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Abstract

Colorectal cancer (CRC) is one of the most common cancers worldwide. The diagnosis, prognosis and therapeutic
monitoring of CRC depends largely on tissue biopsy. However, due to tumor heterogeneity and limitations such as
invasiveness, high cost and limited applicability in longitudinal monitoring, liquid biopsy has gathered immense
attention in CRC. Liquid biopsy has several advantages over tissue biopsy including ease of sampling, effective
monitoring, and longitudinal assessment of treatment dynamics. Furthermore, the importance of liquid biopsy is
signified by approval of several liquid biopsy assays by regulatory bodies indicating the powerful approach of liquid
biopsy for comprehensive CRC screening, diagnostic and prognostics. Several liquid biopsy biomarkers such as novel
components of the microbiome, non-coding RNAs, extracellular vesicles and circulating tumor DNA are extensively
being researched for their role in CRC management. Majority of these components have shown promising results on
their clinical application in CRC including early detection, observe tumor heterogeneity for treatment and response,
prediction of metastases and relapse and detection of minimal residual disease. Therefore, in this review, we aim to
provide updated information on various novel liquid biopsy markers such as a) oral microbiota related bacterial net-
work b) gut microbiome-associated serum metabolites ¢) PIWI-interacting RNAs (piRNAs), microRNA(mMiRNAs), Long
non-coding RNAs (IncRNAs), circular RNAs (circRNAs) and d) circulating tumor DNAs (ctDNA) and circulating tumor
cells (CTQ) for their role in disease diagnosis, prognosis, treatment monitoring and their applicability for personalized
management of CRC.
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Background

Cancer is a leading cause of death worldwide with an
estimated 19.3 million new cancer cases and 10.0 mil-
lion cancer deaths reported in 2020 [1]. In 2019, World

Health Organization (WHO) reported that out of 183
countries, cancer is the first or second leading cause of
death in 112 countries while it ranks third or fourth in
further 23 countries [2].

Colorectal cancer (CRC) is the second leading cause of
cancer-related deaths worldwide (9.4%) and ranks third
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(10%) in terms of newly diagnosed cases [1]. The diag-
nosis of CRC is mainly based on invasive colonoscopy
computed tomographic (CT) colonography, computed
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tomographic colonography (CTC) or flexible sigmoidos-
copy for biopsy of suspicious lesions. In addition to these,
non-invasive diagnostic screening stool tests includ-
ing fecal immunochemical test (FIT), guaiac-based fecal
occult blood test (gFOBT) and multitargeted stool DNA
test (Cologuard) are utilized frequently. Cologuard is an
FDA approved screening test that targets methylated
N-myc downregulated gene 4 (NDRG4), Bone mor-
phogenetic protein 3 (BMP3), Kirsten rat sarcoma virus
(KRAS) mutations and hemoglobin in stool samples. It
exhibits specificity of 86.7% and sensitivities of 92.3 and
42.4% for detecting stage I-IV stage CRC and advanced
adenomas (AA). On the other hand, methylated septin 9
(mSEPT9) (Epi proColon) is an FDA approved kit for the
detection of DNA methylation marker, SEPTY, in circu-
lating tumor DNA (ctDNA) in serum. Though both kits
target DNA methylation markers for screening, their tar-
get genes differ possibly because tumor DNA from stool
originates directly from gut while ctDNA from serum
passes through various barriers of the body [3]. Further-
more, for treatment monitoring serum tumor markers
such as carcinoembryonic antigen (CEA) and carbohy-
drate antigen 19-9 (CA19-9) are also commonly used [4,
5]. Although, all these tools are considered beneficial,
there is growing body of evidence that reports limitations
associated with these modalities. For e.g. complexities in
colonoscopy include invasiveness, extensive patient prep-
aration, risk of bowel tears/bleeding and high cost [5].
On the other hand, tissue biopsy extracted through colo-
noscopy is also associated with several technical com-
plexities such as single tumor location picture, limited
assessment of spatial tumor genetic heterogeneity, insuf-
ficient specimen, difficulty in longitudinal monitoring
and requirement of well-trained personnel for testing [6,
7]. Similarly, non-invasive stool and tumor marker test-
ing reports low sensitivities/specificities and may mostly
require confirmation by colonoscopy [5]. Since CRC is a
preventable and curable disease when diagnosed early, it
is imperative that non-invasive tools with high specificity
and sensitivity are identified to help in its early detection,
prognosis, and treatment monitoring.

Cancer cells are known to have rapid turnover rates
and as such release cancer associated cell products such
as circulating tumor cells (CTCs), cell-free circulating
nucleic acids (Cf DNA/RNA), microRNAs (miRNAs),
long non-coding RNAs (IncRNAs), exosomes and pro-
teins from primary or metastatic tumor into the extracel-
lular environment. These biomarkers are released directly
or indirectly into body fluids such as peripheral blood,
urine, saliva, ascitic fluid, pleural effusion, cerebrospinal
fluid and are known to provide important information on
physiological processes at single cell level [8]. The analy-
sis of extracellularly released biomarkers in body fluids
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is known as “liquid biopsy” and its importance in cancer
screening, patient stratification, and monitoring has been
documented extensively. In CRC, the importance of liq-
uid biopsy is particularly stressed upon as this is a highly
heterogeneous tumor with molecular characterization
necessary for effective monitoring and management. In
lieu of this, several liquid biopsy tests (for research use/
FDA/IVD approved) are currently in use as companion
diagnostics, ancillary screening, prognostic, and treat-
ment monitoring indicating global interest and signifi-
cance of liquid biopsy in CRC (Table 1).

