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ABSTRACT

Colorectal cancer is the third most common cancer worldwide. New cancer treatment strategies such as monoclonal antibodies against
growth factor and angiogenesis receptors have improved the overall survival (OS) and progression-free survival (PFS) in metastatic
colorectal cancer (mCRC) patients. However, acquired resistance could happen after these therapies. Circulating tumor DNA
(ctDNA) is the DNA fraction derived from tumor cells which could be applied as a non-invasive method for detecting tumor
mutations before, during, and after therapies. Here, we reviewed most of the studies examining ctDNA as treatment monitoring in
mCRC patients who receive different target therapies. Also, we compared ctDNA with other existing cancer-treatment monitoring
methods.
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Introduction

Colorectal cancer (CRC) has been known as the third follow-up before and during the therapy is an important

most prevalent cancer throughout the world. Although
new therapies such as anti-epithelial growth factor
receptor (EGFR) and anti-vascular endothelial growth
factor (VEGF) have resulted in improved metastatic
CRC (mCRC) survival, primary and acquired resistance
against such therapeutic drugs could still occur (1).
These therapies are expensive, and patients may suffer
from their toxicities and complications. Therefore, their
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necessity (2). Circulating tumor DNA (ctDNA) is
cfDNA fraction arisen from tumor cells, which is
diagnosed in the bloodstream of patients with cancer
which is due to apoptosis, necrosis, and release of
active tumor cells (3). ctDNA enables a noninvasive
and repetitive analysis to gain insights into the tumor’s
mutational profile and has been applied to manage
personalized cancer conditions (4). Use of ctDNA for
mutation analyses in various blood samples during
therapy has a high potential for improving disease
monitoring (4,5). Various methods have been
introduced to accommodate the increasing demand for
an applicable method for ctDNA analysis in clinical
settings. Improving follow-up techniques for metastatic
CRC patients under therapy is vital to ensure the



response to therapy. The image-based Response
Evaluation Criteria in Solid Tumors (RECIST) has
been employed to determine the proper tumor load for
treatment and also to measure the response during
treatment. However, it suffers several restrictions, such
as weak inter/intra-observer reproducibility and no
various categorization. Further, radiographic evaluation
is costly and time-consuming, which can result in
accumulated ionizing radiation, while it is merely
conducted once in six to eight weeks (6). Furthermore,
in addition to radiographic evaluation,
carcinoembryonic antigen (CEA) has been usually
tested as a tumor marker for CRC. CEA has been
characterized by restricted sensitivity as well as
specificity since CEA concentrations increase among
various other malignancies and benign tumors and are
not a decisive factor in assessing tumor
response/progression (7).

Nowadays, tissue-based mutational analysis is a gold
standard method for detecting resistance to targeted
therapy, but it has some limitations too. It is an invasive
method and not repeatable during treatment, and cannot
detect all mutations because of tumor heterogeneity (8).
However, liquid biopsy can address tumor
heterogeneity as well as treatment-induced dynamic
changes in molecular profiles online (9). In this review,
we have summarized some recent investigations about
ctDNA application in detecting resistance to different
target therapies in mCRC patients and compared its
specificity as well as sensitivity to other existing
methods.

Anti-EGFR therapy

Epithelial growth factor receptor (EGFR) activates
several signaling routes, such as RAS/MAPK and
PI3K/AKT that promote cell proliferation and growth.
Expression of EGF receptor increases in 82% of
mCRCs (10). Cetuximab is an IgG1 chimer monoclonal
antibody which can prevent the dimerization of EGFR
via covering antigen epitope in domain III of EGFR
and can inhibit ligand binding and EGF signaling.
Further,  Cetuximab can  stimulate  receptor
internalization as well as degradation, which possibly
induce an antitumor
cellllmediated cytotoxicity response (11).
Panitumumab is another monoclonal antibody (mAb)

antibody[dependent

which is fully humanized, and targets the extracellular
domain of EGFR too. It prevents the activation of the
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EGFR downstream signaling cascade (12). Cetuximab
and panitumumab as anti-EGFR agents have proved
more effective than chemotherapy alone to treat mCRC
cases with wild type (WT) KRAS gene (13).
KRAS mutation is a valid predictive biomarker for
anti-EGFR
therapy. Specifically, patients withexon 2 KRAS

mCRC cases resistant to

mutation do not respond to anti-EGFR therapy, and
they also possibly show unfavorable responses when it
is associated with an oxaliplatin-based chemotherapy
regimen (14). Thus, through genetic analysis of ctDNA,
additional RAS mutations can be identified thereby
improving patients’ selection for anti-EGFR treatments.
Developing an acquired resistance at early courses of
treatment is mainly caused by RAS, BRAF, and EGFR
mutations (15).

