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Simple Summary: Colorectal cancer (CRC) is a disease that usually shows no evident clinical
symptoms in the early stages, often leading to late diagnosis. Over the past few years, a new
approach based on liquid biopsy has gained far-reaching applications in less-invasive CRC diagnosis
and management, allowing for the use of extracellular nucleic acids as promising biomarkers to
detect CRC at an early stage and monitor disease recurrence. That is why an up-to-date review and
discussion of in-depth liquid biopsy-derived DNA and RNA biomarkers is essential. We hereby offer
an overview of known predisposing genetic factors for developing sporadic and hereditary CRC, and
an extensive repertoire of available extracellular DNA/RNA molecules with their potential clinical
applications and shortcomings. Our review may be of value to experts dealing with CRC at the
molecular level as well as to clinical professionals aiming for a better understanding of state-of-the-art
techniques in CRC diagnosis and management.

Abstract: Colorectal cancer (CRC) is the 3rd most common malignant neoplasm worldwide, with
more than two million new cases diagnosed yearly. Despite increasing efforts in screening, many
cases are still diagnosed at a late stage, when mortality is high. This paper briefly reviews known
genetic causes of CRC (distinguishing between sporadic and familial forms) and discusses potential
and confirmed nucleic acid biomarkers obtainable from liquid biopsies, classified by their molecular
features, focusing on clinical relevance. We comment on advantageous aspects such as better patient
compliance due to blood sampling being minimally invasive, the possibility to monitor mutation
characteristics of sporadic and hereditary CRC in a disease showing genetic heterogeneity, and using
up- or down-regulated circulating RNA markers to reveal metastasis or disease recurrence. Current
difficulties and thoughts on some possible future directions are also discussed. We explore current
evidence in the field pointing towards the introduction of personalized CRC management.

Keywords: colorectal cancer; liquid biopsy; cell-free nucleic acids; biomarkers; non-invasive diagnosis

1. Introduction

Colorectal cancer (CRC) is one of the most threatening types of cancer in developed
countries [1]. It is the 3rd most common malignant disease overall and the 2nd leading
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cause of death, with 2.3 million new cases per year registered worldwide [2]. Aging
population, unfavorable eating habits, and other cumulative risk factors contribute to the
growth of case numbers, while about 3–10% of cases are associated with inherited cancer
predisposition (see Section 2). Based on tissue characteristics, five subtypes are known:
adenocarcinoma (the most common subtype), carcinoid tumor, lymphoma, sarcoma [3]
and gastrointestinal stromal tumor [4].

Screening families at-risk and the general population is essential, as early detection
greatly improves prognosis. Available data clearly show the importance of early diagnosis,
supported by the overall survival (OS) rate of CRC patients depending on the stage at
which the primary tumor is diagnosed. Based on data from a retrospective population
study [5], 5-year OS is 78.85% for the localized stage (stages I–II), 63.25% for the regional
stage (stage III), and 20.31% for the metastatic stage (stage IV). Another study evaluating
stage-dependent OS in CRC found 94%, 82%, 67%, and 11% for stages I, II, III, and IV,
respectively [6,7].

Numerous traditional screening methods are available for CRC, including fecal occult
blood test (FOBT) and colonoscopy. The latter is considered gold-standard, especially
for inherited CRC syndromes such as Lynch syndrome (LS). Still, patient compliance is
often poor, and a lack of quality standards results in missed cases [8]. FOBT is suggested
for screening the general population and at-risk patients who reject colonoscopy, but its
limitations include high false-positive rates and patient compliance dropping below 50%
after 5–10 years [9,10]. Only about 40% of the population for whom screening is suggested
will proceed with CRC testing [11]. Compliance would surely rise if more patient-friendly
and less-invasive strategies were available.

Methods introduced more recently include stool DNA testing (a highly sensitive
method unaffected by the proximal location of the tumor but involving costs and technical
difficulties associated with large-volume stool collection and transport, making it an un-
likely candidate for a frequently performed mainstream screening method in the general
population [12]) and ELISA-based screening tests for CRC antigens from blood samples.
Testing of peripheral blood is a promising new direction, having the advantage of being
much less invasive than colonoscopy and more convenient than stool testing, resulting in
a much higher rate of patient compliance [13]. Nucleic acids are also readily detectable
from blood; however, input costs must continue to be reduced, a process critical to the
competitiveness of such strategies compared to conventionally used protein analyses [14].
Additionally, some mutations relevant for CRC therapy, such as the ones reported in the
human epidermal growth factor receptor 2 (HER2) gene, are too small to be detectable at
the protein level [15].

Some of the traditional tests are not invasive but are perceived as unpleasant by
patients, suggesting the need for novel approaches to CRC screening. Liquid biopsy is
acceptable for most patients and seems to be the best candidate in this context. In this
review, we offer a brief overview of CRC genetics and discuss current liquid biopsy-derived
DNA and RNA biomarkers showing promise in the screening of CRC in the general
population and families at risk.

2. Genetics of CRC

Based on the etiology and the genetics of the disease, CRC is generally categorized into
three groups: (i) sporadic, (ii) familial, and (iii) hereditary [16,17]. Sporadic cases represent
about 75% of all incidences. Genetic factors still play a role, but only somatic mutations
are present, and family members of affected individuals do not have an increased risk of
developing the disease [18]. Familial CRC is not classified as hereditary and is frequently
regarded as sporadic, as no causative genes have been identified yet. First-degree relatives
of known patients are at higher risk compared to the general population [18,19]. Hereditary
CRC is caused by a known mutation in the germ-line; the most common example is LS, but
many other (rare) syndromic forms of CRC have been reported [17,20]. They are outlined
in Table 1.
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Table 1. Classification and genetic causes of hereditary CRC syndromes.