The major advantages of liquid biopsy in CRC is its
ability to detect genetic/epigenetic landscape and track-
ing of genomic evolution/acquired resistance thus facili-
tating early diagnosis, disease progression and response
to therapies [8, 17]. Furthermore, when compared to
tissue biopsy, liquid biopsy confers several advantages
including rapid turnaround time, ease of longitudinal/
real-time monitoring of genetic heterogeneity, lim-
ited technical expertise and cost requirement for test-
ing (Fig. 1) [17, 18]. With this perspective, liquid biopsy,
could serve as an important modality in CRC manage-
ment. Therefore, this review aims to discuss updated
information on the liquid biopsy components including
microbiome, exosomes, circulating noncoding (ncRNAs)
and ctDNA for early detection, prognosis, and therapeu-
tic monitoring in colorectal cancer (Fig. 2).

Microbiome

The collection of microbes living in and on the human
body is known as the microbiome and has been associ-
ated with cancer initiation, progression, and response to
therapy [19]. In CRC, host-microbiota interactions are
inevitable due to spatial proximity of the enteric milieu.
Indeed, in CRC, the microbiota primarily causes a pro-
tumor microenvironment through their interaction with
immune cells and subsequent release of inflammatory
metabolites, or by inducing other specific metabolites
and toxins. Detection of such markers, has been reported
in the body fluids as a non-invasive, and cost-effective
option for screening, diagnostic and prognostic strategies
in CRC [20].

Role of oral microbiota in CRC diagnosis

Metagenomic analysis of oral microbial dysbiosis to
characterize diversity/richness of oral cavity-associated
microbial species has been performed with reported
among CRC, colorectal adenoma (CRA), and healthy
controls (HC) [21]. Given the strong dependency of
putative oral bacteria in gut colonization, Flemer et al,,
decoded the orally derived taxa involved in CRC develop-
ment and proposed that such profiling could be used for
CRC screening. The study identified eight differentially
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Table 1 Liquid biopsy assays currently in use for screening, diagnosis, and prognosis of Colorectal Cancer
Test Name (Ref) Sample Biomarker detected Technology Application
Epi proColon [9] Plasma  SEPT9 methylation Bisulfite converted DNA and PCR Screening
OncoBEAM [10] Plasma 34 RAS mutations- 16 mutations in KRAS  Emulsion digital PCR with flow cytom-  Diagnostic
codons 12,13,59,61,117, 146 and 18 etry
mutations in NRAS codons 12,13, 59, 61,
117,146
Idylla™ ctNRAS-BRAF-EGFR S492R Muta-  Plasma 18 mutations in NRAS exons 2,34 PCR Diagnostic
tion Assay [11] 5 mutations in BRAF codon 600
2 mutations in EGFR codon 492
AdnaTest ColonCancerSelect and AdnaT- Blood Colon-cancer-associated gene expres- ~ PCR Diagnostic
est ColonCancerDetect [12] sion of GA733-2, CEA and EGFR
Guardant360 [13] Plasma  Tumour mutation profiling NGS Diagnostic
(73 genes)
TruSight Oncology 500 portfolio [14] Blood pan-cancer comprehensive genomic NGS Diagnostic
profiling of Single nucleotide variants
(SNVs), Indels, CNVs, fusions, and 10
biomarkers (TMB, MSI)
CellSearch [15] Blood CTC with CD45-, EpCAM + CTC immuno-isolation Prognostic
and (CK8, 18 and/or 19) and detection by
immune-fluorescence
Intplex [16] Plasma  KRAS/NRAS/BRAF point mutations PCR Prognosis
Treatment
selection

SEPT9 Septin 9, GA733-2 Epithelial glycoprotein 40 gene, CEA Carcinoembryonic antigen, EGFR Epidermal growth factor receptor, NGS Next generation sequening, TMB
Tumor mutational burden, MS/ Microsatellite instability, CNV Copy Number Variations, CTC circulating tumor cells

(Total process time- 8 to 22days )

Circulating tDNA

Circulating RNA

Circulating tumor cells

Exosomes

(Total process time- 3 hrs to 3 days )

Fig. 1 Comparison of tissue biopsy with liquid biopsy in colorectal cancer (CRC)
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Fig. 2 The utility of microbiome, exosomes, circulating ncRNAs and ctDNA in colorectal cancer

abundant oral microbiota operational taxonomic units
(OTU) and formulated a random forest-based classifica-
tion model, incorporating 16 oral microbiota OTUs to
categorize CRC patients and healthy controls. The oral
bacterial network analysis led to the conception of two
influential co-abundance groups (CAGs) in CRC patients,
namely oral pathogen CAGs with 7 OTUs and biofilm
CAGs including 10 OTUs [22]. The oral pathogen CAGs
such as Fusobacterium, Porphyromonas, and Treponema
and the biofilm CAG such as Streptococcus, Rothia, and
Faecalibacterium were documented to play a role in CRC
pathogenesis while abundance of Lachnospiraceae CAG
was negatively correlated with oral bacteria-led coloniza-
tion, thus signaling a protective role in CRC pathogen-
esis. These results indicate that identification of CAGs
could serve as useful markers for risk stratification in
CRC [22]. Another study on 161 CRC, 34 CRA, and 58
controls reported dysbiosis of the oral pathogen CAGs:
Fusobacterium, Treponema and Porphyromonas and
the biofilm CAG; Streptococcus, Faecalibacterium and
Rothia as important biomarkers for CRC pathogenesis.
On the other hand, the study also validated five OTUs;
Porphyromonas, Streptococcus, Propionibacteriaceae,
Cyanobacteria and Saccharibacteria as oral microbiome
biomarkers that can discriminate CRA and CRC patients
from healthy controls [23]. Moreover, in several studies,
CRC patients have exhibited a high relative abundance of

OTUs including Actinomyces odontolyticus, Haemophi-
lus, Neisseria, Porphyromonas, Streptococcus, and Prevo-
tella_7 genu, Peptococcus and Centipeda in their salivary
microbiota as compared to healthy controls. Some of
these OTUs have been reported to be involved in CRC
tumorigenesis [24, 25].

