring in serial samples increased
sensitivity for recurrence prediction, with a median lead time
of 7.9 months over clinical recurrence. Additionally, targeted
capture sequencing of ctDNA could detect MRD-associated
genetic events, and MRD detection more accurately predicted
the genetic events associated with subsequent metastatic
recurrence than primary cancer sequencing. Thus, mutation
monitoring may be used to identify individuals with early-
stage breast cancer who have an increased risk of recurrence.
FIGURE 3 | Potential clinical applications of ctDNA-based detection for minimal residual disease (MRD). ctDNA, circulating tumor DNA.
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Subsequent adjuvant therapy may target genetic events identified
in the MRD, partially overcoming the barrier posed by
intratumor genetic heterogeneity (35).

Another clinical study revealed that identifying ctDNA at
diagnosis, prior treatment in early-stage breast cancer was linked
to relapse-free survival. When compared to clinical recurrence,
ctDNA detection had a median lead time of 10.7 months and was
associated with recurrence in all breast cancer subtypes,
suggesting that molecular relapse detection may be used to
guide adjuvant treatment (79). A recent study demonstrated
that personalized ctDNA analysis utilizing targeted digital
sequencing (TARDIS) could identify residual disease in stage I-
III breast cancer patients with excellent accuracy after
neoadjuvant treatment. TARDIS identified ctDNA in all
patients with 0.11% median variant allele frequency (VAF)
before therapy. Following neoadjuvant treatment, ctDNA levels
were significantly lower in patients who achieved pathological
complete response (pathCR) than in patients with residual
disease. Additionally, individuals with pathCR had a
substantial decrease in ctDNA levels after neoadjuvant
treatment. These results indicate that it is possible to accurately
evaluate the molecular response and residual disease utilizing
ctDNA analysis during neoadjuvant treatment (80). In addition,
a novel, ultrasensitive assay was established to monitor numbers
of specific tumor mutations to identify MRD following therapy.
Whole-exome sequencing was performed to identify mutations
in tumor tissue. Subsequently, an individualized MRD assay was
used to detect mutations in the cfDNA. This approach allows the
accurate detection of MRD at tumor fractions up to 100-fold
lower than the genomic equivalent (GE) limit. The presence of
MRD at one year was significantly associated with distant
recurrence. The median lead time between the initial positive
sample and recurrence was 18.9 months (81).

Pretreatment biopsies were sequenced to evaluate the role of
MRD in neoadjuvant therapy for breast cancer using a massive
parallel sequencing (MPS) panel, which enabled the detection of
mutations and their investigation in plasma using droplet digital
PCR (ddPCR) and tagged targeted deep sequencing (tTDS) as
complementary approaches. Over one deleterious mutation was
identified using tTDS in all four relapsed patients, with an
average lead time of six months before clinical recurrence.
However, just one relapsed patient could be detected using
ddPCR. The results indicated that tTDS is a non-invasive tool
for MRD detection in breast cancer patients (82).

In the neoadjuvant I-SPY study, serial ctDNA analysis can be
utilized to determine pathologic complete response and
metastatic recurrence risk in neoadjuvant-treated breast cancer.
Patients who sustained ctDNA positivity at three weeks after
initiation of paclitaxel had a substantially greater likelihood of
developing residual disease after neoadjuvant chemotherapy
(83% non-pathologic complete response) than those who
cleared ctDNA (52% non-pathologic complete response).
Following neoadjuvant chemotherapy, 100% of patients
(N=17) who achieved pathologic complete response were
ctDNA negative. For those who failed to achieve pathologic
complete response (N=43), 14% of patients with ctDNA
Frontiers in Oncology | www.frontiersin.org 8212222
positivity exhibited a substantially higher risk of metastatic
recurrence. 86% of patients failed to achieve pathologic
complete response and tested negative for ctDNA had a
favorable prognosis. Insufficient ctDNA clearance was a strong
predictor of worse response and metastatic recurrence. ctDNA
clearance was linked to better survival even in individuals who
failed to achieve pathologic complete response. Personalized
ctDNA monitoring during high-risk early breast cancer
neoadjuvant chemotherapy may help assess therapy response
and survival (83).

Early ctDNA dynamics revealed a strong relationship
between on-treatment ctDNA and shorter progression-free
survival in PIK3CA mutant breast cancer treated with
palbociclib, taselisib, and fulvestrant. During triplet therapy,
sequencing of longitudinal plasma ctDNA revealed evidence of
genetic evolution (84). The PALOMA-3 trial showed that the
change in PIK3CA ctDNA levels after 15 days of palbociclib and
fulvestrant therapy significantly predict progression-free
survival. These findings indicated that early ctDNA dynamics
might serve as a reliable biomarker for CDK4/6 inhibitors, with
early ctDNA dynamics showing diverse responses to treatment
of tumor subclones (85).

Colorectal Cancer
In a prospective study, ctDNA-positive stage I to III CRC
patients exhibited a seven-fold increased risk of recurrence at
postoperative day thirty. Relapse was seventeen times more
probable in ctDNA-positive individuals following adjuvant
chemotherapy. After adjuvant chemotherapy, all seven ctDNA
positive patients relapsed. According to post-treatment
monitoring, adjuvant chemotherapy eliminated 30% of
ctDNA-positive patients. ctDNA-positive patients had 40 times
the risk of disease recurrence than ctDNA-negative individuals
during monitoring following definitive treatment. Serial ctDNA
analysis showed disease recurrence 16.5 months before
conventional radiologic imaging. Overall, ctDNA analysis may
improve postoperative CRC treatment by risk assessment,
adjuvant chemotherapy monitoring, and early recurrence
identification (86). Positive postoperative ctDNA results had
poor outcomes despite adjuvant treatment, with a three-year
recurrence-free interval of 47% vs. 76% in patients with negative
postoperative ctDNA, indicating that ctDNA analysis might
serve as a prognostic biomarker for recurrence risk and
adjuvant therapy benefit in stage III colon cancer (87).

Customized next-generation sequencing (NGS) panels were
used to detect mutations in localized colon cancer tissues. In
addition, ddPCR was used to monitor a series of plasma samples
for known and high-frequency ctDNA mutations. Identifying
ctDNA in serial plasma samples was linked to worse disease-free
survival (DFS). The capacity to detect MRD improved to 87.5%
by monitoring more than two variants in plasma. The presence
of ctDNA following treatment was linked to early recurrence in
individuals who received adjuvant chemotherapy. ctDNA could
be detected at follow-up before radiological relapse, with a
median lead time of 11.5 months, indicating that tracking
ctDNA mutations may aid in identifying recurrence and that
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identifying mutations in ctDNA occurring during or following
adjuvant chemotherapy may aid in the detection of treatment
resistance (88). ctDNA analysis after stage II colon cancer
resection may demonstrate the presence of MRD, identify
individuals at high risk of recurrence, and guide adjuvant
treatment decisions. In a prospective cohort of 230 individuals
with stage II colon cancer, parallel sequencing was performed to
assess the capacity of ctDNA to identify MRD in 1046 plasma
samples. Postoperative ctDNA was identified in 7.9% (14/178) of
patients not treated with adjuvant chemotherapy. 78.6% (11/14) of
these patients had radiologic recurrence at amedian follow-upof 27
months.Only9.8%(16/164)of the individualswithnegativectDNA
had disease recurrence. The presence of ctDNA after completion of
chemotherapy was linked to an inferior worse recurrence-free
survival in those who underwent chemotherapy (89).

Recently, a plasma-only ctDNA assay that integrates genomic
and epigenomic cancer signatures has been developed for tumor-
uninformed MRD detection in postoperative colorectal cancer
patients. Following completion of definitive treatment, 24% (17/
70) of patients retained detectable ctDNA, and 88% (15/17) of
these patients recurred. 24% (12/49) of the patients lacking
detectable landmark ctDNA recurred. Sensitivity and specificity
for landmark recurrence were 55.6% and 100%, respectively. The
integration of longitudinal and surveillance analyses improved
sensitivity to 69% and 91%, respectively. In comparison to
genomic alterations alone, the integration of epigenomic
signatures improved sensitivity by 25%–36%. The combination
of epigenomic and genomic analyses improved sensitivity,
indicating that plasma-only ctDNA MRD detection may be
promising in clinical settings (90).

271 serial plasma samples were dynamically monitored with
ctDNA during colorectal cancer patients with liver metastasis
(CRLM) treatment to assess the impact of ctDNA on the
prediction of adjuvant chemotherapy. Patients with a higher
VAF level at their baseline ctDNA had a higher tumor burden,
and reduced ctDNA levels during preoperative chemotherapy
were associated with improved tumor response. The presence of
ctDNA in patients after surgery and adjuvant chemotherapy was
linked to a decreased recurrence-free survival (RFS). Patients
with detectable ctDNA recurred after CRLM resection at a higher
rate (79.4% vs. 41.7%) than those with undetectable ctDNA.
Besides, recurrence rates were 77.3% for patients with detectable
ctDNA following adjuvant chemotherapy and 40.7% for those
with undetectable ctDNA. Patients with reduced ctDNA VAF
had a 63.6% recurrence rate during adjuvant chemotherapy,
compared to 92.3% for patients with elevated ctDNA VAF,
indicating that dynamic ctDNA analysis in a post-adjuvant
chemotherapy setting might be utilized to identify not only
MRD but also to select the most appropriate individualized
adjuvant treatment after CRLM resection (91).
OTHER TUMORS

Monitoring the copy number status of HER2 in ctDNA is
beneficial for the therapeutic effect of patients with HER2-
Frontiers in Oncology | www.frontiersin.org 9222323
positive gastric cancer and identifying treatment options for
patients whose HER2 status changes to positive following
recurrence. Plasma samples collected during postoperative
follow-up periods indicated that high plasma HER2 ratios were
observed at recurrence in seven of the thirteen patients who were
diagnosed as HER2-negative (92). MRD identified by ctDNA
distinguished stage I-III gastric cancer individuals at high risk of
postoperative relapse and enabled new adjuvant therapy studies
to prolong survival in adjuvant treatment settings. In a
prospective cohort study, all patients who had ctDNA detected
immediately after surgery eventually experienced a relapse.
Positive ctDNA at any timepoint during longitudinal
postoperative follow-up was associated with worse disease-free
survival and overall survival, with a median time of 6 months
before radiographic recurrence (93).

After applying the white blood cells-filtering approach, the
presence of ctDNA in the CRITICS trial predicts recurrence
when assessed within nine weeks following preoperative therapy
and following surgery in individuals suitable for multimodal
therapy. After a median follow-up of 42 months, all 11 resectable
gastric cancer patients with no identifiable tumor-specific
alterations at the postoperative timepoint were alive and
recurrence-free. Of the nine patients who had detectable
tumor-specific alterations at the postoperative period, six
patients experienced disease recurrence and died of metastatic
disease. In addition, patients with identifiable tumor-specific
alterations had a substantially lower median event-free survival
(18.7 months vs. not reached) and a 21.8-fold higher risk of
recurrence as well as a considerably shorter median overall
survival (28.7 months vs. not reached) after surgery. Moreover,
the time to recurrence was determined by ctDNA analysis at 1.4
months, 8.9 months earlier than clinical detection (94).

The prognostic and predictive value of ctDNA was
investigated using ultra-deep sequencing in patients with
locally advanced bladder cancer before and after cystectomy, as
well as during chemotherapy. Pre-chemotherapy ctDNA
presence was strongly prognostic at diagnosis. For surveillance
after cystectomy, ctDNA positivity accurately predicted all
patients with metastatic recurrence with 100% sensitivity and
98% specificity. The dynamics of ctDNA throughout
chemotherapy were associated with recurrence in individuals
with ctDNA positivity before or during chemotherapy (52). In
urothelial carcinoma patients who are positive for ctDNA and
are at a high risk of recurrence, adjuvant atezolizumab may be
associated with better outcomes than observation. At the
initiation of treatment, ctDNA assay revealed 37% of patients
were positive for ctDNA and had a dismal prognosis. The
atezolizumab arm outperformed the observation arm in terms
of disease-free survival and overall survival. At week 6, the
atezolizumab arm (18%) had a greater rate of ctDNA clearance
than the observation arm (4%) (95).

Comprehensive ctDNA alteration profiles offer a reliable
strategy for evaluating tumor burden, with high consistency
with imaging findings. It was able to detect the presence of
tumors before imaging for an average of 4.6 months, and it is
superior to serum biomarkers, such as alpha-fetoprotein, alpha-
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fetoprotein-L3, and des-gamma-carboxy prothrombin.
Moreover, it has the potential to accurately identify MRD in
advance and forecast prognostic outcomes for relapse-free
survival and overall survival. Comprehensive ctDNA alteration
profiles may be used to evaluate prognostic risk and predict
hepatocellular carcinoma occurrence (96).
CHALLENGES AND FUTURE DIRECTIONS

An accurate understanding of the limitations of assay can
effectively avoid making harmful decisions. Despite promising
preliminary results, many obstacles exist to the widespread
clinical application of ctDNA-based assay for treatment
decision-making and tumor monitoring. In plasma, ctDNA
levels tend to be variable and low, resulting in a variable
detection threshold. In addition, negative ctDNA may be due
to low copy number detection rather than the absence of ctDNA.
The limited sensitivity of the ctDNA analysis is a critical
challenge, particularly in patients with resected early-stage
cancer, when plasma ctDNA levels are low. False negatives are
inevitable due to the influence of biological variables such as
mucinous histology, low DNA-shedding tumor, and hidden
micrometastasis. NGS panels with a wide range of genomic or/
and epigenetic alterations, larger sample volume, monitoring
numerous mutations, serial testing, and fragment size analysis
might enhance assay sensitivity. Besides, DNA fragments from
the clonal hematopoiesis of indeterminate potential (CHIP) or
non-neoplastic hematopoietic stem cells can cause false-positive
ctDNA results, which can be reduced by utilizing advanced
bioinformatics analysis or by comparing ctDNA sequencing
with that of leukocytes and/or matched tumor tissues, but the
optimal strategy is yet undetermined. A high-intensity cfDNA
sequencing analysis method based on the combined analysis of
cfDNA and white-blood-cell (WBC) gDNA enables de novo
identification of tumor-derived alterations as well as
interpretation of microsatellite instability, tumor mutational
burden, mutational profiles, and the origins of somatic
mutations found in cfDNA (97).

Integrating mutational information from peripheral blood
cells (PBCs) is critical in liquid biopsy analysis to distinguish
tumor-derived from clonal hematopoiesis (CH)-related
mutations. Standard practice for NGS genomic analysis of
cfDNA should include paired plasma-peripheral blood cell
(PBC) sequencing to prevent findings from being
misinterpreted (98). Another hurdle to overcome is the lack of
uniformity among various ctDNA assays, which restricts the
interpretation of presented results. The lack of standardization
across ctDNA assays is another obstacle, which limits the
understanding of available results. Discordance ctDNA
findings are likely the consequence of several variables,
including the time points of sample collection, sample
collection process, storage procedure, library preparation
process, unique molecular identifiers, variant calling, and
targeted error correction. Normative methods for ctDNA
collection, storage, and analysis are essential in ensuring the
Frontiers in Oncology | www.frontiersin.org 10232424
widespread utilization of ctDNA technology in regular clinical
practice. Even though studies have provided convincing evidence
supporting the role of ctDNA in the management of patients
with resected early-stage cancer, these studies only included a
small proportion of participants and lacked validation cohorts.
Given the limited samples and observational findings, further
large-scale randomized, controlled trials are required to verify
and clarify the clinical usefulness of ctDNA in cancer.

The primary application of ctDNA assay in early-stage cancer
treatment is its ability to identify MRD after primary tumor
resection, thus enabling accurate risk assessment and adjuvant
therapy. Adjuvant treatment may be avoided in the future for a
significant proportion of ctDNA-negative individuals who are
deemed high-risk. Moreover, ctDNA clearance may serve as an
endpoint in adjuvant trials to assess the effectiveness of
treatment, allowing for shorter follow-up times and smaller
sample sizes. Besides, confirming adjuvant treatment duration
based on ctDNA clearance will aid in reducing excessive toxicity.
As a result, the ctDNA assay has enormous promise for speeding
up the development of adjuvant therapies. Additional
prospective studies will be conducted to evaluate the
performance of the MRD assay. ctDNA surveillance during
adjuvant therapy may aid in understanding the mechanisms of
drug response and resistance, providing an opportunity for
genome-based therapy before rapid disease progression.
Neoadjuvant therapy is a rapidly developing approach for
treating patients with early-stage cancer, and ctDNA may be
an invaluable tool for monitoring tumor response in the
neoadjuvant setting. It should be emphasized that excluding
adjuvant treatment based on negative ctDNA assay is not
appropriate, owing to the low degree of standardization of
ctDNA testing procedures and the limitations of ctDNA
testing technology.

Tumor-specific DNA methylation in plasma may be
promising in cancer diagnosis, prognosis, and monitoring.
With advances in molecular biology, detection technology,
statistics, and machine learning, ctDNA methylation detection
will make significant progress. Integrating DNA methylation
analysis with genomic mutation detection may increase the
sensitivity of detection. Incorporating various factors such as
protein biomarkers, mutation-based, and epigenetic will get an
accurate result. Genome-wide cell-free DNA fragmentation
varies between cancer patients and healthy people.
Fragmentation profiles of cfDNA in cancer patients seem to be
caused by nucleosomal DNA mixes from both cancer cells and
blood. DNA evaluation of fragments for early interception
(DELFI) is a novel method that can identify a significant
number of abnormalities in cfDNA via genome-wide
evaluation of fragmentation patterns. By integrating DELFI
with the detection of cfDNA sequence alterations, the
sensitivity of detection was significantly improved. Since the
fragmentation patterns appear to correlate with nucleosomal
patterns, DELFI may help identify the tumor-derived ctDNA,
which can be enhanced further utilizing clinical features,
methylation alterations, and other diagnostic methods.
Additionally, DELFI needs just a small amount of genome
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sequencing, implying that it has the potential to be widely
applied to cancer screening and management (99).

A single-tube methylation-specific quantitative PCR method
(mqMSP), using ten different methylation markers, was able to
quantitatively assess plasma samples as low as 0.05% of tumor
DNA. The mqMSP assay is a cost-efficient and easy-to-implement
clinical monitoringmethod for colorectal cancer recurrence, which
aids in patient management after surgery. 55% (N=20) of
recurrence colon cancer had mqMSP positivity in the
postoperative plasma samples, which was associated with worse
recurrence-free survival. Among the 20 recurrence patients, 70%
exhibited detectable ctDNAprior to recurrence, with amedian lead
time of 8.0 months earlier than radiologic imaging (100). The
plasma cell-free DNAmethylomes are a sensitive method to detect
ctDNA in low-level input DNA. In a large number of plasma
samples from a variety of tumor types, this method has shown its
effectiveness in detecting and classifying using plasma cell-free
DNA methylomes (29). Moreover, plasma cfDNA methylomes
exhibit specific characteristics in detecting and discriminating
common primary intracranial tumors, which share cell-of-origin
lineages and are difficult to differentiate with standard-of-care
imaging (101). Cell-free methylated DNA immunoprecipitation
and high-throughput sequencing (cfMeDIP–seq) is a sensitive
detection method that may identify cancers in the early stages. It
can be used to accurately classify patients at all stages of renal cell
carcinoma in plasma (the area under the receiver operating
characteristic curve is 0.99), as wells as to identify renal cell
carcinoma patients with urine cell-free DNA (the area under the
receiver operating characteristic curve is 0.86), indicating that the
utilization of plasma and urine cell-free DNA methylomes for the
detection of renal cell carcinoma has the potential to revolutionize
clinical practice (102).

Integrating methylated DNA immunoprecipitation with next-
generation sequencing (MeDIP-seq) yields high-quality
methylomes with typical resolutions of 100 to 300 bp at costs
similar to those of capture-based methods. Moreover, the whole
process, from DNA extraction to production of the MeDIP-seq
library, may take around 3-5 days (103). Combining genetic and
epigenetic characteristics of cfDNA can be used to distinguish
between lung cancer and benign lung injury (BLN) plasma,
indicating the potential of the multi-omics blood-based assay for
non-invasive lung cancer management (104). Besides, ctDNA
assays may have the potential to offer critical information on
genomic heterogeneity. Adjuvant therapy may be guided by
actionable mutations in clones that may vary from the primary
tumor owing to clonal evolution or/and tumor heterogeneity.
Surprisingly, there is evidence to substantiate the utility of ctDNA
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analysis in cancers of unknown origin (CUP) patients. Currently,
the most data for ctDNA analysis mainly come from lung cancer,
breast cancer, and colorectal cancer studies. The use of ctDNAwill
expand to a variety of tumor types, such as prostate cancer, and
bladder cancer. It is anticipated that ctDNA will become
increasingly extensively utilized and develop into a powerful tool
for cancer diagnosis and treatment.
CONCLUSION

Asmore evidence accumulates, it is becoming clear that ctDNAcan
be used as a biomarker for MRD detection and that it has the
potential to aid in treatment decision-making. The advancement of
ultra-sensitive ctDNA tests has the potential to improve cancer
therapy. Moreover, ctDNA-based MRD detection may become an
indispensable part of diagnosis and treatment. Using ctDNA
detection techniques to evaluate MRD after therapeutic surgery
may radically alter the course of adjuvant therapy for non-
metastatic cancer. Serial postoperative ctDNA analysis may
provide more accurate risk stratification for recurrence in
addition to pathological staging. Moreover, postoperative ctDNA
analysismaybeused toadjust the intensity anddurationofadjuvant
treatment depending on the ctDNA findings. ctDNA monitoring
can predict the effectiveness of adjuvant treatment and enhance the
efficiency of adjuvant therapy trials. More studies are required to
validate the clinical effectiveness of ctDNA and further enhance the
sensitivity of ctDNA analysis. ctDNA assay standards should be
established to ensure the repeatability of the results. Overall, the
application of ctDNA-based MRD analysis is of great benefit in
providing clinical decision support and enhancing patient survival
outcomes in the era of precision medicine.
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Treatment Resistance and Uncover
Potential Therapeutic Strategies
Tun Kiat Ko1,2, Elizabeth Lee1,2, Cedric Chuan-Young Ng1,2, Valerie Shiwen Yang3,4,5,
Mohamad Farid3,4, Bin Tean Teh1,4,5,6, Jason Yongsheng Chan2,3,4* and
Nagavalli Somasundaram3,4*

1 Laboratory of Cancer Epigenome, National Cancer Centre Singapore, Singapore, Singapore, 2 Cancer Discovery Hub,
National Cancer Centre Singapore, Singapore, Singapore, 3 Division of Medical Oncology, National Cancer Centre Singapore,
Singapore, Singapore, 4 Oncology Academic Clinical Program, Duke-NUS Medical School, Singapore, Singapore, 5 Institute
of Molecular and Cell Biology, Singapore, Singapore, 6 Programme in Cancer and Stem Cell Biology, Duke-NUS Medical
School, Singapore, Singapore

Liquid biopsy circulating tumor DNA (ctDNA)-based approaches may represent a non-
invasive means for molecular interrogation of gastrointestinal stromal tumors (GISTs). We
deployed a customized 29-gene Archer® LiquidPlex™ targeted panel on 64 plasma
samples from 46 patients. The majority were known to harbor KIT mutations (n = 41,
89.1%), while 3 were PDGFRA exon 18 D842V mutants and the rest (n = 2) were wild type
for KIT and PDGFRA. In terms of disease stage, 14 (30.4%) were localized GISTs that had
undergone complete surgical resection while the rest (n = 32) were metastatic. Among ten
patients, including 7 on tyrosine kinase inhibitors, with evidence of disease progression at
study inclusion, mutations in ctDNA were detected in 7 cases (70%). Known somatic
mutations in KIT (n = 5) or PDGFRA (n = 1) in ctDNA were identified only among 6 of the 10
patients. These KIT mutants included duplication, indels, and single-nucleotide variants.
The median mutant AF in ctDNA was 11.0% (range, 0.38%–45.0%). In patients with
metastatic progressive KIT-mutant GIST, tumor burden was higher with detectable KIT
ctDNAmutation than in those without (median, 5.97 cm vs. 2.40 cm, p = 0.0195). None of
the known tumor mutations were detected in ctDNA for localized cases (n = 14) or
metastatic cases without evidence of disease progression (n = 22). In patients with serial
samples along progression of disease, secondary acquired mutations, including a
potentially actionable PIK3CA exon 9 c.1633G>A mutation, were detected. ctDNA
mutations were not detectable when patients responded to a switch in TKI therapy. In
conclusion, detection of GIST-related mutations in ctDNA using a customized targeted
NGS panel represents an attractive non-invasive means to obtain clinically tractable
information at the time of disease progression.
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INTRODUCTION

Gastrointestinal stromal tumor (GIST) is the commonest
mesenchymal neoplasm originating from the gastrointestinal
tract. GISTs are classically defined by activating oncogenic
mutations in KIT (KIT proto-oncogene receptor tyrosine
kinase) (80%) or PDGFRA (platelet-derived growth factor
receptor alpha) (10%) genes (1–3). In advanced stages, most
patients benefit from targeted therapy using the tyrosine kinase
inhibitor (TKI) imatinib, though acquired resistance and disease
progression associated with the development of secondary
mutations usually occur after 18 to 24 months. Under
pharmacological pressure, secondary mutations can develop,
conferring resistance to imatinib. In imatinib-resistant GISTs,
secondary mutations typically occur in the ATP-binding pocket
(exon 13) or in the kinase activation loop (exon 17) (4).

In the contemporary management of patients with advanced
GISTs, radiological response evaluation following TKI treatment
remains standard of care, and there is currently no specific
blood-based biomarker for the purposes of monitoring disease
progression or to determine mechanisms responsible for
acquired TKI resistance. At the time of disease progression,
knowledge of the specific secondary mutations could enable
tailoring of treatment, though this requires invasive tumor
biopsy at the site of progression. Understandably, such an
approach does not comprehensively capture the evolving
global tumor landscape and may not yield viable results that
reflect tumor heterogeneity (5). In addition to defining resistance
pathways, the secondary mutations also have therapeutic
implications. Previous preclinical studies have suggested that
sunitinib is preferentially more active against mutations in the
ATP-binding pocket, while regorafenib has increased activity
against mutations in the kinase activation loop (6).

The optimal approach to determine mechanisms of acquired
resistance during therapy and guide personalized approach to
subsequent management remains to be elucidated. Non-invasive
tumor mutation profiling using several liquid biopsy cell-free
circulating tumor DNA (ctDNA)-based approaches has been
explored in patients with GISTs (7). While some of these
approaches have been shown to capture the molecular
heterogeneity of the whole tumor, their utility is limited to
patients with high tumor burden as a result of suboptimal
assay sensitivity, and their practical use in the clinic remains in
question. In this study, we investigated a liquid biopsy approach
for the detection of primary and secondary acquired mutations
in patients with GISTs, using a customized Archer®

LiquidPlex™ targeted panel. The advantage of Archer®

LiquidPlex™ includes the Anchored Multiplex PCR (AMP™)
enrichment chemistry, in which ctDNA fragments are ligated to
molecular barcodes that allow for error correction for confident
variant reporting. Furthermore, Archer® LiquidPlex™ is able to
capture a fragment size that is smaller than 160 base pairs, a size
that can be missed by other platforms. Finally, Archer®

LiquidPlex™ can detect variants at 0.3% allele frequency with
ctDNA input that is as low as 1 ng.
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PATIENTS AND METHODS

Study Cohort
Blood samples were collected from patients who were diagnosed
with GISTs and seen at the National Cancer Centre Singapore
between April 1998 and September 2021. A total of 64 plasma
samples and 7 whole blood samples from 46 patients were included
in the final analysis. Relevant demographical and clinical
information were collected and utilized for the analysis. For all
GISTs diagnosed at our center, Sanger sequencing was routinely
performed to detect KIT and PDGFRA gene mutations. Selected
cases may undergo panel testing via next-generation sequencing at
the discretion of the managing physician. All data were obtained at
the time of diagnosis or subsequent follow-up. Written informed
consent for use of biospecimens and clinical data was obtained in
accordance with the Declaration of Helsinki. The research study
was carried out with approval from the SingHealth Centralised
Institutional Review Board (CIRB 2018/3182). The datasets created
and analysed during this study are available from the
corresponding authors upon reasonable request.

Extraction and Quantification of ctDNA
from Plasma and Whole Blood
Whole blood samples were collected in 10-ml EDTA-coated tubes
(BD,Cat. 368589) and processedwithin 2 h of collection using an in-
house protocol. The samples were centrifuged for 10 min at 300 × g
at room temperature to separate plasma from red blood cells. Plasma
layer was harvested in 1-ml aliquots in 1.5-ml Microcentrifuge
Tubes (Axygen, MCT-150-C) and spun again in a microcentrifuge
at 9,720 × g at 4°C. Plasma was collected and stored at −80°C until
use.QIAampCirculatingNucleicAcidKit (Catalog #55114,Qiagen)
was used to isolate ctDNA from plasma by following the
manufacturer’s instruction. Purified ctDNA was stored at −20°C.

The following is the protocol for extracting ctDNA from frozen
whole blood. DNA were isolated by using DNeasy Blood & Tissue
Kit (Qiagen) with the followingmodification to the protocol. Briefly,
proteinase K was added to whole blood at the following volume
ratio (proteinase K:whole blood, 1:10). Subsequently, Buffer AL
(with no ethanol added) was added into thawed blood, containing
proteinase K, at a volume ratio of 6:1 before incubating at 56°C for
at least 10 min. Absolute ethanol was added at a volume that was
equal to that of Buffer AL used. The number of DNA purification
columns used was dependent on the volume of whole blood. The
ratio was 1 column per 200 µl of thawed whole blood. Subsequent
steps followed the manufacturer’s instruction.

Once eluted, DNA was obtained from whole blood, Mag-
Bind® Total Pure NGS (Omega Bio-tek) paramagnetic beads
were used to separate the genomic DNA from ctDNA; 0.6× bead
volume (calculation was based on the volume of the DNA eluent)
was added to the DNA eluent, and the beads were used to remove
the genomic DNA. The beads containing the genomic DNA was
isolated from the supernatant by a magnetic column.
Subsequently, the leftover supernatant was moved to a clean
microfuge tube where 2× bead volume (calculation was based on
the volume of the original DNA eluent) was added. This volume
February 2022 | Volume 12 | Article 840843
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of beads would isolate out the ctDNA from the supernatant. The
beads were isolated by magnet, washed, and ctDNA was eluted
according to the manufacturer’s instructions. The profile of the
eluted ctDNA fraction was visualized on Agilent TapeStation by
using Agilent genomic DNA ScreenTape (Agilent Technologies,
CA, USA) to ensure that there was no contaminating genomic
DNA. If genomic DNA was still present in the eluted ctDNA
fraction, the DNA clean-up would be repeated. Purified ctDNA,
from plasma or whole blood, were quantified by using Qubit
dsDNA assay kit (Thermo Fisher Scientific). Purified ctDNA
profile was also visualized on Agilent TapeStation by using
Agilent High Sensitivity D100 ScreenTape.

Next-Generation Sequencing Library
Construction and Sequencing
NGS libraries were made from, depending on individual sample
ctDNA yield, 5 ng to 37 ng (median: 10.1 ng) of ctDNA input.
The NGS libraries were constructed by following the Archer®

LiquidPlex™ Protocol for Illumina® (Invitae). We are using a
customized Archer® LiquidPlex™ targeted panel, dubbed
LiquidPlex NCCS GIST 18265 v1.0, that consists of probes that
target specific exons of 29 genes that are known to associate with
cancer and encompass known somatic mutations of GISTs
(Supplementary Table 1). The libraries were paired-end
sequenced (2 × 150 bp) for 5–20 million raw reads with at
least 5% PhiX by using the standard Illumina NGS protocol on
the NovaSeq platform (Novogene).

Bioinformatics Analysis
The raw sequencing data were analyzed with Archer Analysis
pipeline (version 6.2.7; https://archerdx.com/technology-
platform/analysis) as previously reported (8). We used the
default settings for detecting variants that were statistically
significant [in our case, the variant must have an allele
frequency (AF) outlier p-value < 0.05]. For ctDNA samples
where no significant variants were detected by the default
setting, we would manually check all the mapped NGS reads
for the presence of KIT, PDGFRA, or other variants that were
previously detected by Sanger sequencing of the corresponding
tumor. If such variant was detected, it would only be reported as
a significant variant if AF outlier p-value < 0.05.

Statistical Analysis
Comparisons of tumor size with detectable ctDNA were
performed using Mann–Whitney U test. All statistical
evaluations were made assuming a two-sided test with a
significance level of 0.05 unless otherwise stated. All tests were
performed using MedCalc statistical Software for Windows
version 19.0.4 (MedCalc Software, Ostend, Belgium).
RESULTS

Patient Characteristics
A total of 46 patients were included in the study (Supplementary
Figure 1). The median age at study enrolment was 63.7 years
Frontiers in Oncology | www.frontiersin.org 3303131
(range, 30.3 to 89.1 years). Twenty-six (56.5%) were male and 20
(43.5%) were female. Primary tumor locations were stomach (n =
24, 52.2%), small bowel (n = 19, 41.3%), and rectum (n = 3,
6.5%). The majority were known to harbor KIT mutations (n =
41, 89.1%), while 3 patients (NCCS-GIST-06, NCCS-GIST-43,
and NCCS-GIST-44) were PDGFRA exon 18 D842V mutants
and KIT wild type. Two cases (NCCS-GIST-45 and NCCS-GIST-
46) were wild type for both KIT and PDGFRA, one of which
harbored KRAS exon2 G12V mutation. In terms of disease stage,
14 (30.4%) were localized GISTs that had undergone complete
surgical resection. The rest (n = 32) were metastatic GISTs at
various points of their treatment trajectories. Importantly, 10
patients, including 7 on TKI treatment, had evidence of disease
progression at study inclusion and were the focus of the study.
Clinical and demographic characteristics of all patients are
summarized in Table 1.

Molecular Profiling Using ctDNA
Blood samples of the 46 patients were drawn at study inclusion.
Targeted exon panel sequencing was performed to identify
mutations in plasma ctDNA. Among the 10 patients with
metastatic GIST with evidence of disease progression,
mutations in ctDNA were detected in 7 cases (70%). Known
somatic mutations in KIT (n = 5) or PDGFRA (n = 1) in ctDNA
were identified only among 6 of the 10 patients (Figure 1).
TABLE 1 | Characteristics of GIST patients at enrolment.

Characteristic N (%)

Total 46 (100)
Age at inclusion (years)
Median (range) 63.4 (30.3 to 89.1)

Sex
Male 26 (56.5)
Female 20 (43.5)

Primary tumor location
Stomach 24 (52.2)
Small intestine 19 (41.3)
Rectum 3 (6.5)

Disease stage
Localized 14 (30.4)
Metastatic 32 (69.6)

Evidence of progression
No 36 (78.3)
Yes 10 (21.7)
Known somatic mutations
KIT† 41 (89.1)
PDGFRA (exon 18 D842V) 3 (6.5)
KIT/PDGFR wild-type‡ 2 (4.3)

Adjuvant therapy (localized)*
Imatinib 5 (35.7)
None 9 (64.3)

Palliative therapy (metastatic)*
Imatinib 18 (56.3)
Sunitinib 2 (6.3)
Pazopanib 1 (3.1)
Avapritinib 1 (3.1)
None 10 (31.3)
February 2022 | Volume 1
†Exon 11 (n = 29), exons 11 and 13 (n = 1), exons 11 and 17 (n = 2), exon 9 (n = 5), site
unknown (n = 4).
‡One case of KIT/PDGFRA wild type known to harbor KRAS Exon2, c.35G>T/p.Gly12Val.
*Treatment at time of study inclusion.
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These KITmutants included short sequence tandem duplication,
indels, and single-nucleotide variants. The median mutant AF in
ctDNA was 11.0% (range 0.38%–45.0%). In patients with
metastatic progressive KIT-mutant GIST, tumor burden (as
measured by the average diameter of the 3 largest lesions) was
higher with detectable KIT ctDNA mutation than in those
without (median, 5.97 cm vs. 2.40 cm, p = 0.0195) (Figure 2).
The 4 cases with undetectable primary KIT mutations include
GISTs with exon 11 c.1708_1728del (NCCS-GIST-07), exon 11
c.1669_1674del (NCCS-GIST-08), exon 11 c.1654_1659del and
exon 13 c .1961T>C (NCCS-GIST-09) , and exon 9
c.1504_1509dup (NCCS-GIST-10). None of the known tumor
mutations were detected in ctDNA for localized cases (n = 14) or
metastatic cases without evidence of disease progression (n = 22).
In patient NCCS-GIST-02, only the known KIT exon 11
c.1727T>C mutation, but not the exon 17 c.2466T>A mutation
was detected in ctDNA. On the other hand, in patient NCCS-
GIST-03, ctDNA identified KIT exon 17 c.2467T>G on top of the
known exon 11 c.1653_1670del mutation—this patient had prior
Frontiers in Oncology | www.frontiersin.org 4313232
imatinib-resistant GIST (no molecular evaluation done apart
from time of diagnosis) and was progressing despite the 4th-line
treatment with pazopanib. For patient NCCS-GIST-07 with
small bowel GIST progressing on 1st-line treatment with
imatinib, ctDNA detected TP53 c.879_880del and SETD2
c.2238del mutations, but not the known KIT exon 11
c.1708_1728del mutation (Table 2).

Mutations in SETD2, previously reported to confer worse
prognosis in GIST (9), were detected in ctDNA in 3 patients with
metastatic GIST. In patients with localized GIST following
surgical resection (n = 14), including 5 on adjuvant imatinib,
no known tumor mutations could be detected from ctDNA.
Likewise, none could be detected from ctDNA from patients with
metastatic GIST without evidence of disease progression (n =
22), including 15 patients on TKI treatment. In this group of
patients, mutations in IDH2 (n = 3), KRAS (n =3), KIT (n = 3),
and SETD2 (n = 1) were identified at low AF (median, 0.86%;
range, 0.68 to 2.9%), though the corresponding mutation in the
primary tumor was not known.
FIGURE 1 | Overview of study cohort and plasma ctDNA mutation detection. Clinical and molecular characteristics of the 46 patients included in the study are

shown. For the mutant allele frequency bar chart, the light blue bar indicates mutants that were detected in ctDNA are the same as that reported for the

corresponding primary tumor. The gold-colored bar indicates additional mutants detected in ctDNA that is not reported in the corresponding primary tumor.

See Table 2 for more information on the mutation profiles of both the primary tumor and the corresponding ctDNA.
February 2022 | Volume 12 | Article 840843

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ko et al. Liquid Biopsy in GIST
ctDNA Mutation Detection in Patients
Progressing on Treatment
Serial plasma samples were available for 6 patients with
metastatic GIST who underwent TKI therapy. For NCCS-
GIST-17 (Figure 3A), the KIT exon 11 c.1673_1687del variant,
as detected in the tumor, was not detected in the ctDNA from the
first plasma sampling when no disease progression was evident
(stable disease, SD) (week 0). In the ctDNA from the second
plasma sampling at the time of disease progression in the
primary stomach tumor (week 26), 2 KIT variants were
detected, namely, exon 11 c.1673_1687del (AF = 3.1%) and
exon 17 c.2485G>C (AF = 3.4%), the latter of which was a new
variant not previously detected in the tumor. Additionally, a
PIK3CA c.1633G>A variant was also detected (AF = 2.6%).
Interestingly, in the ctDNA from the third plasma sampling
(week 42, with progressive liver metastases), the PIK3CA
c.1633G>A variant AF increased by nearly 32-fold (AF =
Frontiers in Oncology | www.frontiersin.org 5323333
82.5%) while those KIT variants were reduced by at least 14.2-
fold (exon 11 c.1673_1687del, AF = 0.15%; exon 17 c.2485G>C,
AF = 0.24%). Generally, the detection of the KIT and PIK3CA
variants in the ctDNA positively correlated with disease
progression as evaluated by computed tomography (CT) scans.

For patients NCCS-GIST-04, NCCS-GIST-02, and NCCS-
GIST-09, multiple plasma samplings at different time points (4–7
samples) have allowed for the monitoring of dynamic changes to
the different KIT variants detected in the ctDNA in response to
different types of TKI used. In NCCS-GIST-04 (Figure 3B) and
NCCS-GIST-02 (Figure 3C), KIT variants detected in ctDNA
progressively decreased and were not detected in ctDNA when
patients were responsive to TKI treatments. However, we
observed that after a period of positive drug response, known
KIT variants re-emerged in ctDNA with additional new variants
that were not previously detected in tumor. The emergence of
additional new KIT variant correlated with resistance to
corresponding TKI treatment and disease progression.

Patient NCCS-GIST-04 switched from imatinib to ripretinib (at
week 0) at the time of disease progression based on imaging
assessment (Figure 3B). Imaging at week 7 confirmed response
to ripretinib therapy—correspondingly, the AF for the KIT exon 11
c.1669_1710del variant fell from 3.68% at week 0 to 0% at week 7.
Subsequently from week 7 to week 19, no KIT variant was detected
in the ctDNA, and this coincided with a state of continued disease
stability for the patient. At week 25, disease progression was
detected on CT scan, and this coincided with the re-emergence
of the KIT variant exon 11 c.1669_1710del (AF = 1.1%) and the
detection of a new KIT variant exon 17 c.2467T>G (AF = 0.59%).
At week 43, the AF values for both KIT variants were still
detectable, albeit reduced (exon 11 c.1669_1710del, AF = 0.16%;
exon 17 c.2467T>G, AF = 0.18%). This coincided with the patient
switching to sunitinib. Despite the reduction in AF values for the 2
KIT variants, the CT scan showed that the disease had progressed
with increased tumor size.

On the other hand, NCCS-GIST-02 switched from
avapritinib to imatinib and subsequently ripretinib as a result
of lack of response in terms of tumor reduction in the first 8
weeks of monitoring; the KIT variants from exon 11 c.1727T>C
and exon 17 c.2466T>A became undetectable from week 10 to
week 16 (Figure 3C), correlating with positive response to
ripretinib treatment. Subsequently, ctDNA collected from week
28 and week 33 contain not only the previously detected KIT
variants from exon 11 c.1727T>C and exon 17 c.2466T>A, but
also a new exon 13 c.1961T>C variant. This indicated the
emergence of a novel TKI-resistant variant that correlated with
disease progression. Conversely, for NCCS-GIST-09 (Figure 3E),
despite disease progression, no KIT variant, as previously
detected in tumor, was detected in ctDNA collected at the
different time points. There was, however, a KRAS c.194G>A
variant that was detected at week 41 albeit at low AF (0.84%), but
it was not detected at the last sampling at week 48.