Syndrome Gene(s) Inheritance Ref.

Lynch Syndrome (LS) Heterozygous mutations in MMR genes MLH1,
MSH2 (or EPCAM deletions), MSH6 and PMS2 AD [21]

Familial Colorectal Cancer Type X (FCCTX) BRCA2, SEMA4, NTS, RASSF9, GALNT12, KRAS,
BRAF, APC, BMPR1A, and RPS20 - [22,23]

Turcot Syndrome (TS) MMR genes (MLH1 and PMS2) or APC AD/AR [24]
Familial Adenomatous Polyposis
(FAP)/APC-Associated Polyposis APC AD [25]

MUTYH-Associated Polyposis (MAP) MUTYH AR [26]
Polymerase Proofreading-Associated
Polyposis (PPAP) POLD1/POLE AD [27]

NTHL1-Tumor Syndrome NTHL1 AR [28]

Constitutional MMR Deficiency Syndrome (CMMRD) Biallelic mutations in MMR genes MLH1, MSH2,
MSH6 and PMS2 AR [29]

Peutz–Jeghers Syndrome (PJS) STK11/LKB1 AD [30]
PTEN Hamartoma Tumor Syndrome (PHTS) PTEN AD [31]
Juvenile Polyposis Syndrome (JPS) SMAD4/BMPR1A AD [32]
Hereditary Mixed Polyposis Syndrome (HMPS) GREM1 AD [33,34]
RNF43-associated Serrated Polyposis RNF43 AD [35,36]

Ref.—reference; AD—autosomal dominant; AR—autosomal recessive; MMR—mismatch repair.

2.1. Hereditary CRC

LS is the most common hereditary colon cancer syndrome, also manifesting in other
cancer types. It is responsible for 2–4% of CRC cases [37] and shows an autosomal dominant
pattern of inheritance, caused by one of the DNA mismatch repair (MMR) genes being
affected by a heterozygous germline mutation, or a deletion in the EPCAM gene [38], and
the corresponding protein losing its function (and becoming undetectable by immunohisto-
chemistry) following a somatic loss of heterozygosity in the colon tissue. The genes MutS
homolog 2 (MSH2), MutL Homolog 1 (MLH1) and PMS1 Homolog 2 (PMS2) are involved
in this type of repair mechanism [39], with MSH2 and MLH1 mutations having the greatest
contribution to the development of LS-associated malignancies [40]. Tumors associated
with LS show a high level of microsatellite instability (MSI-H), a feature not seen in the
majority of sporadic CRC cases (see below) [41].

Other hereditary CRC syndromes worth noting include Peutz–Jeghers syndrome (PJS)
caused by a mutation in Serine/threonine kinase 11 (STK11), usually presenting as multiple
benign hamartomatous polyps [42,43], and MUTYH-associated polyposis (MAP) inherited
in an autosomal recessive pattern characterized by biallelic germline mutations in MutY
DNA glycosylase (MUTYH), a gene having a role in base excision repair (BER) [26,44].
Familial adenomatous polyposis (FAP), a well-studied disease with an autosomal dominant
inheritance, has been reported to be caused by insertions and deletions in the adenomatous
polyposis coli (APC) tumor suppressor gene [45]. Germline mutations of oncogene-induced
senescence pathway genes cause serrated polyposis syndrome [46,47], usually presenting
as multiple serrated polyps of the colon [46].

2.2. Sporadic CRC

Twelve percent of sporadic tumors are MSI-H, while the rest are classified as microsatel-
lite stable (MSS) or show low level of microsatellite instability (MSI-L). Most sporadic MSI-H
cases are associated with somatic MMR deficiency caused by the CpG Island Methylator
phenotype (CIMP), in which the MLH1 promoter shows biallelic somatic methylation with
B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) mutations usually present in the
background (almost never seen in LS) [41]. MSI-H tumors are thought to occur more
proximally and are less differentiated, and usually show a better prognosis due to being
sensitive to anti-programmed death receptor 1 (PD-1) therapy [48].
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MSS tumors typically display chromosomal instability (CIN): numerical and structural
alterations in chromosomes apart from a large variety of mutations in oncogenes and
tumor suppressor genes [17]. Progressive telomere shortening occurs in the intestinal
epithelium during aging in humans, and telomere dysfunction (anaphase bridging) has
been documented in the adenoma-carcinoma transition, indicating that a telomere-based
crisis may play a role in driving CIN in the early stages of human CRC [49]. Cancer
progression is associated with telomerase reactivation, which is present in 85–90% of all
cancer types, including CRC [50].

Mutations in APC, KRAS proto-oncogene GTPase (KRAS), and Tumor Protein 53
(TP53) are associated with lymph node metastasis [51]. KRAS mutations are found in about
half of MSS/MSI-L tumors and make them resistant against anti-epidermal growth factor
receptor (EGFR) antibody therapy. However, a fraction of wild-type KRAS tumors also
display a poor response. The simultaneous presence of KRAS and BRAF mutations is rarely
detected (most such cases are MSS CRC) [52].