Comparative analyses on matched stool and saliva sam-
ples from CRC patients and healthy controls showed that
four bacterial species: Peptostreptococcus stomatis, Strep-
tococcus anginosus, Solobacterium moorei, and Strepto-
coccus koreensis were significantly abundant in oral cavity
of CRC patients [26]. Similarly, another study reported a
decline in the relative abundance of the Pasteurellaceae
family in controls while an increase of Neisseriaceae in
CRC patients [27]. On the other hand, subgroup analy-
ses showed that with increasing stages, the relative lev-
els of Proteobacteria increased while those of Bacillales
decreased, indicating the role of these salivary microbi-
omes in prognostication and staging of patients [27]. A
nested case—control study on 231 CRC cases and 462
controls, suggested association of Treponema denticola,
Prevotella intermedia, Actinobacteria, Bifidobacteriace
ae,Bacteroidetes, Prevotella denticola and Prevotella sp.
oral taxon 300 were associated with an increased CRC
risk while Prevotella melaninogenica, Firmicutes, Car-
nobacteriaceae, Streptococcaceae, Erysipelotrichaceae,
Streptococcus, Solobacterium, Streptococcus sp. oral
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taxon 058 and Solobacterium moorei were associated
with a decreased risk of CRC indicating the utility of the
oral microbiome markers with risk stratification [28].
Similarly, two separate studies documented a significant
association of oral cavity derived Lactobacillus, Rothia
and Fusobacteria nucleatum (Enucleatum) strains with
circulatory transmission and CRC colonization at tumor
site [29, 30].

Role of blood-based microbiota in CRC disease progression
Gut microbiome-associated metabolites in plasma/
serum harbor promising potential in CRC detection,
prognosis, and treatment monitoring. A study by Chen
et al., reported a novel integrated approach of serum
metabolomic analysis to discriminate CRC patients and
adenomas from healthy controls. This panel known as
gut microbiome-associated serum metabolites (GMSM)
identified elevated levels of distinct microbiome-associ-
ated serum metabolites, including microbial metabolite
N, O-Bis-(trimethylsilyl) phenylalanine in both serum
and CRC tissues. Furthermore, change in these serum
metabolites was positively associated with bacteria spe-
cies, C. bacterium VE202-01 and E. ramosum indicating
tumorigenesis-associated microbiome reprogramming
in CRC patients. The sensitivity and specificity of GMSM
was found to be 83.5% and 84.9% respectively indicat-
ing reliable diagnostic accuracy of these metabolites in
CRC [31]. On the other hand, a retrospective study on
13,096 patients from Hong Kong showed the association
between bacteremia and CRC incidence. Interestingly,
the study reported that patients who had bacteremia with
Bacteroides fragilis, S.gallolyticus, and Fnucleatum were
majorly diagnosed with CRC as compared to the unin-
fected individuals. The authors postulated that these bac-
teria may have perturbed the intestinal barrier function,
thus initiating dysbiosis, promotion of neoplastic lesions
and eventually facilitating tumorigenic cycle in the colo-
rectum [32]. In addition to this, anti-microbial antibodies
can also serve as reliable markers for diagnosis. For e.g. a
study by Wang et al., reported a significant difference in
serum anti-F nucleatum IgA (Immunoglobulin A) anti-
body levels in CRC patients as compared to HC/ benign
cases thus suggesting the potential of anti-F nucleatum
antibodies as robust biomarker for CRC [33].

Detection of microbial translocation in blood of CRC
patients has also shown prognostic significance. Dynamic
alterations in genomic DNA encoding 16S rRNA, Escher-
ichia coli, Bacteroides fragilis, Candida albicans, was sig-
nificantly correlated changes in circulating tumor cells
(CTC) in metastatic CRC patients during three to six
months of therapeutic window [34]. Similarly, to propose
circulating bacterial DNA as biomarkers for CRC, Xiao
et al.,, evaluated variation in bacterial species through
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whole-genome sequencing of plasma samples between
CRC patients, colorectal adenoma (CRA) patients and
healthy controls (HC). The authors recorded 28 distinct
species with predictive potency for CRC compared to HC
[35]. On the other hand, the association of genotoxic and
enterotoxigenic strains of Escherichia coli (E. coli) and
Bacteroides fragilis (ETBF) in CRC incidence was evalu-
ated in a large study with 442 pairs of incident CRC cases
and matched controls. The study documented that IgA
and IgG dual-positivity to E. coli and ETBF were associ-
ated with an overall 1.79-fold higher odds of cancer pro-
gression [35]. Similarly, several studies have documented
the seropositivity to Helicobacter pylori (H.pylori) Vacu-
olating Cytotoxin (VacA) and S.gallolyticus (SGG) pilus
protein Gallo2178 as indicators of increased CRC risk
[36, 37]. For e.g., a large study reported that anti-H. pylori
VacA antibodies are associated with a significant 11%
increased odds of CRC risk [38]. Similarly, sero-epidemi-
ological data analyzing antibody responses to SGG pilus
proteins evidence their role in CRC tumorigenesis [39—
41]. Interestingly, Taylor et al. identified a type VII secre-
tion system (T7SS) in SGG, designated as SggT7SST%,
that was identified as a contributor for colonization and
promotion of CRC colon tumors [42]. Therefore, the evi-
dence through literature evidences and establishes a cru-
cial role of several bacterial species in CRC pathogenesis.