There were 2 patients with 2 serial samplings, namely, NCCS-
GIST-03 and NCCS-GIST-08. For NCCS-GIST-03, 2 KIT
variants were detected (Figure 3D) . The exon 11
c.1653_1670del variant was previously detected in tumor, while
FIGURE 2 | Association between KIT ctDNA mutation detection and tumor
burden. In patients with advanced progressive GIST, tumor burden, as
measured by the average diameter of the 3 largest lesions, was higher with
detectable KIT ctDNA mutation than in those without (median, 5.97 cm vs.
2.40 cm, p = 0.0195).
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TABLE 2 | Mutational profiles of tumor and plasma ctDNA.

Mutation in ctDNA Allele frequency

xon 11 c.1737_1748dup 45
2 c.1844C>T 46.7
xon 11 c.1727T>C 20.3

xon 11 c.1653_1670del 18.4
xon 17 c.2467T>G 20.3
xon 11 c.1669_1710del 3.68
on 11 c.1661_1675del 0.81
RA Exon 18 c.2525A>T 0.38
Exon 8 c.879_880del 1.68
2 c.2238del 1.32

c.435dup 0.68
c.435dup 1.03

c.194G>A 1.1
c.175G>A 1.62
c.186_187delins 2.33

xon 11 c.1650_1667del 0.65
xon 11 c.1667A>T 0.57
c.175G>A 1.16
c.194G>A 2.9
c.186_187delins 1.7

xon 11 c.1706T>G 0.36
2 c.3948del 0.52

xon 11 c.1706T>G 0.36
c.435dup 0.67
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Patient ID Primary site Disease status Treatment at time
of study inclusion

Known tumor mutation

NCCS-GIST-01 Small bowel Metastatic† None KIT Exon 11 c.1737_1748dup KIT E
SETD

NCCS-GIST-02 Small bowel Metastatic† Avapritinib KIT Exon 11 c.1727T>C KIT E
KIT Exon 17 c.2466T>A

NCCS-GIST-03 Gastric Metastatic† Pazopanib KIT Exon 11 c.1653_1670del KIT E
KIT E

NCCS-GIST-04 Small bowel Metastatic† Imatinib KIT Exon 11 c.1669_1710del KIT E
NCCS-GIST-05 Gastric Metastatic† None Kit Exon 11 c.1661_1675del Kit E
NCCS-GIST-06 Gastric Metastatic† None PDGFRA Exon 18 c.2525A>T PDG
NCCS-GIST-07 Small bowel Metastatic† Imatinib KIT Exon 11 c.1708_1728del TP53

SETD
NCCS-GIST-08 Gastric Metastatic† Imatinib KIT Exon 11 c.1669_1674del
NCCS-GIST-09 Small bowel Metastatic† Sunitinib KIT Exon 11 c.1654_1659del

KIT Exon 13 c.1961T>C
NCCS-GIST-10 Small bowel Metastatic† Imatinib KIT Exon 9 c.1504_1509dup
NCCS-GIST-11 Small bowel Metastatic None KIT Exon 9 c.501-503ins
NCCS-GIST-12 Small bowel Metastatic None KIT Exon 9 c.1504_1509dup
NCCS-GIST-13 Rectum Metastatic None KIT Exon 9 c.501-503ins
NCCS-GIST-14 Gastric Metastatic None KIT Exon 11 c.556-558del
NCCS-GIST-15 Gastric Metastatic None KIT Exon 11 c.1668_1691del IDH2
NCCS-GIST-16 Gastric Metastatic None KIT Exon 11 c.1669_1683del IDH2
NCCS-GIST-17 Gastric Metastatic Imatinib KIT Exon 11 c.1673_1687del
NCCS-GIST-18 Gastric Metastatic Imatinib KIT Exon 11 c.1655_1666del
NCCS-GIST-19 Gastric Metastatic None KIT Exon 11 c.1656_1679del
NCCS-GIST-20 Small bowel Metastatic Imatinib KIT Exon 11 c.1676T>A
NCCS-GIST-21 Small bowel Metastatic Imatinib KIT Exon 11 c.1653_1670del
NCCS-GIST-22 Small bowel Metastatic Imatinib KIT Exon 11 c.1669T>C

TP53 Exon 8 c.841G>A
NCCS-GIST-23 Rectum Metastatic Imatinib KIT (site unknown)
NCCS-GIST-24 Rectum Metastatic Imatinib KIT (site unknown)
NCCS-GIST-25 Gastric Metastatic Imatinib KIT (site unknown) KRA
NCCS-GIST-26 Small bowel Metastatic Imatinib KIT (site unknown) KRA

KRA
NCCS-GIST-27 Small bowel Metastatic Imatinib KIT Exon 11 c.1669_1674del
NCCS-GIST-28 Small bowel Metastatic Imatinib KIT Exon 11 c.550-558del KIT E

KIT E
KRA
KRA
KRA

NCCS-GIST-29 Small bowel Metastatic Sunitinib KIT Exon 11 c.551-557del
NCCS-GIST-30 Gastric Metastatic Imatinib KIT Exon 11 c.1669_1674del KIT E
NCCS-GIST-31 Gastric Metastatic Imatinib KIT Exon 11 c.1679T>A SET
NCCS-GIST-32 Gastric Metastatic Imatinib KIT Exon 11 c.1669_1674del
NCCS-GIST-33 Gastric Localized Imatinib KIT Exon 11 c.1717_1758dup
NCCS-GIST-34 Gastric Localized Imatinib KIT Exon 11 c.1669_1674del KIT E
NCCS-GIST-35 Gastric Localized Imatinib KIT Exon 11 c.1670_1675del IDH2
NCCS-GIST-36 Gastric Localized Imatinib KIT Exon 11 c.557-559del
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the exon 17 c.2467T>G variant was only found in plasma
ctDNA. Although the variant AF for both variants decreased
from week 0 to week 8, it did not correlate with decrease in tumor
size. For NCCS-GIST-08 (Figure 3F), the KIT variant previously
reported in tumor was not detected in ctDNA from both
samplings (week 0 and week 20). A KRAS c.194G>A variant
was detected, albeit at low AF (0.8%), in the week 20 sampling.

ctDNA Mutation Detection in Whole
Blood Samples
In an exploratory analysis, we attempted to detect known
variants (previously found in the tumor) from ctDNA
extracted from whole blood rather than from plasma. ctDNA
was extracted from whole blood from 7 patients with metastatic
GIST (Supplementary Table 2). NGS libraries were
subsequently constructed from these extracted ctDNA. We
compared the result from whole blood with those
corresponding plasma-derived ctDNA as well as tumor. KIT
variant was detected in 1 whole blood sample from NCCS-GIST-
02. The KIT variant, exon 11 c.1727T>C, was the same as that
reported for the corresponding plasma-derived ctDNA and
tumor. The AF for this KIT variant in whole blood-derived
ctDNA was 1.61%. This AF value was approximately 1/12 of the
AF value found in plasma ctDNA (20.3%).
DISCUSSION

Our results showed that known tumor mutations, including both
KIT and PDGFRA, were detectable in ctDNA only among
patients with metastatic GIST with measurable disease
progression. However, even in this group of patients, the
detection of these mutations may depend on tumor burden at
the time of progression. In some cases (NCCS-GIST-08 and
NCCS-GIST-09), KIT mutations in ctDNA remain undetectable
despite continued disease progression across serial samplings,
suggesting that not all GISTs shed sufficient ctDNA for detection
of mutations. Interestingly, as demonstrated by case NCCS-
GIST-02 at week 0, despite the primary KIT exon 11
c.1727T>C being detected at high AF, the secondary KIT exon
17 c.2466T>A was not detected, implying that these mutations
may not be shed at the same rates. Subsequent sampling upon
disease progression simultaneously identified KIT exon 17
c.2466T>A and exon 13 c.1961T>C variants. Regardless, any
detected ctDNA mutation became undetectable upon disease
response to a subsequent line of TKI therapy. These results are
generally consistent with previous reports (10–13). Taken
together, these findings highlight the value of ctDNA mutation
testing in the setting of progressive disease, enabling the
detection of secondary acquired mutations, and facilitating
treatment response assessment.

Among the GIST patients who progressed on TKI therapy
evaluated in our study, we identified a potentially actionable
acquired PIK3CA exon 9 c.1633G>A variant in NCCS-GIST-17
upon resistance to imatinib. In a previous study on 529 imatinib-
naïve GISTs, only eight primary and two metastatic cases
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harbored PIK3CA mutations, though these cases tended to be
large (>10 cm) (14). These results suggest that PIK3CA
mutations may confer growth advantages in GISTs and may
form the dominant clone in the setting of imatinib resistance.
Consequently, this offers an opportunity for therapeutic
intervention using PI3K inhibitors (15). Interestingly, we also
observed the occurrence of mutations in the histone modifier
gene SETD2 in three patients. Previously, Huang et al.
demonstrated somatic alterations of SETD2 in 10 out of 89
(11.2%) high-risk/metastatic GIST cases but not low-/
intermediate-risk cases. In gastric GISTs, SETD2 mutations
were associated with hypomethylated heterochromatin and
worse relapse-free survival (9). The ability to identify predictive
and prognostic biomarkers in a non-invasive manner is an
attractive feature of liquid biopsy-based testing, though the
actual clinical utility will require validation in a larger cohort.

Several liquid biopsy-based assays deployed for detection ofKIT
or PDGFRA mutations have previously been reported in GISTs,
including allele-specific ligation PCR (10), digital droplet PCR (11),
BEAMing (16), and targeted amplicon sequencing (12, 17).
Although assays targeting single mutations are highly sensitive,
they are not easily generalizable in GISTs as they are characterized
Frontiers in Oncology | www.frontiersin.org 8353636
by a range of primary and secondary mutations. In our study, we
deployed a customized targeted panel (Archer® LiquidPlex™)
comprising 29 cancer and/or GIST-associated genes,
emphasizing the utility of a larger sequencing footprint in
picking up clinically relevant mutations beyond KIT and
PDGFRA. Similar to a previous report (18), the sensitivity of our
assay depends on tumor size, and is most applicable in the setting
of progressive disease and TKI resistance. An additional limiting
factor in the detection of ctDNA in our study may include the
extent of vascularization of individual tumors, which would
determine the ease of accessibility into the blood system for the
ctDNA. We do take note that some of our plasma samples have
been in storage at −80°C for more than the latest recommended
storage period of 9 months (19). Among the 7 out of 10 patients
with progressing metastatic GIST with significant detectable
ctDNA mutations, 4 of the plasma samples were stored between
8 and 10 years, while the rest (n = 3) were stored for less than 1
year. In this case, storage period may not be the main issue. It is
likely that when stored properly at the right temperature and
repeated freeze–thaw is not allowed, plasma can be stored for a
longer period. A previous report suggests the feasibility of using
small volumes of dried whole blood spots for ctDNA mutation
A

B

D

E
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FIGURE 3 | Temporal correlation of ctDNA mutations and patients with advanced GIST progressing while on TKI therapy. (A) Detectable KIT exon 11 and 17
mutations, as well as a potentially actionable PI3K3CA c.1633G>A mutation upon disease progression. The PI3K3CA variant was dominant over other mutations in
ctDNA on further disease progression. (B–D) Trajectory and correlation of ctDNA variants with disease status. (E, F) Non-detection of KIT mutations in ctDNA
despite disease progression. Each figure is accompanied with the CT scans taken at the indicated time points. The red arrows refer to the location of the tumor. SD,
stable disease; PD progressive disease.
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detection (20), and our exploratory investigation showed that this
approach is clearly less sensitive than using plasma ctDNA, and the
reagent costs also implies lower cost-effectiveness.

In conclusion, detection of GIST-related mutations in ctDNA
using a customized targeted NGS panel represents an attractive
non-invasive means to obtain clinically tractable information.
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Circulating cell-free DNA (cfDNA) can be used to characterize tumor genomes through
next-generation sequencing (NGS)-based approaches. We aim to identify novel genetic
alterations associated with drug resistance in lung cancer and colorectal cancer patients
who were treated with EGFR-targeted therapy and cytotoxic chemotherapy through
whole exome sequencing (WES) of cfDNA. A cohort of 18 lung cancer patients was
treated with EGFR TKI or cytotoxic chemotherapy, and a cohort of 37 colorectal cancer
patients was treated with EGFR monoclonal antibody or cytotoxic chemotherapy alone.
Serum samples were drawn before and after development of drug resistance, and the
genetic mutational profile was analyzed with WES data. For 110 paired cfDNA and
matched germline DNA WES samples, mean coverage of 138x (range, 52–208.4x) and
47x (range, 30.5–125.1x) was achieved, respectively. After excluding synonymous
variants, mutants identified in more than two patients at the time of acquired resistance
were selected. Seven genes in lung cancer and 16 genes in colorectal cancer were found,
namely, APC, TP53, KRAS, SMAD4, and EGFR. In addition, the GPR155 I357S mutation
in lung cancer and ADAMTS20 S1597P and TTN R7415H mutations in colorectal cancer
were frequently detected at the time of acquired resistance, indicating that these
mutations have an important function in acquired resistance to chemotherapy. Our data
suggest that novel genetic variants associated with drug resistance can be identified using
cfDNA WES. Further validation is necessary, but these candidate genes are promising
therapeutic targets for overcoming drug resistance in lung cancer and colorectal cancer.

Keywords: circulating cell-free DNA (cfDNA), whole exome sequencing, drug resistance, lung cancer,
colorectal cancer
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INTRODUCTION

Significant progress has been made for tracking tumor mutations
in cell-free DNA (cfDNA) in the last decade (1–3). cfDNA is
thought to be released into circulation by necrotic or apoptotic
cells, and is frequently present at higher quantities in patients
with cancer than in healthy individuals (4). An analysis of those
cfDNA can be used as a surrogate marker for molecular
diagnosis, and for surveillance of tumor progression (5). These
techniques enable an access of tumor molecular information
when tumor biopsies are intractable, particularly for patients
with metastatic cancer.

Whole exome sequencing (WES) of cfDNA has demonstrated
potential to detect clinically relevant alterations (6). Although
significant progress has been made for tracking previously
detected tumor mutations using targeted gene panels or single
gene assays, WES enables a more comprehensive analysis
covering the complex landscape of somatic alterations (7).
Also, WES analyses of cfDNA hold great promise to identify
emerging genetic alterations that are of interest in treatment of
drug resistance.

Lung cancer and colorectal cancers are the two leading cancer
causing mortalities in both men and women in Korea during 2021
(8). Lung cancer andmetastatic colorectal cancer (mCRC) are often
diagnosed at an advanced stage when tumor cell dissemination has
taken place (9). The treatment of the RAS wild-type mCRC is
currently based on the use of chemotherapy doublets
(fluoropyrimidine and oxaliplatin or irinotecan) and biological
drug (cetuximab, bevacizumab, panitumumab) (10). This concept
is well expressed in the ESMO (European School of Medical
Oncology) guidelines (11). In lung cancer, the use of EGFR
tyrosine kinase inhibitors (EGFR-TKIs) is now a common
practice for the first-line treatment of patients with EGFR
sensitizing mutation, leading to longer progression-free survival
(PFS) intervals with fewer or at least different side effects than
chemotherapy (12). Mechanisms of acquired resistance to targeted
therapy in both types of cancer have been largely deciphered over
the past 20 years and targeting those genetic driver changes are
already in clinical use or under clinical investigation (13). Despite
great promises brought by the new paradigm of targeted therapy,
the invariable emergence of acquireddrug resistance not only limits
the duration of tumor response but also represents the major
obstacle for more meaningful impact on long-term survival in
genotype-matched precision medicine (14). The study of
sequential liquid biopsies, obtained at baseline and at the moment
of progression, from lung cancer and mCRC patients has allowed
the identification of new genetic alterations, which explain the
development of acquired resistance.

There are a few reports of attempts to analyze cfDNA WES
data as a platform for non-invasive analysis of tumor evolution
during cancer treatment (4, 5, 15). Yet, the study with a large
number of patients in lung cancer and colorectal cancer was
never investigated. Our purpose in this investigation was to
perform WES of serum cfDNA in patients with lung cancer
and colorectal cancer. From the analysis of those data,
novel genetic variants associated with drug resistance could
be identified.
Frontiers in Oncology | www.frontiersin.org 2394040
MATERIALS AND METHODS

Patients and Sample Selection
Patients with metastatic colorectal cancer (mCRC) and advanced
lung cancer who had been treated with adjuvant chemotherapy at
the Korea University Anam Hospital and Guro Hospital were
reviewed. From January 2010 to December 2019, patients were
treated with chemotherapy (Lung cancer—EGFRTKI or Cytotoxic
chemotherapy), (Colorectal cancer—Cytotoxic chemotherapy or
Cetuximab) and total of 42 lung cancer patients and 63 colorectal
cancer patient sampleswere used for this study if serum samples for
WES of the baseline and at acquired resistance were both available.
Both blood samples from baseline and resistance time points were
used for cfDNA extraction and WES. Tumor response was
determined in accordance with the Response Evaluation Criteria
in Solid Tumors 1.1 (RECIST 1.1) guidelines (16). Tumor size was
measured using summation of the longest diameter of two largest
tumors. If a lesion is smaller than 5 mm, it was recorded as non-
measurable. The study was approved by the institutional review
boards of the Korea University AnamHospital and GuroHospital,
and informed consent was obtained.

Blood (Serum) Sampling
Blood samples were obtained at diagnosis and subsequently in
several-month intervals during treatment and follow-ups. Blood
samples were collected in SST Vacutainer tubes (Yellow top) for
serum isolation. For serum isolation, tubes were centrifuged at
2,500 rpm for 7 min at RT, and the supernatant fraction
transferred to a fresh tube and re-centrifuged at 16,000×g for
10 min at 4°C. The supernatant fraction from the second
centrifugation was transferred to a cryotube for storage in a
−80°C freezer in our laboratory within 1 to 4 h after collection.

cfDNA and Germline DNA Extraction
cfDNA was extracted from 1 to 2 ml of serum using a Qiagen
circulating nucleic acid kit (Qiagen,Germany) with the
Quavac24s system, according to the recommendation of the
manufacturers. When required, additional purification was
performed using Agencourt AMPure XP (BeckMan Coulter,
Brea, CA) to remove larger contaminating nucleic acid. cfDNA
concentration and quality were measured by Tapestation or
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) using the
High sensitivity DNA kit. Germline DNA was extracted from
PBMCs using Qiagen blood minikit (Qiagen) according to the
instructions of the manufacturer.

Library Preparation and WES
For cfDNA library preparation, an average 10 ng of cfDNA were
engaged without an initial fragmentation and Agilent SureSelect
Human All Exome V4 Kit and Twist Human Core Exome Kit
were used according to instructions of the manufacturer. WES
was performed on serum samples from 105 patients using an
Illumina HiSeq 2500, with 100-bp paired-end reads.

Bioinformatic Analysis (Pipeline)
Sequence QC was done through FastqQC 0.11.2 (17), and it was
mapped to human reference genome sequence NCBI b37 using
March 2022 | Volume 12 | Article 843561
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bwa 0.7.12 (18). BAM files were realigned with the Genome
Analysis Toolkit 4.1 (19) (GATK) IndelRealigner, and base
quality scores were recalibrated by the GATK base quality
recalibration tool. WES variants calling was performed using
two variant callers with 1% cut off value: GATK’s Mutect2
v4.1.4.1 (20) return only SNVs and Strelka2 (21) returns the
lowest number of both SNV and indel calls according to their
somatic pipeline, respectively. Final variants were annotated
using ANNOVAR-v2021-06-07 with build hg19 databases,
namely, refGene, dbNSFP version 2.6, COSMIC database
version 70, NHLBI-ESP project with 6,500 exomes, 1000
Genomes Project, dbSNP 138, CLINVAR database, Polypen2,
COSMIC, ICGC and functional prediction was performed. SNVs
with quality <30, a depth of coverage <20 in cfDNA samples, or
<3 reads supporting the variant were filtered out. Only within
exons of coding genes or splicing sites were kept. Then, variants
reported in more than 1% of the population in the 1,000 genomes
or Panel of Normal of Exome Sequencing of Korean population
(22) were discarded to filter out polymorphisms. Finally,
synonymous variants were filtered out except those with a
COSMIC ID. Subsequently, all identified somatic mutations
were manually examined by visual inspection of the BAM files
to remove false positive calls as were located in repetitive areas
and variants with many adjacent variants as they were suspected
to result from systemic misalignment.

Copy number variation analysis was performed using
FACETS V0.5.6: https://github.com/mskcc/facets (23). ctDNA
fraction was estimated by FACETS from data of the WES cfDNA
sample and absolute copy number (ABCN) were called depends
on tumor fraction estimation from cfDNA as previously
described (24), and mean tcn.em values were used. To estimate
ctDNA amount, mean tcn.em values were used to calculate
ctDNA content of total cfDNA (25).

Mutational signature analysis was performed using the
deconstructSigs package in R (26), Signal (27) or MuSiCa (28)
that selects which combination of known mutational signatures
can account for the observed mutational profile in each sample as
previously described (29).

ddPCR
Mutant allele frequency was assessed using the QX200 Droplet
Digital PCR (ddPCR) System (BioRad, Milan, Italy) in
accordance with the instructions of the manufacturer. The
PrimePCR™ ddPCR™ Mutation Assay (BioRad) for humans
was used. This kit evaluates KRAS p.G12C and KRAS WT for
p.G12C, KRAS p.G12R and KRAS WT for p.G12R, KRAS
p.G12V and KRAS WT for p.G12V, KRAS p.G12D and
KRAS WT for p.G12D, KRAS p.G12S and KRAS WT for
p.G12S, KRAS p.G13D and KRAS WT for p.G13D, KRAS
p.G13C and KRAS WT for p.G13C, NRAS p.Q61R and NRAS
WT for p.Q61R, EGFR p.E746_A750del and EGFR WT for
p.E746_A750del, EGFR p.L858R and EGFR WT for p.L858R,
and BRAF p.V600E and BRAFWT for p.V600E. ddPCR reaction
mixtures contained a final concentration of 250 nM of each of
the probes, 900 nM of forward and reverse primers, 1× ddPCR
Supermix for Probes (Bio-Rad), and 0.7–3 ng cfDNA in a final
volume of 20 ml. Each reaction included a blank sample
Frontiers in Oncology | www.frontiersin.org 3404141
corresponding to H2O, another corresponding to wild-type
DNA, and a positive control (KRAS p.G12D, EGFR
p.E746_A750del and EGFR p.L858R) using HD780 Reference
Standard Set (Horizon, Cambridge, UK). The steps are described
in more detail as previously (30).

Statistical Analysis
Statistical analysis was performed using R software (version
4.0.3). Pearson’s correlation coefficient R >0.5 was considered
to indicate a strong correlation. Survival curved were plotted
using the cBioPortal and Kaplan–Meier plots as previously
described (31). All results are displayed with P-values from a
log-rank test. A P-values of <0.05 were considered to be
statistically significant.
RESULTS

Overall Study Design and Patient
Characteristics
The study comprised a major aim to identify the somatic variants
associated with drug resistance to chemotherapy in lung cancer
and colorectal cancer using circulating cell free DNA. For this
purpose, we performed the whole exome sequencing of serum
samples from 55 patients with stage III or IV cancer (18 lung
cancer and 37 colorectal cancer patients) which were drawn
before and after the development of drug resistance. Patient
characteristics, namely, clinical and histological features in this
study are detailed in Table 1. The mean age was 65 and 64 years
old in lung cancer and colorectal cancer, respectively. In lung
cancer, all tumor types being treated were non-small cell lung
cancer and the patients received standard cytotoxic chemotherapy
(38.9%) or EGFR-TKI (61.1%). In colorectal cancer, all the tumor
types being treated were adenocarcinoma and all patients were
treated with a modified standard cytotoxic chemotherapy (78.4%)
or additional EGFRmonoclonal antibody cetuximab (21.6%).With
this approach, we could expect tofindnot only drug specific genetic
variants, but also common variants regardless of drug type.

cfDNA WES Analysis and Bioinformatics
Pipeline
A total of 210 cfDNA paired samples underwent WES, and it
generated for a median 83.5x coverage (range, 20.1–211.5x). For
samples over 70x coverages, there were few PCR duplicates, so
re-sequencing was performed on those samples that can be
expected to increase mean coverage up to 100x. A total of 152
samples (59 in lung cancer + 93 in colorectal cancer) had a
median of 91.5x and the rest had a median of 51.8x. Thus, we re-
sequenced 152 samples to achieve a median 130.5x (mean =
134.5x) and was used for the downstream analysis. Pair analysis
was performed with samples with WES at mean coverage of 80x
or more at both baseline and at the time of acquired resistance
and gap between the two value less than 30x. Finally, this study
included 110 paired serum samples from 18 lung cancer and 37
colorectal cancer patients which were drawn before and after the
development of drug resistance. For those 110 paired cfDNA and
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matched germline DNA WES, a mean coverage of 138x (range,
52–208.4x) and 47x (range, 30.5–125.1x) were achieved
respectively, and thus enabling a detection of MAF at 1%.
Among these patients, the median age was 65 (range, 24–88)
years and there were 34 men (61.8%). Patient enrollment and
study overview are presented in Figure 1 and Table 1.

For somatic mutation calling from cfDNAWES data, we used
two variants callers GATK’s Mutect2 and Strelka2 as described in
the Materials and Methods section. Circulating Tumor DNA
(ctDNA) fraction was estimated by FACETS from the cfDNA
WES data and mean cf.em values were used. Analysis based on
the FACETS tool revealed a mean 28.2% of ctDNA (range, 17–
69.3%) in lung cancer and mean 30.9% of ctDNA (range, 15.7–
71%) in colorectal (Figure 2). These numbers are comparable to
those observed from the cfDNA WES analysis of the other 44
cancer patients (mean 18%, range, 4.5–36.2%) although tumor
types are different as metastatic breast and prostate cancer (3).
We assessed whether ctDNA content was associated with the
number of called somatic mutations or the residual tumor
information of the patient. Indeed, we found that the number
Frontiers in Oncology | www.frontiersin.org 4414242
of somatic variants were associated with ctDNA amount and
residual tumor size in colorectal cancer (Pearson’s correlation,
rho = 0.25, p-value = 0.033 and rho = 0.27, p-value = 0.02,
respectively), but not in lung cancer (Supplementary Figure S1A).
The total amount of ctDNA did not show significant differences
depending on the residual tumor size (Supplementary Figure S1B).
This result indicates that correlate ctDNA with a number of
somatic variants was well reflected in colorectal cancer than lung
cancer, and there are similar findings observed in a study of
ctDNA with various tumor types (32, 33).

For the 36 serum samples from 18 lung cancer patients, we
identified a mean 43.7 SNVs and small indels (range, 5–487).
Also, for the 74 serum samples from 37 colorectal cancer
patients, a mean 60.5 SNVs and small indels (range, 3–243)
were identified. As a result, we identified a total of 1,576 somatic
variants in 36 lung cancer serum samples (Figure 2A), and 4,480
somatic variants in 74 colorectal cancer serum samples
(Figure 2B). These numbers are comparable to those observed
in one of the largest studies attempted at WES-based TMB
quantification from liquid biopsy (mean 140 variants, range,
FIGURE 1 | Patient recruitment and enrollment flow chart.
TABLE 1 | Patient characteristics.

Lung cancer (n = 18) Colorectal cancer (n = 37)

Cytotoxic chemotherapy EGFR-TKI Cytotoxic chemotherapy only Chemotherapy with Cetuximab
N = 7 N = 11 N = 29 N = 8

Sex
Female 3 4 12 2
Male 4 7 17 6

Age at diagnosis (mean years ±SD) 62 ± 12 67 ± 7 65 ± 14 60 ± 9
Histology (Lung cancer)
NSCLC 5 11

Adenocarcinoma 1
Squamous 1

SCLC
Histology (Colorectal cancer)

Adenocarcinoma 29 8
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19–818) which was performed on 32 metastatic patients with
various cancer types (34) considering that the amount of input
DNA used is half. The samples of the each cohort exhibited
outlier highest number of somatic mutation (243–487 SNVs and
small indels; 4.8–9.5 Mut/Mb) and can be considered to exhibit a
‘Hypermutator-like condition’ as described in the TCGA study
including lung cancer (35). Among an updated inventory of
about 276 human DNA repair genes (36), two samples
(GuLCP018TKIBase and CRCP343CetxBase) showed more
than twelve DNA repair gene variants (Supplementary
Table 1). Moreover, 23 DNA repair gene variants including
BRCA1 were shown in the GuLCP018TKIBase sample.

Next, we examined the composition of six possible base-pair
substitutions and found that a high rate of C > T transition, for
all groups (Supplementary Figure S2A). Consistently on
decomposing the mutational spectrum is similar to the
trinucleotide signature associated with aging (e.g., COSMIC
signature 1) and defective DNA MMR (e.g., COSMIC
signature 15), a mutational process that is prevalent in most
lung cancer and colorectal cancers (37). The median proportion
of signatures 2 and 13 (APOBEC) was higher and signature 24
(Aflatoxin) was lower in baseline group compared with the
resistance to EGFR-TKI group in lung cancer.

In a recent study using endometrial cancer, the researchers
detected acquired high MSI in ctDNA from one patient whose
primary tumor was MSI stable (38). We analyzed the MSI and
found that no samples had more than 3% unstable microsatellites
(Supplementary Figure S2B). These results indicate that those
two samples with high number of somatic mutations was
potentially explained by DNA repair gene alteration.

Validation of cfDNA WES Using ddPCR
To validate the dynamic range and accuracy of WES, a subset of
samples with cfDNA availability was tested by ddPCR for
mutation detection in 4 genes (KRAS, NRAS, EGFR, and
Frontiers in Oncology | www.frontiersin.org 5424343
BRAF). A total of 14 samples were applied to select variants
having at least one read containing the allele of the variants.
Orthogonal validation with serum ddPCR for those mutations
showed concordant findings to serum WES in 10 of 14 results,
and the ddPCR-derived VAFs correlated well with those
obtained with WES (Pearson’s correlation = 0.97, P-value =
2.7e−08; Supplementary Figure S3). Also, it indicated a high
accuracy (12/14 = 85.7%) of ddPCR measurement for those
probes with a level of mutant fractional abundance ≥1%. Thus,
we applied bioinformatics pipeline that enabled to establish a
threshold for SNV detection of 1% by cfDNAWES, below which
SNVs were not distinguishable from the background.

Identification of SNVs Associated With
Drug Resistance in cfDNA
To evaluated whether the somatic variants in cfDNA related with
drug resistance could be identified, the variants at the time of
acquired resistance were compared to those in baseline. To
identify somatic variants, germline DNA from PBMCs was
used as a control. Germline variants and acquired somatic
alterations from clonal hematopoiesis are estimated to be
removed during this process. After checking the bam files and
plot reads and removing false positive, we found a median of 18.5
mutations in lung cancer and 26 mutations in colorectal cancer
per patients. After excluding synonymous variants, we selected
genes that were changed during observation at the time of
baseline only or acquired resistance only. Likewise, increased
or decreased VAF over 5% genes with more than two cancer
patients were selected. This yielded seven genes in lung cancer,
and 16 genes in colorectal cancer, which are plotted in a heat
map with one-way hierarchical clustering referring to treatment
conditions as shown in Figure 3.

Several mechanisms of resistance have been described to anti-
EGFR-TKI in lung cancer and anti-EGFR monoclonal antibody
in colorectal cancer (39–42). Of those, KRAS, EGFR, and APC
A B

FIGURE 2 | Somatic mutational landscape across lung cancer (A) and colorectal cancer (B) cfDNA samples analyzed with WES. Top bar graph showed a distribution of
somatic mutation count across cfDNA samples in 18 lung cancer patients (A) or in 37 colorectal cancer patients (B). The second matrices show liquid biopsy time point or
treatment group. Base, baseline; Res, Resistant time point; TKI, EGFR-TKI; Cyt, Cytotoxic chemotherapy; Cetx, Cetuximab. The third bar graphs illustrate residual tumor
size, location, and tumor cellularity as a proportion of total cfDNA. The bottom bar graph shows transcriptomic data composition. Samples are ordered by patient and
mutation count as determined fromWES. Some tiny nodules smaller than 5 mmwere non-measurable and not be shown in Residual tumor size section.
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were analyzed and KRAS (G12D, G12V), EGFR (Ex19 del,
L858R) and APC R213X were detected in seven patients.
EGFR Ex19 del and L858R mutations were detected at baseline
time point only in three lung cancer patients. Samples with those
three patients showed similar tumor cellularity both at baseline
and acquired resistance time point and VAF might be not
affected by tumor cellularity. This result indicates that clones
with those EGFR mutations could be decreased and other
resistant clones were expanded.

KRAS G12C, C12V, and G12D variants were detected at
resistance time point only or increased in three colorectal cancer
patients who were treated with cytotoxic chemotherapy. Various
APC nonsense mutations were identified in both baseline and
resistance time points. Among them, Hotspot mutation R213X
was increased or observed at resistance time point only. These
results indicate that previously reported variants related to drug
resistance could be identified in cfDNA WES.

Investigation of Top Frequently
Mutated Genes
To evaluate the somatic variants potential for drug resistance, we
first focused on the frequently mutated genes in cfDNA with
acquired resistant time point. In lung cancer, TP53 gene
harbored three mutations, NACA2 and GPR155 genes had two
mutations, and VNN1 gene possessed one mutation
(Supplementary Table 2). Genetic alteration of these genes was
visualized as an oncoprint representing missense mutations,
nonsense mutations, and non-frameshift substitution (Figure 3).
Lung cancer patient data and the cBioPortal online tool were used
for examine these mutated genes. Among them, GPR155 I357S
mutations were estimated as pathogenic (score 0.99) in the
COSMIC database, which were not reported in ClinVar.
Interestingly, patients with GPR155 alteration showed short
overall survival compared those with unaltered patients
(Figure 4A). In addition, we found that three of four mutations of
Frontiers in Oncology | www.frontiersin.org 6434444
GPR155 were located in the I357S position; whereas, other genes
contained mutations at multiple locations. Detailed mutation sites
in GPR155 are shown in Figure 4B. Also, GPR155mutations were
observed only in the EGFR-TKI treated group. This result suggests
the possibility that GPR155 I357S mutation may contribute to the
drug resistance in lung cancer patients especially EGFR-TKI.

In colorectal cancer, TP53, TTN, OBSCN, and MUC17 genes
harbored four mutations: MUC16 had five mutations, and HLA-
DRB1, ADAMTS20, and HDAC6 genes possessed three
mutations. Remaining NRXN3 and BAGE2 genes had two and
one mutations respectively (Supplementary Table 2). Genetic
alteration of these genes was visualized as an oncoprint
representing missense mutations, nonsense mutations, non-
frameshift substitution, and untranslated region (Figure 3).
Except well-known cancer related genes TP53, KRAS, and
APC, pathogenic variants were estimated in ADAMTS20
S1597P and TTN R7415H only (scores 0.83 and 0.74
respectively). ADAMTS20 was found to be downregulated in
colorectal cancer (43) and TTN was reported to be frequently
detected in solid tumors including colorectal cancer (44, 45).
This result suggests that those gene alterations may lead to the
resistance to chemotherapy in colorectal cancer patients.

Copy Number Variants (CNVs)
To evaluates whether the somatic CNVs in cfDNA related with
drug resistance could be identified, the variants at the time of
acquired resistance were compared to those in baseline.
Significantly amplified peaks for those two groups were
identified using FACETS as described in the Materials and
Methods section. To select samples with top amplified regions,
mean tcn.em values larger than 8 are categorized as “gain”. Here,
we identified CNVs in cfDNA of lung cancer and colon cancer
patients with WES and found that gains in chromosomes 1, 6, 7,
8, 10, 14, 16, 19, and 20. Among them, regions including cancer
related genes annotated by Oncomine and Cosmic567 were
A B

FIGURE 3 | Oncoprint across lung cancer (A) and colorectal cancer (B) cfDNA samples analyzed with WES. (A) Seven frequently mutated genes in 18 lung cancer
patients identified through cfDNA WES. (B) Sixteen frequently mutated genes in 37 colorectal cancer patients identified through cfDNA WES. This visualization
provides an overview of the non-synonymous alterations in particular genes (rows) affecting particular individual patients (columns). Reddish colors indicate increased
VAF over 5% or observed at the time point of acquired resistance only (Res_). Bluish colors decreased VAF over 5% or observed at the time of baseline only (Base_).
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selected (Figure 5 and Supplementary Table 3). In the case of
AnLCP388Cyt, we observed focal amplification of the 8q24 and
8p11 chromosomal region in an acquired resistant time point.
This region containing MYC and FGFR1 genes, and MYC copy
number gains in the patients with primary resistance were
reported as higher than in the sensitive patients against EGFR-
TKI treatment (46). FGFR1 was frequently amplified in
squamous cell lung cancer and this indicates that the
mechanism of acquired resistance in this patient might be the
activation of pathway through MYC and FGFR1 (47). In case of
AnLCP336TKI, focal amplification of the 14q13 chromosomal
region was observed only in baseline time point. This region
containing NKX2-1 and NKX2-8 genes were reported as
prognostic factors in lung cancer (48). In the case of
CRPC363Cyt, focal amplification of the 19q12 chromosomal
region including CCNE1 was also observed in baseline only. In
the case of CRCP299Cetx, focal amplification of the 6p21
chromosomal region including CCND3 was observed in both
baseline and acquired resistance time points, which suggests that
different resistance mechanism would be involved.
Frontiers in Oncology | www.frontiersin.org 7444545
Review Table

Novel genetic variants associated with drug resistance could be identified
through cell-free DNA (cfDNA) whole exome sequencing in lung cancer and
colorectal cancer patients.
For cfDNA WES, mean coverage of 138x (range, 52–208.4x) was achieved, and
a threshold for SNV detection of 1% was established by ddPCR validation.
GPR155 I357S mutation in lung cancer and ADAMTS20 S1597P and TTN
R7415H mutations in colorectal cancer were frequently detected at the time of
acquired resistance.
Increased detection indicates that these mutations may have an important
function in acquired resistance to chemotherapy.
DISCUSSION

In this work, we used WES based on cfDNA liquid biopsy for 55
lung and colorectal cancer patients to identify novel somatic
variants associated with drug resistance after treatment including
cytotoxic chemotherapy or EGFR targeted therapy. Recently, a
wide range of genomic alterations have reported association with
A

B

FIGURE 4 | Clinical relevance of GPR155 mutation in lung cancer patients. (A) Overall survival analysis of patients with GRP155 alterations (red line) is compared to
that of those without alterations (blue line). (B) Different mutation sites of GPR155 in lung cancer. Known hotspot mutation sites in COSMIC data are labeled. Each
lollipop label shows the amino acid change and its location in the amino acid sequence. Known gene/protein domains are shown in color, and other regions are
colored dark gray. Red triangles represent mutations found in this study, I357S (n = 3) and C604F (n = 1).
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cancer behavior, and most of the alterations are generally found
in coding regions (49). Therefore, WES is a rational strategy for
identifying novel somatic variants associated with drug
resistance. To identify somatic variants only, alterations that
could possibly be regarded to come from a normal cell were
excluded during our analysis using matched normal sample and
previous SNP databases. Variants resulting from clonal
hematopoiesis could be estimated to be removed using the
sequencing results from matched leukocytes as a reference.

It is hypothesized that cfDNA is released from tumor cells
through various cell physiological events such as apoptosis,
necrosis and secretion into the blood circulation (50).
Numerous studies have shown that tumor-derived cfDNA
better reflects the complete genetic landscape of the tumor
compared to tissue biopsies. Apart from also offering the
additional benefits of longitudinal sampling, the analysis of
cfDNA represents a promising modality for sequential
monitoring of the molecular response of cancer during
targeted therapy (51). However, cfDNA profiling also has
limitations. Although it is possible that some patients did not
have alterations in gene covered by the NGS assay, in most cases,
the lack of detection of genomic alterations in cfDNA was likely
due to other factors, namely, low tumor burden, lack of cfDNA
shedding by some tumors, and timing of blood collection (52).
The major technical issue with this approach has been assay
specificity and sensitivity. A major drawback of cfDNA assay is
the low frequency of some of the mutations that occur in tumors.
Low sequencing coverage used for WES resulting in false-
negative results for cfDNA variants present below the limit of
detection (7). To overcome this limitation, Adalsteinsson et al.
pre-selected samples with 10% tumor fraction as a cutoff value
using ultralow-pass whole-genome sequencing and showed that
only 34% of cfDNA samples frommetastatic breast- and prostate
cancer patients were feasible for WES analysis (3). Technical
feasibility of WES of cfDNA in previous studies has been
Frontiers in Oncology | www.frontiersin.org 8454646
performed on 303 samples, with a median coverage of 137x
(range: 43–500x) (7). In our study, we performed WES to obtain
mean 100x coverage, but sequencing coverage was highly
variable, ranging from 20.1 to 211.5x coverage, in total 210
paired cfDNA samples. To achieve mean 100x coverage, re-
sequencing was performed on sample that could expect increased
coverage with low PCR duplicates. Finally, 152 samples were
used to achieve a median 130.5x (mean = 134.5x) and 110 paired
serum samples were used for the downstream analysis.

Several studies have compared between serum and plasma as
use of ctDNA sources (53, 54). The cfDNA yield was higher in
plasma from patients with lung cancer or colorectal carcinoma
than in healthy controls. Although mutations were identified in
both plasma and serum and the median molecular sequencing
depth was comparable, more mutations were found in plasma
than in serum and the allele frequency was higher in plasma than
in serum. Those reports suggest that plasma is clearly more
preferable for prospective clinical applications of liquid biopsy.
But when our study had started, serum was chosen because it
showed higher amount total cfDNA than plasma. Thus, the
result of somatic variants calling and allelic fraction might be
affected due to being diluted by DNA of non-cancerous origins.

