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Colorectal cancer (CRC) is the third most prevalent cancer in the world and the fourth leading cause of cancer-related mortality.
DNA (cfDNA/ctDNA) and RNA (cfRNA/ctRNA) in the blood are promising noninvasive biomarkers for molecular profiling,
screening, diagnosis, treatment management, and prognosis of CRC. Technological advancements that enable precise detection of
both genetic and epigenetic abnormalities, even in minute quantities in circulation, can overcome some of these challenges. This
review focuses on testing for circulating nucleic acids in the circulation as a noninvasive method for CRC detection, monitoring,
detection of minimal residual disease, and patient management. In addition, the benefits and drawbacks of various diagnostic
techniques and associated bioinformatics tools have been detailed.

1. Introduction

Colorectal cancer (CRC) is the third most prevalent cancer in
men and women and the fourth cause of cancer-related mor-
tality [1]. About one in five CRC patients present late-stage
disease when diagnosed [2]. Since CRC has a poor prognosis
and a high mortality rate at advanced stages, early detection
of the malignancy, especially with noninvasive methods, has
gained momentum [3]. The American Cancer Society has
recommended CRC screening for average-risk individuals
consisting of select stool-based tests or visualization exam-
inations of the colon and rectum [4]. Colonoscopy and the
evaluation of the biopsies by histopathology are the golden
standards for CRC diagnosis. These methods are invasive
and time consuming, which is why scientists have turned
to less invasive techniques such as those that are stool based,
like the use of stools in Cologuard testing, where few host
genetic and epigenetic markers are tested to establish CRC

risk scores. Randomized controlled trials have proven that the
fecal occult blood test can detect CRC and significantly lower
the rate of death from the disease [5]. A fecal-occult blood test
(FOBT) is a noninvasive test that detects hidden (occult)
blood in the stool. Such blood may come from anywhere
along the digestive tract, and for that reason, additional types
of diagnostic tests (colonoscopy, flexible sigmoidoscopy, and
double-contrast barium enema) may be ordered. Blood in the
stool may be the only symptom of early cancer [6]. Carci-
noembryonic antigen (CEA) is the most common CRC
marker. It is usually released by tumors in the digestive tract.
CEA has reliable sensitivity and specificity for screening CRC
and is a powerful biomarker for assessing the CRC prognosis.
There is not a single serum tumor marker that can accurately
diagnose CRC, so we have to pick and combine a group of
tumor markers or do more tests to get a more accurate result
[7]. Recent improvements in finding circulating tumor mar-
kers in blood have made blood-based screening more popular
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among both patients and doctors. This is because it can find
potential cancers anywhere in the body as long as tumor cells
are shed into the bloodstream. However, the sensitivity and
specificity issues of some serum-based methods delayed the
early detection of CRC [8]. Fragmented DNA within the cir-
culation, urine, and other body fluids produced by cells is
referred to as cfDNA. It exists at low concentrations in frag-
ments shorter than 200 base pairs that are not attached to cells
or organelles [9]. The concentrations of c¢fDNA, which origi-
nates from cells” apoptosis or necrosis, are less than 100 ng/ml
in the circulation of healthy individuals, while in cancer
patients, the level of cfDNA and also the tumor-derived frac-
tion of cfDNA or ctDNA are much higher [10]. Among the
cancerous genome, ctDNA is composed of short fragments
(around 150-200 base pairs) that are secreted by cancer cells
entering the blood circulation with a transient half-life lower
than a few hours, which indicates that it can reveal driving cancer
traits. Significantly, the clinical efficacy of cell-arising DNA or
RNA corresponds to the conservation of epigenetic information
and the potential assessment of cancer-associated mutations in
peripheral blood, stool, and urine as a valuable diagnostic utility
for CRC. Recent research suggests that ctDNA comes from
cancer cells that have died (apoptotic or necrotic), cancer cells
that are circulating, and cancer cells that are changing. Using
circulating cell-free (tumor) RNA (cfRNA/ctRNA) analysis
along with ctDNA could help figure out the molecular structure
and find many differences linked to the tumor [11, 12]. Looking
into the amount of cfDNA in blood samples shows that levels
range from 59 ng/ml in healthy people to 156 ng/ml or higher in
people whose colon cancer has spread [10]. Here, we will empha-
size that fDNA/ctDNA and cfDNA/ctDNA and cfRNA/ctRNA
are distinguished in the liquid biopsy of CRC cases with different
stages that were first introduced in the diagnosis of prostate
cancer, and now they may be of interest in the diagnosis of
CRC. Accordingly, we draft this review by supplying a summary
of the foremost techniques applied to evaluate genetic and epi-
genetic abbreviations in these circulating tumor nucleic acids
(CtNAs) as an approvable implementation for the diagnosis
and management of CRC.

2. Circulating Tumor Cells (CTCs)

2.1. Strategies for Isolating and Characterizing. CTCs are
tumor cells that have infiltrated the bloodstream after sepa-
rating from tumor tissue. In order for patients to develop
distant metastases, it is necessary for them to generate CTCs.
CTC production is an essential requirement for patients who are
developing distant metastases [13]. In the context of CTCs, the
optimal technique for separation, enrichment, and detection
must strictly adhere to stringent criteria encompassing both sen-
sitivity and specificity. Positive collection analyses, including the
Cell Search system (ferro fluid nanoparticles-based EpCAM
detection), AdnaTest (identification of expression patterns of
assembled antibody-coated beads by reverse transcription-
polymerase chain reaction (RT-qPCR)), magnetic-activated cell
sorting (MACS) (based magnetic nanoparticles coated by anti-
bodies), and microfluidic-based positive enrichment technologies
(through tetramerization), are utilized to isolate these cells [14].
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The EasySep system (magnetic nanoparticles and antibodies tar-
geting CD45 and CD61 cells) and quadrupole magnetic separa-
tion (QMS, assessment of immunomagnetically labeled cells) are
two major groups of immunoatffinity-based negative purification
techniques that typically eliminate white blood cells (WBCs)
from blood specimens by targeting antigens that are not carried
by CTCs. Biophysical CTC extractions based on their distinct
firmness, size density, and electrical burden relative to back-
ground cells are supplementary purification methods. Immuno-
histochemistry is utilized to distinguish and isolate CTCs, while
DNA replication and variation analysis are simultaneously pos-
sible. Thus, genetic translocations or amplifications within CTCs
were additionally identified via FISH assays [15, 16]. In situ
hybridization (ISH) or sequencing can be utilized to analyze
the RNA; the latter identifies a unique RNA sequence in cancer
cells that are in circulation. A CTC capture system is Hydro-Seq,
a microfluidic device that Cheng et al. [17] recently developed.
It successfully isolates ultrapure CTCs from patient blood
samples with high accuracy while remaining unaffected by
red blood cells and WBCs. Clinicians are empowered to
administer efficacious treatment to patients by means of
hydro-seq’s capacity for a comprehensive, high-throughput
analysis of CTCs [17]. A recently developed engineering tech-
nique involves the fabrication of biomimetic nanoparticles,
which are composed of synthetic nanomaterials blended
with natural biomaterials, including platelet, leukocyte, and
RBC membranes. On a microfluidic substrate, a fluidic and
multivalently engineered nanointerface with an aptameric-
functionalized leukocyte membrane nanovesicle has been
characterized [18]. Incorporating anti-EpCAM-modified
cell membranes into platelet-leukocyte hybrid membrane-
coated magnetic nanoparticles enabled the efficient isolation
of CTCs. When nanoparticles are mixed with cell membranes,
the chance of them sticking to and getting rid of other parti-
cles is greatly reduced. In addition, interfacial collision-
induced cell injury can be mitigated by positioning a layer
of flexible, delicate nanovesicles between the cell and the cap-
ture substrate [18].

2.2. Technical Difficulties Associated with CTC Separation
and Molecular Quantification. CTCs are anticipated to
become novel biomarkers for the diagnosis and evaluation
of cancer treatments. Molecular insights for therapeutic
monitoring in clinical trials and early cancer diagnosis may
be unveiled through the expanding field of single-cell analy-
sis of CTCs. Several factors, such as CTC susceptibility, het-
erogeneous biology, and low concentrations, can change the
outcome of a single CTC analysis [19].

In order to achieve high throughput, purity, selectivity,
and viability of CTC enrichment, an isolation platform must
be chosen; immunocapture platforms generally provide a
more pure enrichment [20]. However, it is possible for sev-
eral of these methods to fail to detect certain CTCs due to
their minimal or nonexistent epithelial marker expression,
which could specifically exclude the most invasive tumor
cells. Specific types of cancer cells have the ability to transi-
tion partially into a mesenchymal state, which can hinder the
effectiveness of marker-based approaches that rely on the
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TasLE 1: The challenges of current semiautomated strategies for CTCs extraction and molecular quantification.

