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Colorectal cancer (CRC) is a highly lethal disease worldwide. The majority of patients

receiving targeted therapy or chemotherapy develop drug resistance, while its molecular

mechanism remains to be elucidated. The plasma circulating tumor DNA (ctDNA)

exhibited the potential in identifying gene variations and monitoring drug resistance in

CRC treatment. In this study, we monitored the ctDNA mutational changes in advanced

CRC patients underwent first-line therapy with bevacizumab and cetuximab combined

with chemotherapy. The mutation spectrum of 43 patients was established by a 605-

gene next-generation sequencing (NGS) panel. The baseline measurement shows that

genes with the highest mutation frequency were TP53 (74%), APC (58%), KRAS (40%),

SYNE1 (33%), LRP1B (23%), TOP1 (23%), and PIK3CA (21%). Mutations in TP53,

APC, and KRAS were detected in 29 paired plasma and tissue samples with the

consistency of 81, 67, and 42%, respectively. Clinically targetable gene mutations,

such as APC, RNF43, SMAD4, BRAD1, KRAS, RAF1, and TP53, were also identified

in ctDNA. The overall consistency between ctDNA and tissue samples was 54.6%.

Alleviation of mutational burden in BRAF, KRAS, AMER1, and other major driving genes

was observed following the first-line therapy. Patients with KRAS and TP53 mutations in

tissues appeared to benefit more than the wild-type counterpart. The dynamic change

of plasma mutation status was consistent with the tissue tumor burden and was closely

correlated with disease progression. In conclusion, ctDNA monitoring is a useful method

for molecular genotyping of colorectal cancer patients. Dynamic changes in resistance

can be sensitively monitored by gene variation status, which potentially helps to develop

treatment strategy.
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INTRODUCTION

Colorectal cancer is one of the most common malignant
tumors worldwide, responsible for the second and fourth
highest mortality among men and women, respectively (1,
2). Standard therapies, including chemotherapy, radiotherapy,
targeted therapy, and surgery, are frequently used for colorectal
cancer treatment. However, tumor cells can evolve under the
pressure of treatment selectivity. Therefore, elucidating the
genetic alterations that may potentially drive tumor cell resilience
is crucial to advance the knowledge in cancer therapy (2).

Liquid biopsy has been widely recognized as a real time
monitoring method to detect tumor-related genetic alterations
(3). In fact, liquid biopsy has been largely used to analyze
circulating tumor DNA (ctDNA), circulating tumor cells
(CTC) and exosomes isolated from peripheral blood. This
method can potentially recognize, at the genomic level, tumors
associated with lower invasiveness (4). CTC, exosomes, and
ctDNAs are widely used in clinical diagnosis and in treatment
monitoring, however, there are still some limitations that deserve
improvement. Among these three types of biological materials,
ctDNA has unique advantage in monitoring the tumor genotype
with the development of next generation sequencing (NGS). It
is recognized as a method to reveal tumor genome information
and can be used to discover cancer evolution and clonal
heterogeneity. Therefore, it can be used as a tumor biomarker to
evaluate treatment efficiency and drug resistance (5–9).

The NGS technology has been used to monitor changes
on ctDNA levels in peripheral blood and in the dynamic
change of drug-resistant genes, therefore allowing the selection
of novel therapeutic approaches and drug strategies. Due to
its effectiveness and fast accessibility, NGS has been widely
used in liquid biopsies to analyze genomic alterations in the
peripheral blood of cancer patients. In the present study, we
used an established sequencing workflow to detect genomic
alterations in tumor tissues and peripheral blood from CRC
patients who have received first-line therapy with bevacizumab
and cetuximab combined with chemotherapy. The NGS panel
containing 605 tumor-associated genes was used to detect the
main driver gene mutations, resistance-related mutations, and
to track dynamic changes of tumor ctDNA during treatment.
Our observation suggests that it is vital to identify CRC patients
with drug resistance during treatment and adapt the treatment
strategy accordingly.

METHODS AND MATERIALS

Patients and Samples
A prospective cohort study was designed and implemented
in the Shenzhen People‘s Hospital (Shenzhen, China). Blood
samples and intestinal tumor tissues were collected at the
Shenzhen People‘s Hospital. This research was approved by the
Shenzhen People‘s Hospital Ethics Committee and conducted
in accordance with its guiding principles. All patients received
written informed consent for the use of clinical samples.
Patient information was kept anonymous for confidentiality.
The main inclusion criteria include adults over 18 years old