In 2015, Seung Tae Kim et al. undertook a blinded
study for sequencing ctDNA fragments. They used 54-
gene NGS panel for 61 cases with metastatic cancer as
well as 14 stage II CRC cases. Concordance between
tumor DNA and ctDNA was reported 85.9%, and they
detected the emergence of new KRAS resistance
mutation in cetuximab-treated mCRC patients in
plasma samples 1.5 months earlier than imaging (16).
In another study on mCRC patients, as a first-line
treatment, they received combined chemotherapy and
targeted therapy. Among most cases with progressive
disease, the ratio of ctDNA decreased when treatment
started, while an increase was observed as treatment
continued. Concordance between tissue and plasma was
reported over 80% (6). In another case report, a 37-
year-old woman received cetuximab with wildtype for
RAS and BRAF mutations, who was diagnosed with a
rectal adenocarcinoma with metastases. After a while,
KRAS exon 3 mutations were recognizable using
ctDNA in the plasma and increased at the time of
resistance, and later a follow-up imaging indicated the
disease progression. CEA and CA19-9 did not show an
elevation during the assessment time (9). In another
study patients with RAS and BRAF wildtype profiles
received cetuximab or panitumumab treatment for the
disease progression (PD). For half of patients, liquid
biopsies were available at time of resistance and
analyzed by droplet digital PCR. In 40% cases, ctDNA
analysis results were fully concordant with the gold
standard. In a patient, ctDNA could reveal some
unrecognized resistance strategies in tissue biopsy and
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showed mutated KRAS and amplified HER2 for
mechanism of resistance. On the other hand, in some
patients the resistance mechanisms observed on tissue
analysis could not be detected on liquid biopsies; no
different and additional molecular alterations in ctDNA
could be detected either (2). Jian-Ming et al. used
targeted amplicon ultra-deep sequencing approach to
analyzing ctDNA in mCRC cases and characterized it
by acquired resistance to cetuximab; so they selected
20 mutations that are frequent in resistance mechanism,
with most of these mutations being detectable in
patients with acquired resistance. However, none of
these mutations were identified in about 50% of
patients (17). Takeshi Yamada et al. administered
EGFR blockade to KRAS tumor wild type mCRC
patients. They detected a new KRAS mutation as
mechanism of resistance in five patients with normal
CEA and CA19-9 through chemotherapy using EGFR
blockade before the progression of the disease was
recognizable by imaging (4). In another experiment,
Plasma ctDNA and DNA from tissue samples from
CRC patients were amplified using PCR. Anti-EGFR
antibodies treated patients showed ctDNA, in which
RAS mutations could be found prior to EGFR
extracellular domain (EGFR ECD) variants. All EGFR
ECD mutations were found in blood specimens after
being exposed to EGFR blockade as a mechanism of
resistance (18). Mariangela Russo et al. also studied
EGFR blockade in colorectal cancer. A K57T MEKI1
mutation was observed by analyzing a tissue biopsy
from patients' responses to cetuximab, which is a new
strategy for acquired resistance. In liquid samples
during therapy, mutant MEK1 degrees diminished after
therapy. However, an undetected KRAS mutation was
observed in ctDNA and increased despite treatment.
Such KRAS mutation was then recognized in another
unresponsive metastasis sample (19). Morelli et al.
studied plasma and tissue specimens obtained from
KRAS WT mCRC cases and observed resistance
against anti-EGFR monoclonal antibodies via high-
sensitive emulsion RCR. ctDNA analysis indicated
some detectable EGFR and KRAS mutations among
8% [0.02—0.18] and 44% [0.3—0.56] of samples, while
41% of cases showed multiple EGFR and/or KRAS
mutations (20). Friederike Braig et al. scanned KRAS,
NRAS, and the overlapping epitopes of EGFR
antibodies (cetuximab and panitumumab) to study
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mutations in tumor tissue prior to as well as following
therapy. In ctDNA samples, they detected a new
mutation in 1 from 6 patients administrated with
panitumumab, while nearly 30% of the cases
demonstrated acquired RAS mutations (21). In a case
report, mCRC subjects with WT KRAS were subjected
to anti-EGFR therapies. In ctDNA analysis, KRAS
mutation was found three months following the onset
of treatment, while clinical and image progression was
found two months post-treatment (22).