Methods

Challenges

References

Low sensitivity (false negative) due to only EpCAM-positive CTCs consideration
or missing CTCs subclusters engaged in EMT, low specificity (false positive),

The cell search system small productivity, and diverse specimen testing for direct recognition and [24]
evaluation of intact cells in the epithelial cellular adhesion molecule (EpCAM)-
based cell search R system

Microfluidic-based positive enrichment Complete separation proficiency by a single or multiple capture antibodies for

technologies b pathology-specific target cells in small fluid volumes after laminar flow without [25-27]

8 pretagging

DNA or RNA sequencing Absence of smaller CTCs or CTC fragments as a result of a false-positive test [28-30]
Requirement of spiked-in experiments for validation of different CTC isolation

Biophysical CTCs extraction approaches prior to more accurate clinical reliability for removing interference [28-30]

with large leukocytes (e.g., monocytes) and CTCs due to their small size and low
frequency of size-based techniques below 10%

time required for ligand acquisition and cell binding. Despite
the fact that physical-principle-based separation techniques
provide high throughput and efficient analysis, the heteroge-
neous biology of CTCs continues to present obstacles [21]. By
way of illustration, the loss of metastatic tumor cells and an
escalation in the proportion of blood cell contamination may
be influenced by the physical properties of CTCs and blood
cells. Physical-principles-based separations can have unin-
tended consequences for cell viability, influenced by elements
like pressure, tension, an electric field, or conductive media.
Further investigation is required to determine whether or not
concentrations of CTCs contribute to metastasis. Proteomic
and genomic heterogeneity is considerable between solitary
and clustered CTCs [22]. CTC cluster research is significantly
hampered by the fact that the majority of existing isolation
technologies are devised to capture individual cells rather
than clustered CTCs. Because their respective benefits can
be combined and platform-specific obstacles can be bypassed,
platforms that incorporate numerous capture principles have
the potential to be extraordinarily beneficial. For clinical diag-
nosis, the aforementioned considerations must be incorpo-
rated into the design of procedures that achieve complete
CTC enrichment with high throughput, efficiency, purity,
and viability. Analysis of a single CTC necessitates substantial
expansion in order to provide a comprehensive view [22]. For
single-cell analysis, which will be used to determine the effi-
cacy of the enrichment method, the integrity of the isolated
cells is invaluable. Viability is the paramount consideration,
particularly in the context of drug efficacy evaluations at the
level of a single CTC and culture experiments. Accordingly,
the separation procedure must ensure cell viability and purity
of CTCs for genome and protein profiling, allowing for ade-
quate materials for characterizing heterogeneity through
large-scale single-cell data [23]. Insufficient enrichment
purity can introduce enigmas, making single-cell data analysis
more challenging [14]. The difficulties associated with molec-
ular quantification and semiautomated CTC separation are
reviewed in Table 1.

3. Circulating Nucleic Acids

Extracellular nucleic acids, such as DNA and RNA, circulate
throughout the body after normal, primary malignant, and
metastatic cancer cells secrete them circulating nucleic acids
(CNAs) in plasma and serum, present in both benign and
malignant conditions, significantly impact minimally inva-
sive diagnostic and prognostic applications [31]. Cell-free
DNA (cfDNA), also known as circulating tumor DNA
(ctDNA), can be detected in the plasma of individuals diag-
nosed with cancer. ctDNA has been employed in various
aspects of cancer research ever since the initial documenta-
tion of identical DNA mutations in plasma and tumors,
including diagnosis, detection, prognosis, treatment selec-
tion, and surveillance. Cancer patients can be distinguished
from healthy individuals based on the quantity and quality of
their circulating cfDNA. In general, cancer patients have
higher cfDNA concentrations than healthy individuals, and
these concentrations appear to rise with metastasis and dis-
ease progression [32]. An increased discharge of genetic
material from tumor cells or impaired phagocyte clearance
could account for the elevated cfDNA levels observed in
cancer patients. However, their immediate application in
cancer diagnosis may be impeded by the presence of elevated
cfDNA levels in conditions such as trauma, exercise, and
surgery [33]. Following circulating tumor cell apoptosis in
the blood and urine of patients diagnosed with various
malignancies, exosome-like particles have been found to be
enriched with tumor-derived circulating RNAs (ctRNA),
including mRNAs and especially small RNAs (miRNAs
and long noncoding RNAs). Liquid biopsies are increasingly
being considered as a viable transition to clinical practice due
to their less invasive, simpler, quicker, and less expensive
access to body fluids [34].

4. cfDNA Detection

Tables 2 and 3 show a summary of the different standard tests
that were used to measure the amount of cfDNA-associated
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key biomarkers in CRC samples. The cfDNA is made up of
DNA fragments from different sources that are all very differ-
ent sizes, and the ctDNA makes up less than 1% quantifying
such low volumes is problematic, particularly with the low
disease burden at the initial stages [80]. Here, two workable
strategies can effectively be followed. The first strategy involves
noninvasive targeted identification of specific tumor mutations
already detected in the primary tumor, especially in postsurgi-
cal monitoring using cfDNA. However, this mutation detection
rate is limited to low-frequency mutated genes (referred to as
low variant allele frequency (VAF)) at approximately 0.01%,
along with a higher bar for specificity and faster assay times.
The second approach emerged as an undirected strategy, which
emphasizes genome or whole exome deep sequencing tumor-
correlated copy number alterations analysis or somatic muta-
tions without matched prior interrogating tumor analysis. To
achieve this, accurate methodologies are implemented: real-
time quantitative PCR (qPCR), NGS, digital PCR, the BEAM-
ing procedure, and mass spectrometry. The traditional assay
for cfDNA quantification was real-time qPCR, which deter-
mined the amplification concentration variation along with
missense substitutions and insertion/deletion events with
higher than 10% VAF [88]. However, present high-throughput
analytical technologies are associated with more precise detec-
tion rates through a limited extension step at the 3" end probe
and high-frequency mutant allele-specific proliferation. Tech-
nologies based on the NGS ultradeep the next-generation panel
covers diverse procedures planned to filter out low VAF var-
iants with great confidence based on the hotspot regions, result-
ing in an acceptable level of analytical sensitivity of about 100%
and a desired specificity of nearly 80% [89]. Up to this point,
the robust and high sensitivity of around 98% for scanning and
pinpointing novel point mutations is supported by the tagged
amplicon deep sequencing (TamSeq), safe-sequencing system
(Safe-SeqS), cancer personalized profiling by deep sequencing
(CAPP-Seq), bias-corrected targeted NGS, and multiplex PCR
NGS methods. Bias-adjusted targeted NGS provides multiva-
lued markers involving samples and divergent sequence tags
physically linked to oligonucleotide capture probes, which are
subsequently proliferated with elevated significance [90]. Here,
approved commercial protocols for WGA of the plasma-
circulating genome are Sigma-modified. WGA2 or Sigma-
modified WGA4 methods, although no independent validation
has been disseminated. Unpublished results showed that
cfDNA fragments in the 150-bp size range are also small for
WGA quantification. To our knowledge, more detailed scien-
tific evidence of the technical procedures and suggestions in the
course of sample processing for cfDNA tests was defined by the
European consortium CANCER-ID (https://www.imi.europa.
eu/projects-results/project-factsheets/cancer-id) in the frame-
work of the Innovative Medicines Initiative (IMI). In addition,
the European SPIDIA project (http://www.spidia.eu/) has also
addressed official CEN/technical characteristics documents rel-
evant to standards on the processing, preserving, and attesta-
tions of venous whole blood samples in preparation for cfDNA
during the preanalytical phase [88]. Digital PCR (dPCR) cor-
responds to a reduced overall time and cost per run when
compared to NGS but does not permit a parallel review of

the majority of actionable genomic deviations. Techniques
called beaming, which rely on beads, emulsion, amplification,
magnetics, and droplet digital PCR (ddPCR), are the two main
technologies for single-molecule counting. Alternatively,
ddPCR can be done on a water—oil emulsion platform where
DNA samples are spread out over thousands of microemul-
sions in both mutant and WT reactions. By using fluorescently
labeled probes that are specific to a site, target amplicons can be
analyzed using flow cytometry. Also, ddPCR seems to be a lot
more profitable than regular digital PCR, which involves han-
dling serial dilutions of intact DNA into separate wells for
detection, which can be hard at times. Liquid biopsy is consid-
ered a surrogate validated noninvasive method for dynamical
monitoring of tumor-derived circulating mutant alleles in stan-
dard clinical applications for advanced CRC cases [91]. In
contrast to tissue biopsy approaches, it reflects tumoral hetero-
geneity, clonal development, and diffuse patterns [92]. In view
of the high analytical precision, it is well-established that dPCR
technologies naturally merge more sensitivity than conven-
tional qQPCR techniques for quantifying rare somatic mutations
amongst wild-type genomic backgrounds in cfDNA as well as
KRAS-mutated ctRNA [93]. The fully automated IdyllaTM
RAS mutation method is a qPCR test that is performed in
two separate consecutive runs with a reported analytical sensi-
tivity rate of <1% for tumors harboring hotspot KRAS point
mutations in exons 2 and 3 and <5% for CRC-associated rare
mutations centered on KRAS exon 4 [84, 93]. While the Onco-
BEAMTM RAS CRC, known as a modified dPCR, diagnostic
molecular testing based on BEAMing technology analyzed
KRAS and NRAS oncogenic mutations synchronously with
ultrasensitive analytical and diagnostic accuracy down to
0.02% mutant allelic fraction (MAF) [84, 94]. In the BEAMing
procedure, each allele’s particular polymerization was assessed
on magnetic beads in emulsion PCR through hybridization
with wild-type or mutant sequence-targeted fluorigenic probes.
Two interesting things about the OncoBEAM RAS CRC tech-
nology are that it can give more accurate results for plasma
KRAS mutation assaying in patients with mCRC than the
Idylla system [67] and that it can do a wider range of quantita-
tive tests [95]. In this setting, the OncoBEAM TMRAS CRC
plasma test can be incorporated into the early histological
report to enable careful prediction of targeted therapy
responses and holistic genetic mutational trialing for new his-
tologically authenticated mCRC [96]. The lower threshold of
mutational allelic detection in the OncoBEAMTMRAS CRC
experiment with a minimum of 0.03% is also noteworthy as it
lowers the number of plasma-derived cfDNA templates [67].
This screening platform could be so successful regarding kine-
tical assaying of the mutated haploid GE quantities during
cancer patient therapy since the possibility of longitudinal
checking of sequential tissue biospecimens is not practical
[67]. The notion of MAF as an establishing prognostic instru-
ment was approved by the investigation, which found that
mCRC patients with an increased KRAS mutation fraction
(higher or equal to 1% MATF sensitivity) tended to have shorter
progression-free survival (PES) rates, especially compared with
patients with tumors bearing KRAS mutations below 1%
MAF [67]. Furthermore, it has also been concluded that
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fast-progressing cases carried significantly higher levels of
MAF than slow-progressing cases. Consequently, this evi-
dence can be easily incorporated to notify the clinicians so
they can provide an information-based estimate of survival
and recurrence of malignant neoplasms in high-risk CRC
patients for better management and follow-up [93].