Exosomes
Exosomes are nano-sized heterogeneous extracellu-
lar vesicles (EVs) enclosed by a lipoprotein bilipid layer
that prevents its degradation and makes the cargo stable.
These small vesicles enclose a variable spectrum of bio-
logically active molecules, which mirror the composition
of their originating cells, including nucleic acids (DNA,
mRNA, miRNA, IncRNA, etc.), proteins and lipids [43].
Exosomes outperform other liquid biopsy components
mainly because they exist in almost all body fluids (pri-
marily blood, urine, cerebrospinal fluid, milk, saliva etc.)
and possess high stability due to encapsulated choles-
terol-rich lipid bilayer [44]. Additionally, since exosomes
carry biological cargo from the living parental cells,they
are more capable of representing their originating cells
than ctDNA and CTCs [45]. Notably, during carcino-
genesis, cancer cells often segregate and release various
important deregulated proteins and other cellular com-
ponents into the body fluids or blood stream (exosomes,
proteins, and macromolecules) [46]. Several studies have
found that cancer-derived exosomes are linked to tumor
growth, development of metastatic niches, and immune
evasion [47]. Therefore, isolation of exosomes from
body fluids would be of major importance in early diag-
nosis, better prognosis and use of targeted therapeutic
measures.
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Exosomes in CRC diagnosis

The differential expression of proteins such as those
involved in deregulated fatty acid/amino acid metabo-
lism pathways have been extensively reported in body
fluids derived exosomes of CRC patients [48]. A study
by Chen et al.,, demonstrated clinical importance of
exosomal cargo by reporting upregulation of 36 pro-
teins, involved in modulation of metastatic environ-
ment, and downregulation of 22 proteins involved in
tumor cell proliferation/survival in exosomes of CRC
patients [49]. Similarly, a recent study identified exoso-
mal cargo protein QSOX1 to be significantly reduced in
plasma derived exosomes from CRC patients as com-
pared to controls with demonstrated Area Under Curve
(AUC) of 0.904, indicating that deregulated exosomal
proteins can serve as promising novel biomarker for
early diagnosis and non-invasive risk stratification in
CRC [50]. On the other hand, exosomes are enriched
in cell surface proteins and their upregulated expres-
sion has also been explored as diagnostic biomarkers in
CRC. For e.g. a study observed that Glypican-1(GPC1)
is tenfold higher in plasma derived exosomes of CRC
patients as compared to healthy controls [51]. Similarly,
Copinelll (CPNE3) protein was found to be upregu-
lated in the plasma derived exosomes of CRC patients
and significant correlation was observed between
CPNE3 expression in CRC tissues and matched serum
exosomal CPNE3 expression indicating its utility in
non-invasive CRC screening/diagnosis [52].

Several exosomal miRNAs have also been found dif-
ferentially expressed in CRC patients and reported as
potential biomarkers for the CRC clinical diagnosis
[53-55]. A study by Karimi et al. identified 11 miRNAs
and found that out of these 11 miRNAs, the expres-
sion of miR-23a and miR-301a was significantly higher
in serum exosomes from CRC patients as compared to
healthy controls [56]. In another study, miR-17-92a and
miR-19a were found to be upregulated in CRC patients
and their overexpression was correlated with early tumo-
rigenesis, cancer proliferation and CRC tumor invasion
[57, 58]. Additionally, few long non-coding RNAs (IncR-
NAs), have also been reported to be expressed differently
in exosomes of CRC patients. For e.g., downregulation
of IncRNA urothelial cancer associated 1 (UCA1) while
upregulation of Circular RNA (circRNA) homeodo-
main interacting protein kinase 3 (HIPK3) was reported
in serum derived exosomes in CRC patients [59]. Simi-
larly, Colorectal neoplasia differentially expressed-h
(CRNDE-h) IncRNA, was found to be upregulated in 148
CRC patients when compared with controls. Moreover,
a relative expression cut-off value of 0.020 for exoso-
mal CRNDE-h was determined for distinguishing CRC
diseased group from controls (sensitivity of 70.3% and
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specificity of 94.4%) indicating the promise of exosomal
IncRNAs in the clinical diagnosis of CRC [60].

Exosomes in CRC Prognosis

Several studies have reported the role the exosomes in
regulating CRC progression. Accumulating data indi-
cates potential role of exosomal cargo in poor prognosis
of CRC through mediating cross talk between CRC cells,
fibroblast, and macrophage phenotypes. In lieu of this,
several studies highlights the diagnostic and prognostic
importance of exosomes in CRC [61]. For instance, exo-
somal dipeptidyl peptidase IV (DPP4) has been identi-
fied as an inducer of angiogenesis via activation of SMAD
signaling pathway and its inhibition has been shown to
suppresses tumor growth in vivo. Therefore, elevated lev-
els of DPP4 can be related to progression and metastasis.
A study on 5-Fluorouracil (5-FU) resistant colon cancer
observed that an enzymatically active form of DPP4 is
secreted into the microenvironment by various body flu-
ids and high expression of DPP4 in poorly differentiated
colon cancer tissues indicates that DPP4 activity in bodily
fluids might be an efficient non-invasive diagnostic bio-
marker in CRC [62].

Recently, it has been reported that over expression of
serum exosomal microRNAs (miRNAs) correlate posi-
tively with tumor progression and liver metastasis in
CRC. For e.g. higher expression of miR-193a and miR-
25-3p, miR-17-5p and miR-92a-3p, miR-21, miR-203
are reported to promote metastasis to liver by inducing
vascular permeability/angiogenesis and have been sug-
gested as independent predictors of poor prognosis in
CRC patients [63-67]. However, more research into the
probable processes underpinning their participation in
metastasis is needed.

