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Significant advances and increased awareness have been in made in the field

of non-invasive liquid biopsies for cancer, spanning several malignancies from

gastrointestinal, pulmonary, and other etiologies. Broadly, the genetic source material for

liquid biopsies includes circulating tumor cells, cell-free circulating tumor DNA (ctDNA),

or cell-free circulating tumor microRNA (mRNA). In this review, we specifically focus on

ctDNA and its current role in colorectal cancer. While there are several commercially

available assays that detect ctDNA, the utility of these products is still variable and

therefore the clinical applications of ctDNA in the management of patients with cancer

has yet to be determined. This is reflected by the recent joint review set forth by the

American Society of Clinical Oncology (ASCO) and the College of American Pathologists

(CAP), clarifying and somewhat tempering the present role of ctDNA in patients with

cancer. This review provides additional detail regarding ctDNA in the limited setting of

colorectal cancer. The increasing importance and promise of ctDNA remains an area of

active research, and further prospective studies may enhance the clinical utility of ctDNA

in the future.
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INTRODUCTION

The concept of circulating, cell-free DNA was initially proposed through work by Mandel and
Métais in the late 1940s (1, 2). The broad correlation between cell-free DNA and cancer was later
observed through work by Leon et al. in the 1970s, where levels of cell-free circulating DNA (though
not necessarily tumor specific cell-free DNA) corresponded to the burden of metastatic disease for
patients with a variety of tumors, including lymphoma, colorectal, lung, gynecological, breast, and
brain tumors (3). The now commonly used term “liquid biopsies” was introduced by Pantel and
Alix-Panabières in the late 1980s as a potential means to obtain diagnostic data from the peripheral
blood of cancer patients that would have the same function as that derived from tumor specimens
(4). The diagnostic source derived from the peripheral blood includes a variety of soluble factors,
including cell-free circulating tumor DNA, circulating tumor microRNA (5), proteins and other
biomarkers, and intact circulating tumor cells themselves (6). Since then and most significantly
with the last decade, research investigating circulating tumor DNA (ctDNA) has expanded rapidly.
In fact, a PubMed search using the term “ctDNA” will generate over 3,500 citations on this topic.
This number of citations decreases to 403 during a search for “ctDNA and colorectal cancer.”
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ctDNA refers to the cell-free DNA released by tumor cells
through a variety of proposed mechanisms, including secretion
of tumor-associated DNA, necrosis from nonviable tumor cells,
or through phagocytosis by tumor infiltrating immune cells
(7). Interestingly, the ctDNA fragments themselves may not
only represent solid tumor DNA, but also may have the ability
to induce oncogenic changes in normal cells that ctDNA
encounters, potentially serving as a mechanism for cancer
metastasis (8). While these observations have been made only in
animal models incorporating human ctDNA, this data suggests a
functional role for ctDNA in addition to its more highly studied
diagnostic and prognostic roles.

Indeed, there has been much attention recently to ctDNA
and its diagnostic/prognostic roles in cancer (9–11). Like
all applications for liquid biopsies, ctDNA offers potential
advantages over traditional solid tumor biopsies. These include a
less invasive means of obtaining diagnostic information through
a blood test (as opposed to a percutaneous or open approach
to sampling tumor tissue), which can be more frequently and
easily repeated with minimal risk to the patient. In addition,
the use of ctDNA may result in obtaining a more thorough
representation of the tumor heterogeneity that is present within
the tumors themselves (12, 13). In contrast, percutaneous tumor
biopsies are more limited in sampling heterogeneous areas of
the tumor. While a general correlation between high levels of
cell-free DNA and cancer has been noted by several groups
(2, 3), ctDNA that is specific to known mutations associated
with a given malignancy has been targeted as a potential clinical
biomarker. In this regard, several studies have demonstrated that
ctDNA possesses clinical validity, meaning that it correlates to
whether the patient actually has cancer. However, as will be
discussed, it remains unclear whether ctDNA possesses clinical
utility, meaning the ability of ctDNA to positively impact
patient outcomes as a biomarker. In this review, we focus on
ctDNA and colorectal cancer, evaluating and its current and
potential clinical roles as well as its benefits and limitations
(Table 1).