5. ctRNA Detection

Mass spectrometry is applicable for surpassing obstacles in
PCR multiplexing by designing specific nanotags that are
subsequently attached to wanted hotspot areas and emit
through laser excitation or biotin markers, which can detect
about 40 targets with 5ng of starting material per reaction
[97]. High-throughput RNA sequencing of short noncoding
RNAs under 30nt long, like miRNAs, piRNAs, and endo-
siRNAs, can successfully be procured by direct ligation with
adapters without the need for further RNA handling ahead of
the ligations of the first copies (thanks to the 5-terminal
phosphate and 3" hydroxyl units of miRNAs). Nevertheless,
this assay presents considerable bias resulting from the
impact of sequence on ligation. The circularization of the
single-stranded cDNA with DNA ligase and their amplifica-
tion using PCR, especially for 5-adapter ligation vs.
3'-adapter ligation, can mitigate biases. In addition, incorpo-
rating degenerate random nucleotides at the ligation ends of
adapters and applying a particular electrophoresis separation
or locking of the 3-adapter by inserting the RT primer can
prevent contaminant PCR products devoid of each insert
from ligating with the 5’—adapter (Table 2) [54].

6. Consideration for Optimizing
Preanalytical Procedures

6.1. Preanalytical Laboratory Factors. The analytical sensitiv-
ity and clinical efficacy, as well as the diagnostic validity of
cfDNA/RNA-based assays, will require the determination
and management of different factors, such as critical prea-
nalytical laboratory factors, and bioinformatics data proces-
sing [98]. Investigating and optimizing the effect of the type
of blood collection tube is the first critical preanalytical lab-
oratory factor. The current application of serum vs. plasma
has been discussed [54]. There are two significant obstacles
when handling biospecimens (serum or plasma) to isolate
sufficient amounts of cfDNA prior to downstream quantifi-
cation analysis. The first is a low concentration of extracted
cfDNA or ctDNA, determined as either ng/ml of plasma or
up to 1,000 copies per milliliter of blood. The second is that
the resulting cfDNA, collected in a serum blood collection
tube (BCT), is often contaminated by large genomic DNA
segments released from WBC, which mandates proper WBC
effect removal to provide better specificity for the subsequent
processes [26, 27]. The isolated total cfDNA levels constantly
generate five-to-eight-fold greater yields in fresh serum com-
pared to those in plasma. However, serum is more variable
and harder to manage due to the coagulation procedure and
is not suggested as the starting material for dedicated cfDNA
extraction kits. Thus, anticoagulated whole blood is preferred
for cfDNA-based genetic studies and ctDNA analysis because
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plasma specimens are a better source than serum. Subsequently,
EDTA has been recommended as a better anticoagulant than
citrate or heparin (as an inhibitor of PCR). EDTA maintains
cfDNA integrity in plasma through the inhibition of DNase
activity, so the use of EDTA 2K tubes followed by two-step
centrifugation has been considered the standard approach for
genetic analysis [99].

Moreover, it has already been reported that high-MW
spiked DNA gathered into serum BCT was not restored or
identified electrophoretically in the isolated serum cfDNA,
unlike cfDNA BCT plasma. It emerged that such high MW
DNA should have been captured in the clot within the coag-
ulation process. Another report by Warton et al. [100]
Parpart-Li et al. [101] showed a shift to considerable extra
whole genome equivalents (GEs), but considerably lower
circulating mutant allele frequencies in serum when using
EDTA than plasma samples from tumor subjects. The size
profile of the total cfDNA fragments extracted from serum
varied from 150 to 2,000 bp, while plasma samples corre-
sponded to a unique dominant peak of 150 bp. The most
sensitive platelet-producing protocol has been demonstrated
to unbind major numbers of platelet microparticles and
miRNA containing the maximum c¢fRNA output from stock
plasma specimens through a single freeze/thaw cycle, unlike
platelet-poor plasma (PPP), which required two processes of
centrifugal force before freezing. Other preanalytical param-
eters involve remainder cells and microparticles impurities
such as CTCs, minor (cancer-sourced) EVs, and cfDNA
(<3%), major (cancer-sourced) extracellular vehicles (EVs;
22%), and red blood cells (involved in plenty of RNAs) that
could negatively affect the real power of cfRNA measuring.
The storage of whole blood in sodium EDTA tubes in parallel
at 4°C revealed no cirDNA concentration alteration for up to
1 day. Whether the anticoagulated blood must be stabilized
or not and which type of chemical stabilizer should be used is
still being investigated [28, 29]. Cell lysis also appears in
EDTA tubes over the long-term preservation time of col-
lected blood, mainly at room temperature (RT). Subsequent
WBC lysis, cellular genomic DNA debris, and DNases are
released. DNases may degrade the cfDNA, despite the fact
that EDTA can inhibit, to a determined extent, endogenic
DNases [30]. Blood cell lysis is efficiently prevented by com-
mercially developed stabilizers used in Streck, Cell Save,
Roche, Norgen Biotek, or PAXgene blood c¢fDNA/ctDNA
tubes. Similar DNA yields and proficiency of ¢fDNA from
Streck BCT, Roche, and PAXgene cfDNA tubes, with accu-
rate qPCR detection of 0.5ng spiked mutant DNA, are
detected after 7 days of RT blood incubation in all tubes.
BCT tubes seemed to maintain blood cell integrity and
whiten out any increased DNA concentration for up to
7 days (for ctDNA extraction, the range was from 48 hr to
5 days at RT) following blood collection. Furthermore, BCT
tubes support the actual cirDNA concentration as a well-
known tool for blood conservation and stabilization in ideal
cirDNA quantification assays. Some cell stabilizers that con-
tain formaldehyde cross-linking reagents, such as Streck,
contribute to the methylation pattern of ¢fDNA through
the induction of ¢fDNA deamination, which introduces
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varjations in cfDNA methylation quantification. On the contrary,
alternative PAXgene ¢fDNA tubes enable the unchanged data
detection of sequence-specific methylation cfDNA status and
are consequently appropriate for target downstream cfDNA
methylation measurement. Recently, a study by Holmes et al.
[102] showed that no significant discrepancy in relation to the
background error rate between cfDNA purified from Streck BCT
preservative tubes and paired standard EDTA tubes was obtained
for all amplicons in the Tagged Amplicon deep sequencing
method (Tam-Seq). In addition, these cell preservative tubes
were ideal for the purpose of the cfDNA extraction in the scope
of tumor-derived subchromosomal copy number variation
(CNV). The selection of temperature storage and sampling
time for serum or plasma preparation from blood cells is the
second most important variable in the preanalytical phase. For
example, a broad range of biospecimen clinical research surveys
reveal that EDTA blood processing should be applied in a maxi-
mum of 3-6 hr following blood draws if samples are kept at RT.
Even though blood samples are stored for 8 or 24 hr in com-
mercial EDTA tubes in a refrigerator at 4°C, the delay in
purification can be avoided using the QIAamp MinElute
cfDNA Kit. Blood collection Streck BCT and PAXgene tubes
with cell-stabilizing reagents generally seem to be superior for
cfDNA yield at 25°C up to 7 days’ storage, based on manu-
facturer claims, compared to the lower stability of the cfDNA
collection tube from Roche Diagnostics GmBH. Regarding
the centrifugation conditions, such as a double-spin plasma
preparation protocol followed by a second high-speed centri-
fugation step at 16,000g (3,000-16,000¢) for 10min, this
influences the presence of high-quality ¢fDNA purification
[28, 102].