Exosomes in CRC therapeutics

Oxaliplatin (Oxa) and 5-fluorouracil (5-Fu) are the com-
monly used chemotherapeutic drugs for CRC treat-
ment but chemoresistance of these drugs is the major
obstacle for effective outcome [68]. Thus, an urgent
need of biomarkers is required to differentiate patients
with drug sensitivity from those with drug resistant.
Several studies have assessed the correlation between
exosomal cargo and chemoresistance in CRC patients
and hence, exosomes are considered to play an impor-
tant role in treatment response assessment [69-71].
For instance, CRC associated IncRNA (CCAL) in the
exosomes secreted by CRC-associated fibroblasts (CAFs)
were reported to promote Oxa resistance of CRC cells
by activating -catenin pathway [72]. Additionally, exo-
somal Wnts derived from cancer associated fibroblasts
(CAFs) and upregulation of miR-196b-5p in CRC serum
exosomes were found to promote chemoresistance to
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5-FU [73, 74]. Recently, a panel of miRNAs including
miR-96-5p, miR-1229-5p, miR-21-5p and miR-1246 in
serum exosomes of CRC patients were observed to be
upregulated in 5-FU CRC resistant patients than chemo-
sensitive controls [75]. In addition to treatment monitor-
ing, exosomes can also serve as vehicles to deliver drugs
to the target cells in various cancers including CRC. For
example, in one of the recent studies, miR-21i (miR-21
inhibitor oligonucleotide) and 5-FU were simultane-
ously delivered to CRC resistant cells using engineered
exosomes that effectively reversed drug resistance and
enhanced the treatment efficacy [71]. Additionally, it has
been reported that poor response to Oxaloplatin was
seen in CRC patients with low expression of miR-128-3p.
The treatment response was improved by transporting
miR-128-3p containing exosomes derived from trans-
fected normal intestinal FHC cells to Oxa-resistant cells
both in vitro and in vivo [76]. In one of the studies, A33
antibody -functionalized exosomes loaded with doxoru-
bicin (Dox) were used to target CRC cells that resulted
in tumor growth inhibition [77]. Thus, it is evident that
exosomes represent promising sources of non-invasive
biomarkers for diagnosis, prognosis, and treatment of
CRC.

Circulating noncoding RNAs in CRC

Circulating small non-coding piRNAs for CRC diagnosis

and prognosis

In recent years, circulating small non-coding RNAs,
known as PIWI-interacting RNAs (piRNAs) have gained
attention as novel non-invasive biomarkers for disease
diagnosis and prognosis. piRNAs are 24-32 nucleotides
in length classified into transposon-derived piRNAs,
mRNA-derived piRNAs and IncRNAs-derived piRNAs
[78]. They are known to specifically interact with the
PIWI protein subfamily of the ARGONAUTE family and
have been associated with several gene regulation mech-
anisms including transposon silencing, epigenetic pro-
gramming, DNA rearrangements, mRNA turnover, and
translational control [79].

In CRC, dysregulated levels of piRNAs have been asso-
ciated with DNA methylation and T cell regulation. To
date, only few circulating piRNAs have been identified in
CRC. However, their altered expressions have been sug-
gested as potential candidates as diagnostic/prognostic
biomarkers. For example, serum piR-823 levels have been
positively correlated with CRC staging with significantly
higher levels observed with advanced stages (III and IV)
[80]. Similarly, another study observed that downregu-
lated expression of piRNA-28876 and piRNA-5937 cor-
related with in early-stage (TNM stages I-1I) indicating
the role of these piRNAs in CRC staging [81]. Interest-
ingly, a study by Vychytilova-Faltejskova et al. identified
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piRNAs; piR5937, piR-28876, piR-23210, piR-32159 to
be significantly downregulated in serum samples with
piR5937 and piR-28876 found specifically only in CRC
patients indicating further investigation of these markers
as potential candidates for CRC diagnosis [82]. Moreo-
ver, a study by Yin et al. evidenced that the suppression of
piR-823 expression suppressed cell proliferation, induced
apoptosis, and cell cycle arrest in G1 phase in CRC cell
lines HCT116 and DLD-1 evidencing the significance of
piR-823 in CRC. Furthermore, the authors also observed
that the expression of piR-823 was significantly upregu-
lated in CRC tissues as compared to adjacent tissues
[83]. In addition to this, two separate studies, investigat-
ing piR-1245 and piR-24000 have documented that the
overexpression of these piRNAs correlates with poor dif-
ferentiation, presence of distant metastases and higher
stage [84]. Additionally, it was observed that piR-1245
repressed expression tumor suppressor genes involved
in cell proliferation and apoptosis indicating the role of
these piRNAs in disease modulation [85].

Using high-throughput sequencing (HTS), Qu et al,
identified five differentially expressed serum piRNAs;
piR-001311, piR-004153, piR-017723, piR-017724, piR-
020365, in CRC patients as compared to healthy controls.
The study specifically observed that downregulation of
piR-017724 was associated with overall/progression-free
survival in CRC [86]. A study by Mai et al. observed sig-
nificantly upregulated expression of piR-54265 in serum
samples from CRC patients. Mechanistically, piR-54265
binds specifically to Piwi Like RNA-Mediated Gene
Silencing 2 (PIWIL2) protein, thus, forming PIWIL2/
STAT3/phosphorylated-SRC complex which facilitates
proliferation and metastasis by STATS3 phosphoryla-
tion. Therefore, piR-54265 could serve as an important
biomarker of diseases modulation and dynamics [87, 88].
Taken together, these findings indicate that these piRNAs
could serve as diagnostic and prognostic biomarkers as
well as potential therapeutic targets for colorectal cancer.

In addition to non-coding piRNAs, several other non-
coding RNAs including miRNA, Long noncoding RNAs
and circular RNAs have been extensively studied and
associated with various biological functions ranging from
being as microRNAs sponges, RNA-binding proteins,
regulating transcription, and encoding for peptides (Ref).
In view of CRC, these ncRNAs are studied for their util-
ity as prognostic, diagnostic, and therapeutic biomarker.
Due to lack of space, the role of some of these biomarkers
has been discussed in Tables 2 and 3 respectively.