THE ROLE OF CTDNA IN COLORECTAL
CANCER

Targeted Mutations in ctDNA
A number of common and lesser known biomarkers has been
the focus of several studies investigating ctDNA in colorectal
cancer. Mutated genes encoding KRAS, BRAF, APC, and p53
are among the more common targeted biomarkers, and each
of these has been shown to be involved in the carcinogenesis
of colorectal tumors. In 2003, Ryan et al. showed that mutant
KRAS2 could be detected in the serum of patients with colorectal
cancer prior surgery in 41% of cases; the same KRAS2 mutation
was confirmed in 53% of resected tumors, supporting the use
of ctDNA as a detection method for mutations reflective of the
primary tumor (14). Thierry et al. later showed that multiple
KRASmutations and the BRAFV600Emutation could be reliably
detected from ctDNA in patients with metastatic colorectal
cancer (15). Detection of APC mutations, like KRAS mutations

that are thought to be early changes in the development of
colorectal cancer, have also been detected with the use of
ctDNA, as well as the detection of P53 mutations, which are
thought to be involved in later stage development of colorectal
cancer (16).

In addition to these better known mutation targets, a number
of other potential ctDNA biomarkers has also been studied. The
presence of abnormally methylated septin 9 (mSEPT9) DNA,
a GTPase involved in a variety of cellular processes related to
carcinogenesis, has been shown to correlate with colon cancer
at all stages (17, 18). Toth et al. showed that circulating levels
of mSEPT9 were detected in patients with colorectal cancer, but
not in patients with precancerous adenomas, providing evidence
of its ability to discriminate between malignant and benign
tumors (19). Other candidate targets for ctDNA detection have
been investigated, including PIK3CA, CDH1, BCAT1, IKZF1,
and ALX4, among several others (20–27). While the majority of
targets have been aimed at detecting colorectal cancer, some of
these new targets, such as ALX4, are being investigated to detect
precancerous lesions as well (22). Novel targets continue to be
investigated, although their contemporary role in the detection
of colorectal cancer remains to be seen.

ctDNA in Early and Late Colorectal Cancer
The clinical utility of ctDNA as a diagnostic and prognostic
biomarker varies based on its use in early vs. late colorectal
cancer. Ideally, detection of ctDNA mutations would be
valuable in identifying precancerous lesions or early cancers
when intervention would be most beneficial. Historically, the
investigation of ctDNA was performed in colorectal cancer
patients with metastatic disease or pooled from a cohort having
any stage of disease. Lefebure et al. investigated KRAS and
RAS-SF2A mutations in 29 patients with metastatic colorectal
cancer, showing that 41% of patients had detectable serum
mutations that matched the mutations within the primary
tumor (28). In patients where ctDNA mutations were detected,
the prognosis was significantly worse as compared to patients
without detectable ctDNA mutations. A more recent study by
Bachet et al. found a much higher correlation between paired
plasma and tumor samples with respect to RAS mutations
and a cohort of 412 patients (29). Specifically, the correlation
between plasma and tumor mutations was ∼70% for patients
with colorectal liver metastases. Other studies by Bettegowda
et al. and Schmiegel et al. showed that the correlation between
plasma ctDNA and tumor mutations was similarly high (∼90%)
in patients with metastatic colorectal disease (30, 31). This was
further validated by a large study of nearly 1,400 patients by
Strickler et al. (32). For patients with metastatic disease and
detectable (often high) levels of plasma ctDNA, many studies
report worse disease-free or overall survival compared to patients
without detectable ctDNA (33–35). However, while these more
recent studies showed a correlation between ctDNA detection,
colorectal metastases, and prognosis, it is unclear whether
this information will provide superior outcomes for these
patients.

In contrast to metastatic disease, a number of studies have
investigated whether ctDNA can be used in the detection of
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TABLE 1 | Summary of studies involving ctDNA and colorectal cancer, presented by topic subheading within the review.

Result Study(ies) Design

TARGETED MUTATIONS IN ctDNA

KRAS detection Ryan et al. (14)

Mouliere et al. (12)

Thierry et al. (15)

Prospective study of 94 patients showed mutated KRAS ctDNA detection in all

stages of CRC

Mouse xenograft model of human CRC cell line showed ctDNA serum

production and detection

Prospective study of 106 patients showed high detection ability of mutated

KRAS ctDNA

BRAF detection Mouliere et al. (12)

Thierry et al. (15)

Mouse xenograft model of human CRC cell line showed ctDNA serum

production and detection

Prospective study of 106 patients showed high detection ability of mutated

BRAF ctDNA

APC detection Wang et al. (16) Retrospective analysis of 104 patients with CRC showed detection of APC

mutated ctDNA

mSEPT9 detection deVos et al. (17)

Grutzmann et al. (18)

Toth et al. (19)

Prospective study of 97 patients showing high specificity of mSEPT9 ctDNA with

CRC

Prospective study of 354 patients showing high specificity of mSEPT9 ctDNA

with CRC

Prospective study of 60 patients showing high specificity of mSEPT9 ctDNA with

CRC but not in benign adenomas

ctDNA IN EARLY AND LATE COLORECTAL CANCER

ctDNA detection associated with worse

prognosis in metastatic CRC

Lefebure et al. (28)