3. Cell-Free Nucleic Acids as CRC Biomarkers

Liquid biopsy-based methods of cancer detection have undergone a substantial in-
crease in popularity in recent years. Painless and quick sampling may help involve more
average-risk people in cancer screening programs. As the carcinogenesis of CRC takes
years, there is a relatively wide window available for early detection, but blood biopsies
are likely to prove equally useful in the follow-up of non-metastatic and metastatic CRC
(mCRC) [53,54]. On the other hand, circulating tumor DNA (ctDNA) assays do not provide
insight into cell differentiation (tumor grade) or cancer stage (e.g., TNM classification),
but suggest the overall tumor burden and may reveal the tumor’s molecular subtype
and heterogeneity. So, liquid biopsy may not replace a tissue-based diagnosis, but rather
provides alternate sampling for molecular tests.

There are five main sources of cell-free nucleic acids (cfNAs) in the circulation de-
scribed until now: (i) apoptosis, (ii) necrosis, (iii) netosis, (iv) active secretion and (v) release
by microbiota (Figure 1). cfNAs may freely circulate in body fluids, or may be bound to
protein complexes or encapsulated in extracellular membrane vesicles (EMVs) (e.g., apop-
totic bodies, microvesicles, or exosomes). EMVs mediate intercellular communication and
were shown to play essential roles in the pathogenesis of CRC, as they are implicated in
tumorigenesis, CRC progression, chemotherapy resistance, and metastasis [55,56]. Details
of individual cfNA types and their release mechanisms were comprehensively covered in
previous works [57–61] and are not the focus [55–59] of this review.

3.1. cfDNA Biomarkers

In response to the current status quo in the continuum of CRC management, the
Colon and Rectal–Anal Task Forces of the United States National Cancer Institute recently
convened a panel of multidisciplinary experts to summarize current data on the utility of
ctDNA. They provide guidance and promote the efficient development and integration of
this technology into clinical care. The panel focused on key areas in which ctDNA has the
potential to change clinical practice [62].

The concentration of tumor-derived cfDNA, also known as ctDNA in the plasma of
rectal and colon cancer patients, was compared in multiple studies, with varying results.
Frattini et al. reported colon cancer patients having higher ctDNA concentrations than
patients with rectal cancer (colon: 500 ng/mL, rectal: 250 ng/mL in plasma) [63], while
Cassinotti et al. observed the opposite [64]. However, there is consensus on the usefulness
of ctDNA biomarkers in CRC, as they show promise in the initial diagnosis, monitoring
minimal residual disease, evaluation of treatment response in metastasis, identifying drivers
of treatment sensitivity and resistance, and guiding therapeutic strategies to overcome
resistance (Table 2) [53,65].
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patients. The loss of membrane integrity in necrosis results in releasing intracellular contents, in-
cluding fragments of DNA, into the circulation. In netosis, activated neutrophils release neutrophil 
extracellular traps, webs of chromatin, and mitochondrial DNA (mtDNA). cfDNA may exist in the 
peripheral blood as either free or linked to proteins in the form of nucleosomal DNA, or associated 
with extracellular membrane vesicles (EMVs) such as exosomes or microvesicles secreted by cells. 
Methylated DNA and various types of RNA are present as well (created with Biorender.com, ac-
cessed on 21 July 2022). 
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Figure 1. Origin of extracellular nucleic acids in circulation. Tumor cells release extracellular cfNAs
through a combination of (i) cell death such as apoptosis, necrosis, and netosis or (ii) active secretion.
Circulating bacterial DNA (cbDNA) may also be detected in blood samples from cancer patients. The
loss of membrane integrity in necrosis results in releasing intracellular contents, including fragments
of DNA, into the circulation. In netosis, activated neutrophils release neutrophil extracellular traps,
webs of chromatin, and mitochondrial DNA (mtDNA). cfDNA may exist in the peripheral blood as
either free or linked to proteins in the form of nucleosomal DNA, or associated with extracellular
membrane vesicles (EMVs) such as exosomes or microvesicles secreted by cells. Methylated DNA
and various types of RNA are present as well (created with Biorender.com, accessed on 21 July 2022).

Table 2. List of cfDNA/ctDNA biomarkers in mutation analysis and CRC management.

Study Source Biomarker/Function Technique Accuracy

Zhitnyuk et al. [66] ATAC-seq dataset
cfDNA fragment end profiles/reveal
the presence of early-stage colorectal
and renal cancers

Anchored multiplex PCR
followed by MPS AUC = 0.94

Cristiano et al. [67] Plasma
genome-wide fragmentation
features/detection of seven
cancer types *

Low coverage WGS AUC = 0.94

Mouliere et al. [68] Plasma
fragment length and copy number
analysis/distinguish cancer from
healthy individuals

Low coverage WGS (0.4×) AUC > 0.99

Flamini et al. [69] Serum carriers of certain
“tumorigenic” properties qPCR AUC = 0.86

Kidess et al. [70] Plasma and tissue BRAF, EGFR, KRAS, PIK3CA SCODA followed by MPS NA

Vidal et al. [71] Plasma RAS/diagnosis and anti-EGFR
treatment monitoring of mCRC

OncoBEAM RAS
ctDNA assay NA

Nakamura et al. [72] Plasma HER2/monitor anti-HER2 therapy
response in mCRC Guardant360 AUC = 0.53

NA—not available; AUC—area under the ROC curve; MPS—massively parallel sequencing; WGS—whole genome
sequencing; * breast, colorectal, lung, ovarian, pancreatic, gastric, and bile duct cancer.