and those have complete clinicopathological information and
confirmed diagnosis of CRC by imaging examination (including
endoscopy, ultrasound, MRI, CT, etc.) and/or subsequent
pathological examination. Subjects were included for those who
have the indications for adjuvant chemotherapy, neoadjuvant
chemotherapy, or chemotherapy combined with target therapy
(target therapy includes but is not limited to cetuximab, apatinib,
bevacizumab, and trastuzumab) based on current condition.
Patients were also included for those with blood samples and/or
tissue samples available before the start of the current therapy,
and those who can be followed up and agree to provide the
subsequent blood samples during and after therapy. The main
exclusion criteria include pregnant woman, and those who have
history of cancers other than CRC, or history of therapy on other
cancers. Subjects were excluded for those with no blood and/or
tissue samples available before the start of therapy or those not
available for follow-up or cannot provide blood samples during
and after therapy. Patients with incomplete information were
also excluded. As a result, a cohort of 41 patients with advanced
CRC (excluding two patients with stage I CRC), treated with
cetuximab, apatinib, bevacizumab, trastuzumab, neoadjuvant,
adjuvant chemotherapy, or any combination, was enrolled into
the study. Tissue samples were prepared from formalin-fixed
and paraffin-embedded (FFPE) samples and 10ml peripheral
blood samples were collected with anticoagulant tubes. The
patient clinical information related to each sample is shown in
Table 1. Progression free survival (PFS) was used to assess the
effectiveness of therapy.

DNA Extraction and Quantification
For the FFPE samples, ten 5µm tumor slices were used for
DNA extraction using the QIAamp DNA FFPE Kit (QIAGEN,
Valencia, CA, USA) following the manufacturer’s instructions.
DNA from fresh tissue samples was extracted using the
EasyPure R© Genomic DNA Kit (Beijing TransGen Biotech,
Beijing, China). Blood samples from patients were collected
in Ethylene Diamine Tetraacetic Acid (EDTA) tubes and
centrifuged at 1,600 g for 10min and at 4◦C. The supernatants
were further centrifuged at 10,000 × g for 10min at 4◦C,
and plasma was harvested and stored at −80◦C until further
use. ctDNA was extracted from 3 to 3.5ml plasma using the
QIAamp Circulating Nucleic Acid kit (Qiagen, Inc., Valencia,
CA, USA) according to the manufacturers’ instructions. Blood
cell fragments (including peripheral blood lymphocytes and red
cells) were preserved at −20◦C for further study. We applied
the RelaxGene blood DNA system (Tiangen Biotech) to extract
genomic DNA from peripheral blood lymphocytes (PBLs) as
the normal control for mutation calling from cancer tissues
and ctDNA. The quality control of the DNA was achieved
using Qubit 2.0 (Thermo Fisher Scientific), in accordance with
manufacturer’s instructions.

Library Construction and Sequencing
DNA from blood samples was cleaved using a double-
stranded DNA Fragmentase (Roche Sequencing and Life Science,
Indianapolis, IL 46250, USA). The construction of the ctDNA
library was performed using a KAPA Library preparation kit
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TABLE 1 | Demographic and clinical characteristics of study participants.

Characteristics Patients

Age, year, median (range) 43 (25–84)

Sex, n (%)

Male 31 (72.1%)

Female 12 (27.9%)

Anatomical position of primary lesion, n (%)

Transverse colon 1 (2.33%)

Cecum 1 (2.33%)

Sigmoid colon 10 (23.26%)

Left colon 5 (11.63%)

Right colon 9 (20.93%)

Rectum 15 (34.88%)

The junction of rectum and sigmoid colon 2 (4.65%)

Stage, n (%)

1 2 (4.65%)

3A 2 (4.65%)

3B 3 (6.98%)

3C 1 (2.33%)

4 35 (81.4%)

Resection of primary tumor, n (%)

Yes 27 (62.79%)

No 16 (37.21%)

Metastatic site, n (%)

Lung 6 (13.95%)

Liver 11 (25.58%)

Lymph gland 7 (16.28%)

Peritoneum 3 (6.98%)

Multi-organ 8 (18.6%)

Others 2 (4.65%)

None 6 (13.95%)

Treatment line at the time of baseline sampling, n (%)

1st line 5 (11.63%)

2nd line 2 (4.65%)

3rd line 2 (4.65%)

Adjuvant chemotherapy 2 (4.65%)

Neoadjuvant chemotherapy 8 (18.6%)

None 24 (55.81%)

Baseline sample, n (%)

Blood 4 (9.3%)

Tissue 20 (46.51%)

Tissue+blood 19 (44.19%)

Number of blood samples at monitoring points, n (%)

0 24 (55.81%)

1 12 (27.91%)

2 6 (13.95%)

4 1 (2.33%)

RAS status in tissue, n (%)

Wild 26 (60.47%)

Mut 17 (39.53%)