Circulating tumor DNA (ctDNA) and circulating tumor cells
(CTQ)

Circulating cell free DNA (ccfDNA) are single and dou-
ble stranded DNA fragments (<200pb) released into the
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Table 2 Expression of circulating LncRNA and circRNA in colorectal cancer (CRC)
LncRNAs

Expression in CRC Clinical relevance Sample type Ref
DANCR upregulated Prognosis Serum [89]
LncRNA-ATB upregulated Diagnosis / therapy serum [90]
CCAT1 upregulated Diagnosis / therapy Serum [90]
B3GALT5-AS1T downregulated Diagnosis Serum [91]
MEG3 downregulated Prognosis Serum [92]
SNHG11 Upregulated Diagnosis/therapy Plasma [93]
LncRNA RP11909B2.1 downregulated Diagnosis Serum [94]
circRNAs
hsa_circ_0001900, hsa_circ_0001178, Upregulated Diagnosis Plasma [95]
hsa_circ_0005927
circ-CCDC66, Downregulated Diagnosis Plasma [96]
circ-ABCCT,
circ-STIL
circ-VAPA Upregulated Diagnosis/therapy Plasma [971
hsa_circ_0082182, hsa_circ_0000370 Upregulated Diagnosis Plasma [98]
hsa_circ_0035445 Downregulated Diagnosis Plasma [98]
hsa_circ_0004831 Upregulated Prognosis Serum [99]
hsa_circ_0007534 Upregulated Prognosis Plasma [100]
hsa_circ_0001649 Downregulated Diagnosis Serum [101]
hsa_circ_0002320 Downregulated Diagnosis/Prognosis Plasma [102]
circ_PVT1, Upregulated Diagnostic/ Prognosis Plasma [103]
circ_001569
hsa_circ_0004585 Upregulated Diagnostic Plasma [104]

DANCR Differentiation antagonizing non-protein coding RNA, LncRNA-ATB Long Noncoding RNA Activated By TGF-Beta, CCATT Colon Cancer Associated Transcript
1, B3GALT5-AS1 B 1, 3 galactosyltransferase 5 Antisense RNA 1, MEG3 Maternally Expressed Gene 3, SNHG 11 Small Nucleolar RNA Host Gene 11, IncRNA RP11-909B2.1

Long non-coding intergenic RNA

body fluids by apopotic/necrotic cells. Their presence is
indicative of various pathological conditions including
inflammation, autoimmune diseases, or malignancies
[121]. In context of malignancies, the ccfDNA released by
tumor cells is known as circulating tumor DNA (ctDNA)
and accounts for 0.01-90% of the total ccfDNA in the
blood [121].

In CRC, ctDNA is considered an important liquid
biopsy component as it carries several genetic variations
(copy number variations, single nucleotide polymor-
phisms and mutations) that have similar genetic make-
up as their intra-tumoral parent tissue [121]. Indeed, the
concordance of cancer specific genetic and epi-genetic
alterations observed in ctDNA and matched CRC tumor
tissue has been demonstrated in several studies indicat-
ing the utility of ctDNA in determining complementary
genetic information on primary and metastatic tumors
without the need for invasive tissue biopsy [122-125].

ctDNA for CRC screening and diagnosis
The change in the levels of ccfDNA in body fluids has
been suggested as an important screening tool in CRC.

Clear-cut difference in ccfDNA levels between CRC dis-
eased and healthy controls have been documented in
several studies [126—129]. For e.g. a study conducted on
158 plasma samples from disease positive and negative
groups showed that low level (<10 ng/ml) of ccfDNA
were observed in disease negative group while elevated
ccfDNA concentration (1.180 to 321 ng/ml) was detected
in CRC patients [130]. Furthermore, the study also
determined an optimal ccfDNA concentration cutoff of
7.0 ng/ml as sensitive and specific concentration to dis-
criminate diseased from control groups [130]. Though an
interesting finding, there are several limitations to this
approach. For e.g. benign lesions (having similar muta-
tions as cancer cells) are also known to release ccfDNA
into the blood stream and may therefore contribute to a
non-specific increase in ccfDNA levels thus giving false
positive results [131]. In addition to this, factors such
as tumor burden, metastatic sites and cellular turnover
can also influence ccfDNA levels in body fluids. In lieu
of these limitations, several studies have tested ctDNA
fragment length, instead of ccfDNA levels, as a screen-
ing tool in CRC. A comparative genome wide study on
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Table 3 Expression of circulating miRNAs in CRC
miRNAs Expression in CRC Biomarker Sample type Ref
miR-21 Upregulated Diagnostic Plasma, Saliva [105]
miR-30e-3p, let-7d-5p, let-7a-5p, let-7f-5p Upregulated Diagnostic Serum [106]
miR-375, miR-486-3p, miR-486-5p, miR-1180-3p Downregulated
miR-92a-3p Upregulated Diagnostic Plasma, Serum [107]
miR-762 Upregulated Diagnostic Serum [53]
miR-211, Upregulated Diagnostic Plasma [54]
miR-25
miR-618 Upregulated Prognostic Serum [108]
miR-21, miR-145, miR-203, miR-155, miR-210, miR-31, miR-345 Upregulated Diagnostic Plasma [109]
miR-28-3p, let-7e-5p, miR-106a-5p, miR-542-5p Upregulated Diagnostic Plasma [55]
miR-449a Downregulated Diagnostic, Plasma [110]
Prognostic
miR-29¢, miR-149 Downregulated Diagnostic Serum [
miRNA-223 Upregulated Diagnostic Serum [112]
miR-19a-3p, MiR-203-3p, MiR-221-3p, and let-7f-5p Upregulated Diagnostic Serum [113]
miR-30e-3p, miR-146a-5p Upregulated Diagnostic Serum [114]
miR-148a-3p Downregulated
miR-451a Upregulated Diagnostic Serum [115]
miR-21, miR-23a, miR-27a Upregulated Diagnostic Serum [116]
miR-584-5p, miR-15b-5p, miR-425-3p Upregulated Diagnostic Plasma [117]
miR-944 Downregulated Diagnostic Serum [118]
miR-21, miR-92a Upregulated Diagnostic Plasma [119]
miR-592 Upregulated Diagnostic Serum [120]

27 patients showed that the DNA fragmentation profile
of CRC patients was significantly altered as compared to
healthy controls [132]. However, the authors further sug-
gested that since ctDNA fragment length profiling may
be influenced by clinical characteristics and methyla-
tion changes, therefore additional diagnostic approaches
should be tested in combination with ctDNA fragment
length to fully elucidate its role as a screening tool in
CRC.