Anti-VEGFR therapy

Tumor growth, metastasis, and progression depend on
angiogenesis. Angiogenesis is controlled by pro-
antigenic and anti-angiogenic regulators. There is a
balance between these angiogenesis regulators in
healthy cells, but in cancer, this balance is impaired
(23). Therapeutic agents targeting VEGFR inhibit
angiogenesis and improve the patients' survival (24).
Bevacizumab has been introduced as a humanized anti-
VEGFR monoclonal antibody. It has been confirmed
by FDA to treat different solid tumors, including CRC
(25).

In a study, cfDNAs from mCRC patients were
sequenced by NGS, and candidate ctDNAs were
chosen by comparing them with tissue biopsies. After
first-line treatment with bevacizumab, a significant
reduction in the mutant allele frequency (MAF) at
remission as well as enhancements in the MAF
following PD were found. Masami Yamauchi et al.
reported a positive relationship between MAF and
tumor size as well as between reductions in MAF to
less than the median score in the remission with a
favorable survival rate. In two cases, new mutations
were recognized in ctDNA at a low rate during post-
progression survival (1).

HER?2 Blockade

Activation of the HER2 pathway has been identified as
a known resistance strategy for anti-EGFR antibody
treatment, which is used as a bypass signaling pathway
in first-line and salvage therapy settings (26).
HER2/ErbB2/Neu is a member of tyrosine kinase
receptors. Based on receptor subtype and cellular
context, these signaling proteins cause several cellular
processes, such as proliferation, survival, and
differentiation. Activation and and amplification of
HER?2 receptors are linked to decreased disease-free
survival in breast as well as gastro-esophagus cancers



(27). Dual anti-HER2-targeted treatment (trastuzumab
plus lapatinib) has shown vigorous anti-tumor activity
in HER2-positive mCRC patients (28).

In a study, 33 mCRC patients were enrolled with
ERBB2 amplified resistance to trastuzumab plus
lapatinib treatment. Liquid biopsies were collected
during treatment, and ctDNA analysis of samples was
performed and compared with computed tomography
(CT) scan evaluations. Almost all plasma samples
showed ERBB2 copy number alteration (CNA).
Changes in RAS/RAF were recognized pre-treatment
among 86% of refractory cases; meanwhile, 14% of
cases showed remission. Trunk mutant alleles were
observed to be involved in primary resistance, and
mutant subclones were associated with acquired
resistance observed at final time points throughout the
treatment. Tumor burden was investigated in ctDNA by
truncal alterations correlated with clinical response in
this study (29). In another trial, Fluorescence In Situ
Hybridization (FISH) results were compared to ctDNA
analysis for HER2 copy number by target sequencing,
where the correlation was 66.7% (30).

Kinase inhibitor therapy

Tumors with ALK fusion rearrangements of ALK
tyrosine kinase domain and varied unrelated gene
partners cause constitutively MAP kinase activation,
STATS3, and PI3K signaling pathways that drive tumor
cell growth (31). Entrectinibis an oral selective
inhibitor of the tyrosine kinases tropomyosin receptor
kinases (Trk)A/B/C, c-ros oncogene 1 (ROSI), and
anaplastic lymphoma kinase (ALK) with CNS
properties to treat different solid tumors harboring gene
fusions (32).

In a case study, patients carrying a CAD-ALK gene
fusion received Entrectinib treatment. Plasma ctDNA
was evaluated using the NGS-based IRCC-TARGET
panel pre and post-therapy. It showed five ALK point
mutations, while one of them was not found in ctDNA
obtained before therapy. Entrectinib induced
remarkable tumor shrinkage, but CAD-ALK mutation
levels increased when the patient showed PD. The
MAF of ALK gene increased continently in ctDNA
samples until clinical progression was confirmed with
radiological evaluation (5). In another case study, a
mCRC patient with LMNA-NTRK rearrangement gene
profile showed a significant therapy outcome using
Entrectinib, but secondary resistance occurred latter.
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Liquid biopsies were collected during the treatment.
Genetic analysis of ctDNA at time of progression
displayed the presence of two single-point mutations in
the catalytic domain of NTRK/ making TRKA kinase
insensitive to Entrectinib (33).