(KAPA Biosystems, Wilmington, MA 01887, USA). Sequencing
was performed to an average depth of 5,000 × on Illumina
Novaseq6000. A sequencing panel of 605 genes targeting the
exome regions was used to identify mutations. The logarithmic

ratio of each gene region was properly computed. WESPlus
gene panel (an upgraded version of the standard whole-
exome sequencing (WES) (HaploX Biotechnology) for cancer
tissue sequencing. Seven to eight polymerase chain reaction
(PCR) cycles, depending on the amount of DNA input, were
performed on Pre-LM-PCR Oligos (Kapa Biosystems, Inc.) in
50 µl reactions. DNA sequencing was then performed on the
Illumina Novaseq 6000 system according to the manufacturer’s
instructions. Data which meet the following criteria were chosen
for subsequent analysis: the ratio of remaining data filtered by
fastq in raw data is ≥85%; the proportion of Q30 bases is
≥85%; the ratio of reads on the reference genome is ≥85%;
target region coverage ≥98%; average sequencing depth in
tissues is ≥500×; average sequencing depth in blood cfDNA is
≥1,500×. The called somatic variants need to meet the following
criteria: the read depth at a position is ≥20×; the variant
allele frequency (VAF) is ≥2% for tissue DNA and ≥0.05% for
cfDNA from blood; somatic-P ≤ 0.01; strand filter ≥1. Allele
frequencies were calculated for Q30 bases. The copy number
variation was detected by CNVkit version 0.9.3 (https://github.
com/etal/cnvkit). Further analyses of genomic alterations were
also performed, including single nucleotide variants (SNVs),
copy number variations (CNVs), insertion/deletion (Indels),
fusions, and structural variation. Tumor mutation burden
(TMB) was referred as the total number of incorrect coding,
base substitution, insertion, and deletion in somatic cells per
million bases.

Statistical Analysis
All charts and data analyses were performed using R statistical
software package (https://www.r-project.org/). The significant
difference of TMB in tumor tissues was determined by Student’s
t-test. According to the type of KRAS and TP53 mutation
identified (i.e., common or non-common). Survival curves
were compared by Log-rank (Mantel-Cox) test. P < 0.05
was considered statistically significant. Data was represented
with 95% confidence interval. Several packages of the R
software were used to plot some figures, including the
“ComplexHeatmaps” package (Figures 1, 2B, 3, 4), the “ggplot2”
package (Figures 2C,D), and the “survival” package (Figure 5).

RESULTS

Mutation Profiling of CRC Patients Before
Therapy in Tissue and Blood
In order to verify the feasibility of ctDNA in peripheral blood by
NGS, we first recruited 43 CRC patients (including 41 stage III-
IV and 2 stage I patients) undergoing chemotherapy combined
with target therapy agents (cetuximab, apatinib, trastuzumab)
in neoadjuvant and/or adjuvant therapy. The baseline clinical
characteristics of these patients are shown in Table 1. Their
median age was 53 years old (ranged from 25 to 84 years old).
The majority of the CRC patients were male (n= 31, 72.1%). The
most frequent site of metastasis was the liver (n = 11, 25.58%),
followed by lymph node (n = 7, 16.28%), lungs (n = 6, 13.95%),
and peritoneum (n = 3, 6.98%). Among all patients, a total of
26 (60.47%) presented wild-type RAS. The number of patients
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FIGURE 1 | Mutation spectrum of baseline plasma and tissue samples from 43 patients CRC. The genes with a high mutation frequency among all patients are listed

on the left and individual patients are represented by the columns. Mutation types of non-synonymous single nucleotide variant, SNV (single nucleotide variant), indel

(insertion-deletion), gain(stop gain, non-sense mutation), and loss(stop loss, missense mutation) are represented by blue, orange, and dark, respectively.
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FIGURE 2 | The concordance of mutation between ctDNA and the corresponding tumor tissues from CRC. (A) Wenn diagram shows the number and percentage of

overlapped and unique mutations between the tissue DNA and the corresponding blood ctDNA samples. (B) Mutation spectrum of baseline plasma and the

corresponding tumor tissues from 35 subjects. (C) The mutation concordance ratio for different stages between blood ctDNA samples and tumor tissue samples from

28 patients. (D) Comparison of tumor mutation burden (TMB) in low consistency (<75%) and high consistency (>75%) groups.

with stage I, III, and IV was 2 (4.65%), 6 (13.96%), and 35
(81.4%), respectively. Two patients were treated with adjuvant
chemotherapy (4.65%), while 8 were treated with neoadjuvant
chemotherapy (18.6%), 5 patients were at the first-line therapy
(11.63%), and 2 patients at the second-line therapy (4.65%), and

2 patients at the third-line therapy (4.65%). A total of 24 patients
were solely treated with chemotherapy (55.81%).

Among 41 advanced colorectal cancers, 78 genes with
high frequency mutations were identified. The top ten
highly mutated genes were TP53 (74%), APC (58%),
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FIGURE 3 | Comparison of mutation status between plasma and tissues in four patients. Mutations for both pre-therapeutic tissue or blood samples and

post-therapeutic blood samples were compared. Red squares indicate mutations from blood, and white squares with black solid border indicate mutations from

tissue. Red squares with black solid border indicate mutations found in both blood and tissue. White squares with light gray border indicate no mutations.