The amount of cfDNA released by tumors is not only
dependent on size, but also on turnover activity, proliferation
rate, vascularization, and perfusion (51). Therefore, different
tumor types of the same size can release different amounts of
cfDNA. Bettegowda et al. reported that a fraction of patients with
detectable ctDNA varied with tumor type (32). In this study,
serum cfDNA were drawn before and after the development of
drug resistance of lung and colorectal cancer patients. Although
there was no significant difference between lung and colorectal
cancer, mean cfDNA amount was higher in the group with larger
size of residual tumor (Supplementary Figure S1B). It might be
affected by the cfDNA from non-cancerous origin as described
above. Nonetheless, the number of somatic variants was
FIGURE 5 | Copy number variants detected in cfDNA using WES from AnLCP336, AnLCP338, CRCP299, and CRCP363. The red arrows indicate the top amplified
region including cancer-related genes annotated by Oncomine and Cosmic567.
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associated with ctDNA fraction and residual tumor size in
colorectal cancer, but not in lung cancer (Supplementary
Figure S1A). This could be explained by factors of ctDNA
release from the tumor, so-called “ctDNA shed” (55). ctDNA
shedding is related not only to tumor size andnecrosis, but also the
vascularity of tumor. Comprehensive histopathological features of
shedding tumors in lung and colorectal cancers were not
evaluated. Nevertheless, ctDNA might be released less in lung
cancer than in colorectal cancer, due to the physiological
conditions such as alveolar region, which is only an efficient
region for gas exchange while colorectal tissue has a good
network of blood vessels. Besides, multiple metastatic sites that
have risen in colorectal cancersmay affectmore detectable somatic
variants than lung cancer. Previously, our group reported that
high cfDNA concentrations had significantly shorter PFS and OS
than those with low cfDNA concentrations (31). In this study,
patients with low ctDNA amount at resistant time point showed
longer survival probability but lack statistical significance
(Supplementary Figure S1C).

Recently, it has been reported that the transformation of
EGFR-mutant lung cancer from adenocarcinoma to small-cell
lung cancer at the time of acquired resistance is associated with
the appearance of APOBEC mutational signatures (56). Isozaki
et al. observed increased APOBEC mutational signatures in
resistant tumors after TKI treatment and suggest stepwise
development of mutations (56). However, no increase in
APOBEC mutational signatures was also observed in
metastatic sites from a patient with a shorter response to
EGFR TKIs (56). In our results, lung cancer patients showed
higher APOBEC signature in baseline compared with resistance
to the EGFR-TKI group. These results indicate that resistant
subclones of our lung cancer patients with EGFR-TKI treated
group might be from independent APOBEC-driven clonal
evolution during acquired resistance.

It was not surprising to see APC, TP53, KRAS, and SMAD4 as
frequently mutated genes in colorectal cancer where such
mutations were reported as key driver genes in progression
and metastasis (57). Also, TP53 and EGFR have been
identified as one of several driver mutations in NSCLC (58),
and were frequently detected in our lung cancer samples,
indicating the reliability of our current WES study using
cfDNA. GPR155 mutation was frequently detected in acquired
resistance time point in lung cancer patients only in the EGFR-
TKI treated group. GPR155 encodes G protein-coupled receptor
155, and reported that mutations in this gene may be associated
with autism (59, 60). Although there has been a report that
GPR155 expression is suppressed in neoplasm of the thyroid,
hepatocellular carcinoma, and gastric cancer, implying a tumor
suppressive function for this gene, the resistant role in lung
cancer, however, was not reported (61, 62). In the COSMIC, we
found that GPR155 I357S mutations were estimated as
pathogenic (score 0.99) and patients with this gene alteration
showed poor prognosis compared those with unaltered patients.
Hence, it is worthwhile to further investigate the mechanistic
roles of GPR155 I357S mutation in drug resistance of lung cancer
patients especially EGFR-TKI.
Frontiers in Oncology | www.frontiersin.org 9464747
ADAMTS20 gene is a member of the ADAMTS family of
zinc-dependent proteases. As an anti-angiogenic member of the
family, ADAMTS20 was found to be downregulated in colorectal
cancer (43). Mutations in the gene encoding the giant skeletal
muscle protein titin (TTN) were reported that associated with
several muscle disorders and were frequently detected in solid
tumors (44, 63). In colorectal cancer, TTN was identified as the
most frequently mutated gene within the pan-cancer cohort, and
its mutation number showed the best correlation with TMB (45).
Other researchers also observed that TTN, OBSCN, and
ADAMTS12 genes were frequently mutated in cfDNA WES
although tumor types are different as HCC (64). The
association between those mutated genes and drug resistance is
not clear in colorectal cancer yet. Recent reports identified that
TTN mutations were associated with the largest number of
resistant and sensitive drugs (65). Further study of these
mutations in colorectal cancer with drug resistance could shed
important light on the value of these mutations.

Several genes with high-frequency and important CNVs,
namely, MYC, FGFR1, CCNE1, and CCND3 have been
observed in lung and colorectal cancer samples. CCNE1 is
involved in the cell cycle pathway, and its amplification has
been identified in multiple cancers. Among the known driver
CNVs found in lung cancer sample, the copy number of MYC
and FGFR1 increased in the resistant time point. Schaub et al.
described that MYC is the most frequently amplified gene among
the proximal network members across all cancer types, and
suggest that MYC is a distinct oncogenic driver (66). Increased
FGFR1 expression is frequent across various lung cancer
histologies, namely, squamous cell carcinomas and
adenocarcinomas (67). These genes with CNVs in lung cancer
might be potential therapeutic targets.

In conclusion, our study identified the somatic variant
associated with drug resistance from lung and colorectal cancer
patients using WES and provided a genetic profile. We conclude
that cfDNA could be used to identify somatic variants associated
with acquired resistance to treatment of lung cancer and
colorectal cancer, which could guide change regimen when
those biomarkers were detected in the blood.
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Supplementary Figure 1 | Clinical relations of somatic alterations detected in
cfDNA from lung and colorectal cancer patients. (A) Correlations between ctDNA
fraction and clinical information regarding lung cancer and colorectal cancer
samples. (B) Total Serum cfDNA depending on tumor type and size. Sum of the
longest diameter (mm) residual tumors in each type of patient were compared (small
= sum of the longest two tumors < 3 cm and large = sum of the longest two tumors
≥ 3 cm). (C) Kaplan-Meier estimates of overall survival (OS) according to the amount
of ctDNA. Samples were categorized into two subgroups by median ctDNA amount
(Lung = 6.65 ng and Colon = 8.88 ng).

Supplementary Figure 2 | Characteristics of potential somatic SNVs. (A)
Comparison between the observed distribution of somatic SNVs across the 96
possible mutation types and summation of the distribution of the decomposed
signature. (B) Distribution of microsatellite instability (MSI) percentages generated
from the cfDNA WES data using msisensor2.

Supplementary Figure 3 | Comparing mutation allelic fraction quantified from
serum by WES and ddPCR. (A) Mutational profile and variant allelic fraction
determined by WES and ddPCR in 14 selected serum samples. (B) Pearson
correlation based on the mutant allelic fraction of the standard in cfDNA samples.

Supplementary Table 1 | Somatic variants of 276 DDR genes specific to DNA
damage repair pathways in hypermutated samples are listed in 36. Cell Reports.

Supplementary Table 2 | Clinical relevance of genes with alterations. Potentially
functional and known disease-related variants in the ClinVar and COSMIC databases.

Supplementary Table 3 | Genes with CNVs detected in cfDNA.
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Detection of melanoma mutations using circulating tumor DNA (ctDNA) is a potential
alternative to using genomic DNA from invasive tissue biopsies. To date, mutations in the
GC-rich TERT promoter region, which is commonly mutated in melanoma, have been
technically difficult to detect in ctDNA using next-generation sequencing (NGS) panels. In
this study, we developed a custom melanoma NGS panel for detection of ctDNA, which
encompasses the top 15 gene mutations in melanoma including the TERT promoter. We
analyzed 21 stage III and IV melanoma patient samples who were treatment-naïve or on
therapy. The overall detection rate of the custom panel, based on BRAF/NRAS/TERT
promoter mutations, was 14/21 (67%) patient samples which included a TERT C250T
mutation in one BRAF and NRAS mutation negative sample. A BRAF or NRAS mutation
was detected in the ctDNA of 13/21 (62%) patients while TERT promoter mutations were
detected in 10/21 (48%) patients. Co-occurrence of TERT promoter mutations with BRAF
or NRASmutations was found in 9/10 (90%) patients. The custom ctDNA panel showed a
concordance of 16/21 (76%) with tissue based-detection and included 12 BRAF/NRAS
mutation positive and 4 BRAF/NRAS mutation negative patients. The ctDNA mutation
detection rate for stage IV was 12/16 (75%) and for stage III was 1/5 (20%). Based on
BRAF, NRAS and TERT promoter mutations, the custom melanoma panel displayed a
limit of detection of ~0.2% mutant allele frequency and showed significant correlation with
droplet digital PCR. For one patient, a novel MAP2K1 H119Y mutation was detected in an
NRAS/BRAF/TERT promoter mutation negative background. To increase the detection
rate to >90% for stage IV melanoma patients, we plan to expand our custom panel to 50
genes. This study represents one of the first to successfully detect TERT promoter
mutations in ctDNA from cutaneous melanoma patients using a targeted NGS panel.

Keywords: anchored multiplex PCR, melanoma, circulating tumor DNA, targeted sequencing, custom panel,
TERT promoter
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INTRODUCTION

The analysis of circulating tumor DNA (ctDNA) is progressively
being integrated into routine clinical care to monitor cancer
recurrence, response to therapy, emergence of resistance and to
guide therapy (1–3). In melanoma, ctDNA assessment [reviewed
in (4, 5)] predicts overall survival of stage IV melanoma patients
treated with BRAF and MEK inhibitors or immunotherapy (6–
14) and the relapse-free and melanoma-specific survival of
patients with high-risk stage III resected melanoma (15–18).
ctDNA can also detect the appearance of treatment-resistant
melanoma subclones (6), tumor heterogeneity (19), and
metabolic tumor burden (20). ctDNA analysis can inform
when to cease therapy (21), predicts disease progression after
cessation of immunotherapy (22) and differentiates “true
progression” from “pseudoprogression” in melanoma patients
treated with immunotherapy (23).

To date, a limited number of studies have employed targeted
melanoma next generation sequencing (NGS) panels to analyze
mutations in ctDNA (24–29). Targeted ctDNA sequencing
panels yielded results concordant with other tissue and liquid
biopsy approaches (24–29), and detected ctDNA mutations in
52-74% of stage IV melanoma (24, 25, 27) with 0.1-1.0% limit of
detection (LOD). A limitation of these ctDNA panels has been
the complete inability to detect TERT promoter mutations. This
is a significant disadvantage because TERT promoter mutations
are the most frequent recurrent mutations in melanoma,
occurring in 34-80% of cutaneous melanomas and are
associated with poor survival (30). The most frequent TERT
mutations C228T (-124 C>T), C250T (-146 C>T) and CC242TT
(138/-139CC>TT) (31–42) occur within high GC DNA regions
that is difficult to sequence. As a result, most studies continue to
rely on droplet digital PCR (ddPCR), which does not have the
multiplexing capabilities of targeted NGS panels, to detect TERT
promoter mutations (24, 25).

In cutaneous melanoma TERT promoter mutations
commonly co-occur (80-90%) with NF1, BRAF or NRAS
mutations, and TERT promoter mutations are also found in
15-60% of BRAF/NRAS/NF1 WT cutaneous melanoma
background (33, 38–40, 43–46). This highlights the need for
any melanoma detection assay to include TERT promoter
mutations in order to maximize detection rates in BRAF/NRAS
WT patients. The Guardant360 NGS ctDNA assay (Guardant
Health, Redwood City, CA, USA) includes TERT promoter
mutations (47–50), but this pan-cancer panel is not adjustable
or specifically tailored for melanoma and requires an allele
frequency above 0.25% to detect mutations with 100%
sensitivity. We wanted to explore whether anchored multiplex
PCR technology (51), which enables the enrichment of target
DNA using gene specific primers located at only one end of the
DNA, could concurrently detect TERT promoter mutations and
driver oncogenes in melanoma liquid biopsies. In this proof of
principle study we developed a pilot melanoma NGS panel for
ctDNA analysis incorporating 15 genes and the TERT promoter.
The performance of this custom melanoma mutation panel was
evaluated in 21 stage III and IV cutaneous melanoma patient
blood samples and compared directly to our previous custom
Frontiers in Oncology | www.frontiersin.org 2515252
melanoma panel which was based on an Ampliseq-HD workflow
(25). Our data confirm that anchored multiplex PCR provided a
sensitive and specific melanoma liquid biopsy assay that detects
common TERT promoter mutations. The design of this panel
can be expanded and adjusted to incorporate treatment
resistance and predictive mutations and is, therefore,
particularly valuable in cutaneous melanoma where most
patients will ultimately relapse while on treatment with
targeted or immune checkpoint therapies.
MATERIALS AND METHODS

Human Melanoma Samples
The fresh-frozen tissue and blood samples from melanoma
patients used in the current study were obtained from the
Melanoma Institute Australia biospecimen bank with written
informed patient consent and institutional review board
approval (Sydney Local Health District Human Research
Ethics Committee, Protocol No. X15–0454 and HREC/11/
RPAH/444). Healthy blood samples were obtained with written
informed patient consent and institutional review board
approval (Macquarie University Human Research Ethics
Committee Protocol No. 52020195621941). The Oncofocus/
OncoCarta panels v1.0 (Agena Bioscience, San Diego, CA,
USA) or Find IT solid tumor panel (Sonic Genetics, Macquarie
Park, NSW, Australia) were used for detection of melanoma-
associated BRAF, NRAS, KRAS and KIT variants in tissue
samples (52, 53). Immunohistochemistry to detect BRAF
V600E using VE1 monoclonal antibody (Abcam, Cambridge,
UK) was performed as previously described (54).

Blood (10 ml) was either collected in EDTA tubes (Becton
Dickinson, Franklin Lakes, NJ, USA) and processed within 4 h
from blood draw or Cell-Free DNA collection tubes (Roche,
Basel, Switzerland) and processed within 4 days from blood
draw. Tubes were spun at 800 g for 15 min at room temperature.
Plasma was then removed into new 15 ml tubes without
disturbing the buffy coat and respun at 1600 g for 10 min at
room temperature to remove cellular debris. Plasma was stored
in 1-2 ml aliquots at -80°C.

Purification of Circulating Free DNA
(cfDNA) From Plasma
Plasma cfDNA was purified using the QIAamp circulating
nucleic acid kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. cfDNA was purified from to 2-5 mL
of plasma. cfDNA was subsequently quantified using a Qubit
dsDNA high sensitivity assay kit and a Qubit fluorometer 3 (Life
Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions.

Purification of DNA From Melanoma
Cell Lines
Short term cultures (1-2 weeks) of melanoma cell lines were
maintained in Dulbecco’s Modified Eagle media supplemented
with 10% heat inactivated fetal bovine serum (Sigma-Aldrich, St
April 2022 | Volume 12 | Article 820510
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Louis, MO, USA), 4 mM glutamine (Sigma-Aldrich, St Louis,
MO, USA), and 20 mM HEPES (Sigma-Aldrich, St Louis, MO,
USA), at 37°C in 5% CO2. Spent medium (4 ml) was harvested
48-72 h after splitting of cells. Medium was centrifuged at 800 g
for 15 min and supernatant transferred to a new tube and spun at
1600 g for 10 min. Double spun supernatant was then aliquoted
into cryovials and stored at -80°C. DNA was subsequently
extracted from harvested medium supernatant as described for
plasma cfDNA.

Custom Melanoma Gene Panel for
Targeted NGS of cfDNA
A made-to-order melanoma gene panel consisting of individual
forward and reverse primers was obtained from ArcherDX a
subsidiary of Invitae (San Francisco, CA, USA). The panel covers
nucleotide variants which give rise to melanoma-associated
amino acid changes across 15 gene targets (42, 55–58), as well
as melanoma-associated nucleotide variants in the promoter
region of the TERT gene (36, 59) (Table S1).

The targeted NGS workflow was based on anchored multiplex
PCR (AMP) (51). This consists of the use of anchored nested
gene specific primers coupled with universal primers in two
rounds of PCR amplification. NGS library preparation and
sequencing workflows were according to the manufacturer’s
protocols (ArcherDX Liquidplex protocol for Illumina version
LA090.2) with panel-specific volumes and cycling conditions
according to the manufacturer’s product insert (ArcherDX
Liquidplex Macquarie Melanoma version LA771.1). For the
second PCR reaction the number of cycles was reduced from
20 to 19.

Library QC and sequencing was performed by the Australian
Genome Research Facility (AGRF) Sydney node (Westmead,
NSW, Australia). Library quality was assessed using a high
sensitivity D1000 screen tape on an Agilent Tapestation 2200
(Agilent, Santa Clara, CA, USA). Individual libraries were
quantified using an NEBNext Library Quant Kit for Illumina
(NEB, Ipswich, MA, USA) using a CFX384 Real-Time System
(Bio-Rad, Hercules, CA, USA). Library concentrations were
calculated using a size of 150 bp and subsequently pooled to 4
nM. The final library concentration used for sequencing was 18
pM and included 10% PhiX. Sequencing was performed using a
MiSeq reagent kit V3 (600 cycle) (Illumina, San Diego
California) run as 300 cycle (150 bp PE) on a MiSeq
instrument (Illumina, San Diego California).

Analysis of fastq sequencing files was performed using Archer
suite analysis version 6.2.7 at https://analysis.archerdx.com
according to the manufacturer’s protocol (Archer Analysis 6.0
User Manual). The detection of background sequencing noise
was performed using a normal data set consisting of cfDNA from
three healthy controls. For SNP/indel detection the thresholds
included: AO ≥ 5; UAO ≥ 3; gnomAD AF ≤ 5%; AF ≥ 95MDAF.
Rather than setting an average static background (cutoff) noise
profile across a panel Archer analysis establishes a position-
specific background noise profile for a panel, based on a normal
data set, and this information is used to determine the 95MDAF
for every potential variant covered by the panel. Thus, 95MDAF
Frontiers in Oncology | www.frontiersin.org 3525353
is a function of the sequencing coverage of the variant position
and the likelihood of that variant appearing as a result of noise.
This position-specific value will therefore differ between variants
within the same sample and for the same variant across different
samples depending on the sequencing coverage (Invitae
95MDAF technical note APM059.A).

• Alternate observation (AO)=Total number of reads that
support the alternate allele.

• Unique alternate observation (UAO)=Total number of
unique start sites represented by all the alternate reads that
intersect the variant.

• Allele fraction (AF)= Reads that support the alternative allele
(AO/DP).

• Depth (DP)= The total high quality unique molecule depth
covering the variant.

• gnomAD AF =The frequency of the allele called at this locus,
from gnomAD global population (60) (https://gnomad.
broadinstitute.org).

• 50 Minimal detectable allele fraction (50MDAF)= The AF at
which we would consider a variant significant (i.e., above the
background noise) given the provided Normal Data Set and
taking all consensus reads into account. If the true AF in the
sample is at least this, and this identical experiment were run
multiple times, 50% of the time there would be sufficient
signal to capture this variant.

• 95 Minimal detectable allele fraction (95MDAF) = The AF at
which we would consider a variant significant (i.e., above the
background noise) given the provided Normal Data Set and
taking all consensus reads into account. If the true AF in the
sample is at least this, and this identical experiment were run
multiple times, 95% of the time there would be sufficient
signal to capture this variant.

• Read or unique fragment = Deduplicated consensus read (i.e.
molecular bin) having the same unique molecular barcode.
ddPCR Analysis
The copy number of ctDNA per ml and MAF was determined
using the QX200 ddPCR (Bio-Rad, Hercules, CA, USA) as
previously described (7). The amount of input DNA template
varied for plasma cfDNA while for melanoma cell lines 5 ng of
DNA was used for ddPCR. Cancer-associated BRAF V600E and
NRAS Q61K/L/R mutations were detected using ddPCR
mutation detection assays (Bio-Rad, Hercules, CA, USA).
TERT promoter mutations -124 C>T and -146 C>T were
i d e n t i fi e d u s i n g d d PCR e x p e r t d e s i g n a s s a y s
dHsaEXD20945488 (TERT C228T_88) and dHsaEXD85215261
(TERT C250T_88) (61) (Bio-Rad, Hercules, CA, USA),
according to the manufacturer’s instructions. The TERT
promoter assays were optimized by inclusion of 200 mM 7-
deaza-dGTP (New England Biolabs, Ipswich, MA, USA), as
previously described (25, 62). The DNA copy number/ml for
mutant and wild-type circulating DNA species was determined
with QuantaSoft software version 1.7.4 (Bio-Rad, Hercules, CA,
USA) using a manual threshold setting. The minimum number
of positive droplets for calling a mutation was set at two.
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Statistical Analysis
Pearson correlation coefficient analysis and generation of violin
plots was performed using Graphpad Prism version 9.1.2.
RESULTS

Cohort and Sample Characteristics
A total of 19 cutaneous melanoma patients and three healthy
controls were recruited between August 2015 and May 2021. Of
the 19 melanoma patients, 2 had blood samples collected at 2
timepoints making a total of 21 melanoma samples for NGS
analysis. Of the melanoma patients, 4/19 (21%) had stage III
melanoma with a median age of 73 years (63–83) and 15/19
(79%) had stage IV melanoma with a median age of 65 years (30–
88) (Table 1). The median age of the healthy control cohort was
39 years (range 29-54) and consisted of 2 females and one male.

Tissue mutation analysis was available for all patients: 8/19
(42%) had a BRAF V600 mutation, 1/19 (5%) had a BRAF non-
V600 mutation, 6/19 (32%) had an NRAS Q61 mutation and 4/
19 (21%) patients were BRAF/NRAS wild type (Table 1).

Evaluation of the Performance of the
Custom Melanoma ctDNA Panel
Based on the 15 gene targets (Table S1) our custom melanoma
ctDNA panel was predicted to cover 66% of cutaneous
melanoma patients’ mutations [skin cutaneous melanoma
TCGA dataset (45, 46)], 88% of uveal melanoma patients’
mutations [uveal melanoma TCGA dataset (45, 46)] and 24%
of acral melanoma patients’ mutations [acral melanoma TCGA
dataset (45, 46)]. For cutaneous melanoma the combination of
BRAF V600 and NRAS Q61 mutation targets in the custom
panel was predicted to cover 60% of patients [skin cutaneous
melanoma TCGA dataset (45, 46)]. Addition of TERT promoter
mutation targets in the custom panel was predicted to further
increase coverage by ~15% in those cutaneous melanoma
patients that are NRAS or BRAF WT (33, 38). In contrast for
uveal melanoma TERT promoter mutations are extremely rare
(63, 84). For this reason, we focused only on cutaneous
melanoma when testing the panel. The custom panel design
included several gene targets that were not included in our
previous Thermofisher custom panel design (25) and several
gene targets not included in the commercial Guardant360 pan-
cancer panel (Table S1).

The performance of the custom melanoma ctDNA panel was
initially evaluated based on unique amplification fragments
generated from each forward (+) and reverse (-) gene specific
primer (with the universal primer) for each of the 34 target
regions (Figure 1A). Overall, for the 24 samples analyzed, made
up of 21 melanoma patient samples and 3 healthy controls, the
mean coverage (based on unique fragments) was similar for the
majority of fragments (range 423-1831 unique fragments across
34 target regions). The lowest mean unique fragment count was
observed for both fragments covering the STK19 gene target
(STK19- and STK19+ 423 and 478 fragments, respectively), and
Frontiers in Oncology | www.frontiersin.org 4535454
the TERT promoter primers produced 1250 and 768 unique
fragments for the TERT+ and TERT- primers, respectively
(Figure 1A).

Although each sample NGS library passed QC (as described
in material and methods) and was sequenced at the same final
concentration, there was variation in the median unique
fragment count across the 34 amplified target regions for each
sample (Figure 1B). This did not predict the ability to detect
ctDNA mutations as the 7 mutation negative samples (7, 8, 12,
15, 17, 18, 20 and 21) had a median unique fragment count
ranging from low to high (Figure 1A: median unique fragment
count values of 479-2194). Further, this variation in the median
unique fragment count was not reflected in the raw paired end
reads obtained for each sample which were generally similar
(median 654,127 reads) with the exception of sample 7 which
had 1,0297,547 raw paired end reads (Figure S1). Although
sample 7 had the highest paired end reads (Figure S1), it did not
have the highest mean unique fragment count (Figure 1B).
Variation in sample performance was not due to the quantity
of cfDNA template. For 20 of 24 samples the input was 20 ng
while for the remaining samples 10, 20, 22 and 24 the input range
was 11.9-15.9 ng. Those samples with the lowest cfDNA input
did not yield consistently low median unique fragment counts
(Figure 1B). Variations in the size distribution of ctDNA may
account for variation in sequencing performance. It has been
shown that enrichment of ctDNA in the size range 90-150 bp
from patients with melanoma improves ctDNA detection by
sequencing (64).

Identification of Melanoma BRAF and
NRAS Mutations Using the Custom
Melanoma ctDNA Panel
The ArcherDX custom melanoma ctDNA panel detected 13/17
(76%) patients with BRAF- or NRAS-mutant melanoma. This
included 12/14 (86%) stage IV and 1/3 (33%) stage III melanoma
patients (Figure 2). Liquid biopsies revealed an additional NRAS
Q61R-driver mutation in the BRAF V600-mutant samples 4
and 59 from the same patient, and both NRAS mutations were at
less than 1% allele frequency compared to the ~30% BRAF
mutation frequency (Tables S2, S3). Initially, only tissue
immunohistochemistry was used to detect BRAF V600E (65)
in these samples. Subsequently, ddPCR analysis of a patient
derived melanoma cell line (corresponding to a timepoint 12
months after liquid biopsy samples 4 and 9) confirmed the BRAF
V600E mutation but not the NRAS Q61R mutation (ddPCR data
not shown). The negative NRAS Q61R signal is likely due to the
time point difference from liquid biopsy samples and the fact this
was a selected cell population highlighting the subclonal nature
of the NRAS mutation. Although, oncogenic BRAF and NRAS
mutations are usually mutually exclusive (66), they co-occur in
approximately 7% of untreated melanoma and NRAS mutations
confer resistance in 27% of BRAFV600-mutant melanoma
patients who progress on combination BRAF and MEK
inhibitor therapy (67). It is worth noting that this patient
(corresponding to samples 4 and 9) had prior combination
dabrafenib and trametinib (combi-DT) treatment. The fact that
April 2022 | Volume 12 | Article 820510
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TABLE 1 | Patient characteristics.

Clinical Characteristics Stage III patients (n = 4) Stage IV patients (n = 15)

Age – median (range) 73 (64–84) 65 (30-88)
Sex – no. (%)
Male 2 (50) 13 (87)
Female 2 (50) 2 (13)

AJCC tumor stage (89) – no. (%)
M1a or M1b NA 5 (33)
M1c NA 5 (33)
M1d NA 5 (33)

Mutation – no. (%)
BRAF V600 0 (0) 8 (53)
BRAF non-V600 0 (0) 1 (7)
NRAS 2 (50) 4 (27)
BRAF/NRAS WT 2 (50) 2 (13)

Timing of blood draw* (n = 5) (n = 16)
Pre (treatment naïve) or at time of treatment progression 4 (80) 13 (81)
EDT (within 3 weeks) 1 (20) 3 (19)
Frontiers in Oncology | www.frontiersin.org 5545555
 April 2022 |
*One patient from stage III cohort and 1 patient from stage IV cohort had 2 samples. EDT patients did not respond (no complete or partial responders) to treatment.
AJCC, American Joint Committee on Cancer; EDT, early during therapy; NA, not applicable.
A

B

FIGURE 1 | Performance of the ArcherDX custom melanoma ctDNA panel. (A) Distribution of unique fragments for each gene specific target in the custom
melanoma panel based on sequencing of 24 samples. For each gene target (see Table S1 for targets) both + and – DNA strand generated fragments are shown.
(B) Distribution of unique fragments obtained for each sample based on the 34 targets shown in (A). Samples 1-21 are melanoma patients and 22-24 are healthy
controls. Next generation sequencing (NGS) libraries were generated using an ArcherDX Liquidplex NGS workflow followed by Illumina MiSeq sequencing. Unique
fragments were defined as deduplicated consensus reads having the same unique molecular barcode. Violin plots show median and SD.
Volume 12 | Article 820510
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two liquid biopsy samples collected from the same patient at
different times displayed identical BRAF/NRAS mutation
profiles provides confidence that these mutation data
are accurate.

Mutations detected in plasma and tissue were concordant in
16/21 patients (76%) and included 12 BRAF/NRAS mutation
positive and 4 BRAF/NRAS mutation negative patients
(Figure 2). Five samples (samples 7, 8, 14, 18, 21) had a
detectable driver mutation in the tissue that was not identified
in the liquid biopsy (Table S2). We confirmed in samples 7, 8
and 18 that the driver mutation could not be detected in ctDNA
using single molecule ddPCR (Table S3). Analysis of an NRAS
Q61R-mutant NM47 melanoma cell line (68) confirmed that the
Q61R ddPCR signal for patient-matched stage III samples 7 and
8 consists of low droplet counts with low intensity (Figure S3).
Thus, we cannot confidently detect the NRAS Q61R mutation in
these two samples by ddPCR or sequencing. ddPCR was unable
to detect a BRAF V600E mutation in sample 18 (Table S3).
Sample 14 had a BRAF G469E mutation which was not covered
by our custom ArcherDX panel (Table S1). BRAF G469E is a
deactivating BRAF mutation that promotes melanomagenesis
through oncogenic NRAS (45, 46, 69). This patient has the less
common NRAS G60V detected in the liquid biopsy (Table S2).
Frontiers in Oncology | www.frontiersin.org 6555656
This NRASmutation [TCGA dataset (45, 46)] is predicted to be a
driver mutation (COSM4606360). For sample 21 no remaining
ctDNA or plasma was available for ddPCR.

Identification of Melanoma TERT Promoter
Mutations Using the Custom Melanoma
ctDNA Panel
In contrast to our previous NGS study using a Thermofisher
custom melanoma ctDNA panel (25), the ArcherDX custom
melanoma ctDNA panel detected TERT promoter mutations in
ctDNA. Cancer-associated TERT promoter mutations (C228T,
CC242TT and C250T) (36, 59) were identified in 10/21 (48%) of
melanoma samples (Figure 2). Of these 5/10 (50%) were C250T,
4/10 (40%) were C228T and 1/10 (10%) was CC242TT. For
patient ID 4, corresponding to samples 4 and 9, we did confirm
TERT promoter mutation C250T in a cell line derived from
tissue of the same patient collected 12 months after liquid biopsy
using ddPCR (Figure 2; ddPCR data not shown). This
distribution of TERT promoter mutations aligns with previous
studies on melanoma (33, 38). Co-occurrence of TERT promoter
mutations with either BRAF or NRAS mutations was found in 9/
10 (90%) of the samples. The detection of a TERT C250T
mutation in sample 20 (Figure 2), which was BRAF and
NRAS mutation negative based on both the tissue panel and
custom panel (Table S2), increased the overall detection rate for
the custom panel from 13/21 (62%) to 14/21 (67%) (based on
BRAF/NRAS/TERT promoter).

Although unique fragment coverage for TERT promoter
centered around cancer-associated TERT promoter mutations,
the nature of anchored multiplex PCR did result in coverage
beyond the target region albeit with lower read depth (Figure S2).
Therefore we were able to detect a number of previously described
germline TERT promoter variations (70) including T349C
(rs2853669), G373A (rs35226131) and G452C (rs35161420) at
MAFs ranging from 38-99% (Figure 2 and Table S2). None of
these variations were present in the 3 healthy controls (data not
shown). Of these previously described germline variations, T349C
was found in 14/21 (67%) patients while G373A and G452C co-
occurred in 1/21 (5%) patients (Figure 2). A previous study found
TERTT349C to be present in 52% ofmelanoma cell lines (43). The
high frequency of T349C also aligns with previous studies on other
cancers (70–72). All the TERT promoter mutations C228T and
C250T and 14/17 (82%) BRAF/NRASmutations co-occurred with
the germline TERT promoter variant T349C (Figure 2). There was
no clear relationship between either melanoma stage or BRAF/
NRASmutation status and the presence of TERT promoter variant
T349C (Figure 2).

Identification of Other Melanoma Cancer-
Associated Mutations Using the Custom
Melanoma ctDNA Panel
Several other cancer-associated mutations were identified in 4/21
(19%) patients using the ArcherDX custom melanoma ctDNA
panel (Figure 2). Of the BRAF and NRAS mutation negative
samples, the custom panel was able to detect a MAP2K1 H119Y
mutation in sample 17 (Figure 2). The patient, who was BRAF
FIGURE 2 | Summary of the melanoma mutation profile identified across the
21 melanoma patient samples from a cohort of 19 melanoma patients.
Comparison of melanoma stage (purple boxes), treatment (yellow boxes),
tissue driver mutations (black boxes) versus mutations detected with the
ArcherDX custom melanoma ctDNA panel including driver mutations (blue
boxes), TERT promoter somatic mutations or germline variations (green
boxes) and other cancer-associated mutations (orange boxes). Numbers
represent sample number. For further details on specific gene variations
identified and patient details refer to Table S2. Samples 4 and 9 are derived
from a single patient at two time points. Samples 7 and 8 are derived from a
single patient at two time points. **Mutation data from a cell line derived from
patient tissue collected 12 months after liquid biopsy samples.
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V600 WT, had been treated for 1 week with pembrolizumab and
subsequently maintained persistently detectable disease. This
mutation has been recently proposed to be a non-hotspot
MAP2K1 mutation which activates the ERK pathway (73) and
therefore could be targeted with an ERK inhibitor (74). The
remaining mutations did not increase detection coverage of the
custom panel as they all co-occurred with either BRAF or NRAS
driver mutations (Figure 2). Of note, PTPRT E324K, along with
MAP2K1 P124L, was detected in treatment naïve sample 16
which also harbored a BRAF V600K mutation (Figure 2). In
melanoma, mutations in PTPRT, such as E324K, which create
neoepitopes, may be associated with better outcomes for patients
on immunotherapy (75). This may have been an option for this
patient who subsequently had a partial response to combination
BRAF/MEK inhibition with the presence of MAP2K1 P124L
presumably contributing to resistance (76, 77). For sample 14,
ASXL3 P1297S and XIRP2 E846K were detected in an NRAS
G60V background which was also BRAF G469E (based on tissue
biopsy) (Figure 2 and Table S2). Given the MAF of ASXL3
P1297S was 55.88% and this mutation is not a previously
identified melanoma-associated mutation (45, 46), suggests
that it may be a germline polymorphism or a result of clonal
hematopoiesis, which has been noted for mutations in the related
protein ASXL1 (78). Sample 5 had an NRAS Q61 and IDH1
R132 mutation in the liquid biopsy and the co-occurrence of
these mutations (Figure 2) is significant (p<0.001) based on the
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skin cutaneous melanoma TCGA database analysis of mutual
exclusivity (45, 46).

Sensitivity of the Custom Melanoma
ctDNA Panel
The cutoff for calling a mutation, based on the 95% confidence
interval for the normal samples (95MDAF as defined in material
and methods), of the custom melanoma ctDNA panel was
inversely proportional to read depth but did approach a
saturation point beyond which increasing read depth did not
lead to a lower 95MDAF value (Figure 3). This 95MDAF value
was ~0.3% for BRAF, 0.26% for TERT promoter mutations and
0.2% for NRAS mutations (Figure 3). The custom panel was also
able to detect a MAP2K1 H119Y mutation with an 95MDAF of
0.18% (Table S2). In addition, several cancer-associated
mutations were noted whereby the MAF was <95MDAF but
still >50MDAF as defined in material and methods (Table S2).
For these mutations further validation would be required. To
demonstrate the accuracy of these low MAF cutoff values does
ultimately require running a dilution series of samples for each
mutation consisting of known MAFs.

Validation of the Custom Melanoma
ctDNA Panel
All of BRAF V600E/K or NRAS Q61K/L/R driver mutations
identified using the ArcherDX custom melanoma ctDNA panel
A

B C

FIGURE 3 | Sensitivity of the custom melanoma ctDNA panel based on BRAF, NRAS or TERT promoter mutations identified across the melanoma cohort. Each
circle corresponds to the 95 minimal detectable allele fraction (95MDAF) values and unique molecule depth (unique fragments covering the specified region) for a
single sample. (A) BRAF V600 mutations. Data derived from samples 1, 3, 4, 9, 10, 13, 16, 19. (B) NRAS G60/Q61 mutations. Data derived from samples 2, 4, 5, 6,
9, 11, 14. (C) TERT 228-250 promoter mutations. Data derived from samples 2, 4, 5, 6, 9, 13, 14, 16, 19, 20.
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and tissue biopsy were also identified using either ddPCR or a
Thermofisher custom melanoma ctDNA panel (25) (Table S2).
Furthermore, there was significant correlation in the MAF for
each of these identified mutations when comparing the
ArcherDX custom panel to these other liquid biopsy assays
(Figure 4A). All of the TERT promoter C228T and C250T
mutations identified with the custom panel were confirmed
using ddPCR and showed significant correlation based on
MAF (Figure 4B).
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DISCUSSION

In this study, we have developed a custom melanoma NGS panel
for detection of ctDNA. This panel was based on multiplex
anchored PCR (51) from ArcherDX in contrast to previous
studies which used either Thermofisher Ampliseq HD (25, 27),
Qiagen QIAseq (24) or Illumina TruSeq Nano (28) workflows.
An additional custom melanoma panel based on mass
spectrometry detection has also been reported (29). None of
A

B

FIGURE 4 | Validation of the ArcherDX custom melanoma ctDNA panel. (A) Correlation of driver mutant allele frequency (MAF) determined by the ArcherDX custom
melanoma ctDNA panel versus other liquid biopsy analysis [ddPCR or Thermofisher custom melanoma ctDNA panel (25)]. (B) Correlation of TERT promoter MAF
determined by the ArcherDX custom melanoma ctDNA panel versus ddPCR. For ddPCR data see Table S3. Pearson correlation coefficient analysis was performed.
April 2022 | Volume 12 | Article 820510

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Diefenbach et al. Melanoma Next Generation Sequencing Panel
these previously reported custom panels have successfully
detected TERT promoter mutations, and our previous
Thermofisher NGS panel yielded consistently low sequencing
depth for the TERT promoter amplicons presumably due to the
high GC content (>80%) (25). Given that TERT is one of the
most frequently mutated genes in melanoma (42), the primary
goal of our NGS panel design was to reliably detect the three
common TERT promoter mutations in ctDNA.

The design of the current custom melanoma ctDNA panel
was limited to key melanoma-associated gene mutations, but still
had a theoretical coverage of ~81% of skin cutaneous melanoma
[66% based on skin cutaneous melanoma TCGA database (45,
46) plus (15-60%) triple wild type melanoma with TERT
promoter mutations (33, 38–40, 43, 44)]. Mutually exclusive
somatic TERT promoter mutations, C250T, C228T and
CC242TT, were found in 48% (10/21) of the melanoma cohort
and increased the overall ctDNA detection rate from 67%, based
on detection of driver (NRAS or BRAF) or cancer-associated
mutations, to 71%. The limitation of the current study was that
only four triple wild type samples were included. The custom
melanoma panel detected only 50% of these four cases (based on
detection of a TERT C250T mutation and a MAP2K1 H119Y
mutation respectively). Based on a TERT mutation frequency of
15-60% in triple wild type melanoma (33, 38–40, 43, 44) the
TERTmutation detection rate of 25% of our wild type melanoma
patients using this panel falls within the frequency range. A
larger study incorporating many more triple wild-type
melanoma samples is needed to accurately determine the
detection sensitivity of this pilot ctDNA panel. We expect that
analysis of a larger randomly selected or cross-sectional cohort
would find more frequent TERT promoter mutations in the
absence of BRAF or NRASmutations, as previously reported (33,
38, 39). It is worth noting, however, that TERT promoter
mutations may be subclonal and therefore under-represented
in ctDNA relative to other driver mutations (24).

The overall detection rate of 71% in the current study was less
than our previous custom ctDNA panel detection rate of 74%
primarily due to a larger number of genes covered in our
previous study (25). This was the case with lack of detection of
BRAF G469E in one patient as this infrequent melanoma
mutation (0.1% incidence) was not covered in the custom
panel design. On the other hand, the custom panel did detect a
rare NRAS G60V mutation in the same patient which was not
detected by the tissue panel. This may possibly be due to the fact
it is not a listed variant for tissue panels and therefore not called
during analysis. A detectability of 20% in the stage III cohort was
low although this was only based on five patient samples.

The ability to detect somatic TERT promoter mutations co-
occurring with BRAF or NRAS mutations is also valuable given
that a TERT-mutation positive genetic profile is associated with a
worse prognosis for melanoma patients (30, 38, 79). Further
reports suggest that TERT promoter mutations may be predictive
of improved response to immunotherapy (80) and a poorer
response to BRAF/MEK inhibition (35). Given our small cohort
size and the fact that the majority of the patients were non-
responders to immunotherapy, we were unable to conclude
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whether detection of TERT promoter mutations does in fact
have any prognostic or predictive value.

We also detected the previously described germline single
nucleotide polymorphisms (SNPs) in the TERT promoter
T349C, G373A, G452C (70) in 81% of our melanoma cohort
at a MAF ranging from 38 to 99%. The most frequent TERT SNP
(T349C; rs2853669) was found in 76% of our melanoma cohort.
This TERT SNP has been identified in a range of other cancers
and may act to disrupt a pre-existing ETS binding site in the
TERT promoter (81). Nevertheless, its prognostic role remains
controversial with contrasting reports on its influence on TERT
expression and differing conclusions on its prognostic value (43,
70–72, 82, 83, 85–88). In melanoma, TERT T349C has been
reported to modify the effects of somatic TERT promoter
mutations leading to increased survival in melanoma (40) and
this may be mediated through a lengthening of telomeres (43).
We found no obvious association of this variation either with
somatic TERT mutation or patient outcomes in our
melanoma cohort.