Regorafenib has been shown as a multi-tyrosine kinase
inhibitor binding to a minimum of 19 targets, such as
angiogenic, stromal, and oncogenic tyrosine kinase
receptors. Its adverse effects include fatigue, hand and
foot skin reaction, and elevated liver function. Because
of these adverse effects, those who initiate taking
regorafenib have to be considered with follow-up visits
to evaluate drug response (34).

In a study, tumor and baseline plasma specimens from
20 Acute CRC (aCRC) regorafenib-treated cases were
analyzed by targeted sequencing and 89 tumor-specific
mutations were identified, with >50% of them being
also seen in baseline plasma. Also, Vandeputte et al.
reported that the early enhanced mutated copies/mL
was linked to the remarkable decrease in progression-
free survival (PFS) and overall survival (OS)(35).
Khurum Khan et al. designed a trial for RAS mutant
mCRC patients with biopsiable metastasis sites. Liquid
biopsies were collected monthly during regorafenib
treatment for the progressive disease. ctDNA was
evaluated regarding clonal RAS mutations using
digital-droplet PCR. They reported that the reduction
ion RAS mutant clones among ctDNA samples
following a 8-week therapy showed favorable PFS
(36). In another trial, regorafenib was administered to
patients with refractory response to standard therapies
in two cycles. A high level of total cfDNA and
presence of KRAS mutation in ¢tDNA samples had an
inverse correlation with PFS (37).

MET oncogene is crucial for cancer development,
including tumor induction by cancer stem cell
synthesis, tumor progression by cell proliferation and
survival, as well as drug resistance and metastasis (38).
MET amplification/copy gain occurs in some BRAF-
mutated tumors such as CRC. The combined MET and
BRAF prevention is associated with improvements in
cases with rectal cancer including BRAFV600E and
MET amplification. Daniele Oddo et al. analyzed
ctDNA by exome sequencing and digital PCR at the
time of progression in mCRC patients. MET hyper-
amplification was detected in plasma samples which
was confirmed with liver and lymph node metastatic
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biopsy analysis. They concluded that alterations of
MET in BRAF mutant colorectal cancer cells can be a
resistance mechanism in BRAF and MET inhibition
therapy (39). In a case report, a wild type RAS, NRAS,
and BRAF patient showed resistance to chemotherapy
and anti-EGFR therapy. The patient received a
combination of cabozantinib (MET inhibitor) plus
panitumumab, and after 6 weeks, anti-tumor response
was observed. ctDNA analysis showed MET
amplification; however, tumor tissue results were
negative for MET amplification (40). In another study,
they found the presence of a KRAS G12C mutation as
well as increased BRAF MAF in the ctDNA of
refractory cases at relapse from combination therapy
using BRAF and MEK inhibitors (41).

ctDNA analysis VS carcinoembryonic antigen (CEA)
A blood-based marker currently in use for treatment
monitoring is carcinoembryonic antigen (CEA), but it
has low sensitivity and specificity between 40 and 70%
(42).

In a study, patients with CRC received postoperative
chemotherapy whereby tumor tissues and serial liquid
biopsies were analyzed by NGS. Driver gene mutations
were detected in ctDNA at low MAFs from 63.6% of
patients while these mutations were not detectable for
others. In a patient, analysis of ctDNA indicated
elevated TP53 mutation along with a novel mutation
detected in liquid samples. On the other hand, CEA
levels were lower than the threshold in the three tests
before mortality, while, at the time of the last sampling
it increased (43). Furthermore, after three years of
follow up, recurrence-free survival was obtained 33%
for ctDNA-positive cases and 87% for ctDNA-negative
subjects; however, there was an elevation in CEA in
23% of recurred cases and in 1.5% of cases that did not
have recurrence. Give patients with recurrence and
elevated CEA were also ctDNA-positive, but only 45%
of subjects with detectable ctDNA had increased CEA
(44). Having examined plasma samples from CRC
patients, Jeanne Tie et al. reported that ctDNA
following chemotherapy was linked to a shorter
recurrence-free survival. ctDNA was more frequently
positive, but CEA levels were elevated at the time of
radiologic recurrence (45). Elsewhere, 40 aCRC
patients were enrolled in a study where the CEA and
cell-free DNA (cfDNA) ratio was measured before and
after first-line chemotherapy treatment. Both CEA and
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cfDNA were elevated in patients with progressive
disease, but cfDNA was more sensitive for monitoring
the drug response (46).