DNA methylation is one of the most important and
earliest epigenetic hallmarks of CRC [133]. Up to now,
clinical studies have shown that the methylated epi-
genetic ctDNA markers serve as promising candi-
dates for CRC screening modality in serum/plasma of
CRC patients [134]. A study by Young et al., designed
a multi-panel methylation assay for detection of spe-
cific methylation markers, Branched Chain Amino Acid
Transaminase 1(BCAT1), IKAROS Family Zinc Finger
1I(KZF1) and Interferon Regulatory Factor 4 (IRF4), in
plasma of CRC patients. The study reported that this
panel was able to differentiate CRC patients from con-
trols with a specificity of 94.1% and sensitivity of 71.2%.
In addition to this, the detection rate of targeted meth-
ylated genes was also found to increase significantly
with increasing stage indicating the significance of these
cfDNA methylation markers as screening and diagnostic

tools in CRC [135]. On the other hand, several markers
such as MutL homolog 1(MLH1) promoter methylation
markers [136] and Septin 9 (SEPT 9) [137] have also been
identified as suitable markers with high sensitivities (78%
and 87%) and specificities (100% to 90.6%) to differenti-
ate CRC patients from heathy controls. In addition to
this, two separate studies have documented that Secretin
Receptor (SCTR) hypermethylation and Transmembrane
Protein 240 (TMEM?240) promoter hypermethylation
is detected only in cfDNA samples of CRC patients but
not in healthy controls [138]. For e.g. the study observed
that the median DNA methylation levels of TMEM240
promoter hypermethylation is 0.0021 in CRC patients
while it is 0.0000 in healthy controls [139]. These results
indicate that several methylation markers circulating in
cfDNA have a potential role in CRC screening and as
such these should be explored further.

CRC staging is an important diagnostic parameter
and plays a significant role in treatment management.
It is usually done on tissue biopsy samples and is there-
fore associated with several limitations. However, several
studies on cfDNA methylation markers have evidenced
on the role of cfDNA in CRC staging. A study using
methylated CpG tandem amplification and sequencing
(MCTA-Seq) method, discovered a panel of 80 methyla-
tion markers that could discriminate CRC stage I, I, III/
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IV patients from healthy controls with a sensitivity of
62%, 81%, 85%, and 79% respectively and a specificity of
86% [140]. Moreover, a cfDNA methylation model, based
on 11 DNA methylation biomarkers, was established and
tested for the differentiation of early-stage and advanced
CRC adenomas with a sensitivity and specificity of 87.9%
and 76.5% respectively [141]. Similarly, a study by Jensen
et al, defined three tumor-specific DNA methylation
markers, known as Chromosome 9 Open Reading Frame
50 (C9orf50), Potassium Voltage-Gated Channel Sub-
family Q Member 5 (KCNQ5) and CAP-Gly Domain
Containing Linker Protein Family Member 4 (CLIP4) in
circulating cell-free DNA. These markers were shown to
effectively discriminate CRC tumor stages with a speci-
ficity of 99% and sensitivities of 80% in stage I, 85% in
stage II, 89% in stage III and 88% in stage IV [142]. The
results from these studies indicate the utility of cfDNA
methylation markers as valuable non-invasive tools for
CRC screening and diagnosis.

ctDNA as predictor of response and treatment resistance/
recurrence
In addition to screening and diagnosis, ctDNA has also
been reported as a sensitive predictor of response, emer-
gence of resistance and disease recurrence in CRC.
Indeed, detection of ctDNA post-surgery has been asso-
ciated with prognostic utility. For e.g. a study reported
that patients with detectable ctDNA post-surgery have
a greater 5-year recurrence risk (38.6% vs 85.5%) and
poorer overall survival (64.6% vs 89.4%) as compared to
patients with undetectable ctDNA [143]. Similarly, in
chemotherapy treated patients, a reduction in ctDNA
levels, up to <50%, at 2—8 weeks after initiation of chem-
otherapy, is a predictor of treatment response with sig-
nificant correlation observed between changes in ctDNA
level and progression-free/overall survival in metastatic
CRC patients [144]. Moreover, detection of Rat sar-
coma virus (RAS), Epidermal Growth Factor Receptor
(EGFR), and B-Raf and v-Raf murine sarcoma viral onco-
gene homolog B (BRAF) mutations in ctDNA can serve
as predictors of response in EGFR treated metastatic
CRC patients. Accordingly, patients with undetectable
ctDNA mutations in RAS/BRAF were reported to show
a better response to anti-EGFR treatment than those with
detectable mutations at baseline [145, 146]. On the other
hand, a concordance of 93% was observed between the
detected ctDNA mutations with respective tumor tissue
indicating the utility of ctDNA for longitudinal genomic
profiling during treatment to evaluate the development
of resistance [147].

In addition to EGFR treatment, immune checkpoint
blockade (ICB) with anti-Programmed cell death pro-
tein 1(anti-PD-1)/anti- Programmed death-ligand 1
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(anti-PD-L1) has shown beneficial results in microsatel-
lite instable (MSI) high patients. In some cases, immu-
notherapy is also given to microsatellite stable patients
(MSS) when all treatment lines fail. [148]. Given the
expense associated with immunotherapy, particularly
with low benefit for MSS patients, identification of early
biomarker of response is important to cut costs and
decrease potential toxicities [148]. A study by Wang
et al,, observed that in MSS CRC patients, a decline in
ctDNA was associated with initial response and radio-
graphic disease stabilization while a rise of ctDNA at
4 weeks post treatment predicted tumor progression at
2 months [148]. Similarly, a recent study on 23 deficient
MisMatch Repair (dMMR)/microsatellite instability-
high (MSI-High) patients observed that serial circulating
tumor DNA (ctDNA) monitoring during Programmed
cell death protein 1 (PD-1) blockade/progression was
able to predict responses weeks ahead of standard imag-
ing indicating that changes in ctDNA can help predict
early tumor response to immunotherapy [149].