KRAS (40%), SYNE1 (33%), LRP1B (23%), TOP1 (23%),
PIK3CA (21%), SRC (21%), BRCA2 (16%), and SMAD4
(19%) (Figure 1). The most frequent SNV mutations were
observed in KRAS (n = 32, 74.4%), TP53 (n = 18, 41.8%),
and SYNE1 (n = 23, 53.5%). The most frequent Indel
mutations were observed in APC3 gene in 25 of 43 patients
(58.1%). The most frequent CNVs occurred in TOP1 and
SRC (Figure 1).

Blood and tissue samples were collected from all patients
before receiving any therapy. By comparing the mutational rates
(and their consistency) in tissues and plasma, we found that
249 out of 506 mutations detected in tissue samples were also
found in the corresponding ctDNA samples (Figure 2A). The
consistency calculated on mutational sites between tissue and
blood samples was 32%. Our sequencing strategy enabled the
detection of SNVs, indels, CNVs, and gene fusions in DNA
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FIGURE 4 | Comparison of the spectrum of key mutations before and after the first-line therapy. The left three lanes (baseline group) and the right three lanes (after

first line group) indicate the high-frequency mutational status for baseline (before the first-line therapy) and after the first-line therapy. Annotations to the right of the

panel show the exact mutations and the percentage to the left of the panel shows the frequency for a certain mutation. The three lanes in both group illustrates the

mutational status for PD, PR, and SD groups, respectively. Blue squares indicates cases with bevacizumab/chemotherapy that carried corresponding labeled

mutations and red squares indicates cases with cetuximab/chemotherapy that carried corresponding labeled mutations.

derived from tumor tissues and ctDNA. In patients with paired
tissue and blood samples, a total of 206 SNVs and 43 short
Indels were detected (Figure 2B). The frequency of mutations
and the consistency between tissue and blood samples are shown
in Figure 2B. Themost consistent gene wasTP53 (81%), followed
by APC (67%) and KRAS (42%).

The consistency at individual CRC stages was determined
by comparing the detection of mutations in ctDNA and
corresponding tumor tissues for each patient (Figure 2C). It
can be observed that the consistency for stage IV patients
distributed in a wide range, and 24% of patients exhibited a
consistency >0.75 (7/29), while 76% of patients exhibited a
consistency <0.75 (22/29). The tTMB (tissue TMB) between
those with a consistency >0.75 and those <0.75 was not
statistically different (Figure 2D), although the trend showed
that the group with lower consistency (< 0.75) had a
lower tTMB.

Treatment Significantly Altered Mutational
Landscape in ctDNA
A NGS panel containing 605 genes was used to monitor the
genetic alterations following the therapy. Here we compared the
alterations of gene mutations at different time points following
treatment to assess the potential effect of therapy and to find
any potential instruction on therapeutic strategy. Four specific
cases were presented to illustrate the significance of NGS assay
in clinical treatment.

Patient 00601 first presented adenocarcinoma (stage IV), and
bilateral lung metastasis were found 6 months after surgery. The
patient was treated with Bevacizumab and Nivolumab, and blood
samples were collected 1 year after treatment. BRAF V600E and
SMAD4 R361H were still detected after a series of therapies
compared with previously surgical resected samples. Although
mutations in some genes (such as CCNE1, DICER1, MSH2, and
PIK3CD) were altered, new mutations (ATM p.L2541P, ATM
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FIGURE 5 | Kaplan-Meier survival analysis on progression-free survival in patients with or without KRAS and TP53 co-mutations in tissues. Survival curves were

compared by Log-rank (Mantel-Cox) test. P = 0.13 for statistical comparison between the two groups. Data was represented with 95% confidence interval.

p.V2540L, and NF1 p.P2742L) were identified (Figure 3). We
speculate that these new mutations, combined with those that
still existed, may suggest the development of drug resistance
or metastasis.

Patient 00603 presented sigmoid adenocarcinoma
(T4aN0M1), and metastasis was found in the liver, lung,
and lymph nodes. A combined treatment of Bevacizumab and
Apatinib with FOLFIRI was applied but did not substantially
alter the key driver gene mutations in APC, ASXL1, BARD1,
and KRAS (Figure 3). These mutations could correlate
with disease progression and poor overall prognosis of the
patient, as he only survived 194 days after confirmation
of diagnosis.

Patient 00606 presented rectal cancer (stage IV) with lung
and brain metastasis. Blood samples were collected after 1
week treatment with Bevacizumab and FOLFIRI (second-line
treatment). However, gene mutations of APC, ERBB2, IKZF1,
KRAS, and RAF1 were still detected after treatment compared
with pre-therapeutic results. Moreover, new mutations of APC,
IRS2, NR4A3, NTRK1, PRDM1, and VEGFA were detected.
Discover of these new mutation normally suggest disease
progression or new metastasis, which was proved by the clinical
status of PD of the patient (Figure 3).