The third critical factor leading to preanalytical biospeci-
men handling is the type of cfDNA purification kit. Tables 2
and 3 list the broadly utilized extraction kits and techniques.
A parallel review between several different kinds of cfDNA
extraction kits and procedures reported the highest purified
cfDNA outputs with the Norgen Kits. However, these vari-
ous extraction tools may produce different fractions of
plasma cfDNA molecules with a wide size variety based on
the DNA-capturing capacity of the beads or silica gel mem-
branes used during the purification treatment [103]. Addi-
tionally, it should be considered that differentially high-
molecular-weight DNA originating from necrotic malignant
tumor cells could be retained in the extracted combined
cfDNA eluate over a variety of existing kits, compatible
with other extraction approaches. The molecular mechan-
isms underlying nucleosome release into circulation are asso-
ciated with apoptosis-dependent cell death upon targeted
therapies like tyrosine kinase inhibitors. This information
must be taken into consideration when tracking mutations
in cfDNA for therapeutic drug monitoring [104].

More recently, comparative studies between six various
cfDNA extraction platforms based on magnetic-bead tech-
nology showed that the high-throughput cell-free circulating
DNA isolation kits from input plasma volumes of 4 ml by
QIAGEN and Norgen Biotek’s companies improved DNA
fragment recovery with a wide length range (50-808 bp).
While the Applied Biosystems isolation kit (wide sample

volume inputs range from 500uL to 10ml of plasma or
serum) leads to no carryover of shorter size fragments than
50 bp relative to other reliable separation strategies associ-
ated with PerkinElmer kits that delivered significantly
efficient retrieval of DNA molecules in the size range of
75-300bp from 0.5 to 1.5ml of plasma or serum samples
[28, 105, 106], for systemic cfDNA methylation profiles, a
potential adapted MethylMiner (Invitrogen) method for the
extraction of plasma-derived methylated cfDNA variants has
been described. Another considerable preanalytical variable
is deterioration due to long-term ¢fDNA storage at —80°C.
The incorporation of bisulfite conversion treatment is also an
important preanalytical factor. Currently, many kits are
employed for methylated DNA molecular pattern studies,
but one product that is most widely fitted for the bisulfite
conversion process of plasma-based cfDNA is the Innu-
CONVERT Bisulfite Body Fluids Kit (Analytik Jena AG),
which performs with a maximum 3 ml plasma input volume
[28, 88]. The Epitect (Qiagen) Kit is best suited for efficient
bisulfite conversion performance on purified cfDNA with “a
limited quantity” of fragmented DNA. Methylation-on-beads
(MOB) is a new integrated sample extraction and processing
technique that facilitates cfDNA isolation and bisulfite treatment
for up to 2 ml of plasma or serum and guarantees great recovery
and assay sensitivity of the CpG methylation status analysis.

Systemic chronic stress associated with physical or men-
tal events and acute stress conditions such as intense exercise
followed by muscle injury and repair responses trigger long-
term release of DNA, together with a subsequent significant
increase in cfDNA levels during cellular apoptosis or necro-
sis and dynamic variations in ¢fDNA methylation profiling.
Additionally, acute plasma viral reactivation ratios corre-
sponding to HIV, hepatitis B, and Epstein—Barr infections
result in a high percentage of cfDNA concentrations because
of the high cell-free viral DNA load. The amount of tumor-
of-origin cfDNA is likely further influenced by clinical vari-
ables, including clinical stage, histopathological grading,
primary, local, or distant recurrence pattern, and response
rate to targeted therapy, which reveals more applications of
cfDNA tests in clinical diagnostics and prognosis. Similarly,
a major potential association between circadian rhythmicity
and a more elevated cfDNA amount at midday was recog-
nized in patients with stages I-III CRC compared with cases
with stage IV [35]. The genotoxic effects of environmental
agents like pesticides on the increase in cfDNA concentra-
tion were described previously, as exposed women harbored
a higher ¢fDNA level than exposed men [107]. Age can also
be an especially significant predictor when one surveys rela-
tive input amounts of cfDNA at basic genomic sites, in par-
ticular, transcription initiation and termination regions, or
organ-specific and cfDNA-correlated methylation footprints
[27, 28, 88]. Multiple studies have demonstrated conclusively
that genomic and environmental factors modulate an indi-
vidual’s cfDNA level, making it highly variable within the
healthy population. Our study suggests that the diagnostic
sensitivity of cfDNA evaluation as a noninvasive biomarker
could be enhanced if the individual’s cfDNA level is known
prior to the onset of disease or cancer. Plasma cfDNA levels
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TasLE 4: Methods for obtaining ¢fDNA from plasma and serum.

Methods Approaches References
Easily extraction of ccfDNA with rapid
QIAamp circulating nucleic acid kit spin-column or 96-well-plate technique without dependent phenol- [75, 108]
chloroform extraction
. Greatest efficiency, cheaper, and high-quality outputs for further plasma
Triton/heat/phenol protocol (THP) cfDNA isolation vs. the Qiagen kit assay [109]
NucleoSpin® Plasma X'S Very fast extraction of this method leading to a much integrity DNA [110]

produce that may utilize for the recovered of small DNA fragments

Automated purification of ¢fDNA from much less 10* cells using silica-
coated paramagnetic particles (PMPs), as a mobile solid phase for [111]
optimizing of the capture, washing and elution of the target material

Maxwell® 16 LEV DNA purification kit

could therefore serve as a sensitive, noninvasive biomarker
for the diagnosis and prognosis of numerous diseases, par-
ticularly malignancies, if further validation in larger cohorts
is achieved. On the other hand, neither alone nor in isolation,
CTCs can enhance cancer diagnostic and prognostic appli-
cations. For instance, concluded that the combined analysis
of ¢fDNA and CTCs provides additional information for
identifying patients with a poor prognosis, as the sensitivity
to detect relapses increased from 79% to 90% within 2 years.
A second study utilizing NGS assays based on PCR demon-
strates the usefulness of this combined analysis method for
cancer diagnosis. For example, concluded that the combined
analysis of cfDNA and CTCs provides some extra informa-
tion to detect patients with a worse prognosis, as the sensi-
tivity to detect relapses increased from 79% to 90% within 2
years. Another study using a PCR-based NGS assay proves
this combined analysis method is useful in cancer diagnosis.
The high integrity of miRNAs in circulation blood contri-
butes to establishing miRNA expression patterns and takes
advantage of its potential for reliable spotting over combined
assay-based TRIzol material isolation procedures with spin
columns, marketing accessible kits (Table 4), and immuno-
magnetic beads coated by capture antibodies for exosomal
miRNAs. Although the coextraction TRIzol protocol for
selective circulating miRNA isolation has the possibility of
cross-reactivity with DNA, lipids, or proteins and cell-
derived microparticles-like platelets or erythrocytes, besides
phenolic contaminants [12, 112].

6.2. Bioinformatics Data Processing. Bioinformatics data pro-
cessing is an important part of cfDNA oncological research
because it helps find patterns of point mutations, insertions
and deletions, genomic CNVs, and abnormal DNA methyl-
ation profiles that are unique to each patient. In addition to
the low-cost WGS-based CNV method, depth of coverage
methods like QDNA-seq, WisecondorX, BIC-seq2, and the
CNV Kkit are being used more and more to look at the land-
scape of genomic copy number information from the
sequence depth. It is also possible to describe CNVs and
chromosomal changes using the assembly-based, split-read,
and read-pair methods. Before the sequencing alignment
process, Y pseudo-autosomal regions and genomic regions
with low map ability need to be removed so that the short

reads can be mapped to a single genomic position instead of
several likely positions. This is especially important for
reference-free methods. So, the GEM (GEnome Multitool)
map ability algorithm is a useful tool for improving single
genomic map ability information and filtering of genomic
regions with too many unstructured anomalous reads map-
ping in very genome-wide inconsistent regions, like different
haplotypes overexpressed on chromosome 19 or problematic
centromere, telomere, and satellite repeats [37, 53, 113, 114].

Before moving on to more in-depth analysis, these vari-
able regions were found using a data-driven method with the
ENCODE and mod ENCODE consortia and the detection
QDNAseq algorithm, which can be downloaded for free from
https://sites.google.com/site/anshulkundaje/projects/blacklists
and https://bioconductor.org/packages/QDNAseq/, respectively.
It has been suggested that subsections harbor individual DNA
methylation epi-signatures and abnormal large-scale and locus-
specific methylation patterns from each tissue type that can be
used to differentiate between cancer and normal cells. Thus,
complete plasma cfDNA genomic methylation profiling could
be a potentially promising tool to identify tumor-type-specific
tissue using cfDNA. Subsequently, first proved the practicability
of leveraging large-scale genomic methylation expression data-
bases from the Cancer Genome Atlas (TCGA) and Gene Expres-
sion Omnibus archives to distinguish distinct CpG dinucleotides
for motif unmethylation and methylation status across a tissue of
interest versus other tissues. By using methylation signature data
that are tumor tissue-specific and appropriate filtration algo-
rithms, a widely well-defined algorithm-based process to
enhance the standard signal from a complex of signal origins
might be employed to scheme reference sources of tissue using
cfDNA [37, 53]. As shown recently, a probabilistic modeling
method termed Cancer Locator has been developed to synchro-
nously deduce the individual type of cancer based on cfDNA and
the tissue proportion of ctDNA-derived fragments, mainly for
samples with low to moderate ctDNA library yield directly from
whole-genome DNA methylation data. Indeed, by comparing
multidimension Infinijum HumanMethylation450 microarray
data from the TCGA project between matched normal and
cancer specimens, Cancer Locator proved to be a useful tool
for feature input data focusing on local clustering of CpG sites
in high dimension with large interindividual DNA methylation
across-tissue variation among different tumor types and normal


https://sites.google.com/site/anshulkundaje/projects/blacklists
https://sites.google.com/site/anshulkundaje/projects/blacklists
https://sites.google.com/site/anshulkundaje/projects/blacklists
https://bioconductor.org/packages/QDNAseq/