Circulating tumor cells

Circulating tumor cells (CTCs) are cells shed from a
primary tumor into the vasculature with an intact via-
ble nucleus, a positive cytokeratin, epithelial cell adhe-
sion molecule (EpCAM) and a negative CD45 molecule
[150]. CTCs are detected in metastatic carcinomas but
are extremely rare in healthy controls/nonmalignant dis-
ease [151]. In lieu of this, they are considered as seeds
for the growth of metastatic tumors in distant organs of
the body and therefore their detection as liquid biopsy
markers are vital from prognostic and therapeutic moni-
toring perspective. However, limitations such as low fre-
quency~1-10 CTCs/mL of whole blood, difficulty in
isolation of single CTC from the background of all other
blood components, short half-life of CTCs in the blood-
stream (1-2.4 h), downregulation of CTC associated
markers and heterogeneity are major technical challenges
for this liquid biopsy component [150]. Albeit all these
limitations, several studies have shown that the pheno-
typic and molecular characteristics of CTCs are valuable
for identifying specific genetic mutations for CRC diag-
nosis, prognosis and treatment dynamics [152—154].

Circulating tumor cells in CRC diagnosis/prognosis

Several studies have evidenced that differences in CTC
counts can be used in CRC for distinguishing patients
with benign disease and those with colorectal cancer. A
study by Yang et al. reported that CTC counts were signif-
icantly higher in colorectal cancer patients as compared
to patients with colorectal polyps. On the other hand,
CTC counts also varied according to anatomical loca-
tions and tissue differentiation with poorly differentiated
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tumors showing higher counts. Location wise, high-
est counts were observed in sigmoid tumors, followed
by rectal tumors, ascending, transverse and descending
colon indicating the role of CTC counts in diagnosis/
screening [155]. Similarly, a study on stage I-IV CRC,
adenomas and healthy controls showed that mean CTC
counts were highest in stage IV CRC patients and low
in adenomas and healthy controls. The study evidenced
that CTC counts could differentiate between healthy and
adenoma groups as well as patients in various stages of
cancer indicating the diagnostic value of CTC counts in
CRC [156].

The role of CTC counts in CRC prognosis was inves-
tigated in a prospective study on 149 CRC patients (79
colon cancer, 70 rectal cancer) undergoing surgical
intervention. It was reported that high CTC counts cor-
related significantly with increased tumor stage with dif-
ferences observed in T stage and N stages of the left and
right hemicolon cancer. Furthermore, high CTC counts
correlated with high tumor recurrence rate and worse
prognosis indicating that change in CTCs counts could
serve as a valuable tool for CRC prognosis [157]. Simi-
larly, dynamic monitoring of CTC counts as a prognostic
tool was investigated in a prospective phase II trial on153
CRC patients with resectable liver metastasis (LM). The
enrolled patients were treated with combination of first-
line triplet/doublet chemotherapy combined with tar-
geted therapy. CTC counts were performed at various
times lines including baseline, after 4 weeks of therapy
and before surgery. It was reported that elevated CTC
counts in 19% of patients decreased during therapy and
before surgery indicating the prognostic value of CTC in
CRC [158].

Circulating tumor cells in CRC treatment

CTC counts and its associated biomarkers have been
evaluated and documented as valuable tools for moni-
toring treatment dynamics in CRC. A large-scale pro-
spective trial (CORIOLAN Trial) 47 on unresectable
advanced CRCs patient’s refractory to standard treat-
ments reported the prognostic value of CTCs in CRC
prognosis. In this study, CTC counts were taken at day
1 and day 15 of treatment and the results showed that
patients with high CTC counts at baseline had worse
overall survival [159]. Similarly, a prospective randomized
phase III trial (VISNU-1 trial), evaluated CTC counts as
predictor of response in 349 metastatic colorectal cancer
patients treated with 5-Fluorouracil/leucovorin, oxali-
platin, irinotecan (FOLFOXIRI) plus bevacizumab. The
results showed that patients with CTC>3 on FOLFOX-
IRI plus bevacizumab had a significantly higher median
progression free survival as compared to 5-fluorouracil/
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leucovorin and oxaliplatin plus bevacizumab group indi-
cating the role of CTCs in treatment selection [160].

On the other hand, a study on 30 patients with locally
advanced rectal cancer reported that monitoring of pro-
tein markers such as thymidylate synthase (TYMS) and
excision repair protein, RAD23 homolog B (RAD23B)
in CTCs can help to predict resistance to chemother-
apy/radiotherapy. The study reported the expression of
TYMS and RAD23B in 83% and 75% of non-responders.
Furthermore, TYMS was found to be absent in patients
with pathologic complete response indicating that
TYMS/RAD23B expression in CTCs can help to distin-
guish responding and non-responding patients in CRC
[161]. Similarly, a study by Shou et al. in 50 relapsed
patients with stage III or stage IV CRC patients identi-
fied a novel six-gene assay (CEA, EpCAM, Cytokeratin
19 (CK19), Mucin 1(MUCI1), EGFR and tyrosine-protein
kinase Met (C-Met markers) in CTC indicating the role
of these markers as effective predictors of progression-
free survival in CRC [162].

Conclusion

Liquid biopsy has emerged as a clinically useful tool
approval of several test solutions indicating the util-
ity of liquid biopsy as futuristic approach for timely
and personalized therapeutic decisions. In this review,
we have provided updated information on various
novel liquid biopsy markers such as a) oral microbiota
related bacterial network b) gut microbiome-associated
serum metabolites ¢) PIWI-interacting RNAs (piR-
NAs), microRNA(miRNAs), Long non-coding RNAs
(IncRNAs), circular RNAs (circRNAs) and d) circulat-
ing tumor DNAs/circulating tumor cells for their role in
disease diagnosis, prognosis, and treatment monitoring
in CRC. However, larger clinical studies/clinical trials
on these markers are needed in to understand and vali-
date the translation of these liquid biopsy components
into high throughput applicable solutions in clinical set-
tings. Gathering evidence on these aspects will power the
applicability of liquid biopsy for accurate, personalized,
and specific guidance on CRC management.
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