Patient 00608 presented rectal cancer (stage IV) and lung
metastasis. Blood sampling was also performed to investigate
the disease progression following Bevacizumab and FOLFOX6
treatment. The genetic variation from needle biopsy samples of
pulmonary metastases greatly differed from that of the blood
detection (Figure 3). Novel RNF43mutation sites in ctDNAwere
identified, supporting previous observation showing that RNF43
frameshift mutation may contribute to tumorigenesis (6).

Comparison of Key Mutations in Baseline
and After First-Line Therapy
We monitored key mutation changes of 13 patients between
baseline and after the first-line therapy of bevacizumab,
cetuximab with chemotherapy and grouped the patients by
response [progressed diseases (PD), partial response (PR),
and stable disease (SD)]. The key mutations were different
between baseline tissues and progressive ctDNA samples in
all three groups (Figure 4). Most of the genes were reported
to contribute to the carcinogenesis of CRC. Compared with
baseline, a new mutation (PDGFRB p.Q443R) was observed
during disease progression. More importantly, the combination
of bevacizumab/chemotherapy or cetuximab/chemotherapy was
able to alleviate the mutation of the driving gene, such as
BRAF, KRAS, AMER1. Mutations in PPIAL4D p.S99F and
SPATA31A5 p.T1139R were not observed after therapy. The
above observations suggest that mutational profile of ctDNAmay
help to determine the response of patients to treatment.

TP53/KRAS Mutations in Tumor Tissue Are
Potential Predictive Factors for Treatment
Response
In this study, 18 patients were treated with bevacizumab
combined with chemotherapy, while 4 patients were treated
with cetuximab combined with chemotherapy, and 2 with
chemotherapy alone. We divided these patients into two groups
by TP53/KRAS co-mutation. It can be seen from the survival
analysis in Figure 5 that PFS appeared to be shorter for patients
with no TP53/KRAS co-mutation, with a median PFS of 381
days for no co-mutation group compared with 460 days in
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TP53/KRAS co-mutation group (p = 0.13). Patients with KRAS
and TP53 co-mutations in tissues exhibited a potentially better
response to treatment than those containing the respective
wild type genes. The relationship between the prognosis of
first-line therapy and the TP53/KRAS co-mutations is worth
more investigation.

DISCUSSION

In this study, we explored the practicability and clinical value
of ctDNA in CRC therapy using paired blood and tissue
biopsy samples. To clarify the correlation between drug efficacy
and mutations, we built up mutational profiles for 43 CRC
patients. We dynamically monitored the mutation status of
each patient and investigated its relationship with therapeutic
response, including drug resistance (10). Our study revealed
many gene mutations with the 605-gene panel. Apart from
previously reported mutations in APC, TP53, KRAS, SYNE1,
PI3KCA, SMAD4, and BRAF, some other mutations may also
potentially be used as biomarkers for CRC prognosis. We also
showed that ctDNA may be used to analyze TMB, which is an
effective method to monitor the burden of mutations following
therapy. The consistency between ctDNA and tissue biopsy
was 32%.

We collected plasma ctDNA and tumor tissues in
CRC patients following cetuximab, apatinib, trastuzumab,
neoadjuvant, adjuvant chemotherapy, or any combination of
them to track tumor dynamics, including therapeutic response,
metastasis, and drug resistance. Despite the limited cohort (n
= 41), the samples represented patients of advanced CRC with
integrated clinical information. Four representative patients
with treatment plans and mutational changes were presented
and analyzed in detail (Figure 3). Although the mutational
profile of each patient was distinct, our results indicated that
the mutation of driver genes dynamically changed in different
patients and treatment plans. Therefore, it is vital to detect these
gene mutations in an individualized manner. We believe this
strategy can support the establishment of reasonable treatment
plan for each patient (11–14).

After comparing key mutation profiles between baseline and
after first-line therapy (Figure 4), a new mutation (PDGFRB
p.Q443R) was observed during disease progression. Consistent
with previously observations, PDGFRB appeared to promote the
development of CRC (15, 16). Moreover, combinations including
bevacizumab-chemotherapy and cetuximab-chemotherapy
could diminish the mutations of driving genes, such as BRAF,
KRAS, AMER1, and therefore potentially prevent disease
progression. BRAF and KRAS are driver genes of CRC,
while AMER1 is a frequently mutated gene in this condition
(17). Mutations in two other genes (PPIAL4D p.S99F and
SPATA31A5 p.T1139R) were previously rarely reported, which
may constitute alternate mutation sites that deserve more in-
depth investigation. Since gene mutations typically accumulate
over time, CRC with distinct heterogeneity may exhibit different
genetic characteristics. The mutational information from a
single tissue biopsy is limited by space and time, and may be

biased in accessing the therapeutic effect or monitoring cancer
progression. Ideally, multiple biopsies may be obtained to avoid
this bias. Although we did not achieve ideal condition, our
study improved the understanding in the roles of ctDNA in
CRC monitoring and response assessment in the practice of
precision medicine.