In addition to successful detection of TERT promoter mutations
our current custom melanoma panel performed favorably, based
on tissue concordance (76%), 95MDAF (0.2%) and significant
correlation with ddPCR, when compared to previously published
custom panels (24, 25, 27–29). Future studies will incorporate our
findings from previous (25) and current panel designs to produce
an optimized melanoma custom ctDNA panel with detection rates
of at least 90% in stage IV cutaneous melanoma patients. An
optimized melanoma ctDNA (50 gene targets), which will increase
the theoretical coverage will be useful for monitoring residual
disease in stage III patients after resection and therapy and for
longitudinal monitoring of progression in stage IV melanoma
patients. In both cases ctDNA mutations identified pre-treatment
will be monitored longitudinally using targeted approaches such as
ddPCR. To improve ctDNA detection sensitivity ctDNA mutation
detection may also be complemented with ctDNA methylation
analysis. Ultimately establishing if our optimized melanoma panel
truly reaches the theoretical coverage will depend on analysis of a
larger cohort consisting of 100-200 patients.
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Background: Lymphoma is a heterogeneous group of tumors in terms of morphological
subtypes, molecular alterations, and management. However, data on circulating tumor
DNA (ctDNA) mutated genes are limited. The purpose of this study was to investigate the
features of the ctDNA mutated genes, the prognosis, and the association between the
ctDNA mutated genes and the clinical parameters in lymphoma.

Methods: Differences in the ctDNA between the mutated genes and the prognosis of 59
patients with Hodgkin’s lymphoma (HL) (10.2%), germinal center B-cell–like lymphoma
(GCB) (28.8%), nongerminal center B-cell–like lymphoma (non-GCB) (50.8%), and
marginal zone lymphoma (MZL) (10.2%) were analyzed by next generation sequencing
(NGS) targeting 121 lymphoma-relevant genes.

Results: Genetic alterations were identified in the ctDNA samples with a median of 6
variants per sample. The genetic variation of the ctDNA in the plasma was found to be
significantly correlated with the clinical indices in lymphoma. The genetic heterogeneity of
different lymphoma subtypes was clearly observed in the ctDNAs from HL, GCB, non-
GCB, and MZL, confirming that distinct molecular mechanisms are involved in the
pathogenesis of different lymphomas.

Conclusion: Our findings suggest that NGS-based ctDNA mutation analysis reveals
genetic heterogeneity across lymphoma subtypes, with potential implications for
discovering therapeutic targets, exploring genomic evolution, and developing risk-
adaptive therapies.

Keywords: lymphoma, tumor heterogeneity, circulating tumor DNA (ctDNA), next-generation sequencing (NGS),
gene mutation, prognosis
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INTRODUCTION

Lymphoma is a malignant tumor that originates from the
lymphopoietic system and is the most common hematologic
malignancy in the world. It is divided into Hodgkin’s lymphoma
(HL) and non-Hodgkin’s lymphoma (NHL). Lymphoma is a
heterogeneous group of tumors in terms of morphological
subtypes, molecular alterations, and management, involving a
complex diagnosis and management, and different prognoses.
There are significant differences in the response of these tumors
to standard treatment strategies. Therefore, access to tumor
components and genetic material is essential for diagnosis,
management, and the selection of targeted therapies.

The prognosis of classical HL has improved with the
advancement of novel therapeutic strategies, resulting in a high
cure rate (1), and current genomic technologies have also greatly
improved the disease classification and prognostication of major
subtypes of B-cell lymphomas (2). However, critical clinical needs
remain unmet. The estimated 5-year overall survival (OS) was
96.0%–99.4% in the early stages of HL, using the European
Organization for Research and Treatment of Cancer staging
criteria (3), but the 5-year OS ranges from 42% to 81% only in the
advanced-stage disease (4). The combination of rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisolone
(R-CHOP) cures approximately 65% of patients with diffuse large
B-cell lymphoma (DLBCL). Patients who do not respond to R-
CHOPtherapyorwhoexperience relapse are treatedwith a second-
line therapy. Long-term remission occurs in 20%–30% of patients
but at the cost of high toxicity and treatment-related mortality (5).
Therefore, understanding themechanisms involvedand identifying
predictive biomarkers is essential.

Tissue biopsy is a traditional method for detecting the
molecular features of tumors. However, its limitations are its
invasive nature and the difficulty of obtaining serial samples in
clinical practice. Given the profound intra-tumor heterogeneity
(6, 7), a single-site biopsy is highly unlikely to capture the entire
genomic complexity of a tumor. In fact, different regions of the
same tumor may show different genetic maps, while biopsies
from different parts of the tumor may miss mutations in
subclones inhabiting distant sites. Liquid biopsies are based on
the analysis of circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), or tumor-derived extracellular vesicles that have
been shed from tumors and their metastatic sites into the blood
(8). Since ctDNA is derived from tumor cells, it contains tumor-
derived genetic alterations that can reflect the molecular
heterogeneity of multiple disease sites (9). In the management
of lymphoma, genotyping of ctDNA has been successfully
integrated into clinical work (10, 11). Next-generation
sequencing (NGS) technology has become a promising method
Abbreviations:HL, Hodgkin’s lymphoma; NHL, non-Hodgkin’s lymphoma; cHL,
classical Hodgkin’s lymphoma; OS, overall survival; DLBCL, diffuse large B-cell
lymphoma; CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; NGS,
Next-generation sequencing; GCB, germinal center B-cell-like lymphoma; non-
GCB, non-germinal center B-cell-like lymphoma; MZL, marginal zone lymphoma;
gDNA, Tumor genomic DNA; SNVs, Single nucleotide variants; VCF, Variant
Call Format; IGV, Integrative Genomics Viewer; MAFs, mutant allele frequencies;
PTL, primary testicular lymphoma; NSCLC, non-small cell lung cancer.
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for ctDNA mutation profiling due to its high throughput, better
sensitivity, and specificity (12).

We analyzed the mutation profiles of different lymphoma
subtypes [including HL and B cell non-Hodgkin’s lymphoma
(B-NHL)] using patients’ ctDNA and tumor genomic DNA
(gDNA). We targeted 121 related genes by NGS to explore the
clinical features of ctDNA mutation profiling in lymphomas and
reveal the genetic heterogeneity of different subtypes of
lymphoma, with the aim of facilitating prognosis predictions
and treatment decisions.
MATERIALS AND METHODS

Study Design
From 60 patients with lymphoma who enrolled in the program,
59 patients were included in this retrospective study according to
their pathology type. The clinical and follow-up data were
collected and the association between them was analyzed. The
pathology types included HL (n = 6), germinal center B-cell–like
lymphoma (GCB) (n = 17), nongerminal center B-cell–like
lymphoma (non-GCB) (n = 30), and marginal zone lymphoma
(MZL) (n = 6). The patients were diagnosed with lymphoma
between 2019 and 2021 at the Shanxi Bethune Hospital (Taiyuan,
China). Of the 59 patients, 21 were aged 65 years or older, the
median age was 60 years old, and 26 were male. The exclusion
criteria were: (1) patients who have already started any treatment
(including steroids) before signing informed consent; (2) patients
with contraindications to positron emission tomography; (3)
patients who were HIV-positive; (4) patients with hepatitis B or
C; (5) pregnant women. All treatments were performed in
accordance with the Declaration of Helsinki. The ethics
committee of Shanxi Bethune Hospital approved this study. All
patients gave informed consent for specimen collection, clinical
data collection, and biomarker analysis.

Of the patients, 49.1% had a good performance status (Eastern
Cooperative Oncology Group [ECOG] score 0 or 1), most patients
(66.1%) presented extranodal involvement, and a minority of
patients (30.5%) presented B symptoms. Most of the patients
(55.9%) were in Ann Arbor Stage IV. Patients’ demographic and
clinical characteristics are summarized in Table 1.

Sample Collection and Circulating Tumor
DNA Extraction Processing
Plasma sampleswere collected at baseline. For eachpatient, 5–10ml
peripheral blood samples were collected within 24 h in
ethylenediaminetetra–acetic acid-coated tubes (BD Biosciences).
These were centrifuged for 10min at 3500 rpm at 4°C within 2 h of
collection and stored at −80°C. Cell-free DNA (cfDNA) was
extracted from 2 ml plasma using the AVENIO cfDNA Isolation
Kit (RocheDiagnostics,Mannheim, Germany) and quantifiedwith
the Qubit™ dsDNA High Sensitivity Kit (ThermoFisher).
Enrichment of the characteristic mononucleosomal fragment
peak (160–200 bp) and the absence of contaminating high
molecular weight genomic DNA (13, 14) were verified using the
Bioanalyzer 2100 High Sensitivity DNAKit (Agilent Technologies,
Santa Clara, CA, USA).
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The gDNA was isolated from formalin-fixed paraffin-embedded
(FFPE) diagnostic tissue biopsies. Excess paraffin was removed from
the FFPE tissue with a scalpel, and the specimens were cut to 10 mm
thickness; thefirst 2–3 exposedandair-exposed sliceswerediscarded,
and 1–2 internal slices were reserved for DNA extraction. Sections
were immediately placed in 2-ml Eppendorf centrifuge tubes, and
DNAwas extractedusing theFlexiGeneDNAkit (Qiagen,Germany)
and saved at −80°C for further testing. The DNA content was
determined using a NanoDrop™ 2000 ultramicroscopic
spectrophotometer (ThermoFisher Scientific, USA).

Library Construction
The fragment DNA was generated with Bioruptor® (Diagenode,
Bioruptor UCD-200) following the manufacturer’s instructions.
Libraries were constructed using the KAPA HyperPrep DNA
Library Kit (KAPA Biosystem, KK8504). Dual-indexed
sequencing libraries were amplified by polymerase chain
reaction (PCR) with KAPA HiFi HotStart ReadyMix (KAPA,
KK2602) for 4–6 cycles, then cleaned up by purification beads
(Corning, AxyPrep FragmentSelect-I Kit, 14223162). Library
Frontiers in Oncology | www.frontiersin.org 3656666
concentration and quality were determined by the Qubit™ 3.0
system (Invitrogen) and the Bioanalyzer 2100 (Agilent, Agilent
HS DNA Reagent, 5067–4627).

Hybrid Selection and Ultra-deep Next
Generation Sequencing
The 5′-biotinylated probe solution was used as the capture
probes. The probes for targeted sequencing cover exons and
selected introns of 121 lymphoma-related genes. The amplified
samples were purified by AMPure XP beads, quantified by
quantitative PCR (KAPA) and sized on a Bioanalyzer 2100
(Agilent, Agilent HS DNA Reagent, 5067–4627). Libraries were
normalized to 2.5 nM and pooled. Finally, the library was
sequenced as paired 150 bp reads on an Illumina HiSeq 4000
according to the manufacturer’s instructions.

Single Nucleotide Variants and Short
Insertions/Deletions Detections
Single nucleotide variants (SNVs) and short insertions/deletions
(indels) were identified by VarScan 2 v2.3.9 to generate variant
call format files with the minimum variant allele frequency
(VAF) threshold set at 0.01 and the p-value threshold for
calling variants set at 0.05, with minimum base quality = 20,
minimum mapping quality = 1, the minimum coverage = 20,
minimum read depth = 8, basic strand-bias filter = 1. All SNVs/
indels were annotated with ANNOVAR (version 28) using the
filter-based annotation based on human genome hg19 with the
database dbscsnv11, and each SNV/indel was manually checked
on the integrative genomics viewer (15).

Statistics
The Chi-squared or Fisher’s exact test was used to compare the
samples with certain genetic alterations. A non-parametric test
(Mann–Whitney) was used to determine the relationships
between different molecular parameters. The correlation between
mutated genes and clinical indicators was evaluated by Spearman
correlation coefficient. The Kaplan–Meiermethod and log-rank test
were used to analyze the progression-free survival (PFS) rate. The
relationship between ctDNA mutations and clinical indicators was
analyzed by logistic regression. The Cox proportional hazard
regression model was used for univariable analyses. The SPSS™

Statistics version25.0 softwarewasused for all the statistical analyses,
and all graphs were constructed on the Prism version 8.00
(GraphPad Software Inc, USA) and Photoshop CS5 software
(Adobe Systems Software Ireland Ltd, Dublin, Ireland). A value of
P < 0.05 was considered statistically significant.
RESULTS

Targeted Next Generation Sequencing
Mutation Profiling of Circulating Tumor
DNA and Genomic DNA From Patients
With Lymphoma
Patients with DLBCL and MZL were treated with the
chemotherapy regimen for R-CHOP, and patients with HL
TABLE 1 | Baseline characteristics of all patients.

Variables N (%)

Age (years)
Median 60
Range 24-86

Gender
Male 26 (44.1)
Female 33 (55.9)

Pathological diagnosis
HL 6 (10.2)
DLBCL (GCB) 17 (28.8)
DLBCL (non-GCB) 30 (50.8)
MZL 6 (10.2)

Ann Arbor Stage
I 11 (18.6)
II 7 (11.9)
III 9 (15.3)
IV 32 (54.2)

IPI/IPS
<2 10 (16.9)
2-4 29 (49.2)
>4 20 (33.9)

ECOG
0 6 (10.2)
1 23 (38.9)
2 18 (30.5)
3 9 (15.3)
4 3 (5.1)

B symptoms
Present 18 (30.5)
Absent 41 (69.5)

Extranodal involvement
With 39 (66.1)
Without 20 (33.9)

Complications
With 38 (64.4)
Without 21 (35.6)

Ki-67
<10% 3 (5.1)
10%-50% 7 (11.9)
>50% 49 (83.1)
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were treated with the chemotherapy regimen for Adriamycin,
bleomycin sulfate, vinblastine sulfate, and dacarbazine. The time
between tissue and liquid biopsy was less than two weeks in all
patients (median = 7 days, range 1–12 days).

The ctDNA and tissue biopsies were collected from all
patients, and NGS analysis was performed. Patients were
considered to have mutations if they had a mutation in their
extracted gDNA and/or plasma ctDNA biopsies. The PFS was
defined as the time from diagnosis until the date of progression,
relapse, death, or the last follow-up. In the present study, variants
were found in all patients. A total of 82 genes or sites were
identified by genotyping of ctDNA or gDNA collected at
diagnosis. In the ctDNA, 52 gene mutations were identified, of
which 8 were not found in the corresponding biopsies; whereas
gDNA genotyping in tissue biopsies identified 74 gene
mutations, of which 30 variants were not found in the
corresponding plasma samples. The maximum follow-up time
was 33 months.

The concordance of ctDNA samples with biopsy-confirmed
tumor mutations was detected in all patients with a kappa value
of 0.705 (Figure 1), which demonstrated that plasma ctDNA
could accurately mirror the profiles of the clones found in
tumor tissues.

Classification and Genotyping of the
Patients With Lymphoma
According to the classification of cell origin, 6 patients were HL
cases (10.2%), 17 patients were GCB cases (28.8%), 30 patients
were non-GCB cases (50.8%), and 6 patients were MZL cases
(10.2%). The most common subtype was DLBCL (GCB and non-
GCB) (47/59, 79.7%). Distribution of lymphoma subtypes is
shown in Figure 2A.

Genetic alterations were identified in all the ctDNA samples,
and the median number of variants was 6 (range 1–16). We
divided the most-affected genes of HL, DLBCL, and MZL into 14
specific pathways according to the GeneCards database.
Mutations in 14 genes were identified in at least 7 patients.
The six most frequently mutated genes identified in the entire
group of patients (15/59–21/59, 25.4%–35.6%) were TNFAIP3,
MYD88, CD79B, TBL1XR1, TP53, and KMT2D. The ctDNA
Frontiers in Oncology | www.frontiersin.org 4666767
mutations of different pathological subtypes in patients are
shown in Table 2. The number of genetic mutations is shown
in Figure 2B.

The mutated genes detected in the ctDNA of patients with HL
were SMC3 (100%), TNFAIP3 (50.0%), and TP53 (50.0%). Of
these, SMC3 was a mutation specific to patients with HL. The
mutation of genes detected with 20% or higher ratios in patients
with GCB included CARD11 (58.8%), MYD88 (41.2%),
TBL1XR1 (41.2%), CD79B (41.2%), FAT1 (23.5%), MALT1
(23.5%), and ROS1 (23.5%). Mutations of KMT2D (56.7%),
MYD88 (46.6%), CREBBP (46.7%), TP53 (36.7%), CD79B
(36.7%), PIM1 (30.0%), B2M (30.0%), MEF2B (26.7%),
TBL1XR1 (23.3%), STAT6 (20.0%), BCL6 (23.3%), GNA13
(23.3%), PIK3CD (23.3%), TNFAIP3 (20.0%), BCL10 (20.0%),
and SYK (20.0%) were found in 20% or more of the patients who
were diagnosed with non-GCB. Mutations of MALT1 and ROS1
were found only in patients with GCB, and the mutations of
TET2 and TRAF3 were present in patients with non-GCB only.
Both GCB and non-GCB showed a significant difference in the
mutant allele frequencies of MALT1, CD79B, ROS1, TBL1XR1,
PIM1, TET2, and TRAF3. Mutations of PTPN6 (100%),
TNFAIP3, TBL1XR1, SOCS1, CXCR4, CDKN2B, KMT2A (all
were 50.0%), and ATM (33.3%) were found in patients with
MZL. Mutation of TNFAIP3 was common in patients with all
subtypes. The gene mutation rate and pathways of each subtype
are shown in Figure 3. The pathway common to all patients was
NF-kB.

All four types of lymphoma were associated with tumor
inflammation promotion, but HL was mostly characterized by
mutations in necroptosis, metabolism, and cell cycle occurrence,
and NHL was mostly characterized by mutations in escape
immune destruction, cell proliferation, and migration.
Correlation Between Mutated Genes and
Clinical Indicators
The Kaplan–Meier analysis showed that mutations in MYD88,
FAT1, MALT1, ROS1, TBL1XR1, CREBBP, KMT2D, TET2, and
TRAF3 were significantly different for the progression of the
patients. Their survival curves are shown in Figure 4.
FIGURE 1 | Numbers of ctDNA and gDNA mutations. There were 52 mutations in ctDNA and 74 mutations in gDNA, 44 mutations were common to them.
July 2022 | Volume 12 | Article 901547

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wu et al. ctDNA Correlate With Lymphoma
To analyze the correlations between the MYD88, FAT1,
MALT1, ROS1, CREBBP, KMT2D, TET2, and TRAF3 mutations
and the clinical parameters of patients with lymphoma,wedivided
the mutations into positive and negative. Table 3 summarizes the
correlations ofMYD88, FAT1,MALT1, ROS1, CREBBP, KMT2D,
TET2 and TRAF3 mutations with the clinical parameters of
patients with lymphoma, including gender, age, B symptoms,
Frontiers in Oncology | www.frontiersin.org 5676868
extranodal involvement, ECOG, and complications. The Chi-
squared test showed that the mutation of MYD88 had a
significant correlation with ECOG score 3–4 and complications,
and themutations ofMALT1 orROS1had a significant correlation
with ECOG score 3–4. The mutations of CREBBP orKMT2D had
a significant correlation with age >65.5 years. The mutation of
TET2 or TRAF3 had a significant correlation with complications.
A B

FIGURE 2 | Distribution of lymphoma subtypes. Distribution of pathological subtypes and genetic alterations of ctDNA in the total cohort. (A) Detailed distribution of
pathological subtypes of 59 lymphomas. (B) Genetic alterations of ctDNA in the total cohort. HL, Hodgkin’s lymphoma; DLBCL, diffuse large B cell lymphoma; MZL,
marginal zone lymphoma.
A B

DC

FIGURE 3 | Distribution of mutation allele frequencies and the pathways in lymphoma patients. (A) Mutation allele frequencies and the pathways in HL; (B) Mutation
allele frequencies and the pathways in GCB; (C) Mutation allele frequencies and the pathways in non-GCB; (D) Mutation allele frequencies and the pathways in MZL.
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Mutations in TBL1XR1 are not listed since they did not correlate
with clinical parameters.
DISCUSSION

With the development in NGS technology, a comprehensive
exploration of the somatic alterations within ctDNA has become
increasingly accessible. The great sequencing depth used for
ultra-deep sequencing makes it very powerful for profiling
clinical samples, such as formalin fixed paraffin embedded and
ctDNA. Greater depth of coverage also allows to pick out
mutations present only in a small fraction of malignant cells.
However, accurate variant calling remains challenging due to
variable coverage, sequencing errors, alignment artifacts, and
other issues. Lower tumor purity proportionally reduces the
effective coverage of the variant alleles in tumor cells, reducing
detection sensitivity (16). Bioinformatics tools mad it possible to
detect VAFs of 1% or even lower. VarScan 2 performed best
overall with sequencing depths of 100× and 1000× required to
accurately identify variants present at 10% and 1%, respectively
(17). The minimum VAF for detection of a sequence variant is
not highly correlated with the percentage tumor cellularity of the
specimen or the percentage of tumor cells that harbor the
sequence change. In the setting of detecting minimal residual
disease, accurate detection of VAFs substantially <0.01 may be
required (18), with VAF sufficiently detected as low as 0.1–0.2%
(19). In the study, the minimum VAF threshold was set at 0.01,
thus VarScan 2 identified the variants accurately.
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Our understanding of lymphoma is rapidly evolving, driven
by advances in single-cell technology. Although studies have
revealed some similarities between different subtypes of
lymphoma, they still face challenges in terms of tumor
heterogeneity. Our study performed a targeted panel
sequencing of 59 patients with lymphoma on 121 key genes
and analyzed their genetic alterations. Furthermore, previous
studies had proved the pre-analytical stability of ctDNA under
different storage conditions (20, 21), and NGS-based ctDNA
analysis could reflect genetic heterogeneity among different
lymphoma subtypes, indicating that ctDNA could be a
noninvasive and feasible biomarker for patients with
lymphoma. Analysis of ctDNA in the plasma is clinically used
to identify actionable mutations, detect residual or recurrent
disease and can assess the mutational heterogeneity of the entire
tumor cell population. However, ctDNA analysis cannot address
mutations within individual cells and cannot assess cancer
phenotypes, such as the expression of drug targets and protein
biomarkers. Given the heterogeneity, the fact that resistant
clones of tumors may represent only a small proportion of the
entire tumor and are unlikely to suffer apoptosis, the genomes of
resistant tumor subclones may not be detectable at the current
sensitivity limits of cell-free DNA assays. As intact cancer cells
that have entered the blood, CTCs show the predictive capability
of the response to drugs through analyzing protein biomarkers
on CTCs and show the broad detection of mutations through
genome-wide sequencing (22). CTCs are identified and
sequenced to identify operable mutations in drug-resistant
subclones that are not present in the majority of tumors to
guide subsequent therapy. In addition, single-cell sequencing of
CTC provides better access to variability between clones with
different drug resistance mechanisms. Therefore, CTCs are better
suited to study heterogeneity at the cellular level.

It has been reported that MYD88 mutation was detected in
the cfDNA of one patient with lymphoplasmacytic lymphoma
(23). Schmitz et al. (24) studied 574 DLBCL biopsy samples using
exome and transcriptome sequencing and identified four
prominent genetic subtypes in DLBCL, one of which was
TABLE 2 | ctDNA mutation in patients of different pathological subtypes.

Subtype Mutation (median) Mutation range

HL 2 1-3
DLBCL (GCB) 6 1-10
DLBCL (non-GCB) 6 2-16
MZL 4.5 1-8
A B D E

F G IH J

C

FIGURE 4 | Progression-free survival curves of patients with lymphoma. Kaplan-Meier curves for progression-free survival by presence or absence of genes mutation. (A–I)
was genes: MYD88, FAT1, MALT1, ROS1, TBL1XR1, CREBBP, KMT2D, TET2, and TRAF3. (J) was the progression-free survival curve for all patients.
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termed “MCD” (based on the co-occurrence ofMYD88L265P and
CD79B mutations). Analysis of genetic pathways suggested that
MCD relied on “chronic active” B-cell receptor signaling that is
amenable to therapeutic inhibition. Our study showed similar
findings that MYD88 was the most frequently mutated gene
identified in the ctDNA of patients, followed by CD79B, and both
mutations occurred in patients with DLBCL, but not in patients
with HL or MZL. This indicates that the mechanism of DLBCL
development is vastly different compared with HL and MZL, and
MYD88 and CD79B mutations might be a major driver of
DLBCL development.

Venturutti et al. (25) found through studies in mice that
TBL1XR1 alterations lead to a striking extranodal immunoblastic
lymphomaphenotype thatmimics the humandisease. Jangamet al.
(26) performed targeted deep sequencing of 8 ocular adnexal
mucosa-associated lymphoid tissue lymphoma (OAML) cases,
and identified TBL1XR1 as recurrently mutated in OAML (4/8),
Frontiers in Oncology | www.frontiersin.org 7697070
where cases of OAML with mutations in TBL1XR1 showed
equivalent or increased vascular density compared with cases
without mutations in TBL1XR1. Wang et al. (27) found that
patients with primary testicular lymphoma with the TBL1XR1
mutation had an inferior OS than patients with TBL1XR1 wild
type, irrespective of treatment therapy. Consistent with those
studies, the present study found that patients with mutations in
the TBL1XR1 gene had significantly lower PFS rates than those
withoutmutations, both in thepopulationofpatientswithNHLand
in the overall population of patients with lymphoma.

It is well known that mucosa-associated lymphoid tissue
lymphoma translocator protein 1 (MALT1), a key adaptor
protein regulating the NF-kB pathway, is the only protease in
the pathogenesis of these related diseases. In the present study,
MALT1mutations in the ctDNA were also found in patients with
lymphoma and were only found in patients with GCB.
Univariate analysis revealed that patients with MALT1 gene
TABLE 3 | Correlation of MYD88, FAT1, MALT1, ROS1, CREBBP, KMT2D, MALT1 and ROS1 mutations with clinical parameters of lymphoma patients.

Clinical Parameters n MYD88 mutations c2 P FAT1 mutations c2 P MALT1 or ROS1 mutations c2 P

+ - + - + -

Sex 0.167 0.683 0.162 0.687 0.075 0.784
Male 26 10 16 3 23 1 25
Female 33 11 22 5 28 3 30

Age (years) 0.058 0.810 2.569 0.109 0.656 0.418
>65.5 18 6 12 0 18 0 18
≤65.5 41 15 26 8 33 4 37

B symptoms 2.020 0.155 0.604 0.437 0.000 1.000
Present 18 4 14 1 17 1 17
Absent 41 17 24 7 34 3 38

Extranodal involvement 3.209 0.073 3.157 0.076 0.877 0.349
With 39 17 22 8 31 4 35
Without 20 4 16 0 20 0 20

ECOG 4.757 0.029 3.131 0.077 11.946 0.001
0-2 47 13 34 4 43 0 47
3-4 12 8 4 4 8 4 8

Complications 3.894 0.048 0.269 0.604 0.998 0.318
With 38 17 21 4 34 4 34
Without 21 4 17 4 17 0 21

Clinical Parameters n CREBBP mutations c2 P KMT2D mutations c2 P TET2 or TRAF3 mutations c2 P

+ - + - + -

Sex 0.011 0.917 0.746 0.388 0.000 1.000
Male 26 6 20 6 20 2 24
Female 33 8 25 11 22 2 31

Age (years) 12.077 0.001 9.031 0.003 0.656 0.418
>65.5 18 10 8 10 8 0 18
≤65.5 41 4 37 7 34 4 37

B symptoms 0.263 0.608 1.863 0.172 0.656 0.418
Present 18 3 15 3 15 0 18
Absent 41 11 30 14 27 4 37

Extranodal involvement 0.649 0.421 0.021 0.885 0.877 0.349
With 39 11 28 11 28 4 35
Without 20 3 17 6 14 0 20

ECOG 0.246 0.620 0.001 0.976 0.163 0.687
0-2 47 10 37 13 34 4 43
3-4 12 4 8 4 8 0 12

Complications 0.095 0.758 1.516 0.218 5.043 0.025
With 38 10 28 13 25 0 38
Without 21 4 17 4 17 4 17
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mutation had a significantly lower PFS rate than those with the
wild-typeMALT1 gene (28). Therefore,MALT1 could be a target
for the treatment of GCB (29).

Nie et al. found that CREBBP and EP300 genes are two
frequently mutated epigenetic regulators in B-cell lymphoma
and that synthesis between them is lethal (30). Mosquera et al.
(31) found that mutations in CREBBP, TNFRSF14, and KMT2D
were mainly found in follicular lymphoma, while mutations in
BTG2, HTA-A, and PIM1 were more frequent in DLBCL. In the
present study, CREBBP and KMT2D appeared in patients with
non-GCB, and inconsistently, CREBBP and KMT2D were
mutated more frequently in patients with non-GCB than in
PIM1. This illustrates the heterogeneity of lymphoma; there was
still a high degree of heterogeneity in lymphomas of the same
pathological type.

The ROS1 fusion proteins resulting from chromosomal
rearrangements of the ROS1 gene are targetable oncogenic
drivers in diverse cancers (32). Inflammatory myofibroblastic
tumor fusions involving ROS1, PDGFRb, RET, and NTRK have
also been described in inflammatory myofibrosarcoma (33).
Over the past few years, inhibitors of the c-Ros oncogene 1
(ROS1) have been approved and are currently used in clinical
practice in patients with advanced non-small cell lung cancer
(34, 35). However, ROS1 mutations have not been reported in
lymphoma. In the present study, as withMALT1, ROS1mutation
was only found in GCB. This means that GCB has a unique ROS1
mutation, which had a different mechanism of occurrence from
other DLBCL.

Esther et al. (36)found that miR-92a and TET2 may play a
synergistic role in the pathogenesis of NHL malignancies. Oreofe
et al. (37)found that TET2 mutations occurred in 76% of patients
with angioimmunoblastoma T-cell lymphoma (AITL). The
bridging protein TNF receptor-associated factor 3 (TRAF3), as
a tumor suppressor, is a key regulator of B-lymphocyte survival,
and TRAF3 deficiency is sufficient to metabolically reprogram B
cells (38). In this study, TET2 and TRAF3 were found to be
present only in non-GCB patients, suggesting that non-GCB has
a unique pathogenesis that distinguishes it from GCB and HL.

In the study, we found that all four types of lymphoma are
associated with the promotion of tumour inflammation. It is well
known that cancer cells, as well as surrounding stromal and
inflammatory cells, are involved in carefully orchestrated
interactions to form an inflammatory tumour microenvironment
(TME). Cells within the TME are highly plastic, constantly
changing their phenotypic and functional characteristics (39).
However, each subtype has its own characteristics.

Dysregulation of apoptotic cell death mechanisms is a
hallmark of cancer. Altered apoptosis is not only responsible
for tumor development and progression, but also for tumor
resistance to therapy. In contrast, defects in the death pathway
may lead to drug resistance, thereby limiting the effectiveness of
treatment (40). Therefore, a better understanding of mutations
in the apoptotic pathway could improve the efficacy of cancer
therapy and bypass resistance. In this study, apoptosis pathway
was found in HL and non-GCB patients, which means that the
population may not respond well to certain treatments and new
Frontiers in Oncology | www.frontiersin.org 8707171
therapeutic strategies need to be developed to counter their
resistance to drugs.

In addition, the pathways in which the mutated genes are
located reveal that some mutated genes in non-GCB patients are
associated with epigenetic inheritance, which is completely
different from the other three types. In contrast to genetic
changes, epigenetic changes are reversible (41). This constitutes
a promising area to understand the role of epigenetic alterations
in cancer and to find new alternatives to traditional
strategies (42).

Studies have shown that ECOG is an independent prognostic
factor for secondary malignancies after surgery for
gastrointestinal or gynecological tumors (43). ECOG is also an
independent factor in the OS of patients with early onset
colorectal cancer (44). In our study, we found ECOG score 3–4
was closely associated with mutations in MYD88, MALT1, and
ROS1, which suggested that ECOG might be associated with
lymphoma heterogeneity. In addition, the presence of
complications was also associated with MYD88, TET2, and
TRAF3 mutations, which suggested that mutations in these
genes might influence the occurrence of other complications.
Furthermore, we found that mutations in the CREBBP and
KMT2D genes were strongly correlated with the age of the
patients, and the rate of mutations in these genes was
significantly higher in patients over 65.5 years than in those
under 65.5 years. Therefore, patients with co-morbidities, higher
ECOG and age over 65.5 years are strongly associated with
genetic mutations.

However, even though ctDNA has some advantages for
patients, the potential for loss of information and the
associated risks are still considered a challenge. We found a
discrepancy in mutation comparisons between gDNA (FFPE
samples) and ctDNA (liquid biopsies), which may lead to false-
negative and false-positive results in ctDNA analysis. This is
related to technical and biological factors (45). As the total
number of genomic copies in the plasma volume of a sample is
very limited, the number of specific variants of interest is also
very limited. Also, some false negative results simply cannot be
prevented, due to biological factors such as low DNA shedding in
certain tumours or the location of the metastases themselves
(46). In addition, multiple mutation enrichment methods and
additional steps for error suppression strategies are required due
to the risk of introducing errors in the library preparation or
sequencing process itself (47, 48).

The stability of ctDNA varies under different conditions. Qing
Kang in 2016 had processed the plasma of ten patients with
metastatic breast cancer after 2, 6, and 48 h post-collection, and
found that ctDNA stable for up to 6 h in both Streck and
ethylenediaminetetraacetic acid (EDTA) tubes, and, one out of
four patients with detectable ctDNA showed a ~ 50% decline in
ctDNA in the EDTA tube after 48 h (49). Emanuela Henao Diaz
found that the ctDNA levels at zero hours were not significantly
different to 24- or 48-hour in vitro incubation in any investigated
condition (50). In 2018, American Society of Clinical Oncology
and College of American Pathologists jointly reviewed the
information about clinical ctDNA assays and provided a
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framework for future research, and indicated that testing for
ctDNA was optimally performed on plasma collected in cell
stabilization or EDTA tubes, with EDTA tubes processed within
6 h of collection (51). Taken together, it is a current consensus that
ctDNA is stable within 6 h after the sample collection. To preserve
the stability of ctDNA, we used ethylenediaminetetraacetic acid-
coated tubes to collect peripheral blood samples from patients and
preserved them by centrifugation within 2 hours. At the same
time, an ultrasensitive method was used to detect mutations and
copy number changes to ensure the stability of ctDNA in the
blood stream and to reduce the errors caused by the assay.

There were also limitations to our study. In this study, the
ctDNA concentration was not involved, and only the mutation
abundance was detected. Since mutation abundance was not
related to the ctDNA concentration, and the data were quality
controlled, so the accuracy of the data could be guaranteed. In
addition, the follow-up period of up to 33 months is not sufficient
to demonstrate a correlation between mutations and clinical
features, and a longer follow-up period is needed in
future studies.
CONCLUSION

In summary, we found that ROS1 mutations were uniquely
present in GCB, while TET2 and TRAF3 were only present in
non-GCB, and both MYD88 and CD79B mutations appeared
only in DLBCL patients. All four types of lymphomas were
associated with promotion of tumor inflammation, whereas
apoptotic pathways were present only in patients with HL and
non-GCB. NGS-based ctDNA mutation profiling revealed the
biology of lymphoma and could identify mutational differences
Frontiers in Oncology | www.frontiersin.org 9717272
among lymphoma subtypes, which was a promising approach for
exploring genomic evolution and discovering potential
therapeutic targets, thereby facilitating personalized treatment.
Future studies will require single-cell sequencing of CTCs to
reveal the tole of relevant mutations in different subclones and
drug resistance mechanisms.
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Cancer cells release nucleic acids, freely or associated with other structures such as
vesicles into body fluids, including blood. Among these nucleic acids, circulating tumor
DNA (ctDNA) has emerged as a minimally invasive biomarker for tumor molecular profiling.
However, certain biological characteristics of ctDNA are still unknown. Here, we provide
an overview of the current knowledge about ctDNA biological features, including size and
structure as well as the mechanisms of ctDNA shedding and clearance, and the physio-
pathological factors that determine ctDNA levels. A better understanding of ctDNA biology
is essential for the development of new methods that enable the analysis of ctDNA.

Keywords: ctDNA= circulating tumor DNA, ctDNA kinetics, biomarker, liquid biopsy, monitoring
INTRODUCTION

Cancer ranks as the leading cause of death worldwide and the main barrier that hinders life
expectancy (1). The emergence of precision medicine in the field of medical oncology brought a halo
of hope for cancer patients and has improved notably in the past few decades due to the rapid
expansion of knowledge in cancer genomics and the identification of targetable genomic biomarkers
(2). Although the discovery of therapeutic biomarkers marked a turning point in cancer patients’
treatment, several challenges arose with them. For example, in lung cancer patients, the increasing
number of biomarkers to be assessed compromises the availability of tumor tissue. Moreover, tissue
biopsy, apart from being a very invasive procedure that can imply potential complications for the
patients, does not reflect tumor heterogeneity, making it more difficult to have an overview of the
molecular characteristics of the tumor (3, 4).

In this scenario, liquid biopsy arose as a minimally invasive approach, particularly useful when
tumor tissue is inadequate or non-existent, that enables the identification of significant tumor-
Abbreviations: bp, base pair; cfDNA, cell-free DNA; CH, clonal hematopoiesis; CRC, colorectal cancer; CTC, circulating
tumor cell; CSF, cerebrospinal fluid; ctDNA, circulating tumor DNA; ddPCR, digital droplet PCR; dPCR, digital PCR; EVs,
extracellular vesicles; LOD, limit of detection; MRD, minimal residual disease; mtDNA, mitochondrial DNA; NGS, next-
generation sequencing; NSCLC, non-small-cell lung cancer; VAF, variant allele frequency; wt, wild-type; ALK, ALK receptor
tyrosine kinase; BRAF, B-Raf proto-oncogene, serine/threonine kinase; EGFR, epidermal growth factor receptor; KRAS, KRAS
proto-oncogene, GTPase; TP53, tumor protein p53.
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derived biomarkers throughout the course of the disease,
including resistance mutations (5, 6). Different components
can be isolated from body fluids and used in liquid biopsy
analysis such as circulating tumor cells (CTCs), extracellular
vesicles (EVs), tumor-educated platelets (TEPs), or circulating
tumor DNA (ctDNA) (7). Among them, we are going to focus on
ctDNA as it is the biomarker with more diagnostic and
prognostic potential.

The cell free-DNA (cfDNA) was first described in healthy
individuals by Mandel et al. in 1948 (8) and it was not until the
year 1977 that Leon et al. found out increased levels of cfDNA in
the serum of cancer patients (9), highlighting its huge potential
as a tumor biomarker. cfDNA is generally at a concentration
between 0 and 100 ng/mL in the blood of healthy patients, and is
upped to >1000 ng/mL in cancer patients (4, 10). The fraction of
plasma cfDNA derived from tumor cells, known as ctDNA, is the
most extensively studied and the most used non-invasive
alternative, from a clinical point of view, for the molecular
characterization of solid tumors, including non-small-cell lung
cancer (NSCLC), colorectal cancer (CRC), breast cancer (11),
head and neck (12) and melanoma (13). ctDNA was first
validated in clinical oncology by examining the KRAS/BRAF
mutation in CRC patients (14) and then, it was introduced into
clinical practice for the detection of mutations in the EGFR gene
in NSCLC (15). Since then, the interest in this biomarker has
exponentially risen being the topic of more than 870 publications
in 2021 (Web of Science™ database, Figure 1) and being
currently used in 359 different trials , l isted in the
database ClinicalTrials.gov.

Although liquid biopsies often refer to blood biopsies, other
biofluids such as urine, saliva, cerebrospinal fluid (CSF), pleural
effusion, pericardial effusion, and ascites effusion, can be also
used (16, 17). In this way, malignant effusions that occur as a
consequence of disease progression are highly informative.
Indeed, tumors shed higher amounts of ctDNA into nearby
body fluids than into the bloodstream (18). Moreover, peritoneal
washings, which are routinely performed in surgeries of ovarian
cancer patients, have been shown to be useful for BRCA testing
(19). Therefore, although obtaining these biofluids may be a
Frontiers in Oncology | www.frontiersin.org 2757676
more aggressive procedure, they constitute an informative source
for biomarker testing (18).

The study of ctDNA has multiple potential uses in oncology
such as early diagnosis, tumor molecular profiling, or early
detection of resistance mutations. ctDNA levels correlate well
with tumor bulk and therefore it can be used as a surrogate for
tumor size and staging (20, 21). In the same way, fluctuations in
ctDNA levels have been shown to correlate well with the course
of the disease, being an adequate approach for noninvasive
tumor response to treatment monitoring for many cancer
types (22–24).

However, the structure and origin of ctDNA, as well as the
mechanisms of ctDNA shedding, filtering, degradation, and
clearance remain unclear. In this review, we summarize the
dynamics of extracellular tumor DNA, including the balance
between ctDNA release and clearance and the influence of
clinicopathological factors in these processes.
ctDNA: CHARACTERISTICS AND
MECHANISMS OF RELEASE

cfDNA comprises small fragments of double-stranded nuclear
(coding and non-coding) and mitochondrial DNA (mtDNA) of
approximately 40-200 base pairs (bp) in size, with a peak at about
166 bp that corresponds with nucleosome-associated DNA
fragments (4, 25). Although the main source of cfDNA is the
hematopoietic system (55% white blood cells and 30% erythrocyte
progenitors) (25), there is still a huge interest in understanding
how different organs contribute to the overall amount of cfDNA in
the physiological and pathological conditions.

ctDNA can be released by a multitude of mechanisms, not
only when cells die via apoptosis, necrosis, oncosis, ferroptosis,
pyroptosis, and phagocytosis, but also by senescence or the active
secretion in extracellular vesicles (EVs) and mtDNA egestion
(26, 27) (Figure 2).