It has been demonstrated that cfDNA fragmentation profiles are different between
healthy individuals and cancer patients [73] and also vary between tumor types [68].
Thus, accumulating evidence suggests fragmentomic cfDNA features as a potential cancer
biomarker (Table 2). Zhitnyuk et al. were able to reveal the presence of early-stage colorectal
and renal cancer with an area under the ROC curve (AUC) of 0.94 by deep targeted profiling
of cfDNA end distributions and sequence motifs [66]. Moreover, since fragmentation is

Biorender.com
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related to nucleosomal patterns, it may be useful for determining the source of tumor-
derived cfDNA [67]. However, cfDNA fragmentation may not always be suitable to
distinguish cancer from other forms of tissue damage. In this context, trauma-induced
cfDNA was studied, while the concentration of short but not long cfDNA fragments was
shown to be increased postoperatively in colorectal and bladder cancer [74].

CRC-specific mutations, including the ones in APC, BRAF, KRAS and TP53, seem to
be equally detectable from cancer tissue and blood plasma [69]. Monitoring the presence of
mutations observed at the time of diagnosis from ctDNA during the postoperative period
may be used to predict CRC recurrence irrespective of the type of chemotherapy being
applied (Table 2) [75].

Vidal et al. have demonstrated an assay offering a minimally invasive and highly
sensitive method for RAS assessment in the plasma of mCRC patients, which may be
readily implemented into routine clinical practice to perform baseline diagnosis to select
candidate patients for anti-EGFR therapy. Moreover, a potential use in assessing the
dynamics of RAS to monitor response and resistance to treatment has been suggested
(Table 2) [71]. Another example is HER2, a well-known oncogenic driver in different tumor
types [76]. Although its alterations are not common in CRC (3–5% of mCRC cases), when
present, anti-HER2 therapy is an option [15]. Nakamura et al. reported that baseline
ctDNA genotyping of HER2 copy number may stratify patients according to the efficiency
of therapy with an accuracy comparable to tissue genotyping. Since ctDNA genotyping
can identify patients who benefit from dual-HER2 blockade as well as monitor treatment
response, they emphasize its usefulness for HER2-amplified mCRC, which may benefit
patients especially in the first salvage-line treatment [72].

3.2. Methylation Status

DNA methylation is a marker that is relatively easy to detect and seems relevant
for CRC diagnosis and prognosis (Table 3). Barták et al. noticed that methylated cfDNA
fragments are more stable in the circulation, and methylation-related alterations are present
in about 65 to 100% of tumor samples (more frequent than mutations: 5–75%) [77]. It was
demonstrated that a hypermethylated Septin 9 gene (SEPT9) in circulating DNA is a specific
CRC biomarker [78,79]. The SEPT9 assay reveals hypermethylation of CpG island 3 in the
SEPT9 promoter [80]. While methylated SEPT9 levels in tissue and plasma samples are not
strongly correlated, methylated SEPT9 is significantly higher in the plasma of patients with
CRC than in patients with no evidence of the disease [81].

Hypermethylated SEPT9 ctDNA disappears after 3 months following surgery, sug-
gesting that this molecule may be the first non-invasive biomarker for postsurgical follow-
up [82,83]. The plasma-based SEPT9 gene methylation assay is currently an FDA-approved
non-invasive CRC screening test known as Epi proColon® 1.0 [79,84]. In Europe and
some other countries (e.g., China), a second-generation test called Epi proColon® 2.0 CE is
available for early-stage CRC screening [85]. The main difference between the generations
is that the original Epi proColon algorithm requires only one positive PCR reaction out
of two PCRs, emphasizing sensitivity, while the Epi proColon 2.0 CE algorithm requires
at least two positive PCR results, placing a greater emphasis on test specificity [86]. In a
Chinese opportunistic screening study, a different SEPT9 gene methylation assay called
SensiColon was validated, showing 76.6% specificity and 95.9% sensitivity for the detection
of early CRC stages [78]. The overall performance of proposed SEPT9 gene methylation
tests and their comparison with other CRC screening assays have been well reviewed in
the study of Song et al. [86].

It should be noted that tests based on the methylation status of SEPT9 may serve as a
competitive option for CRC screening and early detection, as it has been demonstrated to
have a higher compliance than protein FIT tests and colonoscopy. It could be applied in
asymptomatic population screening even if the screening assay does not exhibit sensitivity
and specificity equivalent to FIT and FIT-DNA [87], as the uptake rate by the population
seems to be a critical aspect of introducing novel screening strategies.
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Among the stool-DNA tests, Cologuard™ was the first FDA-approved in vitro diag-
nostic assay for both left- and right-sided CRCs and pre-malignant neoplasia [85]. Colo-
guard™ aims to detect 11 distinct biomarkers, classified in three categories: DNA methy-
lation biomarkers in gene promoter regions, such as the specific methylation of N-Myc
Downstream-Regulated Gene 4 (NDRG4) and Bone Morphogenic Protein (BMP3), seven
mutational markers in the gene KRAS, and the presence of occult hemoglobin. Additionally,
the beta-actin gene (ACTB) is used as a reference for confirming the total amount of human
DNA. In a pivotal case–control study (with colonoscopy as the reference method) involving
10,000 individuals aged 50 to 84 years at average risk, the Cologuard™ DNA test and the
FIT (fecal immunochemical test) were used for detecting all CRC stages (I–IV) and showed
a sensitivity of 92.3% and 73.8%, respectively [88]. In the detection of CRC stages I–II,
DNA testing displays a 70% detection capability [89] and a 42% detection rate of advanced
precancerous lesions compared to FIT [88].

Table 3. List of methylated cfDNA biomarkers in CRC.

DNA Source Function Technique Ref.