TP53 mutations in early CRC have been considered a poor
prognostic factor. However, the function of mutated TP53 has
not been fully characterized (18). In our study, TP53 and KRAS
mutations were considered favorable factors for overall survival
and disease progression of CRC. PFS was potentially shorter
for patients without TP53/KRAS co-mutations compared with
TP53/KRAS mutated patients and therefore might have more
treatment benefit (Figure 5). Indeed, these two genes were often
found co-mutated in our sequencing results. Therefore, although
some potential interesting findings were revealed in the current
study, it requires further validation using a larger number of
patients. In this study, we confirmed the roles of ctDNA in
dynamic monitoring of CRC therapy, which supports more
extensive use of the method in future therapy.

In this study, we monitored the mutational changes and
therapeutic response of late-stage CRC patients following
chemotherapy combined with bevacizumab and/or cetuximab.
It appeared that high frequency mutations of key driver gene,
such as APC, TP53, and KRAS, were the markers that sensitively
reflected the therapeutic response, while alleviation of mutations
in BRAF, AMER1, and other major driver genes was also
observed following the therapy. The dynamic change of plasma
mutation status following the combined therapy was consistent
with the tissue tumor burden and was closely correlated with
disease progression. Therefore, ctDNA detection appeared to
be a useful method for the molecular genotyping and sensitive
for monitoring mutational status, which potentially helps to
develop treatment strategy targeting actionable variations. Our
observations were supported by several previous reports focusing
on the monitoring capability of NGS-based liquid biopsy in
late-stage CRC therapy (4, 19–24). However, the regimes used
in these studies varied according to different situation. Some
studies focused on the monitoring of cetuximab-based therapy
for RAS wild type patients (19–21), while others emphasize the
monitoring of multiple targets, including EGFR, HER2, SMAD4,
and NF1 (4, 21–23). Interestingly, one study investigated the
ability of both mutation and methylation markers in monitoring
(24). Although the therapeutic regimes and targets varied, the
observations from these studies all support the use of NGS-based
liquid biopsy for therapeutic response monitoring and target
identification, which endorsed our conclusions.

There were some limitations in this study. Firstly, the sample
size was still small. Although 43 patients were included, only
35 patients had paired baseline plasma and corresponding
tumor tissues, and key mutation changes between baseline and
after the first-line therapy were obtained from 13 patients.
Therefore, incomplete paired samples and loss of follow-up
were key issues in the study, which increased the difficulties
in analysis and making solid conclusion. These issues can
be solved by increasing the number of total subjects and
patients with complete information may increase accordingly.
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Meanwhile, strict fulfillment of inclusion and exclusion criteria
may also increase the ratio of patients with complete information.
Secondly, the therapeutic strategy in this study varied among
different patients. Therefore, studies on mutational changes may
be differentially affected by various chemotherapy drugs, and
conclusions based on mixed therapies may be compromised.
It would be nice to study the mutational changes with
patients from homogeneous treatment, however, this was difficult
operationally, as late-stage CRC patients from multiple lines
of therapy generally have diversified conditions and will adopt
different therapies in the real world.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in
the Genome Sequence Archive for Human (GSA-Human)
(Accession: PRJCA002282).

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Shenzhen People’s Hospital. The

patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

RX designed the study. HC and XL performed the sample
collection, data collection, and manuscript writing. YC, PY,
and TH performed the sequencing and data analysis. XL,
PY, and LS wrote the manuscript. LS and RX proof read
the manuscript.

FUNDING

This study was supported by the project Monitoring the efficacy
of chemotherapy and evaluation of drug resistance in digestive
tract tumors based on liquid biopsy and project Head-to-head
comparison of apatinibmesylate combined with chemotherapy: a
randomized study of bevacizumab combined with chemotherapy
as second-line therapy for advanced intestinal cancer patients
(SYLY201725), supported by Sanming project of Shenzhen
People’s Hospital.