Disease Markers

groups [37, 114]. Millions of short transcripts are the primary
point of RNA-seq computation. Initially, the monitoring control
focuses on short-read sequencing using various designed data-
bases like PRINSEQ and FastQC, as well as results handling to
filter transcripts with low-quality bases, adapter sequences, and
other foreign sequences from the raw sequencing output using
Cutadapt and Trimmomatic tools and following raw reads
mapped or aligned to a citation genome or transcriptome
through TopHat2, STAR, GSNAP, OSA, and Map Splice algo-
rithms. The mapped reads for individual tests are then evaluated
on gene (involving RSEM, Cufflinks, IsoEM, feature counts, and
HTSeq), sequence-based approaches (such as RSEM), or union-
exon-based counting methods (like feature counts) to analyze
the affluence of each category according to the experimental
objective. The aforementioned statistical patterns (DESeq,
edgeR, GENECounter, NOISeq, NBPSeq, and Cuffdiff2
approaches) then examine the RNA-seq count data to identify
differentially expressed genes. Finally, pathway or network-level
assays count on annotation websites including Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID), and additional commercial infor-
mation systems, in particular, Ingenuity Pathway Analysis, to
acquire biological imagination across systems biology strategies
[115]. Also, it has already been said that high-MW spiked DNA
collected in serum BCT could not be restored or identified
electrophoretically in the separated serum cfDNA, but it could
be in fDNA BCT plasma. It emerged that such high MW DNA
should have been captured in the clot within the coagulation
process. Another study by Parpart-Li et al. [101] and Warton
et al. [100] found a change to a lot more whole genome equiva-
lents (GEs), but a lot fewer circulating mutant allele frequencies
in serum when EDTA was used compared to plasma samples
from people with tumors. The size range of the cfDNA frag-
ments taken from serum was from 150 to 2,000 bp, but there
was only one main peak at 150bp for plasma samples. The
platelet-producing protocol that has been shown to be the
most sensitive can release most of the platelet microparticles
and miRNA with the highest cfRNA output from stock plasma
samples through a single freeze/thaw cycle. This is in contrast to
PPP, which needed two cycles of centrifugal force before freez-
ing. On the other hand, only negative levels of cfRNA were
found in cell-free DNA BCT Streck tubes (La Vista, NE). This
is likely because the cfRNA was not properly swollen, even after
centrifuging. Other things that need to be looked at before
analysis starts include leftover cells and impurities like CTCs,
small (cancer-sourced) EVs, cfDNA (<3%), large (cancer-
sourced) extracellular vehicles (EVs; 22%), and red blood cells
(which contain many RNAs) that could make cfRNA measur-
ing less accurate. The storage of whole blood in sodium EDTA
tubes in parallel at 4°C revealed no cirDNA concentration alter-
ation for up to 1 day. Whether the anticoagulated blood must be
stabilized or not and which type of chemical stabilizer should be
used is still being investigated [28, 29]. Cell lysis also appears in
EDTA tubes over the long-term preservation time of collected
blood, mainly at RT. Subsequent WBC lysis, cellular genomic
DNA debris, and DNases are released. DNases may degrade the
cfDNA, despite the fact that EDTA can inhibit, to a determined
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extent, endogenic DNases [28, 30]. Blood cell lysis is efficiently
prevented by commercially developed stabilizers used in Streck,
Cell Save, Roche, Norgen Biotek, or PAXgene blood cfDNA/
ctDNA tubes. Similar DNA yields and proficiency of ¢fDNA
from Streck BCT, Roche, and PAXgene cfDNA tubes, with
accurate qPCR detection of 0.5ng spiked mutant DNA, are
detected after 7 days of RT blood incubation in all tubes. BCT
tubes seemed to maintain blood cell integrity and whiten out
any increased DNA concentration for up to 7 days (for ctDNA
extraction, the range was from 48 hr to 5 days at RT) following
blood collection. Also, BCT tubes help with the concentration of
cirDNA and are a well-known way to keep blood safe and stable
during ideal cirDNA quantification assays. There are some cell
stabilizers, like Streck, that contain formaldehyde cross-linking
reagents that change the methylation pattern of cfDNA by start-
ing cfDNA deamination. This causes changes in the quantifica-
tion of cfDNA methylation. On the other hand, different
PAXgene cfDNA tubes allow for the same-level detection of
cfDNA sequence-specific methylation status and are therefore
suitable for measuring downstream cfDNA methylation. A
study by Hrdlickova et al. recently found that there was no
big difference in the background error rate between cfDNA
purified from Streck BCT preservative tubes and paired stan-
dard EDTA tubes for all amplicons in the Tagged Amplicon
deep sequencing method (Tam-Seq) [34, 89]. In addition, these
cell preservative tubes were ideal for the purpose of the cfDNA
extraction in the scope of tumor-derived subchromosomal
CNV. The selection of temperature storage and sampling time
for serum or plasma preparation from blood cells is the second-
most important variable in the preanalytical phase. For example,
a broad range of biospecimen clinical research surveys reveal
that EDTA blood processing should be applied in a maximum
of 3-6 hr following blood draws if samples are kept at RT. Even
though blood samples are stored for 8 or 24 hr in commercial
EDTA tubes in a refrigerator at 4°C, the delay in purification can
be avoided using the QIAamp MinElute c¢fDNA Kit. Blood
collection Streck BCT and PAXgene tubes with cell-stabilizing
reagents generally seem to be superior for cfDNA yield at 25°C
up to 7 days’ storage, based on manufacturer claims, compared
to the lower stability of the cfDNA collection tube from Roche
Diagnostics GmBH. Regarding the centrifugation conditions,
such as a double-spin plasma preparation protocol followed
by a second high-speed centrifugation step at 16,000 g
(3,000-16,000g) for 10 min, this influences the presence of
high-quality cfDNA purification [28, 88, 102]. The third critical
factor leading to preanalytical biospecimen handling is the type
of cfDNA purification kit. Tables 2 and 3 list the broadly utilized
extraction kits and techniques. A parallel review between several
different kinds of cfDNA extraction kits and procedures
reported the highest purified cfDNA outputs with the Norgen
Kits. However, depending on how well the beads or silica gel
membranes work at capturing DNA during the purification
process, these different extraction tools may make different parts
of plasma cfDNA molecules that are of different sizes. It is also
important to think about the possibility that differentially high-
molecular-weight DNA from necrotic malignant tumor cells
could be kept in the extracted combined cfDNA eluate using
a number of different kits that are compatible with other
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extraction methods. The molecular mechanisms underlying
nucleosome release into circulation are associated with
apoptosis-dependent cell death upon targeted therapies like
tyrosine kinase inhibitors. This information must be taken
into consideration when tracking mutations on cfDNA for ther-
apeutic drug monitoring [104].

More recently, tests comparing six different magnetic-
bead-based cfDNA extraction platforms showed that the
high-throughput cell-free circulating DNA isolation Kkits
from 4 ml of plasma by QIAGEN and Norgen Biotek’s com-
panies were better at recovering DNA fragments with a
length range of 50-808 bp. While the Applied Biosystems
isolation kit (wide sample volume inputs range from 500 ul
to 10 ml of plasma or serum) leads to no carryover of shorter
size fragments than 50 bp relative to other reliable separa-
tion strategies associated with PerkinElmer kits that deliv-
ered significantly efficient retrieval of DNA molecules in the
size range of 75-300bp from 0.5 to 1.5ml of plasma or
serum samples [28, 105, 106]. For systemic cfDNA methyl-
ation profiles, a potential adapted MethylMiner (Invitro-
gen) method for the extraction of plasma-derived
methylated ¢fDNA variants has been described. Another
considerable preanalytical variable is deterioration due to
long-term cfDNA storage at —80°C. The incorporation of
bisulfite conversion treatment is also an important preana-
Iytical factor. Currently, many kits are employed for meth-
ylated DNA molecular pattern studies, but one product that
is most widely fitted for the bisulfite conversion process of
plasma-based cfDNA is the InnuCONVERT Bisulfite Body
Fluids Kit (Analytik Jena AG), which performs with a max-
imum 3 ml plasma input volume [28]. The Epitect (Qiagen)
Kit is best suited for efficient bisulfite conversion perfor-
mance on purified cfDNA with “a limited quantity” of frag-
mented DNA. MOB is a new integrated sample extraction
and processing technique that facilitates ¢fDNA isolation
and bisulfite treatment for up to 2ml of plasma or serum
and guarantees great recovery and assay sensitivity of the
CpG methylation status analysis.