Methylated SEPT9 Plasma
specific non-invasive CRC
biomarker for
postsurgical follow-up

qPCR [78,82,83]

CpG island methylation in the INHBB
promoter Serum/stool biomarker of poor prognosis

in CRC
Bisulfite sequencing,
qPCR [90]

Methylation of
APC/MGMT/RASSF2A/Wif-1 Plasma biomarker qPCR [91]

Methylation of
BMP3/NDRG4/VIM/TFPI2/mutant
KRAS/ACTB

Stool biomarker QuARTS [92]

Ref.—reference; ↑—upregulated; ↓—downregulated; MPS—massively parallel sequencing; QuARTS—quantitative
allele-specific real-time target and signal amplification.

There are multiple signaling pathways participating in cancer progression, the best
studied ones being the mitogen-activated protein kinase (MAPK), p53 and transforming
growth factor-beta (TGF-β) pathways. DNA methylation changes affect genes that are
involved in these pathways and are considered to be potential biomarkers of CRC. Inhibin
subunit beta B (INHBB), SPARC related modular calcium binding 2 (SMOC2), brain derived
neurotrophic factor (BDNF), and transforming growth factor beta regulator 4 (TBRG4)
are highly deregulated by methylation and are involved in CRC metastasis development.
Promoter methylation in the above genes is detectable from liquid biopsy samples, but
drawbacks of the gold-standard method bisulfite conversion-PCR (cost and labor intensity)
currently limit their application in non-invasive screening [93]. In addition to being a
diagnostic biomarker, CpG island methylation in the INHBB promoter (detected in serum
or stool) was reported as a marker of poor prognosis in CRC [90].

Laugsand et al. performed a meta-analysis of available literature sources to find out
which methylation-related changes may be used as biomarkers, comparing results from plasma,
stool, urine and CRC tissue [94]. The panel APC/MGMT/RASSF2A/Wif-1 (sensitivity 87%;
specificity 92%) appeared to be the most useful in plasma, and BMP3/NDRG4/VIM/TFPI2/
mutant KRAS/ACTB in stool samples.

3.3. Genometastasis

There is evidence for the presence of horizontal (cell-to-cell) DNA transfer not only in
bacteria, but in mammals as well [95]. The large quantity of tumor-derived cfDNAs in the
blood of cancer patients suggests their possible function as carriers of certain “tumorigenic”
properties to normal cells [96], supported by the observation that the concentration of
cfDNA is five times higher in CRC cases than in healthy individuals [69]. The term
“genometastasis” is now used by some authors after some successful experiments on
malignized normal cells with tumor-derived cfDNA, such as the transfer of the tumor
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specific KRAS mutation by adding the serum of a CRC patient to a healthy cell line [97].
cfDNA also contains fragments of oncogenes and may behave as an oncovirus, directly
participating in metastasis formation [95].

It is worth mentioning that, as CRC carcinogenesis takes several years, some patients
may have already donated blood by the time of their diagnosis. As genometastasis may
be considered as a possibility, it would be interesting to follow up these donors and
their recipients.

3.4. mtDNA

The presence of mtDNA in the circulation (cf-mtDNA) opens up new possibilities for
the non-invasive analysis of tumor profiles. Several features of the mitochondrial genome
can be analyzed, such as mtDNA mutations, mtDNA copy number alterations, hetero-
plasmy, or cf-mtDNA fragment length distribution. Since mtDNA exhibits characteristics
distinct from the nuclear genome, including high copy numbers, high mutation frequencies,
and heteroplasmy, it may be considered in some novel applications of liquid biopsies [98].
Recently, some papers have become available on the putative role of cf-mtDNA in CRC
screening and follow-up (Table 4).

Table 4. List of cf-mtDNA copy number changes in CRC.

Study Source Exp. Function Technique

Haupts et al. [98] Plasma ↑ potential diagnostic biomarker for CRC screening MPS
Meddeb et al. [99] Plasma ↑ diagnostic and prognostic biomarker in metastatic CRC patients qRT-PCR

Xu et al. [100] Plasma/tissue ↑ biomarker of early CRC, prediction of tumor response
and progression ddPCR, MPS

Zhou et al. [101] Urine ↑ monitoring of aberrant fragmentation and mutation profiles MPS

Exp.—expression; ↑—upregulated; MPS—massively parallel sequencing; ddPCR—droplet digital PCR.

Haupts et al. reported a higher cf-mtDNA copy number in the plasma of healthy
subjects compared to CRC patients [98]. Copy number of mitochondrially encoded NADH
ubiquinone oxidoreductase core subunit 1 (MT-ND1) in blood plasma has been suggested
as a marker of early CRC [102]. Recently, Zhou et al. published results on cf-mtDNA
content in urine of CRC patients, finding aberrant fragmentation and mutation profiles
with diagnostic potential [101]. mtDNA mutations have been identified in almost every
cancer type, including CRC, and are thought to contribute to the development of cancer
phenotypes. However, it is not clear if such alterations are the cause or consequence of
the changes that take place in tumor cells. Further studies are needed to clarify their role
in carcinogenesis.

3.5. cfRNA Biomarkers
3.5.1. mRNA

Circulating cell-free mRNA (cf-mRNA) is prone to quick degradation and low abun-
dance [103]. Accordingly, reports of cf-mRNA biomarkers in CRC are relatively scarce in
comparison to non-coding RNAs (see below). A loss of glycogen synthase kinase 3 alpha
(GSK3A) and RAS homolog family member A (RHOA) expression in plasma may function
as a biomarker of colorectal adenoma, a precancerous lesion of CRC [104]. Another promis-
ing transcript from this group seems to be synaptophysin-like 1 (SYPL1), detected from
stool or plasma samples. This mRNA may potentially be a CRC biomarker rivaling FOBT,
carcinoembryonic antigen (CEA) and cancer antigen 19-9 (CA19-9). Moreover, a correlation
with tumor size and the clinical stage was observed [105].