Bachet et al. (29)

Retrospective analysis of 29 patients with metastatic CRC showed association

of ctDNA with worse disease-free survival

Prospective study of 425 patients showed correlation between plasma ctDNA

and tumor mutations of approximately 70% in patients with liver metastases

ctDNA detection was not associated with

worse prognosis in metastatic or locally

advanced disease

Strickler et al. (32) Retrospective analysis of 1,397 patients with mutated EGFR ctDNA

ctDNA in the detection of early CRC disease

has not been shown

Lecomte et al. (32)

Lin et al. (20)

Retrospective study of 191 patients with stage I-III CRC showed low sensitivity of

ctDNA to detect early disease

Prospective study of 191 patients with stage I-III CRC showed low sensitivity of

ctDNA to detect early disease

ctDNA may be used as a screening tool, but

has not been definitively shown

Flamini et al. (41)

Mead et al. (40)

Prospective study of 75 patients with known CRC showing elevated ctDNA

compared to healthy patients

Prospective study of 26 patients showed mutated ctDNA was associated with

invasive carcinoma among polypectomies when combined with CEA levels

ctDNA TO PREDICT PROGNOSIS FOLLOWING SURGERY AND DURING SYSTEMIC TREATMENT

ctDNA levels may be associated with recurrent

disease following surgery

Tie et al. (42)

Pedersen et al. (21)

Retrospective analysis of 230 patients with stage II disease showed ctDNA levels

were associated with recurrence-free survival after surgery

Prospective study including 12 patients with paired pre- and post-surgery assays

showing reduction in mutated ctDNA (BCAT1 and IKZF1) following surgery

ctDNA level changes may be associated with

response during systemic treatment for

metastatic CRC

Tie et al. (43) Prospective study of 53 patients with metastatic disease showed association of

changes in ctDNA levels with radiographic responses

ctDNA TO DETECT RESISTANCE TO SYSTEMIC THERAPIES AND GUIDE TREATMENT SELECTION

ctDNA levels may be associated with

anti-EGFR resistance

Misale et al. (44)

Mohan et al. (45)

Sclafani et al. (46)

Retrospective analysis of 21 patients showed correlation of ctDNA levels with

anti-EGFR response

Prospective study of 10 patients with metastatic disease showed correlation of

ctDNA levels with anti-EGFR response

Retrospective analysis of 97 patients with locally advanced rectal cancer did not

show survival benefit with ctDNA detection

early colorectal disease. As concluded by the recent joint review
by the American Society of Clinical Oncology (ASCO) and the
College American Pathologists (CAP), there is little evidence
of the clinical validity of ctDNA in early stage disease (36).
Part of this tempering message regarding ctDNA stems from
the fact that many of the studies investigating ctDNA in the
detection of early stage colorectal disease are comprised by a

heterogeneous patient population or do not show correlation of
ctDNA mutations with those found within the tumor specimens
(37). For example, Lecomte et al. investigated mutated KRAS2
in a small cohort of patients where only 29 of 58 patients
had either stage I or II colorectal cancer with the inability to
detect mutations in 5/29 of these early stage patients (38). In
addition, unlike contemporary studies in metastatic patients,
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there was a relatively low correlation between detection of KRAS2
mutation in plasma with detection of the same mutation with
in the tumor of 45% (29). In a similar study by Lin et al., the
sensitivity of ctDNA mutations was relatively low in early stage
disease, specifically 24% in stage I colorectal cancer and 45%
in stage II (20). In addition, it is known that the proportion of
circulating mutated genes is quite small compared to the number
of normal circulating DNA fragments, making it challenging
to detect ctDNA in patients with low disease burdens (39). In
a study by Diehl and colleagues, multiple ctDNA assays were
tested for a small cohort of patients with metastatic colorectal
cancer, and the median percentage of mutant DNA fragments
was only 0.18% (range, 0.005–11.7% for the 10th and 90th
percentiles) (38).