Systemic chronic stress from physical or mental events
and acute stress conditions like intense exercise followed by
muscle injury and repair responses cause DNA to be released
over a long period of time. Following this, there is a signifi-
cant increase in cfDNA levels during cell death or apoptosis
and changes in cfDNA methylation profiling In addition,
acute plasma viral reactivation ratios for HIV, hepatitis B,
and Epstein—Barr infections lead to high levels of cfDNA
because there is a lot of viral DNA that is not in cells. Clinical
factors like clinical stage, histopathological grading, primary,
local, or distant recurrence pattern, and response rate to tar-
geted therapy are likely to have additional effects on the
amount of tumor-of-origin cfDNA, which reveals more uses
for cfDNA tests in clinical diagnostics and prognosis. Similarly,
a major potential association between circadian rhythmicity
and a more elevated cfDNA amount at midday was recognized
in patients with stages I-III CRC compared with cases with
stage IV [35]. The genotoxic effects of environmental agents
like pesticides on the increase in cfDNA concentration were
described previously, as exposed women harbored a higher
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cfDNA level than exposed men [107]. Age can also be an
especially significant predictor when one surveys relative
input amounts of cfDNA at basic genomic sites, in particular,
transcription initiation and termination regions, or organ-
specific and cfDNA-correlated methylation footprints
[27, 28]. Conclusively, different studies demonstrated that
both genomic and environmental factors modulate an indivi-
dual’s cfDNA level, which is therefore highly variable in the
healthy population. Our study suggests that the diagnostic
sensitivity of cfDNA evaluation as a noninvasive biomarker
could be improved if the person’s cfDNA level is known prior
to disease onset or cancer presentation. If further verified in
larger cohorts, plasma cfDNA levels could thus serve as a
sensitive, noninvasive personalized biomarker for the diagno-
sis and prognosis of many diseases, particularly cancers. On
the other hand, not alone but in combination with CTCs, they
can improve the diagnostic and prognostic applications of
cancer. For example, concluded that the combined analysis
of cfDNA and CTCs provides some extra information to
detect patients with a worse prognosis, as the sensitivity to
detect relapses increased from 79% to 90% within 2 years.
Another study using a PCR-based NGS assay proves this
combined analysis method is useful in cancer diagnosis.
The high integrity of miRNAs in circulation blood contributes
to establishing miRNA expression patterns and takes advan-
tage of its potential for reliable spotting over combined assay-
based TRIzol material isolation procedures with spin col-
umns, marketing accessible kits (Table 4), and immunomag-
netic beads coated by capture antibodies for exosomal
miRNAs. Although the coextraction TRIzol protocol for
selective circulating miRNA isolation has the possibility of
cross-reactivity with DNA, lipids, or proteins and cell-derived
microparticles like platelets or erythrocytes, besides phenolic
contaminants [12, 112].

7. Cancer Targeted Genotyping: Progression of
Individualized CRC Therapies by
Concentrating on Actionable
Genes and Regions

7.1. Investigation of Genetic Variations, MSL, and CNVs of CRC

7.1.1. Investigation of Genetic Variations, MSI, and CNVs of
CRC in Blood. Microsatellites are tandem repeats located
throughout the genome. Microsatellite instability (MSI is
the deletion or insertion of microsatellite repeats that is asso-
ciated with a genetic instability in 15% of all CRCs and
resistance to chemotherapeutic agents (more sporadic than
hereditary nonpolyposis) and is due to faulty DNA mis-
match repair (MMR) genes. Various researchers are inter-
ested in the influence of cfDNA in conquering the tumor
mutational burden from two CRC MMR-D subjects, which
clarified the feasibility of cfDNA as a substitute marker for
MMR-D and the five quasimonomorphic MSI markers BAT-
25, BAT-26, NR21, NR24, as well as NR27, and four MMR
genes (MSH2, MSH6, PMS2, and MLH1). MSI-H CRC cases
guarded from the immune checkpoint barricade displayed
comobilization of CTINNB1, APC, and/or RNF43 mutations
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referring to the WNT/beta Catenin signaling. There has been a
serious demand for detecting predictive molecular markers for
chemotherapy response (sensitivity or resistance) both in adju-
vant and metastatic settings. Signature molecular markers that
have been seriously investigated involve thymidylate synthase
(TS) expression, and upregulated ERCC1, among others. Most
recently, MSI has also been displayed to predict failure of
response to adjuvant 5-FU in stages II and III CRC cases (and
feasible side effectsin stage II cases). However, in the MRC
FOCUS trial of metastatic CRC, mutant BRAF was not
presented as an accurate predictive biomarker for any 5-FU-
based chemotherapy regimen [116-119]. Studies from China
characterized CRCs according to their MSI statusctDNA, and
their amplicon-based NGS data provided essential intelligence
about the power of MSI from ctDNA as noninvasive prognostic
and diagnostic markers among CRC subjects [120]. One study
on point mutations of ¢fDNA demonstrated serum-sensitive
detection rates of genes TP53, APC, and KRAS were 34.2%,
30.4%, and 34.0%, respectively, for recognizing rest illness after
surgical resection. These personalized mutations can avert the
progression of the array housing sum of the somatic mutations
inexpensively (Table 5 and Figure 1).

8. Examining Genetic Variants, MSI, and CNVs
in CRC Plasma

The occurrence of KRAS, BRAF, IDHI1, IDH2, PDGFRA,
and TP53 mutations following whole genome sequencing
testing of cfDNA was found to be a more popular etiologic
biomarker for genomic instability in CRC, influencing about
75%—85% of cancers. Recently, ERBB2 amplification has also
been considered as a detection process for CRC, with a sen-
sitivity of 91.7% and a specificity of 88.9% (Table 4 and
Figure 1) [149-153].

8.1. Circulating mRNA Indicators

8.1.1. Circulating mRNA Indicators in Blood. In CRC, circu-
lating mRNA biomarkers such as epidermal growth factor
receptor (EGFR), cytokeratin 20, and CEA can be identified
differently from other blood cells by multiplex RT-qPCR-
based telomerase reverse transcriptase (TERT) [154-156].
Among other diagnostic and prognostic panels, LMNBI,
VNNI1, IL2RB, CLEC4D, ANXA3, TNFAIP6, and PRRG4
circulating mRNA biomarkers can be introduced from
numerous past studies. Actually, the accuracy of all these
proposed screening procedures has already been verified
across different populations. For example, 202 CRC Cana-
dian patients showed a diagnostic sensitivity of 72% and a
specificity of 70% compared to 208 healthy individuals, while
in 99 Malaysian CRC patients, a sensitivity and specificity of
61% and 77%, respectively, were determined compared to
111 controls (Figure 1).

8.2. CRC Epigenetic Signatures

8.2.1. Promoter Methylation in ¢fDNA/ctDNA in Blood. DNA
methyl transferases (DNMTs) catalyze DNA methylation,
which is the covalent transfer of a methyl group to the C-5
position of the cytosine ring to produce 5-methylcytosine.
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Methylation at CpG dinucleotides of regulatory regions leads
to the suppression of gene transcription, an early event
detectable in tumor suppressor genes of cfDNA in cancer
patients [157, 158]. Mutation detection has to look for
changes all over the genome. Methylation analysis, on the other
hand, may be easier because it only needs to look at changes in
the promoter region [114]. Compared to other mutational
events, CpG island hypermethylation is more common to detect
earlier stages of CRC and precancerous polyps. However, it
might be present in some, but not all, malignancies, limiting
the accuracy of discrimination between different types of cancers
[85]. In various cancers, extensive CpG methylation patterns in
cfDNA increase the chance of ctDNA detection and diagnosis
using blood samples. According to tissue-specific methylation
patterns, the origin of the tumor can also be identified with high
sensitivity and specificity [36]. Due to the tumor-specific char-
acteristics of ctDNA, including mutations and epigenetic varia-
tions, the early hypermethylation pattern of tumor suppressor
genes in the promoter region can be used as a cancer detection
biomarker. There are two methods to characterize DNA meth-
ylation in ¢fDNA: qPCR-based methods to detect specific
regions and deep sequencing-based methods to reveal DNA
methylation profiles in the whole genome. Bisulfite sequencing,
which is highly utilized in cfDNA methylation profiling, is not
cost-effective. However, methylated DNA immunoprecipitation
followed by high-throughput sequencing (methylated DNA
immunoprecipitation (MeDIP)-seq) is a genome-wide and
cost-effective method that is hardly used for cfDNA characteri-
zation. MeDIP-seq has been performed in a 2019 study to eval-
uate the biomarkers of lung cancer. Methylation of BSGAT?2 has
been used as a biomarker in CRC diagnosis [2]. There is a
correlation between the colorectal CpG island methylator phe-
notype (CIMP) and DNA methylation of the MLH1 (MutL
homolog 1) promoter, BRAF mutations, microsatellite instabil-
ity, and somatic mutations in KRAS (62). In tumor suppressor
genes such as O6-methyguanine-DNA methyl transferase
(MGMT), bone morphogenetic protein 3 (BMP3), and
EFHDI (EF-hand domain family member D1), methylation at
certain CpG sites results in gene suppression and the formation
of malignancy. Therefore, using noninvasive methods such as
methylation-specific (MSP) polymerase chain reaction (PCR) on
cfDNA can lead to a better prognosis and disease management
as a novel serum biomarker [3]. A new study was designed to
examine the utilization of ctDNA methylation markers for the
diagnosis and prognosis of CRC using a prospective cohort to
evaluate their efficiency in screening patients susceptible to CRC
development. By comparing CRC tumors to normal leukocytes,
a CRC-specific methylation pattern was identified, and an algo-
rithm was applied for a predictive diagnostic and prognostic
model for cfDNA obtained from a cohort of 801 patients with
CRC and 1,021 normal controls. The power of this model for
discriminating CRC patients from normal controls was very
promising (area under curve = 0.96). The prognosis and survival
of patients with CRC (p <0.001) were also accurately predicted
by the prognosis prediction model. Moreover, other cfDNA
biomarkers with abnormal DNA methylation, including genes
of TPEF/HPP1, ALX4, TMEFF2, NGFR, NEUROGI, FRP2,
APC, MLH1, RUNX3, and CDKN2A/P16h, have been indicated
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Ficure 1: Diagnosis of CRC utilizing circulating tumor nucleic acids.
According to a robust, sensitive, and specific noninvasive screening
associated with a panel of elevated ctDNA and ctRNA signature
expression, it is conceivable that these blood biomarkers can be used
for early CRC detection.