REFERENCES

1. Wang B, Wu S, Huang F, Shen M, Jiang H, Yu Y, et al. Analytical and

clinical validation of a novel amplicon-based NGS assay for the evaluation

of circulating tumor DNA in metastatic colorectal cancer patients. Clin Chem

Lab Med. (2019) 57:1501–10. doi: 10.1200/JCO.2019.37.15_suppl.e15084

2. Onidani K, Shoji H, Kakizaki T, Yoshimoto S, Okaya S, Miura N, et al.

Monitoring of cancer patients via next-generation sequencing of patient-

derived circulating tumor cells and tumor DNA. Cancer Sci. (2019) 110:2590–

9. doi: 10.1111/cas.14092

3. 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)

8:408–17. doi: 10.1002/cam4.1913

4. Zhang H, Liu R, Yan C, Liu L, Tong Z, Jiang W, et al. Advantage of next-

generation sequencing in dynamic monitoring of circulating tumor DNA over

droplet digital PCR in cetuximab treated colorectal cancer patients. Transl

Oncol. (2019) 12:426–31. doi: 10.1016/j.tranon.2018.11.015

5. Xu R, Zhong G, Huang T, He W, Kong C, Zhang X, et al. Sequencing

of circulating tumor DNA for dynamic monitoring of gene mutations

in advanced non-small cell lung cancer. Oncol Lett. (2018) 15:3726–34.

doi: 10.3892/ol.2018.7808

6. Lai C, Sun W, Wang X, Xu X, Li M, Huang D, et al. RNF43 frameshift

mutations contribute to tumourigenesis in right-sided colon cancer. Pathol

Res Pract. (2019) 215:152453. doi: 10.1016/j.prp.2019.152453

7. Lyskjær I, Kronborg CS, RasmussenMH, Sørensen 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) 9:11542. doi: 10.1038/s41598-019-47708-1

8. Yang N, Li Y, Liu Z, Qin H, Du D, Cao X, et al. The characteristics of ctDNA

reveal the high complexity inmatching the corresponding tumor tissues. BMC

Cancer. (2018) 18:319. doi: 10.1186/s12885-018-4199-7

9. Baltruskeviciene E, Mickys U, Zvirblis T, Stulpinas R, Pipiriene Zelviene

T, Aleknavicius E. Significance of KRAS, NRAS, BRAF and PIK3CA

mutations in metastatic colorectal cancer patients receiving Bevacizumab:

a single institution experience. Acta Med Litu. (2016) 23:24–34.

doi: 10.6001/actamedica.v23i1.3267

10. Benson AB, Venook AP, Cederquist L, Chan E, Chen Y-J, Cooper

HS, et al. Colon cancer, version 1. 2017, NCCN clinical practice

guidelines in oncology. J Natl Comprehens Cancer Netw. (2017) 15:370–98.

doi: 10.6004/jnccn.2017.0036

11. Liebs S, Keilholz U, Kehler I, Schweiger C, Haybäck J, Nonnenmacher A, et al.

Detection of mutations in circulating cell-free DNA in relation to disease stage

in colorectal cancer. Cancer Med. (2019) 8:3761–9. doi: 10.1002/cam4.2219

12. Parseghian CM, Napolitano S, Loree JM, Kopetz S. Mechanisms of innate

and acquired resistance to Anti-EGFR therapy: a review of current knowledge

with a focus on rechallenge therapies. Clin Cancer Res. (2019) 25:6899–908.

doi: 10.1158/1078-0432.CCR-19-0823

13. Marcuello M, Vymetalkova V, Neves RPL, Duran-Sanchon S, Vedeld HM,

Tham E, et al. Circulating biomarkers for early detection and clinical

management of colorectal cancer. Mol Aspects Med. (2019) 69:107–22.

doi: 10.1016/j.mam.2019.06.002

14. Hamfjord J, Guren TK, Dajani O, Johansen JS, Glimelius B, Sorbye H, et al.

Total circulating cell-free DNA as a prognostic biomarker in metastatic

colorectal cancer before first-line oxaliplatin-based chemotherapy. AnnOncol.

(2019) 30:1088–95. doi: 10.1093/annonc/mdz139

15. Cai H, Shi Q, Tang Y, Chen L, Chen Y, Tao Z, et al. Positron emission

tomography imaging of platelet-derived growth factor receptor β in colorectal

tumor xenograft using zirconium-89 labeled dimeric affibody molecule. Mol

Pharm. (2019) 16:1950–7. doi: 10.1021/acs.molpharmaceut.8b01317

16. Olsen RS, Dimberg J, Geffers R, Wågsäter D. Possible role and therapeutic

target of PDGF-D signalling in colorectal cancer. Cancer Invest. (2019) 37:99–

112. doi: 10.1080/07357907.2019.1576191

17. Sanz-Pamplona R, Lopez-Doriga A, Paré-Brunet L, Lázaro K, Bellido F,

Alonso MH, et al. Exome sequencing reveals AMER1 as a frequently

mutated gene in colorectal cancer. Clin Cancer Res. (2015) 21:4709–18.

doi: 10.1158/1078-0432.CCR-15-0159

18. Papaxoinis G, Kotoula V, Giannoulatou E, Koliou GA, Karavasilis V, Lakis

S, et al. Phase II study of panitumumab combined with capecitabine and

oxaliplatin as first-line treatment in metastatic colorectal cancer patients:

clinical results including extended tumor genotyping. Med Oncol. (2018)

35:101. doi: 10.1007/s12032-018-1160-1

19. Toledo RA, Cubillo A, Vega E, Garralda E, Alvarez R, de la Varga LU, et al.

Clinical validation of prospective liquid biopsy monitoring in patients with

wild-type RAS metastatic colorectal cancer treated with FOLFIRI-cetuximab.