Fragment length and nucleosome occupancy might provide
clues for cfDNA shedding mechanisms. Indeed, short fragments of
<200 bp are assumed to be released during apoptosis as a
consequence of caspase-dependent cleavage. Multiple of these
fragments are packed in apoptotic blebs and phagocytized by
macrophages, to be finally released into the blood and lymphatic
circulation (28, 29). Interestingly, shorter fragments (<100 bp)
might be enriched with ctDNA and mtDNA which preferentially
carried tumor-derived genomic alterations (30, 31). Indeed, a
higher ctDNA fragmentation pattern was observed in
melanoma, lung cancer, and metastatic CRC patients with high
levels of mutation burden compared with healthy individuals (32).
Conversely, large fragments of >200 bp are originated during the
necrosis process (33), however, the contribution of necrosis in the
amount of cfDNA remains unclear (34). Interestingly, DNA of
necrotic cells can be further degraded by DNase I, and necrotic
cells can be engulfed by macrophages, originating smaller
fragments of circulating DNA (35, 36). For all those reasons, the
development of methods based on cfDNA size and fragmentation
pattern is crucial to enhance the enrichment of ctDNA and
FIGURE 1 | ctDNA publications: Number of publications with ctDNA as a
topic between 1990 and 2021, collected in Web of ScienceTM database.
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consequently, improve the sensitivity of methods for ctDNA
analysis. Furthermore, the distribution of cfDNA fragments with
different sizes is important, since it reflects cfDNA integrity.
Although ctDNA derived from apoptotic bodies would be more
informative in terms of tumor molecular information, cfDNA
integrity seems to be higher in cancer patients compared to
healthy individuals, suggesting that necrotic cell death plays an
important role in ctDNA release, especially in advanced stages and
aggressive tumors (37, 38). This observation could be explained by
the fact that healthy cells die primarily by apoptosis, while
malignant cells die not only from apoptosis but also from
necrosis or autophagy (9). In this regard, cancer cells could
activate autophagy to obtain an alternative energy source from
the digestion of their damaged organelles or their self-digestion,
shedding ctDNA as a consequence (39).

DNA from necrotic or apoptotic cells can be also released into
the circulation by different immune cell types; however, it is not
clear how much each mechanism contributes to the amount of
ctDNA. After the phagocytosis of necrotic and apoptotic cells,
macrophages or other scavenger cells digest the DNA into
smaller fragment sizes and release them into the tissue
microenvironment and bloodstream, actively or dying (36, 40).

ctDNA can also be actively released by living tumor cells,
from primary tumors or metastases via EVs. Like cfDNA, there is
a wide variety of EVs in terms of size whose role in cancer and,
specifically, in the transport of ctDNA between distant tissues for
cell communication seems to differ. In this sense, Vagner et al.
showed that both ctDNA and EVs size seems to be a key element
in genomic alteration transport (41). Indeed, large vesicles (from
100 nm up to 1 mm in diameter) from prostate cancer patients,
such as microvesicles or apoptotic bodies, appear to be enriched
with smaller fragments of ctDNA (<200 pb), compared with
small EVs, from 30 to 150 nm in diameter, such as exosomes
(41, 42). Still, nanoscale EV-derived DNA (approximately 114
nm average size in stage-I EV samples) has been demonstrated to
Frontiers in Oncology | www.frontiersin.org 3767777
be a superior mutation detection method in early-stage NSCLC
compared to cfDNA (43). In line with these data, additional
studies have identified the presence of DNA in EVs isolated from
cancer patient samples and described the identification of
different mutations in oncogenes such as KRAS or TP53
(44–47). However, the proportion of ctDNA engulfed into EVs
actively released by tumor cells and the effect of different
treatments on this active secretion is not clear (41, 48).

Irrespective of the mechanism of ctDNA shedding;
nucleosome footprints, DNA methylation profiles, DNA
preferred end motifs, and genetic alterations can be used to
characterize and identify the origin of cfDNA as they carry
information from the original tissues (49–51) (Figure 3). In this
regard, certain human genomic locations have been described as
preferential ends when ctDNA is generated (52), suggesting that
DNA cleavage is a non-random process. Interestingly, a greater
end motif diversity has been associated with cancer patients
(53, 54), suggesting that ctDNA tail motifs could be used to
enhance the performance of cancer diagnosis by identifying the
fragments of cfDNA from tumor cells (ctDNA) and filtering out
fragments from healthy cells. Another interesting approach for
determining the tissue source of ctDNA was proposed by Snyder
et al. (49), who hypothesized that it is feasible to identify cfDNA
origin based on nucleosome positioning. Nucleosomes are
distributed along DNA following different patterns that
correlate with characteristic epigenetic features of different cell
types or even according to cancer types. Matching the epigenetic
footprint of these ctDNA fragments against reference databases
would enable the molecular classification of cancers of unknown
origin. In line with these data, the stability of DNA methylation
and the presence of cell-specific methylation patterns can also
contribute to the identification of tumor origin or even the
detection of metastasis through cfDNA analysis (55).
Specifically, the analysis of differentially methylated regions in
colon and liver tissues enabled the differentiation of patients with
FIGURE 2 | Mechanisms of ctDNA release: Tumor cells shed DNA into the bloodstream by different types of cell death, including necrosis (larger fragments of >200 bp),
apoptosis (shorter fragments of <200 bp enriched with tumor-derived genomic alterations), pyroptosis, phagocytosis, oncosis or ferroptosis, but also by non-death
associated mechanisms such as senescence, or the active secretion of EVs and mtDNA. Thus, ctDNA analysis provides tumor-relevant clinical information.
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liver or colon cancer but also, the discrimination between colon
cancer patients with and without liver metastasis (56). Indeed,
the analysis of cfDNA methylation has been already approved by
the FDA for its use in the clinic (57), being the Epi proColon test
the first screening analyzing a cfDNA methylation biomarker
approved in 2016 for colorectal cancer patients (58).
ctDNA CLEARANCE

The amount of cfDNA, and ctDNA in particular, depends on a
balance between DNA shedding and DNA clearance. Overall, the
half-life of cfDNA ranges from 16 minutes to 2.5 hours (59), as a
consequence of the action of three main different mechanisms:
(i) the action of DNases present in the bloodstream (60), (ii) the
active clearance of nucleosomes and DNA and (iii) filtration in
organs such as kidney or lymph nodes (Figure 4).

ctDNA clearance can be carried out by various filtering organs
(60). Kupffer cells within the liver are responsible for clearing the
majority of cfDNA, specifically longer fragments (61, 62), followed
by kidneys, which are involved in DNA fragmentation through their
deoxyribonuclease activity (62). In this way, in vivo experiments
injecting radiolabeled mononucleosomes in mice demonstrated that
the liver removed approximately 70 to 85% of the nucleosomes
Frontiers in Oncology | www.frontiersin.org 4777878
within 10 min (61). The macrophages of the spleen and lymph
nodes play also a minor role in ctDNA clearance (Figure 4). In
addition to these organs, lymphatic drainage may constitute the
main source of ctDNA clearance within the tumor
microenvironment (60). In cancer patients, cfDNA level is higher
than in healthy individuals in part due to the excess of cell death by
the whole set of mechanisms aforementioned, which leads to the
overload of the clearance systems and subsequent accumulation.
Nevertheless, the kinetic dynamics of ctDNA in cancer patients
need to be further studied.

Finally, the association with molecular or macromolecular
complexes, as well as encapsulation in EVs, prevent the rapid
degradation of ctDNA by circulating enzymes and immune
system cells (63). Another factor that seems to play a role in
ctDNA clearance is fragment size, but it is still not clear how they
affect half-life.
ctDNA LEVELS IN DIFFERENT TYPES
OF CANCER

The first time that cfDNA was measured in different cancer types
was in 1977 by Leon et al. (9), who reported that levels of cfDNA
in patients with various cancers were higher compared with
FIGURE 4 | Mechanisms of ctDNA clearance: Kupffer cells from the liver are primarily responsible for ctDNA clearance, followed by circulating enzymes and immune
system cells and other filtering organs such as kidneys, spleen and lymph nodes.
FIGURE 3 | Biological features of ctDNA: The integrated analysis of ctDNA somatic alterations, methylation and fragmentomic information, improves ctDNA
detection and provides useful information about original tissue.
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healthy individuals. A few years later, in 1989, Stroun et al. (64)
stated that increased levels of cfDNA in cancer patients were
caused by a fraction of DNA released into the bloodstream by
cancer cells, this portion of cfDNA was named ctDNA.
Nowadays, it is well established that ctDNA levels vary
depending on the cancer type (Figure 5). It has been especially
characterized that tumors located in the central nervous system
release the lowest levels of ctDNA into the bloodstream due to
the blood-brain barrier (21, 65, 66). Of note, more than 90% of
patients with gliomas did not harbor detectable levels of ctDNA
according to Huang et al. (67). Similarly, Zill et al. (68) analyzed
25,578 samples from 21,807 patients in more than 50 tumor
types, reporting a ctDNA detection rate of 93%. Remarkably, no
differences were found in terms of ctDNA detection except for
patients with brain tumors or brain-only metastases, who shed
significantly less ctDNA into the bloodstream. Likewise, some
studies have also pointed out that patients with visceral
metastases have higher levels of ctDNA than those with brain
metastases (69–72). Noteworthy, about 30% of cancer patients
develop intracranial metastases, a severe complication that
decisively affects the patient’s prognosis and quality of life
(73,74). Thus, it would be important to optimize the detection
of ctDNA for these patients in other body fluids such as CSF. In
addition, ctDNA detection is rather challenging in
medulloblastomas, or kidney, prostate or thyroid cancer. On
the other hand, ctDNA can be easily detected in samples from
advanced stages of ovarian, liver, pancreas, bladder, colon, lung,
stomach, breast, liver, esophagus, and head and neck cancer
patients as well as neuroblastoma and melanoma patients (21).

Interestingly, there are also variations within the same type of
cancer depending on tumor histology. For example, in lung
cancer, a higher percentage of ctDNA detection has been
described in squamous tumors compared to adenocarcinomas.
The most plausible explanation is that squamous tumors have a
Frontiers in Oncology | www.frontiersin.org 5787979
more necrotic profile (75). These results have also been observed
in patients with triple-negative breast cancer, whose ctDNA
levels are higher than those of other breast cancer subtypes,
which can be related to a higher rate of necrosis and cell
proliferation (76, 77).

Lastly, tumors harboring certain alterations such as TP53
mutations and copy number gains seem to have increased
ctDNA shedding, which may be due to increased metabolic
activity or cellular turnover (71). In this regard, TP53
alterations have been suggested to be markers of aggressiveness
and poor prognosis (78).
ctDNA AS A SURROGATE OF TUMOR
BURDEN, STAGE, AND METASTASIS

The amount of ctDNA has been associated with tumor size,
stage, and metastasis in multiple studies (Figure 5). Specifically, a
retrospective study of serially collected liquid biopsy samples
from 40 ovarian cancer patients demonstrated a significant
correlation between lesion volume and ctDNA level (79).
Another study that analyzed samples from 640 patients with
different tumor types described a clear correlation between
ctDNA and cancer stage, reaching higher levels in patients
with advanced disease and lower levels in premalignant and
early-stage cancers (21). In line with these results, analyzing
samples from more than 20,000 patients with different tumors,
Zill and colleagues showed that those patients with premalignant
lesions or earlier stages shed less ctDNA than those with
advanced stages (68). Specifically, in NSCLC patients, Chabon
et al. were able to detect ctDNA in 42%, 67%, and 88% of patients
with stage I, II, and III diseases respectively (80). In fact, 50% of
localized tumors shed ctDNA without reaching 0.01% of the
FIGURE 5 | ctDNA amount in different cancer types: The amount of ctDNA is correlated with tumor type, size, stage and metastasis.
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ctDNA level (80); whereas advanced-stage tumors release
concentrations of ctDNA than can exceed 10% of the
cfDNA (21).

On the other hand, in ctDNA-positive patients, tumor size
and volume correlate broadly with ctDNA levels, as measured by
the mean of variant allele frequency (VAF) of single nucleotide
variants detected in plasma ctDNA (81). Currently, it is not well
established how ctDNA should be quantified. This issue is
especially controversial in tumors that do not harbor druggable
mutations. In this sense, it is not clear whether it is more
appropriate to select the highest VAF among all detected
mutations or to take all of VAFs into account through
summation, arithmetic mean, or other approaches.

In summary, ctDNA levels increase proportionally according
to tumor burden, disease stage, and metastasis, highlighting the
use of ctDNA as a prognostic biomarker. Indeed, it is well
established that patients with high levels of ctDNA have
worsened survival outcomes compared with those with lower
or even undetectable levels of ctDNA (82–85).
ctDNA TO MONITOR
TREATMENT OUTCOMES

Numerous studies show that ctDNA levels correlate well with
tumor load and therefore ctDNA dynamics can be used as a
surrogate of treatment response (86–88). In addition, the
modification of the ctDNA methylation profile has been
proposed as an alternative biomarker for treatment response
(89). It has been shown that the type of treatment, as well as the
time interval between exposures and the dose, may rate affect
ctDNA shedding. In this way, it has been suggested that targeted
therapies used in cancer patients, such as EGFR or ALK tyrosine
kinase inhibitors, promote faster ctDNA clearance than
immunotherapy (90). Furthermore, cytotoxic therapies such as
chemotherapy or ionizing radiation seem to increase cfDNA
levels due to cellular senescence (91, 92). Of note, it is well
established that some chemotherapy agents produce leukopenia.
cfDNA from dying cells dilutes ctDNA in wild-type (wt) DNA
leading to decreased levels in VAF, which may bias results.
Conversely, other cancer treatments do not release as much
cfDNA due to its mainly cytostatic effect, implying cell growth
arrest (93). In the neoadjuvant setting, ctDNA has been shown to
correlate well with tumor response to treatment. Recently,
NADIM investigators have shown that ctDNA clearance after
neoadjuvant chemo-immunotherapy outperformed tumor
response to treatment measured by CT-scans and according to
RECIST criteria in the prediction of survival (94). Similarly, a
significant association between pathological complete response
and ctDNA clearance was reported in the CheckMate 816 trial
(95). Measurement of residual disease following neoadjuvant
treatment that accurately predicts long-term survival is an
essential requirement for clinical trial development. Although
further studies are needed, ctDNA postulates as an early
surrogate of survival being a promising trial endpoint in the
neoadjuvant setting.
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Finally, patients with surgically resected tumors show a sharp
drop in ctDNA levels after surgery (59). However, the amount of
nonspecific cfDNA increased after tumor resection (96), due to
injury of surrounding tissue during surgery. In this sense, the
appropriate time point for plasma collection after surgery needs
to be established. In these patients, ctDNA detection allows
monitoring of minimal residual disease (MRD) after tumor
resection (97). Several platforms with exceptional sensitivities
such as cancer personalized profiling by deep sequencing
(CAPP-Seq) (98) targeted error correction sequencing
(TEC-Seq) (99), the Tracking Cancer Evolution Through
Therapy (TRACERx, Signatera) (81, 100) or CancerSEEK5
multiplex PCR (mPCR) (101) have been shown to be useful
for detection of minimal residual disease (MRD) or early
detection of cancer. In this regard, it appears that measuring
not just ctDNA can boost sensitivity. Combining ctDNA analysis
with the study of informative methylation regions improves
sensitivity (102) (Figure 3).
TECHNICAL FACTORS AFFECTING
ctDNA DETECTION

The use of ctDNA to noninvasively assess tumor genomic
variants is increasing. However, some pre-analytical and
analytical issues may affect the detection and quantification
of ctDNA.

Regarding starting material, blood plasma is a preferential
choice compared with serum because wt cfDNA released from
leukocytes during the clotting process in serum samples dilutes
ctDNA in wt DNA (103, 104). Particularly, Soo et al. reported a
higher level of cfDNA in serum (481 ng/mL) than in plasma
(17.7 ng/mL). Of note in a cohort of 33 pre-treatment serum and
75 pre-treatment plasma samples from patients with diffuse large
B cell lymphoma, Soo et al. were able to detect more genomic
alterations in plasma samples (186 vs. 22 mutations) with higher
tumor allele fraction (2.8% vs. 0.85%) (105), compared with
serum samples. In addition, plasma samples have shown less
inter-patient variability (106). The use of K2 EDTA tubes to
collect plasma samples is therefore recommended when samples
are processed within 6 hours after blood extraction (107). For
longer periods between extraction and processing, the use of
special collection tubes with stabilizing agents is recommended.
Of note successful preservation of cfDNA over 14 days at room
temperature is possible using collection tubes with stabilizing
agents (108).

Concerning sample processing, the complete removal of any
cellular component is essential. For this goal, the best option is a
two-step centrifugation at 1600g for 10 minutes for plasma
isolation (109). According to this recommendation, Herrera
et al. reported less concentration of cfDNA in plasma samples
that were centrifuged twice compared with samples that were
centrifuged only once (13 µg/l vs. 819 µg/l), revealing that cfDNA
concentrations were contaminated with genomic DNA (110).
These observations confirm that the second centrifugation step is
crucial for ctDNA analysis. Finally, it is well known that ctDNA
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integrity is better conserved as cfDNA extracts compared to
plasma when samples are stored at -80°C and avoiding freeze-
thaw cycles (103).

As already mentioned, body fluids other than blood have
shown a higher concentration of cfDNA compared to blood
samples in patients with lung adenocarcinoma with EGFR
mutations (1.90 vs. 0.36 ng/µL; p=0.0130). Likewise, CSF from
patients with primary brain tumors such as glioblastoma, glioma,
or primary central nervous system lymphoma showed higher
amounts of ctDNA compared to peripheral blood (18, 19).

Technical procedures for cfDNA isolation can be classified
into three categories: phase isolation, silicon membrane-based
spin column, and magnetic bead-based isolation. Phase isolation
methods may lead to a high cfDNA isolation yield and a wide
range of DNA fragment sizes. On the other hand, spin column
and magnetic bead-based methods have lower efficiency but
show a higher selective recovery for DNA fragments of a
certain size (111, 112). Specifically, cfDNA purification using
magnetic beads appears to recover higher amounts of small
cfDNA fragments compared to silica membrane methods
(113). In any case, automated processing should be performed
to reduce operator variability (114). Nevertheless, within
automatic methods, Pérez-Barrios et al. reported different
recovery of mono-, di- and tri-nucleosomes DNA fragments
when analyzing 34 cfDNA samples obtained from 17 plasma
samples from cancer patients extracted by Maxwell® RSC
ccfDNA Plasma Kit (Promega Corporation, Madison, WI,
USA) and MagNA Pure Compact Nucleic Acid Isolation Kit I
(Roche Diagnostics, Penzberg, Germany) methodologies (112).

Currently, several platforms are available for noninvasive
biomarker testing some of which have received approval from
regulatory agencies. There is a wide range of reported
sensitivities of the different methodological approaches, in this
way PCR-based approaches have a significantly lower limit of
detection (LOD) compared to other technologies such as dPCR
and NGS (115). Although dPCR offers an ultra-high sensitivity
for ctDNA analysis, only a few known mutations can be tested at
a time, whereas NGS technologies allow the screening of multiple
genomic alterations, known or unknown. In addition, NGS
enables the combination of genomic data and epigenomic
signatures, which may improve sensitivity (116) (Figure 3). In
any case, the knowledge of the limitations of the different
technical approaches for ctDNA analysis is crucial for the
accurate interpretation of the results (117).

cfDNA input remains the major limiting factor, and for most
techniques using less than 20 ng of cfDNA may impair results. A
study by Zhang Y et al. showed that the sensitivity declined from
Frontiers in Oncology | www.frontiersin.org 7808181
82.6% to 46.7% when using cfDNA inputs of ≥ 5 ng per reaction
and < 2 ng, respectively (118). Furthermore, several comparative
studies have clearly reported that, among other technical factors,
discordant calls mostly occur at low VAF (115, 119), and
therefore VAFs should always be reported in clinical reports.

Finally, it is important to point out that clonal hematopoiesis
(CH) constitutes an important source of false-positive calls. CH
is defined by the presence of a somatic mutation in blood or
hematopoietic progenitor cells, but without other diagnostic
criteria for hematological malignancy. It is more frequent in
aged patients and patients with solid tumors and of course, it is
more likely to be detected with deeper sequencing approaches
(120). Importantly, CH-derived mutations can lead to erroneous
sequencing results which thereby might guide erratic treatment
recommendations (121).
CONCLUSIONS
Liquid biopsy overcomes some tissue biopsy limitations such as
tumor heterogeneity, tissue availability, and risks associated with
the invasive procedure. Among the biological components of
body fluids, ctDNA has emerged as a pivotal analyte for the
management of cancer patients. However, ctDNA detection and
quantification are affected by several physio-pathological
conditions and a deeper knowledge of factors affecting ctDNA
kinetics is needed. The size fragment pattern, nucleosome, and
methylation profile of ctDNA may differ according to the
original tissue and the mechanism of release, which may be
clinically informative, and methodological approaches capable to
explode this information are of particular interest.
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L’homme [Nuclear Acids In Human Blood Plasma]. C R Seances Soc Biol
Fil (1948) 142(3-4):241–3.

9. Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free DNA in the Serum of
Cancer Patients and the Effect of Therapy. Cancer Res (1977) 37(3):646–50.

10. Thierry AR, El Messaoudi S, Gahan PB, Anker P, Stroun M. Origins,
Structures, and Functions of Circulating DNA in Oncology. Cancer
Metastasis Rev (2016) 35(3):347–76. doi: 10.1007/s10555-016-9629-x

11. Zhang L, Riethdorf S, Wu G, Wang T, Yang K, Peng G, et al. Meta-Analysis
of the Prognostic Value of Circulating Tumor Cells in Breast Cancer. Clin
Cancer Res (2012) 18(20):5701–10. doi: 10.1158/1078-0432.CCR-12-1587

12. Kulasinghe A, Schmidt H, Perry C, Whitfield B, Kenny L, Nelson C, et al. A
Collective Route to Head and Neck Cancer Metastasis. Sci Rep (2018) 8
(1):746. doi: 10.1038/s41598-017-19117-9

13. Bardelli A, Pantel K. Liquid Biopsies, What We Do Not Know (Yet). Cancer
Cell Cell Press (2017) 31(2):172–9. doi: 10.1016/j.ccell.2017.01.002

14. Thierry AR, Mouliere F, El Messaoudi S, Mollevi C, Lopez-Crapez E, Rolet F,
et al. Clinical Validation of the Detection of KRAS and BRAF Mutations
From Circulating Tumor DNA. Nat Med (2014) 20(4):430–5. doi: 10.1038/
nm.3511

15. Cescon DW, Bratman SV, Chan SM, Siu LL. Circulating Tumor DNA and
Liquid Biopsy in Oncology. Nat Cancer (2020) 1(3):276–90. doi: 10.1038/
s43018-020-0043-5

16. Siravegna G, Marsoni S, Siena S, Bardelli A. Integrating Liquid Biopsies Into
the Management of Cancer. Nat Rev Clin Oncol (2017) 14(9):531–48.
doi: 10.1038/nrclinonc.2017.14

17. Villatoro S, Mayo-de-las-Casas C, Jordana-Ariza N, Viteri-Ramıŕez S,
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Advances in Next Generation Sequencing (NGS) technologies have enabled the

accurate detection and quantification of circulating tumor-derived (ct)DNA in most

gastrointestinal (GI) cancers. The prognostic and predictive utility of ctDNA in patiets

with different stages of colorectal (CRC), gastro-esophageal (GEC) and

pancreaticobiliary cancers (PBC) are currently under active investigation. The most

mature clinical data to date are derived from studies in the prognostic utility of

personalized ctDNA-based NGS assays in the detection of minimal residual disease

(MRD) and early recurrence after surgery in CRC and other GI cancers. These

findings are being validated in several prospective studies which are designed to test

if ctDNA could outperform conventional approaches in guiding adjuvant

chemotherapy, and in post-operative surveillance in some GI cancers. Several

adaptive studies using ctDNA as a screening platform are also being used to

identify patients with actionable genomic alterations for clinical trials of targeted

therapies. In the palliative setting, ctDNA monitoring during treatment has shown

promise in the detection and tracking of clonal variants associated with acquired

resistance to targeted therapies and immune-checkpoint inhibitors (ICI). Moreover,

ctDNA may help to guide the therapeutic re-challenge of targeted therapies in

patients who have prior exposure to such treatment. This review will examine the

most updated research findings on ctDNA as a biomarker in CRC, GEC and PBCs. It

aims to provide insights into how the unique strengths of this biomarker could be

optimally leveraged in improving the management of these GI cancers.
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1 Introduction

According to GLOBOCAN 2020, several gastrointestinal (GI)

cancers are amongst the top ten most prevalent and lethal cancers in

certain parts of the world (1). Colorectal cancer (CRC) accounts for

one inevery10cancer-relateddeathsand ismostprevalent inWestern

countries. Gastric cancer (GC) and esophageal squamous cancer

(ESCC) are more common in East Asia and are responsible for one

in every 13 and one in 18 cancer-related deaths in the world,

respectively. The overall incidence rates of CRC, pancreatic cancer

(PC) and biliary cancers (BLC) are stable or declining, but GC and

esophageal adenocarcinoma (GEA) show rising trends in younger

peoplefromdevelopedcountries(1).Systemictherapyis integral tothe

management of some advancedGI cancers and the use of biomarkers

in guiding treatment decisionsmay improve patient’s outcome (2–4).

Circulating tumor DNA (ctDNA) is a non-invasive and

promising biomarker which is under active investigation in

patients with GI cancers. The term ‘liquid biopsy’ refers to the

process of sampling ctDNA, which is a component found in cell-

free DNA (cfDNA) originating from the direct release, active

secretion, necrosis or apoptosis of tumor cells into the circulation

(5, 6). Each fragment of ctDNA usually has an average size of 166

base pairs, which resembles mononucleosomal units originating

from cellular apoptosis (7). In recent years, research studies have

evaluated the utility of ctDNA in the management of some GI

cancers in these clinical settings: 1) the detection of minimal (or

molecular) residual disease (MRD) following surgical resection of

the primary tumor and in guiding adjuvant therapy; 2) assessment

of clinical response to neoadjuvant chemotherapy and/or

radiotherapy; 3) monitoring of response to palliative drug

therapies; 4) tracking of clonal dynamics and evolution during
Frontiers in Oncology 02
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targeted therapy, as well as in 5) the enrichment and selection of

patients for clinical trials of novel anti-cancer therapies (Figure 1).

The main objective of this article is to review the latest and most

salient research studies on the clinical application of ctDNA in

patients with advanced CRC, GEA, ESCC, PC and BLC. This review

will also focus on how the strengths of ctDNA can be optimally

leveraged in improving the treatment of these GI cancers.
2 Overview of ctDNA as a biomarker
in gastrointestinal cancers

The quantification of ctDNA in solid tumors generally

involves two broad categories of assays: tumor-informed and

tumor-agnostic assays (8, 9). Tumor-informed assays require a

prior knowledge of tumor-specific genomic alterations. One of

the commonest platforms used is the polymerase chain reaction

(PCR)-based assays, which include droplet digital PCR (ddPCR),

quantitative real-time (RT-qPCR) and ‘Beads, Emulsion,

Amplification and Magnetics’ (BEAMing) PCR (8, 9). Another

type of platform is to apply Next-Generation Sequencing (NGS)

on a target panel of genomic alterations, examples of which

include the Tagged-Amplicon deep sequencing (TAm-seq),

Safe-sequencing System (Safe-SeqS) and CAncer Personalized

Profiling by deep sequencing (CAPP-Seq) (8, 10). Such NGS-

based assays are highly sensitive with a Limit of Detection (LOD)

of variant allelic frequencies (VAF) as low as 0.01%, and specific

in detecting various mutations including indels, rearrangements

and copy number alterations (CNAs) in GI cancers. In contrast,

tumor-agnostic assays are broad, panel-based sequencing assays

that detect genomic alterations and methylation changes (9).
FIGURE 1

The types of clinical settings where ctDNA is being investigated as a biomarker in guiding the management of some gastrointestinal cancers.
Created with BioRender.com.
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They allow real-time tracking of novel mutational changes and

cancer-specific variants simultaneously (8, 9).

In general, the detection rates of ctDNA can vary between

different types of GI cancers. Bettegowda et al. found that ctDNA

could be detected in around 73%, 57% and 48% of patients with

CRC, GEC and PC, respectively (11). Strickler et al. reported a

high correlation between the rates of ctDNA-derived and tumor-

derived NGS-based detection of 20 most commonly mutated

genes in CRC (12). However, the detection and interpretation of

ctDNA are potentially limited by several patient-related and

assay-related factors. Discordance between tumor and plasma

samples may be influenced by intra-tumoral heterogeneity,

tumor histology, anatomical location of metastases and the

patient’s tumor burden. For instance, GC has a higher level of

genomic heterogeneity than PC and CRCs, resulting in more

variable interpatient rates of ctDNA detection. The level of

tumor DNA shedding into plasma is lower with mucinous

tumors and locoregional metastases, compared with liver

metastases in CRC (11, 13, 14).

Limitations resulting from these pre-analytical and assay-

related factors may undermine the accuracy of ctDNA results.

False-negative results may be caused by the low VAF of specific

variants or from inadequate volumes of plasma sampled (9). Since

cfDNA is also released by blood cells, the expansion of blood cells in

clonal hematopoiesis of indeterminate potential (CHIP) may

increase the level of background noise signals and false-positive

ctDNAmeasurements (15). According to a consensus statement by

the National Cancer Institute (NCI) Colon-Rectal-Anal Taskforce,

limitations related to ctDNA assays could be minimized by

standardization of a common protocol for blood collection,

sample processing, DNA extraction and analysis (16).
3 Colorectal cancer

To date, the most mature clinical data on ctDNA are derived

from patients with CRC. The detection rate of ctDNA in CRC is

relatively high compared with other GI cancers that are discussed in

this review - from an overall 73% in localized CRC (10), to 95.8% in

patients with liver metastasis (16). Figure 2 is a chronological

overview of some of the key studies on the clinical application of

ctDNA in the management of early and advanced CRC. Details of

these studies will be discussed in the following sections.
3.1 Detection of minimal residual disease
after surgery to guide adjuvant
chemotherapy and surveillance for
recurrence in early colorectal cancer

ctDNA allows the detection of MRD - residual cancer cells

that are not detectable by conventional diagnostic tools (17). The

current standard of care for stage III and some high-risk stage II
Frontiers in Oncology 03
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colon cancers are surgery followed by adjuvant chemotherapy

and then surveillance. The NCI Colon-Rectal-Anal Taskforce

recommends the minimum time-points for perioperative sample

collection to be 4-8 weeks post-resection, as cell damage during

surgical resection and wound healing may lead to a surge in

cfDNA (16).

3.1.1 Earlier studies on prognostic significance
of minimal residual disease after surgery

Earlier trials have consistently shown that ctDNA is a

powerful prognostic biomarker for the early detection of

recurrence in resectable CRC, independent of clinico-

pathological factors. Several Australian studies have reported

that the ctDNA detection rate in patients with stage II colon

cancer following surgery is 7.9%; while the ctDNA detection rate

in patients with stage III colon cancer following surgery is 21%

(18, 19). In a cohort of 486 patients with stage II-III colon

cancers and locally advanced rectal cancer (LARC), patients with

detectable ctDNA (MRD+ve) after surgery experienced lower 5-

year recurrence-free survival (RFS) rates of 38.6% versus (vs)

85.5% (P < 0.001) and overall survival (OS) rates of 64.6% vs

89.4% (P < 0.001), when compared with those patients with

undetectable ctDNA (MRD-ve) (20). In addition, the risk of

recurrence is proportionately increased with higher levels

of ctDNA VAF (hazard ratio [HR] = 1.2, 2.5 and 5.8 for VAFs

of 0.1%, 0.5% and 1%, respectively) (20).

A Danish trial showed that the risk of post-operative

recurrence increases if ctDNA becomes first detectable at the
FIGURE 2

Development of major clinical trials for ctDNA application in
colorectal cancers.
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following time-points: 7 times higher risk if soon after surgery,

17.5 times if detected after adjuvant chemotherapy, and 43.5

times during surveillance (21). Interestingly, the duration of

adjuvant chemotherapy may affect the prognostic significance of

ctDNA (22). In a post-hoc analysis from the IDEA-FRANCE trial

(which investigated the optimal duration of adjuvant

chemotherapy by comparing 6 months vs 3 months of

treatment in stage III colon cancer), ctDNA was prognostic in

patients who received 3 months of adjuvant chemotherapy and

with T4 and/or N2 tumors, but not in those treated for 6 months

and with T1-3/N1 tumors (22).

Besides investigating the prognostic significance of

postoperative ctDNA status, other studies compared the

performance of ctDNA and radiological imaging in the

detection of post-operative recurrence. However, the results are

mixed because of the different imaging intervals used across

different studies (21, 23, 24). A Danish study showed that

checking ctDNA every 6 months could detect cancer

recurrences up to 16.5 months earlier than radiologic imaging

(21). This result is supported by a prospective study using the

Signatera assay (23), where ctDNA could detect recurrences at a

median of 9.08 months earlier than imaging in 193 patients with

stage II-III CRC. In the TRACC study (25), post-operative

MRD+ve status was the most powerful prognostic factor

associated with increased RFS (HR = 28.8; 95% CI = 3.5 - 234.1;

P < 0.001), compared with clinical factors, microsatellite (MSI)

and tumor mutational burden (TMB) in 122 patients with stage

II-III CRC. In contrast, a retrospective study (n = 48, Signatera

assay) found no significant differences in the lead time or rate of

detecting postoperative recurrence between ctDNA and imaging -

the latter performed at intervals recommended by the United

States (US) National Comprehensive Cancer Network (NCCN)

guideline (24). The ongoing observational study (BESPOKE) will

evaluate the impact of ctDNA testing (Signatera assay) on

adjuvant treatment decisions and detection of recurrence in

stage I-IV CRC across over 200 US sites (26). In conclusion,

these observational studies have shown that ctDNA could

accurately detect MRD status after surgery and predict disease

recurrence, thus prospective randomized trials are warranted to

determine if ctDNA will influence treatment decisions.
3.1.2 Recently reported phase III studies
There are at least 7 ongoing phase III studies with an

interventional, observational or adaptive-platform design.

These studies investigate the utility of postoperative MRD

detection using ctDNA in guiding de-escalating or escalating

adjuvant approaches in the management of stage II-III and/or

resectable stage IV CRC (Table 1).

Several trials are investigating whether ctDNA-detected

MRD can outperform conventional methods of directing

adjuvant chemotherapy (Table 1). The DYNAMIC II (28) and

III (ACTRN-12617001566325) studies are interventional studies
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led by the Australasian Gastro-Intestinal Trials Group for

patients with stage II to III CRC. The pivotal DYNAMIC II

trial is the first of these studies to be published recently, where

455 patients with stage II colon cancer (T3 or T4, N0, M0) were

randomized in a 2:1 ratio to have treatment decisions guided by

either ctDNA results (using Safe-Seq assay in a central

laboratory) or standard clinicopathological features (29).

Patients with a positive ctDNA result at either 4-week or 7-

week after surgery received adjuvant fluoropyrimidine or

oxaliplatin-based chemotherapy. Designed to detect non-

inferiority between the 2 arms, the study met its primary

endpoint by showing that ctDNA-guided approach was non-

inferior to standard management (93.5% and 92.4% respectively;

95% CI = 4.1 - 6.2 [non-inferiority margin, −8.5% points]) in

terms of 2-year RFS. Moreover, fewer patients in the ctDNA-

guided arm received adjuvant chemotherapy (15% vs 28%;

relative risk = 1.82; 95% CI = 1.25 - 2.65). This study is the

first to show that ctDNA-guided approach to the management of

stage II colon cancer could reduce the use of adjuvant

chemotherapy use without compromising RFS. There are

several other ongoing trials which investigate the utility of

ctDNA in guiding adjuvant decisions. These include the

PEGASUS study (NCT04259944, uses the LUNAR1 assay,

Guardant Health) which has a novel, real-time adaptive

design, where patients with stage II-III CRC will switch

chemotherapy regimens based on the MRD status monitored

at 3-month intervals (30). The US NRG-led COBRA

(NCT04068103) is an escalation trial for stage II colon cancer,

where MRD+ve patients will receive adjuvant chemotherapy,

while MRD-ve patients will undergo surveillance alone (31). The

French PRODIGE 70-CIRCULATE (NCT04120701) study will

screen over 2600 patients with stage II CRC and randomize 198

MRD+ve patients post-surgery to either adjuvant FOLFOX

(infusional 5-fluorouracil, leucovorin and oxaliplatin) for 6

months or observation. Similar to the DYNAMIC studies, the

MEDOCC-CrEATE study will enroll 1320 stage II colon cancer

patients without indication for adjuvant chemotherapy based on

current practice guidelines, and randomize them into two

possible interventional arms: ctDNA-uninformed (standard

observation without adjuvant chemotherapy) vs ctDNA-

informed (adjuvant CAPOX or observation, depending on

MRD status) (29).

The largest study to date is the colossal ‘CIRCULATE-

Japan’, an adaptive platform study which investigates the

utility of ctDNA in MRD detection for patients with resectable

stage II to IV CRC via. Eligible patients are first enrolled into an

observational screening study (called GALAXY) and undergo

ctDNA testing (Signatera assay) before treatment and at defined

intervals after surgery. Each participant’s ctDNA results are

made available to the treating physicians to guide adjuvant

treatment or enrollment into either one of two interventional

phase III studies – the VEGA and ALTAIR (32). Preliminary

result of the GALAXY study on the ctDNA dynamics of 1040
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TABLE 1 Ongoing phase III or large observational studies or abstract-only reports on minimal residual disease.

Study name &
design. First
author &
reference

Study population Sample
size

Assay Timepoints of
ctDNA analysis

Primaryendpoint Preliminary
results

reported in
abstract form

TRACC
(NCT04050345)
Phase II/III.
Anandappa G,
et al. (25)

High risk stage II, stage III CRC 107 Tumor-
informed
Multiplex
PCR
(Signatera)

Before surgery or
nCRT, <8 weeks and
3 months post-
surgery.

3-year DFS -Baseline: 100/107
pts (93.4%) =
ctDNA+ve
-After treatment:
14/107 pts (13%) =
MRD +ve;
-6/14 pts (42.9%)
MRD +ve relapsed
vs 8/93 pts (8.6%)
MRD-ve,
-ctDNA status
most significant
prognostic factor
associated with
RFS

GALAXY study
(UMIN000039205)
Prospective
observational
study. Shirasu H,
et al. (27)

Stage II-III, resectable stage IV
CRC

1040 Tumor-
informed
Multiplex
PCR
(Signatera)

Before surgery,
4,12,24,36,48,72,96
weeks post-surgery

DFS -188/1040 pts
(18%) MRD+ve at
4 weeks
1-year DFS 47.5%
in MRD+ve pts, vs,
1-year DFS 92.7%
in MRD-ve pts.

VEGA study
(jRCT1031200006)
Phase III, non-
inferiority study

ctDNA-ve pts at 4 weeks after
surgery, high-risk stage II, low
risk stage III CRC

1240 Natera, Inc,
(bespoke,
mPCR-NGS)

Postoperative week 4,
then 3months after
completing adjuvant
chemo

DFS in ctDNA-ve pts randomized to
surgery alone vs adjuvant CAPOX

Not available

ALTAIR study
(NCT04457297)
Phase III

Stage II-III or resectable Stage IV
CRC who remain ctDNA+ve
within 3 months after surgery
and had adjuvant chemo

240 Tumor
-informed
Multiplex
PCR
(Signatera)

Postoperative and
monthly up to 3
months

DFS in ctDNA+ve pts despite prior
adjuvant chemo, randomized to
trifluidine/tiparicil or placebo

Not available

DYNAMIC-III
(ACTRN-
12617001566325)
Phase II/III

Stage III CRC 1000 Safe-SeqS Week 5 to 6
postoperatively, then
at end of adjuvant
chemo

RFS for ctDNA +ve cohort and
ctDNA-ve cohort, disease managed
with escalated (if ctDNA +ve) de-
escalated treatment (if ctDNA -ve)

Not available

DYNAMIC-
RECTAL
(ACTRN-
12617001560381)

Locally advanced rectal cancer 408 Safe-SeqS Week 4 and 7 post-
op

RFS for ctDNA and pathology- guided
treatment and standard of care

Not available

MEDOCC-
CrEATE (NL6281/
NTR6455)
Phase III

Stage II colon cancer 1320 PGDx elio™ Immediate post-
operatively in
intervention arm,
end of trial in
control arm

Proportion of pts receiving adjuvant
chemo when ctDNA+ve after surgery

Not available

PRODIGE 70
CIRCULATE
(NCT04120701)
Phase III

Resected stage II colon cancer 1980 ddPCR (2
methylated
markers
WIF1 and
NPY)

≥ 2 weeks and <8
week postoperatively

ctDNA +ve cohort: 3-year DFS Not available

COBRA
(NCT0406810)
Phase II/III

Resected stage IIA colon cancer 1408 Guardant
Health
LUNAR
model

Post-operatively Phase II subset: clearance of ctDNA
for ctDNA+ve pts at baseline with/
without adjuvant chemo ≤ 6 months
from baseline.
Phase III subset: RFS in ctDNA+ve
cohort randomized to with/without
adjuvant chemo

Not available

(Continued)
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(out of a target of 5200) patients have been reported (27, 33). For

all stages of CRC, patients who were MRD+ve at 4 weeks post-

surgery (18%, 188/1040 patients) had 1-year disease-free

survival (DFS) rate of 47.5%; while patients who were MRD-ve

at 4 weeks post-surgery (82%, 852/1040 patients) had a 1-year

DFS rate of 92.7% with a HR of 10.9 (95% CI = 7.8 - 15.4; P <

0.001). Adjuvant chemotherapy may be able to convert patients

who were initially MRD+ve into MRD-ve. The use of adjuvant

chemotherapy resulted in a higher proportion of patients (68%)

being converted to MRD-ve at 12-weeks post-surgery, while only

10% of patients who did not receive chemotherapy were

converted into MRD-ve. Patients who were successfully

converted from MRD+ve to MRD-ve status had better DFS. In

contrast, in patient subgroups who were MRD-ve at 4 weeks

post-surgery, the use of adjuvant chemotherapy did not

influence the DFS (HR = 1.3; 95% CI = 0.5 - 3.6%). In

conclusion, this study supports the use of ctDNA at 4 weeks

post-surgery to guide adjuvant therapy. The ongoing ALTAIR

study will randomize patients who are ctDNA+ve at any time-

point within 2 years after curative-intent surgery, to 6 months of

oral trifluridine/tipiracil or placebo. The VEGA trial investigates

a de-escalation strategy of randomizing patients who were

MRD-ve at 4 weeks post-surgery to either surgery alone or 3

months of adjuvant CAPOX.
3.2 Use of ctDNA in guiding treatment of
locally advanced rectal cancer during
preoperative chemo-radiotherapy

LARC is usually treated with multimodality treatment with

either concurrent chemoradiotherapy (chemo-RT) or total

neoadjuvant therapy (TNT) followed by total mesorectal excision
Frontiers in Oncology 06
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surgery (TME). In general, ctDNA can be detected in approximately

57 - 77% of patients before surgery, 15.6 - 22.3% of patients after

neoadjuvant therapy and 10.5 - 12% of patients after surgery -

allowing for differences in the patients and assays across studies (34–

36). Sampling of ctDNA at any of these perioperative time-points are

also prognostic to a different extent. Appelt et al. (37) found that

patients with baseline detectable hypermethylated ctDNA predicted

improved OS (HR = 2.08; 95% CI = 1.23 - 1.51) and freedom from

distant metastases (HR = 2.20; 95% CI = 1.19 - 4.07). Zhou et al. (34)

showed that median VAF in baseline ctDNA was a strong

independent predictor of metastasis-free survival (MFS) (HR =

1.27; P < 0.001). However, another study showed no association

between ctDNA at baseline and MFS (38).