to be extremely sensitive and specific in CRC patients, along with
methylated HLTF, as powerful prognostic biomarkers associated
with tumor stage and size, metastatic disease, and recurrence of
illness. Supplementary, methylated DENAS5, and HPP1 also have
prognostic qualities [159-163]. A classification of CRCs was
performed based on ctDNA markers using a clustering method,
and two classes of CRC patients were obtained with significantly
different survival rates (p = 0.011). A single ctDNA methylation
marker named cg10673833 was also introduced with appealing
sensitivity (89.7%) and specificity (86.8%) to diagnose CRC and
precancerous lesions in a prospective cohort [130, 164].

8.2.2. Promoter Methylation in ¢fDNA/ctDNA in Plasma. The
combination of different methylation targets in ¢fDNA can
lead to effective biomarkers for the early diagnosis of CRC.
The most studied plasma-based epigenetic marker for CRC
screening in cfDNA is methylated Septin 9 (mSEPT9), which
was found to be cost-effective compared to the absence of
screening [165]. About 8,000 asymptomatic patients from
the US and Germany were studied with routine screening
colonoscopy in combination with SEPT9 analysis in the
blood. The sensitivity and specificity of SEPT9 DNA meth-
ylation in cfDNA were 48.2% and 91.5%, respectively [165].
In a recent study on tumor liquid biopsies, investigating
mSEPT9 in CRC patients resulted in a 72% diagnosis of
stages I-IIT cancers with 93% specificity [8, 166]. A few
studies have evaluated the epigenetics of glycan genes, such
as the methylation status of beta-1,4-galactosyltransferasel
(B4GALT1) in cancer cells. This type II membrane-bound
glycoprotein interacts with EGFR and inhibits the dimerization
of the receptor and its signaling pathway in human hepatocellu-
lar carcinoma cells. In a 2019 study, the diagnostic, prognostic,
and therapy-response predictive power of the glycogen
B4GALT1 was investigated in CRC patients. Quantitative
methylation-specific PCR (QMSP) was used to detect hyper
methylated B4GALT1 and dd-QMSP in plasma in four cohorts
of metastatic CRC cases. Promoter hypermethylationand
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downregulation of BAGALT1 expression indicated poor progno-
sis, decreased cetuximab response, and liver and lung metastases
in CRC. B4GALT]1 can be a sensitive biomarker for the diagnosis
of CRC and the prediction of drug responses [85].

8.3. miRNAs Markers of CRC in Plasma. MicroRNAs
(miRNA) are brief (18-25 bp in length), ribonuclease-protected,
noncoding copies that function as gene modulators (tumor sup-
pressive versus oncogenic) with potential diagnostic, prognostic,
and therapeutic functions [167]. Comparative analyses between
different species demonstrate that miRNAs are evolutionarily
conserved and play important roles in a wide variety of cellular
physiological and pathological processes [168]. Currently, it is
established that any miRNA acting as a primary regulator is
capable of regulating the gene expression of significant quantities
of targeted mRNA [169]. Multiple miRNA genes are located in
chromosomal regions that undergo translocations, deletions, or
duplications, resulting in the production of atypical expression
templates in multiple tumor types, particularly CRC. miRNAs
are reassuring as noninvasive biosignatures in the circulation,
unlike mRNA, due to their resistance to extra-exosome ribonu-
clease and resistance to high pH levels. With a sensitivity and
specificity of 83.3% and 69.0%, respectively, miR-760 and miR-
601 were found to have lower expressionin advanced adenoma
(AA) and CRC cases compared to normal specimens after con-
touring 742 miRNAs on CRC trials and normal specimens. miR-
532-5p, miR-331, miR-335, miR-19, miR-142-3p, miR-29a,
miR-19b, miR-15b, miR-18a, miR-17, miR-652, miR-532-3p,
and miR-19a were identified as candidate miRNAs in plasma
or serum by two additional research groups, with a sensitivity of
78.6% and a specificity of 79.3%. The same set designed a three-
serum miRNA pattern, miR-139-3p, miR-431, and miR-15b,
with a sensitivity of 93% and a specificity of 74% for discrimi-
nating between patients with stage IV CRC and normal speci-
mens. Ahmed et al. [170] stated to verify a 15-panel miRNA of
that nine (miR-214, miR-183, miR-92a, miR-196a, miR-20a,
miR-17-3p, miR-7, and miR-21) were overexpressed and six
(miR-138, miR-146a, miR-222, miR-127-3p, miR-143, and
miR-124) were suppressed in CRC cases’ plasma and tissue
with 90% sensitivity and 95% specificity [170-172]. Numerous
aggregated diagnosis studies focus on miRNA-based early
screening for AA and CRC (sensitivity and specificity ranging
from 78% to 93%, 41% to 95%). Harlé [8] validated a set of
15 miRNAs, of which nine (miR-7, miR-17-3p, miR-20a,
miR-21, miR-92a, miR-196a, and miR-214) were upregulated
and six (miR-124, miR-127-3p, miR-138, and miR-222) were
downregulated in the plasma and tissue of CRC patients.
Multiple research groups have extracted their candidate
miRNAs from the scientific literature. One study confirms
miR-29a and miR-92a on 120 CRC, 37 AA, and 59 healthy
individuals to differentiate between CRC and healthy indivi-
duals with a sensitivity of 83% and a specificity of 84.7%
[173, 174]. miR-221 was found to be upregulated in CRC
with a sensitivity of 86% and a specificity of 41%, as validated
on a cohort of 103 CRC and 37 healthy controls [175]. Detec-
tion of CRC at an early stage is predominantly investigated in
patients of African—-American descent; sensitivity and speci-
ficity range from 78% to 93% and 41% to 95%, respectively.
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Figure 2: CRC prognosis and treatment response based on circulating tumor nucleic acids throughout the duration of the initial CRC
diagnosis, ctDNA, and ctRNA levels were elevated. Then, ctDNA and ctRNA rapidly disappear from the peripheral blood after surgery, but
they rise again, resulting in an early relapse. In the absence of tumor biopsy specimens, they can also be used for cancer molecular tracking to
detect MRD, monitoring therapeutic response, and predicting the risk of cancer recurrence. It was also correlated with the worst prognosis in
advanced stages of colorectal cancer. In addition, there is evidence that ctDNA predicted future radiographic relapse owing to a small
decrease and increase in the blood extents, respectively, after adjuvant therapy.

Several MicroRNA biomarkers, including miR-15b, miR-17-3p,
and miR-18a have been proposed. However, other scientists
have not validated every single one of these biomarkers on
account of variations in the patient population, endogenous con-
trols, or instrumentation. Additional assessment and verification
of these sets of microRNAs is required [176, 177].

8.4. Long Noncoding RNAs Markers of CRC in Plasma. EDTA
plasma-represented cell-free IncRNA biomarkers can have a
diagnostic potential for targeted clinical management of
diverse forms of cancer. One of the leading results is drawn
from the upregulation of circulating IncRNA HULC in sub-
jects with hepatocellular carcinoma. The plasma review of a
series of diagnostic IncRNA biomarkers, including PTEN1
(phosphatase and tensin homologl), long stress-induced
noncoding transcripts 5 (LSINCT5), urothelial carcinoma-
associated 1 (UCAL), cancer-upregulated drug resistance
(CUDR), and H19, showed a great upregulation in gastric
tumor cases and approved IncRNA POU3F3 expression in
serum coupled with the plasma status of squamous cells can
strengthen screening productivity for timely identification.
To date, a little data have been released about the expression

of circulating IncRNAs as a potential noninvasive biosigna-
ture for early CRC detection. For example, increased CRNDE-
h transcripts have a sensitivity of 87% and a specificity of 93%,
besides their high expression of plasma-based HOTAIR
and CCAT1 in CRC cases compared to normal cases. This
combined association revealed the largest diagnostic quality,
with 84.3% sensitivity and 80.2% specificity, for effective
detection of CRC at an early stage [178-182].