Oncotarget. (2017) 8:35289–300. doi: 10.18632/oncotarget.13311

20. Goldberg RM, Montagut C, Wainberg ZA, Ronga P, Audhuy F, Taieb

J, et al. Optimising the use of cetuximab in the continuum of care for

Frontiers in Oncology | www.frontiersin.org 10 April 2020 | Volume 10 | Article 466

https://doi.org/10.1200/JCO.2019.37.15_suppl.e15084
https://doi.org/10.1111/cas.14092
https://doi.org/10.1002/cam4.1913
https://doi.org/10.1016/j.tranon.2018.11.015
https://doi.org/10.3892/ol.2018.7808
https://doi.org/10.1016/j.prp.2019.152453
https://doi.org/10.1038/s41598-019-47708-1
https://doi.org/10.1186/s12885-018-4199-7
https://doi.org/10.6001/actamedica.v23i1.3267
https://doi.org/10.6004/jnccn.2017.0036
https://doi.org/10.1002/cam4.2219
https://doi.org/10.1158/1078-0432.CCR-19-0823
https://doi.org/10.1016/j.mam.2019.06.002
https://doi.org/10.1093/annonc/mdz139
https://doi.org/10.1021/acs.molpharmaceut.8b01317
https://doi.org/10.1080/07357907.2019.1576191
https://doi.org/10.1158/1078-0432.CCR-15-0159
https://doi.org/10.1007/s12032-018-1160-1
https://doi.org/10.18632/oncotarget.13311
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cao et al. Monitoring of Response and Resistance by ctDNA

patients with metastatic colorectal cancer. ESMO Open. (2018) 3:e000353.

doi: 10.1136/esmoopen-2018-000353

21. Mei Z, Shao YW, Lin P, Cai X, Wang B, Ding Y, et al. SMAD4

and NF1 mutations as potential biomarkers for poor prognosis to

cetuximab-based therapy in Chinese metastatic colorectal cancer

patients. BMC Cancer. (2018) 18:479. doi: 10.1186/s12885-018-

4298-5

22. Knebel FH, Bettoni F, da Fonseca LG, Camargo AA, Sabbaga J, Jardim

DL. Circulating tumor DNA detection in the management of anti-

EGFR therapy for advanced colorectal cancer. Front Oncol. (2019) 9:170.

doi: 10.3389/fonc.2019.00170

23. Liu R, Zhao X, Guo W, Huang M, Qiu L, Zhang W, et al. Dynamic

monitoring of HER2 amplification in circulating DNA of patients with

metastatic colorectal cancer treated with cetuximab. Clin Transl Oncol. (2019).

doi: 10.1007/s12094-019-02215-7. [Epub ahead of print].

24. Boeckx N, Op de Beeck K, Beyens M, Deschoolmeester V, Hermans

C, De Clercq P, et al. Mutation and methylation analysis of circulating

tumor DNA can be used for follow-up of metastatic colorectal cancer

patients. Clin Colorectal Cancer. (2018) 17:e369–79. doi: 10.1016/j.clcc.2018.

02.006

Conflict of Interest: XL, PY, TH, and LS are currently employed by HaploX

Biotechnology. HaploX provided the next generation sequencing service for

this study.

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.

Copyright © 2020 Cao, Liu, Chen, Yang, Huang, Song and Xu. 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.

Frontiers in Oncology | www.frontiersin.org 11 April 2020 | Volume 10 | Article 466

https://doi.org/10.1136/esmoopen-2018-000353
https://doi.org/10.1186/s12885-018-4298-5
https://doi.org/10.3389/fonc.2019.00170
https://doi.org/10.1007/s12094-019-02215-7
https://doi.org/10.1016/j.clcc.2018.02.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Circulating Tumor DNA Is Capable of Monitoring the Therapeutic Response and Resistance in Advanced Colorectal Cancer Patients Undergoing Combined Target and Chemotherapy
	Introduction
	Methods and Materials
	Patients and Samples
	DNA Extraction and Quantification
	Library Construction and Sequencing
	Statistical Analysis

	Results
	Mutation Profiling of CRC Patients Before Therapy in Tissue and Blood
	Treatment Significantly Altered Mutational Landscape in ctDNA
	Comparison of Key Mutations in Baseline and After First-Line Therapy
	TP53/KRAS Mutations in Tumor Tissue Are Potential Predictive Factors for Treatment Response

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