Lastly, while there is much enthusiasm to develop new
screening techniques based on ctDNA for the detection of
precursors to colorectal cancer in asymptomatic patients, there
have been no studies showing the benefit of ctDNA in this role
(36). Small studies have investigated the value of ctDNA when
combined with other biomarkers, such as CEA levels. Mead et al.
developed a predictive model incorporating ctDNA mutations
for multiple targets and the serum CEA level, resulting in a
positive predictive value of ∼80% for cancer (40). A similar
study by Flamini et al. also developed a prognostic algorithm
incorporating ctDNA and CEA levels, showing high diagnostic
predictive value for patients with early stage cancers (41). These
predictive stools, however, have yet to be validated or be used as
the standard of care for early detection of colorectal cancer.

ctDNA to Predict Prognosis Following
Surgery and During Systemic Treatment
In addition to the detection of early or late stage colorectal cancer,
applications of ctDNA have been investigated in predicting
recurrent disease following surgery as well as response to disease
during systemic treatment. Tie et al. performed a study of 230
patients with resected stage II colon cancer treated (42). In this
study, the authors detected ctDNA in 8% of patients who did
not receive adjuvant chemotherapy, in whom the majority (79%)
had recurred. This is in contrast to a 10% recurrence rate in
patients in whom no ctDNA was detected. Other studies have
suggested similar conclusions, albeit in smaller cohorts and in
more heterogeneous populations, including patients with stage
I to stage III disease (47, 48). However, whether the use of ctDNA
following surgery results in a benefit to patients with detectable
levels of ctDNA, or whether this detection represents a lead-
time bias of recurrent disease, has not been addressed by these
studies.

A greater body of literature has described the use of ctDNA
in monitoring the response metastatic disease to systemic
therapies. Current monitoring techniques include serum CEA
measurements and the use of different imaging modalities,
the interpretation of which is typically based on the Response
Evaluation Criteria In Solid Tumors (RECIST) criteria (49, 50).
These methods, however, are hindered by several limitations.
CEA levels may be falsely low in patients whose tumors do
not secrete release CEA, and there may be several reasons for

falsely elevated CEA levels (51). Use of the RECIST criteria can
often prove challenging, as there can be inter-observer variation
and heterogeneous responses among different sites of metastases
within an individual patient. Thus, ctDNA holds some promise
as a more effective means to monitor response to systemic
treatments, thus functioning as a predictive biomarker (52, 53).
However, limited data exist to support this proposed use for
ctDNA. A study conducted by Tie et al. prospectively followed
53 patients with metastatic colorectal cancer receiving first-
line chemotherapy, the majority of whom had oxaliplatin-based
followed by irinotecan-based chemotherapy with or without
bevacizumab (42). Although this cohort was relatively small,
significant reductions in ctDNA levels were observed after the
first cycle of chemotherapy. These reductions, defined by a
>10-fold decrease in the baseline ctDNA, were not statistically
significantly associated with progression-free survival (14.7 vs.
8.1 months, p = 0.27, for patients with significant ctDNA
reductions vs. not) (43). Thus, the clinical utility of ctDNA
in monitoring response to systemic treatment remains to be
established and warrants further study.

ctDNA to Detect Resistance to Systemic
Therapies and Guide Treatment Selection
Multiple tumors have developed mechanisms to evade the
effects of systemic treatments. This has been shown for
colorectal cancers, with much of the research performed in anti-
EGFR resistance. Anti-EGFR monoclonal antibodies, including
cetuximab and panitumumab, are used to treat patients with
metastatic colorectal cancer, but are ineffective in tumors that
have mutations in the RAS pathway (EGFR-RAS-RAF-MEK
signaling cascade) (54). Thus, measurement of ctDNA for RAS
mutations may help identify patients who would be non-
responders to this targeted therapy or monitor patients who later
develop resistance to anti-EGFR antibodies (55). In fact, many
patients will initially respond to anti-EGFR therapy, but later
develop resistance, and measurement of related mutations has
been shown to correlate with this change (56, 57). Newer agents
have also been investigated with ctDNA levels, such as Sym004,
which is a combination of two anti-EGFRmonoclonal antibodies,
futuximab, and modotuximab (58). In a phase II randomized
trial comparing Sym004 with standard second and third line
chemotherapy in ∼250 patients with acquired resistance to anti-
EGFRmonoclonal antibodies (cetuximab and panitumumab), an
up to 30-fold decrease in EGFR ctDNA was detected in some
patients. However, this response did not translate into a survival
benefit (58).

One study by Mohan et al. detected mutations in KRAS
and MET ctDNA in a small cohort of patients who developed
resistance to anti-EGFR therapy (45). In a study by Misale
et al., analysis of metastases from a small cohort of patients
who developed resistance to anti-EGFR therapy showed the
emergence of KRAS amplification or other KRAS mutations
in 60% of cases. Interestingly, the KRAS mutant ctDNA were
detectable in the blood of anti-EGFR treated patients as early
as 10 months before radiographic disease progression (44).
Additional studies by this group also reported the detection
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of ctDNA mutations to NRAS prior to disease progression
while on anti-EGFR therapy, and showed using a mouse
xenotransplant model that tumor from a colorectal cancer
patient who had initially responded and then relapsed while
on anti-EGFR therapy significantly responded to combination
treatment with both anti-EGFR and anti-MEK inhibition (59).
On the contrary, a recent retrospective study by Sclafani et al.
analyzed KRAS and BRAF ctDNA in a cohort of about 100
patients with locally advanced CRC, and showed that there
was no difference in outcome between patients with or without
detectable ctDNA (46).