9. Application of CNAs to Determine Minimal
Residual Disease and Evaluate the
Effectiveness of Adjuvant Therapy in CRC

The detection of residual CNAs after a surgical intervention
or curative-intent therapy may indicate the presence of mini-
mal residual disease (MRD), which could distinguish patients
with a high risk of relapse (Figure 2). The CtDNA methods
used in the major prospective surveys in cases of resected CRC
belong to two main groups: (a) cancer-agnostic techniques
and (b) cancer-informed techniques are extensive panel-
based sequencing methods utilized without background
information about the case’s cancer mutational profile and
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intended to search for genomic changes and unique DNA
methylation patterns recognized to appear in a given cancer
type (e.g., Guardant REVEAL) [183]. Cancer-agnostic meth-
ods have various advantages that involve the ability to use the
examination, logistical simplicity, fast turnaround time if the
primary cancer tissue is not accessible, and the possibility of
evaluating MRD regardless of the clonal progression of the
micrometastatic cancer cells. Conversely, tumor-informed
assays need background information on the cancer genomic
profile of the index patient, commonly obtained by whole-
exome sequencing or directed sequencing of the primary can-
cer (e.g., SignateraTM, SafeSeqS) [24]. These assays are per-
sonalized and intended for each case to detect case-specific
genomic changes through the directed sequencing of the
plasma DNA and ddPCR platform [184]. Cancer-informed
techniques also have various advantages and disadvantages,
respectively, involving a maximum rate of methodical sensitiv-
ity low to a VAF of 0.01% and a decreased rate of false-positive
outputs secondary to clonal hematopoiesis of indeterminate
potential (CHIP), require a longer turnaround time, incur addi-
tional costs for tumor sequencing, weakly capture all MRD-
specific changes relevant to intratumoral heterogeneity, and
probably not diagnose primary mutations resulting from
treatment-associated selection pressure [184-186]. Tracking
of ctDNA determined a promising medicine’s potential to
identify MRD for solid tumors after initial treatment with sur-
gery and in the progression of radiological tumor relapse [187].
The presence of ctDNA involving somatic genomic alterations
identified in an individual’s cancer is a specific signal of sur-
vived hidden cancer cells following surgery. It is exactly when
surgical removal of the primary tumor together with postoper-
ative ctDNA results in an early residual metastatic disease,
which is correlated with the increased likelihood of recurrence
[188, 189]. MRD evaluation through centralized ctDNA testing
is associated with a poorer prognosis in subjects with various
types of solid tumors. Because of the low plasma ctDNA
amount correlated with MRD, quantitative techniques should
potentially serve for the diagnosis of genomic variants ata VAF
<0.1% [190]. In subjects with stage II CRC (approximately
25% of all CRC), Chen et al. [191], utilizing a broad panel-
based NGS to quantify ctDNA, released one large-scale pro-
spective cohort study relating to patients with TNM stage II/II
(n=276), illustrating that ctDNA expressively outperformed
signature clinic pathologic parameters as a prognostic indicator.
Peripheral blood mononuclear cells, plasma, and surgically
resected tumor specimens were assessed for consecutive ctDNA
monitoring in each subject. Among 112 subjects with surgically
TNM stages I CRC, the presence of ctDNA in postsurgery
plasma specimens was significantly associated with recurrence-
free survival (RFS) correspondence to the adjuvant chemother-
apy: ACT-benefit and ACT-futile subgroups, signifying that
ctDNA content remained positively the strongest independent
predictor of RFS. All 174 ctDNA-positive patients (II + III) who
benefit from ACT had an expressive susceptibility to cancer
recurrence (hazard ratio—HR 9.99; 95% confidence interval
(CI) 4.40-22.69; p <0.001). Similarly, the 2-year RES rate of
89.6% for patients with undetectable postoperative ctDNA
who received adjuvant chemotherapy (95% CI 84.5%-95.0%)
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was close to that of undetectable postoperative ctDNA patients
who did not receive any adjuvant chemotherapy (89.2% (95% CI
81.4%-97.8%)). Actually, they observed a significant high radio-
logic recurrence likelihood in ctDNA-positive CRC patients with
clinical stage IT who were not treated with ACT postoperatively.
This likelihood is higher than in cases with clinical stage IIT CRC,
who are usually cured with adjuvant chemotherapy. Conversely,
patients with negative ctDNA had a low risk of radiologic recur-
rence postoperatively (HR 12.76; 95% CI 5.39-30.19; p <0.001),
with a duration of 2-year RES frequency of 87.7% (95% CI
81.5%-94.2%), implying a subgroup where ACT was unlikely
to be beneficial. Postoperative ctDNA-positive patients predicted
a very poor RFS duration of 2 years (25.0% (95% CI
9.4%—66.6%)). These results proved that ctDNA could be applied
to screen for MRD in primary colorectal tumors. Conclusively,
in people with stage II CRC, ctDNA probably may be a produc-
tive prognostic indicator postoperatively and might direct pri-
mary adjuvant therapy. Postadjuvant chemotherapy risk
stratification and monitoring are also required, but making bet-
ter decisions is currently lacking. Chen et al. [191] further man-
ifested in patients with clinical stage III CRC that detectable
ctDNA at postoperative and after completion of adjuvant che-
motherapy prognosticated a very high cumulative radiological
recurrence due to clinical recurrence. When compared to radio-
logical recurrence, ctDNA profiling had a median lead time of
3-7 days, which could improve the stratification of postoperative
risk and facilitate clinical decision-making for pathologic stages
IT and IIT CRC patients. Individualized serial analysis of ctDNA
during or following adjuvant chemotherapy regimens may also
be an early real-time indicator of ACT outcome. Interestingly,
the consecutive ctDNA positive subjects had significantly
increased metastatic recurrence likelihood with a 2-year RFS
frequency of 24.0% (95% CI 11.9%—48.2%) despite receiving
ACT, although just four out of 100 subjects with consecutive
positive ctDNA findings experienced a 2-year RFS frequency of
96.0% (95% CI 92.2%—99.9%) (HR 32.02; 95% CI 10.79-95.08;
p <0.001). Recent data also suggest that integration of epige-
nomic markers, such as DNA methylation analysis in plasma
samples, probably promotes MRD evaluation sensitivity over
routine genomic change evaluation assays alone, and the incor-
poration of genomic and epigenomic detection enhances appli-
cation. Interestingly, routine serum CEA levels did not predict
recurrence (hazard ratio 1.84 (p =0.18); PPV =53.9%) [190].
Approximately 30% of CRC originates from rectal sections, and
preoperative chemo-radiotherapy (CRT) is the routine therapy
for locally advanced rectal cancer (LARC), while the treatment
response to CRT differs from perfect to weak [192]. However,
the nonreceiver group is susceptible to ineffective, hazardous
treatment, while the group with a pathological complete remis-
sion following CRT exhibits better patient outcomes in compar-
ison to nonresponders. In LARC patients, serial ctDNA profiling
was also a significant predictor of early recurrence immediately
after surgery [193]. Accordingly, the study of Rampazzo et al.
[194] that was carried out on cases with primary rectal adeno-
carcinoma who were at diagnosis pre-CRT (T0), 2 weeks follow-
ing starting CRT (T1), after CRT and before (2-0 days) surgery
(T2), and 4-8 months subsequent to surgery (T3) revealed that
the amounts of circulating cell-free TERT mRNAs and their
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genetic variations before or following neoadjuvant chemother-
apy can be considered as a complex of individual predictive
factors that are associated with the patient’s response to the CRT
therapy. The area under the curve for the prediction model was
0.80, with a 95% CI of 0.73—0.87. They also proved that patients
with measurable circulating TERT amounts at the continuous
time of T2 and T3 showed a higher risk of progression to the
severe stage of the disease by 2.13-fold (95% CI 1.10-4.11) and
4.55-fold (95% CI 1.48-13.95), respectively, than those with
unmeasurable plasma TERT amounts. TERT levels at the con-
tinuous time of T2 and T3 were menacingly correlated with PFS
in the univariate statistical analysis. The 5-year PES of the cases

with observable T2 TERT amounts were 58.8% (95% CI
47.1-68.7) and 79.9% (95% CI 67.8-87.8) for a median
follow-up of 61.2 months. The 5-year PFS of the cases with
observed or disappeared T3 TERT amounts in plasma were
53.1% (95% CI 37.6-66.3) and 90.6% (95% CI 76.6-96.4),
respectively (p <0.0001).

10. Conclusion and Future Outlook

Liquid biopsies provide an excellent opportunity for early
cancer detection and posttreatment patient monitoring.
The use of free CNAs in the blood is extremely feasible



Disease Markers

and reproducible, by contemplating its relevance in genetic
and epigenetic alteration detection. Several genetic and epige-
netic markers have been proposed and can be used individu-
ally or collectively in the management of patient cases. Recent
advances have enabled the extraction of CNAs from the
bloodstream. We have outlined the pros and cons of using
plasma versus serum, one technique versus another, and one
bioinformatics tool versus another. Further advancements in
isolating circulating tumor cells from blood samples will sig-
nificantly reduce the amount of blood-contaminating nucleic
acids and increase the specificity of cancer cell-specific
nucleic acids, thereby enhancing the potential use of liquid

biopsies. Consequently, CtNAs are noninvasive for early
CRC diagnosis, prognosis, MRD detection, and treatment
response (Figure 3).
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