Of all CRC patients, approximately 20% are diagnosed with liver metastases at the
time of primary tumor diagnosis, and up to 60% develop metachronous metastases [106].
The liver is the most frequent distant location of these metastases and in many cases the
only organ affected, being the most common cause of mortality from CRC [107]. The
clinical outcome for patients with colorectal liver metastases may be significantly improved
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by surgical resection. Nevertheless, 50–75% of patients experience recurrence after hep-
atectomy, most of which occur within 2 years [108,109]. A study by Pun et al. [110] has
revealed that plasma levels of the Bmi1 transcript may be used as a biomarker in mCRC
patients for non-invasive monitoring of occult metastases and anticipating the emergence of
distant metastases. mRNA produced from the genes prostaglandin-endoperoxide synthase
2 (PTGS2), guanylate cyclase 2C (GUCY2C) and jagged canonical notch ligand 1 (JAG1)
were reported to be upregulated in mCRC, while the serum expression of GUCY2C and
GUCY2C/PTGS2 showed correlation with the therapeutic response [111]. However, a defini-
tive prognostic cf-mRNA biomarker for response to therapy and survival of mCRC patients
has yet to emerge.

3.5.2. miRNA

miRNAs are a class of short, non-coding RNAs known to play oncogenic and tumor
suppressor roles in various malignancies [112], including CRC, by regulating mRNA
targets [113]. They have been reported to circulate in the blood (cf-miRNA), providing
diagnostic and prognostic usefulness in oncology [114]. In the past few years, extensive
research has been conducted on miRNAs as clinically relevant biomarkers, since miRNAs
are present in CRC tumor tissue, feces, and various body fluids, avoiding degradation [115].
The usefulness of various cf-miRNAs as biomarkers is constantly proven from liquid biopsy
samples (Table 5).

Table 5. List of cf-miRNAs and their role in CRC. Several miRNAs have been present in EMVs that
may be extracted from a serum/plasma source.

cf-miRNAs Source Exp. Targets Biomarker/Function Ref.

miR-1290 Plasma ↑ epithelial-mesenchymal
transition (EMT) markers

prognostic/poor overall survival,
advanced TNM stage [116]

miR-21 miR-145
miR-203 miR-155
miR-210 miR-31
miR-345

Plasma ↑

various downstream targets
(e.g., PTEN, PDCD4 genes;
WNT/β-Catenin signaling
pathway, etc.)

diagnostic/differentiation of
surgery- naïve CRC patients,
diagnosis of liver metastases

[117]

miR-92a Plasma/
EMVs ↑

signaling
pathways-BMPs/SMAD;
WNT/β-Catenin;
PTEN/AKT/FoxO; genes-DKK3,
KLF4, SMAD7

diagnostic/distinguishing
advanced neoplasia CRC patients,
early CRC screening

[118,119]

miR-92b Plasma/
EMVs ↓ NA diagnostic/early CRC detection [120]

miR-17-5p
mmiR-92a-3p

Serum/
EMVs ↑ NA

prognostic/primary and mCRC
diagnosis, correlation with stages
and grades of CRC

[121]

miR-150-5p Serum/
EMVs ↓ ZEB1

diagnostic and prognostic/poor
differentiation, positive lymph
node metastasis, TNM stage

[122]

miR-122 Serum/
EMVs ↑ PKM2 prognostic/differentiation of CRC

patients with liver metastasis [123]

miR-1290 Serum ↑
various tumor suppressors
(e.g., Forkhead box protein-A1,
N-acetyltransferase etc.)

diagnostic/early CRC detection,
recurrence monitoring,
tumor aggressivity

[124]

miR-30e-3p,
mmiR-146a-5p/
mmiR-148a-3p

Serum ↑|↓ miR-146a-5p via
carboxypeptidase M/src-FAK diagnostic [125]

miR-1247-5p
miR-1293
miR-548at-5p
miR-107
miR-139-3p

Serum ↓ various downstream targets
diagnostic/detection of
precancerous polyps and early
CRC stages

[126]
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Table 5. Cont.

cf-miRNAs Source Exp. Targets Biomarker/Function Ref.

miR-19a miR-20a
miR-150 let-7a |
miR-143 miR-145

Serum ↑|↓ various downstream targets
diagnostic, prognostic/CRC
screening, TNM staging and
LNM status determination

[127]

miR-21 Plasma/saliva ↑ MAPK, WNT/β-Catenin
signaling/PTEN, PDCD, DKK2

diagnostic and
prognostic/CRC screening [128]

miR-186-5p
miR-29a-3p
miR-29c-3p
miR-766-3p
miR-491-5p

Saliva ↑ various downstream targets

diagnostic and
prognostic/distinguishing CRC
from healthy controls, predicting
disease outcome in
advanced stages

[129]

miR-129-1-3p
mmiR-566 Urine ↑ NA diagnostic/early CRC detection [130]

Exp.—expression; Ref.—references; ↑—upregulated; ↓—downregulated; NA—not available; EMVs—extracellular
membrane vesicles.