There is increasing interest in organ preservation strategies to

spare patients the morbidity of a TME surgery. The recently

reported phase II OPRA trial (NCT02008656) showed that up to

half of patients may be able to achieve a clinical complete response

(cCR) with a TNT approach without a detriment to DFS. ctDNA

may complement conventional approach of predicting response to

neoadjuvant therapy. Wang et al. (39) constructed a risk model

unifying baseline ctDNA, ctDNA clearance, tumoral mutation

status and magnetic resonance imaging (MRI)-based tumor

regression grade in the prediction of pathological complete

remission (pCR) after neoadjuvant therapy. This model was

shown to be more accurate than models that were derived from

only ctDNA or only MRI-based tumor regression grade.

The role of adjuvant chemotherapy after chemo-RT and

surgery is controversial, with only one study showing a

progression-free survival (PFS) benefit with FOLFOX in stage III

LARC (40). Patients with detectable ctDNA after surgery are

significantly associated with worse RFS if ctDNA is detected as

early as 4-6 weeks after neoadjuvant chemo-RT (HR = 6.6; P <

0.001) or as late as 4-10 weeks after surgery (HR = 13.0; P < 0.001).
TABLE 1 Continued

Study name &
design. First
author &
reference

Study population Sample
size

Assay Timepoints of
ctDNA analysis

Primaryendpoint Preliminary
results

reported in
abstract form

PEGASUS
(NCT04259944)
Phase II

Resected T4N0 or stage III colon
cancer

140 Guardant

LUNAR-1™
2-4 weeks after
surgery, then 3
monthly or after
each treatment

Number of post-surgery and post-
adjuvant chemo false-negative cases
after a double ctDNA-negative
detection

Not available

CIRCULATE
AIO-KRK-0217
(NCT04089631)
Phase II

Stage II colon cancer 4812 Not reported ≤ 5 weeks
postoperatively

ctDNA+ve: DFS in pts randomized to
surgery alone or adjuvant chemo

Not available

BESPOKE
(NCT04264702)
Case-control study

Stage I-IV colon cancer 2000 Tumor
-informed
Multiplex
PCR
(Signatera)

Serially sampling
post operatively up
to 2 years

Impact of ctDNA on adjuvant
treatment decisions
Determine rate of recurrence of pts
diagnosed with CRC while
asymptomatic using ctDNA

Not available
CRC, colorectal cancer; PCR, polymerase chain reaction; DFS, disease free survival; MRD, minimal residual disease; +, positive; -, negative; RFS, relapse or recurrence-free survival, ddPCR,
digital droplet polymerase chain reaction; Pt, patients; nCRT, neoadjuvant chemoradiotherapy; chemo, chemotherapy.
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This prognostic significance of MRD+ve status is independent of

adjuvant chemotherapy and clinicopathological risk factors (36).

This finding has formed the basis of the ongoing DYNAMIC

RECTAL study (ACTRN-12617001560381) which will randomize

patients to chemotherapy or surveillance after surgery, depending

on the MRD status.

In conclusion, ctDNA has the potential of directing adjuvant

therapy and improving the accuracy of assessing response to

neoadjuvant therapy. These in turn may help to identify patients

who might be candidates for de-escalated approaches, such as

surveillance alone after TME, sphincter-preserving surgery or a

wait-and-watch approach without surgery after chemo-RT.

Validation in larger prospective trials using a risk-adapted

approach in the management of LARC are ongoing.
3.3 Monitoring response to palliative
chemotherapy in metastatic
colorectal cancer

In stage 4 CRC, ctDNA VAF is significantly associated with the

number of metastatic sites (41) and is prognostic in resectable or

unresectable metastatic CRC (42). Chemotherapy and targeted

therapy are part of the standard treatments for stage 4 CRC, and

various biomarker-guided therapies targeting BRAF mutation and

EGFR-mediated signaling have improved patient survival (3). Many

studies have reported a high concordance between tumor and

plasma in the detection of KRAS and BRAF mutations using

ddPCR (43, 44). For patients with resectable oligometastatic CRC,

detectable levels of ctDNA after surgery and/or post-operative

chemotherapy are associated with shorter RFS (45).

The dynamic changes of ctDNA during the first few cycles of

chemotherapy may predict radiologic response. In a study by Tie et

al., 74% of patients had a 10-fold decrease in ctDNA level before

cycle 2, which correlated with radiologic responses at 8-10 weeks

(odds ratio [OR] = 5.25; 95% CI = 1.38 – 19.93; P = 0.016) (46).

Conversely, an increase in ctDNA during the first cycle of

chemotherapy could predict inferior outcome (47). The findings

by Tie et al. are supported by another prospective study by Garlan et

al., where ‘ctDNA responders’ had superior radiologic response,

PFS and OS than those who were ctDNA non-responders (48).
3.4 Tracking clonal evolution and
monitoring secondary resistance to
epidermal growth factor receptor (EGFR)
antibody

3.4.1 Clonal dynamics during EGFR therapy
alone or in combination with chemotherapy

In clinical practice, RAS and BRAF mutations are routinely

analyzed to guide anti-EGFR therapy in mCRC. Other molecular

alterations also contribute to resistance to EGFR antibody
Frontiers in Oncology 07
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therapy, such as PIK3CA mutation, HER2, MET and ERBB2

amplifications (49–51). Several landmark studies have suggested

that when cancer cells are subjected to therapeutic pressure

during anti-EGFR therapy, they acquire secondary genetic

alterations in a process known as clonal evolution, which may

contribute to drug resistance. Emergence of resistant clones can

be tracked serially using ctDNA during anti-EGFR therapy, at as

early as 10 months before the overt development of clinical

resistance (52). Diaz et al. suggested that these drug-resistant

KRASmutant cancer cells are already present before a patients is

started on EGFR antibody treatment (53). To confirm these

findings, the PROSPECT-C phase II study was carried out to

track the clonal evolution of resistant subclones using ctDNA

during EGFR antibody therapy in patients with RAS-wildtype

(WT) CRC. At baseline, 50% of patients already harbored

aberrations in RAS pathway and BRAF V600E mutations in

their ctDNA (54), and most patients (86.3%) would have

detectable ctDNA levels of these resistant mutations at clinical

progression (54).

ctDNA has also been used to track clonal evolution in

treatment-naïve patients receiving EGFR antibodies together

with chemotherapy. The CALGB/SWOG 80405 (Alliance) (55)

is a first line study which randomizes patients to two different

drug sequences of first-line therapy for stage IV CRC:

chemotherapy plus EGFR antibody (cetuximab) or

chemotherapy plus VEGF antibody (bevacizumab). In the

post-hoc analysis of 133 patients with RAS/BRAF-WT CRC,

ctDNA tracking showed a trend towards a higher prevalence

of acquired mutations associated with resistance to EGFR

antibody in patients (n = 11; 15.3%) randomized to the

bevacizumab arm than patients in the cetuximab arm (n = 5;

8.2%) (OR = 2.0; P = 0.29). These provocative findings seem to

suggest that exposure to bevacizumab in the first-line setting

may increase the chance of patients acquiring EGFR antibody

resistance-associated genomic alteration, thus further validation

is warranted.
3.4.2 EGFR antibody rechallenge
ctDNA is useful in selecting patients for EGFR antibody

rechallenge. Clonal evolution is a dynamic process and therefore

the optimal time-point and ctDNA VAF thresholds for

determining whether a patient could be re-challenged with

EGFR antibody therapy need to be defined. Siravegna et al.

reported that the circulating level of mutant RAS clones increase

initially during anti-EGFR therapy and gradually fall when

therapy was withdrawn (49). Furthermore, circulating RAS

and EGFR VAF undergo exponential decay at cessation of

EGFR antibody therapy with a cumulative half-life of around

4.4 months (56). In a cohort of 80 patients who were re-treated

with EGFR antibody, an overall response rate (ORR) of 23% was

observed. A non-statistical trend towards higher ORR and PFS

was noted if these patients were re-challenged after a longer drug
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holiday (in terms of <1 vs 2 half-lives) from the last EGFR

antibody therapy (56). This knowledge may provide insight into

the optimal timing of EGFR antibody re-challenge, however, the

most appropriate VAF threshold that can guide treatment

remains unclear (16). A meta-analysis showed that in patients

without detectable RAS mutation in ctDNA, re-challenge with

EGFR antibody therapy was associated with a larger benefit in

PFS (HR = 0.40; 95% CI = 0.22 - 0.70; P = 0.001) and OS (HR =

0.37; 95% CI = 0.16 - 0.85; P = 0.02) than in patients with

detectable RAS mutation (57). Several trials investigating the

clinical impact of ctDNA-guided re-challenge of EGFR antibody

therapy are ongoing, these include the RASINTRO

(NCT03259009), FIRE4 trial (58) and the CHRONOS study

(59) (Table 2). The CHRONOS is an interventional study which

enrolls responders to EGFR antibody therapy who are ‘triple

wild-type’ in RAS, BRAF and EGFR ectodomain in ctDNA.

Patients will be re-challenged with panitumumab while ddPCR

and NGS are used to track clonal evolution. Of the 52 patients

screened in a preliminary report, 36 (69%) were triple wild-type,

27 received panitumumab with an ORR of 30% (59).

3.4.3 Other targeted therapies
For other rarer molecular subgroups such as BRAF mutant,

HER2 amplified andMSI-high (MSI-H) CRC, newer drug therapies

are becoming available in the clinic (3). ctDNA monitoring has

been used to track clonal evolutions in patient subgroups with

BRAF V600E mutations and HER2 alterations in some clinical

trials. In an exploratory analysis of the phase III BEACON trial (60)

which demonstrated the superiority of targeting BRAF-EGFR-MEK

inhibition with encorafenib-binimetinib-cetuximab over

cetuximab-chemotherapy, over 90% of patients had detectable
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BRAF V600E mutations in ctDNA (GuardantOMNI assay).

ctDNA VAF was found to be prognostic but not predictive of

drug response (61). Patients with low ctDNAVAF (defined as lower

than the median VAF) had longer median OS (14.8 months; 95%

CI = 11.7 – 23.0) than in those with higher VAF (5.4 months; 95%

CI = 4.4 – 6.1) when treated with encorafenib-cetuximab (61). In

the phase II TRIUMPH trial (UMIN000027887) which tested the

combination of trastuzumab plus pertuzumab in patients with

HER2-amplified stage IV CRC, both tissue and ctDNA were used

for determining HER2 status. The ORR were similar in patients

who were testedHER2+ve with tissue compared with ctDNA (ORR

= 30% vs 28% respectively) (62).The COLOMATE study

(NCT03765736) is an ongoing, seamless adaptive protocol that

primarily uses ctDNA (Guardant 360) to screen patients with

secondary resistance to targeted therapies, for enrolment into 3

different clinical trials depending on their ctDNA genotype:

panitumumab re-challenge (PULSE study NCT03992456);

tucatinib, trastuzumab, and TAS-102 for patients if ctDNA show

HER2-alteration; and re-challenge with encorafenib, cetuximab and

binimetinib if patient is BRAF V600E-mutant (63).
4 Gastric and esophageal cancer

4.1 Gastric and gastroesophageal
junction adenocarcinoma

The application of ctDNA in gastric cancers (GC) remains

challenging due to the relatively low frequency of genomic

alterations, the larger inter-patient and intra-patient temporo-

spatial heterogeneity in tumors and plasma, as well as impaired
TABLE 2 Studies evaluating circulating tumor DNA as a screening tool to detect patients who could benefit from EGFR antibody re-challenge in
metastatic colorectal cancer.

Study name Study
design

Estimated
sample
size

Assessment
method/
Assay

Mutation
analyzed

Primary outcome Secondary
outcome

Results (abstract
only)

CHRONOS
(NCT03227926)
Sartore-Bianchi A,
et al. (59)

Phase II RCT 52 ddPCR, NGS RAS/EGFR/
BRAF

ORR PFS, OS,
Toxicity

-36/52 pts (69%) negative
for RAS/BRAF/
EGFR mutations.
-ORR for rechallenge EGFR
antibody = 30%

RASINTRO
(NCT03259009)

Prospective
observational
cohort

73 NGS RAS PFS Tumor
response, OS

Not available

FIRE-4
(NCT02934529)

Phase III RCT 550 Not available RAS OS PFS, ORR,
molecular
biomarker

Not available

PULSE
(NCT03992456)

Phase II RCT 120 NGS (Guardant
360)

RAS OS PFS, ORR,
CBR

Not available

COLOMATE
(NCT03765736)

Prospective
observational
cohort

500 NGS (Guardant
360)

RAS/ERBB2/
BRAF

Proportion of patients with
an actionable genomic
profile

Not available Not available
RCT, randomised controlled trial; ddPCR, digital droplet polymerase chain reaction; NGS, next generation sequencing; ORR, overall response rate; PFS, progression free survival, OS,
overall survival; CI, confidence interval; CBR, clinical benefit rate.
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tumor shredding from peritoneal metastases (64–66). Around

37% of GC tumors contain actionable somatic mutations (e.g.

KRAS, TP53, PIK3CA) or gene amplifications (e.g. HER2, MET,

EGFR, FGFR2, ERBB2) (64, 67–69). Ichikawa et al. found that

68.1% of cancer-related genes identified in ctDNA of patients

with GC are actionable, with TP53 mutation and ERBB2 being

the most common (70). Maron et al. reported that in a large

cohort over 1600 patients with GEA, the presence of some

actionable RTK amplifications (e.g. HER2, EGFR, MET,

FGFR2) are of prognostic significance (64).

Several comparative analyses of genomic profiling using

ctDNA and tumors have been carried out in GC. The Korean

VIKTORY trial of stage IV GC reported a 89.5% concordance

between liquid and tumor biopsy for MET amplification (71).

Schrock et al. reported a 86% concordance in genomic

alterations detected in tissue and plasma derived from 417

patients with GI cancers; however, only 63% of alterations

found in ctDNA were detected in tumor, suggesting intra-

tumoral heterogeneity (69). Moreover, the concordance rate

was lower (50%) for gene amplifications such as HER2. Studies

on the concordance between HER2 amplification in tumors

using conventional methods (immunohistochemistry [IHC], or

FISH) and ctDNA have shown mixed results. Some studies

found high concordance with ddPCR (72, 73), but another

showed that only 62% of patients with known HER2+ve

tumors had detectable HER2 amplification in ctDNA (64). In

conclusion, these studies suggest that genotype information

from ctDNA is complementary but cannot replace tumor-

based NGS in GC (64).
4.1.1 Minimal residual disease detection post-
surgery

Similar to CRC, ctDNA has been investigated in the

detection of MRD detection in resectable GC, gastroesophageal

junction (GEJ) and esophageal adenocarcinoma (EAC). Data are

limited by the relatively low level of ctDNA found before surgery

(42 - 47%) in GC or EAC (74, 75). In one of the largest study in

GEA, Maron et al. evaluated the utility of a commercial ctDNA-

NGS assay (Guardant 360) 1630 patients with GC and EACs.

MRD detection after curative surgery of EACs is strongly

associated with an increased risk of recurrence (64). Kim et al.

found that postoperative MRD+ve status in stage I-III GC

precedes radiographic progression by 6 months (76), and is

associated with shorter DFS (HR = 14.78; 95% CI = 7.991 –

61.29; P < 0.0001) and OS (HR = 7.664; 95% CI = 2.916 – 21.06;

P = 0.002) (75). Similar findings are also reported by Openshaw

et al. in GEJ cancers with shorter RFS (HR = 3.7; P = 0.028) (77).
4.1.2 CtDNA in patients with advanced gastric
cancer undergoing systemic therapy

In patients with advanced GC undergoing systemic therapy,

Maron et al. showed that the maximal tumor VAF (maxVAF) in
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ctDNA could reflect tumor burden, such that in patients with a

baseline maxVAF level of > 0.5%, who experienced a ≥ 50% fall in

themaxVAFlevelduring thefirst5monthsof systemic treatment,had

superiormedianOSof13.7vs8.6monthsthanthosewhohadnot (HR

=0.3; 95%CI=0.1–0.8; P=0.02) (64). The role of ctDNAin tracking

clonal evolution in patients undergoing trastuzumab or lapatinib-

based therapy has been evaluated in another study, where ctDNA

monitoring has revealed multiple alterations that are purportedly

associated with secondary resistance to anti-HER2 therapies, such as

MYC,EGFR,FGFR2andMET amplifications (78), aswell asPIK3CA,

ERBB2/4,NF1 andKRAS Q61Rmutations (79, 80).

The PANGEA is the first reported prospective study using a

biomarker-guided platform to individualize patients with stage

IV GEA for systemic therapy (81). Pre-treatment tumor and

ctDNA-based NGS target sequencing, IHC of programmed

death receptor-1 ligand (PD-L1) expression, TMB and

Epstein-Barr virus (EBV) status were used to stratify and

assign patients to receive 1 out of 6 matched monoclonal

antibody against PD1, EGFR, HER2, FGFR2 or VEGFR2 (81).

The PANGEA met its primary endpoint with 45 of 68 (66%)

patients alive at 12 months - exceeding the 50% historical control

rate (81). The PLAGAST (NCT02674373) study is an ongoing

non-interventional study which is aimed at evaluating the

association of ctDNA dynamics with prognosis and response

in patients with GC undergoing systemic therapy. The

Oesophageal Cancer Clinical Molecular Stratification

(OCCAMS) Consortium is leading an ongoing study of

patients with resectable EAC where ctDNA will be performed

(Signatera assay) during postoperative surveillance. A

preliminary report on 12 patients showed that MRD+ve has a

sensitivity and specificity of 100% in detecting early

postoperative recurrence (82). Ococks et al. reported that

ctDNA+ve patients have a longer median cancer-specific

survival (10.0 months) than ctDNA negative patients (29.9

months) (HR = 5.55; 95% CI = 2.42 - 12.71; P = 0.0003) (83).

Bonazzi et al. reported that detectable ctDNA variants in post-

treatment plasma is associated with inferior disease-specific

survival, and VAF increased with recurrence (84). In

conclusion, these studies validate that ctDNA is prognostic for

relapse and survival, and could be incorporated for risk

stratification of patients for adjuvant chemotherapy escalation

or de-escalation.
4.2 Esophageal squamous cell
cancer (ESCC)

The mutational profile of ESCC is different from that of

esophageal adenocarcinomas (EAC), but similar to that of other

squamous cell cancers (85, 86). In a meta-analysis on sequencing

methodologies including ctDNA analysis in ESCC, ctDNA assays

have a relatively low sensitivity of 48.9% (29.4 - 68.8%), but high

specificity of 95.5% (90.6 - 97.9%) for detecting recurrence post-
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surgery (87). The data on the utility of ctDNA in MRD detection in

ESCC are mostly derived from small, retrospective studies. Two

reports reported a decrease in ctDNA VAF in patients post-surgery

(88, 89). In patients with localized ESCC undergoing neoadjuvant

therapy, MRD+ve status post-treatment was associated with

increased risk of tumor progression (HR = 18.7; P < 0.0001),

distant metastases (HR = 32.1; P < 0.0001) and shorter disease-

specific survival (HR = 23.1; P < 0. 0001) (14).
5 Pancreatico-biliary cancer

5.1 Pancreatic ductal adenocarcinoma
(PC)

The genomic characterization of pancreatic cancer (PC)

shows that somatic mutations of KRAS, TP53, CDKN2A are

common (90). In a meta-analysis on 369 patients, KRAS

mutation can be detected in ctDNA with a pooled sensitivity

of 70% and specificity of 86% (91). However, one of the major

limitations on the clinical applicability of ctDNA-NGS in PC is

the low concordance rate of 31.9% in the tumor vs ctDNA-

derived result (91). This may be due to the hepatic clearance of

ctDNA released from the PC primary at the hepatic portal vein

(92). Another limitation is the false-positive ddPCR results

caused by benign conditions such as pancreatitis, therefore the

additional use of methylation markers has been suggested to

minimize this possibility (92, 93).

The prognostic value of ctDNA has been evaluated in a recent

meta-analysis of 48 studies of over 3000 patients with different

stages of PC. This study found that the detection of KRAS

mutations via ctDNA has a negative impact on OS and PFS in

PC (HR = 2.42; 95%CI = 1.95 - 2.99 andHR= 2.46; 95%CI = 2.01 -

3.00, respectively) (94). In localized PC, detection of ctDNA

preoperatively is associated with poorer RFS (HR = 4.1; P =

0.002) and OS (HR = 4.0; P = 0.003) (95). This is consistent in

another study, where ctDNA detection is associated with inferior

RFS and PFS (HR = 2.27; 95% CI = 1.59 – 3.24; P < 0.001) and OS

(HR = 2.04; 95% CI = 1.29 – 3.21; P = 0.002) (96). These studies

suggest that MRD detection using ctDNA in the early postoperative

period is prognostic in resectable PC (95, 97, 98), but may be

affected by the use of neoadjuvant chemotherapy (99). Nevertheless,

subsequent detection of ctDNA during surveillance strongly

predicts recurrence with a 90% sensitivity and 88% specificity

(99). The ongoing interventional phase III DYNAMIC-Pancreas

study (ACTRN-12618000335291) in early-stage PC will evaluate

the utility of ctDNA in guiding adjuvant therapy in resectable PC.

Most studies which investigated the potential of ctDNA in

monitoring response to chemotherapy in advanced PC used

KRAS genotyping, while a few targeted other clonal mutations.

KRASmutation can be detected in 36 out of 54 (67%) of patients

with advanced PC (100). Collectively, several studies have shown

that ctDNA increase tends to precede clinical progression as
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determined by imaging and serum Ca19.9 level by a few months

(100–102). In a meta-analysis of studies on patients with

detectable KRAS before treatment, conversion to undetectable

KRAS after treatment is associated with better prognosis (94).

ctDNA has also been used to track other cancer-specific

mutations such as TP53, APC, ATM, FBXW7, SMAD4,

CDKN2A and other variants (101, 103). BRCA1/2 mutations

can be found between 1-10% of PC and may predict response to

PARP inhibitors in the palliative setting (104). A study has found

a high degree of concordance in BRCA mutation detected in

tissue and plasma (103). Larger studies are needed to test the

feasibility of using ctDNA to select and monitor patients for

BRCA1/2 mutation and PARP inhibitor therapy. In conclusion,

the development of ctDNA in monitoring response to systemic

treatment is still at an early stage and requires further validation.
5.2 Biliary cancer - extrahepatic
(EHCC), intrahepatic (IHCC) and
gallbladder cancer

Most patients with cholangiocarcinomas (CC) - including

IHCC, EHCC and gallbladder cancer, are usually diagnosed at an

advanced stage where post-operative recurrence risk is high (105).

FGFR1-3 fusions and IDH1/2mutations can be found in 15 - 20% of

IHCC, where the concordance of tumor and ctDNA-derived is

higher for IHCC (92%) than that of EHCC (55%) (105). The

detection of ctDNA using target-panel NGS has been used to

track clonal evolution during chemotherapy, demonstrating that

over 60% of patients may develop new driver genes at progression

(105). There have been significant advances in the development of

new targeted therapies for CC such as IDH1 inhibitor for IDH1

mutant tumors (106), and FGFR inhibitors for tumors harboring

FGFR2 fusions (107, 108). ctDNA has been investigated in selecting

patients for such therapies and in tracking emergence of secondary

resistance to these agents. Goyal et al. were the first to describe the

molecular basis of acquired resistance to a FGFR2 antibody (BGJ39)

(109) by using serial cfDNA monitoring during treatment. An

acquired V564F mutation was found in 3 out of 4 patients who

progressed, while 2 progressors had multiple FGFR point mutations.

There was a high concordance between tissue and ctDNA in

detecting these resistant variants. This study may pave the way for

larger studies on ctDNA in guiding anti-FGFR2 therapy for CC.
6 Response monitoring of
immune-checkpoint inhibitor
therapy in GI cancers

Immune-checkpoint inhibitors (ICI) such as PD1 and CTLA-4

therapy are now part of the standard therapeutic options for stage

IVMSI-HCRC in the first and subsequent line settings. In addition,
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patients with other GI cancers that are MSI-H or TMB > 10 mut/

Mb (110) may be suitable for anti-PD1 therapy in the palliative

setting. Several studies have investigated the feasibility of ctDNA in

assessing MSI, TMB status in GI cancers. Nakamura et al.

compared ctDNA NGS (Guardant 360) and tissue based MSI

assessments in a cohort of 658 patients with advanced GI cancer

in the SCRUM-Japan GOZILA study - an observational ctDNA-

based study which screens patients with GI cancers for enrollment

into clinical trials within a nation-wide trial network (111). The

concordance between tumor and ctDNA for detection of MSI is

high with an overall percent agreement of 98.2% (95% CI = 96.8 -

99.1). In particular, ctDNA was able to identify patients with MSI-

high tumors whomight benefit from anti-PD1 therapy (111). Using

the Guardant360 assay, Maron et al. reported a 100% concordance

between tumor-derived MMR status (IHC) and plasma-derived

MSI-status using ctDNA-NGS in 6 patients (64). In contrast, there

is significant discordance between tumor and ctDNA-derived TMB

assessment. In a ‘real-life’ retrospective study of 410 patients (82 had

GI cancers) with matching TMB results from tumor and plasma-

based commercial NGS assays in the community setting, the

median TMB was higher in plasma (m = 10.5 mut/Mb) than in

tumor (m = 6.0 mut/Mb; P < 0.001). This will have obvious

implication on selecting patients with non-CRC GI cancers for

PD1 inhibitors based on ctDNATMB alone, since the drug label for

the tissue-agnostic approval of pembrolizumab recommends that

the TMB threshold should be ≥ 10 mut/mb. In conclusion, if

ctDNA TMB is used to select patients with GI cancers for PD1

inhibitor, a much higher ctDNA TMB threshold (up to 12 to 40

mut/Mb depending on the assays used) should be used to guide

treatment decisions (112).

The monitoring of ctDNA during ICI therapy has been

investigated in stage IV MSI-H CRC in a number of small cases

reports. In these studies, the following endpoints were analyzed:

the quantitation of VAF, measurement of TMB and tracking of

tumor-specific mutations such as TP53, RAS and BRAF (113).

Some studies have suggested that MSI-H CRC are often poorly-

differentiated and produce significantly lower levels of serum

tumor markers such as CEA and CA 19.9 (114–116) than well-

differentiated tumors. Therefore, ctDNA holds promise as a

blood-based predictive biomarker of response to ICI for

such patients.

In Zhang et al.’s study of 978 patients across 16 tumor types

(48 had GEAs, 32 had PC and 58 had MSI-H solid tumors) who

were undergoing ICI therapy, changes in VAF during treatment

could predict drug response, such that patients who could

completely clear ctDNA (VAF = 0) had longer PFS and OS

(P < 0.0001) than those who could not (117). Similarly, Kim et al.

also found that in a study of 61 patients with stage IV GC treated

with a PD1 inhibitor, changes in the ctDNA levels at 6 weeks

post-treatment correlated with PFS and ORR (118).

Apart from VAF clearance as an endpoint, another study by Jin

et al. investigated other endpoints e.g. ‘decline in maxVAF’ and

‘ctDNA-positivity’ via a NGS ctDNA assay, in 46 patients treated
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with PD1 inhibitor alone or in combination with chemotherapy

(119). The median PFS was significantly longer in patients who

experienced > 25% decline in maxVAF (7.3months vs 3.6months,

P = 0.0011; 53.3% vs 13.3%, P = 0.06), and in those who had

undetectable ctDNA (7.4months vs. 4.9months, P = 0.025) after

ICI-based therapy (119).
7 Current challenges and
future directions

Advances in NGS and PCR technologies have enabled the

accurate detection and quantification of ctDNA in patients with

different stages of GI cancers. There is a practical need to identify

an informative and less invasive biomarker to help guide

adjuvant, neoadjuvant and palliative drug therapies. The

strongest evidence available to date showed that ctDNA is a

strong prognostic marker when used to detect MRD following

curative intent surgery in resectable GI cancer. The DYNAMIC

II study is the first to show that ctDNA can direct adjuvant

chemotherapy in the management of stage II colon cancer

without compromising RFS. Several interventional studies with

adaptive design using ctDNA as a screening platform are

ongoing in patients with resectable CRC, PC and LARC. These

studies are designed to definitively address the questions of

whether ctDNA is superior to conventional methods of

guiding adjuvant chemotherapy on patient’s survival, and

whether ctDNA guided escalation or de-escalation of adjuvant

therapy may help to improve survival and minimize the risk of

long-term treatment-related morbidities.

In the palliative setting, there are emerging data to suggest that

ctDNA dynamics during the early treatment period are both

prognostic and/or predictive of subsequent response to systemic

treatments. Furthermore, serial measurement of ctDNA during

targeted therapies has enabled tracking of clonal evolution and

emergence of secondary resistance-related variants to some targeted

therapies. Some evidence supports the use of ctDNA in guiding

EGFR antibody rechallenge followed by ICI, while more evidence is

needed for other targeted therapies e.g. HER2 or BRAF.

As NGS technologies and other pre-analyzed variables are

refined continuously with time, the cost and accuracy of ctDNA

are likely to improve with time. There remain challenges that

need to be overcome. It is unclear whether it is more informative

to do both blood and tumor NGS at baseline than other modality

alone in guiding treatment decisions or in selecting patients for

clinical trials, given the intratumoral heterogeneity in GI cancers.

Furthermore, there is a lack in consensus on determining the

most biologically meaningful thresholds of ctDNA-related

metrics (e.g. maxVAF, percentage change in VAF) to guide

oncologists in practice. In postoperative surveillance, it is

unlikely that ctDNA will completely replace conventional

diagnostic and staging tools e.g. imaging and protein-based
frontiersin.org

https://doi.org/10.3389/fonc.2022.970242
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Lam et al. 10.3389/fonc.2022.970242
serum cancer markers in the management of GI cancers. In

clinical trials, ctDNA may potentially accelerate drug

development by facilitating the molecular genotyping of

patients for clinical trials of novel targeted therapies, in

detecting early signals of drug response and in tracking

emerging clonal resistance (120).

In conclusion, it is important to reach consensus on how

ctDNA as a biomarker should be practically incorporated into

current complex treatment algorithms to guide the treatment of

GI cancers in potentially curative and palliative settings. One of

the possible directions is to use the massive volume of genomic

data derived from the systemic profiling of ctDNA for the

development of artificial intelligence driven computational

models and programs that can be applied in the routine

oncological care of patients with GI cancers.
Author contributions

RL and BM are responsible for overall design, planning,

writing and editing of manuscript and figure. DJ is responsible

for writing up of specific sections and the table. WL, KC, GL,

ML, and JW are responsible for planning and editing of specific

sections. All authors contributed to the article and approved the

submitted version.
Funding

This review is supported in part by the Kingboard Precision

Oncology Program and the Charlie Lee Precision Immuno-
Frontiers in Oncology 12
969797
oncology program, The Chinese University of Hong Kong,

Hong Kong SAR.
Acknowledgments

We would like to thank Ms. Alice Kong for clerical assistance.
Conflict of interest

KC is a director of Take2, DRA and Novostics. KC holds

equities in Take2, DRA, Grail/Illumina. KC and WL were

previous consultants to Grail. WL holds equity in Grail/

Illumina. KC holds patents portfolio in molecular diagnostics

and receive royalties from Take2, DRA, Grail, Illumina,

Sequenome, Xcelom.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49.
doi: 10.3322/caac.21660

2. Nakamura Y, Kawazoe A, Lordick F, Janjigian YY, Shitara K. Biomarker-
targeted therapies for advanced-stage gastric and gastro-oesophageal junction
cancers: an emerging paradigm. Nat Rev Clin Oncol (2021) 18(8):473–87. doi:
10.1038/s41571-021-00492-2

3. Di Nicolantonio F, Vitiello PP, Marsoni S, Siena S, Tabernero J, Trusolino L,
et al. Precision oncology in metastatic colorectal cancer - from biology to medicine.
Nat Rev Clin Oncol (2021) 18(8):506–25. doi: 10.1038/s41571-021-00495-z

4. Hosein AN, Dougan SK, Aguirre AJ, Maitra A. Translational advances in
pancreatic ductal adenocarcinoma therapy. Nat Cancer (2022) 3(3):272–86. doi:
10.1038/s43018-022-00349-2

5. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch R-D, et al.
DNA Fragments in the blood plasma of cancer patients: Quantitations and
evidence for their origin from apoptotic and necrotic Cells1. Cancer Res (2001)
61(4):1659–65.

6. Thakur BK, Zhang H, Becker A, Matei I, Huang Y, Costa-Silva B, et al.
Double-stranded DNA in exosomes: a novel biomarker in cancer detection. Cell
Res (2014) 24(6):766–9. doi: 10.1038/cr.2014.44

7. Jiang P, Chan CWM, Chan KCA, Cheng SH, Wong J, Wong VW-S, et al.
Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients.
Proc Natl Acad Sci United States America (2015) 112(11):E1317–E25. doi: 10.1073/
pnas.1500076112

8. Siravegna G, Mussolin B, Venesio T, Marsoni S, Seoane J, Dive C, et al. How
liquid biopsies can change clinical practice in oncology. Ann Oncol (2019) 30
(10):1580–90. doi: 10.1093/annonc/mdz227

9. Larribère L, Martens UM. Advantages and challenges of using ctDNANGS to
assess the presence of minimal residual disease (MRD) in solid tumors. Cancers
(Basel) (2021) 13(22):5698. doi: 10.3390/cancers13225698

10. To YH, Lee B, Wong HL, Gibbs P, Tie J. Circulating tumour DNA to guide
treatment of gastrointestinal malignancies. Visc Med (2020) 36(5):388–96. doi:
10.1159/000509657

11. Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies.
Sci Transl Med (2014) 6(224):224ra24. doi: 10.1126/scitranslmed.3007094

12. Strickler JH, Loree JM, Ahronian LG, Parikh AR, Niedzwiecki D, Pereira
AAL, et al. Genomic landscape of cell-free DNA in patients with colorectal cancer.
Cancer Discov (2018) 8(2):164–73. doi: 10.1158/2159-8290.CD-17-1009

13. Vidal J, Muinelo L, Dalmases A, Jones F, Edelstein D, Iglesias M, et al.
Plasma ctDNA RAS mutation analysis for the diagnosis and treatment monitoring
of metastatic colorectal cancer patients. Ann Oncol (2017) 28(6):1325–32. doi:
10.1093/annonc/mdx125

14. Azad TD, Chaudhuri AA, Fang P, Qiao Y, Esfahani MS, Chabon JJ, et al.
Circulating tumor DNA analysis for detection of minimal residual disease after
frontiersin.org

https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41571-021-00492-2
https://doi.org/10.1038/s41571-021-00495-z
https://doi.org/10.1038/s43018-022-00349-2
https://doi.org/10.1038/cr.2014.44
https://doi.org/10.1073/pnas.1500076112
https://doi.org/10.1073/pnas.1500076112
https://doi.org/10.1093/annonc/mdz227
https://doi.org/10.3390/cancers13225698
https://doi.org/10.1159/000509657
https://doi.org/10.1126/scitranslmed.3007094 
https://doi.org/10.1158/2159-8290.CD-17-1009
https://doi.org/10.1093/annonc/mdx125
https://doi.org/10.3389/fonc.2022.970242
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Lam et al. 10.3389/fonc.2022.970242
chemoradiotherapy for localized esophageal cancer. Gastroenterology (2020) 158
(3):494–505 e6. doi: 10.1053/j.gastro.2019.10.039

15. Abbosh C, Swanton C, Birkbak NJ. Clonal haematopoiesis: a source of
biological noise in cell-free DNA analyses. Ann Oncol (2019) 30(3):358–9. doi:
10.1093/annonc/mdy552

16. Dasari A, Morris VK, Allegra CJ, Atreya C, Benson AB3rd, Boland P, et al.
ctDNA applications and integration in colorectal cancer: an NCI colon and rectal-
anal task forces whitepaper. Nat Rev Clin Oncol (2020) 17(12):757–70. doi:
10.1038/s41571-020-0392-0

17. Cescon DW, Bratman SV, Chan SM, Siu LL. Circulating tumor DNA and
liquid biopsy in oncology. Nat Cancer (2020) 1(3):276–90. doi: 10.1038/s43018-
020-0043-5

18. Tie J, Wang Y, Tomasetti C, Li L, Springer S, Kinde I, et al. Circulating
tumor DNA analysis detects minimal residual disease and predicts recurrence in
patients with stage II colon cancer. Sci Transl Med (2016) 8(346):346ra92. doi:
10.1126/scitranslmed.aaf6219

19. Tie J, Cohen JD, Wang Y, Christie M, Simons K, Lee M, et al. Circulating
tumor DNA analyses as markers of recurrence risk and benefit of adjuvant therapy
for stage III colon cancer. JAMA Oncol (2019) 5(12):1710–7. doi: 10.1001/
jamaoncol.2019.3616

20. Tie J, Cohen JD, Lo SN, Wang Y, Li L, Christie M, et al. Prognostic
significance of postsurgery circulating tumor DNA in nonmetastatic colorectal
cancer: Individual patient pooled analysis of three cohort studies. Int J Cancer
(2021) 148(4):1014–26. doi: 10.1002/ijc.33312

21. Reinert T, Henriksen TV, Christensen E, Sharma S, Salari R, Sethi H, et al.
Analysis of plasma cell-free DNA by ultradeep sequencing in patients with stages I
to III colorectal cancer. JAMA Oncol (2019) 5(8):1124–31. doi: 10.1001/
jamaoncol.2019.0528

22. Taieb J, Taly V, Henriques J, Bourreau C, Mineur L, Bennouna J, et al.
Prognostic value and relation with adjuvant treatment duration of ctDNA in stage
III colon cancer: a Post hoc analysis of the PRODIGE-GERCOR IDEA-France trial.
Clin Cancer Res (2021) 27(20):5638–46. doi: 10.1158/1078-0432.CCR-21-0271

23. Tarazona N, Henriksen TV, Carbonell-Asins JA, Reinert T, Sharma S, Roda
D, et al. Circulating tumor DNA to detect minimal residual disease, response to
adjuvant therapy, and identify patients at high risk of recurrence in patients with
stage I-III CRC. J Clin Oncol (2020) 38(15_suppl):4009. doi: 10.1200/
JCO.2020.38.15_suppl.4009

24. Fakih M, Sandhu J, Wang C, Kim J, Chen YJ, Lai L, et al. Evaluation of
comparative surveillance strategies of circulating tumor DNA, imaging, and
carcinoembryonic antigen levels in patients with resected colorectal cancer.
JAMA Netw Open (2022) 5(3):e221093. doi: 10.1001/jamanetworkopen.2022.1093

25. Anandappa G, Starling N, Begum R, Bryant A, Sharma S, Renner D, et al.
Minimal residual disease (MRD) detection with circulating tumor DNA (ctDNA)
from personalized assays in stage II-III colorectal cancer patients in a U.K.
multicenter prospective study (TRACC). J Clin Oncol (2021) 39(3_suppl):102–.
doi: 10.1200/JCO.2021.39.3_suppl.102

26. Kasi PM, Sawyer S, Guilford J, Munro M, Ellers S, Wulff J, et al. BESPOKE
study protocol: a multicentre, prospective observational study to evaluate the
impact of circulating tumour DNA guided therapy on patients with colorectal
cancer. BMJ Open (2021) 11(9):e047831. doi: 10.1136/bmjopen-2020-047831

27. Shirasu H, Taniguchi H, Watanabe J, Kotaka M, Yamazaki K, Hirata K, et al.
O-11 monitoring molecular residual disease by circulating tumor DNA in
resectable colorectal cancer: Molecular subgroup analyses of a prospective
observational study GALAXY in CIRCULATE-Japan. Ann Oncol (2021) 32:
S222–S3. doi: 10.1016/j.annonc.2021.05.015

28. Tie J, Cohen JD, Lahouel K, Lo SN, Wang Y, Kosmider S, et al. Circulating
tumor DNA analysis guiding adjuvant therapy in stage II colon cancer. N Engl J
Med (2022) 386(24):2261–72. doi: 10.1056/NEJMoa2200075

29. Schraa SJ, van Rooijen KL, van der Kruijssen DEW, Rubio Alarcón C,
Phallen J, Sausen M, et al. Circulating tumor DNA guided adjuvant chemotherapy
in stage II colon cancer (MEDOCC-CrEATE): study protocol for a trial within a
cohort study. BMC Cancer (2020) 20(1):790. doi: 10.1186/s12885-020-07252-y

30. Lonardi S, Montagut C, Pietrantonio F, Elez E, Sartore-Bianchi A, Tarazona
N, et al. The PEGASUS trial: Post-surgical liquid biopsy-guided treatment of stage
III and high-risk stage II colon cancer patients. J Clin Oncol (2020) 38(15_suppl):
TPS4124–TPS. doi: 10.1200/jco.2020.38.15_suppl.tps4124

31. Morris VK, Yothers G, Kopetz S, Jacobs SA, Lucas PC, Iqbal A, et al. Phase II/III
study of circulating tumOr DNA as a predictive BiomaRker in adjuvant chemotherapy
in patients with stage II colon cancer: NRG-GI005 (COBRA). J Clin Oncol (2021) 39
(15_suppl):TPS3622–TPS. doi: 10.1200/JCO.2021.39.15_suppl.TPS3622