Taken together, it is still unclear whether ctDNA may lead to
improved individualized care for patients who develop resistance
to current targeted treatments, such as anti-EGFR therapy,
and guide management for the selection new therapies or
combination therapies. However, it is important to stress that
these findings are based on very small cohorts of patients and
should be further evaluated in prospective studies in order to
better establish the benefits of using ctDNA to guide these patient
treatment decisions.

Practical Aspects of ctDNA in Colorectal
Cancer
There are several commercially available assays used to obtain,
process, and analyze ctDNA from patients. As discussed in
the joint review by ASCO and CAP, while there is some
consensus on the methodology of ctDNA collection, there are
still many questions regarding the optimal processing methods
for ctDNA analysis (36, 60). Nuances in ctDNA collection and
storage can affect the validity of ctDNA quantification, and
there is no current consensus or regulation on the standards for
these methods (61). Differences in collection and purification
methods have been reported with regard to the quality of
extracted ctDNA. For example, Kloten et al. recently reported
that silica-based membrane methods improved extraction of
long cell free DNA fragments, whereas a magnetic bead system
improved extraction of short cell free DNA fragments in serum
of cancer patients (62). In general, there are a variety assays
for ctDNA, and several specific assays for ctDNA derived
from patients with colorectal cancer have been used. Many
of these incorporate next generation sequencing in order to
detect specific mutations in colorectal cancer as described
above (63), while others take a broader approach to ctDNA
analysis.

Recognizing that abnormally methylated DNA correlated with
the presence of colorectal cancer, He and colleagues developed
a polymerase chain reaction (PCR) assay to detect the mutation
status of several colorectal cancer selected genes (mSEPT9, ALX,
TMEFF2) called the MethyLight assay (64). The sensitivities
using these three genes as biomarkers for the detection of
colorectal cancer were high both in primary tumor tissue
and peripheral blood samples (84 and 81%, respectively, with
specificities of 87 and 90%). Later studies have expanded on

the number of gene mutations analyzed. Some groups, such as
Lin et al., have targeted the identification of hypermethylated
genes associated with microsatellite instability (MSI), including
D5S345, D2S123, BAT25, BAT26, and D17S250 (65). Detection
of three or more of these hypermethylated markers was
correlated with metastatic disease and worse disease-free
survival. Interestingly, Mouliere et al. developed a multi-gene
assay detecting seven KRAS mutations and one BRAF mutation
(V600E) that was combined with a type of high resolution
scanning microscopy. This imaging technique, known as Atomic
Force Microscopy, detects low levels of fragmented DNA in
the serum (66). This combined approach yielded a positive
predictive value∼90% in the detection of colorectal cancer using
a cohort of 124 patients. Recognizing the limitations of ctDNA
collection due to the low levels of circulating cell free DNA,
other groups have developed enrichment methods in order to
increase the detection mutated ctDNA (67–69). Indeed, with the
wide breath of techniques available for collecting and analyzing
ctDNA, further study is warranted to efficiently compare the
reliability, reproducibility, and utility of these methods, in
addition to gauging the cost effectiveness among these different
assays.

CONCLUSION

Over 50 years has passed since the credited discovery circulating
cell free DNA, and in the last 15 years much attention
and enthusiasm has been given to ctDNA as liquid biopsies
to obtain diagnostic and prognostic information for patients
with cancer, particularly for patients with colorectal cancer.
Advances have been made in the application of ctDNA for (1)
detecting early or late stage colorectal cancer, (2) generating
predictions of response to systemic therapy, (3) using changes
in mutated ctDNA to modify systemic treatments, and (4)
utilizing ctDNA to for surveillance of disease recurrence
following surgery. Yet many of these studies are limited by
their retrospective design and small sample size, and therefore
the clinical utility of measuring ctDNA for colorectal cancer
has yet to be established. In addition, the high number of
different assays available to collect, purify, and analyze ctDNA
introduces practical challenges to establishing standard clinical
use and utility of these methods. Thus, the fervor over
ctDNA has recently been tempered (36, 70, 71). Nonetheless,
the advantages of ctDNA are promising, and with novel
prospective, collaborative studies, the true benefits of ctDNA in
colorectal cancer as well as other malignancies may soon become
realized.
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