According to Nassar et al., miRNA panels display better prognostic value than in-
dividual miRNAs [117]. Many research groups have reported diagnostic biomarkers for
CRC based on blood serum/plasma miRNAs, as they are easy to handle, low-cost, and
obtainable with minimal invasiveness. It is worth a note that blood is not the only form of
liquid biopsy relevant for CRC management. However, samples such as saliva and urine
are still not well studied in large cohorts. In recent years, salivary miRNAs have inspired
some growth in interest. Sazanov et al. made measurements of miR-21 obtained from
saliva samples of CRC patients. They revealed a significantly increased miR-21 expression
compared to healthy individuals with an estimated sensitivity of 97% and specificity of
91% [128].

One of the first large-scale salivary miRNA characterizations in CRC samples has
proposed a panel of five miRNAs (miR-186-5p, miR-29a-3p, miR-29c-3p, miR-766-3p, and
miR-491-5p) (from 22 miRNAs showing dysregulated patterns), enabling discrimination of
CRC patients from healthy controls with a sensitivity of 72% and a specificity of 67% [129].
Urinary miR-129-1-3p and miR-566 have been suggested as biomarkers for early CRC [130].

3.5.3. lncRNA

Long non-coding RNAs (lncRNAs) measure over 200 nucleotides in length and are
emerging as biomarkers in many cancer types [131]. They are thought to contribute to
CRC development and progression by affecting wingless-related integration site/beta-
catenin (WNT/β-catenin), phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt),
EGFR, NOTCH, mammalian target of rapamycin (mTOR) and TP53 signaling [132]. They
play pivotal roles in the regulation of gene expression in apoptosis and cell proliferation.

Circulating lncRNA (cf-lncRNA) biomarkers were recently proposed in CRC [133].
Despite their emerging role in cancer, to date, few studies have focused on cf-lncRNA
biomarkers in the non-invasive diagnosis and management of CRC patients (Table 6).
Other lncRNAs implicated in CRC include plasmacytoma variant translocation 1 (PVT1),
H19 imprinted maternally expressed transcript (H19), metastasis associated lung adenocar-
cinoma transcript 1 (MALAT1), small nucleolar RNA host gene 1, 7 and 15 (SNHG1, SNHG7,
SNHG15) taurine upregulated 1 (TUG1), X inactive specific transcript (XIST), regulator of
reprogramming (ROR) and ZEB-1 antisense RNA 1 (ZEB1-AS1) [134].
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Table 6. List of cf-lncRNAs and their role in CRC. Several lncRNAs are present in EMVs that may be
extracted from serum/plasma samples.

cf-lncRNAs Source Exp. Biomarker/Function Ref.

NEAT1 variant 1/variant 2 Whole
blood ↑ diagnostic [135]

BLACAT1 Serum ↑
diagnostic/distinguishing CRC
patients, non-cancer patients and
healthy individuals

[136]

CCAT2, HULC Serum ↑ diagnostic/screening of CRC or
adenomatous polyps [137]

CCAT2 Serum/EMVs ↑ diagnostic [138]

CRNDE-h Serum/EMVs ↑ prognostic and diagnostic/low
overall survival of CRC patients [139]

UCA1 Serum/EMVs ↑ predictive/resistance to
cetuximab [140]

FOXD2-AS1
NRIR
XLOC_0009459

EMVs ↑ diagnostic/early-stage CRC
diagnosis [141]

ATB, CCAT1 Plasma ↑ diagnostic [142]
CCAT1, HOTAIR|p21 Plasma ↑|↓ prognostic [143]

HOTAIR Plasma ↓
prognostic/increase
radiosensitivity via
miRNA-93/ATG12 axis

[144]

LNCV6_116109/98390/38772/108266/84003/98602 Plasma/EMVs ↑ diagnostic/early-stage CRC
diagnosis [145]

TCONS_00026334 NA ↓
tumor suppressor/suppress
CRC progression via
miR-548n/TP53ONP1 axis

[146]

Exp.—expression; Ref.—references; ↑—upregulated; ↓—downregulated; EMVs—extracellular membrane vesicles.

3.5.4. circRNA

Circular RNA (circRNA) is a type of single-stranded RNA forming a covalently bound
loop. Various circRNAs are thought to play important roles in cancer development, af-
fecting processes such as apoptosis, cell-cycle regulation, cell proliferation, migration, and
drug resistance development [147,148]. One of the unique features of these RNAs is their
covalently closed cyclic structure, making them resistant to digestion by exonucleases. For
this reason, their expression in cells is stable, and their half-life is prolonged, particularly in
cell-free samples [149]. It has been shown that circRNAs act as miRNA sponges, containing
binding sites for miRNA molecules [150]. By this mechanism, circRNAs affect the expres-
sion level of various target genes by absorbing miRNAs, participating in the occurrence,
development, and progression of CRC (Table 7) [151,152].