Circulating tumor cells (CTC) VS ctDNA

Solid tumors can release CTCs into the circulation,
where these cells can be isolated from peripheral blood.
Searching for CTCs can offer great insights into DNA,
RNA, and protein components; however, their
heterogeneity are shortage are limiting factors for their
identification (47).

In Qiushi Sun et al. study, extraction of blood from
CRC cases was performed and they were homogenized
regarding the tumor. They extracted CTCs and ctDNA
from blood samples. They reported that in CTC
samples, approximately 47% of patients had one, while
4% showed two acquired mutations in the sample;
meanwhile for ctDNA samples these results had about
80% concordance, but CTC analysis could detect most
of these alterations earlier than ctDNA did. Compared
to healthy controls, ctDNA samples had a higher DNA
content. Further, 97% concordance was estimated in
CTCs and ctDNA molecular signatures including
homogenized tumor samples (48). In another study,
blood samples were collected from 15 aCRC patients at
different times during therapy. Analysis of KRAS,
BRAF, and PIK3CA mutations was performed for
CTCs and ctDNA. One mutation was observed among
78% of the blood specimens compared to tissue
samples. Some cases showed a mutation in CTCs,
which was not found in ctDNA and vice versa, but
ctDNA and CTC showed similar dynamics in most of
the cases (49).

Methylation analyses in ctDNA

Searching for epigenetic changes through body fluids
has been shown as a modern alternative strategy for
treatment monitoring. It is a stable and noninvasive
method with a high frequency of positive detection. In
the evaluated epigenetic biomarkers, DNA methylation
is the most frequent marker in CRC (50).

In a study on ctDNA state, methylated BCAT! as well
as IKZF I was evaluated through 12-month resection for
CRC. Liquid biopsies were collected from CRC
patients post-surgery where 16% of them had
detectable ctDNA. Recurrence was diagnosed in 23 of
the 138 (42% were ctDNA positive) cases with clinical
follow-up after surgery. Based on multivariate analysis,
post-operation ctDNA detection was linked to the



augmented chance for relapse (51). Fanny Garlan et al.
enrolled a prospective study on mCRC patients who
received first- or second-line chemotherapy. They used
picodroplet-digital PCR assays for detecting KRAS,
BRAF, and TP53 genes or hypermethylation (WIF1,
NPY) in ctDNA samples. They reported that cases with
an elevated (>10 ng/mL) compared to low ( 0.1
ng/mL) ctDNA level showed a limited overall survival
and median PFS (7). Hyperplastic polyposis 1 (HPP1)
in blood has shown association with a weak prognosis
for those with mCRC. In a study analyzing methylated
free-circulating DNA (mfcDNA) for HPP1 of 467
mCRC patients, this correlation was confirmed.
Patients who had a reduction in their mfcDNA level
after surgery had better PS, while patients without a
change in their mfcDNA did not show favorable
treatment outcomes based on the radiological staging
(52). Methylated BCAT1 and IKZF1 are predictive
biomarkers for colorectal cancer and nearly every
cancer tissue indicating significant amounts of
methylation in two genes. In another study, ctDNA
samples were collected before and after surgery.
ctDNA levels were correlated with stage, with the
tumor load also shrank after surgery (53).

Conclusion

ctDNA is a noninvasive and repeatable method for
treatment monitoring and cancer detection capable of
detecting resistance gene mutations. CtDNA is
accessible from blood or urine biopsies, but, because of
its low concentration, it needs accurate extraction
methods. Further, for tumors whose tissue biopsies are
not accessible, ctDNA can be used to capture a tumor's
genetic and epigenetic profile. Also, it is a real-time
method as it does not need complicated and time-
consuming procedures to analyze and report the
diagnosis. When compared with other liquid markers
for cancer detection and relapse, ctDNA is more
specific and accurate. By finding a better method for
measuring ctDNA and analyzing the whole genomic
and epigenetic content, physicians will be able to detect
CRC in early stages and choose the best therapy based
on the patient’s mutational profile.
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