32. Nakamura Y, Fujisawa T, Taniguchi H, Bando H, Okamoto W, Tsuchihara
K, et al. SCRUM-Japan GI-SCREEN and MONSTAR-SCREEN: Path to the
realization of biomarker-guided precision oncology in advanced solid tumors.
Cancer Sci (2021) 112(11):4425–32. doi: 10.1111/cas.15132
Frontiers in Oncology 13
979898
33. Taniguchi H, Nakamura Y, Kotani D, Yukami H, Mishima S, Sawada K,
et al. CIRCULATE-Japan: Circulating tumor DNA-guided adaptive platform trials
to refine adjuvant therapy for colorectal cancer. Cancer Sci (2021) 112(7):2915–20.
doi: 10.1111/cas.14926

34. Zhou J, Wang C, Lin G, Xiao Y, Jia W, Xiao G, et al. Serial circulating tumor
DNA in predicting and monitoring the effect of neoadjuvant chemoradiotherapy in
patients with rectal cancer: A prospective multicenter study. Clin Cancer Res (2021)
27(1):301–10. doi: 10.1158/1078-0432.CCR-20-2299

35. Murahashi S, Akiyoshi T, Sano T, Fukunaga Y, Noda T, Ueno M, et al. Serial
circulating tumour DNA analysis for locally advanced rectal cancer treated with
preoperative therapy: prediction of pathological response and postoperative
recurrence. Br J Cancer (2020) 123(5):803–10. doi: 10.1038/s41416-020-0941-4

36. Tie J, Cohen JD, Wang Y, Li L, Christie M, Simons K, et al. Serial circulating
tumour DNA analysis during multimodality treatment of locally advanced rectal
cancer: a prospective biomarker study. Gut (2019) 68(4):663–71. doi: 10.1136/
gutjnl-2017-315852

37. Appelt AL, Andersen RF, Lindebjerg J, Jakobsen A. Prognostic value of
serum NPY hypermethylation in neoadjuvant chemoradiotherapy for rectal cancer:
Secondary analysis of a randomized trial. Am J Clin Oncol (2020) 43(1):9–13. doi:
10.1097/COC.0000000000000609

38. Khakoo S, Carter PD, Brown G, Valeri N, Picchia S, Bali MA, et al. MRI
Tumor regression grade and circulating tumor DNA as complementary tools to
assess response and guide therapy adaptation in rectal cancer. Clin Cancer Res
(2020) 26(1):183–92. doi: 10.1158/1078-0432.CCR-19-1996

39. Wang Y, Yang L, Bao H, Fan X, Xia F, Wan J, et al. Utility of ctDNA in
predicting response to neoadjuvant chemoradiotherapy and prognosis assessment
in locally advanced rectal cancer: A prospective cohort study. PloS Med (2021) 18
(8):e1003741. doi: 10.1371/journal.pmed.1003741

40. Hong YS, Kim SY, Lee JS, Nam B-H, K-p K, JE K, et al. Oxaliplatin-based
adjuvant chemotherapy for rectal cancer after preoperative chemoradiotherapy
(ADORE): Long-term results of a randomized controlled trial. J Clin Oncol (2019)
37(33):3111–23. doi: 10.1200/JCO.19.00016

41. Osumi H, Shinozaki E, Takeda Y, Wakatsuki T, Ichimura T, Saiura A, et al.
Clinical relevance of circulating tumor DNA assessed through deep sequencing in
patients with metastatic colorectal cancer. Cancer Med (2019) 8(1):408–17. doi:
10.1002/cam4.1913

42. Jones RP, Pugh SA, Graham J, Primrose JN, Barriuso J. Circulating tumour
DNA as a biomarker in resectable and irresectable stage IV colorectal cancer; a
systematic review and meta-analysis. Eur J Cancer (2021) 144:368–81. doi: 10.1016/
j.ejca.2020.11.025

43. Thierry AR, Mouliere F, El Messaoudi S, Mollevi C, Lopez-Crapez E, Rolet
F, et al. Clinical validation of the detection of KRAS and BRAF mutations from
circulating tumor DNA. Nat Med (2014) 20(4):430–5. doi: 10.1038/nm.3511

44. Spindler KL, Pallisgaard N, Appelt AL, Andersen RF, Schou JV, Nielsen D,
et al. Clinical utility of KRAS status in circulating plasma DNA compared to
archival tumour tissue from patients with metastatic colorectal cancer treated with
anti-epidermal growth factor receptor therapy. Eur J Cancer (2015) 51(17):2678–
85. doi: 10.1016/j.ejca.2015.06.118

45. Wang DS, Yang H, Liu XY, Chen ZG, Wang Y, Fong WP, et al. Dynamic
monitoring of circulating tumor DNA to predict prognosis and efficacy of adjuvant
chemotherapy after resection of colorectal liver metastases. Theranostics. (2021) 11
(14):7018–28. doi: 10.7150/thno.59644

46. Tie J, Kinde I, Wang Y, Wong HL, Roebert J, Christie M, et al. Circulating
tumor DNA as an early marker of therapeutic response in patients with metastatic
colorectal cancer. Ann Oncol (2015) 26(8):1715–22. doi: 10.1093/annonc/mdv177

47. Lyskjaer I, Kronborg CS, Rasmussen MH, Sorensen BS, Demuth C,
Rosenkilde M, et al. Correlation between early dynamics in circulating tumour
DNA and outcome from FOLFIRI treatment in metastatic colorectal cancer. Sci
Rep (2019) 9(1):11542. doi: 10.1038/s41598-019-47708-1

48. Garlan F, Laurent-Puig P, Sefrioui D, Siauve N, Didelot A, Sarafan-Vasseur
N, et al. Early evaluation of circulating tumor DNA as marker of therapeutic
efficacy in metastatic colorectal cancer patients (PLACOL study). Clin Cancer Res
(2017) 23(18):5416–25. doi: 10.1158/1078-0432.CCR-16-3155

49. Siravegna G, Mussolin B, Buscarino M, Corti G, Cassingena A, Crisafulli G,
et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal
cancer patients. Nat Med (2015) 21(7):795–801. doi: 10.1038/nm.3870

50. Mohan S, Heitzer E, Ulz P, Lafer I, Lax S, Auer M, et al. Changes in
colorectal carcinoma genomes under anti-EGFR therapy identified by whole-
genome plasma DNA sequencing. PloS Genet (2014) 10(3):e1004271. doi:
10.1371/journal.pgen.1004271

51. Pietrantonio F, Vernieri C, Siravegna G, Mennitto A, Berenato R, Perrone F,
et al. Heterogeneity of acquired resistance to anti-EGFR monoclonal antibodies in
patients with metastatic colorectal cancer. Clin Cancer Res (2017) 23(10):2414–22.
doi: 10.1158/1078-0432.CCR-16-1863
frontiersin.org

https://doi.org/10.1053/j.gastro.2019.10.039
https://doi.org/10.1093/annonc/mdy552
https://doi.org/10.1038/s41571-020-0392-0
https://doi.org/10.1038/s43018-020-0043-5
https://doi.org/10.1038/s43018-020-0043-5
https://doi.org/10.1126/scitranslmed.aaf6219
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1002/ijc.33312
https://doi.org/10.1001/jamaoncol.2019.0528
https://doi.org/10.1001/jamaoncol.2019.0528
https://doi.org/10.1158/1078-0432.CCR-21-0271
https://doi.org/10.1200/JCO.2020.38.15_suppl.4009
https://doi.org/10.1200/JCO.2020.38.15_suppl.4009
https://doi.org/10.1001/jamanetworkopen.2022.1093
https://doi.org/10.1200/JCO.2021.39.3_suppl.102
https://doi.org/10.1136/bmjopen-2020-047831
https://doi.org/10.1016/j.annonc.2021.05.015
https://doi.org/10.1056/NEJMoa2200075
https://doi.org/10.1186/s12885-020-07252-y
https://doi.org/10.1200/jco.2020.38.15_suppl.tps4124
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS3622
https://doi.org/10.1111/cas.15132
https://doi.org/10.1111/cas.14926
https://doi.org/10.1158/1078-0432.CCR-20-2299
https://doi.org/10.1038/s41416-020-0941-4
https://doi.org/10.1136/gutjnl-2017-315852
https://doi.org/10.1136/gutjnl-2017-315852
https://doi.org/10.1097/COC.0000000000000609
https://doi.org/10.1158/1078-0432.CCR-19-1996
https://doi.org/10.1371/journal.pmed.1003741
https://doi.org/10.1200/JCO.19.00016
https://doi.org/10.1002/cam4.1913
https://doi.org/10.1016/j.ejca.2020.11.025
https://doi.org/10.1016/j.ejca.2020.11.025
https://doi.org/10.1038/nm.3511
https://doi.org/10.1016/j.ejca.2015.06.118
https://doi.org/10.7150/thno.59644
https://doi.org/10.1093/annonc/mdv177
https://doi.org/10.1038/s41598-019-47708-1
https://doi.org/10.1158/1078-0432.CCR-16-3155
https://doi.org/10.1038/nm.3870
https://doi.org/10.1371/journal.pgen.1004271
https://doi.org/10.1158/1078-0432.CCR-16-1863
https://doi.org/10.3389/fonc.2022.970242
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Lam et al. 10.3389/fonc.2022.970242
52. Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M, Liska D, et al.
Emergence of KRAS mutations and acquired resistance to anti-EGFR therapy in
colorectal cancer. Nature (2012) 486(7404):532–6. doi: 10.1038/nature11156

53. Diaz LAJr., Williams RT, Wu J, Kinde I, Hecht JR, Berlin J, et al. The
molecular evolution of acquired resistance to targeted EGFR blockade in colorectal
cancers. Nature (2012) 486(7404):537–40. doi: 10.1038/nature11219

54. Khan KH, Cunningham D, Werner B, Vlachogiannis G, Spiteri I, Heide T,
et al. Longitudinal liquid biopsy and mathematical modeling of clonal evolution
forecast time to treatment failure in the PROSPECT-c phase II colorectal cancer
clinical trial. Cancer Discov (2018) 8(10):1270–85. doi: 10.1158/2159-8290.CD-17-
0891

55. Raghav KPS, Ou F-S, Venook AP, Innocenti F, Sun R, Lenz H-J, et al.
Circulating tumor DNA dynamics on front-line chemotherapy with bevacizumab
or cetuximab in metastatic colorectal cancer: A biomarker analysis for acquired
genomic alterations in CALGB/SWOG 80405 (Alliance) randomized trial. J Clin
Oncol (2022) 40(4_suppl):193–. doi: 10.1200/JCO.2022.40.4_suppl.193

56. Parseghian CM, Loree JM, Morris VK, Liu X, Clifton KK, Napolitano S, et al.
Anti-EGFR-resistant clones decay exponentially after progression: implications for
anti-EGFR re-challenge. Ann Oncol (2019) 30(2):243–9. doi: 10.1093/annonc/
mdy509

57. Vlachou MS, Mauri D, Zarkavelis G, Ntellas P, Tagkas C, Gkoura S, et al.
Plasma ctDNA RAS status selects patients for anti-EGFR treatment rechallenge in
metastatic colorectal cancer: a meta-analysis. Exp Oncol (2021) 43(3):252–6. doi:
10.32471/exp-oncology.2312-8852.vol-43-no-3.16592

58. Stintzing S, Weikersthal Lv, Fuchs M, Kaiser F, Heinrich K, Modest DP,
et al. Randomized study to investigate a switch maintenance concept with 5-FU
plus bevacizumab after FOLFIRI plus cetuximab induction treatment versus
continued treatment with FOLFIRI plus cetuximab: Report of a secondary
endpoint of the phase-III FIRE-4 study (AIO KRK-0114). J Clin Oncol (2022) 40
(16_suppl):3519–. doi: 10.1200/JCO.2022.40.16_suppl.3519

59. Sartore-Bianchi A, Pietrantonio F, Lonardi S, Mussolin B, Rua F, Fenocchio
E, et al. Phase II study of anti-EGFR rechallenge therapy with panitumumab driven
by circulating tumor DNA molecular selection in metastatic colorectal cancer: The
CHRONOS trial. J Clin Oncol (2021) 39(15_suppl):3506–. doi: 10.1200/
JCO.2021.39.15_suppl.3506

60. Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai J, Yoshino T, et al.
Encorafenib, binimetinib, and cetuximab in BRAF V600E-mutated colorectal
cancer. N Engl J Med (2019) 381(17):1632–43. doi: 10.1056/NEJMoa1908075

61. Kopetz S, Murphy DA, Pu J, Yaeger R, Ciardiello F, Desai J, et al. Evaluation
of baseline BRAF V600E mutation in circulating tumor DNA and efficacy response
from the BEACON study. J Clin Oncol (2022) 40(4_suppl):162–. doi: 10.1200/
JCO.2022.40.4_suppl.162

62. Nakamura Y, Okamoto W, Kato T, Esaki T, Kato K, Komatsu Y, et al.
Circulating tumor DNA-guided treatment with pertuzumab plus trastuzumab for
HER2-amplified metastatic colorectal cancer: a phase 2 trial. Nat Med (2021) 27
(11):1899–903. doi: 10.1038/s41591-021-01553-w

63. Yoshino T. COLOMATE challenge to overcome resistance in metastatic
colorectal cancer. Oncol (Williston Park) (2021) 35(10):656. doi: 10.46883/
ONC.2021.3510.0656

64. Maron SB, Chase LM, Lomnicki S, Kochanny S, Moore KL, Joshi SS, et al.
Circulating tumor DNA sequencing analysis of gastroesophageal adenocarcinoma.
Clin Cancer Res (2019) 25(23):7098–112. doi: 10.1158/1078-0432.CCR-19-1704

65. Frankell AM, Jammula S, Li X, Contino G, Killcoyne S, Abbas S, et al. The
landscape of selection in 551 esophageal adenocarcinomas defines genomic biomarkers
for the clinic. Nat Genet (2019) 51(3):506–16. doi: 10.1038/s41588-018-0331-5

66. Pectasides E, Stachler MD, Derks S, Liu Y, Maron S, Islam M, et al. Genomic
heterogeneity as a barrier to precision medicine in gastroesophageal adenocarcinoma.
Cancer Discovery (2018) 8(1):37–48. doi: 10.1158/2159-8290.CD-17-0395

67. Deng N, Goh LK, Wang H, Das K, Tao J, Tan IB, et al. A comprehensive
survey of genomic alterations in gastric cancer reveals systematic patterns of
molecular exclusivity and co-occurrence among distinct therapeutic targets. Gut.
(2012) 61(5):673–84. doi: 10.1136/gutjnl-2011-301839

68. Kato S, Okamura R, Baumgartner JM, Patel H, Leichman L, Kelly K, et al.
Analysis of circulating tumor DNA and clinical correlates in patients with
esophageal, gastroesophageal junction, and gastric adenocarcinoma. Clin Cancer
Res (2018) 24(24):6248–56. doi: 10.1158/1078-0432.CCR-18-1128

69. Schrock AB, Pavlick D, Klempner SJ, Chung JH, Forcier B, Welsh A, et al.
Hybrid capture-based genomic profiling of circulating tumor DNA from patients
with advanced cancers of the gastrointestinal tract or anus. Clin Cancer Res (2018)
24(8):1881–90. doi: 10.1158/1078-0432.CCR-17-3103

70. Ichikawa H, Nagahashi M, Shimada Y, Hanyu T, Ishikawa T, Kameyama H,
et al. Actionable gene-based classification toward precision medicine in gastric
cancer. Genome Med (2017) 9(1):93. doi: 10.1186/s13073-017-0484-3

71. Lee J, Kim ST, Kim K, Lee H, Kozarewa I, Mortimer PGS, et al. Tumor
genomic profiling guides patients with metastatic gastric cancer to targeted
Frontiers in Oncology 14
989999
treatment: The VIKTORY umbrella trial. Cancer Discovery (2019) 9(10):1388–
405. doi: 10.1158/2159-8290.CD-19-0442

72. Wang H, Li B, Liu Z, Gong J, Shao L, Ren J, et al. HER2 copy number of
circulating tumour DNA functions as a biomarker to predict and monitor
trastuzumab efficacy in advanced gastric cancer. Eur J Cancer (2018) 88:92–100.
doi: 10.1016/j.ejca.2017.10.032

73. Shoda K, Ichikawa D, Fujita Y, Masuda K, Hiramoto H, Hamada J, et al.
Monitoring the HER2 copy number status in circulating tumor DNA by droplet
digital PCR in patients with gastric cancer. Gastric Cancer (2017) 20(1):126–35.
doi: 10.1007/s10120-016-0599-z

74. Paschold L, Binder M. Circulating tumor DNA in gastric and
gastroesophageal junction cancer. Curr Oncol (2022) 29(3):1430–41. doi:
10.3390/curroncol29030120

75. Yang J, Gong Y, Lam VK, Shi Y, Guan Y, Zhang Y, et al. Deep sequencing of
circulating tumor DNA detects molecular residual disease and predicts recurrence
in gastric cancer. Cell Death Dis (2020) 11(5):346. doi: 10.1038/s41419-020-2531-z

76. Kim YW, Kim YH, Song Y, Kim HS, Sim HW, Poojan S, et al. Monitoring
circulating tumor DNA by analyzing personalized cancer-specific rearrangements
to detect recurrence in gastric cancer. Exp Mol Med (2019) 51(8):1–10. doi:
10.1038/s12276-019-0292-5

77. Openshaw MR, Mohamed AA, Ottolini B, Fernandez-Garcia D, Richards
CJ, Page K, et al. Longitudinal monitoring of circulating tumour DNA improves
prognostication and relapse detection in gastroesophageal adenocarcinoma. Br J
Cancer (2020) 123(8):1271–9. doi: 10.1038/s41416-020-1002-8

78. Kim ST, Banks KC, Pectasides E, Kim SY, Kim K, Lanman RB, et al. Impact
of genomic alterations on lapatinib treatment outcome and cell-free genomic
landscape during HER2 therapy in HER2+ gastric cancer patients. Ann Oncol
(2018) 29(4):1037–48. doi: 10.1093/annonc/mdy034

79. Wang DS, Liu ZX, Lu YX, Bao H, Wu X, Zeng ZL, et al. Liquid biopsies to
track trastuzumab resistance in metastatic HER2-positive gastric cancer. Gut.
(2019) 68(7):1152–61. doi: 10.1136/gutjnl-2018-316522

80. Wang Y, Zhao C, Chang L, Jia R, Liu R, Zhang Y, et al. Circulating tumor
DNA analyses predict progressive disease and indicate trastuzumab-resistant
mechanism in advanced gastric cancer. EBioMedicine. (2019) 43:261–9. doi:
10.1016/j.ebiom.2019.04.003

81. Catenacci DVT, Moya S, Lomnicki S, Chase LM, Peterson BF, Reizine N, et al.
Personalized antibodies for gastroesophageal adenocarcinoma (PANGEA): A phase II
study evaluating an individualized treatment strategy for metastatic disease. Cancer
Discovery (2021) 11(2):308–25. doi: 10.1158/2159-8290.CD-20-1408

82. Ococks E, Ng A, Devonshire G, Dashner S, ChanWC, Sharma S, et al. 1491P
bespoke circulating tumor DNA assay for the detection of minimal residual disease
in esophageal adenocarcinoma patients. Ann Oncol (2020) 31:S926. doi: 10.1016/
annonc/annonc284

83. Ococks E, Frankell AM, Masque Soler N, Grehan N, Northrop A, Coles H,
et al. Longitudinal tracking of 97 esophageal adenocarcinomas using liquid biopsy
sampling. Ann Oncol (2021) 32(4):522–32. doi: 10.1016/j.annonc.2020.12.010

84. Bonazzi VF, Aoude LG, Brosda S, Lonie JM, Patel K, Bradford JJ, et al.
ctDNA as a biomarker of progression in oesophageal adenocarcinoma. ESMO
Open (2022) 7(3):100452. doi: 10.1016/j.esmoop.2022.100452

85. Lin DC, Hao JJ, Nagata Y, Xu L, Shang L, Meng X, et al. Genomic and
molecular characterization of esophageal squamous cell carcinoma. Nat Genet
(2014) 46(5):467–73. doi: 10.1038/ng.2935

86. Gao YB, Chen ZL, Li JG, Hu XD, Shi XJ, Sun ZM, et al. Genetic landscape of
esophageal squamous cell carcinoma. Nat Genet (2014) 46(10):1097–102. doi:
10.1038/ng.3076

87. Chidambaram S, Markar SR. Clinical utility and applicability of circulating
tumor DNA testing in esophageal cancer: a systematic review and meta-analysis.
Dis Esophagus (2022) 35(2):doab046. doi: 10.1093/dote/doab046

88. Luo H, Li H, Hu Z, Wu H, Liu C, Li Y, et al. Noninvasive diagnosis and
monitoring of mutations by deep sequencing of circulating tumor DNA in
esophageal squamous cell carcinoma. Biochem Biophys Res Commun (2016) 471
(4):596–602. doi: 10.1016/j.bbrc.2016.02.011

89. Meng P, Wei J, Geng Y, Chen S, Terpstra MM, Huang Q, et al. Targeted
sequencing of circulating cell-free DNA in stage II-III resectable oesophageal
squamous cell carcinoma patients. BMC Cancer (2019) 19(1):818. doi: 10.1186/
s12885-019-6025-2

90. Network CGAR. Integrated genomic characterization of pancreatic ductal
adenocarcinoma. Cancer Cell (2017) 32(2):185–203.e13. doi: 10.1016/j.ccell.2017.07.007

91. Luchini C, Veronese N, Nottegar A, Cappelletti V, Daidone MG, Smith L, et al.
Liquid biopsy as surrogate for tissue for molecular profiling in pancreatic cancer: A
meta-analysis towards precision medicine. Cancers (Basel) (2019) 11(8):1152. doi:
10.3390/cancers11081152

92. Rashid S, Singh N, Gupta S, Rashid S, Nalika N, Sachdev V, et al.
Progression of chronic pancreatitis to pancreatic cancer: Is there a role of gene
frontiersin.org

https://doi.org/10.1038/nature11156
https://doi.org/10.1038/nature11219
https://doi.org/10.1158/2159-8290.CD-17-0891
https://doi.org/10.1158/2159-8290.CD-17-0891
https://doi.org/10.1200/JCO.2022.40.4_suppl.193
https://doi.org/10.1093/annonc/mdy509
https://doi.org/10.1093/annonc/mdy509
https://doi.org/10.32471/exp-oncology.2312-8852.vol-43-no-3.16592
https://doi.org/10.1200/JCO.2022.40.16_suppl.3519
https://doi.org/10.1200/JCO.2021.39.15_suppl.3506
https://doi.org/10.1200/JCO.2021.39.15_suppl.3506
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1200/JCO.2022.40.4_suppl.162
https://doi.org/10.1200/JCO.2022.40.4_suppl.162
https://doi.org/10.1038/s41591-021-01553-w
https://doi.org/10.46883/ONC.2021.3510.0656
https://doi.org/10.46883/ONC.2021.3510.0656
https://doi.org/10.1158/1078-0432.CCR-19-1704
https://doi.org/10.1038/s41588-018-0331-5
https://doi.org/10.1158/2159-8290.CD-17-0395
https://doi.org/10.1136/gutjnl-2011-301839
https://doi.org/10.1158/1078-0432.CCR-18-1128
https://doi.org/10.1158/1078-0432.CCR-17-3103
https://doi.org/10.1186/s13073-017-0484-3
https://doi.org/10.1158/2159-8290.CD-19-0442
https://doi.org/10.1016/j.ejca.2017.10.032
https://doi.org/10.1007/s10120-016-0599-z
https://doi.org/10.3390/curroncol29030120
https://doi.org/10.1038/s41419-020-2531-z
https://doi.org/10.1038/s12276-019-0292-5
https://doi.org/10.1038/s41416-020-1002-8
https://doi.org/10.1093/annonc/mdy034
https://doi.org/10.1136/gutjnl-2018-316522
https://doi.org/10.1016/j.ebiom.2019.04.003
https://doi.org/10.1158/2159-8290.CD-20-1408
https://doi.org/10.1016/annonc/annonc284
https://doi.org/10.1016/annonc/annonc284
https://doi.org/10.1016/j.annonc.2020.12.010
https://doi.org/10.1016/j.esmoop.2022.100452
https://doi.org/10.1038/ng.2935
https://doi.org/10.1038/ng.3076
https://doi.org/10.1093/dote/doab046
https://doi.org/10.1016/j.bbrc.2016.02.011
https://doi.org/10.1186/s12885-019-6025-2
https://doi.org/10.1186/s12885-019-6025-2
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.3390/cancers11081152
https://doi.org/10.3389/fonc.2022.970242
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Lam et al. 10.3389/fonc.2022.970242
mutations as a screening tool? Pancreas (2018) 47(2):227–32. doi: 10.1097/
MPA.0000000000000975

93. Kisiel JB, Raimondo M, Taylor WR, Yab TC, Mahoney DW, Sun Z, et al.
New DNA methylation markers for pancreatic cancer: Discovery, tissue validation,
and pilot testing in pancreatic juice. Clin Cancer Res (2015) 21(19):4473–81. doi:
10.1158/1078-0432.CCR-14-2469

94. Milin-Lazovic J, Madzarevic P, Rajovic N, Djordjevic V, Milic N, Pavlovic S,
et al. Meta-analysis of circulating cell-free DNA's role in the prognosis of pancreatic
cancer. Cancers (Basel) (2021) 13(14):3378. doi: 10.3390/cancers13143378

95. Lee B, Lipton L, Cohen J, Tie J, Javed AA, Li L, et al. Circulating tumor DNA
as a potential marker of adjuvant chemotherapy benefit following surgery for
localized pancreatic cancer. Ann Oncol (2019) 30(9):1472–8. doi: 10.1093/annonc/
mdz200

96. Guven DC, Sahin TK, Yildirim HC, Aktepe OH, Dizdar O, Yalcin S. A
systematic review and meta-analysis of the association between circulating tumor
DNA (ctDNA) and prognosis in pancreatic cancer. Crit Rev Oncol Hematol (2021)
168:103528. doi: 10.1016/j.critrevonc.2021.103528

97. Bernard V, Kim DU, San Lucas FA, Castillo J, Allenson K, Mulu FC, et al.
Circulating nucleic acids are associated with outcomes of patients with pancreatic cancer.
Gastroenterology. (2019) 156(1):108–18.e4. doi: 10.1053/j.gastro.2018.09.022

98. Hadano N, Murakami Y, Uemura K, Hashimoto Y, Kondo N, Nakagawa N,
et al. Prognostic value of circulating tumour DNA in patients undergoing curative
resection for pancreatic cancer. Br J Cancer (2016) 115(1):59–65. doi: 10.1038/
bjc.2016.175

99. Groot VP, Mosier S, Javed AA, Teinor JA, Gemenetzis G, Ding D, et al.
Circulating tumor DNA as a clinical test in resected pancreatic cancer. Clin Cancer
Res (2019) 25(16):4973–84. doi: 10.1158/1078-0432.CCR-19-0197

100. Kruger S, Heinemann V, Ross C, Diehl F, Nagel D, Ormanns S, et al.
Repeated mutKRAS ctDNA measurements represent a novel and promising tool
for early response prediction and therapy monitoring in advanced pancreatic
cancer. Ann Oncol (2018) 29(12):2348–55. doi: 10.1093/annonc/mdy417

101. Park G, Park JK, Son DS, Shin SH, Kim YJ, Jeon HJ, et al. Utility of targeted
deep sequencing for detecting circulating tumor DNA in pancreatic cancer
patients. Sci Rep (2018) 8(1):11631. doi: 10.1038/s41598-018-30100-w

102. Tjensvoll K, Lapin M, Buhl T, Oltedal S, Steen-Ottosen Berry K, Gilje B,
et al. Clinical relevance of circulating KRAS mutated DNA in plasma from patients
with advanced pancreatic cancer. Mol Oncol (2016) 10(4):635–43. doi: 10.1016/
j.molonc.2015.11.012

103. Berger AW, Schwerdel D, Ettrich TJ, Hann A, Schmidt SA, Kleger A, et al.
Targeted deep sequencing of circulating tumor DNA in metastatic pancreatic
cancer. Oncotarget. (2018) 9(2):2076–85. doi: 10.18632/oncotarget.23330

104. Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall MJ, et al.
Maintenance olaparib for germline BRCA-mutated metastatic pancreatic cancer. N
Engl J Med (2019) 381(4):317–27. doi: 10.1056/NEJMoa1903387

105. Ettrich TJ, Schwerdel D, Dolnik A, Beuter F, Blatte TJ, Schmidt SA, et al.
Genotyping of circulating tumor DNA in cholangiocarcinoma reveals diagnostic
and prognostic information. Sci Rep (2019) 9(1):13261. doi: 10.1038/s41598-019-
49860-0

106. Abou-Alfa GK, Macarulla T, Javle MM, Kelley RK, Lubner SJ, Adeva J,
et al. Ivosidenib in IDH1-mutant, chemotherapy-refractory cholangiocarcinoma
(ClarIDHy): a multicentre, randomised, double-blind, placebo-controlled, phase 3
study. Lancet Oncol (2020) 21(6):796–807. doi: 10.1016/S1470-2045(20)30157-1
Frontiers in Oncology 15
99100100
107. Javle M, Lowery M, Shroff RT, Weiss KH, Springfeld C, Borad MJ, et al.
Phase II study of BGJ398 in patients with FGFR-altered advanced
cholangiocarcinoma. J Clin Oncol (2018) 36(3):276–82. doi: 10.1200/
JCO.2017.75.5009

108. Abou-Alfa GK, Sahai V, Hollebecque A, Vaccaro G, Melisi D, Al-Rajabi R,
et al. Pemigatinib for previously treated, locally advanced or metastatic
cholangiocarcinoma: a multicentre, open-label, phase 2 study. Lancet Oncol
(2020) 21(5):671–84. doi: 10.1016/S1470-2045(20)30109-1

109. Goyal L, Saha SK, Liu LY, Siravegna G, Leshchiner I, Ahronian LG, et al.
Polyclonal secondary FGFR2 mutations drive acquired resistance to FGFR
inhibition in patients with FGFR2 fusion-positive cholangiocarcinoma. Cancer
Discov (2017) 7(3):252–63. doi: 10.1158/2159-8290.CD-16-1000

110. Marabelle A, Le DT, Ascierto PA, Di Giacomo AM, De Jesus-Acosta A,
Delord JP, et al. Efficacy of pembrolizumab in patients with noncolorectal high
microsatellite Instability/Mismatch repair-deficient cancer: Results from the phase
II KEYNOTE-158 study. J Clin Oncol (2020) 38(1):1–10. doi: 10.1200/
JCO.19.02105

111. Nakamura Y, Okamoto W, Denda T, Nishina T, Komatsu Y, Yuki S, et al.
Clinical validity of plasma-based genotyping for microsatellite instability
assessment in advanced GI cancers: SCRUM-Japan GOZILA substudy. JCO
Precis Oncol (2022) 6:e2100383. doi: 10.1200/PO.21.00383

112. Schlauch D, Fu X, Jones SF, Burris HA, Spigel DR, Reeves J, et al. Tumor-
specific and tumor-agnostic molecular signatures associated with response to
immune checkpoint inhibitors. JCO Precis Oncol (2021) 5:1625–38. doi: 10.1200/
PO.21.00008

113. Fatima S, Ma Y, Safrachi A, Haider S, Spring KJ, Vafaee F, et al. Harnessing
liquid biopsies to guide immune checkpoint inhibitor therapy. Cancers (Basel)
(2022) 14(7):1669. doi: 10.3390/cancers14071669

114. Xiao H, Yoon YS, Hong S-M, Roh SA, Cho D-H, Yu CS, et al. Poorly
differentiated colorectal cancers: Correlation of microsatellite instability with
clinicopathologic features and survival. Am J Clin Pathol (2013) 140(3):341–7.
doi: 10.1309/AJCP8P2DYNKGRBVI

115. Siregar GA, Sibarani H. Comparison of carcinoembryonic antigen levels
among degree of differentiation and colorectal cancer's location in medan. Open
Access Maced J Med Sci (2019) 7(20):3447–50. doi: 10.3889/oamjms.2019.442

116. Kasi PM, Kamatham S, Shahjehan F, Li Z, Johnson PW, Merchea A, et al.
BRAF-V600E and microsatellite instability prediction through CA-19-9/CEA ratio
in patients with colorectal cancer. J Gastroint Oncol (2020) 11(2):236–41. doi:
10.21037/jgo.2019.12.08

117. Zhang Q, Luo J, Wu S, Si H, Gao C, Xu W, et al. Prognostic and predictive
impact of circulating tumor DNA in patients with advanced cancers treated with
immune checkpoint blockade. Cancer Discov (2020) 10(12):1842–53. doi: 10.1158/
2159-8290.CD-20-0047

118. Kim ST, Cristescu R, Bass AJ, Kim KM, Odegaard JI, Kim K, et al.
Comprehensive molecular characterization of clinical responses to PD-1
inhibition in metastatic gastric cancer. Nat Med (2018) 24(9):1449–58. doi:
10.1038/s41591-018-0101-z

119. Jin Y, Chen DL, Wang F, Yang CP, Chen XX, You JQ, et al. The predicting
role of circulating tumor DNA landscape in gastric cancer patients treated with
immune checkpoint inhibitors.Mol Cancer (2020) 19(1):154. doi: 10.1186/s12943-
020-01274-7

120. Corcoran RB. Liquid biopsy versus tumor biopsy for clinical-trial
recruitment. Nat Med (2020) 26(12):1815–6. doi: 10.1038/s41591-020-01169-6
frontiersin.org

https://doi.org/10.1097/MPA.0000000000000975
https://doi.org/10.1097/MPA.0000000000000975
https://doi.org/10.1158/1078-0432.CCR-14-2469
https://doi.org/10.3390/cancers13143378
https://doi.org/10.1093/annonc/mdz200
https://doi.org/10.1093/annonc/mdz200
https://doi.org/10.1016/j.critrevonc.2021.103528
https://doi.org/10.1053/j.gastro.2018.09.022
https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1158/1078-0432.CCR-19-0197
https://doi.org/10.1093/annonc/mdy417
https://doi.org/10.1038/s41598-018-30100-w
https://doi.org/10.1016/j.molonc.2015.11.012
https://doi.org/10.1016/j.molonc.2015.11.012
https://doi.org/10.18632/oncotarget.23330
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1038/s41598-019-49860-0
https://doi.org/10.1038/s41598-019-49860-0
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1200/JCO.2017.75.5009
https://doi.org/10.1200/JCO.2017.75.5009
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1158/2159-8290.CD-16-1000
https://doi.org/10.1200/JCO.19.02105
https://doi.org/10.1200/JCO.19.02105
https://doi.org/10.1200/PO.21.00383
https://doi.org/10.1200/PO.21.00008
https://doi.org/10.1200/PO.21.00008
https://doi.org/10.3390/cancers14071669
https://doi.org/10.1309/AJCP8P2DYNKGRBVI
https://doi.org/10.3889/oamjms.2019.442
https://doi.org/10.21037/jgo.2019.12.08
https://doi.org/10.1158/2159-8290.CD-20-0047
https://doi.org/10.1158/2159-8290.CD-20-0047
https://doi.org/10.1038/s41591-018-0101-z
https://doi.org/10.1186/s12943-020-01274-7
https://doi.org/10.1186/s12943-020-01274-7
https://doi.org/10.1038/s41591-020-01169-6
https://doi.org/10.3389/fonc.2022.970242
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Parvin Mehdipour,
Tehran University of Medical Sciences,
Iran

REVIEWED BY

Haotian Zhao,
New York Institute of Technology,
United States
Hongqing Zhuang,
Peking University Third Hospital, China

*CORRESPONDENCE

Shuanghu Yuan
yuanshuanghu@sina.com

SPECIALTY SECTION

This article was submitted to
Cancer Genetics,
a section of the journal
Frontiers in Oncology

RECEIVED 16 May 2022

ACCEPTED 07 November 2022
PUBLISHED 28 November 2022

CITATION

Bai Y, Yu Q, Liu N, Liu J, Wang D, Liu X
and Yuan S (2022) Case report:
Cerebrospinal fluid-derived circulating
tumor DNA diagnoses and guides the
treatment of a lung adenocarcinoma
case with leptomeningeal metastasis.
Front. Oncol. 12:944963.
doi: 10.3389/fonc.2022.944963

COPYRIGHT

© 2022 Bai, Yu, Liu, Liu, Wang, Liu and
Yuan. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Case Report
PUBLISHED 28 November 2022

DOI 10.3389/fonc.2022.944963
Case report: Cerebrospinal
fluid-derived circulating tumor
DNA diagnoses and guides the
treatment of a lung
adenocarcinoma case with
leptomeningeal metastasis

Yujun Bai1, Qingxi Yu2,3, Ning Liu2,3, Jingwen Liu4, Di Wang4,
Xiaoli Liu2,5 and Shuanghu Yuan2,3,6*

1Department of Radiation Oncology, Tai’an Central Hospital (Tai’an Central Hospital Affiliated to
Qingdao University, Taishan Medical Care Center), Tai’an, Shandong, China, 2Department of
Radiation Oncology, Shandong Cancer Hospital and Institute, Shandong First Medical University
and Shandong Academy of Medical Sciences, Jinan, Shandong, China, 3Department of Radiation
Oncology, Shandong Cancer Hospital Affiliated to Shandong University, Jinan, Shandong, China,
4Geneseeq Research Institute, Nanjing Geneseeq Technology Inc., Nanjing, Jiangsu, China,
5Cheeloo College of Medicine, Shandong University, Jinan, Shandong, China, 6Department of
Radiation Oncology, The Affiliated Cancer Hospital of Zhengzhou University, Henan Cancer
Hospital, Zhengzhou, Henan, China
Leptomeningeal metastasis (LM) occurs in 3~5% of non-small cell lung cancer

(NSCLC) patients. Diagnosis of patients with LM and disease monitoring

remains challenging due to the low sensitivity and specificity of the

commonly used approaches, such as cerebrospinal fluid (CSF) cytology and

magnetic resonance imaging (MRI). Therefore, new approaches are necessary

to improve the detection of LM. Recent studies have shown that circulating

tumor DNA (ctDNA) in CSF can be used to detect and monitor LM, but whether

it can serve as an early diagnostic biomarker prior to cytological and

radiographic evidence of LM involvement requires further evaluation. Here

we report a lung adenocarcinoma patient who had detectable oncogenic

mutations in the CSF ctDNA prior to confirmation of LM by CSF cytology and

MRI, highlighting the potential application of CSF ctDNA in early detection

of LM.
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Introduction

Leptomeningeal metastasis (LM) can be found in 3~5% of

NSCLC patients (1). The diagnosis of LM is usually based on the

clinical manifestations and a combination of cerebrospinal fluid

(CSF) cytology and neuroimaging characteristics. Although CSF

cytology remains the gold standard for LM detection, the

sensitivity is only 50% (2). Magnetic resonance imaging (MRI)

of the brain and spine is also a conventional technique for

valuating LM. However, it has been reported that 20-30% of

patients with confirmed LM had a false-negative MRI (3, 4).

Therefore, it is crucial to identify new approaches to improve the

diagnosis and characterization of LM in NSCLC patients. Recent

studies have shown that circulating tumor DNA (ctDNA) in CSF

can be used to characterize and monitor LM (5), but whether it

can function as an early diagnostic biomarker prior to

cytological and/or radiographic evidence of LM spread

requires further evaluation. In this case, we report the presence

of oncogenic mutations in the CSF ctDNA earlier than cytology

and MRI-confirmed LM in a lung adenocarcinoma patient and

discuss the potential application of CSF ctDNA in the early

detection of LM.
Case report

A 55-year-old female never-smoker was admitted to the

hospital in August 2019 with a pulmonary mass detected by

chest computed tomography (CT) during physical examination

(Figure 1A). Her main complaint was right scapular pain, with a

numerical rating scale score of 3. The patient had no other
Frontiers in Oncology 02
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significant pulmonary symptoms, such as cough, tachypnea, or

respiratory distress. Further pathological examination of the

biopsy of the right lung confirmed lung adenocarcinoma

(LADC). Subsequent radionuclide bone scan and abdominal

CT revealed multiple bone and liver metastases, respectively.

Thus, the patient was diagnosed with stage IVb LADC. To

identify potential treatment options, the primary lung tumor

biopsy and whole blood normal control were subjected to next-

generation sequencing (NGS) tests. While waiting for the test

results, the patient was treated with radiotherapy (48Gy/

16fractions) to the right scapula targeting the bone metastasis,

in combination with one course of chemotherapy (pemetrexed

0.8g d1+carboplatin 0.4g d2). NGS tests revealed a classic

epidermal growth factor receptor (EGFR) exon 19 (EGFR

19Del) in-frame deletion (Table 1). Thus, an EGFR-targeted

therapy, gefitinib (0.25g qd), was administered. However, ten

days following diagnosis, the patient developed severe headache

and nausea, which was accompanied by aphasia, restlessness in

the limbs, and a sudden vision loss in both eyes, suggestive of

brain abnormality. CT scan of the brain showed no obvious

abnormality. We also obtained cerebrospinal fluid (CSF)

through lumbar puncture for cytological examination and

genetic testing to further evaluate brain involvement.

While no heterotypic cells were detected in the CSF, the

same EGFR 19Del mutation was detected in the CSF ctDNA

(Figure 1). In both the primary tumor and CSF biopsies, the

EGFR mutation was detected at a relatively high mutant allele

frequency (MAF, 53.22% and 35.87%, respectively) (Table 1).