Table 7. List of circRNAs relevant for CRC progression and clinical/biological features (not all have
been studied in liquid biopsies).

circRNA Target Molecules/Genes Function Ref.

hsa-circ-000984 miR-106b/↑ of CDK6 proliferation, metastasis [153]
hsa-circ-0005927 miR-942-5p/↓ of BATF2 cell colony-forming ability, apoptosis, migration [154]
circPACRGL miR-142-3p, miR-506-3p/↑ of TGF-β1 proliferation, metastasis (migration and invasion) [155]

hsa-circ-0009361 miR-582-3p/↓ of APC2/WNT/β-catenin
signaling path suppress cell growth and metastasis [156]

circCCDC66 various oncogenes proliferation, migration, invasion [157]
circ-FBXW7 NEK2, mTOR, PTEN proliferation, migration, invasion [158]
hsa-circ-0001178 miR-382/587/616/↑ of ZEB1 metastasis, invasion [159]
hsa-circ-DDX17 miR-31-5p/↓ of KANK1 promotes sensitivity to 5-FU [160]
ciRS-122 miR-122/↑ of PKM2 promotes resistance to oxaliplatin [161]
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Table 7. Cont.

circRNA Target Molecules/Genes Function Ref.

hsa-circ-001680 miR-340/↑ of BMI1 promotes chemoresistance to irinotecan [162]
circ-FBXW7 miR-18b-5p ameliorates chemoresistance to oxaliplatin [163]
circ-CSPP1 miR-944/↓ of FZD7 enhanced doxorubicin sensitivity [164]
circ-0000338 miR-217, miR-485-3p enhanced 5-FU resistance [165]

Ref.—references; ↑—upregulated; ↓—downregulated.

Hon et al. demonstrated the transfer of drug resistance to sensitive cells via exosomes.
They found 105 upregulated and 34 downregulated circRNAs in the FOLFOX-resistant
HCT11-R colon cancer cell line. Authors concluded that hsa_circ_0000338 isolated from
exosomes could serve as an early predictor of chemoresistance development [166].

Circ-0053277 was shown to sponge miR-2467-3p, promoting proliferation, migration,
and epithelial-mesenchymal transition in CRC. Its upregulation was detected in CRC
tissue [167], but to our knowledge, it has not been studied yet in liquid biopsies. As
implied in Table 7, there are many circRNAs reported as relevant in CRC tissue but not yet
detected in the circulation, providing potential targets for future liquid biopsy-based studies.
Upregulation of circ_0026416 was reported in plasma, with the authors suggesting that it
may act as an oncogene of CRC by sponging miR-136 [168]. Other circRNA biomarkers
successfully detected from plasma or serum samples are outlined in Table 8.

Table 8. List of circRNAs described as biomarkers for CRC diagnosis and screening (from liquid biopsies).

circRNA Source Exp. Biomarker/Function Ref.

hsa-circ-0006282 Plasma ↑
diagnostic; improving the detection and monitoring of CRCs in
combination with carcinoembryonic antigen (CEA) and
carbohydrate antigen199 (CA199)

[169]

hsa-circ-0001900
hsa-circ-0001178
hsa-circ-0005927

Plasma ↑ diagnostic/improving the detection of CAE-negative CRC [170]

hsa-circ-0082182
hsa-circ-0000370|
hsa-circ-0035455

Plasma ↑|↓ diagnostic [171]

hsa-circ-0004771 Serum/
EMVs ↑ diagnostic/differentiation of benign intestinal diseases, stage I/II

CRCs, and CRCs from healthy individuals [172]

circ-FMN2
circ-LMNB1
circ-ZNF609

Serum ↑ diagnostic and prognostic/correlation with histopathological grade,
lymph node metastasis, TNM stages [173]

Ref.—references; ↑—upregulated; ↓—downregulated; EMVs—extracellular membrane vesicles.

3.6. Nucleic Acids Released by Gut Microbiota

The human intestinal tract hosts about 1014 bacteria representing more than a thou-
sand species. Intestinal microbiota is generally stable during adult life, but a number of
diseases show correlation with altered microbial composition in the gut [174]. Studying
the human gut microbiome became very popular recently, with some promising results.
Rezasoltani et al. proposed that the most ubiquitous environmental factor in epigenetic
modifications may be the gut microbiota [175]. It has been reported that reduced butyrate
production, implicated in the development of CRC, may be due to an altered bacterial
flora [176]. Establishing the representative pattern of a healthy gut microbiome offers the
possibility to associate pattern changes with various diseases.

Components of the gut microbiome release a tremendous amount of nucleic acids and
other molecules into the host’s stool and circulation. Studies are emerging to investigate
the utility of circulating bacterial DNA (cbDNA) in CRC diagnostics [61]. Some authors
have already reported that colorectal neoplasia patients may be distinguished from healthy
individuals on this basis [177]. The role of circulating extracellular nucleic acids produced
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by the gut microbiome is an exciting new direction for research in CRC. However, the diffi-
culty to collect synchronized samples and the lack of standardization protocols represent
extra challenges.

4. Conclusions

A large number of potential and confirmed cfDNA- and cfRNA-based markers are
now available to monitor from peripheral blood, and some even from urine. However, we
are still far away from using these biomarkers efficiently in personalized and preventive
medical approaches. At this point, liquid biopsy cannot replace a tissue-based histological
examination, which remains the essential step to provide basic information on tumor cell
properties. Research on the correlation of tumor stage and/or grade with cfNA features
is emerging and seems to be the next step for the successful application of liquid biopsy
in this context. Additionally, as shown by many of the recent papers we have reviewed,
the scientific community still seems to be focused on proposing further novel biomarkers
rather than the standardization of methods and quality controls. Despite the availability
of a few validated and approved tests such as blood-based Epi proColon and stool-based
Cologuard, there is still plenty of potential to improve on these testing strategies in a variety
of ways. This is likely to take a lot of time and effort, as new, more efficient methods are
still being developed for the detection of low-concentration and fragmented nucleic acids.
CRC is a disease that, while deadly in late stages, takes long enough to develop and is
often fully curable when caught early. This gives us hope and reason to believe that CRC
death tolls may be greatly reduced once cost-efficient liquid biopsy-based methods make
the transition into routine medical practice.
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