Notably, RARA c.1165G>A and HGF c.545G>A were only

present in the CSF, which might be due to inter-tumor

heterogeneity between the primary and metastatic lesions
FIGURE 1

Treatment timeline with representative clinical evaluation and radiologic images. Based on the pathological analysis of the right lung biopsy,
together with results from CT scans of the chest, abdomen and radionuclide bone, the patient was diagnosed with a clinical stage IVb LADC,
T1cN2M1c according to the eighth edition of The American Joint Committee on Cancer (AJCC) TNM classification.(A) Computed tomography
(CT) scans showed the primary tumor mass (biopsy site, arrows) in the right lung at the time of diagnosis; (B, C) Chest CT showing stable
disease (SD) following gefinitib treatment; (D) Chest CT showing stable disease in the primary lung site at disease progression. (E, F) Magnetic
resonance imaging (MRI) showing the potential metastatic site (arrows) in leptomeninges. SD, stable disease; PD, progressive disease; NGS,
next-generation sequencing. CSF, cerebrospinal fluid.
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(Table 1). Despite potential central nervous system (CNS)

involvement, the patient did not opt for the more CNS

penetrant newer generation EGFR inhibitor, osimertinib, due

to financial concerns. With gefitinib treatment, there was no

significant change in the sizes of the primary lesion (Figures 1B,

C) and bone and liver metastasis. Craniocerebral MRIs in

October 2019 and February 2020 also showed no obvious

abnormalities (Figure 1), which indicated stable disease (SD)

according to the Response Evaluation Criteria in Solid Tumours

(RECIST 1.1) Guideline. Thus, the patient continued on gefitinib

treatment. In May 2020, while the primary lung tumor remained

stable (Figure 1D), brain MRIs showed an abnormal linear signal

shadow of the leptomeninges, and clinical evidence of severe

headache, vomiting, and aggravated restlessness in the limbs,

suggesting the possibility of LM (Figure 1E, F). Thus, at the time

of disease progression, the patient had derived durable benefit

from gefitinib for 9.17 months despite central nervous system

involvement early on in the course of the disease, and the patient

had only mild adverse reactions during gefitinib administration,

including mild itching and fatigue.
Discussion

Leptomeningeal metastasis is a severe complication in the

late stage of malignant tumor, with poor prognosis and limited

treatment options. Although positive CSF cytology remains the

gold standard for the LM diagnosis, the sensitivity of initial is

only 45-50% (3), which can be easily affected by the time and

method of specimen collection and detection (6). On the other

hand, neuroimaging methods, including CT and MRI, are also

valuable in the investigation of LM. MRI demonstrates more

sensitivity over CT (7) with a sensitivity of 65% (8). Nevertheless,

it has been reported that 20-30% of patients with confirmed LM

had a false-negative MRI (3, 4). An accurate diagnosis of LM

would rely on both CSF cytology and MRI evaluations, along

with clinical manifestations. Regardless, given their low
Frontiers in Oncology 03
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sensitivity, developing other diagnostic approaches is

urgently needed.

NGS has emerged as a novel approach for the diagnosis of

LM. Recent studies have shown that ctDNA in CSF can be used

to characterize and monitor LM. In patients with LM in the

BLOOM study, EGFR-mutated ctDNAwas identified in CSF, the

level of which decreased during treatment in correlation with

improved neurological function or MRI result (5, 9). Besides,

ctDNA analysis can reveal potentially druggable mutations that

inform clinical decisions. In our study, the oncogenic mutations

identified in the CSF ctDNA were highly concordant with that

found in the primary tumor tissue. Although the brain lesion

was the eventual cause of progressive disease in this case, the

patient remained stable on gefitinib treatment for as long as 9.17

months. We speculate that the patient could have derived more

intracranial benefit from drugs such as osimertinib, which was

designed for a better CNS penetration to target LM (10).

Furthermore, our case has shown that CSF ctDNA may

enable a more sensitive LM diagnosis, which was positive much

earlier than any of the CSF cytology or radiographic evidence of

LM involvement. In particular, no LM was seen at baseline brain

CT, CSF cytology, or the subsequent series of brain MRI tests

until the patient experienced PD in May 2020. By contrast, the

NGS test of the CSF ctDNA was positive and revealed an

oncogenic driver that was consistent with the primary lung

tumor tissue from the initial diagnosis. Meanwhile, the patient

had been experiencing symptoms such as headache, nausea,

aphasia, restless limbs, and a sudden vision loss in both eyes

throughout the treatment, which further supports the false

negativity of CSF cytology or the radiologic exams. Although

we could not confirm whether the patient had LM at the time of

disease diagnosis, the patient’s persistent brain abnormality-

related symptoms and oncogenic mutations in the CSF

strongly support the early involvement of LM. Therefore, our

result demonstrates that NGS tests might be able to capture early

LM signals in this patient with higher sensitivity than any of the

traditional methods. Unfortunately, in this single case, we could
TABLE 1 Genetic alterations identified in the biopsies.

Genes Alternations Nucleotide change Mutant allele frequency

Tumor CSF

EGFR p.L747_P753delinsS c.2240_2257dellins 53.22% 35.87%

TP53 p.R337L c.1010G>T 40.59% 37.45%

FLT4 p.Y361H c.1081T>C 36.88% 30.18%

RELA p.P384T c.1150C>A 26.61% 33.53%

RPTOR RPTOR:exon8~BAIAP2:exon14 – 8.33% 8.14%

MED12 Intron 25 splice site mutation c.3577+1G>T 5.97% 8.57%

ARAF p.Y500C c.1499A>G 1.24% 14.01%

RARA p.A389T c.1165G>A – 22.77%

HGF p.G182E c.545G>A – 13.06%
fr
-, not detected; CSF, cerebrospinal fluid.
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not find more direct clues of early LM besides ctDNA results and

clinical evidence. Future large-scale studies should be conducted

to further verify these findings. Nevertheless, our case suggests

combinatorial testing of ctDNA, CSF cytology andMRI might be

the trend in medical diagnosis for early detection of disease

progression in patients with potential LM involvement.

In general, early diagnosis of LM involvement with sensitive

diagnostic methods would be highly valuable in patients with more

localized disease at presentation as it provides the patients with

more potential surgical and therapeutic options, such as the

addition of local brain radiotherapy (LBRT) and the choice of

drugs with a better CNS penetration like osimertinib. In particular,

for LADC patients with a low level of disease burden, we believe

LBRT is a promising approach for controlling brain tumor growth.

In our case, although the patient presented with highly metastatic

disease at the time of diagnosis, he still could have derived more

intracranial benefit, and a longer PFS from osimertinib rather than

gefitinib as the eventual cause of progression was an increased size

of the brain lesion, if not for financial concerns.
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Tumor-informed or tumor-
agnostic circulating tumor DNA
as a biomarker for risk of
recurrence in resected
colorectal cancer patients

Hiu Ting Chan1, Satoshi Nagayama2,3, Masumi Otaki4,5,
Yoon Ming Chin1,6, Yosuke Fukunaga2, Masashi Ueno2,
Yusuke Nakamura1,7 and Siew-Kee Low1*

1Project for Development of Liquid Biopsy Diagnosis, Cancer Precision Medicine Center, Japanese
Foundation for Cancer Research, Tokyo, Japan, 2Department of Gastroenterological and Surgery,
Cancer Institute Hospital of the Japanese Foundation for Cancer Research, Tokyo, Japan,
3Department of Surgery, Uji-Tokushukai Medical Center, Kyoto, Japan, 4Department of Medical
Oncology, Cancer Institute Hospital of the Japanese Foundation for Cancer Research,
Tokyo, Japan, 5Department of Clinical Chemotherapy, Cancer Chemotherapy Center, Japanese
Foundation for Cancer Research, Tokyo, Japan, 6Department of Research and Development,
Cancer Precision Medicine, Inc., Kawasaki, Japan, 7National Institutes of Biomedical Innovation,
Health and Nutrition, Osaka, Japan
Introduction: Circulating tumor DNA (ctDNA) has been increasingly

recognized as a promising minimally-invasive biomarker that could identify

patients with minimal residual disease and a high risk of recurrence after

definitive treatment. In this study, we’ve compared the clinical utility and

sensitivity of 2 different approaches to ctDNA analyses: tumor-informed and

tumor-agnostic in the management of colorectal (CRC) patients. The clinical

benefits of a single timepoint ctDNA analysis compared to serial ctDNA

monitoring after definitive treatment were also evaluated to uncover the

ideal surveillance protocol.

Methods: Patient-paired resected tumor tissues, peripheral blood cells, and a

total of 127 pre-operative and serial plasma cell-free DNA (cfDNA) samples

after definitive treatment from 38 CRC patients that had undergone curative

intent surgery were analyzed using a commercial NGS cfDNA panel.

Results: Up to 84% (32/38) of the recruited patients were detected with at least

1 genomic alteration from the tumor tissues that could be monitored using the

tumor-informed ctDNA approach and none of the detected alterations were

clonal hematopoiesis (CH) related. In contrast, 37% (14/38) of patients were

detected with at least 1 monitoring alteration after exclusion of CH mutations

using the tumor-agnostic approach. Serial plasma samples after definitive

therapy were available for 31 patients. In the landmark ctDNA analysis, 24%

(7/29) of patients had detectable ctDNA and were more likely to relapse than

ctDNA-negative patients (p < 0.05). The landmark analysis sensitivity and

specificity for recurrence were 67% and 87%, respectively. The incorporation
frontiersin.org01
104105105

https://www.frontiersin.org/articles/10.3389/fonc.2022.1055968/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1055968/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1055968/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1055968/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1055968/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1055968&domain=pdf&date_stamp=2023-01-26
mailto:siewkee.low@jfcr.or.jp
https://doi.org/10.3389/fonc.2022.1055968
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1055968
https://www.frontiersin.org/journals/oncology


Chan et al. 10.3389/fonc.2022.1055968

Frontiers in Oncology
of longitudinal ctDNA analysis at 6-months intervals improved the sensitivity to

100%. The median variant allele frequency (VAF) of the ctDNA mutations

detected during surveillance was 0.028% (range: 0.018-0.783), where up to

80% (8/10) of the mutations were detected at VAF lower than the tumor-

agnostic detection limit of 0.1%. Utilizing the tumor-agnostic approach

reduced the recurrence detection sensitivity to 67% (4/6). Serial ctDNA

analyses predicted disease recurrence at a median of 5 months ahead of

radiological imaging.

Conclusion: Longitudinal monitoring using tumor-informed ctDNA testing

shows high analytical sensitivity, low probability of false-positive results due

to CH mutations, and improved sensitivity in detecting recurrence which may

modify the clinical management of CRC.
KEYWORDS

circulating cell-free DNA, liquid biopsy, minimal residual disease, colorectal cancer,
recurrence risk
Introduction

Colorectal cancer (CRC) is the third most common cancer in

Japan leading to an estimated 51,000 deaths in 2019 (1). Despite

improved surgical procedures and advances in treatment regimens,

30-40% of CRC patients develop recurrence within 5 years of post-

definitive treatment (2, 3). The current standard of care for localized

disease is surgery with complete mesocolic/mesorectal excision

followed by adjuvant chemotherapy (ACT) in selected patients

(4). Surgery-alone is currently recommended for all stage I patients

with a 5-year-survival rate of over 90% (5). In contrast, ACT is

recommended for high-risk stage II patients which are defined as

those with poor prognostic features (T4 tumors, perforated tumors,

bowel obstruction, perineural or lymphovascular invasion, poorly

or undifferentiated tumor grade, grade BD3 tumor budding, and

<12 lymph nodes removed) (2, 5, 6). However, the magnitude of

survival benefits of adding ACT for high-risk stage II remains

unclear and controversial, where a considerable number of patients

have to suffer from the adverse effects of ACT without significant

clinical benefit (7–9). For stage III CRC patients, up to 50% of

patients can be cured from surgery alone and 20% of patients

benefit from the additional ACT (10). Despite this, ACT is currently

recommended for all stage III patients. Furthermore, up to 30% of

the ACT-treated stage III patients would still develop recurrence,

suggesting the need for additional therapy in this subset of patients

(11). Effective clinical tools or biomarkers that identify patients who

are more likely to recur after curative-intent therapy and may

benefit from systemic treatments are greatly needed.

Circulating tumor DNA (ctDNA) has been increasingly

recognized as a promising minimally-invasive biomarker that

could detect minimal residual disease (MRD) in blood samples

after definitive treatment and identify patients with a higher risk of
02
105106106
recurrence (12–21). Several prospective interventional clinical trials

are also underway to evaluate the clinical benefits of utilizing

ctDNA for ACT guidance and detection of recurrence during

disease surveillance (22–27). The majority of the conducted

studies and clinical trials were designed based on tumor-informed

ctDNA assays (12, 15–18, 20). A tumor-informed assay relies on

initial genomic profiling of the tumor tissues to identify tumor-

derived alterations that could be evaluated and monitored using

ctDNA. This approach has shown high analytical sensitivity with an

improved risk of recurrence prediction (28). However, recent

studies have shown that tumor-agnostic assays, that are

independent on prior tumor genomic knowledge of the patient,

may also achieve comparable sensitivity to tumor-informed assay in

identifying patients with a higher risk of recurrence (19, 21). Given

the independence of tumor tissue sequencing, tumor-agnostic

assays may offer a more rapid turnaround time with reduced

cost. Nevertheless, limited studies have directly compared the

clinical feasibility and sensitivity of both approaches.

The ongoing clinical trials have primarily focused on

evaluating the clinical benefits of a single-time point ctDNA

analysis (landmark ctDNA analysis) after definitive therapy for

treatment guidance in CRC patients (22, 23). Based on the

results from the current studies, it is evident that patients with

detectable ctDNA at the landmark timepoint show a

significantly inferior recurrence-free survival (RFS) compared

to ctDNA-negative patients (12, 13, 17, 20). However, the results

of these studies also indicated that 10-25% of the patients lacking

detectable landmark ctDNA also recurred (12, 17, 19–21). These

findings highlighted the potential inadequacy of a single

timepoint ctDNA analysis to predict recurrence and guide

treatment decisions. The integration of longitudinal and

surveillance ctDNA analysis may improve the prediction of
frontiersin.org
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recurrence risk (16, 19, 20), however, the most optimal approach

and surveillance protocol for identifying high-risk CRC patients

remain unclear.

In this study, we report findings from a prospective and

observational study that compared the clinical feasibility and

sensitivity of utilizing a commercially available cfDNA panel

with a tumor-informed, and tumor-agnostic approach to predict

the risk of recurrence in the same resected CRC patient cohort.

Plasma ctDNA analysis was performed before surgical resection

and during routine follow-up after curative-intent treatment to

assess the clinical utility of both landmark and longitudinal

ctDNA monitoring in predicting the risk of recurrence.
Materials and methods

Patient cohort and sample collection

A total of 38 patients with histologically confirmed colorectal

adenocarcinoma from the Cancer Institute Hospital of Japanese

Foundation for Cancer Research in 2018 were included in this

study. All eligible patients included in this study were pathologically

confirmed as stage I to IV colorectal adenocarcinoma and were not

subjected to chemotherapy or radiation therapy before tumor

resection. The clinical and pathological information was obtained

from the pathology reports and the electronic medical record for

each patient. This study was approved by the ethical committee in

Japanese Foundation for Cancer Research (IRB-2013-1093). The

study design and details of blood collection time points are shown

in Figure 1A. Tumor tissues and peripheral blood samples were

collected at the time of surgery. Blood samples were collected

longitudinally after surgical resection and completion of adjuvant

chemotherapy and evaluated retrospectively. For patients who only

underwent surgical resection, monitoring blood samples were

collected at 6 months, 12 months, and 24 months after surgery.

For patients administered ACT, blood samples were collected at 0,

6, 12, and 18 months after completion of ACT. Surgically-resected

tumor tissues were stored at -80 ˚C until DNA extraction. The

collection and processing of blood have been described previously

(29–32). Briefly, 14 mL of peripheral blood was collected using

EDTA-2Na tubes (Terumo, Tokyo, Japan) and were centrifuged at

2,000x g at 4 ˚C for 10 minutes within 30 minutes after the

collection. The obtained plasma samples were further centrifuged

at 16,000x g at 4 ˚C for 10 minutes to remove cell debris. The

separated plasma and peripheral blood cells (PBCs) were stored at

-80 ˚C until nucleic acid extraction.
DNA/RNA extraction

A total of 127 pre-and post-operative plasma samples were

collected from 38 patients and the cell-free total nucleic acid

(cfTNA), which includes both DNA and RNA, was extracted
Frontiers in Oncology 03
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using the MagMAX Cell-Free Total Nucleic Acid Isolation kit

(Applied Biosystems) according to the manufacturer’s protocol.

Genomic DNA was extracted from frozen tumor tissues using the

Allprep DNA Mini Kit (Qiagen) according to the manufacturer’s

protocol. Frozen PBCs samples were treated with the Red Blood

Cell Lysis buffer following the manufacturer’s protocol

(BioLegend). The treated PBCs were counted using the

Invitrogen Countess Automated Cell counter (Fisher Scientific)

and DNA from a total of 2 × 106 PBCs was extracted using the

Allprep DNA Mini Kit. Extracted cfTNA and genomic DNA

(both PBCs and tumor tissues) were quantified using Qubit DNA

HS Assay Kit and Qubit DNA Broad range assay kit (Life

Technologies), respectively. The quality of the extracted DNA

was assessed using the TapeStation system (Agilent) either via

Genomic DNA ScreenTape (tumor and PBCs DNA) or High

Sensitivity D5000 ScreenTape (cfTNA) (Agilent).
Library preparation and targeted next-
generation sequencing

Targeted NGS for cfTNA was carried out using the

Oncomine Pan-Cancer Cell-Free Assay following the

manufacturer’s protocol (Life Technologies), with an input of

8.3-20 ng of cfTNA. Oncomine Pan-Cancer Cell-Free Assay is

an amplicon-based ctDNA targeted assay with unique molecular

identifiers (UMIs) and detects single nucleotide variants (SNVs),

copy number variations (CNVs), and gene arrangements across

52 genes. Library construction was undertaken as previously

described (29–32). Libraries were multiplexed for templating on

the Ion Chef Instrument and subsequently sequenced on the Ion

S5 Prime System using the Ion 540 or 550 Chip Kit. Both tumor

and PBCs DNA were mechanically sheared to 150 bps before

library construction. A similar sequencing methodology was

applied for DNA extracted from tumor tissue and PBCs with

an input of 20 ng.
Sequencing data analysis and
statistical analysis

Sequencing alignment, quality control analysis, and variant

calling were conducted by the Torrent Suite Software version

5.10.1 (Thermo Fisher Scientific) and Ion Reporter version 5.10

(Thermo Fisher Scientific). In brief, raw sequence files were aligned

to hg19 using the Torrent Mapping Alignment Program (TMAP)

with default analysis parameters. The subsequent BAM files

generated were then further analyzed by Oncomine TagSeq Pan-

Cancer Liquid Biopsy w2.1 version 5.10 with the following

modifications for a positive variant calling: (i) A minimum of 3

reads with the same UMI were required to form a functional family.

(ii) Under tumor-agnostic calling, a minimum of 3 variant

supporting functional families with a minimum variant allele
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https://doi.org/10.3389/fonc.2022.1055968
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chan et al. 10.3389/fonc.2022.1055968
frequency (VAF) of 0.1% were required to make single nucleotide

variants (SNVs), multi nucleotide variants (MNVs), and insertions/

deletions (INDELs) callings for a known cancer hotspot mutation.

(iii) Under the matched tumor-informed manner where the

mutation was previously detected from the tumor tissue of a

patient, a minimum of 1 variant supporting functional family was

required to make SNVs, MNVs, and INDELs callings. Variants

were annotated using Oncomine Pan-Cancer Annotation version 1,

a proprietary list of databases. RFS was assessed by standard

radiologic criteria. RFS was measured from the day of completion

of definitive treatment to the first verified radiological recurrence.

For patients whose treatment was only surgery, RFS was measured

from the day of surgical resection. For patients who received

adjuvant chemotherapy, RFS was measured from the day of

completion of chemotherapy. The definition of RFS was similarly

described in a previous study (19). Patients were censored at the

date of the last follow-up. Survival analysis was performed using the

Kaplan-Meier method. Cox proportional hazards regression

analysis was used to assess the association of ctDNA with RFS.

Differences in pre-operative ctDNA detection rate between tumor-

informed and tumor-agnostic approaches and differences in

recurrence rate between ctDNA positive and ctDNA negative

groups were assessed using Fisher’s exact test. All p-values were

based on two-sided testing and differences were considered

significant at p<0.05. Statistical analysis was performed using R

Statistical software (Version 4.0.5).
Results

Patient characteristics

An overview of the study workflow is presented in Figure 1B.

A total of 38 CRC patients were included in this study. The

clinical and pathological characteristics of the patients are shown

in Table 1 and Table S1. The median age of the patients at the

initial sample collection was 66 years old and 63% of the patients

were male. Among them, 53% (20/38) were diagnosed with stage

I or II, and 47% (18/38) were diagnosed with stage III or IV. All

patients underwent surgical resection with curative intent. One

of the three Stage IV patients received simultaneous resection of

the primary tumor and solitary liver metastatic lesion, and the

remaining two Stage IV patients underwent the resection of the

solitary peritoneal dissemination along with the primary tumor.

Six patients with no genomic alterations detected from tumor

tissues and one patient who developed clinical recurrence before

the collection of the first post-operative blood sample were

excluded for long-term follow-up (Figure 1B).

ACT was administered to 18/31 longitudinally monitored

patients with a median chemotherapy duration of 179 days

(Table S2). Radiological recurrence was detected in 19% (6/31)

of the evaluated patients with a median time to recurrence of 8.5

months after definitive treatment. The median follow-up time
Frontiers in Oncology 04
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was 20 months (14-27 months) after definitive treatment for

recurrence-free patients.
Detection of pre-operative ctDNA
using the tumor-agnostic or tumor-
informed approach

Cell-free TNA was successfully extracted from all 127

plasma samples with an average concentration of 8.0 ng per

mL of plasma (1.6-36.9 ng/mL; Table S3). All cfTNA samples

were successfully sequenced with an average cell-free DNA

(cfDNA) input of 17.5ng to a median raw coverage of 54,772x

and a median collapsed coverage of 4,296 (Table S3). The

average library conversion rate was 82% (Table S4). Under a

tumor-agnostic setting with a VAF detection limit of 0.1%, a

total of 27 SNVs and Indels were detected in the pre-operative

plasma samples from 50% (19/38) of the patients with a median

VAF of 0.37% (Range: 0.10-14.25%; Table S5). Genomic DNA

extracted from pre-operative PBCs was sequenced to a

comparable coverage to the plasma cfDNA (raw coverage of

48,622x and median collapsed coverage of 2,581x; Table S6) to

identify the possible clonal-hematopoiesis (CH) mutations. A

total of 11 mutations were detected from PBCs and 9 of them

were simultaneously detected from plasma cfDNA (Table S7).

CH mutations constituted up to 33.3% (9/27) of the total

mutations detected from plasma cfDNA (Table S5). After the

exclusion of CH mutations, 37% (14/38) of the evaluated

patients harbor at least one tumor-derived mutation from

plasma cfDNA for longitudinal monitoring.

The genomic profile of tumor tissues was evaluated to

compare the detection of pre-operative ctDNA between

tumor-agnostic and tumor-informed approaches. Genomic

DNA isolated from tumor tissues was sequenced to a median

coverage of 18,450x (Table S8). A total of 61 somatic genomic

alterations in 10 genes were identified using a VAF cut-off of 1%

(Table S9). The mutational landscape of the detected mutations

is summarized in Figure 2, where the most commonly mutated

genes were TP53 (41%), KRAS (21%), PIK3CA (11%), and APC

(10%) (Supplementary Figure 1). Using a VAF cut-off of 1%,

none of the mutations detected from tumor tissues were present

in the PBCs (Table S10). In contrast to the tumor-agnostic

approach, up to 84% (32/38) of the patients harbor at least one

mutation from the tumor tissue for subsequent plasma cfDNA

monitoring (Figure 3A). Of those mutation calls from tumor

tissues, 29.5% (18/61) were concordantly detected from pre-

operative plasma without the aid of prior patient-specific tumor

genomic knowledge (Figure 3B). An additional 24.6% (15/61) of

the alterations from tumor tissues were detected from plasma

cfDNA using the tumor-informed approach, with a minimum of

1 variant supporting functional family (Method) and a median

observed VAF of 0.04% (Range: 0.02-0.09% Figure 3B). The pre-

operative ctDNA detection rate was significantly higher in stage
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I-III CRC patients using the tumor-informed approach

compared to the tumor-agnostic approach with a detection

rate of 66% and 31% respectively (p-value = 0.008; Figure 3C

and Supplementary Figure 2). In contrast, ctDNA was detected

in all three stage IV patients using both approaches. Due to the

higher detection sensitivity observed using the tumor-informed

approach, all subsequent post-therapy cfDNA samples were

analyzed using the tumor-informed approach.
Landmark ctDNA analysis after definitive
treatment and risk of recurrence

‘Landmark’ ctDNA analysis was defined as the detection of

ctDNA from the first plasma sample drawn after the completion
Frontiers in Oncology 05
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of definitive treatment (surgery alone or completion of adjuvant

chemotherapy). For patients who were subjected to surgery

alone, the landmark sample was taken approximately 5

months after surgery (median: 162 days, Figure 4A). For

patients who have received adjuvant chemotherapy, the first

plasma sample was taken approximately 1 month after

completion of adjuvant chemotherapy (median 22.5 days,

Figure 4B). Landmark plasma samples were available for 29 of

the 31 patients with long-term follow-up, and ctDNA was

detected in 24% (7/29) of samples (Figure 5A). The recurrence

rate was significantly higher for ctDNA-positive patients at 57%

(4/7), compared to 9% (2/22) for negative patients (p<0.05,

Figure 5A). Sensitivity and specificity for detection of recurrence

were 67% and 87% respectively (Figure 5A). Recurrence-free

survival for patients with detectable landmark ctDNA was
A

B

FIGURE 1

Study design and patient enrolment. (A) Study design and overview of the blood collection time points. For patients treated with surgery alone
(n=13), blood samples were collected before surgical resection and at 6 months, 12 months and 24 months after surgery (Post-op) or until
radiological recurrence. For patients who received adjuvant chemotherapy (ACT), blood samples were collect prior to surgical resection, at the
end of ACT (EOT) and at 6 months, 12 months and 18 months after completion of ACT (Post-ACT) or until radiological recurrence. (B) A total of
38 stage I-IV CRC patients that undergone surgical resection with curative-intent were included in this study. After exclusion, 31 patients were
included for long-term follow-up analysis. Circulating tumor DNA status was determined based on the longitudinal tumor-informed ctDNA
analysis after definitive treatment.
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TABLE 1 Clinical and pathological characteristics of the study cohort.

Clinico-pathologic features No., (%) (n=38)

Age, years

Median 66

Range 42-88

Gender

Male 24 (63)

Female 14 (37)

Stage

I 7 (18)

II 13 (34)

III 15 (40)

IV 3 (8)

Tumor Site

Cecum 6 (16)

Ascending 4 (11)

Transverse 4 (11)

Descending 2 (5)

Sigmoid 5 (13)

Rectum 17 (45)

Differentiation

Well 8 (21)

Moderate 28 (74)

Poor 2 (5)

T Stage

T1 4 (11)

T2 4 (11)

T3 20 (53)

T4 10 (26)

Nodal involvement

N0 21 (55)

N1,N2,N3 17 (45)

Tumor size (mm)

Median 40

Range 12-90

Lymphatic Invasion

No 20 (53)

Yes 18 (47)

Venous Invasion

(Continued)
F
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significantly shorter than those with negative ctDNA and a 12.4

times higher risk of developing recurrence (Figure 5B, HR:

12.4, P<0.001).
Longitudinal ctDNA and
risk of recurrence

To investigate whether longitudinal ctDNA analyses could

improve the sensitivity for recurrence prediction compared to

landmark analysis, subsequent plasma samples were evaluated for
Frontiers in Oncology 07
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all 31 patients with long-term follow-up. A total of 3 or 4 serial

plasma samples after the end of definitive treatment (surgery only

or ACT, respectively) from each patient were drawn for the

longitudinal ctDNA analysis (Table S10). Detection of ctDNA at

any serial plasma samples until the development of clinical

recurrence would be considered ctDNA-positive. Overall, 60% (6/

10) of patients who were tested ctDNA-positive during surveillance

developed radiological recurrence, whereas none of the 21 patients

that remained ctDNA-negative throughout the surveillance

developed clinical recurrence, giving a negative predictive value of

100% (Figure 6A, p<0.001). The incorporation of serial ctDNA
TABLE 1 Continued

Clinico-pathologic features No., (%) (n=38)

No 9 (24)

Yes 29 (76)

Baseline CEA elevated (>5 ng/mL)

No 26 (68)

Yes 12 (32)

Baseline CA 19-9 elevated, (>37 U/mL)

No 35 (92)

Yes 3 (9)

Baseline CA-125 elevated,(>46 U/mL)

No 38 (100)

Yes 0 (0)
FIGURE 2

A schematic representation of the genomic alteration distribution detected from tumor tissues and pre-operative plasma cfDNA. Each column
represents a sample, and it is classified according to the pathological stage. Six patients with no detectable ctDNA were group on the right and
six patients with no genomic alterations detected from the tumor tissues were excluded from the plot.
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increased the sensitivity of prediction for recurrence from 67% to

100% (Figure 6A), and ctDNA-positive patients remained to have a

significantly lower RFS compared to negative patients (HR:19.3,

p<0.0001, Figure 6B). The median VAF of the detected mutations

was 0.028% (range: 0.018-0.783), and up to 80% (8/10) of the

mutations were detected at VAF lower than the tumor-agnostic
Frontiers in Oncology 08
111112112
detection limit of 0.1% (Supplementary Figure 3A). Consequently,

only 67% (4/6) of the recurrence cases could be detected using

tumor-agnostic ctDNAmonitoring (Supplementary Figures 3B, C).

Longitudinal ctDNA analysis detected recurrence earlier

than radiological imaging in 4 of the 6 recurrence patients

(Supplementary Figure 4). The median time for disease
A B

FIGURE 4

Overview of blood samples analyzed for landmark and longitudinal ctDNA testing after definitive therapy. (A) Patients that received curative-
intent surgery alone (n=13) (B) Patients that received curative-intent surgery followed by adjuvant chemotherapy (n=18).
A

B

C

FIGURE 3

Comparison of pre-operative ctDNA detection between the tumor-informed and tumor-agnostic approach. For tumor-informed approach,
mutation detection was evaluated based on the genomic profile of the tumor tissues. For tumor-agnostic evaluation, mutation detection was
evaluated based on alterations detected from pre-operative plasma cfDNA with VAF ≥ 0.1% without previous knowledge of the tumor genomic
profile (Methods). Clonal hematopoiesis (CH) mutations were excluded from both approaches. (A) Number of patients detected with at least
one monitoring tumor-derived mutation for ctDNA surveillance using the tumor-agnostic or tumor-informed approach. (B) Proportion of tumor
mutations that were detected from pre-operative plasma cfDNA using the tumor-agnostic or tumor-informed approach. A total of 61 mutations
were detected from tumor tissues, 18/61 were detected from plasma cfDNA using the tumor-agnostic approach and additional 15 alterations
were detected from pre-operative plasma cfDNA using the tumor-informed assay. (C) Pre-operative ctDNA detection rates in stage I-III (n=35)
and stage IV (n=3) patients using tumor-informed and tumor-agnostic ctDNA testing (p value = 0.00806). The p value was obtained from two-
by-two Fisher’s exact tests. ** p < 0.01.
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recurrence determined by ctDNA analyses was 77 days after

definitive treatment, compared to 236 days determined by

radiological imaging, resulting in a ctDNA median lead time

of 159 days (Figure 7, p<0.05). In the 3 recurrence cases where
Frontiers in Oncology 09
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plasma samples were available at the time of radiological

detection of relapse, ctDNA remained positive with an

increase in the VAF of the detected mutations in all patients at

the time of radiological recurrence (mean 10.1 folds, range: 2.9-
A B

FIGURE 5

Landmark ctDNA analysis for recurrence risk assessment. (A) Recurrence rates in patients with detected ctDNA and undetected ctDNA at
landmark ctDNA analysis (p value=0.01080). The p value was obtained from two-by-two Fisher’s exact tests. (B) Kaplan-Meier plot of
recurrence-free survival stratified for ctDNA detection in landmark ctDNA analysis. * p < 0.001; *** p < 0.0001
A B

FIGURE 6

Longitudinal ctDNA analysis for recurrence risk assessment. (A) Recurrence rates in patients with detected ctDNA and undetected ctDNA at
longitudinal ctDNA analysis (p value=0.002852). Detection of ctDNA at any serial plasma samples until the development of clinical recurrence
would be considered as ctDNA-positive. The p value was obtained from two-by-two Fisher’s exact tests. (B) Kaplan-Meier plot of recurrence-
free survival stratified for ctDNA detection in longitudinal ctDNA analysis. ***p < 0.05; ****p < 0.001.
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16.8 folds), indicating the markedly increase in tumor burden

while the patients awaited radiologic detection of the recurrence

(Supplementary Figure 5).
Discussion

A sensitive prognostic biomarker that accurately identifies

CRC patients with a higher risk of recurrence after curative-

intent therapy could potentially improve their survival outcome.

The results from our observational study are in concordance

with previously published studies where ctDNA analysis after

definitive treatment has demonstrated significant therapeutic

promise in identifying patients with poor prognoses who may

require further systemic treatments. Our study also emphasizes

the importance of using a tumor-informed ctDNA assay with

longitudinal surveillance to optimize the clinical utility of

ctDNA in CRC management.

In the pre-operative context, we’ve observed that the tumor-

informed ctDNA approach may offer superiority in detecting

low tumor burden, especially in localized CRC patients over the

tumor-agnostic approach. Up to 84% of our patient cohort was

detected with at least one mutation from the tumor tissues that

could be subsequently monitored using ctDNA, compared to
Frontiers in Oncology 10
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only 37% of patients detected with at least one monitoring

mutation using the tumor-agnostic approach. Without prior

knowledge of the tumor genomic profile of the patient, the

reason for the absence of ctDNA detection in the remaining 63%

of patients would remain unknown as to whether it is due to the

insufficient coverage of the targeted panel or low tumor fraction

in the cfDNA, resulting further ctDNA monitoring for these

patients to be clinically nonmeaningful. The significantly higher

pre-operative ctDNA detection rate observed in stage I-III

patients using a tumor-informed approach compared to the

tumor-agnostic approach (66% and 31%, respectively) further

illustrates the loss of sensitivity associated with the tumor-

agnostic approach. The enhanced ctDNA detection sensitivity

using a tumor-informed manner has been similarly

demonstrated using the MSK-ACCESS ctDNA assay (33). The

authors of the study reported that by performing variant calling

in a matched tumor-informed manner, an additional 5% of

variants were detected from the plasma cfDNA (33).

Interestingly, ctDNA was detected in all three metastatic

patients from our study cohort using both the tumor-informed

and tumor-agnostic approach, highlighting that the impact of

assay sensitivity is more prominent in patients with localized

CRC. Furthermore, 33% of the alterations detected from pre-

operative plasma cfDNA were of CH origin and the detection
FIGURE 7

Detection of recurrence using longitudinal ctDNA analysis and standard radiological imaging. ctDNA (green line) analyzed at serial time points
after definitive treatment predicted recurrence with a median lead time of 159 days over radiological recurrences (red line). P value determined
by log-rank test.
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frequency was consistent with previous studies (34–37). We’ve

previously reported that the type and VAF of CH alterations

detected from plasma cfDNA are often indifferent to ctDNA

mutations, therefore patient-paired PBCs sequencing is essential

to differentiate CH from tumor-derived alterations (29, 38).

Misclassification of the origin of the alterations detected from

cfDNA may lead to an erroneous interpretation of ctDNA

analysis as an MRD (29). In contrast, using a VAF threshold

of 1%, none of the patients in our study cohort were detected

with CH alterations from the tumor tissues, precluding the need

for additional sequencing of PBCs when adopting the tumor-

informed approach.

In the post-definitive therapy context, 32% of our patient

cohort was detected with ctDNA in at least one of the

surveillance plasma samples yielding a recurrence detection

sensitivity of 100%. Our observation aligns with previously

reported tumor-informed ctDNA assays that produced

sensitives ranging from 80-100% (15–18, 20). Up to 80% of

the variants identified from the first ctDNA positive monitoring

samples were detected at VAF below the tumor-agnostic

detection limit (VAF<0.1%). Consequently, only 67% (4/6) of

the recurrence cases could be detected using tumor-agnostic

ctDNA monitoring. Similar detection sensitivity has been

reported in a recent study that evaluated the feasibility of

tumor-uninformed MRD detection using a plasma-only

ctDNA assay with 73% of recurrence patients detected using

ctDNA surveillance (19). Moreover, the authors also observed an

increase in sensitivity by 18% with the incorporation of aberrant

methylation patterns (19). Several other studies have also

explored the use of epigenomic features in tumor-agnostic

ctDNA assays for MRD detection. The reported sensitivity in

detecting recurrence ranged from 63-90% (21, 39, 40). Current

observations suggest genomic alterations-based tumor-agnostic

ctDNA assays are unlikely to achieve comparable sensitivity as

the tumor-informed approach in detecting and predicting

recurrence in resectable CRC patients. The incorporation of

other features is necessary for tumor-agnostic ctDNA assays to

be used in clinical settings. Although the tumor-informed

ctDNA approach outperforms the tumor-agnostic assay in

terms of analytical and clinical sensitivity, the clinical utility of

a tumor-informed ctDNA assay will inevitably be significantly

reduced in cases where tumor tissues are not available or with

limited tumor cellularity. This issue may be particularly relevant

in patients that have undergone neoadjuvant therapy where

resected specimens may have insufficient tissue or tumor

content for genomic profiling due to following favorable

treatment response.

Landmark ctDNA analysis after completion of definitive

treatments is clinically attractive as it may facilitate immediate

decision-making for initiation of adjuvant treatments or

consolidation therapies. Consistent with previous studies, patients

from our study cohort detected with positive ctDNA at the

landmark sample showed an inferior RFS and 12 times higher
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risk of developing recurrence compared to ctDNA negative patients

(12–21). Together, these results have suggested the possibility of

treatment escalation in ctDNA-positive patients and treatment de-

escalation in ctDNA-negative patients. The clinical benefits of the

ctDNA-guided treatment approach in stage II CRC patients were

recently reported for the first time from a phase II randomized

prospective and interventional trial where the ctDNA-guided

approach was able to reduce ACT usage in stage II patients

without compromising RFS compared to the standard

management (24). However, insufficient sensitivity of single

timepoint analyses resulting in false-negative results may

undermine the ctDNA-guided treatment regimen. Previous

studies together with the aforementioned interventional trial have

shown that close to 10% of patients with undetectable ctDNA after

definitive treatment develop recurrence (12, 17, 24). This was

similarly observed in our patient cohort where landmark ctDNA

analysis was able to detect 67% of the recurrence cases with a relapse

rate of 9% among the ctDNA negative patients. Future studies

should explore the incorporation of ctDNA analysis with other

circulating analytes such as circulating tumor cells, and non-

genomic features to improve the sensitivity of landmark analysis

in identifying patients with a higher risk of recurrence (41). One

other strategy to alleviate the sensitivity-related issue is through

longitudinal ctDNA testing. Previous studies have reported an

increase in sensitivity from 40% to 88% using serial ctDNA

analyses (17, 20). Similarly, we’ve also observed an increase in

sensitivity from 67% to 100% through six-monthly ctDNA testing

compared to a single timepoint analysis. These data highlight the

importance of incorporating longitudinal ctDNA monitoring to

maximize the clinical benefits of ctDNA analyses. Surveillance of

ctDNA after definitive treatment showed a significant impact in

recurrence detection compared to radiological imaging,

demonstrating a lead time of 5 months that is similar to

previously reported (12, 17, 20). In the cases where ctDNA

analyses were also performed at the time of radiological

recurrence, the ctDNA levels increased by a mean of 10 folds,

indicating a marked increase of tumor burden during the 5 months

of lead time. The early detection of residual disease from ctDNA

analyses may allow earlier radiological imaging to be performed or

timely adjustment of the treatment regimens. Some of the ongoing

interventional trials have adopted the ctDNA surveillance approach

in the study design where radiological imaging frequencies and

ACT dosage regimen are modified according to the ctDNA status

every 3 to 4 months (26, 27).

There are several limitations to our study. The small sample

size and the low event rate limited our ability to compare the

prognostic significance of ctDNA status with other known

clinical features. Future studies with a larger cohort size are

needed to validate this. The specificity of longitudinal ctDNA

analysis observed in our cohort was lower than reported in

previous observational studies (84% and 95%, respectively) (17,

20). One of the four ctDNA-positive patients was lost in follow-

up, while one patient with detected ctDNA at the end of the
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monitoring period was diagnosed with intrahepatic

cholangiocarcinoma. Further evaluations for this patient are

needed to confirm the origin of the radiologically detected

tumor and to assess the discrepancies between ctDNA analysis

and the clinical diagnosis. The remaining two patients were

monitored for approximately 16 months after the first detection

of ctDNA from the surveillance samples. In the study conducted

by Henriksen et al., the authors observed 2 distinct tumor

growth patterns where half of the recurrence patients showed

slow growth with longer overall survival (20). It is unclear

whether the slow growth pattern may account for the 2

ctDNA positive patients that remained undetected using

radiological imaging by the end of the monitoring period. In

this study, we’ve utilized a commercially available targeted

cfDNA panel instead of establishing a personalized cfDNA

assay based on the patient’s tumor tissue genomic profile.

Using a generic assay shortens the turnaround time and

reduces the cost, however, up to 16% of the recruited patients

from the study were excluded for further monitoring due to the

lack of alterations detected from tumor tissues. The limited panel

coverage for genes APC and TP53, and the use of a hot-spot-

based variant calling bioinformatic pipeline with limited de novo

calling may account for the reduced coverage observed.

Improvements to the variant calling algorithm may overcome

this drawback.
Conclusion

In summary, we showed that ctDNA analysis with the tumor-

informed approach outperforms the tumor-agnostic approach with

higher analytical sensitivity, lower probability of false-positive

results due to CH mutations, and improved sensitivity in

detecting recurrence in resected CRC patients. Our results have

also demonstrated that serial ctDNA monitoring after definitive

treatment provides superior sensitivity over landmark ctDNA

analyses in predicting and detecting recurrence. These data also

suggest the clinical importance of incorporating longitudinal

ctDNA monitoring to maximize the clinical benefits of liquid

biopsy in CRC management.
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